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Preface

‘Would you tell me, please, which way I ought to go from here?’ said Alice.
‘That depends a good deal on where you want to get to’, said the Cat. ‘I don’t
much care where’, said Alice. ‘Then it doesn’t matter which way you go’, said
the Cat. ‘As long as I get somewhere’, Alice added as an explanation. ‘Oh,
you’re sure to do that’, said the Cat, ‘if you only walk long enough’.

Lewis Carroll, Alice in Wonderland (1856)

Progress might have been all right once, but it has gone on far too long.

Ogden Nash (1902–1971)

During the last 15–20 years, primarily as a result of the application of novel
investigative techniques, there has been a rapid expansion of knowledge relating
to the function of the gastrointestinal tract in diabetes mellitus. These insights
have been substantial and have led to the recognition that gastrointestinal func-
tion represents a hitherto inappropriately neglected, as well as important, aspect
of diabetes management. In particular, disordered gastrointestinal motor and
sensory function occur frequently in both type 1 and type 2 diabetes and may
be associated with significant clinical sequelae. Recent epidemiological studies
have established that there is a high prevalence of gastrointestinal symptoms in
the diabetic population and that these are associated with impaired quality of
life. Furthermore, upper gastrointestinal motility, even when normal, is central
to the regulation of postprandial blood glucose concentrations. Hence, diabetes
and the gastrointestinal tract are inextricably linked. The recent developments
in knowledge are not altogether surprising; although long recognised as a mul-
tisystem disorder, the history of diabetes since antiquity has been characterised
by periods of apparent neglect and rediscovery.

This book, which to our knowledge represents the first of its kind, was stim-
ulated by the need to consolidate these advances, to illuminate an area that
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x PREFACE

is perceived as increasingly important, but somewhat difficult to understand.
Like Alice, the task we faced was somewhat daunting and has not proved
easy. The book should also be viewed in context with the relatively recent,
and fundamental, changes to the diagnosis and management of other aspects of
diabetes—the latter relate particularly to recognition of the impact of chronic
glycaemia and blood pressure control on both the development and progression
of micro- and macro-vascular complications, and the effect of novel pharmaco-
logical therapies. There have also been substantial changes to the processes of
diabetes care and education, so that the challenges and demands made of the
clinician/diabetologist have increased substantially—they should aim to achieve
both euglycaemia and normal blood pressure in their patients. The primary
rationale for our book is that a knowledge of gastroenterology, as it relates to
diabetes, is also required.

The book aims to be comprehensive and to present the relevant information
in context for both the clinician and clinical researcher. There are nine chapters:
five are organ-specific, relating to oesophageal, gastric, intestinal, anorectal and
hepatobiliary function; the four other chapters address epidemiological aspects
of gastrointestinal function in diabetes, the effects of diabetes mellitus on gas-
trointestinal function in animal models, the impact of gastrointestinal function
on glycaemic control, and the evaluation of gastrointestinal autonomic function.
All of the authors are recognised internationally for their expertise in the field
and we wish to thank them most sincerely for their contributions. We also thank
Layla Paggetti and Joan Marsh of John Wiley & Sons, Ltd, as well as Anouk de
Vries and Sue Suter, for their unstinting support and encouragement. It should
be recognised, as in any relatively new field of study, that there is a need for
a constant reappraisal of concepts and ideas. As for Alice, it will be interesting
to see where the journey takes us!

Michael Horowitz
Melvin Samsom

December 2003
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1
Epidemiology of Disordered
Gastrointestinal Function
and Impact of Chronic
Gastrointestinal Symptoms
on Quality of Life

Johann Hammer, Tom Abell, Teresa F. Cutts
and Nicholas J. Talley

Introduction
Epidemiology of gastrointestinal symptoms in diabetes
Potential confounders of gastrointestinal symptoms in diabetes mellitus
Quality of life
References

Introduction

Patients with diabetes mellitus commonly complain of gastrointestinal
symptoms, including chronic abdominal pain and bowel dysfunction, for which
there is no structural cause [1–11]. It is now widely recognised, although
only relatively recently, that complications involving the gastrointestinal
tract represent an important cause of morbidity in patients with diabetes
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2 EPIDEMIOLOGY OF DISORDERED GI FUNCTION: IMPACT ON QOL

mellitus [12,13]. However, epidemiological studies of these problems remain
sparse and the data are conflicting. In addition, aspects of quality of life have
attracted increased interest in the past few years, as it has been shown that
gastrointestinal problems can impair well-being and daily life in diabetes.

Epidemiology of gastrointestinal symptoms in diabetes

Prevalence of gastrointestinal symptoms in diabetes mellitus

Several studies have aimed to evaluate the frequency of gastrointestinal symp-
toms in patients with non-insulin-dependent and insulin-dependent diabetes, but
at present no uniform picture can be drawn from these results. An enormous
range in the prevalence of gastrointestinal symptoms has been identified in these
studies. This probably relates in part to the methodology applied and the types of
populations studied (Table 1.1). Although gastrointestinal symptoms were usu-
ally assessed by either interview or standard questionnaire, the criteria applied
to identify relevant symptoms differed between the studies. Few studies com-
pared symptoms in diabetic patients with adequately matched controls. Moreover
potential confounders, such as the duration of disease, glycaemic control and
the presence or absence of autonomic neuropathy or psychiatric disorders, were
not corrected for in most of the studies.

An ideal study of the epidemiology of gastrointestinal symptoms needs to
take into account a number of issues specific to patients with diabetes. An
unselected sample of the diabetes population should be compared to an appro-
priately matched control population. The control group for population-based
studies should be selected at random from the healthy population. However,
for outpatient studies disease controls are usually more appropriate than healthy
controls because the selection forces differ in the clinic [14]. The populations
studied need to be carefully characterised, including by age and sex, type and
duration of diabetes, type and success of therapy, the presence or absence of
diabetic complications, and the type of complications. It is of particular impor-
tance that symptoms are assessed by adequately validated measures. However,
although validated measures that evaluate gastrointestinal symptoms exist for a
variety of diseases, no diabetes mellitus-specific questionnaire has been widely
available. Recently, a disease-specific questionnaire, the Diabetes Bowel Symp-
tom Questionnaire (DBSQ), has been developed for use in both epidemiological
and clinical studies of patients with diabetes. The items included in this ques-
tionnaire assess both gastrointestinal symptoms in diabetes as well as diabetic
disease status, and the instrument appears to be reliable and valid [11].

Outpatient studies of gastrointestinal symptoms in diabetes mellitus

The early literature emphasised the high prevalence of gastrointestinal symptoms
in patients with diabetes complicated by neuropathy [15,16]. More than six



3

Ta
bl

e
1.

1
O

ut
pa

tie
nt

st
ud

ie
s

an
d

po
pu

la
tio

n-
ba

se
d

st
ud

ie
s

as
se

ss
in

g
ga

st
ro

in
te

st
in

al
sy

m
pt

om
s

in
di

ab
et

ic
pa

tie
nt

s

R
ef

er
en

ce
Po

pu
la

tio
n

st
ud

ie
d

Si
ze

of
st

ud
y

po
pu

la
tio

n

N
um

be
r

of
pa

tie
nt

s
st

ud
ie

d
Ty

pe
of

di
ab

et
es

In
te

rv
ie

w
-

ba
se

d
as

se
ss

m
en

t
Q

ue
st

io
nn

ai
re

-
ba

se
d

as
se

ss
m

en
t

C
on

tr
ol

su
bj

ec
ts

st
ud

ie
d

Pa
tie

nt
s

w
ith

an
y

ga
st

ro
in

te
st

in
al

sy
m

pt
om

s
(%

)

D
an

do
na

et
al

.,
19

83
[2

0]
O

ut
pa

tie
nt

s
N

/A
28

5
N

ID
D

M
an

d
ID

D
M

(n
=

?)
(n

=
?)

N
O

N
ot

va
lid

at
ed

qu
es

tio
nn

ai
re

Y
E

S
19

%

Fe
ld

m
an

an
d

Sc
hi

lle
r,

19
83

,
[4

]
O

ut
pa

tie
nt

s
N

/A
13

6
N

ID
D

M
an

d
ID

D
M

(n
=

?)
(n

=
?)

Y
E

S
N

/A
N

O
76

%

C
lo

us
e

an
d

L
us

tm
an

n,
19

89
[1

7]
O

ut
pa

tie
nt

s
N

/A
11

4
N

ID
D

M
an

d
ID

D
M

(n
=

57
)

(n
=

75
)

Y
E

S
N

/A
N

O
68

%

M
ax

to
n

an
d

W
ho

rw
el

l,
19

91
[1

9]
O

ut
pa

tie
nt

s
N

/A
20

0
N

ID
D

M
an

d
ID

D
M

(n
=

?)
(n

=
?)

Y
E

S
N

/A
Y

E
S

N
ot

st
at

ed

K
es

ha
va

rz
ia

n
an

d
Ib

er
,

19
87

[2
1]

O
ut

pa
tie

nt
s

N
/A

75
ID

D
M

(n
=

75
)

Y
E

S
N

/A
N

O
19

%

M
as

er
et

al
.,

19
90

[2
2]

O
ut

pa
tie

nt
s

N
/A

16
8

ID
D

M
(n

=
16

8)
Y

E
S

N
/A

N
O

N
ot

st
at

ed

E
nc

k
et

al
.,

19
94

[2
3]

O
ut

pa
tie

nt
s

N
/A

19
0

N
ID

D
M

an
d

ID
D

M
(n

=
68

)
(n

=
75

)
N

O
N

ot
va

lid
at

ed
qu

es
tio

nn
ai

re
Y

E
S

N
ot

st
at

ed

K
o

et
al

.,
19

99
,

[1
8]

O
ut

pa
tie

nt
s

N
/A

14
9

N
ID

D
M

(n
=

14
9)

N
O

N
ot

va
lid

at
ed

qu
es

tio
nn

ai
re

Y
E

S
71

%

D
yc

k
et

al
.,

19
93

[2
4]

G
en

er
al

po
pu

la
tio

n
87

0
38

0
N

ID
D

M
an

d
ID

D
M

(n
=

27
8)

(n
=

10
2)

Y
E

S
N

/A
N

O
N

ot
st

at
ed

Sc
hv

ar
cz

et
al

.,
19

95
[2

5]
G

en
er

al
po

pu
la

tio
n

12
5

11
0

ID
D

M
(n

=
11

0)
N

O
V

al
id

at
ed

qu
es

tio
nn

ai
re

Y
E

S
N

ot
st

at
ed

Ja
na

tu
in

en
et

al
.,

19
93

[2
6]

G
en

er
al

po
pu

la
tio

n
62

4
53

8
N

ID
D

M
an

d
ID

D
M

(n
=

45
1)

(n
=

87
)

N
O

N
ot

va
lid

at
ed

qu
es

tio
nn

ai
re

Y
E

S
N

ot
st

at
ed

Sp
ån
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4 EPIDEMIOLOGY OF DISORDERED GI FUNCTION: IMPACT ON QOL

decades ago, Rundles reported that ‘constipation, chronic diarrhoea, anorexia
and nausea often accompany the development of diabetic neuropathy’ [15]. He
studied 125 patients with peripheral neuropathy selected from more than 3000
patients who were diagnosed with diabetes over a 7 year period. No information
was given concerning age, gender or duration of disease. More than 60% of the
patients reported gastrointestinal symptoms; 42% had constipation, this being the
most frequent symptom, and 22% had chronic diarrhoea. However, it was also
suggested, although not specifically quantified, that ‘among an average group of
diabetics receiving modern treatment, gastrointestinal disturbances’ were ‘proba-
bly no more frequent than among a similar group of non-diabetics’. In a follow-up
study among 30 additional diabetic patients with neuropathy and gastrointestinal
symptoms, abdominal pain was the most frequent symptom (in 70% of patients),
followed by constipation, diarrhoea, vomiting and faecal incontinence [16].

Subsequently, a number of studies have evaluated gastrointestinal symptoms
among outpatients with both type 2 (non-insulin) and type 1 (insulin-dependent)
diabetes. In a sample of 136 outpatients attending a diabetes clinic, Feldman and
Schiller [4] reported that 76% had one or more gastrointestinal symptoms which
were, in most patients, chronic or frequently recurrent; nausea and vomiting
occurred in 29%, dysphagia in 27%, abdominal pain in 34%, constipation in
60%, diarrhoea in 22% and faecal incontinence in 20% of the patients (Table 1).
However, no control group was evaluated and the interview methodology applied
was not well standardised, neither was the type of diabetes documented.

Clouse and Lustman [17] interviewed 114 outpatients with type 1 and type 2
diabetes; 68% reported at least one gastrointestinal symptom. Nausea was expe-
rienced by 21% of patients, abdominal pain by 32%, constipation by 12%, diar-
rhoea by 21% and bloating by 20%. However, no control group was evaluated.

Ko et al. [18] interviewed 149 patients with type 2 diabetes, using standard
questions from a gastrointestinal symptom questionnaire, and 65 control sub-
jects. They also found a high prevalence of gastrointestinal symptoms in Chi-
nese outpatients with diabetes. Epigastric fullness was experienced by 17% of
patients, abdominal pain by 16%, diarrhoea by 35% and constipation by 28%
of patients; all of these symptoms were significantly more frequent than in the
control group.

In contrast, Maxton and Whorwell [19] interviewed 200 patients with type 1
and type 2 diabetes attending a diabetic clinic, of whom 59 had signs of auto-
nomic neuropathy, and 200 age- and sex-matched control subjects. They found
that constipation was more common in patients with autonomic neuropathy
(22% of patients) compared with patients without neuropathy (9%) and controls
(7–14%). Diarrhoea was found in only 5% of patients with neuropathy and in
11% of patients without, and this was not significantly different from controls
(3–6%). The prevalence of abdominal pain was also similar in patients with
(19%) and without (21%) autonomic neuropathy and controls (20%).
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Similarly, in 285 consecutive outpatients with type 1 and type 2 diabetes
from a diabetic clinic in England, Dandona et al. [20] found a prevalence of
8% for diarrhoea and 5% for constipation, which was not significantly different
from the prevalence in a control group of outpatients from other medical clinics.
While the group of patients with diabetes who received biguanides had a higher
prevalence of diarrhoea [20%], the prevalence of diarrhoea in patients who were
on insulin or other oral hypoglycaemics was low (6%).

Other studies have evaluated gastrointestinal symptoms in outpatients who
had type 1 diabetes. Keshavarzian and Iber [21] assessed gastrointestinal symp-
toms in 75 consecutive male patients with type 1 diabetes who had been on
insulin for at least 5 years. Only 19% of the patients reported gastrointestinal
symptoms, the most frequent being diarrhoea and constipation, with a prevalence
of 5% each. Similarly, Maser et al. [22] evaluated gastrointestinal symptoms
in a group of 168 patients with type 1 diabetes with a mean disease dura-
tion of 20.5 years; signs of autonomic neuropathy were present in 63 patients
(37%). The prevalence of gastrointestinal symptoms was found to be low,
with vomiting being the most frequent with a prevalence of 7%. Constipation
was reported by only 3% of patients and none had diarrhoea. Enck and asso-
ciates [23] evaluated 190 consecutive patients with type 1 and type 2 diabetes
recruited from a diabetes research centre, and 180 age- and sex-matched con-
trols. Symptoms arising from the upper gut were reported by 70% of patients
with insulin-dependent diabetes and 44% of patients with non-insulin-dependent
diabetes; 31% type 1 and 43% type 2, patients respectively, had symptoms
from the lower gastrointestinal tract. However, the prevalence of gastrointesti-
nal symptoms in diabetic patients did not differ from the prevalence in the
control subjects.

In another survey using a validated questionnaire, Bytzer et al. [24] studied
892 randomly selected patients from a diabetes support group and 209 outpa-
tients. To obtain information on recent glycaemic control, the authors measured
glycated haemoglobin. Glycaemic control was predictive of upper, but not lower,
gastrointestinal symptoms. Patients with diabetic complications had a higher
frequency of most symptom groups and a higher symptom complexity.

Thus, although a number of outpatient studies have suggested that gastroin-
testinal symptoms are frequent, these results have not been confirmed by all
investigators. Depending on the population studied, the prevalence of symp-
toms has varied considerably in patients with both type 1 and type 2 dia-
betes mellitus.

Population-based studies of gastrointestinal symptoms
in diabetes mellitus

Population-based studies of gastrointestinal symptoms in diabetic patients have
been relatively few and the results conflicting (Table 1.1). To date, a total of
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nine population-based studies have been undertaken evaluating gastrointestinal
symptoms in subjects with diabetes mellitus [24–33]. Dyck et al. [24] studied
102 patients with type 1 and 278 patients with type 2 diabetes by interview.
They were selected randomly from a cohort of individuals who were diag-
nosed with diabetes mellitus (1.3% of the total population) in the community of
Rochester, Minnesota, USA (n = 870, 23% with type 1 and 77% with type 2
diabetes). This represents an underestimate because of the relatively high fre-
quency of undiagnosed type 2 diabetes. Symptoms of “gastroparesis” were
reported by none of the subjects with type 1 diabetes and by only 1% of sub-
jects with type 2 diabetes. Nocturnal diarrhoea was reported by just 1% of these
with type 1 diabetes and 0.5% with type 2 diabetes. The diagnostic criteria
for gastroparesis and nocturnal diarrhoea were not stated and no control group
was included.

Among a population of 125 subjects who were first diagnosed as having
type 1 diabetes between 1960 and 1969 in the Swedish county of Örebro,
Schvarcz et al. [25] surveyed 110 eligible subjects using a questionnaire that
was previously validated for use in the general population. The prevalence of
gastrointestinal symptoms was significantly higher among diabetic patients than
among age- and sex-matched controls who were selected from a taxation reg-
ister. In particular, anorexia (17.8% vs. 3.6%), vomiting (12.2% vs. 3.0%) and
abdominal distension (42.3% vs. 24.4%) were more frequent amongst subjects
with diabetes. However, the population studied was small, and only middle-aged
patients who had long-standing type 1 diabetes were enrolled.

In a survey of 624 subjects with diabetes who were on a drug reimbursement
register and 648 controls from the population register of Kuopio, a Finnish com-
munity, Janatuinen et al. [26] studied both subjects with type 1 (n = 87; mean
age: men, 53 years; women, 56 years) and type 2 diabetes (n = 451; mean age:
men, 56 years; women, 58 years). Subjects with type 1 diabetes had a mean
disease duration of 17 years, while for those with type 2 diabetes the mean
disease duration was 9 years. No differences were observed with respect to
the prevalence of dysphagia, nausea, vomiting, abdominal pain, diarrhoea or
constipation, and overall the prevalence of gastrointestinal symptoms was low
(Figure 1.1). Frequent vomiting (once a week or more often) was experienced
by 5% of patients, frequent abdominal pain (≥ once a week) by 26%, consti-
pation ‘usually or always’ by 16% and frequent diarrhoea (≥ once a week] by
5% (Figure 1.1). However, the questionnaire used had not been validated, and
patients with non-insulin-dependent diabetes mellitus who were on diet therapy
only were not studied.

In another Scandinavian study, Spångéus et al. investigated subjects with dia-
betes aged 24–59 years and sex- and age-matched controls living in the Swedish
county of Umeå [27]. Patients were identified by checking the registration forms
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Figure 1.1 Prevalence of gastrointestinal symptoms in 110 type 1 patients compared to
controls. ∗p < 0.05 type 1 vs. control. From Schvarcz et al. [25], with permission

of 14 primary care centres within the county. The healthy controls were medical
students and hospital staff. All were mailed a validated questionnaire that was
previously used by Schvarcz et al. [25]. The response rate among the diabetics
was 59% and among the controls was 53%. Half of the patients were female
and most of the responders were identified as type 1 diabetics (200 vs. 61 type 2
diabetics). The medical records of the responders were checked for glucose con-
trol, body mass index, medications and diabetes-specific complications. Patients
with both type 1 and type 2 diabetes reported gastrointestinal symptoms more
often than the control group. Patients with type 1 diabetes had an increased fre-
quency of constipation (19.5% vs. 6.5% in controls); nocturnal urgency, feelings
of incomplete rectal evacuation and straining were also more frequent compared
to controls. In contrast, patients with type 2 diabetes had a higher frequency of
abdominal pain (28.3% vs. 14.3%) and faecal incontinence (4.9% vs. 0%); they
also had a higher prevalence of a nocturnal urgency, feelings of incomplete
evacuation at defecation and a need to strain at defecation. Diarrhoea was not
more frequent in patients with diabetes compared to controls. Patients with signs
of neuropathy had a higher frequency of gastrointestinal symptoms compared
to patients who had no signs of neuropathy. Other diabetic complications, such
as retinopathy and nephropathy, were not associated with a higher frequency of
gastrointestinal symptoms. However, the results of this study are hard to inter-
pret, since an inadequate response rate was achieved, the patients and control
subjects were not randomly selected, the proportion with type 1 diabetes was
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inappropriately high and the methodology to identify diabetes complications was
not standardised.

Ricci et al. reported on the frequency of upper gastrointestinal symptoms
in a US national sample of patients with diabetes mellitus and controls who
were identified by a telephone survey [28]. Of the 874 patients who identified
themselves as diabetes sufferers, 483 completed a structured interview evaluating
the presence of gastrointestinal symptoms within the past month. Two-thirds of
the participants were women and the age range was 18–70+ years. The type of
diabetes was not determined. Among the patients with diabetes, 50% reported
an upper gastrointestinal symptom in the past month compared with 38% in
the control group. Bloating and early satiety were more frequent in diabetics
than in controls (Figure 1.4). The frequently of abdominal pain and nausea and
vomiting, however, were similar in both of the groups.

A small population-based study from Olmsted County, Minnesota, evalu-
ating the prevalence of gastrointestinal symptoms, was performed by Maleki
et al. [29]. The authors detected no differences in the prevalence of most gas-
trointestinal symptoms between type 1 and type 2 diabetes and controls [30]. A
slightly increased prevalence of constipation and laxative use in type 1 patients
(27% vs. 19% in controls) was related to calcium channel blocker use, but not
to autonomic neuropathy.

Another study was performed in Western Sydney, Australia [30]. These inves-
tigators assessed the frequency of gastrointestinal symptoms in 113 diabetics
from an outpatient clinic, 400 diabetics that were selected at random from a dia-
betes support group, and a random sample of the general population (n = 1000)
using a validated questionnaire; the response rates were 100%, 71% and 63%,
respectively. After adjusting the results for age, sex and body mass index, none
of the gastrointestinal symptoms reported was more frequent in the random dia-
betes population than in the control population. However, dysphagia, bloating,
abdominal pain, constipation and diarrhoea were more frequent in outpatients
with diabetes compared to the random diabetes population and controls. The
authors also concluded that gastrointestinal symptoms may be related to gly-
caemic control, since the prevalence of nausea and dysphagia was greater in
outpatients with glycated haemoglobin levels ≥ 10 mg%. Other data support
this conclusion [31].

In a large study from Australia, Bytzer et al. [32] mailed a short questionnaire
containing questions on the frequency of troublesome gastrointestinal symptoms
and diabetic status to a random sample of 15 000 randomly chosen adults; 60%
responded. Overall, 4.9% of the responders reported diabetes (95% of whom
were type 2), who were generally older than controls. The authors evaluated
the frequency of five symptom complexes, i.e. oesophageal (heartburn and/or
dysphagia), upper gut dysmotility, any bowel symptom, diarrhoea and consti-
pation. After adjusting for age and gender, all symptom complexes were more
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frequent in diabetics than in controls, and the symptoms nausea, diarrhoea or
constipation and faecal incontinence were independently associated with dia-
betes (Figure 1.2).

In conclusion, there is evidence that gastrointestinal symptoms are linked with
diabetes mellitus, but the prevalence over and above the general population is at
most only modestly increased. Some studies have failed to detect an association
between diabetes and gastrointestinal symptoms, but several confounders may
have obscured the findings. For example, it is well documented that chronic
gastrointestinal symptoms are common in non-diabetics in the community, pre-
sumably due to functional gastrointestinal disorders such as the irritable bowel
syndrome [33,34]. Moreover, the presence of diabetic complications and pos-
sibly long-term glycaemic control appear to be important factors in symptom
onset [31,32]. This may explain the difficulty in establishing a firm link between
diabetes and chronic gastrointestinal complaints in population-based studies.

Natural history of gastrointestinal symptoms in diabetes mellitus

Community studies suggest that in the general population there is a considerable
turnover of individuals reporting gastrointestinal symptoms [35,36]. Moreover,
longitudinal studies in the USA [35] and Sweden [36], applying a postal ques-
tionnaire on two separate occasions, have demonstrated that the number of
subjects who developed gastrointestinal symptoms in a given period of time
paralleled the number of subjects who lost them [32, 35–38]. Unfortunately,
almost no data exist on the natural history of gastrointestinal symptoms in
diabetes, and whether factors such as glycaemic control or the development
of autonomic neuropathy influence development and regression of motor dys-
function or disturbed sensation and symptoms is unknown. Indeed, it has been
uncertain how many diabetic patients have gastrointestinal symptoms transiently
and how many experience them for prolonged periods.

Talley et al. evaluated the natural history of lower gastrointestinal tract symp-
toms in diabetes, and assessed potential predictors of symptom change in 540
subjects with predominantly type 2 diabetes [39]. The prevalence of abdom-
inal pain, constipation, diarrhoea and faecal incontinence was stable over a
three year period, but 4–27% in these symptom groups experienced symptom
turnover. Change in symptom status was not associated with change in self-rated
glycaemic control or the type or duration of diabetes. Baseline complications
of diabetes and psychological factors were variably associated with turnover
of symptom groupings, but a consistent pattern did not emerge. Studies of the
natural history of upper gastrointestinal symptoms and their relationship to gly-
caemic control are not available but, based on cross-sectional studies, glycaemic
control may be more important in this subset [31,32].
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Potential confounders of gastrointestinal symptoms
in diabetes mellitus

Here only a brief overview of factors that may alter or bias any association
between gastrointestinal symptoms and diabetes will be discussed.

Disordered motor function

In patients with long-standing type 1 and type 2 diabetes, the prevalence of
delayed gastric emptying of a nutrient meal is reported to range from 27% to
40% [40–42] and the prevalence is similar in insulin-dependent and non-insulin-
dependent diabetes mellitus (see Chapter 4) [43,44]. In a minority of patients
(less than 10%) with long-standing diabetes, gastric emptying is accelerated
[42–44]. In newly diagnosed patients with type 2 diabetes, gastric emptying
of carbohydrates has been reported to be accelerated [45,46], although others
have not confirmed these findings [47]. On the other hand, no data exist on the
prevalence of deranged gastric emptying in patients with newly diagnosed type 1
diabetes. Manometric abnormalities were found in 81 of 84 patients with either
type 1 or type 2 diabetes who completed a 3 hour fast and 2 hour postprandial
motility evaluation [48]. Although some have suggested a link between gastric
motor disorder and symptoms [41], most have not found a strong correlation
between symptoms and either delayed [42] or accelerated gastric emptying [45].
Hence, this is a weak predictor of symptom status overall.

Delayed small bowel and colonic transit have also been reported in 20–70%
of patients with long-standing diabetes mellitus (see Chapter 5) [41,49]. How-
ever, while no gastrointestinal symptoms correlated with delayed small intestinal
transit, constipation (defined as less than three bowel movements/week) was
significantly associated with delayed colonic transit [49].

Autonomic neuropathy and visceral sensory dysfunction

Traditionally, gastrointestinal symptoms have been attributed to disordered motor
function resulting from autonomic (vagal) neuropathy [50,51]. More recently,
impaired sensory function has been implicated as a trigger for gastrointestinal
symptoms in dyspeptic patients [52,53]. However, the predictive value of these
abnormalities for the induction of chronic gastrointestinal symptoms is unknown.

Glycaemic control

A number of studies have shown that acute changes in blood glucose concentra-
tions can have a profound effect on motor function throughout the gastrointestinal
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tract in both normal subjects and patients with diabetes mellitus [54]. Recent
studies have demonstrated that the blood glucose concentration may also modu-
late the perception of sensations arising from the gastrointestinal tract [56–58].
However, there is relatively little information about the mechanisms mediating
the effects of the blood glucose concentration on gastrointestinal motility. While
some studies have implicated impaired glycaemic control in the genesis of chronic
gastrointestinal symptoms [24,31], this remains controversial.

Psychological factors

Psychological factors may play a role in the generation and maintenance of
gastrointestinal symptoms in the general population [59]. Psychological fac-
tors are associated with both the symptoms of irritable bowel syndrome (IBS)
and health care seeking by IBS sufferers [59,60]. For example, patients with
IBS have higher frequencies of psychiatric diagnoses and personality distur-
bances, such as neuroticism, than healthy volunteers [60–62]. Further, those
who see doctors for their IBS symptoms (consulters) appear to be psycho-
logically more disturbed than those who did not seek medical attention (non-
consulters) [62,63].

Psychological disorders are common in diabetics [64–70] and psychological
distress and poor glycaemic control are closely associated [65,70–72]. It has
thus been suggested that depression and hyperglycaemia may exacerbate one
another [68]. In patients with type 1 diabetes, abnormal anxiety ratings could
be identified in up to 13% and psychological abnormalities were related to
age and social class, but not to duration of diabetes or glycaemic control [73].
Moreover, in elderly patients with type 2 diabetes (mean age 70 years), mental
distress (defined as an elevated score in a 12-item version of the General Health
Questionnaire) and depression were associated with peripheral neuropathy [74],
which may reflect worse metabolic control in the group who had depression. The
presence of affective and anxiety disorders has also been associated with gas-
trointestinal motility abnormalities in diabetic [75] and non-diabetic [76] sub-
jects. Thus, out of 15 patients with diabetes mellitus who were found to have
contraction abnormalities in the oesophageal body, such as an increased ampli-
tude or abnormal motor response to swallowing, 13 (87%) had a psychiatric
diagnosis [75].

It remains uncertain whether and to what extent psychological factors account
for gastrointestinal symptoms in type 1 or type 2 diabetes mellitus, as this has
not been systematically studied. Psychological distress could be the result of hav-
ing a chronic illness and hence any association with symptoms could be spurious.
However, Clouse and Lustman [17] found that psychiatric disturbances were
more strongly related to gastrointestinal symptoms than autonomic neuropathy.
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Helicobacter pylori infection

Helicobacter pylori causes chronic histological gastritis which can progress to
gastric atrophy. H. pylori is now established to be a cause of chronic peptic ulcer
and is classified as a class 1 carcinogen by the World Health Organisation [77].
An impaired immune response in diabetes that alters both humoral [78] and
cellular [79–82] immunity, and the high prevalence of upper gastrointestinal
symptoms described in some studies, have led to speculation that H. pylori may
be linked to diabetes [83]. In a recent Italian study, patients with diabetes with
dyspepsia had a higher prevalence of H. pylori infection compared to dyspeptic
controls [84]. In another study, De Luis et al. reported that the seroprevalence
of H. pylori increased with increasing duration of diabetes in patients with type
1 diabetes [85]. However, others have failed to demonstrate any association
between H. pylori and gastrointestinal symptoms in diabetes [86–88]. More-
over, no studies have adequately assessed whether cure of H. pylori reverses
upper gastrointestinal symptoms in diabetes.

Quality of life

Health-related quality of life (HRQL)

HRQL refers to patients’ subjective accounts of functioning and/or overall
well-being in relation to health status, and encompasses emotional and phys-
ical functioning. While clinical medicine usually gauges the severity of illness
and success/failure of treatment via strictly objective criteria, HRQL measures
are assessed directly from patient reports. Increasingly, the concept that patient
perceptions of illness and/or wellness do not necessarily correlate with objec-
tive measures of morbidity is becoming accepted [89]. Also, HRQL has critical
implications, both for the individual and, when the person is unable to perform
his/her daily functions, for society. Measures of function and well-being have
been shown to predict both health-care expenditures and mortality [90]. Lastly,
HRQL data can provide physicians with vital information on the efficacy of any
given treatment regimen.

Measurement of HRQL

Work exploring HRQL has exploded in scope and interest over the past decade
(Table 1.2). Two approaches to assessing HRQL in medical illness have emerged:
global and disease-specific [91]. Global HRQL measures assess daily functioning
and emotional well-being without reference to specific disease symptoms (e.g.
impact of illness upon communication skills). Disease-specific HRQL measures
assess the impact of very specific symptoms or problems upon functioning or
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Table 1.2 HRQL studies assessing gastrointestinal symptoms

Reference
Gastrointestinal

disorder
Subjects

(n) HRQL instrument(s)
Gastric emptying

assessed

Cutts et al.,
1996 [98]

Severe dyspepsia 27 SIP, MMPI, MBHI Yes, but not
reported

Enck et al.,
1999 [96]

Upper GI
symptoms

5581 PGWB, IDLI No

Farup et al.,
1998 [129]

Diabetic
gastroparesis

269 SF-36 Yes

Glia and Lindberg,
1997, [107]

Functional
constipation

102 PBWB, GSRS Yes (Transit
Time)

Havelund et al.,
1999 [109]

Heartburn without
esophagitus

245 PGWB, GSRS No

Heymann-
Monnikes,
2000 [132]

Irritable bowel
syndrome

24 GQLI, Beck Depression
Inventory, State–Trait
Anxiety Inventory, Health
and Illness-related Locus of
Control Quest., Irrational
Beliefs Quest. ‘List of
Complaints’

No

Drossman et al.,
2000 [102]

Functional bowel
disorders

156 SIP, IBS–QOL No

Drossman et al.,
2000 [134]

Functional bowel
disorders

211 SIP, IBS–QOL, SCL-90 Beck
Depression Inventory, five
others

No

Koloski et al.,
2000 [95]

Functional bowel
disorders

2910 SF-12, Eysenck Personality
Quest Sphere,
Delusions–Symptoms–States
Inventory (DSSI)

No

Mathias et al.,
1998 [115]

Functional bowel
disease

100 SF-36, Visual Analogue Scale No

O’Keefe et al.,
1995 [117]

Functional bowel
disorders

533 SF-36 No

Revicki et al.,
1998 [108]

gastrooesophageal
reflux disease

533 SF-36 No

Revicki et al.,
1999 [110]

gastrooesophageal
reflux disease

1351 SF-36, PGWB No

Rockwood et al.,
2000 [105]

Faecal
incontinence

190 Faecal Incontinence QOL Scale
SF-36

No

Sailer et al.,
1998 [118]

Faecal
incontinence

209 GQLI No

Sailer et al.,
1998 [119]

Benign anorectal
disorders

325 GQLI No

Silvers et al.,
1998 [112]

Diabetic
gastroparesis

269 SF-36 Yes

Soykan et al.,
1997 [113]

Gastroparesis 17 SF-36 Yes

Soykan et al.,
1998 [111]

Gastroparesis 146 MBHI, SCL-90, CES-D
Depression Scale, Visual
Analogue Scale

Yes

Snijders et al.,
1998 [116]

AIDS 62 Diary Cards, Interview No
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Table 1.2 (continued )

Reference
Gastrointestinal

disorder
Subjects

(n) HRQL instrument(s)
Gastric emptying

assessed

Talley et al.,
1999 [106]

Functional
dyspepsia

101 Nepean Dyspepsia Index,
SF-36, Beck Depression
Inventory, State–Trait
Inventory, Bowel Symptom
Questionnaire Global
Assessment

No

Wiklund et al.,
1998 [103]

gastrooesophageal
reflux disease,
dyspepsia

Quality of Life in Reflux and
Dyspepsia, GSRS, SF-36

No

Wong et al.,
1998 [101]

Irritable bowel
syndrome

12 IBS Questionnaire No

Sailer et al.,
1998 [119]

Benign anorectal
disorders

325 GQLI No

GQLI, Gastrointestinal Quality of Life Index; GSRS, Gastrointestinal Symptom Rating Scale; IBS–QOL, Irritable
Bowel Syndrome Quality of Life assessment; IDLI, Interference with Daily Life Index; MBHI, Millon Behavioral
Health Inventory; MMPI, Minnesota Multiphasic Personality Inventory; PGWB, Psychological General Well-being
Index; SF, short form; SIP, Sickness Impact Profile; QOL, quality of life; Quest., questionnaire; GI, gastrointestinal.

well-being, e.g. level of social embarrassment due to having a colostomy. No
gold standard exists in terms of assessing HRQL in gastrointestinal disease and
researchers disagree on the best approach [92].

In terms of type of HRQL instruments and diabetes, Jacobson and col-
leagues compared global vs. disease-specific measures in patients with type 2
diabetes [93]. These researchers concluded that, when examining the impact
of acute complications and/or regimens on HRQL, a disease-specific measure
was most appropriate. A global measure (Medical Outcomes Study Short Form
or MOS SF-36) was deemed most useful for examining relationships between
patients’ experience of living with diabetes and other chronic diseases. Likewise,
Anderson et al. [94] found that, in a sample of 255 type 2 diabetic patients,
exploring ‘within-disease’ parameters was best assessed via a disease-specific
instrument, while relationships ‘between’ patient experiences of living with
diabetes and HRQL and other diseases were best captured via global mea-
sures. Several studies examining the impact of HRQL upon patients with upper
gastrointestinal distress (typically dyspepsia) have utilised global measures, usu-
ally the SF-36 or some variant of that scale [89,95]. Similarly, a larger-scale
study [96] investigated HRQL in patients with upper gastrointestinal symptoms
from seven European countries, USA, Canada and Japan. This work concluded
that, of the 5581 respondents (27% of whom also were diagnosed with dia-
betes, hypertension or asthma), the presence of gastrointestinal symptoms was
associated with impaired well-being and daily life, as measured via the Psy-
chological General Well-being Index (PGWB) and Interference with Daily Life
Index (IDLI). Subjects with upper gastrointestinal symptoms (particularly ulcer-
like symptoms) manifested poorer scores on these HRQL measures.



16 EPIDEMIOLOGY OF DISORDERED GI FUNCTION: IMPACT ON QOL

Others have opted to use batteries of assessment, encompassing both global
and disease-specific measures [97,98]. For example, Talley et al. [97] applied
a battery of validated measures, which included a short form of the Medi-
cal Outcomes Survey (SF-12), a Brief Symptom Inventory and gastrointestinal
symptoms. The authors found that patients with functional dyspepsia had poorer
mental health, social functioning and health perception, compared with patients
with other conditions who presented for upper endoscopy.

Disease-specific measures in gastrointestinal diseases have been developed
for several disease entities, including inflammatory bowel disease [99],
IBS [100–102], gastro-oesophageal reflux disease (GORD) [103,104], faecal
incontinence [105] and functional dyspepsia [106], with varying degrees of
psychometric validation. However, no disease-specific quality of life measure
exists for gastrointestinal dysfunction in diabetes.

Specific gastrointestinal symptoms and HRQL

Several gastrointestinal symptoms have been specifically related to a deranged
HRQL (Table 1.2). Patients with constipation have lower general HRQL
scores than healthy controls [107], as have patients with heartburn [108–110].
Appropriate treatment of gastro-oesophageal reflux disease decreased heartburn
and in turn increased HRQL scores [108–110]. Nausea and vomiting in patients
with severe dyspepsia or gastroparesis was also associated with a decrease in
HRQL [98,111]. Patients who were successfully treated for their symptoms
showed a significant enhancement of HRQL [98,111–113]. The severity of
abdominal pain in patients with functional bowel disease correlates with
impaired HRQL and increased levels of psychological distress [114]. When
abdominal pain scores improved after treatment, so also did HRQL, as evaluated
by the use of the SF-36 [115]. There was also a significant correlation between
the change in scores on the IBS–QOL, a disease-specific quality of life
scale for patients with IBS, and average daily pain level over two 14 day
periods [101]. The IBS–QOL scores discriminated responders to treatment
from non-responders for the pain level parameter. Finally, even mild diarrhoea
(assessed via diary cards and interview) was perceived as having a debilitating
effect on HRQL (assessed via interview) in patients infected with HIV [116]. In
a random sample of elderly patients, role functioning scale scores discriminated
patients with diarrhoea from asymptomatic controls [117].

The impact of faecal incontinence, an important complication of diabetes (see
Chapter 6), on HRQL was investigated by Sailor et al. [118,119], using the Gas-
trointestinal Quality of Life Index [GIQLI]. They evaluated HRQL in patients
with faecal incontinence, compared with those with haemorrhoids or fissure in
ano, and healthy controls. Patients with faecal incontinence manifested the low-
est HRQL scores, compared to both medical and healthy control groups [117].
Subgroups of patients with faecal incontinence and severe constipation had the
poorest HRQL scores [119].
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Diabetes and HRQL

As part of the Medical Outcomes Study, that determined the impact of nine
different chronic illnesses upon HRQL, Stewart et al. [90] used the Short Form
(SF-20) of the General Health Survey to evaluate HRQL ratings in 9385 patients,
844 of whom had diabetes (92% were type 2 diabetics and 44% had one or more
physician-reported complications). Diabetic patients in this study reported lower
HRQL scores than control patients with other chronic conditions. Also, after
controlling for sex, age, income and education, subjects with diabetes reported
significantly lower scores on all summary scales (physical, role, social func-
tioning, health perceptions) except for mental health. Moreover, gastrointestinal
disorders had a more negative impact on HRQL than all other conditions with the
exception of heart disease [90]. Others have reported similar findings [120,121].

Jacobson et al. [93] assessed HRQL in 240 diabetic patients (54% were type
2 diabetics) and controlled for age, marital status, education, illness duration and
severity of complications. Compared with patients with type 1 diabetes, patients
with type 2 diabetes reported less of an impact of diabetes and fewer worries
about their illness on the diabetes-specific quality-of-life scale, the DQOL, used
in the Diabetes Control and Complications Trial (DCCT), as well as better social
functioning on the SF-36.

Gastrointestinal complications of diabetes and HRQL

A study of diabetic patients undergoing transplantation [122] indicated that,
of all the factors likely to compromise HRQL, the single most important one
was gastrointestinal dysfunction. Drenth and Engel suggested that symptoms of
nausea, vomiting, bloating/distension, early satiety and abdominal pain likely
all play a role in this perception [123]. Talley et al. evaluated quality of life
using the SF-36 and gastrointestinal symptoms in 209 outpatients and 892
community subjects with diabetes; quality of life scores were decreased in dia-
betics with gastrointestinal symptoms, and decreased markedly with increased
numbers of gastrointestinal symptoms [124] (Figure 1.4). Moreover, gastroin-
testinal symptoms were significantly associated with poorer quality of life after
adjusting for age, gender, smoking, alcohol use and type of diabetes [124].
Siddique et al. evaluated upper gastrointestinal symptoms and quality of life
using the SF-12 in 483 community subjects with self-reported diabetes and
422 age- and gender-matched controls in the USA [125]. They observed that
upper gastrointestinal symptoms were associated with more impaired physi-
cal and mental health summary scores; on the other hand, individuals with
diabetes and no gastrointestinal symptoms had quality of life scores similar
to healthy subjects. Early satiety and nausea were the strongest predictors of
physical and mental health score differences, respectively, in those with and
without diabetes.
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Glycaemic control and changes in HRQL

Testa and Simonson [126], attempting to overcome the uncontrolled nature of
earlier studies, conducted a randomised, controlled, double-blind study of the
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short-term impact of glycaemic control upon HRQL in patients with type 2 dia-
betes. They concluded that treatment, and subsequent good glycaemic controls
was associated with improved HRQL (measured using a visual analogue scale)
and a number of health economic indices related to work (e.g. less absenteeism,
greater work productivity, fewer bed days and fewer restricted activity days).
Additionally, these researchers concluded that the rate of HRQL deterioration
due to increasing symptoms was progressive with worsening glycaemic control,
suggesting, on the other hand, that improvement of glycaemic control also might
facilitate the improvement of the HRQL.

Prokinetic therapy in diabetes and quality of life

Studies assessing prokinetic therapy for gastrointestinal symptoms and HRQL
in both diabetic patients and those with alternative aetiologies have prolifer-
ated over the last decade [97,110,111,127]. A number of these studies have
assessed HRQL in addition to traditional symptom improvement indices. Cutts
et al. [98] found that one year of treatment with prokinetic therapy (cisapride or
domperidone) resulted in improved HRQL as measured by the Sickness Impact
Profile (SIP), as well as symptom improvement in a group of patients with
severe dyspeptic symptoms of both diabetic and idiopathic aetiologies. Soykan
et al. [111] followed 146 patients with ‘gastroparesis’ symptoms and delayed
gastric emptying, treated with prokinetic therapy and other treatment modalities
for six years after initial diagnosis. They assessed psychological and HRQL (by
visual analogue scale) parameters, as well as gastric emptying and gastrointesti-
nal symptoms, and found that 74% responded favourably to prokinetic therapy.
Also, those patients with a presumed viral aetiology had greater symptom res-
olution and improved HRQL, as compared to their idiopathic counterparts. The
same group of researchers investigated the use of oral domperidone in the treat-
ment of 17 patients with a documented delay in gastric emptying [113]. They
found that domperidone therapy (average 23.3 months) significantly reduced
nausea, vomiting, abdominal pain and bloating and resulted in enhanced HRQL
(measured via select questions from the SF-36) in 88% of the patients treated,
with minimal side effects (three patients developed gynaecomastia). Of the 15
patients re-evaluated at follow-up, gastric emptying of a solid meal was signif-
icantly accelerated to a normal rate. However, none of the studies cited above
compared their samples to matched controls, and Cutts et al. did not document
delayed gastric emptying (Table 1.2).

Rashed et al. [128] examined autonomic functioning as a determinant of qual-
ity of life improvement in a group of seven patients with diabetic gastroparesis,
in an uncontrolled study. These investigators compared patients in an open label
trial of domperidone for 12 months, assessing gastrointestinal symptoms via the
Total Symptom Score (TSS), a summed index gathered from patient reports,
HRQL via the SIP and autonomic functioning, reported as the total autonomic
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score (TAS), previously described [129]. Patients showed a significant improve-
ment of 56% in the total symptom score at baseline vs. 12 months. SIP scores
improved in six of seven patients, with a median improvement level of 22%,
from baseline to one year. Autonomic functioning status at baseline correlated
significantly with the SIP Psychosocial Dimension scale (measuring emotional
behaviour, communication, social interaction, and alertness behaviour). Hence,
in the small sample of diabetic gastroparesis patients, domperidone use was
associated with improvement in both gastrointestinal symptoms and HRQL.
However, in patients with impaired autonomic functioning, the level of HRQL
manifested less improvement. These findings may have implications for selection
of diabetic patient subgroups that may benefit from prokinetic therapy.

These data were substantiated in the recent multi-centre examination
of the effect of treatment with domperidone on HRQOL in diabetic
gastropathy [112,130]. Silvers et al. [112] and Farup et al. [130] reported on
use of domperidone therapy in a sample of patients with insulin-treated diabetes
and symptoms of gastroparesis. These researchers conducted a four-week,
double-blind, placebo-controlled study and found that patients who responded
favourably to domperidone experienced significantly improved gastrointestinal
symptom relief and HRQL (measured via the SF-36) compared to placebo.
In a long-term follow-up of idiopathic gastroparesis, 12 patients (all of whom
had taken prokinetic drugs at some point) of presumed viral aetiology reported
improved HRQL (measured via the SF-20), compared to the remainder with
gastroparesis [127]. These results suggest that prokinetic therapy is useful in the
treatment of gastrointestinal symptoms in both diabetic and idiopathic subgroups
of patients. Domperidone therapy may potentially be most efficacious in those
diabetic patients with delayed gastric emptying who have preserved autonomic
function [131].

In addition to prokinetic therapies and HRQL, gastric electrical stimulation
is currently being investigated in multi-centre trials across the USA and inter-
nationally [132,133]. Preliminary results indicate that, over a 24 month treat-
ment of 28 patients with severe dyspepsia (primary symptoms of intractable
nausea and vomiting), gastric pacing was associated with significant changes
in sympathetic cholinergic function, decreased gastrointestinal symptoms and
HRQL [134]. Recent approval of this treatment modality of gastric pacing as a
Humanitarian Use Device by the US Food and Drug Administration will allow
further exploration of this treatment for patients who do not respond to, or
cannot tolerate, available drug therapies.

In conclusion, measurement of health-related quality of life provides the
physician with another tool with which to monitor a patient’s progress dur-
ing long-term treatment for chronic disease, such as diabetes mellitus. This type
of assessment also provides a vehicle for communication between physician
and patient—a means for the physician to understand the phenomenological
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‘experience’ of the disease and promote treatment. In diabetic patients with gas-
trointestinal symptoms, which can further complicate self-management and so
easily lead to discouragement and frustration, this may prove to be one of the
most valuable applications of HRQL information.
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Introduction

This chapter describes the use of, and features of, animal models that are most
commonly used in studies of gastrointestinal function relating to diabetes mel-
litus. In animal studies of gastrointestinal function in diabetes mellitus, most
information has been generated using insulinopenic rats with severe hypergly-
caemia; around one-third of the literature has been generated using BB rats
(autoimmune spontaneous diabetic) and two-thirds using streptozotocin (STZ;
chemically-induced) diabetic models. In the choice of these animal models, an
assumption appears to have been often made that hyperglycaemia per se, or
at least some aspect of the metabolic disturbance secondary to insulin lack, is
the aetiopathologic insult. A common hypothesis is that neurotoxicity of the
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autonomic nervous system, secondary to this metabolic insult, is responsible for
the gastrointestinal effects of diabetes. This hypothesis is described here as the
‘autonomic neuropathic’ hypothesis. Evidence of autonomic neuropathy and the
potential role of such neuropathy is discussed in conjunction with a synopsis of
normal autonomic control of the gut.

Central nervous structures, especially those in the brain stem, that are impli-
cated in the normal autonomic control of gastrointestinal function, and the impact
on those structures of agents commonly used to induce diabetes, are also dis-
cussed. The importance of this information relates primarily to the fact that
over two-thirds of the literature regarding gastrointestinal dysfunction in dia-
betes is derived from chemically-induced models in which, alarmingly, much of
the reported gut dysfunction could be an artifact of selective damage to central
structures. It is now recognised that there are major differences in gastrointesti-
nal function between animals in which β-cell damage was caused by chemical
means and those in which damage was a result of an autoimmune process.
These differences prompt an examination of the extent to which gastrointesti-
nal dysfunction in some models is a consequence of diabetes per se, perhaps
applicable to human disease, as opposed to being a consequence of damage to
specific central structures. The latter part of this chapter addresses the endocrine
derangements in rodent diabetes, specifically discussing what is primary, what
is secondary to gut dysfunction and what may be artifactual. A ‘neurocrine’
alternative to the neuropathic hypothesis of diabetes-associated gut dysfunction
is proposed, that focuses on the possibility that absolute or relative deficiency of
the pancreatic β-cell hormone, amylin, may be of importance in the aetiology
of disordered gastrointestinal function in diabetes.

Purposes and choices of diabetic animal models

It is the purpose of many animal models to inform us of pathogenic and patho-
physiological aspects of human disease. To accomplish this, it is not necessary
for the animal model to exhibit the full panoply of signs present in the human
condition. Indeed, in some cases a close concordance in animals of a constella-
tion of clinical signs may reflect aetiologies that are not relevant to, and do not
fully inform us of, human diseases. Furthermore, the predominance of one or
other model in the literature is not necessarily indicative of its fidelity to human
disease. For example, the approximately four-fold higher use of STZ compared
to BB rats almost certainly reflects the facility with which these different models
are produced and maintained, and not their similitude to human type 1 diabetes.
Most models have attributes which favour their use in different circumstances.

Table 2.1 lists several commonly used animal models of diabetes mellitus, and
includes the metabolic attributes associated with each. The majority of the liter-
ature relating to gastrointestinal dysfunction in these models is based on studies
in insulinopenic rodents, mainly rats, characterised by severe hyperglycaemia.
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Table 2.1 Commonly used animal models of diabetes mellitus

Animal Model Features Aetiology Papers

Total insulinopenia (insulin lack)

Subtotal insulinopenia (insulin deficiency), hyposecretion

Hyperphagia, insulin excess, peripheral insulin resistance

Dyslipidaemia, vascular disease

Severe hyperglycaemia

Moderate hyperglycaemia

Ketosis, hyperglucagonaemia

Easy to obtain or induce

Easy to maintain or manage

Pancreatectomy1 • • Surgical •••
BB rat1 • • • Autoimmune •••
NOD mouse1 • • • Autoimmune •••
STZ rat1 • • • • • Cytotoxicity via GLUT2 •••
Alloxan rat/mouse/etc1 • • • • • Cytotoxicity via GLUT2 •••
Gold thioglucose2 • • • Neurotoxic to glucosensors •••
Monosodium glutamate2 • • • Neurotoxic to glucosensors •••
VMH lesioning2 • • • Surgical •••
ob/ob mouse2 • • • • Leptin deficiency •••
db/db mouse2 • • • • Leptin receptor deficiency •••
Zucker rat2 • • • • • Leptin receptor deficiency •••
ZDF rat2 • • • • • Leptin receptor, secretory •••
OLET F rat2 • • • CCK receptor deficiency •••
LAN corpulent rat2 • • • • Unknown •••

1Models of type 1 (insulinopenic) diabetes.
2Models of type 2 diabetes mellitus.

Insulinopenic diabetic animals used as models of human type 1 diabetes
mellitus have either spontaneous (genetically predisposed autoimmune) disease,
such as in the Bio-Breeding (BB) rat or non-obese diabetic (NOD) mouse, or
have been exposed to β-cell toxins such as streptozotocin (STZ) or alloxan, to
induce insulitis chemically.

Rodent models of obesity, insulin resistance and type 2 diabetes, all of which
exhibit spontaneous hyperphagia, include genetic models such as the ob/ob
mouse, db/db mouse, Fatty Zucker rat (defective leptin signalling due to absent
ligand or impaired receptor function) and OLETF rat (defective receptor for the
satiogenic hormone CCK) or have been exposed to agents such as monosodium
glutamate (MSG) and gold thioglucose (GTG) that are toxic to central glucosen-
sitive neurones. Destruction of these neurones, important in appetite regulation,
results in hyperphagia, obesity and animals showing many features of human
type 2 diabetes. The utility of these models in understanding the pathogenesis
and pathophysiology of human diabetes has been considerable.

Bio-Breeding (BB) rat

The genetic basis of the islet-specific autoimmune disease in the BB rat, and
how that process relates to the aetiology in human disease, is poorly understood.
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Figure 2.1 Comparison of annual publications using streptozotocin and BB rat models of
insulinopenic diabetes mellitus since first use

Nevertheless, a highly desired attribute of the BB rat is the degree to which it
mimics the natural history of human type 1 diabetes, including the develop-
ment of diabetic complications [1,2]. The BB rat has been used to study many
sequelae of the human disease [3], including retinopathy [4,5] and neuropathy
[6–8], which develop more rapidly than in the STZ rat. However, the BB
rat appears comparatively resistant to diabetic nephropathy [9] and angiopa-
thy [3] and accordingly has not been widely used in studies of these pathologies
(Figure 2.1). The BB rat has been widely used to test emergent therapies, such
as islet transplants [10–12] and drugs for diabetic complications. The insulin-
deficiency in the BB rat appears to be more profound, and metabolic control
more disturbed, than in the STZ rat. It might therefore be concluded that the
BB rat is a preferred model of human disease. However, a limitation in the use
of the BB rat is that it is difficult to produce and resource-intensive to maintain
after the onset of diabetes. Moreover, the onset of diabetes is not certain or
predictable in individual animals.

The Spontaneous Diabetic Wistar BB (BBDP/Wor) rat was developed in 1974
following the observation of spontaneous diabetes of unknown aetiology in an
outbred colony of Wistar rats at Bio-Breeding Laboratories, Ontario, Canada. In
1977, these animals were brought to Worcester, where Butler et al. [13] began
inbreeding BB rats at the University of Massachusetts Medical Centre (labo-
ratory code Wor) [14]. The aim was to develop an inbred model with good
fecundity and a high incidence of diabetes. Selection for breeding did not occur
until after the onset of hyperglycaemia [14]. Genetic studies [13] showed that
diabetic × diabetic mating resulted in the fixing of recessive diabetogenic genes
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and enabled mating prior to the onset of hyperglycaemia [14]. A predictable
and large fraction (up to 91%) of the ensuing litter could be expected to spon-
taneously develop diabetes [15], and in some circumstances the autoimmune
process can be initiated with a dose of STZ that is ordinarily sub-diabetogenic
in other rats. If the insulinopenia and autoimmune processes of human type 1
diabetes are to be closely mimicked, then the BB rat or NOD mouse may be
preferred over other models.

The non-obese diabetic (NOD) mouse merits mention at this stage [16], since
in the spontaneity of its autoimmune insulitis, it is similar in many respects to the
BB rat. This animal model is widely used in studies of autoimmune processes,
and as a model for the pathogenesis of human type 1 diabetes. However, it is not
featured in studies of gastrointestinal dysfunction, and will, therefore, receive
scant coverage here.

Streptozotocin-treated (STZ) rat

Type 1 (insulin-dependent) diabetes may be pharmacologically induced via a
number of agents that selectively destroy pancreatic β-cells. Streptozotocin
(STZ) and alloxan are the most commonly used drugs and have been used
in many species, including non-human primates, dogs, cats, rabbits, rodents and
pigs. More than 50 STZ analogues have been produced. Less selective β-cell
toxins include organic metal-binding compounds and derivatives of ascorbic
acid and uric acid [17], and the rodenticide pyriminil (Vacor) [18,19].

Streptozotocin, or streptozocin (US adopted name), commonly abbreviated
as STZ, is an antibiotic produced by Streptomyces achromogenes (variety 128)
isolated from a soil sample taken at Blue Rapids, Kansas, by an Upjohn salesman
in 1959. In highly purified form, STZ has been shown to exert antitumoral activity
in leukaemia, carcinosarcoma and other neoplastic models. In 1963, Rakeiten
et al. [20] reported that intravenous streptozotocin was diabetogenic in dogs and
rats. STZ is also diabetogenic in the hamster, monkey, mouse and guinea pig [17],
but causes no more than mild glucose intolerance in humans [21]. Susceptibility
to the diabetogenic and toxic effects of STZ, therefore, varies widely between
species. In some species, the lethal and diabetogenic doses are very similar.

In contrast to the BB rat, the streptozotocin-induced diabetic rat is easily
produced upon demand. However, the β-cell destruction invoked with STZ is
cytotoxic and not autoimmune, and is less complete. Moreover, STZ can affect
tissues other than β-cells, as discussed below. The STZ-diabetic rat is easier
to treat and can be maintained in better metabolic control than the BB rat.
This may relate to a subtotal β-cell toxicity of the drug. Reports of reversion
of STZ-induced diabetes in rats [22,23], and our own observations that insulin
requirement is higher following multiple (vs. a single) treatment with STZ are
indicative of the survival of some β-cells. Furthermore, STZ-treated rats (in
contrast to BB rats) can survive for days to months after the onset of diabetes
without insulin injections.
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As a model of pathological and metabolic processes associated with human
hyperglycaemia, the STZ-treated rat is very convenient. Rats can be purchased
and STZ-treated as required, and the difficulties associated with breeding from
diabetes-prone females, detecting diabetes in offspring, and unpredictable con-
version to diabetes (as occurs with the BB rat) can be largely avoided; diabetes
can be invoked easily and on a desired date. Histologically, the insulitis induced
by STZ is indistinguishable from that produced by alloxan [24], and similar
in some respects to that observed in autoimmune insulitis. The use of STZ
allows the investigator to study a reproducible type of diabetes in a variety of
species and to use smaller animal models for economy of care. The STZ rat has
been used to develop antidiabetic drugs and therapies, such as islet transplants
[25,26]. Models using STZ-induced type 1 diabetes have been used to study the
aetiopathogenesis of retinopathy [4,5], angiopathy [27] and neuropathy [28–30].
The STZ diabetic rat has also been used to study nephropathy [31–33], but it
should be recognised in this context that STZ can be nephrotoxic in rats. A major
issue that will be discussed in some detail is the neurotoxic effect of STZ and
other agents used to induce diabetes chemically, focusing on effects on central
GLUT2-containing neurones that are involved in gastrointestinal function.

Gastrointestinal function and the autonomic nervous system

Neural interactions with the gastrointestinal system and pancreas occur via the
autonomic nervous system. This control of gastrointestinal functions (motility
and secretion) is shared by all three divisions of the autonomic nervous system,
the parasympathetic nervous system via vagal and pelvic nerves, the sympathetic
system via the mesenteric nerves, and the enteric nervous system intrinsic to the
walls of the intestine.

Parasympathetic innervation

The parasympathetic system innervates the proximal gastrointestinal tract via the
Xth cranial (vagus) nerve and the anad gastrointestinal tract via pelvic nerves.
Preganglionic motor fibres of the efferent vagus arise primarily in the dorsal
motor nucleus of the vagus (DMV), the nucleus ambiguus (NA), the retrofa-
cial nucleus, and the nucleus retroambiguus (NRA), all situated in the medulla
oblongata. Preganglionic motor neurons of the pelvic nerve arise in the central
grey matter of the sacral spinal cord in a region analogous to the interme-
diolateral cell column in the thoracolumbar cord [34]. The best-characterised
neurotransmitter in these preganglionic fibres is acetylcholine, but other neu-
rotransmitters are also present, including enkephalin, substance P, somatostatin
and gastrin, which are also found in the preganglionic parasympathetic neurons.
Acetylcholine, released from preganglionic motor neurons, acts primarily upon
postganglionic nicotinic receptors (some muscarinic receptors) in ganglia that
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are closely associated with the end organ, and are often difficult to differenti-
ate from those of the enteric nervous system. Postganglionic fibres project onto
effector organs (glands or smooth muscle) in the gastrointestinal tract. Most
postganglionic fibres also contain acetylcholine, which usually acts on atropine-
blockable muscarinic receptors to produce an effect. Postganglionic fibres, which
are often difficult to distinguish from enteric nervous system fibres, also contain
neuropeptides, including somatostatin and vasoactive intestinal peptide.

Sympathetic innervation

Sympathetic innervation of the gastrointestinal tract via the coeliac and mesen-
teric nervosa arises in cholinergic preganglionic fibres in the intermediolateral
cell column of the thoracolumbar spinal cord from approximately T10 to L2
[34]. As in the parasympathetic system, acetylcholine released from these fibres
typically activates nicotinic receptors on postganglionic neurons in paraverte-
bral ganglia. Most postganglionic sympathetic fibres use norepinephrine as their
major transmitter. However, some fibres to sweat glands and skeletal muscle
contain acetylcholine. Most postganglionic sympathetic fibres cosecrete addi-
tional neurotransmitters/neuromodulators, such as neuropeptide Y, somatostatin
and ATP. The sympathetic nervous system has a lesser influence over gastroin-
testinal function than the vagus (parasympathetic). Sympathetic effects typically
include inhibition of gastrointestinal activity, such as relaxation of intestinal
smooth muscle and inhibition of secretion.

The enteric nervous system

The enteric nervous system consists of an extensive network of nerves lining
the gut that are as numerous as the nerves in the spinal cord. Enteric neu-
rons consist of those in the myenteric plexus (more involved in motility) lying
between the longitudinal and circular muscle layers of the gut, and the sub-
mucosal plexus (more involved in secretion and absorption), found beneath
the mucosal layer. Neurotransmitters in the enteric nervous system include
acetylcholine, but also biogenic amines (serotonin, dopamine and histamine),
amino acids (γ -aminobutyric acid), neuropeptides such as dynorphin, vasoac-
tive intestinal peptide (VIP), substance P and motilin, and nitric oxide (NO).
Dynorphin and VIP are reported to inhibit gastrointestinal motility [35] while
substance P and motilin increase it [35]. Neuropeptides and neurotransmitters
are almost always co-localised within the same neurone. It has been suggested
that in general neuropeptides modulate activity over a longer time domain, while
neurotransmitters tend to operate over shorter time domains, with some excep-
tions (acetylcholine evokes fast excitatory postsynaptic potentials, but serotonin
and substance P evoke slow excitatory postsynaptic potentials in the myenteric
plexus [35]. A combination of excitatory and inhibitory influences, acting over



36 GASTROINTESTINAL FUNCTION IN ANIMAL MODELS

different time domains, contributes to an aggregate postsynaptic effect within
the enteric nervous system.

Some recent work suggests that disturbances in nitric oxide signalling may
be implicated in gastric dysfunction. The presence of glucose (0%, 10%, 20%)
in the gavage dose-dependently slowed the rate of gastric emptying in wild-type
mice, and showed that the glucose content of the gavage needed to be controlled
(20%) in subsequent experiments. In mice with a gene deletion of neural nitric
oxide synthase (nNOS−), there was a marked prolongation of emptying. The
delay in gastric emptying observed in nNOS− mice, NOD diabetic mice and STZ
mice was similar. Insulin treatment reversed the delayed emptying observed in
the NOD and STZ mice. In the nNOS− mice, the effect of non-adrenergic non-
cholinergic stimulation to relax excised pylorus was absent, suggesting a local
tissue cause of delayed emptying. Phosphodiesterase 5 (PDE5) is found in high
abundance in the pylorus, and hydrolyses the effector molecule of NO, cyclic
GMP. A drug that inhibits PDE5, sildenafil (Viagra), and enhances the effector
molecule, reversed the slowed gastric emptying observed in nNOS− mice [36].
These experiments raised the possibility that some aspect of the diabetic state
is associated with disturbances in the NO signalling system, and that the latter
could underlie slowed gastric emptying.

In addition to its acknowledged motor function, the enteric nervous sys-
tem may also serve a sensory function. Neurones that are potentially glucose-
responsive, in that they possess many of the markers of pancreatic β-cells, have
been identified in the ileum [37]. By immunolocalisation they were shown to
express Kir6.2, the inwardly-rectifying potassium channel, and SUR1, the sulpho-
nylurea receptor, characteristic of pancreatic β-cells. Similarly, these cells were
depolarised with tolbutamide and hyperpolarised with diazoxide. How activation
of these cells relates to localised or general gut function is currently unknown.

Gastrointestinal functions disturbed in animal diabetes

Gastric emptying

Disturbances of gastric emptying are reported to be a common feature of human
diabetes. However, the literature in this area is acknowledged to be confusing
[38] and is reviewed more thoroughly in Chapter 4. General issues in assessing
gastric emptying include:

1. The absence of population-based studies to define ‘normal’ emptying, i.e. most
studies are done in patients.

2. Failure to characterise metabolic status. Many reports do not distinguish between
type 1 and type 2 diabetes. Further, very few assessments of gastric emptying
are reported in association with controlled plasma glucose concentrations, which
is important since hyperglycaemia itself can slow the rate of emptying [39].
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3. Failure to assess autonomic function. Many do not assess the presence of auto-
nomic neuropathy, reportedly associated with gastroparesis and delayed gastric
emptying [40].
Thus, while many reports cite that type 1 diabetic patients show delayed (∼ 40%)
or normal emptying, some authors report that patients with type 1 diabetes may
show accelerated gastric emptying [41–43]. Other studies in type 1 diabetic
humans report instances of both accelerated and delayed emptying [44].

The clinical picture in ‘early’ type 2 diabetes mellitus and insulin resistance
appears less confused. Studies more consistently report an acceleration of gastric
emptying [45–49]. This may partly be technically related, given that most of
these data come from one group which monitored principally liquid emptying.
Others who measured solid emptying [50] did not see acceleration.

There is less disagreement regarding diabetes-associated changes in gastric
emptying in animal models of diabetes mellitus. The BB rat model of autoim-
mune type 1 diabetes [51–53] exhibits accelerated gastric emptying (Figure 2.2).
Most studies using STZ rats also report accelerated gastric emptying [52,54–57],
although two studies report a slowing [58,59]. In one of these, slowing was
present only during the first week after induction of diabetes [58]. There is a
single study of gastric emptying rates in insulinopenic mice that uses both NOD
and STZ models [36]. In that study, in which a fixed glucose load was gavaged,
both models exhibited slowed gastric emptying.

Most studies performed in animal models of insulin resistance and type 2 dia-
betes report an acceleration of gastric emptying. The diabetic Fatty Zucker model
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Figure 2.2 Fraction of phenol red tracer recoverable from the stomach of BB
(autoimmune type 1 diabetic) rats compared to Harlan Sprague–Dawley (non-diabetic) rats
20 min after gavage with an acaloric gel
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of type 2 diabetes [60], the LA/N corpulent rat [61] and a hyperphagic model
[62] exhibited accelerated emptying. Thus, gastric emptying appears accelerated
in hyperphagic, insulin-resistant rats and in most insulinopenic rodent models.

Gastric acid secretion

STZ diabetic rats most often show increased gastric acid secretion [63,64] and
increased rates of ulceration [65–71]. This effect is exacerbated by fasting [67]
and is reversed by hyperglycaemia [72] but not by insulin replacement [73]. It
thus appears that insulin lack is not the ulcerogenic stimulus, and raises the possi-
bility that absence of gastric-inhibitory factors (e.g. amylin, PYY, GLP-1), which
may be absent or reduced in diabetes, could be implicated. In contrast to the
majority finding of acid hypersecretion, one study noted no difference between
diabetic and non-diabetic animals in pentagastrin-stimulated acid secretion [74],
and one study described a reduction in acid secretion in alloxan-treated rats [75].
A direct, toxic effect of STZ on gastric mucosa has been proposed as a mech-
anism of increased ulceration in STZ diabetes. However, this does not explain
why autoimmune type 1 diabetic BB rats [76] and autoimmune non-obese dia-
betic (NOD) mice [77] in which the gastric mucosa is not an immune target,
also show a marked increase in gastric erosions. The constancy of findings of
acid hypersecretion and ulceration in insulinopenic diabetes invoked by diverse
insults (chemical and autoimmune) indicates that this gastrointestinal disturbance
is a direct consequence of the diabetes, and perhaps of β-cell deficiency.

Central control of gastric acid secretion is mediated via a cholinergic pathway
that includes the nucleus tractus solitarius (NTS), area postrema (AP), dorsal
motor nucleus of the vagus [78,79] and capsaicin-sensitive vagal afferents [80].
Insulin stimulation of gastric acid secretion [81] appears to depend upon its
hypoglycaemic effect. Increasing plasma glucose concentration inhibits gastric
acid secretion [82,83], including that stimulated by insulin [84] and amino acids
[85]. In contrast, glucagon-induced inhibition of gastric acid secretion appears
to be independent of its effect on plasma glucose [86]. Amylin, which has a
high density of receptors in the area postrema/nucleus tractus solitarius [87],
is a potent inhibitor of gastric acid secretion [88], independent of changes in
plasma glucose [89] and prevents gastric erosion in response to a number of
irritants [90–92]. These effects appear to be specific to amylin, since they can
be prevented by prior administration of the amylin receptor antagonist AC187
(unpublished). Studies using microinjection of D-glucose into different brain
regions indicate that the effects of glucose to inhibit gastric acid secretion appear
to be localised to structures around the nucleus tractus solitarius [80]. It is
possible that amylin deficiency could be implicated in a propensity to ulceration
in some forms of diabetes. It is unclear whether such a propensity exists in
type 1 diabetic adults. However, type 1 diabetic children are reported to have a
three- to four-fold elevation in rate of peptic disease [93].
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Pancreatic exocrine secretion

Defective pancreatic exocrine function coexists with diabetes in some genetic
models. One example is the Otsuka Long-Evans Tokushima fatty (OLETF) rat
[94,95], in which the major deficiency is a defective CCK-A receptor [96].
Another example is the BETA2/neuroD-deficient mouse, in which there is a
reduction in number of β-cells (leading to diabetes) and a failure to secrete
zymogen granules from acinar cells [97]. There is scant evidence, however, of
exocrine pancreatic dysfunction in humans [98] or animals. One paper reported
that the composition of CCK-stimulated exocrine secretion is altered in STZ rats,
while secretin-stimulated secretion was normal [99]. Another paper described a
reduced secretin effect in perfused pancreas from STZ and alloxan rats [100],
and another described a reduced secretin effect that is restored by intrahepatic
islet transplantation [101]. In rats in which differing severities of diabetes were
induced by graded injections of STZ, basal and caerulein-stimulated flow rates
of pancreatic juice and protein output were similar in the control and in all three
groups of diabetic rats [102]. Thus far, it appears that there is no consistently
recognised defect in exocrine pancreatic function in animal models of diabetes.

Hyperglycaemia (but not hyperinsulinaemia) suppresses CCK-stimulated
exocrine secretion from the pancreas in humans [103,104]. The concordance of
inhibition of exocrine secretion and circulating pancreatic polypeptide (a marker
of vagal activation) suggests that inhibition of pancreatico-biliary secretion
during hyperglycaemia is vagal-cholinergic [105,106]. The β-cell hormone,
amylin, potently inhibits CCK-stimulated pancreatic enzyme secretion [107]
and has been shown to exert gastrointestinal effects via the vagus [108]. It
is possible that the effects of hyperglycaemia on pancreatic exocrine secretion
are mediated partly via glucose-stimulated amylin secretion (not via glucose-
stimulated insulin secretion, since insulin does not have a direct effect on
exocrine function [103]).

Intestinal mucosal function

Changes in intestinal mucosal function are observed in diabetic rodents, but it
is unclear whether these are intrinsic and contributory to the disease process,
or are secondary to the disease. For example, the BB rat exhibits enzymatic
(i.e. apparently purposeful) glycosylation of the intestinal brush border enzyme
amino-oligopeptidase soon after the onset of diabetes, with reversal of this pat-
tern with vigorous insulin treatment. In contrast, this is not evident in the
STZ rat [109], which typically has less severe diabetes, as previously dis-
cussed. A similar change and reversal in the BB rat has also been observed
with intestinal sucrase-α-dextrinase [110]. Large increases in intestinal acyl-
CoA:cholesterol acyltransferase (ACAT) and cholesterol esterase, implicated
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in cholesterol absorption from the gut, were also observed in the STZ dia-
betic rat, and these elevations were reversed with insulin-mediated improve-
ment of glycaemic control [111]. It thus appears likely, from these studies,
that diabetes-associated changes in gut enzyme expression represent a response
to some aspect of the diabetic state, since they occur in both chemically-
induced and genetic models, and are reversible with vigorous treatment of
the diabetes.

Diet, as well as susceptibility to diabetes, increases expression of gut trans-
porters (sodium–glucose co-transporter and GLUT5) and proglucagon mRNA
in the BB rat [112], indicating that expression of these genes could be a
response to an altered nutritive state, rather than being genetically determined.
STZ treatment also increased gut glucose transporter and co-transporter expres-
sion [113] and increased expression of the Na+ –K+-ATPase engine that drives
sodium–glucose co-transport [114]. Proglucagon expression was also increased
in the STZ diabetic rat [115]. The presence of parallel changes in both BB and
STZ rat models again suggests that these changes represent a reaction to the
diabetic state. Increased proglucagon expression and subsequent oversecretion
of glucagon-like peptide-2 (GLP-2; a gut growth stimulant [116]) in STZ dia-
betic rats accounts for intestinal overgrowth observed in this model [117–119]
and could account for some of the increased intestinal brush border enzyme
expression observed in diabetic animals. Possible mechanisms accounting for
hyperexpression of proglucagon and hypersecretion of GLP-2 from intestinal
L-cells are discussed under ‘glucagon-like peptide-2’. Diabetic animals exhibit
increased capacity for glucose uptake from the gut [120,121], consistent with
the observed changes in brush border enzyme expression. The observation that
similar changes can be invoked by glucose administration for 4 h or more [122]
suggests that this is glucose-driven.

Diabetes-associated changes in intestinal mucosal neurotransmitters are also
observed in a number of animal models. In the submucosal plexus of hyper-
glycaemic (but not normoglycaemic) BB rats, somatostatin-containing neurons
were reduced, and in the myenteric plexus galanin-containing nerve fibres were
increased [123]. In the STZ rat, responsiveness of intestinal smooth muscle to
acetylcholine and substance P was reduced [124].

Autonomic neuropathy in diabetic gastrointestinal
dysfunction

As discussed elsewhere in this book, disordered gastrointestinal motility has
long been recognised as a frequent feature in diabetic patients who also exhibit
neuropathy [125]. Disturbances in gastrointestinal function have been estimated
by some to have a prevalence of ∼ 30% (range 5–60% [126–128]). Both periph-
eral and autonomic [126–128] neuropathy are frequent complications of diabetes
mellitus. Since the autonomic nervous system (ANS) plays a prominent role in
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the regulation of gut motility, a prevailing hypothesis has been that autonomic
neuropathic dysfunction could account for much of this disturbance.

Involvement of different autonomic branches

Although the sympathetic, parasympathetic and enteric divisions of the auto-
nomic nervous system are each reported to show microscopic, neurochemical
and functional changes during diabetes [129–132], there is debate as to how they
might be implicated in diabetes-associated dysfunction. Motor disturbances asso-
ciated with autonomic neuropathy include dilation of the oesophagus, gastroin-
testinal stasis, accumulation of digesta and constipation, mainly signs associated
with vagal (parasympathetic) dysfunction. There are also reports of faecal incon-
tinence, related to decreased sphincter pressure, and diarrhoea. These latter signs
may be more related to loss of sympathetic tone, or possibly a relative increase
in a neuropeptide, such as motilin. The enteric division appears to be most
important to intrinsic (local) gastrointestinal control, providing more specific
commands to the musculature to effect altered motility, while the parasym-
pathetic and sympathetic divisions transmit general commands to the enteric
nervous system.

Mechanisms of autonomic neuropathy

The best-characterised signs of damage to the autonomic nervous system during
diabetes are morphological [129, 131, 133–135]. For example, the number of
myelinated axons in the vagosympathetic trunk is decreased in diabetic rats
[131], as is the number of neurones in dorsal root ganglia and peripheral
postganglionic sympathetic nerves. There are also signs characteristic of neu-
roaxonal dystrophy [136], indicative of degeneration–regeneration cycles. In
addition to alterations in numbers and morphology of axons, the tissue around
the axons is also often disturbed. For example, there is a thickening of the
endoneurium [128], which may sensitise axons to damage from increased pres-
sure or decreased oxygen and glucose availability. Endoneural thickening may
be further exacerbated by perineural vascular changes that have been noted
in diabetic animals. It is thus possible that axonal damage may be secondary
to disorders in tissue surrounding the neurons. It is of interest that autonomic
neuropathy can be prevented or partially reversed by rigorous glycaemic control
[137], suggesting that hyperglycaemia per se is of major aetiological importance
in autonomic neuropathy.

Sorbitol accumulation

One hypothesis regarding the pathogenesis of autonomic neuropathy is that
hyperglycaemia, by promoting increased intraneuronal glucose, results in an
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increase in production of sorbitol from glucose by aldose reductase. The sor-
bitol accumulation leads to decreased myo-inositol, reduced Na+/K+-ATPase,
impaired nerve conduction [138] and, ultimately, a structural change in neu-
rons. Aldose reductase inhibitors are effective at preventing structural neuronal
damage in animal models of diabetes [139–141]. However, in patients with
autonomic neuropathy, sorbitol accumulation and reduced myoinositol are not
as evident as in animal models, and aldose reductase inhibitors and replacement
of myoinositol appear to be of doubtful clinical benefit.

Impaired peptide secretion or synthesis

The secretion of a number of neuroendocrine substances may be decreased in
diabetes. Glucagon, pancreatic polypeptide, gastrin, somatostatin and gastric
inhibitory peptide levels are reportedly reduced in the gastrointestinal tract
of diabetic patients [129, 133–135]. Since in animal studies there appears to
be discordance between tissue levels and circulating concentrations [142], the
significance of decreased levels of these peptides remains unclear; it is possible
that a loss of these neuroendocrine substances contributes to the pathologies
observed in autonomic neuropathy. Disturbances in systemic secretion of GLP-
1, amylin and peptide YY in diabetes are covered under ‘Neuroendocrine
explanations for diabetic gastrointestinal dysfunction (p. 47)’.

Disturbances of axonal transport

Deficiencies in amino acid transport, subsequent protein synthesis and intra-
axonal transport, noted in animal models of diabetes, could result in a failure
to deliver macromolecules, such as neurofilament, to the distal ends of axons
and dendrites [129–132, 138]. Retrograde axonal transport is also affected and
thus important signals from the periphery, such as growth factors, would not
reach the cell body. It appears that neuropathy is initiated distally and progresses
toward the cell body.

Inflammatory processes

Inflammatory responses may account for some damage to autonomic neurons;
inflammatory infiltrates have been observed in the autonomic ganglia of dia-
betic patients. This immune response, the genesis of which is unknown, could
ultimately result in neuronal damage and death.

Microangiopathy

A feature of neuropathy in many experimental models of diabetic neuropathy
is resistance to ischaemic conduction block, i.e. nerves from diabetic animals
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conduct traffic for a longer time after total ischaemia, consistent with the idea
that nerves have adapted to chronic hypoxia. Such changes can be induced by
chronic hypoxia per se [143]. Endoneural hypoxia induced by angiopathy has
been recognised as a feature of STZ rats [144]; neurovascular disturbances are
reported in diabetic rats [145] and humans [146].

Neuropathy in the STZ diabetic rat

Most of the literature regarding autonomic and gastrointestinal dysfunction has
been generated using the STZ rat, which is now discussed. Many studies have
reported morphological, neurochemical and functional disturbances in nerves
following streptozotocin administration to rodents.

Morphological changes, consisting chiefly of dystrophic axonopathy, are
mainly restricted to the alimentary tract [137], particularly the ileal mesenteric
nerves and sympathetic ganglia [28,147,148]. These changes can be reversed
with intensive insulin treatment [148] or islet transplantation [137]. Degeneration
of mesenteric nerves and ganglia is seen in the ileum, and is not evident in the
colon [149]. There are some changes, however, in the colon of the STZ rat,
such as an increase in adrenergic and serotonergic neurone number [150].

Neurochemical changes in STZ rats, as with morphological changes, are most
pronounced in the ileum, particularly the myenteric plexus. There is an increase
in VIP mRNA [151], increased VIP content [152,153] and an increase in VIP
containing nerves [154]. The increase in VIP, which paradoxically is associ-
ated with reduced neuronal VIP release [155], may reflect selective damage
to VIP-containing fibres [156] and can be prevented with insulin treatment.
Another neurotransmitter that is elevated in the myenteric plexus of the ileum
is neuropeptide Y [152,154], while substance P is unchanged [134,152,153].
Adrenergic fibres [150] are reduced, as is CGRP content [134,152], possibly
associated with selective loss of CGRPergic neurones [157]. The pyloric sphinc-
ter, in contrast to the ileum, shows a loss of most neuropeptides, including
CGRP, met-enkephalin, neuropeptide Y, substance P and VIP [158].

Functional neurologic changes in the STZ rat are less evident than mor-
phologic and neurochemical changes. Decreases in cardiovascular vagal and
sympathetic tone have been reported [159,160], as has decreased sympathetic
and parasympathetic action at salivary glands [161]. Although adrenergic and
cholinergic responses of gastric smooth muscle were not altered in fundus strips
[162], large changes in ATP release from strips of stomach from STZ rats
suggested that purinergic autonomic innervation may have been altered.

General applicability of neuropathic changes

The question arises as to whether neuropathic changes in STZ rats are secondary
to the diabetic process or are attributable to a direct neurotoxic effect of STZ.
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Observations of similar perturbations in animal models of diverse aetiology
would argue that at least some of these phenomena are generally diabetes-
associated, and are less likely to be an STZ artifact. For example, alterations
in the rate of axonal transport are seen in both STZ and BB rats [163], and
reductions in pain threshold are seen in models where diabetes was induced by
STZ, genetics (as in the sand rat, Psammomys obesus) or by galactose feeding
[164]. Reversal of neuropathic changes following intensive glycaemic control
also argues that at least some aspects of neuropathy are related to the metabolic
state and are not entirely due to the initial cytotoxic insult. There are no descrip-
tions of potential neurotoxic effects of subdiabetic doses of STZ; paradoxically,
low-dose STZ appears to protect against kainic acid-induced neurotoxicity [165],
and diabetogenic doses, while they do not induce acute peripheral nerve defects,
paradoxically protect against defects induced by acrylamide [166]. However, in
view of the potential for direct effects of STZ on nerve tissue, it may be that
more secure conclusions can be drawn with models, such as the BB rat.

Neuropathy in the diabetic BB rat

Autoimmune diabetic BB rats have been used extensively as a model of
autonomic neuropathy. Functional nerve impairment has been characterised
by reduced conduction velocity [8,167,168], also manifest in the optic nerve
as slowing of visual evoked potentials [169] and some components of
retrograde axonal transport [132]. Brismar proposed that reduced sodium
permeability and axoplasmic sodium concentrations may principally account
for slowed conduction velocity [170]. Morphological evidence of neuropathy
in BB rats includes axonal degeneration, irregularity of myelin sheaths and
Mullerian degeneration [139,171,172]. It has been proposed that periodic
hypoglycaemia in BB rats may induce Wallerian degeneration and reduced
conduction velocity, primarily in motor pathways, including anterior horn cells,
while abnormalities associated with chronic hyperglycaemia include sensory
(afferent) axonopathy [172]. Abnormalities in urinary bladder contraction in
chronically hyperglycaemic BB rats, for example, appear to be attributable
to afferent axonopathy in pelvic and hypogastric autonomic nerves [173].
Other evidence of autonomic involvement in the neuropathy observed in BB
rats includes morphological descriptions of reduced sympathetic fibre numbers
in atrial myocardium [174], dystrophic changes in mesenteric nerves [175],
the sympathetic chain (paravertebral thoracic ganglion cells, preganglionic
myelinated fibres of the white ramus, and postganglionic unmyelinated fibres of
the grey ramus communicans) [131,176], and reduced R–R variability [6].

Central vs. peripheral neuropathy

In addition to peripheral autonomic neuropathy, neurons within the central ner-
vous system are also reported to be damaged in animal models of diabetes,
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including areas such as the paraventricular nucleus of the hypothalamus and the
dorsal motor nucleus of the vagus, both of which are important in controlling
those parts of the autonomic nervous system that innervate the gut. Because
preganglionic fibres of the autonomic nervous system originate in the dorsal
motor nucleus of the vagus nerve (DMV) and the nucleus ambiguus (NA), neu-
ropathic lesions at these sites can be expected to affect gastrointestinal function.
This also applies to defects in pathways that project onto these areas, such as the
paraventricular nucleus of the hypothalamus, the amygdala and the nucleus of
the tractus solitarius, which project onto neurons in the DMV [177]. Examples
of brain regions associated with specific gut functions include the DMV, activa-
tion of which increases antral and pyloric contractions [178]. The lateral reticular
formation, the pons (implicated in defecation [177]), the infralimbic and pre-
limbic cortex (an area that decreases gastric tone [177,179]) mediate emotive
influences on gut function. Emotive effects on gut function were recognised by
Cannon [180] and other early physiologists [181].

The brain stem and gastrointestinal function

A pathway that includes the nucleus tractus solitarius (NTS), the area postrema
(AP) and the dorsal motor nucleus of the vagus nerve (DMV) [182], appears to
be particularly important in controlling several gut functions. As with the inner-
vation of other viscera, such as heart and lungs, gastrointestinal connections into
the brain stem appear to be comparatively simple. There is a vague viscerotopic
organisation of the NTS, in that distension of different viscera evoke activity
in different parts of the nucleus [183,184]. Vagal afferents appear to terminate
in the NTS [185,186], which projects to the DMV [187]. The DMV projects
vagal efferents back to the stomach [186]. The area postrema is also driven by
gastrointestinal and vagal stimuli [185,188], perhaps via reciprocal connections
with the NTS [189].

The significance of the area postrema in this neuronal loop is its sensitiv-
ity to circulating stimuli. The area postrema is situated at the posterior margin
of the fourth cerebral ventricle in the hindbrain, and is one of a family of
circumventricular organs where fenestrated capillaries permit direct communi-
cation of circulating peptides with receptors on nerve cells, i.e. it functions as
a sensory organ of the brain. The numerous receptors for peptide hormones
described at the area postrema include those for IGF-2 [190], insulin [191,192],
glutamate [193], serotonin [194], substance P (NK1) [195], arginine-vasopressin
[196–198], imidazoline [199,200], angiotensin [201,202], glucagon-like peptide-
1 [203–205], neuropeptide Y4 [206], pancreatic polypeptide [207,208], chole-
cystokinin [209,210], pituitary adenylate cyclase activating peptide [211], atrial
natriuretic peptide [212], dopamine 3 [213], melatonin [214], PTH/PTHrP [215],
hCG/LH [216], oxytocin [217], VIP/secretin [218–220], nicotine [221], somato-
statin [222], histamine 2 [223], gastrin-releasing peptide [224], calcitonin [225]
and amylin [87,226].
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It has recently been discovered, using slice preparations of the area postrema,
that the same neurones that respond to the insulin-modulating hormones, amylin
and GLP-1, are also responsive to glucose [227]. The identification of glucose-
sensitive neurones in the area postrema [228,229] supports the concept that this
organ has a fuel-sensing function that will ultimately contribute to hormonal
responses important in fuel homeostasis, especially those gastrointestinal func-
tions important for defence against hypoglycaemia [229]. Interestingly, while
the area postrema is implicated in the behavioural (feeding) response to 2
deoxyglucose-induced glucoprivation, it does not appear to be necessary for
adrenomedullary responses [230].

Effect of diabetogenic chemicals on brain stem structures

The central role of the above-mentioned hindbrain structures in the regulation of
gastrointestinal function demands that they be examined when considering pos-
sible aetiologies of disturbed gastrointestinal function in diabetes. Alarmingly, it
appears that most, if not all, chemical agents used to produce diabetes in animal
models selectively destroy or damage those hindbrain structures that control
enteric function, and these are discussed further below. Major differences in
gastrointestinal function in animals in which β-cell destruction was invoked by
chemical means, use those in which it resulted from autoimmune destruction,
raises substantial concerns about the extent to which gastrointestinal dysfunc-
tion in some models is an artifactual consequence of damage to specific central
structures, rather than a general consequence of diabetes, perhaps applicable to
human disease. As summarised below, steptozotocin (STZ), gold-thioglucose
(GTG), monosodium glutamate (MSG) and alloxan all affect the function of
neurones in the area postrema.

Streptozotocin (STZ) consists of 1-methyl-nitrosourea linked to C2 of D-
glucose [231], and is usually a mixture of α- and β-isomers. The observation
that some non-metabolised glucose analogues, including 3-O-methyl-D-glucose
and 2-deoxy-D-glucose, dose-dependently protect against STZ-induced β-cell
toxicity [24], suggests a glucose-specific recognition site. The observation that
STZ is selectively toxic in gluconeogenic tissues (β-cells, liver and kidney) is
consistent with it being carried preferentially by the GLUT-2 glucose trans-
porter found in those tissues [232–234]. It is believed that the glucose moiety
of the α-anomer acts as a carrier for the toxic N-nitroso-N-methylurea moiety
[235]. Interestingly, GLUT2 immunoreactivity has been identified in the region
of the nucleus tractus solitarius/area postrema/dorsal motor nucleus of the vagus
[236], leading to the concept that STZ may be selectively neurotoxic in those
brain regions. Consistent with that idea, STZ reduces responses (angiotensin II-
mediated pressor responses) that reside in the area postrema [237]. These data
suggest that STZ may target the nucleus tractus solitarius/area postrema/DMV,
wherein reside glucose- and hormone-sensitive cells that participate in glucoreg-
ulatory gut functions.
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Gold thioglucose (GTG), which targets central glucose-responsive neurones
to invoke hyperphagia and models of obesity and type 2 diabetes, also produces
specific lesions in the area postrema [238–240]. Gold thioglucose changes feed-
ing behaviour in sham-operated but not in area postrema-lesioned rats [241],
indicating that the feeding-associated neurones upon which GTG acts, reside in,
or are dependent upon, the area postrema.

Monosodium glutamate (MSG), which targets central glucose-sensitive neu-
rones to invoke hyperphagia, also induces lesions in circumventricular organs,
including the area postrema [242–244]. Changes in ingestive behaviour with
monosodium glutamate are prevented by prior ablation of the area postrema
[245], similar to the situation with gold thioglucose. Further evidence that MSG
affects function at the area postrema comes from studies with GLP-1 which
binds to [204] and activates [205,246] that structure in vivo. The inhibitory effect
of GLP-1 on food intake is negated by treatment with monosodium glutamate
[247], consistent with MSG having disabled GLP-1 action at the area postrema.

Alloxan treatment causes destruction in the area postrema [248] and, when
administered centrally, reduces the hyperphagic response to glucoprivation [249]
in the same way that total lesions of the area postrema block the hyperphagic
response to glucoprivation [230].

Conclusions: neuropathic hypothesis

Despite ample evidence of morphologic and functional changes in nerves of
rodent models of type 1 diabetes mellitus, it is not clear to what extent these
changes underly the gastrointestinal dysfunction evident in these animals. Coin-
cidence of neuropathic and gastrointestinal changes does not necessarily prove a
causal association between autonomic neuropathy and gastrointestinal dysfunc-
tion in diabetes. Alternatively, recently recognised neuroendocrine disturbances
in diabetes, especially of the β-cell hormone amylin, provide an alternative
to the neuropathic hypothesis, and this will be discussed in the next section.
Finally, it appears that diabetogenic agents used to invoke diabetes in many ani-
mal models also damage central brain regions involved in normal gastrointestinal
control. The utility of these animal models of diabetes in understanding diabetes-
associated changes in gut function in humans warrants further examination.

Neuroendocrine explanations for diabetic gastrointestinal
dysfunction

The pancreatic β-cell defect is most profound in models of type 1 diabetes, and
most work done on the gastrointestinal sequelae of diabetes, as cited in this
chapter, has been done using type 1 models of diabetes. However, type 2 dia-
betes mellitus, with a prevalence of 7.7% in the NHANES II study, is ∼10 times
more prevalent, compared with the 0.74% cumulative incidence (∼ prevalence)
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of type 1 diabetes mellitus [250]. From that viewpoint, type 2 diabetes mellitus
has a greater impact in terms of human disease. An attempt will be made to
include what data exists for gastrointestinal dysfunction in animal models of
type 2 diabetes.

In considering primary endocrine changes associated with type 1 diabetes
mellitus, it should be recognised that the central pathogenic event is a selec-
tive and near-absolute autoimmune destruction of pancreatic β-cells. Other cell
types in the islets, and other tissues, are preserved. The only confirmed hor-
mones currently known to be specific to pancreatic β-cells are insulin and
amylin [251]. Recent evidence also suggests that C-peptide, cleaved from proin-
sulin during intracellular processing and co-secreted with insulin, may also be
biologically active [252], so this molecule is briefly discussed. Other proteins
secreted from the β-cell, such as pancreastatin (derived from chromogranin-A
[253]) are also secreted from many other tissues [254] and are not absolutely
deficient in insulinopenic diabetes.

It is therefore only insulin, C-peptide and amylin that disappear following
the selective destruction of β-cells. The implications of this statement are pro-
found; all diabetes-associated sequelae are somehow related to the absence of
these (and/or other possibly undiscovered) hormones, whether directly or indi-
rectly (such as via hyperglycaemia or advanced glycosylation end-products).
Since insulin has minimal direct effect on gut function, until recently the most
plausible explanation linking β-cell destruction to changes in gastrointestinal
functions was a neuropathic effect secondary to hyperglycaemia. With the recent
discovery of multiple physiological gastrointestinal effects of the second β-cell
hormone, amylin [255], a plausible alternate explanation of gut dysfunction fol-
lowing β-cell loss has emerged. That is, instead of being due to insulin lack,
some gut dysfunction in insulinopenic diabetes may instead be due to the loss
of its co-secreted partner, amylin. For this reason, special emphasis is given in
the following section to amylin’s gastrointestinal actions. This does not discount
the possibility that other β-cell-specific secreted proteins of gastrointestinal sig-
nificance (and a clear role for C-peptide deficiency) could emerge in the future.

While insulin and amylin are essentially absent in type 1 diabetes, in states
of impaired glucose tolerance and early type 2 diabetes, each of these hormones
may in fact be hypersecreted [256,257]. The states of impaired glucose toler-
ance and early type 2 diabetes mellitus are further characterised by resistance to
the effects of insulin, or ‘insulin-resistance’. The ZDF rat is a model of insulin
resistance, with some strains developing type 2 diabetes. These animals, which
hypersecrete from pancreatic β-cells, exhibit both hyperinsulinaemia and hyper-
amylinaemia. In addition to their insulin resistance, they also show a resistance
to the effect of amylin to slow gastric emptying [258].

With worsening of glucose tolerance, the clinical course progresses to a state
of reduced (but non-zero) secretion for each, insulin and amylin, that is no
longer modulated by nutrient stimuli [259,260]. In some aspects, the resultant
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effect in type 2 diabetes may be similar to that in type 1 diabetes in that through
loss of sensitivity, loss of secretion or both, insulin and amylin action is lost.
In this way, insulin-dependent and amylin-dependent sequelae may be shared
in type 1 and type 2 diabetes.

In other respects, the pathophysiology is different and may prove to result
in different gastrointestinal sequelae. In those species that develop type 2 dia-
betes, amylin oversecretion may paradoxically participate in end-stage secretory
failure; insoluble hypersecreted amylin may form toxic islet amyloid [261,262],
leading to disruption of islet architecture and a secretory defect [263].

Insulin and glucose

Many gastrointestinal reflexes are glucose-sensitive, reflecting their often
unrecognised glucoregulatory (restricting elevations of glucose during
hyperglycaemia) and counter-regulatory functions (promoting elevation of
glucose during hypoglycaemia). Glucose-sensitive effects include inhibition of
food intake, control of gastric emptying rate, and regulation of gastric acid
secretion and pancreatic enzyme secretion (collectively control of digestive rate).
Some gastrointestinal manifestations of diabetes may therefore be secondary, and
compensatory, to markedly disturbed plasma glucose concentrations.

Via its powerful hypoglycaemic actions, insulin may indirectly evoke gas-
trointestinal actions if plasma glucose is permitted to fall.

Since insulin is lacking, it may be initially tempting to attribute gastroin-
testinal sequelae of insulinopenic diabetes directly to such deficiency. However,
the evidence that insulin directly affects gastrointestinal function in animals is
sparse. While insulin can affect some brain structures implicated in gastroin-
testinal function, such as the area postrema [191,192] and dorsal motor nucleus
of the vagus [264], insulin does not affect gastric emptying if blood glucose is
kept constant [265,266] Similarly, the effect of insulin to stimulate gastric acid
secretion [81] appears to be only a consequence of its glucose-lowering effect,
since increasing and decreasing plasma glucose concentration appears to result
in obligatory inhibition and stimulation of gastric acid secretion [82–85]. The
effect of glucose on acid secretion appears to be mediated via vagal afferents
[267] and the nucleus tractus solitarius [80]. In contrast, the effect of glucagon
to counteract the gastric secretory effect of insulin appears to be independent of
plasma glucose [86].

Insulin has been reported to stimulate sodium–glucose co-transport in the
rat jejunum [268]. But there is no evidence that this function is impaired in
insulinopenic animal models; indeed, in BB [112] and STZ rats [113], mRNA
for gut-specific GLUT5 and co-transporters is increased.

Amylin

Considerable comment is devoted to amylin in this chapter, since its absence,
like that of insulin, is a primary event in insulinopenic diabetes, and because it
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has multiple physiological effects on the gastrointestinal tract. By these argu-
ments, its absence is likely to be involved in at least some of the gastrointestinal
dysfunction that accompanies diabetes.

Amylin [255] is a 37-amino acid peptide that is localised with insulin in
secretory granules, and secreted with it from the pancreatic β-cell in response
to nutrient stimuli [269]. In humans, amylin circulates at basal plasma levels
of 4–8 pM, rising to levels of 20–25 pM post-prandially [260,270]. Amylin-like
immunoreactivity is also present in the amygdala and other brain regions [271]
and in the spinal cord. Amylin shows some structural similarity to CGRP [255],
the calcitonins (especially teleost calcitonins [272]) and adrenomedullin [273].

The role of amylin as a neuroendocrine hormone participating in fuel home-
ostasis has been elusive, the subject of much debate, and is still often misunder-
stood. Earlier hypotheses on the possible physiological and pathophysiological
roles of amylin were guided by the historical order in which biological actions
were discovered. A potent effect to inhibit insulin-stimulated glycogen forma-
tion in isolated skeletal muscle in rats [274,275] but not impair insulin action in
fat [276], as well as effects to increase lactate turnover [277], blunt first-phase
insulin secretion [278], and stimulate the renin–angiotensin system [279], mir-
rored many of the features of insulin-resistance and contributed to the hypotheses
that amylin may be involved in the pathogenesis of insulin resistance [280] and
syndrome X [281]. Amylin antagonists were considered as a potential treatment
in insulin-resistant patients. It now appears that these actions occur at either
supraphysiological concentrations, or represent a feature of the animal, but not
human, response to amylin agonists.

In the rat, the first physiological effect of amylin identified using selective
antagonists was the inhibition of insulin secretion [282–284], i.e. administration
of amylin antagonists augmented insulin secretion, consistent with the idea that a
tonic (physiological) inhibition of insulin secretion had been removed. A similar
effect of an amylin antagonist to disinhibit insulin secretion was observed in
humans [285]. The inhibition by amylin of β-cell secretion thus appears similar
to the situation in other neuroendocrine tissues where secreted products feed
back to limit secretion at the cell of origin.

It has emerged in recent years that several of the most potent of nearly
60 reported biological actions of amylin [286] are gastrointestinal effects that
appear to collectively restrict nutrient influx and promote glucose tolerance.
These include inhibition of gastric emptying, inhibition of food intake, inhibi-
tion of digestive functions (pancreatic enzyme secretion, gastric acid secretion
and bile ejection), and inhibition of nutrient-stimulated glucagon secretion. The
manner in which these actions are now believed to collectively regulate the rate
of nutrient appearance (Ra) is shown in Figure 2.3, juxtaposed with one of the
multiple peripheral insulin effects, which collectively promote fuel storage and
rate of nutrient disappearance (Rd). It can thus be seen how the pancreatic β-cell
evokes complimentary effects on both Ra and Rd in fuel homeostasis.
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Figure 2.3 Diagram of fuel fluxes through amylin-regulated processes, illustrating the
proposed physiologic role of the β-cell hormone amylin, and how its function in regulating
Ra (nutrient appearance) compliments that of insulin, which regulates Rd (nutrient
disappearance/storage)

Amylin and gastric emptying

In rats, amylin is the most potent of any known mammalian peptide in slowing
gastric emptying [287,288]. A similar potency in slowing gastric emptying has
been observed in man with the human amylin analogue pramlintide [289]. The
observation that amylin inhibits gastric emptying in rats at concentrations that
normally circulate suggests that this action is physiological. Plasma concentra-
tions of pramlintide that exert gastric effects in diabetic humans are similar to
amylin concentrations in non-diabetic humans, further supporting the idea that
inhibition of gastric emptying is a physiological effect of this hormone.

Evidence of an effect of (and physiological significance of) endogenous
hormones can also often be inferred from observations made after the adminis-
tration of selective antagonists. For example, prior administration of the selective
amylin antagoinst, AC187, to non-fasted or hyperamylinaemic rats [61] accel-
erated gastric emptying. This result is consistent with the removal of a tonic
amylinergic constraint on gastric emptying, also supporting a physiological
effect. Accelerated gastric emptying is also observed in the absence of any
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administered agents in β-cell-deficient (amylin-deficient) BB rats [52,287], fur-
ther supporting the idea that endogenous amylin tonically restrains the rate of
stomach emptying.

One interpretation of disturbed gastric function observed in STZ rats is that it
could reflect the absence of β-cell signals, such as amylin, that have gastrointesti-
nal activity. However, in view of the possible toxicity of STZ to area postrema
neurones and other GLUT2-containing brain structures that influence gastric
function, we should be cautious about this interpretation in these and other
chemically-induced diabetic models. This caveat is unlikely to apply, however,
when the β-cell insult is immunological, for example, and not accompanied by
brain stem lesions.

Paradoxically, gastric emptying is also reported to be accelerated in the ZDF
rat model of type 2 diabetes [60] [Gedulin; unpublished], shown elsewhere to
be hyperamylinaemic. A mechanism that might explain accelerated gastric emp-
tying in such hyperamylinaemic models, including LA/N corpulent rats [61] and
Fatty Zucker rats [60], is a recently-described phenomenon of amylin resistance.
In hyperamylinaemic Fatty Zucker rats, there was an 8.3-fold reduction in amylin
sensitivity compared to lean controls for gastric emptying [258]. Why amylin
resistance occurs, or whether other amylinergic responses become insensitive to
amylin, is presently unknown. It appears, however, that rats that have become
resistant to amylin retain sensitivity to exendin-4, indicating preservation of
effector mechanisms [Gedulin et al., unpublished].

The significance of gastric emptying rate on constancy of plasma nutrient
levels, briefly discussed here, is covered more fully in Chapter 8. The con-
cept that release of carbohydrate and other nutrients from the stomach into the
intestine is a regulated process is supported by observations in normal sub-
jects of a comparatively constant efflux of calories from the stomach; between
1.6 [290] and 2.1 [291] kcal/min (∼ 400–530 mg of glucose/min), maintained
over a range of ingested glucose concentrations and glucose loads [291]. This
constancy of efflux in the face of large variations in magnitude of delivered
nutrient load is indicative of feedback control of nutrient release. The above
rates of carbohydrate release are approximately equal to the rate of peripheral
glucose disposal attainable with physiological insulin concentrations [292], fit-
ting with the idea that nutrient supply and nutrient disposal are co-regulated.
The intermediaries responsible for such co-regulation have been unclear; gas-
tric inhibitory polypeptide (GIP), proposed as a candidate [293], has only a
weak action to inhibit gastric emptying [294]. Instead, it appears that amylin
and GLP-1, secreted in response to carbohydrate-containing meals, and potently
inhibiting gastric emptying [294], may mediate glucoregulatory control of gastric
emptying [287].

Amylin inhibition of gastric emptying (Figure 2.4) depends upon an intact
vagus nerve [108], is annulled by lesions of the area postrema [295] and is
reversed by hypoglycaemia [265]. The area postrema has a high density of
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Figure 2.4 Inhibition of gastric emptying in non-diabetic Sprague–Dawley (HSD) and
diabetic BB rats, in which accelerated gastric emptying is manifested as a low fraction of
gavaged load being present 20 min after gavage (p < 0.001 at zero dose) [287] with
permission from Young et al.; n = 5–8/dose for HSD rats and 3–10/dose for BB rats

amylin receptors [296]. In brain-slice preparations, most neurones in the area
postrema are amylin-sensitive [227]. Almost all amylin-sensitive neurones in the
area postrema are also glucose-sensitive (and amylin-insensitive neurones were
also glucose-insensitive) [227]. GLP-1-sensitivity also correlated with glucose-
sensitivity in area postrema brain slices.

An amylin agonist (pramlintide), several GLP-1 agonists and exendin-4 are
being explored as potential therapies for the treatment of diabetes, with inhi-
bition of gastric emptying being recognised as a mode of therapeutic action.
However, diabetic subjects are frequently treated with insulin, and are at risk
for insulin-induced hypoglycaemia. Oral supplementation with carbohydrates is
the main mode of rescue from insulin-induced hypoglycaemia. Therapies that
inhibited emptying of the stomach could thus potentially impede such rescue
attempts. However, in distinction to this potential hazard, a recently-discovered
feature of the agents is that their inhibition of gastric emptying is overridden
during hypoglycaemia [265,297,298]. The implication from this override, hith-
erto demonstrated in animal stimuli, is that the gastric inhibitory effect will carry
no or little additional risk of insulin-induced hypoglycaemia.

The findings that gastric inhibitory effects can be localised to the area
postrema/nucleus tractus solitarius region, together with the findings of dual
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peptide- and glucose-sensitivity in the same neurones, leads to the proposition
that hypoglycaemic override resides in the inherent response properties of those
neurones. Other glucoregulatory gastrointestinal reflexes, such as inhibition of
acid and pancreatic enzyme secretion, may also be driven by cells in this area
and be similarly disabled as part of a generalised gut counter-regulatory response
to hypoglycaemia [299]. The concept of the gut as an organ of metabolic control
is yet to be widely accepted, and antidiabetic drugs that moderate nutrient uptake
as a mode of therapy have only begun to emerge. A potential advantage such
therapies hold over those that enhance insulin action, is their general glucose
dependence and low propensity to (per se) induce hypoglycaemia.

Other gastrointestinal actions of amylin

Digestive secretions, alterations in which could affect absorptive function,
include exocrine pancreatic secretion (Figure 2.5), gastric acid secretion and
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Figure 2.5 Effect of amylin to inhibit exocrine pancreatic secretion in Sprague–Dawley
rats cannulated via the pancreatic duc. From Gedulin et al. [107] with permission
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biliary function, and are discussed here. Amylin inhibited cholecystokinin-
stimulated secretion of amylase and lipase from the exocrine pancreas in the
anesthetised rat by up to 70% [107] with a potency consistent with this being a
physiological action. Studies of exocrine pancreatic function in animal diabetes
appear to be restricted to STZ rats, where CCK-stimulated enzyme secretion
is greater [99] but stimulation due to secretin appears depressed [100,101] or
unchanged [99]. The effects of insulin-deficient and amylin-deficient diabetes
(e.g. autoimmune diabetes uncomplicated by brain stem toxicity) on exocrine
pancreatic function have not been reported.

Gastric acid is important in breaking down dietary macromolecules into absor-
bable moieties. Modulation of acid secretion may thereby influence postprandial
nutrient uptake. While there appear to be no reports that quantify the relation-
ship between acid secretion and rates of nutrient assimilation, there is evidence
that type 1 diabetes, in animal models at least, is characterised by disturbed acid
regulation. STZ-treated rodents exhibit gastric mucosal lesions [66,68,70,73], a
condition that is not reversed by insulin replacement [73]. A direct effect of STZ
on the gastric mucosa has been proposed, and as discussed above, STZ damage to
brain stem structures could also be involved. This explanation does not, however,
accommodate why NOD mice with isolated autoimmune β-cell destruction also
exhibit gastric erosions [77]. Gastric erosions in isolated β-cell deficiency instead
supports the possibility that the loss of a β-cell product, such as amylin, could
result in the loss of a physiological gastroprotective action. The observation that
type 1 diabetic (i.e. amylin- as well as insulin-deficient) children have a three- to
four-fold elevation in rate of peptic disease [93] also supports this notion.

Amylin given intracerebroventricularly [300] or peripherally [301] inhibited
gastric acid secretion (Figure 2.6) by up to 93%. The acid inhibitory effects
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Figure 2.6 Effect of amylin to inhibit pentagastrin-stimulated gastric acid secretion. From
Gedulin et al. [323] with permission
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are also manifest as protection against erosions and mucosal damage in rats
administered ethanol [302], indomethacin [303], reserpine or serotonin [304]. The
acid inhibitory and gastroprotective effects appear to be equipotent and phys-
iological [301,302] and to be mediated via amylin receptors, since the effects
can be blocked with the amylin receptor anatagonist AC187. Other amylin ago-
nists, including CGRP [305–311] and calcitonins [305, 308–310, 312, 313], also
inhibit gastric acid secretion and gastric lesions. The mode of action appears pre-
dominantly central rather than directed to parietal cells [314,315]. Involvement
of central amylinergic neurones in the area postrema/nucleus tractus solitarius
[227,296] in this response appears likely. Agents applied locally to the area
postrema result in changes in gastric acid secretion [316–319].

Amylin’s effect in inhibiting exocrine pancreatic secretion, and its effect
in inhibiting gastric acid secretion, are mechanistically aligned with the effect
of amylin agonists (salmon calcitonin and CGRP) in inhibiting bile ejection
[320–322], in that each of these actions is consistent with a coordinated regu-
lation of digestive function.

Other metabolic actions of amylin

Several studies have documented an effect of amylin in inhibiting food intake in
rodents [324,325]. The potency of amylin’s inhibition of food intake is compara-
ble to that of its gastric effect and is amplified in the presence of cholecystokinin
[326], a situation that normally follows the ingestion of a mixed meal. Amylin’s
satiety effect appears to reside, at least partly, in the area postrema/nucleus trac-
tus solitarius [327] but does not involve vagal afferents [328]. The proposal that
endogenous amylin may contribute to the control of food intake is supported by
an increase in food intake [329] and body fat [330] after administration of the
selective antagonist AC187 alone. A role of endogenous amylin is further sup-
ported by an increase in body weight in amylin gene knockout mice [331,332].
While type 1 and type 2 diabetic patients administered insulin alone typically
increase body weight, patients with type 1 and type 2 diabetes co-administered
the amylin analogue pramlintide showed decreases in body weight [333].

In addition, amylin has profound effects to inhibit glucagon secretion, which
are relevant to the disturbances of glucagon secretion observed in insulinopenic
diabetes, and are covered in the following section.

Glucagon

Relative or absolute hyperglucagonaemia, especially in response to arginine
[334,335], is an important feature of human diabetes likely to be responsible for
the excessive glucose production and fasting hyperglycaemia present during dia-
betes [336]. Relative glucagon excess appears to be necessary for ketoacidosis
during loss of metabolic control [337]. Diabetic BB rats exhibit a dysregulation
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of glucagon secretion similar to that present in humans, including inappropriately
normal immunoreactive glucagon in the presence of hyperglycaemia, absolute
hyperglucagonaemia with severe ketosis, and hyper-responsiveness to exoge-
nous arginine in vivo [338]. A similar pattern is present in isolated preparations
from BB rats [339,340]. STZ-treated models of diabetes also typically show an
enhanced glucagon response to arginine. This has been observed in perfused
pancreas of STZ-treated [341] and alloxan-treated [342] rats, and in dispersed
α-cells of STZ-treated hamsters [343].

In contrast to the hyperglucagonaemia observed in profoundly insulinopenic
diabetes, normal or reduced glucagon responses to arginine administration have
been reported in chemically induced diabetes in rodents [344], such as in the
neonatal STZ model of type 2 diabetes [345]. Comparatively normal glucagon
responses were also seen in humans who took a β-cell-toxic rodenticide [346],
raising the possibility that the characteristics of glucagon secretion may differ
in forms of diabetes according to specificity of the insult.

In animal models of type 1 diabetes, the magnitude of glucagon hypersecre-
tion associates somewhat with the severity of β-cell deficiency [338], promoting
the idea that hyperglucagonaemia is attributable to loss of a tonic inhibitory
influence on α-cell secretion. Insulin is reported to inhibit pancreatic α-cell
secretion of glucagon [347], a so-called ‘glucagonostatic’ effect. The exagger-
ated glucagon secretion in type 1 diabetes has been proposed to reflect the loss
of such a restraining influence of insulin on pancreatic α-cells [348], and reports
of high basal glucagon secretion, hyper-responsiveness to arginine stimulation,
and blunted responses to hypoglycaemia in different insulinopenic animal mod-
els [341,343,349–351] further support the idea that α-cell secretion is driven
inversely to β-cell secretion. Similarly, stimulation of glucagon secretion at low
plasma glucose concentrations may also partly reflect the loss of a paracrine
inhibitory action from glucose-mediated insulin secretion [352]. This mecha-
nism may be exemplified by observations of a diminished glucagon response to
glucopenia in animals in which ‘glucose competence’ is low (there is little mod-
ulation of insulin secretion in response to changes in plasma glucose). Examples
are the Otsuka Long Evans Tokushima Fatty rat [353], the Fatty Zucker rat [351]
and the neonatal STZ rat [354].

The potential effect of amylin lack as a contributor to disturbances in glucagon
secretion has only recently been addressed. In rats, amylin potently inhibits
arginine-stimulated secretion of glucagon [355] (Figure 2.7). The dose–response
for this effect [356], and observations that administration of neutralizing anti-
amylin antibody and AC187 can increase circulating glucagon concentrations
[357], support the physiological nature of this effect. Glucagonostatic effects of
amylin are only manifest in vivo, and do not occur in isolated perfused pan-
creas or isolated islets [358], pointing to an extrapancreatic central mechanism.
As with other amylinergic effects, inhibition of glucagon secretion is glucose-
dependent, and does not occur at low glucose concentrations [358].
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Figure 2.7 Selective glucagonostatic effect of amylin in rats, showing inhibition of
arginine-induced glucagon secretion but preservation of hypoglycaemia-induced
counter-regulatory secretion. From Silvestre et al. [358] with permission

C-Peptide

There is recent evidence that C-peptide, a product cleaved from proinsulin during
processing, and co-secreted with insulin, may also be biologically active [252].
C-peptide is absent in insulinopenic diabetes. C-peptide can activate various
cellular responses, including the Na+/K+-ATPase [359] and nitric oxide syn-
thase [360], and its replacement in diabetic patients has been reported to benefit
autonomic neuropathy [361], nephropathy [362] and haemodynamics [363].
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Glucagon-like peptide-1

Glucagon-like peptide-1 (GLP-1) is a 30 amino acid peptide derived from
the larger precursor, proglucagon. Proglucagon is a 160 amino acid peptide
expressed predominantly in α-cells of the pancreatic islets, and in L-cells in
terminal ileum and large bowel. Proteolytic cleavage in the pancreatic α-cells
yields glucagon [proglucagon (33–61)], while different cleavage in intestinal
cells yields predominantly glicentin [proglucagon (1–69)], GLP-1 [proglucagon
(78–107)] and GLP-2 [proglucagon (126–158)] [364].

GLP-1 has a number of actions relevant to metabolic control, some of which
are mediated via the gastrointestinal tract. From this point of view, alterations
in GLP-1 concentrations or in GLP-1 activity in diabetic states are relevant
to discussion of gastrointestinal function in diabetes. Additionally, GLP-1 has
been of interest in diabetes since it was proposed as an antidiabetic therapy.
Interest in developing GLP-1 as an antidiabetic agent followed its identifica-
tion as an insulinotropic agent [365–367] which, unlike sulphonylurea drugs,
stimulated insulin secretion only in the presence of normal or elevated plasma
glucose concentrations [368,369]. The glucose dependence of its insulinotropic
effect promised to confer some protection from the potential side effects of
hypoglycaemia. Unfortunately, GLP-1 exhibits a half-life of ∼ 5 min in man
[370], principally due to its rapid degradation to GLP-1 [9–36] amide by the
hormone dipeptidyl peptidase IV [371,372]. This rapid degradation of GLP-1
has impeded its development as an antidiabetic agent.

Glucagon-like peptide-1 and gastric emptying

GLP-1 has been shown to slow emptying of the stomach in rodents [294] with
a potency that approaches that of amylin. It also exhibits gastric slowing in
humans [373–377]. The importance of this action in glucose control (vs. its
well-known insulinotropic effect, for example), was recognised when Dupre
et al. described its postprandial benefit in insulin-deficient patients [376]. The
significance of regulation of gastric emptying on glycaemic excursions has also
been affirmed in insulin-replete subjects [378,379]. Some authors propose that
the gastric effect predominates in postprandial glucose control [379]. As with
amylin and some other modulators of gastric emptying, the effects of GLP-1
in slowing gastric emptying are glucose-dependent, in that they are overridden
during insulin-induced hypoglycaemia [297], at least in animals.

Glucagon-like peptide-1 concentrations in diabetes

In human type 2 diabetes, GLP-1 has been reported to be low and to not increase
normally after a meal [380–383]. Comparable animal data in models of type 2
diabetes are lacking. A relative deficiency of GLP-1 (a gastric slowing agent)
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in type 2 diabetes could theoretically contribute to a propensity to accelerated
gastric emptying, discussed above. However, measurements of GLP-1 secretion
and gastric emptying in the same individual, which would support this idea,
have not been performed.

Expression of the proglucagon gene and prohormone are unchanged by dia-
betes in NOD mice and ZDF rats [384], except that in ZDF rats, mRNA was
somewhat depleted in the small bowel and increased in the large bowel. STZ rats
were reported to have elevated GLP-1 content in the colon [385]. In another
study, there was a 3.5-fold elevation of GLP-1 content in the ileum of STZ
diabetic rats on days 8–22 after the onset of diabetes [115].

There was an elevation of plasma GLP-1 concentration in poorly controlled
STZ rats relative to non-diabetic controls [386]. This elevation was not due
to differences in intestinal L-cell function, since luminal perfusion of fats in
duodenum and ileum resulted in indistinguishable increments in plasma GLP-1
concentration [387]. The implication, therefore, is that differences in plasma
concentration were likely to be due to differences in secretagogue stimuli at the
L-cells in the gut lumen. However, there appear to be no studies to support this
implication in metabolic disease models of changes in gut motility beyond the
stomach. It is possible that increased plasma GLP-1 could be a consequence
of accelerated gastric emptying into the duodenum; although duodenal content
of GLP-1 is 50-fold lower than in the ileum [387], GLP-1 output following
perfusion of either of these two segments is similar, implying that a factor from
the duodenum could feed forward to stimulate large bowel GLP-1 release. GIP,
which is found in the highest concentrations in the proximal bowel, potently
stimulates GLP-1 release [388], as does CGRP, and these peptides have been
postulated as humoral mediators of GLP-1 secretion following nutrient stimu-
lation at the proximal bowel. The type 1 diabetic human data are contrary to
the animal model data in regard to GLP-1 levels. GLP-1 secreted in response
to food ingestion was universally decreased in type 1 diabetic patients, even
though gastric emptying T50s were similar [389].

In metabolic disease characterised by hormonal excess (e.g. the hyperinsuli-
naemia and hyperamylinaemia of obesity), there is often resistance to hormonal
action. The insulinotropic effects of GLP-1 cannot be determined in STZ rats,
where there is no insulin secretion to amplify. Other effects, e.g., on gastric
emptying, have not been studied in that model. In models of type 2 diabetes,
there appears to be no evidence of resistance to the hormonal effects of GLP-1.
The potency of GLP-1 to inhibit gastric emptying in type 2 diabetic ZDF rats
was similar to that in non-diabetic controls [Gedulin, unpublished].

Other gastrointestinal actions of GLP-1 include inhibition of gastric acid
secretion [373,390–393] and pancreatic [373] and gastric [394] enzyme secre-
tion. These effects appear to be central [395], mediated via the vagus nerve
[396–398] and a somatostatin-dependent pathway [399]. However, the inhibitory
gastropancreatic effects of GLP-1 are modest in rats and dogs in comparison to
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the effects of other gut peptides [294,400,401], and in one human study, effects
in inhibiting acid secretion were not evident at all [402]. Potential changes in
these GLP-1-mediated actions have not been reported in diabetic models.

Other metabolic actions of glucagon-like peptide-1

Centrally delivered GLP-1 acutely decreases food and/or water intake in rats
and other species [403–410]. However, the role of GLP-1 as a physiologi-
cally relevant peripheral satiety agent has been disputed due to its induction
of conditioned taste aversion (i.e. GLP-1 invoked a ‘sickness’ rather than a
‘satiety’ response) [411–414]. Further, its acute anorectic effect is reported to
fade rapidly [409] and, peripherally administered (as opposed to ICV-injected),
GLP-1 failed to inhibit food intake in rats [403–405,415]. The lack of apparent
change in body weight or ingestive behaviour in GLP-1 receptor knockout mice
[416,417] has cast further doubt on its role as an endogenous satiety agent.

On the other hand, the effect of GLP-1 to induce conditioned taste aversion is
dissociable from effects to reduce food and water intake [418–420] and, despite
modest effects in rodents, in humans peripherally-infused GLP-1 increased sen-
sations of satiety and fullness and decreased energy intake [421–424]. A physio-
logical role of endogenous GLP-1 was further supported by a report that exendin
(9–39), a GLP-1 antagonist, enhanced food intake in non-fasted animals [403].
This result supported the interpretation that the effect of the antagonist was a dis-
inhibition of a tonic GLP-1 signal that was therefore physiologically relevent.
The inference of physiological relevance of GLP-1 was further supported by
an increase in body weight following semi-chronic administration of exendin
(9–39). However, it is worth mentioning that other workers have not been able to
replicate an increase in food intake during treatment with exendin (9–39) [425]
[Bhavsar et al., unpublished]. A long-lasting GLP-1 analogue, when delivered
peripherally, was capable of inhibiting food intake and decreasing body weight
in the MSG-lesioned hyperphagic rat model of type 2 diabetes [426]. These
results suggest that GLP-1 acts to inhibit food intake via other than the glucore-
sponsive hypothalamic neurones that are destroyed by MSG. GLP-1 reduced
feeding in obese Zucker rats [427], indicating that, as with gastric emptying,
responsiveness to this peptide is preserved in this profoundly insulin-resistant
animal model.

Glucagon-like peptide-1 insulinotropic and glucagonostatic effects

The first described biological action of GLP-1, and that which prompted its
investigation as an antidiabetic therapy [365], was its amplification of nutrient-
stimulated insulin secretion. This ‘insulinotropic’ effect of GLP-1 has been
observed in a number of systems, including isolated islets [428–434] the isolated
perfused pancreas [366,366,368,435–438] or the whole organism, including rats
[431,439–441], dogs [442], minipigs [443] and humans [444–448]. This effect
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of GLP-1 to amplify insulin secretion is present only during euglycaemia and
hyperglycaemia, and generally not during hypoglycaemia, and hence has been
described as ‘glucose-dependent’ [365,368,369,441,449].

Exaggerated secretion of glucagon, especially in response to protein-
containing meals [450] has been implicated in the excess gluconeogenesis and
propensity to ketoacidosis in insulinopenic diabetes [451]. GLP-1 is reported
to suppress glucagon secretion [452,453], its so-called ‘glucagonostatic’ effect,
which may have clinical benefit. In studies of the isolated perfused pancreas
of the rat, Rodriguez-Gallardo et al. observed that a GLP-1 agonist inhibited
arginine-stimulated glucagon secretion from the pancreases of normal rats,
but of insulin-deficient (STZ) rats in which an insulinotropic effect was
precluded by the absence of β-cells. They proposed that the glucagonostatic
effect of GLP-1 is secondary to a paracrine effect of β-cell products to
inhibit α-cell secretion [454]. This mechanism is supported by reports of
high basal glucagon secretion, hyper-responsiveness to arginine stimulation,
and blunted responses to hypoglycaemia in different insulinopenic models
[341,343,349–351], which collectively fit with the idea of α-cell secretion being
inversely by β-cell secretion. However, contrary to the conclusion that GLP-1
exerts only an indirect glucagonostatic effect is an observation that, in insulin-
deficient dogs, infusions resulting in 40 pM GLP-1 suppressed the pre-existing
diabetic hyperglucagonaemia and reduced the hyperglycaemia somewhat [455].

Some authors report no abnormalities in glucagon secretion in the neonatal
STZ model of type 2 diabetes [345]. Other authors describe a diminished
glucagon response to glucopenia in, for example, the Otsuka Long Evans
Tokushima Fatty rat [353], the Fatty Zucker rat [351] and the neonatal STZ
rat [354]. Insulinotropic and glucagonostatic effects of GLP-1 were similar
in non-diabetic and neonatal STZ rats [456]. Indeed, the isolated perfused
pancreas of Fatty Zucker rats appears to be more sensitive to GLP-1 than do
the pancreases of lean controls [457]. Variability of effects observed in different
animal models may reflect the differing extents to which insulin resistance (e.g.
induced by hyperphagia) vs. comparative insulinopenia (e.g. induced by β-cell
toxins) contribute to the metabolic derangement.

In summary, GLP-1 tissue content and secretion may be altered in some
models of type 1 and type 2 diabetes. Several gut functions are either directly
or indirectly responsive to GLP-1 in the direction of reduced nutrient uptake.
However, it is currently unclear to what extent changes in GLP-1 secretion
contribute to changes in gastrointestinal function in diabetic animal models, or
to what extent changes in gastrointestinal function may be responsible for altered
GLP-1 secretion.

Glucagon-like peptide-2

Glucagon-like peptide-2 (GLP-2), like GLP-1, is a gut-derived cleavage prod-
uct of proglucagon [458]. Its secretion thus tends to follow that of GLP-1, and
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changes in plasma levels, e.g. in animal models of diabetes, may mirror those
of GLP-1. After STZ treatment, in addition to GLP-1, other cleavage products
of proglucagon, including glucagon-like peptide-2 (GLP-2), glicentin and oxyn-
tomodulin are also increased [459]. Bowel mass is also increased in this animal
model [459], probably reflecting the fact that GLP-2, released from terminal
ileum and large bowel in response to incompletely absorbed luminal nutrient,
promotes small bowel epithelial (crypt cell) proliferation [116]. GLP-2 can be
seen as part of a slowly acting feedback control loop, i.e. excess nutrient reach-
ing the distal small bowel triggers a trophic response in proximal gut that results
in more absorptive capacity and a reduction in nutrient reaching the distal small
bowel. The presence of elevated GLP-2 in STZ rats could account for the bowel
overgrowth observed in diabetes [459]. GLP-2 also stimulates the synthesis of
dipeptidyl peptidase IV [460], the main enzyme implicated in breakdown of
GLP-1 and GLP-2.

GLP-2 is reported to have some effects on electrical activity of the stom-
ach, inhibiting interdigestive gastroduodenal motility in the gastric pouch of
vagally denervated (but not intact) dogs [461], and inhibiting antral motility
invoked by insulin-induced hypoglycaemia [462]. While synergy with GLP-1
was reported, GLP-2 alone had little effect on fasting small bowel motility
[463]. GLP-2 inhibits food intake when injected centrally [464], but not periph-
erally, and does not inhibit gastric emptying at doses up to 300 µg/kg in rats
[Gedulin, unpublished]. GLP-2 binds to specific receptors and not to GLP-1
receptors, and does not exhibit a GLP-1-like spectrum of actions. It has no
haemodynamic effects [465], no pulmonary surfactant effects [466], no effect
on intestinal somatostatin release [467], no effect on insulin-stimulated glucose
uptake in adipocytes [468], no effect on basal H+ and cAMP production in
parietal cells (where, incidentally, another proglucagon product, oxyntomodulin
acted) [469] and no insulinotropic activity [470].

In summary, the gastrointestinal effects of GLP-2 appear to be mainly trophic,
and may secondarily contribute to changes in bowel mass and morphology in
animal models of diabetes.

Gastric inhibitory peptide

Gastric inhibitory peptide (GIP) is a 42 amino acid peptide found predominantly
in the K-cells of duodenum and jejunum, from where it is released in response to
intraluminal carbohydrates, fats and amino acids [364]. Originally named gastric
inhibitory peptide (GIP), the discovery of a more interesting action, amplifi-
cation of insulin secretion, resulted in a name change to glucose-dependent
insulinotropic peptide (also GIP). Expression of GIP gene and hormone in
the bowel of NOD mice and ZDF rats is indistinguishable in diabetic and
non-diabetic controls [384]. In ob/ob and db/db mice, plasma concentrations
are elevated 15- and six-fold [471] and small bowel weight is increased. In
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steroid-induced and alloxan-induced diabetic rats, plasma GIP is elevated, but
not duodenal GIP content [472], indicating changes in release rather than in
synthesis. Plasma GIP is elevated in STZ mice [473]. Increases in secretion
of GIP in diabetic models are consistent with accelerated nutrient flux into the
duodenum. There is no evidence of reduced GIP effect (GIP resistance) in these
models; insulinotropic and glucagonotropic effects of GIP are similar in non-
diabetic and diabetic (neonatal STZ) rats [456]. Given that GIP is believed to
be a minor incretin in comparison to GLP-1, there appears to be no reason to
implicate GIP in diabetes-related changes in gastrointestinal function.

Cholecystokinin

Cholecystokinin (CCK), so named for its first-described action of stimulating
gallbladder contraction, exists in forms that are 83, 58, 39, 33 and eight amino
acids long. CCK was subsequently found to stimulate pancreatic enzyme secre-
tion, inhibit gastric emptying, inhibit gastric acid production, stimulate insulin
secretion (in some species, e.g. rats) and initiate satiety [364]. CCK is found
in neurones, especially in the cerebral cortex, and in intestinal I-cells, from
which it is released principally in response to fatty acids and some amino acids.
In addition, its release is stimulated by a peptide secreted into the gut lumen,
luminal CCK-releasing factor (LCRF) whose active 41 amino acid fragment is
digested by trypsin following CCK-stimulated pancreatic secretion [474]. The
absence or presence of undigested LCRF thereby exerts feedback control of
proteolytic activity in the gut lumen. Central alloxan administration diminishes
the hypophagic effect of CCK in food-deprived rats [249]. In the STZ rat, the
pancreatic acinar cell response to CCK [475], CCK-stimulated amylase secretion
[99] and CCK-stimulation of insulin secretion [228] are impaired. The satiety,
insulinotropic and exocrine trophic and zymogen roles of CCK are exemplified
in Otsuka Long-Evans Tokushima Fatty (OLETF) rats, which express little or no
CCK-A receptor [96,476]. These animals become, respectively, hyperphagic and
unresponsive to central CCK [477,478], hyperglycaemic [478], have impaired
insulin secretion [94,479], and develop acinar atrophy [480] and loss of zymo-
gen response to CCK [94,95]. The glucoregulatory effects of CCK are further
exemplified by the observation that CCK antagonists worsen the diabetogenic
effect of alloxan in mice [481].

Secretin

Secretin, the first peptide hormone discovered, has 27 amino acids and is secreted
from the proximal small intestine in response to intraluminal acid. Its principal
actions, inhibiting gastric acid secretion and gastric emptying and stimulating
pancreatic bicarbonate secretion, point to a role in controlling the acidity of
the gut lumen [364]. There is little evidence that secretin-mediated functions
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are disturbed in animal models of diabetes. While in NOD mice, duodenal
secretin cells are more numerous [482], secretin-induced secretion of protein
from exocrine pancreas is normal in the STZ rat [99] and secretin-mediated
inhibition of gastric emptying is not impaired in hyperglycaemic Zucker rats
who otherwise exhibit accelerated gastric emptying [60].

Gastrin-releasing peptide

Gastrin-releasing peptide (GRP), the analogue of an endocrine hormone in birds,
and bombesin from the skin of frogs, only exists in the mammalian gut as a
neurotransmitter in the myenteric plexus. It has potent effects to stimulate gastrin
release and acid production, and to inhibit gastric emptying, and is probably a
key component of local peptone-stimulated acid secretion [364]. GRP content of
the duodenum in NOD mice [483] and the stomach in STZ rats [484] is normal.
Plasma concentrations are not generally changed in humans with diabetes [485]
but do increase during hypoglycaemia [486].

Somatostatin

Somatostatin, so-named because of its first described action to inhibit growth
hormone secretion, circulates in 14 amino acid and 28 amino acid forms in D-
cells of the gastric antral mucosa, small intestinal mucosa, pancreatic islets, and
extensively as a neurotransmitter throughout the central and peripheral nervous
systems. Most circulating somatostatin is the 28 amino acid form released from
small intestinal D-cells, mainly in response to fat and protein [364]. Acidification
of the gastric lumen also stimulates somatostatin release. The most pronounced
effects of somatostatin are inhibition of neurotransmitter and hormonal (acetyl-
choline, CCK, enteroglucagon/GLP-1, GIP, gastrin, glucagon, insulin, amylin,
pancreatic polypeptide, peptide YY, secretin, VIP and growth hormone) as well
as exocrine (gastric acid, pepsin and histamine, pancreatic enzymes and bicar-
bonate, hepatic bicarbonate, and intestinal water and electrolyte) secretion. Other
effects include inhibition of growth in a range of tissues.

Most studies addressing somatostatin biology during experimental diabetes
have been conducted in STZ rats. Somatostatin is increased in the circulation
[487–491], gastric mucosa [484,492–494], salivary gland [495] and pancreas
[494,496–499] (with exaggerated arginine-stimulated release [500–502]) fol-
lowing STZ-induction of diabetes.

Some authors have observed normalisation of STZ-induced hypersomato-
statinaemia following treatment with insulin [488,495,503,504], that gastric
somatostatin excess is reversed by islet transplant [505], and that insulin
lack and somatostatin excess are proportional [496]. One interpretation is that
insulin directly inhibits somatostatin secretion, and that insulin lack accounts for
hypersomatostatinaemia in STZ-diabetc animals. Other explanations for STZ-
induced hypersomatostatinaemia include slower hepatic clearance [506].
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While insulinopenia in BB rats is similar to, or more severe than, that in STZ
rats, somatostatin profiles are profoundly different (see ‘Intestinal mucosal func-
tion’, p. 39). There is an increase in number of D-cells in STZ-treated animals,
but in the BB rat, D-cells decrease in number [507–509], and islet somatostatin
is lower [504,509,510] or normal [511]. In the BB rat, the somatostatin con-
tent of a stomach/pancreas/duodenum/spleen preparation was not different from
normal [512], and brain and gut somatostatin are normal [509].

There is some indication that neural control of somatostatin secretion may be
altered in STZ-treated animals; splanchnic nerve stimulation does not appear to
suppress somatostatin secretion as much in STZ rats as in normal rats [513]. So
it is possible that hindbrain toxicity of STZ, more than insulin lack, accounts
for hypersomatostatinaemia in STZ-treated rats, and for the differences between
this and autoimmune (BB) models of insulinopenia. In contrast to descriptions
of altered plasma levels, evidence for a disturbed response to somatostatin in
animal models of diabetes is sparse. There are fewer somatostatin receptors on
pancreatic acinar cells in the STZ rat [514], but this could be a downregulatory
consequence of hypersomatostatinaemia in this model. Islets from diabetic BB
rats, which are hyperresponsive to arginine, respond to somatostatin with a
normal suppression of endocrine secretion [515].

Peptide YY

Peptide YY is co-localised with GLP-1 in intestinal L-cells. As with GLP-1,
PYY tends to be hyposecreted in animal models of type 2 diabetes. In the ob/ob
mouse, the numbers of PYY- and enteroglucagon-immunoreactive cells in the
colon are decreased relative to controls [516]. In the colon of obese diabetic
mice (Umea/Bom-ob), the levels of PYY were significantly lower than in lean
controls [517]. In the colon of NOD mice, a model of type 1 diabetes, the
concentrations of PYY were also lower in prediabetic and diabetic NOD mice
than in controls [518]. The reasons for reduced expression and secretion are
not known.

PYY slows gastric emptying in humans [519,520], dogs [521] and rats
[522,523]; this effect appears to be mediated via a vagally dependent central
mechanism. PYY inhibits other gastric functions besides gastric emptying,
including gastric acid secretion [524–532] and pancreatic exocrine secretion
[533]. PYY exhibits a similar spectrum of gastrointestinal actions to amylin
but, unlike amylin, has no significant insulinostatic or glucagonostatic effect
[534,535]. PYY may contribute to metabolic control, as does amylin, via limiting
nutrient uptake from the gut. As with amylin, some of the disturbances in gut
function in diabetes may be attributable to lack of PYY action.

Conclusions: neuroendocrine disturbance

As in our consideration of neuropathy in diabetic animals, we are faced with dif-
ferences between chemically-induced and autoimmune models in the spectrum
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of endocrine change. Most remarkable in this regard is the hypersomatostati-
naemia present in STZ rats that appears not to be a feature in autoimmune
BB rats. On the other hand, there are also changes that are common in both
chemically-induced and autoimmune classes of diabetic model. In both these
models of type 1 diabetes, and in models of insulinopenic type 2 diabetes, a
primary defect is relative or absolute deficiency in both insulin and amylin.
While insulin itself appears somewhat inert in the gastrointestinal system, this
is not the case with its partner hormone amylin, which has potent effects on
several gut functions. In this chapter, an emphasis is, therefore, placed upon
the proposal that some of the alterations in gut function in animal models of
diabetes may be attributable to changes in amylin effect.

Summary

The most plausable and most accepted hypothesis in the past to explain gastroin-
testinal dysfunction in diabetes has been the proposal that autonomic neuropathy
has disturbed the normal regulation of gut function. But there are recently iden-
tified disturbances in several of the neurohormones found in gut in different
diabetic states. Several of these, including amylin, GLP-1 and PYY have effects
on gut function, and should now be considered in explanations of diabetes-
associated changes in gut function. Some changes in gut function may prove
to be an artifact of neurotoxicity of STZ at specific locations in the brain that
are important in the regulation of gut function, emphasising the point that the
choice of animal model is critical if artifacts are to be avoided and relevance to
human disease is to be maintained.
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Introduction

In comparison with other parts of the gastrointestinal tract, the human oesoph-
agus is a relatively simple organ with relatively simple functions. Despite this
simplicity, disordered oesophageal function is not uncommon. It can be antici-
pated that the prevalence of disordered oesophageal function is higher in patients
with diabetes mellitus, since autonomic neuropathy as well as hyperglycaemia
have been shown to impair gastrointestinal function. In this chapter the avail-
able information on disordered oesophageal functions (abnormal motility and
transit, reflux and abnormal perception) are reviewed. First, normal oesophageal
functions and the techniques to study these are summarised. The prevalence and
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pathophysiology of disordered function is then reviewed. Thereafter, clinical
manifestations, diagnosis and treatment are discussed.

Normal oesophageal function and methods of investigation

Oesophageal motor function

The human oesophagus is a muscular tube that connects the pharyngeal cavity
to the stomach. At its proximal end there is a 2–3 cm long sphincter composed
of striated muscle (upper oesophageal sphincter; UOS); at its distal end there
is a 3–4 cm long sphincter composed of smooth muscle (lower oesophageal
sphincter; LOS). The most important functions of the human oesophagus and
its sphincters are to propel swallowed food boluses to the stomach and to pre-
vent gastro-oesophageal and oesophagopharyngeal reflux. The former function is
accomplished by swallow-induced peristalsis in the oesophageal body and timely
opening of the UOS and LOS, the latter by high-pressure zones at the oesopha-
gogastric and oesophagopharyngeal junctions. Oesophageal motor functions can
be evaluated by a number of techniques.

Radiographic techniques allow an assessment of the movements of the pha-
ryngeal and UOS muscles during swallowing, to visualise the peristaltic activity
in the oesophageal body and oesophageal emptying. Substantial disadvantages
are the requirements for exposure to relatively high levels of irradiation and the
difficulties in quantifying the phenomena observed.

Scintigraphic measurement of oesophageal transit of radioactively labelled
solid or liquid boluses allows accurate and quantitative assessment of
oesophageal transit at acceptable radiation exposure levels. However, this
technique is not widely used and has not been standardised.

The most frequently used technique for investigation of oesophageal con-
tractile activity and LOS function is manometry. This technique is available in
many centres and has been standardised to a great extent. Manometry can also
be used to study the function of the UOS, but this necessitates expertise that is
not available in most clinical laboratories.

Oesophageal manometry is usually performed with perfused catheters. A min-
imum of three recording orifices is required for assessment of peristalsis, but
many laboratories now use catheters with 6 or more channels, often with side
holes spaced at 3 cm or 5 cm intervals. A low-compliance perfusion system [1]
should be used in order to be able to record oesophageal pressures with ade-
quate fidelity. Alternatively, oesophageal manometry can be performed using a
catheter that includes miniature ‘solid-state’ pressure transducers. The fragility
of these catheters and their high price limit their widespread application in
routine diagnostic tests.

Both types of manometry (perfused and non-perfused) suffer from the disad-
vantage that considerable axial displacement of the pressure sensors may occur
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as a result of respiratory movements and swallowing. For this reason it is not fea-
sible to position a single side hole in the LOS for prolonged periods of time. To
overcome this problem, a manometric catheter equipped with a perfused 5–6 cm
long membrane, the so-called Dent sleeve, has been developed [2]. The sleeve
device measures the highest pressure exerted at any point of its length, thus
allowing continuous measurement of LOS pressure despite axial movements.

Following a swallow, the human oesophagus exhibits a circular contraction
that is propagated in an aboral direction. This phenomenon is called primary
peristalsis (Figure 3.1, left panel). The propagation velocity is 2 cm/s in the
proximal part and 3 cm/s in the distal part of the oesophageal body. The ampli-
tude of the peristaltic wave recorded is 30–120 mmHg in the proximal part
and 50–180 mmHg in the distal part. In healthy subjects more than 80% of the
contractions following a ‘wet’ swallow (5 ml water) are propagated. Up to 20%
of the pressure waves recorded after a wet swallow are simultaneous or do not
propagate from the UOS to the LOS; the latter phenomenon is categorised as
incomplete peristalsis [3]. Occasionally a wet swallow is not followed by any
motor response in the oesophageal body (so-called ‘failed peristalsis’).

When the oesophagus is distended by a food bolus that was not cleared
by primary peristalsis or an episode of gastro-oesophageal reflux, secondary
peristaltic waves may occur in the absence of swallowing. The term ‘tertiary
peristalsis’ is sometimes used to denote spontaneous, i.e. not swallow-induced,
simultaneous, contractile activity. Manometrically, the LOS is a high-pressure
zone. When a manometric catheter without a sleeve sensor is used, this zone
can be identified by withdrawing the catheter in a stepwise, or continuous,
fashion from the stomach into the oesophagus. The normal LOS pressure is
7.5–20 mmHg; this decreases to a value equal or close to intragastric pressure
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Figure 3.1 Disordered oesophageal peristalsis, as measured with intraluminal manometry,
in a patient with diabetes and severe autonomic neuropathy (right), in comparison with
normal peristalsis in a healthy subject (left)
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with swallowing. The competence of the antireflux barrier is now recognised to
be dependent on the crural diaphragm surrounding the LOS, as well as the LOS.

The LOS relaxes not only following a swallow, but also spontaneously. In
healthy subjects these so-called ‘transient LOS relaxations’ (TLOSRs) occur at
a rate of 1–5 per hour [4]. Their duration is longer than that of the swallow-
associated relaxations. Distension of the proximal stomach is the most important
stimulus for induction of TLOSR [5]. TLOSRs constitute the major mechanism
responsible for gastro-oesophageal reflux in health and in the majority of patients
with gastro-oesophageal reflux disease [6].

The process of oesophageal peristalsis and relaxation of UOS and LOS is
neuronally controlled. A swallowing centre in the brain stem signals to the dorsal
motor nucleus of the vagus nerve. Most of the afferent information required for
oesophageal peristalsis is relayed through vagal fibres.

Oesophageal sensory function

An additional function of the oesophagus is perception. Most of the efferent
information from the oesophagus uses vagal pathways. Whereas the passage of
liquid and solid food boluses through the oesophagus, and even acid gastro-
oesophageal reflux, are usually not perceived, the likelihood of perception is
greater under pathological circumstances, e.g. when transit of food through
the oesophagus is impaired, the hold-up may give rise to the sensation of
dysphagia; when excessive gastro-oesophageal reflux has led to oesophagitis,
acid reflux usually causes the sensation of heartburn. However, the relation-
ship between oesophageal perception and stimulation is highly variable, e.g.
patients with severe oesophagitis may deny any oesophageal symptom, while
others with an endoscopically normal oesophagus may suffer from severe reflux
symptoms.

The sensitivity of the oesophagus can be tested by applying mechanical (usu-
ally balloon distension), electrical (using electrodes mounted on a catheter) or
chemical (infusion of hydrochloric acid) stimuli. The latter stimulus was used
widely in the past, as a test for gastro-oesophageal reflux disease (Bernstein
test) [7].

In recent years attempts were made to measure a physiological (objective)
signal in addition to the sensation score (subjective) reported by the patient. The
technique of evoked potential recording measures the cerebral potentials that are
generated in response to electrical or mechanical stimulation of the oesophagus.
These potentials are recorded from electrodes placed on the scalp. Repeated
stimulation and an averaging technique are required to distinguish the response
to the stimulus from the background electrical activity. The typical oesophageal
evoked potential is multiphasic, with peak latencies of 100–500 ms [8]. It has
been shown that the amplitude of the evoked potential correlates with the inten-
sity of the oesophageal sensation (usually retrosternal pain).
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Prevalence of abnormal oesophageal function in diabetes

The earliest reports on abnormal oesophageal function in diabetes date from the
late 1960s. In 1967, using cineradiographic techniques, Mandelstam and Lieber
observed in diabetics with evidence of neuropathy reduced or absent primary
peristaltic waves, an increased prevalence of tertiary contractions and delayed
oesophageal emptying [9]. Some years later, manometric evidence of a reduced
amplitude of both pharyngeal and oesophageal contractions and a reduced LOS
pressure in diabetics was reported by the same group [10].

While it is clear that oesophageal dysfunction occurs frequently in diabetes
mellitus, there is considerable variation in the reported prevalence between dif-
ferent studies.

Oesophageal transit

Numerous studies have shown that oesophageal transit, as measured with
radionuclide techniques, is slower in patients with diabetes than in age- and
sex-matched healthy controls [11–29] oesophageal transit appears to be delayed
in 40–60% of patients with long-standing diabetes (Figure 3.2, Table 3.1). The
relationship between oesophageal transit and the rate of gastric emptying appears
to be poor [26].
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Figure 3.2 Oesophageal transit of a radioactively labelled solid bolus in 25 healthy
subjects (controls) and 87 diabetic patients (67 type 1, 20 type 2). The horizontal lines
represent median values. From Horowitz et al. [14], with permission
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Table 3.1 Prevalence of delayed oesophageal transit in patients with diabetes

Authors [ref.] Year Type n

Prevalence
% CVAN-related

Channer et al. [24] 1985 1 34 56 +
Westin et al. [18] 1986 1 40 33 ?
Vannini et al. [19] 1989 1 29 45 +
Horowitz et al. [14] 1990 1 + 2 87 48 +
Tsai et al. [29] 1995 2 15 93 ?
Annese et al. [23] 1999 2 35 46 −
CVAN, cardiovascular autonomic neuropathy.

Contractile activity of the oesophageal body

Although information relating to the prevalence of manometric abnormalities of
the oesophagus is limited, the available data indicate that these are evident in
approximately 50% of patients with diabetes [11,14,17,23,24,30] (Table 3.2).

A variety of oesophageal motor abnormalities has been demonstrated
in patients with diabetes mellitus (Table 3.3). These include a decreased
amplitude [10,11,30,31] and number [30,32,33] of peristaltic contractions
(Figure 3.1), and an increased incidence of simultaneous [12,17,34] and non-
propagated [10] contractions, as well as abnormal wave forms [17,30,32].
The latter include repetitive and multipeaked contractions [32]. An increased
incidence of spontaneous, i.e. non-swallow-related, contractions was observed
in one study [30]. Interestingly, an increased amplitude of peristaltic contractions
has also been observed in patients with diabetes mellitus [30,31].

A recent study, combining oesophageal manometry and radionuclide mea-
surement of oesophageal transit has shown that retarded oesophageal transit

Table 3.2 Prevalence of abnormal oesophageal motility in patients with diabetes, as studied
with manometry

Authors [ref.] Year Type n

Prevalence
% CVAN-related

Oesophageal body

Vela and Balart [38] 1970 ? 25 96 ?
Stewart et al. [34] 1976 1+2 26 62 +
Murray et al. [11] 1987 ? 20 35 +
Keshavarzian et al. [17] 1987 ? 15 80 ?
Sundkvist et al. [21] 1989 ? 13 55 ?
Annese et al. [23] 1999 2 35 48 −

Lower oesophageal sphincter

Vela and Balart [38] 1970 ? 25 92 ?
Murray et al. [11] 1987 ? 20 15 ?

CVAN, cardiovascular autonomic neuropathy.
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Table 3.3 Types of oesophageal motor abnormalities in patients
with diabetes, as studied with manometry

Oesophageal body

Decreased peristaltic amplitude [11,10,30,31]
Decreased incidence of peristaltic contractions [30,32,33,34]
Increased peristaltic amplitude [17,31]
Increased incidence of simultaneous pressure waves [12,17,34]
Increased incidence of non-transmitted pressure waves [10]
Abnormal wave forms [17,30,32]

Lower oesophageal sphincter

Decreased LOS pressure [10,11,34,38,39]

usually reflects either peristaltic failure or focal low-amplitude waves and that
the level of the bolus hold-up coincides with the level of peristaltic failure [35].

In the only published study relating to upper oesophageal function in diabetes,
radiological evidence of disordered pharyngeal function was found in 14 of 18
patients (78%) with swallowing complaints [36].

Gastro-oesophageal reflux and LOS function

The available information indicates that the prevalence of gastro-oesophageal
reflux disease is higher in diabetes. Murray and co-workers studied 20 dia-
betic patients (14 type 1, six type 2), of whom nine (45%) were found to have
excessive gastro-oesophageal acid reflux, as assessed by 24 h oesophageal pH
monitoring [5].

In a larger study of 50 type 1 diabetic patients without symptoms or history
of gastro-oesophageal disease, abnormal gastro-oesophageal reflux, defined as
a percentage of time with esophageal pH < 4 exceeding 3.5%, was detected in
14 patients (28%) [37].

In accordance with the increased prevalence of gastro-oesophageal reflux
disease in diabetes, the LOS has been found to be hypotensive in
diabetics [10,11,34,38,39]. In only one study was no significant difference in
LOS pressure between diabetes and health observed [11]. The prevalence of
LOS hypotension in diabetes is difficult to estimate, since the two studies that
reported on the prevalence of this abnormality yielded highly discrepant results
(Table 3.2). The impact of diabetes mellitus on the incidence of transient LOS
relaxations appears not to have been reported.

Whereas gastro-oesophageal reflux, as measured by pH monitoring, is more
prevalent in diabetics than in controls, there is no evidence that oesophagi-
tis is more common in diabetics than in those without the disease. Formal
studies of the prevalence of oesophagitis in diabetics appear not to have been
carried out.
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Oesophageal perception

There is little information about the perception of oesophageal stimuli in patients
with diabetes. Rathmann and co-workers used the cortical evoked potential
recording technique in a study of 10 patients with type 1 diabetes using elec-
trical stimulation of the oesophagus (32 cm from the incisors) at an inten-
sity just above the perception threshold. All control subjects exhibited regular
evoked potentials, whereas in six of the 10 diabetic patients there was no
evoked potential and in these patients the perception thresholds were signif-
icantly elevated [40]. In the four patients in whom the perception threshold
was normal, evoked potentials of normal configuration, but decreased amplitude
were recorded.

Somewhat contrasting findings were made in another evoked potential study.
Two patients with type 1 diabetes and evidence of autonomic neuropathy were
studied using cortical evoked responses following oesophageal balloon and
electrical stimulation [41]. Both patients had symptomatic gastroparesis and
abnormal gastroduodenal motility. In both patients normal evoked potential
responses were recorded, even though one patient could not feel the electrical
stimulation. The evoked potential peaks occurred after an abnormally long
latency [42]. The authors concluded that afferent vagal pathways are affected
in severe diabetes [42]. Kamath and colleagues applied electrical stimuli to
the oesophagus in six diabetic patients and 14 control subjects. In addition to
cortical evoked potentials, they also measured heart rate variability. Whereas
reproducible evoked potentials were recorded in all healthy subjects, in all
patients the response to electrical stimulation of the oesophagus was erratic
and non-reproducible [43]. However, during electrical stimulation there was
a similar decrease in the ratio of the low-frequency to the high-frequency com-
ponent in the heart rate power spectra in the diabetic patients compound to
the healthy volunteers, indicative of increased efferent vagal output to the
heart. The authors interpreted their observations as suggestive of an intact
subcortical reflex circuitry in patients with diabetes [43]. However, this con-
clusion may not be correct if the vagal centres and vagal efferent fibres that
innervate the heart are not affected by diabetic neuropathy to the same extent as
the vagal centres and pathways involved in oesophageal motility and
perception.

The evoked potential studies summarized above suggest that, in patients with
diabetes, there is an impaired perception of oesophageal stimuli as a consequence
of visceral afferent neuropathy. Despite this, there is an increased overall preva-
lence of oesophageal symptoms in diabetics. This suggests that an even higher
prevalence of oesophageal symptoms would be found if impaired perception
were not present.
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Pathophysiology

Our understanding of the pathophysiology of disordered oesophageal function in
diabetes is still far from complete. Since the reported manometric abnormalities
are indicative of disorganisation of contractile patterns, rather than abnormal
smooth muscle per se, it is generally assumed that the contractile apparatus of
the oesophagus is normal in diabetes and that disordered oesophageal function
reflects neuronal abnormalities [30,32].

Autonomic neuropathy is considered to play a pivotal role in the patho-
physiology but, as will be discussed, the available information suggests that
oesophageal dysfunction is not closely related to autonomic neuropathy.

Autonomic neuropathy

Abnormal oesophageal motility in diabetes has been traditionally attributed
to autonomic neuropathy [10–12,14,30,34,44]. If so, the question arises as to
whether neuropathic changes in the intramural oesophageal plexuses, the extrin-
sic neuronal pathways or in the motor centres in the central nervous system
are primarily at fault. There is indirect evidence that the myenteric plexuses
of the oesophagus and lower oesophageal sphincter are not severely affected
in diabetes.

Stewart and co-workers observed that 2.5 mg bethanechol given subcuta-
neously to 29 diabetics, with and without evidence of autonomic neuropathy,
increased lower oesophageal pressure more than in controls, but the final pres-
sures were comparable in the two groups [34]. In contrast, in achalasia and Cha-
gas’ disease, which are characterized by degeneration of post-ganglionic nerves
of the myenteric plexus, there is a pronounced hypersensitivity to cholinergic
agents such as bethanechol. Thus, the absence of an exaggerated oesophageal
motor response to cholinergic drugs supports the concept that the myenteric
plexus is normal in patients with diabetes.

In a study focusing on the phenomenon of multipeaked peristaltic waves in
diabetics with autonomic neuropathy, the pharmacological responses to edro-
phonium and atropine were found to suggest a possible increased cholinergic
tone as the basis of this abnormality [32].

In contrast, there is unequivocal evidence of damage to the extrinsic nerve
supply to the oesophagus in diabetes mellitus. The results of examination of the
oesophagus in 20 patients who died from diabetes disclosed histologic abnormal-
ities in 18 of them [45], particularly demyelination in the vagus and Schwann
cell loss in the parasympathetic fibres arising from the oesophagus [46].

Zhao and co-workers investigated the occurrence of IgG or IgM deposits
in the microvasculature of certain organs of diabetics, using routine autopsy
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materials [47]. In the oesophagus and/or tongue of diabetics, IgG was frequently
deposited in the microvasculature. In total, IgG deposits were found in 13 of 16
diabetics, in either the oesophagus or the tongue, but in only 3 of 16 controls.
These observations suggest that deposition of immunoglobulins is a compo-
nent of diabetic microangiopathy, but its relationship to autonomic neuropathy
remains speculative [47].

Several studies have shown that abnormal oesophageal motility is more
frequent in diabetic patients who have evidence of peripheral or autonomic
neuropathy than in those without [11–14,17,19,20,24,25,48,49]. In one of the
largest studies that focused on the relationship between neuropathy and dis-
ordered oesophageal function, 50 consecutive insulin-requiring diabetics were
stratified into three groups: (a) patients without peripheral neuropathy (n = 18);
(b) patients with peripheral neuropathy but no autonomic neuropathy (n = 20);
and (c) patients with both peripheral and autonomic neuropathy (n = 12). Radio-
nuclide oesophageal emptying was found to be abnormal in 55%, 70% and 83%
of patients in groups A, B and C, respectively [17].

An association between gastro-oesophageal reflux and the severity of auto-
nomic neuropathy could not be demonstrated in one study [11]. In another study,
the presence of abnormal gastro-oesophageal reflux in diabetic patients was asso-
ciated with autonomic neuropathy. Pathological reflux was present in 38.7%
of diabetic patients with abnormal cardiovascular tests, whereas only 10.5%
of diabetic patients without signs of autonomic neuropathy had pathological
reflux [50].

It must be emphasised, however, that although several studies have provided
evidence for the existence of a relationship between disordered oesophageal
function and diabetic autonomic neuropathy, this relationship is relatively weak
[13,14,17,27,37,49]. By no means can evaluation of autonomic function be used
to predict the presence or absence of abnormal oesophageal motility.

It should be noted that in all of the studies on this subject the evidence for the
presence of autonomic neuropathy was derived from cardiovascular reflex tests,
usually based on the criteria described by Ewing and Clarke [51]. It is conceiv-
able that there is not a close concordance between the extent and severity of
autonomic neuropathy in the gastrointestinal tract and the severity of cardiovas-
cular neuropathy. A practical and validated test for gastrointestinal autonomic
neuropathy in humans has not yet been described (Chapter 9).

Glycaemic control

Several studies have shown that the gastrointestinal motor responses to var-
ious stimuli are impaired during acute hyperglycaemia in both healthy sub-
jects and diabetic patients [52–54]. The potential effect of hyperglycaemia on
oesophageal function has only recently received attention.
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De Boer and co-workers investigated the effect of acute hyperglycaemia on
oesophageal motility and LOS pressure in seven healthy volunteers, during eug-
lycaemia and during hyperglycaemia [55]. At 90 min, motility was stimulated
with edrophonium chloride (0.08 mg/kg intravenously). Plasma levels of pan-
creatic polypeptide (PP) were used as an indirect measure of vagal cholinergic
tone. During hyperglycaemia the LOS pressure decreased significantly from
20.1 ± 1.6 to 10.7 ± 0.6 mmHg. As expected, plasma PP levels were also signif-
icantly decreased during hyperglycaemia. Edrophonium increased LOS pressure
and PP levels in both experiments. However, after edrophonium stimulation,
LOS pressure and PP levels remained significantly reduced during hypergly-
caemia compared with euglycaemia. During hyperglycaemia an increase in
peristaltic wave duration and a decrease in peristaltic velocity were observed
in the distal part of the oesophagus. It was concluded that acute hypergly-
caemia reduces LOS pressure and impairs oesophageal motility under both basal
and edrophonium-stimulated conditions, suggesting impaired vagal cholinergic
activity during hyperglycaemia.

Hyperglycaemia may also affect the perception of sensations arising from the
oesophagus, as well as other regions of the gut. Rayner and colleagues exam-
ined the effects of hyperglycaemia on cortical potentials evoked by oesophageal
distension in 16 healthy volunteers [56]. A series of 50 distensions was per-
formed at both a lower volume (producing definite sensation) and a higher
volume (producing unpleasant sensation), at blood glucose concentrations of 5
and 13 mmol/l, while cortical potentials were recorded from a scalp electrode.
During euglycaemia, peak amplitudes were greater at the higher than at the
lower balloon volume. At the lower balloon volume, the peak amplitudes were
greater during hyperglycaemia than euglycaemia, while there was no effect of
the blood glucose concentration on evoked potential amplitude at the higher
balloon volume. The observed increase in amplitude of the cortical response
to moderate oesophageal distension during hyperglycaemia suggests that either
afferent signal conduction or central processing of afferent information from the
oesophagus is enhanced during hyperglycaemia.

Psychological factors

There is little information about the relationships between psychological fac-
tors and oesophageal function in diabetes. In a study in 30 patients with type
1 or type 2 diabetes mellitus, oesophageal motor abnormalities, neuropathy and
psychiatric illness were independently determined [25]. Fifteen patients (50%)
were found to have oesophageal contraction abnormalities. The prevalence of
depression, dysthymia or generalized anxiety disorder was substantially greater
in those with contraction abnormalities (87%) when compared to 21% in patients
with normal manometric patterns. Log-linear analysis confirmed that this asso-
ciation was independent of neuropathy effects [25]. Thus, it appears that some
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of the oesophageal neuromuscular dysfunction observed in diabetics may be
associated with psychiatric disorders. This observation seems to provide an
additional explanation for the discrepant relationship of motility disturbances
to neuropathy noted in prior reports [25].

Clinical manifestations

In contrast to the relatively simple function of the oesophagus, the symptoms of
oesophageal dysfunction are surprisingly diverse. The most common symptom
is heartburn, defined as a short-lived burning sensation behind the sternum or in
the epigastric region. Heartburn is rather specific for gastro-oesophageal reflux,
but its sensitivity as an indicator of this disease is low. Occasionally, heartburn is
reported by patients who do not have any reflux, such as in achalasia, suggesting
that some patients perceive abnormal oesophageal motility as heartburn. Another
common symptom of gastro-oesophageal reflux disease is regurgitation, and the
combination of heartburn and regurgitation of acid material is highly specific for
reflux disease. Belching is a non-specific oesophageal symptom. It may occur
in reflux disease, in aerophagia and with gastric motor disorders. The most
characteristic symptom of impaired oesophageal transit is dysphagia. It should
be recognised that dysphagia is caused more often by mechanical obstruction
(tumour, peptic stenosis) than by disordered motility of the oesophageal body
or LOS. The site of the hold-up of the food passage that the patient perceives is
notoriously imprecise, e.g. patients with achalasia may point to the upper end
of sternum when indicating the site of delayed transit in the distal oesophagus.
Dysphagia (i.e. oesophageal dysphagia) must be distinguished from swallowing
problems (oropharyngeal dysphagia). The latter is a symptom of obstructive or
motor disorders of the pharynx or UES. Chest pain, retrosternally located in
the midline, can be a symptom of reflux and of an oesophageal motor disorder.
The pain may be indistinguishable from that in angina pectoris or myocardial
infarction and may radiate to the jaws, shoulders and arms.

There is considerable disagreement in the literature as to the prevalence of
symptoms of oesophageal dysfunction in diabetes mellitus. Some publications
indicate that patients with diabetes mellitus usually do not complain about
oesophageal symptoms, even when severe oesophageal dysfunction is present.
For example, in a manometric and radiographic study of 14 diabetics with man-
ifestations of gastroenteropathy, 12 of whom had abnormal oesophageal motil-
ity, only three had symptoms referable to the oesophagus [9,10]. In another
series, only six of 50 patients with type 1 diabetes and one of 31 type 2
diabetics complained of dysphagia. In yet another study, none of the 40 type 1
diabetics reported oesophageal symptoms. However, in other studies a high
prevalence of oesophageal symptoms in diabetics has been documented. For
example, 27% of 137 unselected diabetics attending an outpatient clinic admit-
ted to having dysphagia when specifically asked for [44]. Russell et al. reported
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Figure 3.3 Relationship between symptoms of oesophageal motor dysfunction and
oesophageal transit of a solid bolus in the same 87 randomly selected diabetics as in
Figure 3.2. Courtesy of M. Horowitz

that dysphagia occurred in 42% of a cohort of insulin-dependent diabetics who
had other gastrointestinal symptoms, such as nausea, vomiting and diarrhoea,
which were assumed to reflect diabetic gastroenteropathy [12]. In a study of
30 patients with type 1 or type 2 diabetes mellitus, Clouse and co-workers
found oesophageal symptoms such as dysphagia and heartburn in 12 [31]. In
yet another study, heartburn was reported in 40 of 50 unselected patients with
diabetes mellitus [30].

Several studies have addressed the relationship between delayed oesophageal
transit, abnormal oesophageal motility and oesophageal symptoms (Figure 3.3).
In these studies this relationship was usually found to be poor [14,30,31,37,57,58].
The poor association between oesophageal dysfunction and symptoms in patients
with diabetes may reflect impaired perception of oesophageal stimuli caused by
neuropathic abnormalities in afferent pathways. The development of symptoms
and signs of gastro-oesophageal reflux disease in diabetics may in part be coun-
teracted by a decrease in gastric acid secretion [59].

Diagnostic testing

Given the fact that oesophageal dysfunction is common in diabetes, and that the
predictive value of oesophageal symptoms in these patients is rather poor, one
may argue that oesophageal function tests should be carried out in all patients
with diabetes. However, the treatment of oesophageal motor disorders is usually
not very successful and treatment of asymptomatic patients is often not indicated.
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Therefore, routine testing for oesophageal motor disorders in diabetics without
symptoms thereof cannot be recommended. However, when oesophageal motil-
ity tests are considered, e.g. in a patient with oesophageal symptoms, endoscopy
should always be carried out first to exclude organic abnormalities, particularly
obstruction (tumour, peptic stenosis) and oesophageal candidiasis. The latter
occurs more frequently in diabetics than in the general population and treatment
with fungicidal agents usually results in rapid symptom relief.

The discussion about routine testing is more complex in the case of gastro-
oesophageal reflux disease. As discussed, oesophageal acid exposure is increased
in about 40% of diabetics and it is known that the absence of reflux symptoms
does not exclude the presence of severe oesophagitis and/or Barrett’s metapla-
sia. Due to impaired oesophageal perception, the proportion of asymptomatic
patients with reflux disease may be higher in the presence of diabetes than
when diabetes is absent. It might, therefore, be argued that a screening upper
gastrointestinal endoscopy should be performed in diabetic patients, even when
no oesophageal or gastric symptoms are reported. However, more cost-effective
and realistic approach may be to perform endoscopy in diabetics with other risk
factors for reflux disease, in particular severe obesity.

The tests of oesophageal function that combine sufficient specificity and
sensitivity and clinical applicability are oesophageal manometry, 24 hour pH-
monitoring and measurement of oesophageal transit by means of radiographic
or scintigraphic techniques.

The question has arisen to what extent oesophageal motor abnormalities can
be used as a marker of gastrointestinal involvement in diabetes. A possible
answer to this question is provided by a study of Keshavarzian and Iber [60].
They evaluated the frequency, extent and clinical significance of gastrointesti-
nal complications in 75 consecutive, male, insulin-requiring diabetics (46 with
neuropathy); 19% of the 75 patients and 30% of those with neuropathy had one
or more GI symptoms. Oesophageal, gastric, gall bladder and small intestinal
functions were studied in 30 patients using radionuclide oesophageal and gastric
emptying, postprandial gallbladder emptying, and intestinal transit of lactulose.
The patients were divided into three groups: 10 patients without neuropathy;
10 patients with peripheral neuropathy; and 10 patients with autonomic and
peripheral neuropathy; 25 patients (83%) had abnormalities of at least one gas-
trointestinal organ, and 57% had abnormalities of two. In 19 of the 25 patients
(76%) with gastrointestinal involvement and eight of nine (89%) symptomatic
diabetics, oesophageal emptying was delayed. There was a higher prevalence
of retinopathy, neuropathy and autonomic dysfunction in symptomatic when
compared to asymptomatic diabetics, who also had more widespread and more
severe gastrointestinal involvement than asymptomatic diabetics. Therefore, the
results of this study indicate that, in diabetics, delayed oesophageal transit, espe-
cially in symptomatic diabetics, could serve as a marker of more widespread
gastrointestinal involvement.
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Treatment

Since upper gastrointestinal symptoms correlate poorly with objective abnormal-
ities of gastrointestinal motor function in diabetes, the symptomatic benefit that
could be expected from correction of these motor abnormalities is questionable.
Only a few studies have investigated the effect of drug treatment on impaired
oesophageal function in diabetes mellitus.

Domperidone did not increase oesophageal emptying of a solid bolus in 12
insulin-dependent diabetic patients after either acute or chronic administration
[16]. In a study in 20 type 1 diabetics, a single dose of cisapride (20 mg) increased
oesophageal emptying as well as both solid and liquid gastric emptying. The
response to cisapride was most marked in patients with the greatest delay in
oesophageal emptying. However, after administration of cisapride for 4 weeks,
gastric emptying of solid and liquid meal components was still accelerated, but
oesophageal emptying was not significantly different from placebo [61].

De Caestecker and co-workers studied 19 diabetic patients with autonomic
neuropathy in a double-blind cross-over study of cisapride, metoclopramide
and placebo [62]. Symptoms were evaluated from diary cards and from assess-
ments undertaken at the end of each 8 week treatment period. Measurements
of oesophageal transit, gastric emptying and whole gut transit were made
before treatment began and at the end of each treatment period. Three patients
dropped out early in the study, and the results from 16 patients were anal-
ysed. The severity of autonomic neuropathy, as assessed by cardiovascular
reflex tests, correlated with delayed oesophageal transit and prolonged gas-
tric emptying, but abnormal oesophageal transit and gastric emptying were
often unrelated to the presence of upper gastrointestinal symptoms. Neither
cisapride nor metoclopramide had a significant effect on oesophageal tran-
sit, gastric emptying or whole-gut transit, nor was any significant effect on
symptoms identified.

Recently, cisapride has been withdrawn from the market in many countries
because of reports of cardiac arrhythmias caused by prolongation of the Q–T
interval (discussed further in Chapter 4). These restrictions obviously limit the
use of cisapride for gastrointestinal manifestations of diabetes.

A recent study from Taiwan suggests that a 2 week oral treatment with ery-
thromycin might be beneficial in non-insulin-dependent patients with delayed
oesophageal transit. A significant reduction of mean oesophageal transit time
was found [29]. In addition, the rates of gastric emptying and fasting blood
glucose levels were improved. However, the study was not placebo-controlled
and an order effect cannot be excluded, rendering the conclusions drawn by the
authors insufficiently well-founded.

In a study by Fabiani and co-workers, the influence of tolrestat, an aldose-
reductase inhibitor, on both oesophageal and gallbladder motility was investi-
gated in 66 type 2 diabetic patients with asymptomatic diabetic neuropathy [63].
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The patients were randomly assigned to receive tolrestat 200 mg once daily (33
patients) or were left without specific treatment (33 patients) for 12 months. Effi-
cacy and safety evaluation were done at 4.5 and 12 months by persons blinded to
the patient’s treatment regimen. Scintigraphic evaluation of oesophageal motility
showed significant changes in transit time for tolrestat at 12 months. In addition,
the vibration perception threshold at two sites of the dominant leg improved in
the tolrestat group and remained unchanged or slightly deteriorated in the control
group. Tendon reflexes and blood pressure fall after standing were also improved
in the tolrestat group. Thus, the authors concluded that one year’s treatment with
tolrestat significantly improves oesophageal motility and vibration perception in
type 2 diabetic patients with asymptomatic diabetic neuropathy [63]. Tolrestat
can cause hepatic necrosis and is not available for clinical use.

Prognosis

Little or nothing is known about the prognosis of disordered oesophageal func-
tion in diabetes. Long-term follow-up studies are lacking. However, there is
evidence that disordered oesophageal function in a diabetic patient is not indica-
tive of a particularly poor prognosis. In a recent study, 86 patients (66 type 1,
20 type 2) were followed up who, between 1984 and 1989, underwent assess-
ment of oesophageal transit (by scintigraphy), gastrointestinal symptoms (by
questionnaire), autonomic nerve function (by cardiovascular reflex tests) and
glycaemic control (by HbAlc and blood glucose concentrations during gastric
emptying measurement) [64]. At follow-up in 1998, 62 patients were known to
be alive, 21 had died, and three were lost to follow-up. In the group who had
died, the duration of diabetes had been longer, the score for autonomic neuropa-
thy higher and oesophageal transit slower than in those patients who were still
alive. After adjustment for the effects of other factors that showed a relation-
ship with the risk of dying, there was no significant relationship between either
gastric emptying or oesophageal transit and death. In this relatively large cohort
of outpatients with diabetes, there was no evidence that delayed oesophageal
transit or gastroparesis was associated with a poor prognosis.

Summary

Disordered oesophageal function clearly is more common in diabetics than
in healthy control subjects. Delayed oesophageal transit caused by ineffective
oesophageal peristalsis and increased gastro-oesophageal reflux can be found
in at least 30% of the patients. The chance of abnormal oesophageal function
increases with increasing severity of autonomic neuropathy, but the correlation
is not particularly strong. There is no solid evidence for the existence of a corre-
lation between the presence of oesophageal dysfunction and the type of diabetes.
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It is unclear whether the prevalence of oesophageal symptoms in patients with
diabetes parallels that of abnormal oesophageal function. In clinical practice,
oesophageal motor disorders should probably not be actively searched when
the patient has no oesophageal symptoms, but upper gastrointestinal endoscopy
should be carried out more liberally in diabetics than in non-diabetic patients.
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Introduction

The focus of this chapter relates to the effects of diabetes on gastric motor
function. Abnormally delayed gastric emptying, or gastroparesis, was once con-
sidered to be a rare sequela of diabetes mellitus, occurring occasionally in
patients who had long-standing diabetes complicated by symptomatic autonomic
neuropathy, and inevitably associated with both intractable upper gastrointesti-
nal symptoms and a poor prognosis [1]. Consequent upon the development of
a number of techniques to quantify gastric motility, particularly radioisotopic
measurement of gastric emptying, and the rapid expansion of knowledge relat-
ing to both normal and disordered gastric motor function in humans over the
last ∼ 20 years, it is now recognised that these concepts are incorrect.

The functions of the stomach are, of course, not limited to the storage and
processing of food. Diabetes may be associated with impaired gastric mucosal
function, potentially resulting in abnormal gastric acid secretion and gastritis,
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although this subject has received substantially less attention, and is of lesser
clinical relevance, than disordered gastric motility.

For convenience, gastric motor and mucosal function in diabetes are dealt
with separately; for completeness there is also a brief discussion of the potential
effects of diabetes on the vascular supply to the stomach.

Gastric motility in diabetes

Delayed gastric emptying represents a frequent, and clinically important, com-
plication of diabetes mellitus.

Prevalence

I believe that this syndrome gastroparesis diabeticorum . . . is more fre-
quently overlooked than diagnosed (Kassander, 1958).

Gastric motility in patients with diabetes mellitus has usually been quantified by
measurement of gastric emptying. Delayed gastric emptying in diabetes was first
reported by Boas in 1925 [2], with subsequent radiological studies by Ferroir
in 1937 [3]. The latter noted: ‘X-ray examination showed that in diabetics . . .

the stomach motor responses are weaker than normal: contractions are slow,
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Figure 4.1 Gastric emptying of a mixed solid (100 g minced beef) and liquid (150 ml
10% dextrose) meal in 20 normal subjects and 86 unselected outpatients with diabetes (66
type 1, 20 type 2). For solid the amount remaining in the stomach at 100 min after
completion of the meal, and for liquid the 50% gastric emptying time are shown. Gastric
emptying of the minced beef is greater than the upper limit of the normal range in 57% of
the patients and that of dextrose in 34%. Horizontal lines represent median values. From
Jones et al. [31], with permission
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lack vigour and die out quickly’ [3,4]. Rundles and his colleagues, who in 1945
provided the first detailed description of the association between delayed gastric
emptying and diabetes, reported that gastric emptying of barium was abnormally
slow in five of 35 patients with clinical evidence of peripheral neuropathy [1,5].
In a seminal monograph, published in 1958, Kassander named the condition
‘gastroparesis diabeticorum’, referring to abnormal retention of liquid barium
detected radiologically in asymptomatic patients [6].

Cross-sectional studies, in most cases using radionuclide techniques to mea-
sure gastric emptying, have established that gastric emptying of solid, or nutrient
liquid, meals is abnormally slow in some 30–50% of outpatients with long-
standing type 1 [7–20] or type 2 [20–26] diabetes (Figures 4.1 and 4.2). Early
studies, using insensitive barium contrast techniques to quantify gastric emp-
tying, clearly underestimated the prevalence substantially [1,27]. The reported
prevalence of delayed gastric emptying is highest when gastric emptying of
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Figure 4.2 Gastric emptying curves, derived from the intragastric retention of isotope
between 0 (time of meal completion) and 100 min, and scintigraphic images showing the
abdominal distribution of radioactivity at 30 and 100 min following a meal of 100 g
minced beef labelled with 99mTc sulphur colloid and 150 ml 10% dextrose labelled with
67Ga-EDTA in (a) a healthy volunteer and (b) a patient with long-standing type 1 diabetes.
The normal range for gastric emptying (mean ± 2 SD) is shown in the shaded areas.
Scintigraphic images illustrate total, proximal and distal stomach regions of interest. There
is a marked delay of solid and liquid emptying in the type 1 patient; the mean blood
glucose concentration during the gastric emptying measurement was 11 mmol/l
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both solid and nutrient-containing liquids (or semi-solids) are measured, either
simultaneously or on separate occasions [17,28,29], as there is a relatively poor
correlation between gastric emptying of solids and liquids in diabetes [28–30].
The latter may reflect differences in the gastroduodenal mechanisms which con-
trol gastric emptying of different meal components (to be discussed). While it
has been suggested that evaluation of gastric emptying of solids may be more
sensitive than that of liquids or semi-solids in the diagnosis of delayed gastric
emptying in diabetes [30], this concept is based primarily on studies in which
gastric emptying of low rather than high-nutrient liquids has been measured.

It should be recognised that in many cases the magnitude of the delay in gas-
tric emptying of solids or liquids is relatively modest (i.e. gastric emptying rates
are just outside the upper limit of a normal range) (Figure 4.1), and it can be
argued that a distinction should be made between ‘gastroparesis’, as opposed to
‘delayed gastric emptying’. This would imply that the diagnosis of gastroparesis
should be restricted to those patients in whom emptying is grossly delayed [e.g.
emptying rates outside mean ± 3 standard derivations (SD) of a control range].
It is self-evident that the diagnosis of ‘gastroparesis’ is also critically dependent
on the definition of the ‘normal range’, for which there is a lack of consistency
between studies, e.g. mean ± 2 SD [28,31], or mean ± 1.5 SD—in this chapter
the term ‘gastroparesis’ should be inferred to indicate emptying rates which
are ≥ mean ± 2 SD [32]. Not surprisingly, intragastric meal distribution is also
frequently abnormal in outpatients with diabetes, with increased retention of
food in both the proximal and distal stomach [31,33]. The former may poten-
tially be important in the aetiology of gastro-oesophageal reflux [34], which
appears to occur more frequently in patients with diabetes [35] (as discussed in
Chapter 3). The prevalence of delayed gastric emptying in patients with ‘brittle’
type 1 diabetes is probably comparable to that which exists in patients with
long-standing type 1 or type 2 diabetes [36]. It is now recognised that delayed
gastric emptying also occurs frequently (perhaps about 30%) in children and
adolescents with type 1 diabetes [37–39]. In contrast to some animal models
of diabetes [40,41] (discussed in Chapter 2), gastric emptying is accelerated
in only a minority (∼ 5%) of patients with type 1 diabetes [9,13,28,42–45].
However, there is evidence, albeit inconsistent [46], that gastric emptying in
patients with ‘early’ type 2 diabetes, particularly that of nutrient liquids, is not
infrequently abnormally rapid [29,47–50]; it has been suggested that this may
predispose to the development of type 2 diabetes by leading to higher postpran-
dial blood glucose concentrations [47]. Further studies are required to explore
this issue—in a study evaluating gastric emptying of a solid (pancake) meal in
‘early’ type 2 patients, differences from control subjects were modest [48]. No
studies have evaluated the prevalence of disordered gastric emptying in patients
with recently diagnosed type 1 diabetes, or in older people with type 2 diabetes.
The prevalence of delayed emptying in ketoacidosis is also not known, although
characteristic symptoms of nausea, abdominal discomfort and vomiting are often
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attributed to gastric stasis, and acute gastric dilatation is a recognised, albeit
rare, complication [51]. Gastric emptying has hitherto not been evaluated in the
rare cases where diabetes is a component of a mitochondrial disease, although
pseudo-obstruction is a recognised complication of the so-called MELAS syn-
drome (myoencephalopathy, lactic acidosis, stroke-like episodes). In evaluating
the information presented above, it should be recognised that there are no true
population-based studies of gastric emptying in diabetes (this may prove feasi-
ble with the advent of carbon breath tests [12,19]), and no studies have been
performed during euglycaemia (as will be discussed, the prevalence of delayed
emptying is presumably less during euglycaemia than during hyperglycaemia).
Moreover, there has hitherto only been one long-term, longitudinal study to
evaluate the natural history of gastric emptying in diabetes [52]; in a cohort
of 20 patients (16 type 1, four type 2) there was minimal change in gastric
emptying of either solid (minced beef) or liquid (10% glucose) despite a dete-
rioration in cardiovascular autonomic function, over a mean follow-up of about
12 years (Figure 4.3). While this suggests that gastric emptying is usually rel-
atively stable over time, in this study there was a concomitant improvement
in glycaemic control, presumably reflecting the increased therapeutic efforts
directed at the normalisation of blood glucose levels in patients with diabetes
subsequent to the DCCT [53] and UKPDS [54] studies. As will be discussed,
the improvement in glycaemic control would favour faster gastric emptying and
may ‘balance’ the deterioration in autonomic nerve function. Hence, additional
studies are required to explore the associations of delayed gastric emptying with
other diabetic complications and chronic glycaemic control.
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Figure 4.3 Gastric emptying of a mixed solid (100 g minced beef) and liquid (150 ml
10% dextrose) meal at baseline and follow-up (12.3 ± 0.7 years) in 20 outpatients with
diabetes (16 type 1, four type 2). There is no change in gastric emptying of solid and a
marginal slowing of liquid emptying at follow-up. Data are mean ± SEM. ∗p < 0.05
baseline vs. follow-up by ANOVA. From Jones et al. [52], with permission
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Although it is recognised that disordered gastroduodenal contractile activity,
as assessed by manometry, occurs frequently in diabetes [55,56], there have
been no population-based studies. It is, however, reasonable to assume that the
prevalence of abnormal motility will be even higher than that of disordered
gastric emptying—in a series of 84 type 1 and type 2 patients referred for
evaluation of upper gastrointestinal symptoms (such as nausea, vomiting and
abdominal bloating), abnormal antral motility was evident in 83% [55].

Diabetic gastroparesis is often associated with motor dysfunction in other
areas of the gut, e.g. oesophageal transit is delayed in some 50% of patients
with long-standing diabetes [8]. However, there is a relatively poor relationship
between transit in different regions [56], e.g. measurement of oesophageal transit
cannot be used to predict the rate of gastric emptying.

Physiology of gastric emptying

Gastric emptying involves storage of ingested food, mixing with gastric secre-
tions, grinding of solid food into particles 1–2 mm in diameter, and the regulated
delivery of chyme into the small intestine at a rate designed to optimise digestion
and absorption (Figure 4.4). Understanding of the mechanical factors by which
the stomach moves its contents into the small intestine is still limited [57,58].
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This situation reflects, at least in part, the technical difficulties associated with
the investigation of human gastric motility; an optimal strategy to evaluate gas-
tric mechanics dictates that a number of factors—gastric muscular contractions
in different regions of the stomach and proximal small intestine, gastroduodenal
pressure gradients and transpyloric flow—are measured, ideally simultaneously
[58]. While most attention has focused on the frequency and amplitude of con-
tractions, it is now recognised that the spatiotemporal organisation of muscular
activity is an important determinant of the movement of luminal content; there
are also fundamental differences in the mechanical impact of contractions which
result in occlusion of the lumen, when compared to those that do not, on luminal
flow [57].

Recent studies have confirmed observations, initially made by Cannon (1911)
in animals, that transpyloric flow is predominantly pulsatile, rather than contin-
uous. Thus, most liquefied chyme is propelled into the duodenum as a series
of small gushes; the characteristics of individual flow pulses (both duration
and volume) vary considerably, so that forward, interrupted and reverse flow
may all occur [59,60]. A short episode of duodenogastric reflux often precedes
pyloric closure [61]. Contrary to the previous suggestion that one motor region
could exert the dominant role, patterns of transpyloric flow are dependent on
the integration of motor activity in the proximal stomach, antrum, pylorus and
proximal small intestine [58]. The stomach is capable of considerable compen-
sation before the overall rate of emptying, as opposed to the characteristics of
individual flow pulses, is modified substantially [59].

Gastric motility is controlled by a number of neural networks that are located
in the gastric wall, prevertebral ganglia, spinal cord and brain. The stomach, like
other parts of the gastrointestinal tract, is innervated by extrinsic nerves—the
sympathetic and parasympathetic parts of the autonomic nervous system and
sensory nerves that project to the spinal cord (splanchnic and sacral efferents)
and brain stem (vagal efferents). Gastric motility is controlled predominantly
by the vagus nerve—vagal efferents project to the nucleus tractus solitarius,
where they form synapses with interneurones that project to the dorsal motor
nucleus of the vagus and to higher brain centres. From the dorsal motor nucleus
of the vagus there are efferent projections to the stomach, which modulate the
activity of muscle cells through activation of either inhibitory or excitatory motor
neurones. This circuit has been called a ‘vago-vagal’ reflex [62].

The enteric nervous system (ENS), also termed the ‘brain of the gut’ since it is
able to function without input from the central nervous system, is located within
the gastric wall and consists of the myenteric (or Auerbach) plexus, which is
between the circular and longitudinal layers, and the submucosal (or Meissner)
plexus, located beneath the mucosa. The enteric nervous system contains sensory
neurones, interneurones and motor neurones which are closely integrated. The
principal excitatory neurotransmitters are acetylcholine and substance P, and the
major inhibitory neurotransmitters are vasoactive intestinal peptide and nitric
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oxide [57]. Thus, the enteric nervous system consists of local circuitries for the
performance of integrative functions independent of extrinsic innervation.

The proximal region of the stomach is primarily concerned with storage of
ingested food. During swallowing, there is a vagally-mediated, transient ‘recep-
tive’ relaxation, which is followed by a more prolonged relaxation, known as
‘accommodation’, so that an increase in gastric volume is not usually associated
with a substantial rise in intragastric pressure [63]. The accommodation response
may be triggered by mechanoreceptors in both the proximal stomach and the
antrum. The contractions of the distal stomach are controlled by electrical signals
(‘slow waves’), generated by a pacemaker region located on the greater curva-
ture, which discharges at a rate of about 3/min [57]. The generation of slow
waves within the gastric wall is dependent on the so-called interstitial cells of
Cajal, which are interspersed in the circular and longitudinal muscle layers [64].
The interstitial cells of Cajal are also required for effective neurotransmission.
Slow waves are continuous rhythmic changes in the membrane potential which,
per se, do not initiate contractions, i.e. contractile activity of the distal stomach
is always associated with gastric slow waves, but slow waves persist in the
absence of gastric contractile activity. Accordingly, other neurohumoral factors
determine whether a slow wave induces gastric contractile activity.

As first described by Code and Marlett in 1975 [65], fasting antral motility
is cyclical and has been termed the ‘migrating motor complex’ (or MMC).
The latter consists of three phases, which have a cycle time of about 100 min:
phase 1, motor quiescence (about 40 min); phase 2, irregular contractions (about
50 min); and phase 3, regular, high-amplitude contractions at the maximal rate
(i.e. the frequency of the gastric pacemaker) of 3/min for 5–10 min. During late
phase 2 (and phase 3), indigestible residues, dead cells, secretions and bacteria
are emptied from the stomach into the small intestine—not surprisingly, the
MMC has been referred to as the ‘gastrointestinal housekeeper’ [65]. About
80% of phase 3 episodes originate in the antrum and the remainder in the small
intestine. Recent studies indicate that large particles are sometimes emptied from
the stomach without phase 3 activity.

Meal ingestion disrupts the MMC and causes distinct changes in gastric motil-
ity, characterised by initial relaxation and a subsequent increase in tonic activity
of the proximal stomach, irregular contractile activity in the antrum and an
increase in tonic and phasic pyloric pressures. Antral contractions play the major
role in grinding digestible solid food into small particles, generally < 2 mm in
size; ingestion of a solid meal induces strong antral contractions. Postprandial
patterns of intraluminal pressure in the distal stomach are very complex [66].
While pyloric contractile activity is regulated by the gastric slow wave, the mus-
cle of the pylorus is specialised and its control mechanisms differ from those
of the antrum. Phasic and tonic pyloric contractions occur over a narrow zone
(∼ 2 mm), either in isolation or in temporal association with antral contractions,
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and probably play a major role in the regulation of gastric emptying by acting
as a brake [58], i.e. transpyloric flow can only occur when the pylorus is open.

The mechanical determinants of individual transpyloric flow episodes are
poorly defined. Flow could reflect a local increase in the antroduodenal pressure
difference due to peristaltic antral contractions, or be associated with a ‘common-
cavity’ pressure difference between the distal antrum and proximal duodenum
during periods of relative antral quiescence [67]. Recent studies suggest that the
latter mechanism (so-called ‘pressure’, as opposed to ‘peristaltic’, pump) may
be of primary importance [67], so that substantial transpyloric flow may occur
in the absence of antral peristalsis [68]. Duodenal contractions may potentially
facilitate or retard gastric emptying; patterns of duodenal motility are complex,
with substantial regional variations [69].

Overall patterns of gastric emptying are critically dependent on the physical
and chemical composition of a meal, so that there are substantial differences
between solids, semi-solids, nutrient liquids and non-nutrient liquids [70]. The
emptying of digestible solids is characterised by an initial lag phase (usually
20–40 min in duration) before emptying commences, when solids are ground
into small particles and redistributed from the proximal into the distal stomach
[71], followed by an emptying phase that approximates a linear pattern, at least
for the majority of emptying. After the lag phase the overall emptying rates
of solid, semi-solid and high-nutrient liquid meals are comparable. In contrast,
non-nutrient liquids empty from the stomach in a mono-exponential pattern;
emptying is influenced by both posture and intragastric volume. The major fac-
tor regulating gastric emptying of nutrients (liquids and ‘liquefied’ solids) is
feedback inhibition, triggered by receptors that are distributed throughout the
small intestine [72]; as a result of this inhibition, nutrient-containing liquids
usually empty from the stomach at an overall rate of about 2 kcal/min, after an
initial emptying phase that may be somewhat faster [73]. These small intesti-
nal receptors also respond to pH, osmolality and distension, as well as nutrient
content. Triglycerides must be digested to fatty acids in order to slow empty-
ing. The extent of small intestinal feedback is dependent on both the length
and region of small intestine that has been exposed [72]. Small intestinal sens-
ing probably involves both neural and hormonal mechanisms—the interaction
of nutrients with the small intestine triggers the release of a number of hor-
mones that may slow gastric emptying, including cholecystokinin, glucagon-like
peptide-1, amylin and peptide YY. Caeco-ileal reflux of short-chain fatty acids
may also potentially contribute to the regulation of gastric emptying [74].

A number of studies have evaluated the motor correlates of small intestinal
feedback. Infusion of nutrients directly into the small intestine slows gastric
emptying, and this is associated with suppression of antral pressure waves, the
stimulation of pressure waves localised to the pylorus, and proximal stomach
relaxation [63,70]. In general, provided that small intestinal feedback is intact,
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the elimination of individual motor components does not prevent the slowing
of emptying by nutrients.

While the differential emptying rates of solids, nutrient and non-nutrient liq-
uids when ingested alone is well established, there is much less information
about the interaction between different meal components. When liquids and
solids are consumed together, liquids empty preferentially (∼ 80% before the
solid starts to empty) (see Figure 4.3) and the presence of a solid meal results
in an overall slowing of a simultaneously ingested liquid [71,75,76]. Therefore,
while it is clear that the stomach can, to some extent, regulate the emptying
of liquids and solids separately, the mechanisms by which this is accomplished
remain poorly defined. Extracellular fat has a much lower density than water
and is liquid at body temperature. The pattern of gastric emptying of fat, and
its effects on emptying of other meal components are, therefore, dependent on
posture—in the left lateral posture oil accumulates in the stomach and empties
early, which markedly delays emptying of a nutrient liquid [77]. Gastric empty-
ing is also influenced by patterns of previous nutrient intake. In healthy young
and older subjects, supplementation of the diet with glucose is associated with
acceleration of gastric emptying of glucose [78,79], while short-term starvation
slows gastric emptying [80] presumably as a result of changes in the sensitivity
of small intestinal receptors.

Pathophysiology of disordered gastric emptying in diabetes

The pathogenesis of disordered gastric emptying in diabetes is now recognised to
be multifactorial; those factors which appear to be dominant, autonomic neuropa-
thy and glycaemic control, are closely related, e.g. both acute [81] and chronic
[82] changes in the blood glucose concentration may affect autonomic function.

Autonomic and enteric neuropathy

Putative similarities in the symptoms experienced by patients following surgical
vagotomy and those with long-standing diabetes led to the initial assumption that
disordered gastric motility in diabetes reflected irreversible vagal damage [1]. As
there is a lack of tests to assess gastrointestinal autonomic function directly (dis-
cussed in Chapter 9), evaluation of cardiovascular autonomic function has usually
been employed as a surrogate marker of the function of the abdominal vagus. It is
well recognised that there is a high prevalence of cardiovascular autonomic neu-
ropathy in diabetes which is, not infrequently, evident at the time of diagnosis [83].
While the prevalence of disordered gastric emptying/gastric motility is clearly
higher in patients with cardiovascular autonomic neuropathy than in those with-
out [12,16,28,61,84–86], the correlation between disordered motility and either
abnormal cardiovascular autonomic function (parasympathetic or sympathetic) or
peripheral nerve function is relatively weak [12,16–18,28,42,85]. This may be
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interpreted as evidence for selective autonomic impairment of the gastrointestinal
tract [87]; however, it is more likely that other factors, such as hyperglycaemia, are
important [88]. Moreover, as discussed, in a recent longitudinal study, progres-
sion in cardiovascular autonomic dysfunction was not associated with slowing of
gastric emptying [52].

As discussed in Chapter 2, in animal models of diabetes a number of mor-
phological changes are evident in the autonomic nerves supplying the gut and
the myenteric plexus, including a reduction in the number of myelinated axons
in the vagosympathetic trunk and neurons in the dorsal root ganglia, abnor-
malities in neurotransmitters (including metenkephalin, serotonin, substance P,
neuropeptide-Y, vasoactive intestinal peptide and calcitonin gene-related pep-
tide), as well as a reduced number of interstitial cells of Cajal in the fundus and
antrum [89–92]. In contrast, there is hitherto little evidence of a fixed patho-
logical process in the neural tissue of humans with diabetes; while two studies
reported a reduction in the number of axons (myelinated and unmyelinated) in
the vagus [93,94], the most comprehensive study, in which the myenteric plexus
was evaluated by silver staining, showed no abnormalities [95]. Data relating to
enteric innervation in human diabetes is even more limited. However, in a recent
case report of a type 1 patient with gastroparesis, there was a marked decrease
in the number of interstitial cells of Cajal in a jejunal biopsy taken at the time
of performing a jejunostomy [96], consistent with observations in diabetic mice
[90]. Nitric oxide (NO) is a key transmitter in the regulation of gastrointestinal
motor function [97]. In some rodent models of diabetes (streptozotocin-induced
and non-obese diabetic mice), there is a marked reduction in NO-synthase
expression in gastric myenteric neurons [98] (Chapter 2), which is associated
with delayed gastric emptying. The latter is normalised by administration of
insulin or the cGMP-specific phosphodiesterase sildenafil, which acts as an NO
donor [99]. Accordingly, in rodent models of diabetes abnormally slow gastric
emptying may reflect reversible downregulation of neuronal nitric oxidase syn-
thase (nNOS) expression. It has been suggested that this has implications for
the treatment of diabetic gastroparesis in humans [99], particularly as there is
evidence of a reduced number of nNOS neurons in human diabetic gastroparesis
[96]. However, it should be recognised that the effects of NO on gastric emp-
tying appear to differ between animals and humans, e.g. in healthy humans NO
donors slow [100], while inhibition accelerates [101], gastric emptying. Hence,
while formal studies are required, it may be anticipated that drugs such as silde-
nafil will slow, rather than accelerate, gastric emptying in patients with diabetes
and potentially exacerbate gastroparesis. Further evaluation of the impact of
diabetes mellitus on the enteric nervous system in humans is required.

Blood glucose concentration

While a clear-cut association between disordered gastrointestinal function in dia-
betes mellitus and the presence of autonomic neuropathy remains to be established,
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it is now recognised that acute changes in the blood glucose concentration have
a substantial, and reversible, effect on gastric (as well as oesophageal, intestinal,
gallbladder and anorectal) motility, in both healthy subjects and patients with dia-
betes [17,39,102–112]. Indeed, it was suggested some 20 years ago that diabetic
gastroparesis may be the result of poor glycaemic control per se [102]. Marked
hyperglycaemia (blood glucose concentration ∼ 15 mmol/l) affects motility in
every region of the gastrointestinal tract [103].

Although some cross-sectional studies have, perhaps not surprisingly, failed
to demonstrate any relationship between the rate of gastric emptying and the
blood glucose concentration immediately preceding the gastric emptying mea-
surement in type 1 patients [12,16,43], the use of glucose clamp techniques
has established unequivocally that in both type 1 patients and healthy sub-
jects, acute hyperglycaemia (blood glucose 16–20 mmol/l) slows gastric emp-
tying of both solids and nutrient liquids significantly, when compared to eugly-
caemia (blood glucose 5–8 mmol/l) [107–109]. Cross-sectional studies suggest
that hyperglycaemia also slows gastric emptying in type 2 patients, and there
seems little reason to suggest that this would not be the case [21,46]. As
discussed in Chapter 2, an effect of hyperglycaemia on gastric emptying of
liquids is also evident in rodents [99,113]. While the magnitude of the effect
of acute hyperglycaemia on gastric emptying in humans appears to be sub-
stantial, and hyperglycaemia slows gastric emptying in type 1 patients who
have cardiovascular autonomic neuropathy [109,110], further studies are indi-
cated to quantify the magnitude of the effect of hyperglycaemia, as well as the
‘dose–response’, more precisely. Moreover, it remains to be established whether
the response to hyperglycaemia is dependent on the rate of gastric emptying
during euglycaemia, previous (long-term) glycaemic control and/or autonomic
nerve function.

In healthy subjects [114] and patients with uncomplicated type 1 diabetes
[115], gastric emptying is accelerated markedly during hypoglycaemia (blood
glucose ∼ 2.5 mmol/l) (Figure 4.5); this response is likely to be important in the
counterregulation of hypoglycaemia. It is not known whether the magnitude of
the effect of hypoglycaemia on gastric emptying is influenced by gastroparesis
and/or autonomic neuropathy.

Recent studies have established that changes in the blood glucose concentra-
tion within the normal postprandial range also influence gastric emptying and
motility [104–106]; emptying of solids and nutrient-containing liquids is slower
at a blood glucose of 8 mmol/l than at 4 mmol/l in both healthy subjects and
patients with type 1 diabetes (Figure 4.6) [104]. Accordingly, it is not surprising
that a modest improvement in glycaemic control (postprandial blood glucose of
15.4 ± 2.2 mmol/l vs. 11.7 ± 1.7 mmol/l) had no significant effect on gastric
emptying in a small cohort of patients with type 2 diabetes [116]. The concept
that the risk of gastroparesis is influenced by chronic glycaemic control indepen-
dent of acute glycaemia (analogous to the situation with diabetic microvascular
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complications [53,54]) is supported by uncontrolled observations of improve-
ment in gastric emptying after pancreatic transplantation [82,117], but requires
formal evaluation.

There is relatively little information about potential mechanisms mediating the
effects of the blood glucose concentration on gut motor function. Animal studies
have demonstrated the presence of glucose-responsive neurons in the central ner-
vous system, which may modify vagal efferent activity [118,119]. The various
subtypes of central glucose-sensing neurons respond to physiological, as well
as pathological, changes in extracellular glucose [120]. In healthy subjects the
secretion of pancreatic polypeptide, which is under vagal cholinergic control, is
diminished during acute hyperglycaemia, indicative of a reversible impairment
of vagal efferent function [121,122], but such an effect has, hitherto, not been
demonstrated in patients with diabetes mellitus [104]. The observed reduction
in the heart rate response to standing during acute hyperglycaemia in healthy
volunteers is also indicative of transient impairment of vagal parasympathetic
function [81]; the concept that the inhibitory effect of hyperglycaemia on gastric
emptying is mediated in part by impaired vagal activity is also supported by
animal studies [113]. Neurons responsive to glucose have also been identified in
the rat small intestine [123] and presumably exist in humans. Insulin, released in
response to oral or intravenous glucose in healthy subjects and type 2 diabetes,
does not appear to play a major role, as indicated by studies of the effects of
euglycaemic hyperinsulinaemia [124,125]. Prostaglandins may be involved in
the induction of abnormal gastric electrical rhythms (to be discussed) by hyper-
glycaemia [124]. Further studies are indicated to define the neural, humoral and
cellular mechanisms by which systemic glucose affects gastrointestinal motility.

Other factors

A number of other (poorly defined) factors may affect gastric motility in dia-
betes. The prevalence of disordered motility is weakly associated with the
duration of known diabetes [28,38,125]; this may be attributable to an increased
prevalence of autonomic neuropathy. The prevalence of gastroparesis appears to
be higher in females than males, for uncertain reasons [126]; this is also the case
in patients with functional dyspepsia [127]. There is no apparent effect of body
weight on gastric emptying in diabetes; reports relating to the effects of obesity
on gastric emptying in otherwise healthy subjects are inconsistent; anorexia ner-
vosa is known to be associated with delayed gastric emptying [70]. A number
of electrolyte abnormalities (e.g. hyper- and hypokalaemia) may affect gastric
motility [70]. Abnormalities in the secretion of gastrointestinal hormones, apart
from insulin, have been reported in patients with diabetic gastroparesis; e.g.
plasma motilin and gastrin levels are often increased [128,129], but their sig-
nificance is uncertain. There is evidence that the elevation of plasma motilin
may respond to insulin therapy [130] and be compensatory to a reduction in
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fasting antral motility [128]. Helicobacter pylori infection does not appear to
affect gastric emptying or upper gastrointestinal symptoms in diabetes [11,131];
a study suggesting that eradication therapy may be associated with slowing of
gastric emptying [132] requires confirmation. In type 1 patients there is no rela-
tionship between the rate of gastric emptying and the presence of parietal cell
antibodies [17]. There is limited evidence that myopathic abnormalities may
contribute to delayed gastric emptying; in one report, gastric smooth muscle
degeneration and eosinophilic inclusion bodies were evident in a small number
of patients with intractable gastroparesis [133]. The response to prokinetic drugs
(to be discussed) argues against the concept of a primary disturbance of smooth
muscle in most cases.

Gastroduodenal motor dysfunctions—effect of blood glucose

Abnormally slow stomach emptying can potentially be considered to result from
defective mechanical breakdown of food, ineffective propulsion of intragastric
content, and/or an abnormally high resistance to emptying. In view of the incom-
plete understanding of the mechanisms that underlie normal gastric emptying, it
is not surprising that the motor dysfunctions responsible for disordered gastric
emptying in diabetes are poorly characterised. An improved understanding may
allow therapy designed to accelerate gastric emptying to be targeted more effec-
tively. It is important to recognise that most studies in patients with diabetes
have been performed either without blood glucose monitoring or during hyper-
glycaemia, in symptomatic patients with type 1 diabetes who were assumed to
have gastroparesis [134–137]. An additional limitation is that usually only the
function of only one or two components (most often the antrum) in an integrated
system has been assessed. Nevertheless, it is clear that disordered fasting and
postprandial motility occur frequently during ‘euglycaemia’ (i.e. blood glucose
∼ 4–10 mmol/l), that the motor abnormalities are heterogeneous, and that the
organisation of gastric contractile activity is frequently impaired [56,138–141].

Proximal gastric function is abnormal in many patients, with impairment
of gastric relaxation induced by a meal [139,140,142,143]. There is, however,
evidence that proximal gastric compliance or ‘distensibility’, as assessed by
gastric balloon distension, may be greater [139]. Antral motility has usually
been evaluated as an ‘index’ that takes into account the amplitude and fre-
quency of pressure waves, but provides no information about their organisation
[55,135]. Both fasting (reduced phase III activity) [56] and postprandial antral
hypomotility [56,135] occur frequently in patients with long standing diabetes
(Figure 4.7). In many patients there is a postprandial reduction in the number
of antral waves that are temporally associated with duodenal waves, which may
be a major factor contributing to slow gastric emptying [56,61,141]; in others
there is the absence of a transition from a fasting to a fed motor pattern. An
increase in both fasting and postprandial antral width, as assessed by ultrasound,
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has been demonstrated [142] and may potentially account for disordered prox-
imal gastric function. Increased pyloric motility does not appear to be a major
factor contributing to gastroparesis, at least during euglycaemia [141]. A study
that reported increased tonic pyloric activity in a cohort of diabetics with symp-
toms of nausea and vomiting [136] used a suboptimal technique to evaluate
pyloric motility, and blood glucose concentrations were not monitored. Abnor-
mal proximal small intestinal motor function also occurs frequently in patients
with diabetes, but has been poorly characterised [144,145].

In most patients, the activity of the gastric pacemaker is normal during eugly-
caemia [146]; reports of an increased prevalence of gastric arrhythmias, partic-
ularly tachygastria, as assessed by cutaneous electrogastrography [26,84,134],
may be indicative of an effect of acute hyperglycaemia [84,124,146] as well
as inconsistencies in patient selection. There does not appear to be a signifi-
cant relationship between the rate of gastric emptying and gastric myoelectrical
activity in diabetes [26,147].

As discussed, acute elevations in the blood glucose concentration, even within
the normal postprandial range, effect gastric emptying [103]. In both healthy sub-
jects and type 1 patients, acute hyperglycaemia (blood glucose ∼ 15 mmol/l)
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induces a motor pattern associated with retardation of gastric emptying (and
comparable to that induced by small intestinal nutrients), characterised by relax-
ation of the proximal stomach [148,149], inhibition of antral pressure waves
in both the fasted [150] and fed [124] (Figure 4.8) states (particularly propa-
gated antral pressure waves [110]), stimulation of pressure waves localised to
the pylorus [151] (the ‘pylorospasm’ that has been reported in patients with
diabetes [136] is likely to be due to hyperglycaemia) and induction of gastric
tachyarrhythmias [124,146]. The reduced number of propagated antral pres-
sure waves during hyperglycaemia is associated with less frequent episodes of
anterograde pyloric flow [61]. The threshold for an effect of hyperglycaemia on
motility may differ between different regions of the stomach and in the fasted,
as compared to the postprandial, state [123,150,152].

Clinical features

Disordered gastric motility in diabetes mellitus may, at least theoretically, be
associated with upper gastrointestinal symptoms, changes in oral drug absorption
and alterations in glycaemic control. Gastric bezoar is a rare, but well recognised,
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complication of disordered gastric motility in diabetes [153], which may occur
as a result of a reduction in antral phase 3 activity.

Recent studies suggest that the rate of gastric emptying is a significant factor
in postprandial hypotension. The latter, which may lead to syncope and falls,
is an important clinical problem, particularly in the elderly and patients with
autonomic dysfunction (usually diabetes mellitus), occurring more frequently
than orthostatic hypotension [154]. In type 2 patients the magnitude of the fall
in blood pressure after a glucose drink is related to the rate of gastric emptying
[155]. Moreover, slowing of gastric emptying (and the rate of small intestinal
glucose absorption), by the addition of guar gum to the glucose attenuates the fall
in blood pressure [156]. These observations suggest that therapies which slow the
rate of carbohydrate entry into the small intestine and/or carbohydrate absorption
may be effective in the treatment of postprandial hypotension in diabetes.

Gastrointestinal symptoms

As discussed in Chapter 1, there is a paucity of information about the preva-
lence, determinants, or importance of gastrointestinal symptoms in patients with
diabetes mellitus, and the significance of this problem remains controversial. As
was the case with sexual dysfunction some years ago, clinicians may not inquire
specifically about gastrointestinal symptoms. A major limitation is that there are
few population-based studies and a number of reports relate to patients recruited
from tertiary referral centres, with an inherent high probability of selection bias.
In evaluating studies relating to gastrointestinal symptoms in diabetes, it should
also be recognised that there is a high prevalence of gastrointestinal symptoms in
the community, particularly those associated with functional dyspepsia and the
irritable bowel syndrome, which are known to be related to both demographic
and psychological variables [157]. Studies relating to gastrointestinal symptoms
in diabetes should, therefore, ideally take into account a number of factors,
including age, sex, body weight, psychological/psychiatric status and use of
drugs (including alcohol and nicotine), as well as ‘diabetes-specific’ variables,
including the type and duration of diabetes, acute and chronic glycaemic con-
trol, diabetic micro- and macrovascular complications, autonomic nerve function
and usage of oral hypoglycaemic medications. Although validated measures
to evaluate gastrointestinal symptoms exist for a number of diseases [157],
until the recent development of the Diabetes Bowel Symptom Questionnaire
[158,159], no ‘diabetes-specific’ validated questionnaire was available. Cross-
sectional studies are inherently associated with substantial limitations; at present,
as is the case with gastric motility, there is limited information about the natural
history of gastrointestinal symptoms in diabetes, i.e. the number of patients who
have persistent, as opposed to transient or relapsing symptoms, as well as the
determinants of symptom turnover [52,160]. Community studies in non-diabetics
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have established that there is substantial fluctuation in the reporting of gastroin-
testinal symptoms [157]. A recent longitudinal study in predominantly type 2
patients indicates that there is a significant fluctuation in both upper and lower
gastrointestinal symptoms over a 3 year period, with a relatively constant preva-
lence [160]. This information has important implications for the management
of gastrointestinal symptoms in diabetes. The majority of community studies
relating to gastrointestinal symptoms in diabetes have, unsurprisingly, related to
type 2, rather than type 1, diabetes.

Despite these caveats, it is clear that the prevalence of upper gastrointestinal
symptoms is high in both type 1 and 2 diabetes [158,160–167] and proba-
bly exceeds that in the general population, especially in women [158,161,165].
For example, in a study of 110 outpatients with long-standing type 1 diabetes,
Schvarcz et al. [161] reported that the prevalence of postprandial fullness was
19%, compared to 8.5% in control subjects (Chapter 1). In a recent study from
Australia that focused on type 2 diabetes, all upper and lower gastrointestinal
symptoms evaluated were more common in community-dwelling people with
diabetes than in controls [158]. In a US study of 483 patients with type 2 dia-
betes, 50% reported one or more upper gastrointestinal symptoms, compared
with 38% in matched controls [165]; similar observations have been made in
Sweden [162]. As discussed in Chapter 1, the impact of gastrointestinal symp-
toms, as opposed to other aspects of diabetes, on ‘health-related quality of life’
amongst patients with diabetes is poorly documented. The available studies sup-
port an association between impairments in both quality of life [117,166–169]
and psychological function [166,170] with gastrointestinal symptoms, indepen-
dent of other diabetic complications, but additional studies are required.

Potential determinants of gastrointestinal symptoms in diabetes include dis-
ordered motility, glycaemic control, psychological and demographic variables,
autonomic neuropathy, visceral hypersensitivity, disordered gastric myoelectri-
cal activity, use of medications, and H. pylori infection.

It has been assumed that upper gastrointestinal symptoms are a direct result
of delayed gastric emptying [6]; this concept, while intuitively appealing, is
overly simplistic. In particular, the relationship between upper gastrointesti-
nal symptoms and the rate of gastric emptying appears to be relatively weak
(Figure 4.9) [9,12,28,46,56]; some patients with marked delay in gastric empty-
ing may have few, or no, upper gastrointestinal symptoms (Figure 4.9). As will
be discussed, there is also a relatively poor relationship between the effects of
prokinetic drugs on symptoms and gastric emptying. Moreover, many patients
experience symptoms in the fasted, as well as postprandial, states. The relation-
ship between symptoms and gastric emptying does not appear to be substantially
stronger when symptoms are evaluated postprandially, rather than while fast-
ing [171], neither do patterns of intragastric meal distribution appear to predict
symptoms [31]. These observations are not altogether surprising, e.g. patients
with pyloric stenosis may exhibit few, or no, symptoms. It should, however, be
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Figure 4.9 The relationship between upper gastrointestinal symptoms (maximum total
score of 27) and gastric emptying (retention at 100 min) of the solid (100 g minced beef)
component of a mixed solid/liquid meal in 86 outpatients with diabetes mellitus (66 type 1,
20 type 2). The normal range for gastric emptying is shown in the shaded area. There is a
statistically significant, but weak, relationship. From Jones et al. [31], with permission

recognised that in most studies symptoms were not evaluated using validated
measures and that total symptom scores, rather than the severity of individual
symptoms, were quantified. In highly selected patients with functional dyspep-
sia, there is evidence of a close association between certain symptoms (such as
postprandial fullness) and delayed gastric emptying of solids, when these symp-
toms are severe enough to influence daily activities [127]. This may also be the
case in diabetes mellitus; in a recent study, the perception of fullness/abdominal
bloating (but not nausea or vomiting) was predictive of delay in solid emp-
tying [126]. While it is clear that additional studies are required to evaluate
the association between symptoms and gastric emptying, it is appropriate to
regard delay in gastric emptying more as a marker of gastroduodenal motor
abnormality than a direct cause of symptoms, the aetiology of which is likely
to be multifactorial. For example, there is evidence in patients with diabetes
that symptoms may reflect visceral hypersensitivity, as is the case in patients
with functional dyspepsia [140,149]. Studies in relatively small cohorts indicate
that, during euglycaemia, the perception of gastric distension is increased in
type 1 patients with [140] and without [149] gastrointestinal symptoms when
compared with healthy subjects. Impaired gastric accommodation [44,141,143]
and disordered antral motility, as well as gastric electrical activity [172], may
also be potentially important in the aetiology of symptoms. Symptoms may also
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reflect disordered oesophageal, small intestinal or colonic motility, as well as
psychiatric abnormality [173]. Uraemia may contribute to nausea and also affect
gut motility [70].

Acute changes in the blood glucose concentration have been shown to affect
the perception of sensations arising from the stomach and duodenum, although
this issue has been studied less comprehensively than the effect of hypergly-
caemia on gastric motility [103]. For example, in normal subjects, the per-
ceptions of nausea and fullness produced by proximal gastric or duodenal
distension, or small intestinal nutrient infusion [103,148,174], are more intense
during hyperglycaemia (blood glucose 11–15 mmol/l) when compared to eugly-
caemia. In healthy subjects, the amplitude of cortical evoked potentials elicited
by oesophageal distension is increased during hyperglycaemia, providing an
objective measure of increased perception [175]. Elevations in the blood glu-
cose concentration that are within the normal postprandial range also affect the
perception of gastroduodenal stimuli [105,174]. There is evidence that the blood
glucose concentration also affects perception in diabetes mellitus, e.g. in patients
with type 1 and type 2 diabetes the perception of postprandial fullness is related
to the blood glucose concentration [103,171]. As discussed in Chapter 1, a role
for hyperglycaemia in the aetiology of gastrointestinal symptoms is also sup-
ported by cross-sectional, epidemiological studies [158,161]. The mechanism(s)
by which hyperglycaemia affects gut perception/symptoms is unknown.

While ‘lower’ gastrointestinal symptoms, such as diarrhoea and faecal incon-
tinence, are increased by the use of metformin (and presumably α-galactosidase
inhibitors, such as acarbose), chronic use of oral hypoglycaemic medication is
not clearly associated with an increased prevalence of upper gastrointestinal
symptoms [159]. In considering other factors, H. pylori infection is probably
not associated with upper gastrointestinal symptoms in diabetes in the absence
of peptic ulceration (discussed on p. 156) [131,176,177], although there are
no controlled studies of the effects of H. pylori eradication in this group—it
is also possible that H. pylori may be more difficult to eradicate in patients
with diabetes. Psychological disorders occur frequently in diabetes and may be
associated with abnormal motility [173]; moreover, both psychological distress
and impaired well-being are associated with poor glycaemic control [170,178].
Further studies are required to evaluate these issues.

Oral drug absorption

Gastric emptying is potentially an important determinant of oral drug absorption;
most orally administered drugs (including alcohol) are absorbed more slowly
from the stomach than from the small intestine because the latter has a much
greater surface area [179,180]. Thus, delayed gastric emptying (particularly that
of tablets or capsules, which are not degraded easily in the stomach) and a reduc-
tion in antral phase 3 activity, may potentially lead to fluctuations in the serum
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concentrations of orally administered drugs. This may be particularly important
when a rapid onset of drug effect is desirable, as with some oral hypoglycaemic
drugs (Figure 4.10). There is relatively little information about drug absorption
in patients with diabetic gastroparesis [179] and additional studies are required.
However, changes in gastric emptying would not be expected to have a major
effect on steady-state blood concentrations of drugs that have longer half-lives,
including prokinetic drugs.

Impact of gastric emptying on glycaemic control

Although Kassander observed in 1958 that ‘the retention of stomach contents in a
diabetic may cause confusion as far as food intake and utilisation are concerned’
[6], the potential impact of upper gastrointestinal motor function on postpran-
dial glycaemia has, until recently, received little attention. This is despite the
recognition that there is a close association between both the development and
progression of diabetic micro- (and possibly macro-)vascular complications and
average glycaemic control, as assessed by glycated haemoglobin [53,54]. Gly-
cated haemoglobin is influenced by both fasting and postprandial glucose levels;
while their relative contributions have not been defined precisely [181], it is clear
that improved overall glycaemic control, as assessed by glycated haemoglobin,
can be achieved by lowering postprandial blood glucose concentrations, even
at the expense of higher fasting glucose levels [182]. Accordingly, the control
of postprandial blood glucose levels, as opposed to glycated haemoglobin, now



GASTRIC MOTILITY IN DIABETES 139

represents a specific target for treatment; this forms the primary rationale for the
development and current use of short-acting forms of insulin, such as lispro and
aspart, to replace soluble insulin, and short-acting insulin secretagogues, such as
repaglinide. It remains to be established whether postprandial glycaemia per se,
including the magnitude of postprandial hyperglycaemic spikes, has a distinct
role in the pathogenesis of diabetic complications, but there is increasing data
to support this concept [181,183,184]. It is also possible that the extent of blood
glucose fluctuations is an independent determinant of the risk for long-term
diabetic complications [184].

As discussed in Chapter 8, postprandial blood glucose levels are potentially
determined by a number of factors, including preprandial glucose concentra-
tions, the glucose content of a meal, small intestinal delivery and absorption of
nutrients, insulin secretion, hepatic glucose metabolism and peripheral insulin
sensitivity. Although the relative contribution of these factors remains contro-
versial, and is likely to vary with time after a meal, it is now recognised that
gastric emptying accounts for at least 35% of the variance in peak glucose
levels after oral glucose (75 g) in both healthy individuals and patients with
type 2 diabetes [46,73,79,185] (Figure 4.11). It is also clear that even modest
perturbations in gastric emptying of carbohydrate have a major effect on post-
prandial glycaemia [76,79]. Although the number of studies is limited, it appears
that much of the observed variation in the glycaemic response to different food
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types (‘glycaemic indices’) in both normal subjects and patients with diabetes
is attributable to differences in rates of gastric emptying [103]. It is also likely
that a lack of standardisation of the volume of water ingested in the oral glucose
tolerance test (usually an oral glucose load of 75 g) accounts for some of its
documented variability—an increase in volume is associated with higher peak
blood glucose, presumably as a result of more rapid gastric emptying [186].

In type 1 patients with gastroparesis, as would be predicted, less insulin
is initially required to maintain euglycaemia after a meal when compared to
those with normal gastric emptying [187]. Slowing of gastric emptying [79]
may potentially account for the documented improvement in glycaemic control
induced by caloric restriction in type 2 patients [188]. Conversely, accelera-
tion of gastric emptying of high fat/carbohydrate meals induced by the lipase
inhibitor, Orlistat (which is used frequently for the treatment of obesity in type 2
patients) has the potential to increase postprandial blood glucose concentrations
[189]. There are numerous uncontrolled reports supporting the concept, initially
suggested by Kassander [6], that in type 1 patients gastroparesis is a risk factor
for poor glycaemic control.

Diagnosis

The decision of when to evaluate diabetic patients for disordered gastric motil-
ity is not always easy. As discussed, upper gastrointestinal symptoms occur
frequently in patients with diabetes but are not strongly predictive of disordered
gastric emptying or motility. Furthermore, it is not known whether asymptomatic
type 1 patients with suboptimal and erratic glycaemic control (in particular,
unexplained hyperglycaemia or hypoglycaemia) should be screened for disor-
dered gastric emptying, although such an approach would be reasonable. In any
diabetic patient who presents with upper gastrointestinal symptoms, a compre-
hensive history and examination should be performed, focusing on symptoms,
including postprandial hypoglycaemia, and evidence of peripheral and auto-
nomic impairment, such as orthostatic hypotension and bladder and erectile
dysfunction. Occasionally the vomitus contains food that has been eaten many
hours earlier, which is suggestive of gastroparesis. This should be followed
by appropriate investigation to identify other causes of upper gastrointestinal
symptoms. Physical examination is, however, usually unremarkable, except in
severe cases where a succession splash and/or gastric distension may be evi-
dent. Upper gastrointestinal endoscopy is usually required to exclude gastric
outlet or duodenal obstruction, as well as mucosal disorders [190]. It is impor-
tant to recognise that there are many causes of gastroparesis apart from diabetes
(a comprehensive list is provided in Table 4.1) and that the latter may be acute
as well as chronic (defined arbitrarily as a disorder persisting for more than
3 months)—while diabetes may be the most common cause of chronic gas-
troparesis, gastric emptying is delayed in 20–50% of patients with functional
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Table 4.1 Causes of gastroparesis and rapid gastric emptying

Transient delayed gastric emptying

Drugs: e.g. opioids, anticholinergics, nicotine, dopaminergics, cytotoxics,
β-adrenergic antagonists
Postoperative ileus
Viral gastroenteritis
Electrolyte abnormalities—hyperglycaemia, hypokalaemia,
hypomagnesaemia
Hypothyroidism, hyperthyroidism, hypopituitarism, Addison’s disease
Herpes zoster
Critical illness
Pregnancy

Chronic gastric stasis

Diabetes mellitus
Idiopathic/functional dyspepsia
Post-surgical, e.g. vagotomy
Gastro-oesophageal reflux
Atrophic gastritis
Progressive systemic sclerosis
Chronic idiopathic intestinal pseudo-obstruction
Myotonia dystrophica
Dermatomyositis/polymyositis
Systemic lupus erythematosus
Duchenne’s muscular dystrophy
Amyloidosis
Autonomic degeneration
Spinal cord disease
Tumour-associated
Anorexia nervosa and bulimia nervosa
Central nervous system disease, brain stem lesions, Parkinson’s disease
Post-irradiation
HIV infection
Porphyria
Liver disease
Heart and lung transplantation

Rapid gastric emptying

Post-surgical
Pancreatic insufficiency (fat)
? ‘Early’ type 2 diabetes
Zollinger–Ellison syndrome
Duodenal ulcer disease (modest increase)

dyspepsia [127]. Chronic gastroparesis is a common accompaniment of diseases
which cause motor dysfunction throughout the gastrointestinal tract, such as
progressive systemic sclerosis [70]. In acute gastroparesis, correction of the
underlying aetiology is usually associated with restoration of gastric motor
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function. It is particularly important to recognise that gastroparesis may be
drug-induced; while in some patients it may prove difficult to withdraw medica-
tion that could slow gastric emptying, this should be attempted. Other reversible
causes of gastroparesis, such as an electrolyte abnormality, adrenal insufficiency
or hypothyroidism, must be identified and treated. Paradoxically, in patients
with diabetes resulting from exocrine pancreatic insufficiency, gastric emptying
of high-fat meals is abnormally rapid because of diminished small intestinal
feedback [191].

Several techniques may be used to assess gastroduodenal motor function in
humans, and these can be broadly divided into three categories: (a) measurement
of gastric emptying; (b) measurement of gastric intraluminal pressures or con-
tractions; and (c) measurement of gastric myoelectrical activity (Table 4.2). In
research studies, a number of techniques are frequently used concurrently. Scinti-
graphic measurement of gastric emptying is the most accurate and, arguably, the
only clinically useful assessment of gastric motility at present [70] (Figure 4.2),
although other techniques, particularly ultrasound and carbon breath tests, show
considerable promise [70,192]. While it has been suggested that the use of
radio-opaque markers is a sensitive technique for the evaluation of gastric emp-
tying in diabetes [193], this probably primarily assesses the integrity of late

Table 4.2 Methods to assess gastric motor function

Gastric emptying

Scintigraphy
Ultrasound (Doppler)
Carbon breath tests
Radiology

Liquid barium sulphate
Radio-opaque markers

Applied potential tomography/epigastric impedance
Pharmacokinetics of oral drug absorption
Intubation and aspiration of gastric contents
CT scanning
Magnetic resonance imaging (MRI)

Contractile activity

Manometry (lumen-occlusive contractions)
Ultrasound (2D and 3D)
Barostat (fundic tone)
Scintigraphy
Magnetic resonance imaging (MRI)
Single photon-emission computed tomography (SPECT)

Myoelectrical activity

Cutaneous electrodes (electrogastrography)
Mucosal/serosal electrodes
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phase 2 and phase 3 activity (the latter, as discussed, is suppressed by hypergly-
caemia [150], and does not assess small intestinal feedback mechanisms). There
is known to be a poor correlation between gastric emptying of digestible and
non-digestible solids in diabetes [11]. Scintigraphy is relatively easy to perform
and non-invasive. Radiopharmaceuticals have been developed to measure gas-
tric emptying of solids, liquids and fat. The radiation dose approximates that
received from a single abdominal radiograph. Measurement of gastric emptying
should ideally be performed during euglycaemia, but at a minimum with regu-
lar blood glucose monitoring. Unfortunately, there is a lack of standardisation
of scintigraphic techniques, with substantial variation between different centres,
particularly in relation to the volume and composition of the test meal, the pos-
ture of the subject during the gastric emptying measurement, the duration of data
acquisition and the calculation of gastric emptying rates [70,194]. This renders
comparisons between studies performed in different centres difficult and usually
dictates the need for each laboratory to have access to an appropriate control
range. The test meal should be palatable and perhaps 300–500 ml in volume,
with a total caloric content > 300 kcal. While there is some evidence that the use
of test meals designed to provoke symptoms (e.g. high-fat meals) may be more
sensitive, this has not clearly been established. Studies are usually performed
with the subject upright, either sitting or standing. While a dual isotope tech-
nique, using different isotope markers to measure both solid and nutrient liquid
emptying simultaneously, may be preferable because of greater sensitivity, this
adds significantly to the complexity of the test. If it is only feasible for a single
isotope to be used, gastric emptying of solids (or semi-solids) is usually mea-
sured; in this situation, more prolonged observations may increase the precision
of the test [195], particularly as in many patients with gastroparesis the 50% gas-
tric emptying time is not reached for many hours. In such cases attempts to derive
a 50% emptying time by extrapolation may be associated with substantial errors
[195]. It should be recognised that, while considerable attention has been given
to gastric emptying of solids, including approaches to simplify the measure-
ments, e.g. by minimising the duration of use of the gamma camera [195], there
is little evidence that this approach offers any advantage over the use of a nutrient
liquid or semi-solid meal (water should not be used, as it does not stimulate small
intestinal mechanisms which retard gastric emptying). Moreover, as discussed,
gastric emptying of liquids is dependent on different mechanisms from that of
solids [70], and if the liquid contains carbohydrate it may be the major determi-
nant of the postprandial glycaemic response [29,31,32,47]. Gastric emptying in
diabetes appears to be relatively reproducible in the short term [196], perhaps
because blood glucose control tends to be similar during repeat tests [28,52].

Scintigraphy also allows the assessment of intragastric meal distribution [31,34]
as well as the frequency and amplitude of antral contractions (by quantifying
changes in radioactivity in small regions of the antrum) [18,33,197,198], but the
clinical utility of these methods has not been established.
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Carbon breath tests have recently been used to quantify solid and/or liq-
uid gastric emptying [12,19,192]; these are cheaper and simpler than external
scintigraphy and, with the use of stable isotopes, avoid the use of irradiation.
There is some ongoing debate as to the appropriate method of data analysis, and
studies in patients with diabetes are limited [12,19,192,199]. Additional valida-
tion of these methods in patients with gastroparesis, particularly those in whom
gastric emptying is markedly delayed, is required before their use can be advo-
cated. However, it seems likely that carbon breath tests will prove to be useful
as a screening test for gastroparesis, and in large epidemiological studies [19].

Ultrasonography (two- or three-dimensional) allows the non-invasive mea-
surement of gastric emptying, gastric contractile activity, gastric volume and
(with the use of Doppler) the velocity and direction of episodes of transpyloric
flow [60,61,200,201]. Ultrasound is only suited to measurement of gastric emp-
tying of liquids where both low- and high-nutrient liquids have been used, and
may be technically difficult in obese subjects.

Magnetic resonance imaging (MRI) allows non-invasive assessment of gas-
tric emptying as well as gastric volume and gastric contractile activity [67,202].
While it is a promising research technique, the costs are substantial and the
required equipment has limited availability; subjects are usually also required
to lie supine. Although it has been used widely in the past, indirect measure-
ment of gastric emptying by quantification of the absorption kinetics of orally
administered solutes (most frequently paracetamol) cannot be recommended for
either clinical or research purposes [70].

Manometry is a complex technique which can be used to record pressures
resulting from phasic contractions in the antrum, pylorus and duodenum that
cause occlusion of the lumen. While both solid-state and water-perfused mano-
metric catheters are potentially applicable, in most studies, a multi-lumen catheter
incorporating an array of close-spaced water-perfused side-holes is used. The
system is connected to a perfusion pump with a water reservoir. It is impos-
sible to position a recording sidehole in the pylorus accurately because it is a
narrow and mobile structure, and a ‘sleeve’ sensor (as used for measurement of
lower oesophageal sphincter pressures) or multiple, closely spaced sideholes are
required to record pyloric pressures [203]. Proximal gastric tone, including gas-
tric accommodation, as well as perception of distension can be measured using
the barostat—a thin-walled polyethylene bag is placed in the proximal stomach
and linked to the barostat device, which consists of a pressure transducer linked
by an electronic relay to an air injection system [63]. When the pressure in the
bag is made constant (often 2 mmHg above basal intragastric pressure), changes
in intrabag volume reflect proximal gastric tone, i.e. if the stomach relaxes, air
is injected into the gastric bag to maintain the pressure, while air is withdrawn
when the stomach contracts. The application of antropyloroduodenal manometry,
as well as the barostat, has yielded important insights into the gastric motor and
sensory dysfunctions associated with diabetes—both techniques have been used
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extensively in research studies carried out by specialised centres. However, their
place in the clinical investigation of gastric function in patients with diabetes has
not been defined. The barostat method is particularly invasive and may affect
gastric emptying [204], as well as intragastric meal distribution and antral area
[201]. For these reasons, it is likely that non-invasive techniques, including ultra-
sonography [200], MRI [202] and single-photon-emission computed tomography
(SPECT) imaging [205], will be increasingly used in research studies to measure
gastric volumes. The clinical utility of these techniques remains to be established.

As discussed, the activity of the gastric pacemaker (slow-wave) can be
recorded using electrodes attached to the abdominal skin—so-called cutaneous
electrogastrography (EGG) [206]. The EGG does not allow assessment of gastric
contractile activity or the rate of gastric emptying [206], despite claims to the
contrary. It remains an interesting research tool.

Modulation of gastric emptying to improve glycaemic control

The potential for the modulation of gastric emptying, by dietary or pharmacolog-
ical means, to minimise postprandial glucose excursions and optimise glycaemic
control, represents a novel approach to the optimisation of glycaemic control
in diabetes, which is now being explored actively. It is important to appreciate
that the underlying strategies are likely to differ fundamentally between type 1
and type 2 diabetes. In type 1 diabetes, interventions that improve the coor-
dination between nutrient absorption and the action of exogenous insulin are
likely to be beneficial, even in those patients who have delayed gastric emp-
tying, i.e. by accelerating or even slowing gastric emptying, so that the rate
of nutrient delivery (and hence absorption) is more predictable. In contrast, in
type 2 diabetes, it may be anticipated that slowing of the absorption of nutrients
would be desirable, as insulin release is both diminished and delayed. Such per-
mutations need to take into account the differential emptying rates of various
meal components, discussed previously, e.g. acceleration of gastric emptying of
high-carbohydrate liquid components of a meal may, potentially, have a greater
impact on postprandial blood glucose than that of solids.

Non-pharmacological approaches

In the treatment of type 2 diabetes mellitus, dietary modifications potentially
represent a more attractive and cost-effective approach than drugs and war-
rant increased attention. A number of dietary strategies may slow carbohydrate
absorption. For example, in patients with type 2 diabetes, an increase in dietary
fibre benefits glycaemic control; the magnitude of this improvement, which is
likely to be primarily attributable to soluble, rather than insoluble, fibre, is com-
parable to that achieved by oral hypoglycaemic agents [207]. Slowing of gastric
emptying is likely to be important in mediating this effect [208]. The reduced
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glycaemic response to ingestion of bread containing sodium propionate appears
to be related to slowing of gastric emptying [209]. Fat is a potent inhibitor of
gastric emptying and, as discussed, these effects may be dependent on posture
[77]; there is the potential for relatively small quantities of fat given immedi-
ately before consumption of, or with, a meal to slow gastric emptying of other
meal components, so that the postprandial rise in blood glucose is minimised
[210] (this is analogous to the slowing of alcohol absorption and liquid gastric
emptying when alcohol is ingested after a solid meal, rather than in the fasted
state [75]). As discussed, the presence of nutrients in the small intestine slows
gastric emptying; it is therefore not surprising that small intestinal infusion of
fat blunts the glycaemic response to a carbohydrate-containing meal in healthy
subjects [211]. Rather then favouring weight gain, there is evidence that the
suppression of subsequent food intake by the addition of fat to a meal may
exceed the caloric value of the fat load [212].

In the broadest sense, the glycaemic response to a meal is also likely to be
critically dependent on whether food from the previous meal is still present in
the stomach and/or small intestine at the time of its ingestion, so that glucose
tolerance may be expected to be worse in the fasted state (e.g. during an oral
glucose tolerance test) than after a meal. The observation that the non-absorbable
polysaccharide, guar gum, improves second-meal tolerance to glucose in healthy
subjects by decreasing glucose absorption is consistent with this concept [213];
the effects of guar are likely to relate to increases in both the viscosity of gastric
contents and small intestinal feedback [156]. Hence, an understanding of the
interaction between concomitantly ingested solid and liquid meal components
has substantial implications for the management of postprandial glycaemia [76].

Pharmacological interventions

A number of pharmacological agents which modify gastric emptying have
been shown to affect glycaemic control acutely in patients with type 1 or
type 2 diabetes; these include prokinetic drugs (e.g. erythromycin, cisapride,
metoclopramide) [32,214,215] and agents which slow gastric emptying [e.g.
cholecystokinin, the amylin agonist pramlintide, and glucagon-like peptide-1
(GLP-1)] [185,216,217].

Prokinetics Large-scale studies, based on adequate power calculations, are
required to determine the potential for prokinetic drugs to improve chronic gly-
caemic control in diabetes. At present it is not known whether normalisation of
gastric emptying in either type 1 or type 2 patients with gastroparesis improves
glycaemic control. While treatment with levosulpiride, a D2 dopamine receptor
antagonist, for 6 months has been reported to improve both gastric emptying and
glycated haemoglobin in type 1 patients with delayed gastric emptying [218],
in studies of type 1 patients with unstable glycaemic control, cisapride had no
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effect on glycaemic variability after 4–8 weeks of treatment [32,219], possibly
because the magnitude of the observed acceleration of gastric emptying was
relatively modest. In a recent study administration of cisapride for 12 months
had no effect on glycaemic control in nine type 1 patients with gastroparesis,
despite sustained improvements in both gastric emptying and symptoms. How-
ever, in interpreting these observations it should be recognised that the group
was relatively small and had reasonable glycaemic control at baseline (glycated
haemoglobin of 7.6–8.2%) [199]. Hence, it would have been difficult to demon-
strate a significant change. Intuitively, prokinetic drugs would not be expected to
have a beneficial effect on glycaemic control in type 2 patients who are not using
insulin. Erythromycin may, however, as a result of its interaction with motilin
receptors, also stimulate insulin secretion (and potentially improve glycaemic
control by this mechanism) in type 2 diabetes [220]; further studies are indi-
cated to explore this issue—in particular it remains to be determined whether
the effects of erythromycin, or other motilin agonists, on insulin secretion are
sustained in the long term.

Agents that slow gastric emptying The amylin analogue pramlintide, which
is administered by subcutaneous injection, slows gastric emptying in healthy
subjects [221,222] and patients with both type 1 and type 2 diabetes, possi-
bly by a centrally mediated mechanism [222]; its use in the longer term is
associated with a modest improvement in glycaemic control, as assessed by
glycated haemoglobin [223–226]. Animal studies suggest that pramlintide does
not impair the acceleration of gastric emptying induced by hypoglycaemia [227],
but this remains to be established in humans. The use of pramlintide is intu-
itively attractive as type 1 (and some type 2) patients are amylin- as well as
insulin-deficient. Pramlintide also suppresses postprandial glucagon secretion
and may cause weight loss; both mechanisms may contribute to a reduction
in postprandial blood glucose concentrations [223,226]. Pramlintide is not yet
available for clinical use.

The use of glucagon-like peptide-1 (GLP-1) represents another potential strat-
egy, particularly in type 2 patients [228]. As an incretin hormone, GLP-1 augments
the postprandial insulin response, as well as suppressing both glucagon secretion
and, probably, food intake [229]. GLP-1 may also stimulate pancreatic β-cell
proliferation. The predominant effect of GLP-1 on postprandial glycaemia is,
however, probably mediated through slowing of gastric emptying [217]. In a
recent study, subcutaneous administration of GLP-1 for 6 weeks improved gly-
caemic control in a small cohort of type 2 patients [230]. The short half-life of
GLP-1 limits its potential therapeutic use and longer-acting analogues have been
developed [231]. Dipeptidyl peptidase IV (DPP-IV) degrades the active form of
GLP-1 (GLP-1 7–36) to the inactive form (GLP-1 9–36); DPP-IV inhibitors are
also being evaluated [232,233]. Exendin-4, which is produced by the salivary
glands of the Gila monster lizard, is structurally similar to GLP-1 and shares
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several biological properties, but may be a more potent insulinotropic agent than
GLP-1. In type 2 patients exendin reduces postprandial glycaemia after subcuta-
neous administration [226,234] and, at least in the short term, improves glycated
haemoglobin in type 2 patients with suboptimal glycaemic control treated with
diet and/or oral agents [234]. Interestingly, it has recently been demonstrated that
α-galactosidase inhibitors, such as acarbose and miglitol, stimulate GLP-1 secre-
tion, presumably because of the presence of unabsorbed carbohydrate in the distal
small intestine [235–237] and slow gastric emptying [236,238]; both properties
may be relevant to their efficacy. It has been suggested that the beneficial effects of
∝-galactosidase inhibitors on postprandial glycaemia in type 2 patients may also
be greater when gastric emptying is initially relatively more rapid [239]. Met-
formin also increases postprandial GLP-1 levels, possibly by acting as a DPP-IV
inhibitor [240]—the significance of this effect is uncertain. While all of these
agents present exciting possibilities for the management of diabetes, with the pos-
sible exception of pramlintide, prospective studies are required to demonstrate
sustained effects on glycaemic control before considering their therapeutic appli-
cation. It should also be recognised that any drug that slows gastric emptying has
the potential to induce or exacerbate upper gastrointestinal symptoms, delay oral
drug absorbtion and impair the counter-regulation of glycaemia. Hence it may be
important to determine the magnitude of effects on normal, as well as delayed,
gastric emptying.

Management of gastroparesis associated
with gastrointestinal symptoms

Management of symptomatic diabetic gastroparesis/disordered gastric motility
is often challenging. Paradoxically, as discussed, delayed gastric emptying per
se does not appear to be associated with a poor prognosis [52,241] and there
are anecdotal observations that even severe symptoms not infrequently remit.
It is, however, likely that patients in whom gastric emptying is grossly delayed
have a worse prognosis. Interventions may potentially be most effective if tar-
geted to those with fluctuating, rather than chronic, symptoms; this hypothesis
requires evaluation.

In considering management options it should be recognised that diabetes
is associated with an increased prevalence of oesophageal (as well as gastric)
candidiasis, oesophageal reflux (Chapter 3) and gastric bezoars [190]. The lat-
ter are usually responsive to mechanical or chemical dissolution performed
endoscopically—most recently, nasogastric lavage with Coca-Cola has been
reported to be effective [190]! Hence (as discussed on p. 140) in most patients
upper gastrointestinal endoscopy is required and, not infrequently, abdominal
ultrasound as well. When the above investigations are unremarkable, gastric
emptying should ideally be measured by scintigraphy (and possibly in the
future by a carbon breath test), as this enables therapy to be targeted. Because



MANAGEMENT OF SYMPTOMS IN GASTROPARESIS 149

of the poor predictive value of symptoms, objective measurement is required
for the diagnosis of gastroparesis; non-specific terminology, such as ‘gastropa-
thy’ and ‘gastroparesis symptoms’ [242], while appealing, is probably best
avoided. Despite these considerations, it may be argued that provided that
endoscopy is unremarkable, it is reasonable to give an empirical trial of proki-
netic therapy for perhaps 4 weeks, while recognising that there is a substantial
placebo response, that at present there are no objective data to support the cost-
effectiveness of such an approach, and that probably the majority of patients
will require prolonged therapy. Gastric emptying must be measured if symp-
toms fail to improve, or recur following the cessation of therapy (and in all
patients who have had previous gastric surgery, as it is not feasible to dis-
criminate between abnormally slow and more rapid emptying on the basis
of symptoms). Vigorous attempts should be made to optimise glycaemic con-
trol [103], while recognising that there are no persuasive data to support this
approach; it may prove necessary to maintain blood glucose levels close to the
euglycaemic range to facilitate symptomatic improvement. If this proves to be
the case, symptomatic gastroparesis would represent an indication for insulin
pump therapy, rather than multiple injections of insulin each day. While the
use of an insulin pump should result in the achievement of good blood glucose
control, despite a variable oral intake, it is essential that patients are motivated
and possess the technical ability to operate a pump. It is not known whether
the remission/relapse of symptoms is related to fluctuations in blood glucose
concentrations.

The identification and correction of malnutrition also represent an impor-
tant component of therapy. While it is appropriate, and logical, to suggest a
dietary intake of small, low-fibre and low-fat meals, with homogenised solid
foods and increased nutrient liquids, no controlled study has been performed
to establish that such an approach is useful. Patients may need to modify their
insulin/oral hypoglycaemic therapy to adjust for increased meal frequency. It is
not known whether an increase in dietary fibre intake, which has been shown to
improve glycaemic control in type 2 diabetes [207], has the potential to exacer-
bate either symptoms or the delay in gastric emptying. Elemental diets can be
used to accelerate an adequate oral intake in both the short and long term; how-
ever, unpalatability limits their use. There is limited evidence that walking after
a meal may facilitate gastric emptying in some patients [243] but this has not
been shown to improve symptoms. Patients with very severe symptoms may
require hospitalisation and intravenous fluids. The acute gastric dilatation of
ketoacidosis characteristically responds to nasogastric intubation and correction
of hyperglycaemia and electrolyte abnormalities [51]. Anecdotal evidence sug-
gest that dietary modification alone is successful in only a minority of patients
and that most will require drug treatment. In patients with severe nausea, anti-
emetics such as ondansetron appear to be of limited efficacy but may warrant
a trial.
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Use of prokinetic drugs

At present, the use of prokinetic drugs (mainly cisapride, domperidone, meto-
clopramide and erythromycin) forms the mainstay of therapy [167,244–259],
and most patients will require drug treatment. In general, these drugs all
result in dose-related improvements in gastric emptying after acute admin-
istration, although their mechanisms of action differ (Table 4.3); involving
simulation of 5-HT4 receptors (cisapride and metoclopramide) [244,245,249],
dopamine (dopamine 2) receptor blockade (domperidone and metoclopramide)
[70,246,248] and stimulation of motilin receptors (erythromycin) [246,247,257].
The response to prokinetic therapy (magnitude of acceleration in gastric emp-
tying) tends to be greater when gastric emptying is more delayed. It should
be recognised that relatively few controlled studies have evaluated the effects
of ‘prolonged’ (> 8 weeks) prokinetic therapy, that in many studies the sample
sizes have been small, and that the assessments of gastrointestinal symptoms
have, not infrequently, been suboptimal; furthermore, the results of some of
these studies have been negative [32]. There have hitherto been relatively few
randomised controlled trials of high quality, and those that are available differ
substantially in design. Not infrequently, it is unclear whether a study has been
designed primarily to evaluate the effects of a drug on symptoms or gastric
emptying—in view of the poor concordance [9,12,28,46,56] between the two,
such a distinction is important. Prokinetic drugs may also affect gastric electrical
activity and potentially improve symptoms by this mechanism [248].

With the possible exception of erythromycin, all of these drugs have been
shown to improve symptoms in short-term studies [167,251–253]. A beneficial
effect on quality of life has also been evident in some studies, although this issue
has not been evaluated widely [168,252,253]. In general, there is a poor cor-
relation between effects on symptoms and gastric emptying—prokinetic drugs
may improve symptoms by effects unrelated to acceleration of gastric emptying
or central anti-emetic properties [254]. There is little information as to whether
the symptomatic response may differ between patients with and without delayed
emptying or between type 1 and type 2 diabetes; it appears that some patients
who have normal gastric emptying, but significant upper gastrointestinal symp-
toms, also respond to prokinetic therapy [253]. While there is some evidence

Table 4.3 Prokinetic drugs used in the treatment of diabetic gastroparesis

Drug Mechanism of action Route of administration Oral dose

Cisapride 5-HT4 receptor agonist p.o. 10–20 mg t.i.d
Domperidone Dopamine D2 receptor

antagonist
p.o. 10–20 mg b.i.d.-q.i.d.

Metoclopramide 5-HT4 receptor agonist,
D2 antagonist

p.o., s.c., i.m.,
i.v.

10 mg t.i.d.

Erythromycin Motilin receptor agonist p.o. or i.v. 250–500 mg t.i.d.
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that tolerance/tachyphylaxis may develop to the gastrokinetic effects of meto-
clopramide [255], domperidone [251] and erythromycin [256] (the latter may
potentially reflect ‘downregulation’ of motilin receptors), blood glucose levels
were not controlled in any of these studies. The mechanical effects of proki-
netic drugs that are responsible for faster gastric emptying are poorly defined;
the dominant effect is likely to relate to a change in the organisation of antroduo-
denal contractions to an expulsive pattern, although proximal stomach motility
is also affected [45,141,257]. As discussed in Chapter 5, some prokinetic drugs
also affect proximal small intestinal transit and motility.

Erythromycin is the most potent gastrokinetic drug when given intravenously
(in doses of < 3 mg/kg) [247] and for this reason may be particularly useful
in the initial phase of management [258]. When used orally, erythromycin may
have greater efficacy as a suspension, rather than as a tablet [259], but is prob-
ably less effective than when given intravenously [256]. A beneficial effect of
erythromycin, when administered chronically, on symptoms has not been clearly
established [256]. The gastric motor response to erythromycin is also critically
dependent on the dosage [139,257]. Erythromycin may retard small intestinal
transit, which may be undesirable [260]. It has also recently been demonstrated,
in both healthy subjects [106,261,262] and patients with diabetes [263,264],
that the effects of erythromycin on gastric emptying and gastric motility are
attenuated markedly during acute hyperglycaemia; this may also be the case
with other prokinetic drugs, including cisapride [265]. Variations in the blood
glucose concentration may, accordingly, account for the negative outcome of
some studies relating to the effect of prokinetic therapies on gastric empty-
ing in diabetes, particularly longer-term studies [32,256,266–268,273]. It is not
known whether the action of drugs that slow gastric emptying is potentiated by
hyperglycaemia.

The drug of first choice for oral administration, at least until recently, was cis-
apride, which has been subjected to the most comprehensive studies, and appears
to have the most diffuse gastrointestinal effects, as well as sustained efficacy
[14,199,249,250,268,269]. While cisapride has been well tolerated in clinical
trials (mild diarrhoea is a well-recognised side effect), there have been recent
reports of cardiac arrhythmias, including deaths [270,271]. It has now been
established that cisapride has the potential to induce cardiac adverse effects,
usually as a result of prolongation of the cardiac action potential (leading to
lengthening of the electrocardiographic Q–T interval and torsades de pointes),
which are probably related to Class III anti-arrhythmic properties, rather than 5-
HT4 receptor activation [270] (other substituted benzamides, including metoclo-
pramide, apparently do not have Class III anti-arrhythmic effects). The clinical
relevance of the cardiac effects of cisapride is still uncertain, particularly as the
majority of patients who have died while taking cisapride had other risk factors
for cardiac disease and were taking the drug in high dosage (∼ 80 mg/day),
although concerns about this issue have led to substantial restrictions in its
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use in many countries. There is no doubt that the potential for cardiotoxicity
dictates that the use of cisapride should be more circumspect than previously
recommended. Children with diabetes and people with idiopathic, congenital
or acquired long Q–T syndrome, may be at particular risk for cardiac toxicity.
Drugs that inhibit cisapride metabolism, such as ketoconazole, erythromycin and
clarithromycin, or may prolong the Q–T interval, should ideally not be used con-
currently [270,271], and before initiating therapy with cisapride it is appropriate
to perform an electrocardiogram (a Q–T interval > 450 ms represents a relative
contraindication to its use) and electrolyte screen (including measurement of
plasma potassium and magnesium). An attempt should also be made to use rel-
atively low doses of cisapride; if high doses are required, the electrocardiogram
should be repeated at regular intervals during therapy. The risk:benefit ratio is
particularly difficult to calculate in patients with diabetes mellitus, particularly
those with severe symptoms associated with impaired quality of life and frequent
hospitalisations, given the high prevalence of symptomatic and asymptomatic
cardiac disease, and there is little information to guide the clinician.

Metoclopramide appears to be less effective in accelerating gastric emptying
than cisapride and data relating to its long-term efficacy are limited [272,273],
although it has the advantage of being available for parenteral use and having
central anti-emetic properties. Some 20% of patients taking metoclopramide
experience central nervous system side effects [273]. It would not be surprising
if the use of domperidone, which has been shown to improve quality of life in
diabetic patients with upper gastrointestinal symptoms [168,253] and is better
tolerated than metoclopramide because of the reduced risk of central nervous
system side effects, will increase. There is limited evidence that domperidone
may be more effective than cisapride [274].

Refractory cases

Treatment of symptomatic gastroparesis is certainly not uniformly satisfactory,
particularly in the subgroup of patients who have intractable bouts of nausea and
vomiting lasting a number of days. It has been suggested that the efficacy of cur-
rently available prokinetic drugs is marginal [246]. If symptoms are refractory
to prokinetic therapy (including intravenous erythromycin and intravenous or
subcutaneous metoclopramide), placement of a feeding jejunostomy positioned
by an endoscopic or laparoscopic approach (and sometimes parenteral nutrition)
may be required to maintain nutrition [275]. These measures may be accom-
panied with a continuous subcutaneous insulin infusion. Because of the high
prevalence of small intestinal dysmotility in diabetes (Chapter 5), the placement
of a jejunal feeding tube should probably be deferred until after a successful trial
of naso-enteric feeding. In most cases surgery is to be avoided vigorously; this
may be associated with deterioration, as well as a high risk of nosocomial infec-
tions [276]. The anecdotal evidence of an unpredictable clinical course in cases
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of gastroparesis associated with severe symptoms also argues against the use of
aggressive therapy. If surgery is performed (most frequently a ∼ 70% gastric
resection, including antrum and pylorus, with a Roux-en-Y jejunal loop), this
should be done in specialised centres, and there is anecdotal evidence that this
may be associated with sustained symptomatic improvement [277]. There may
be a place for small intestinal manometry (Chapter 5) in the evaluation of such
patients, although it has not been clearly established that the presence of severe
small intestinal motor abnormalities represents contraindication to subtotal gas-
trectomy. There are uncontrolled data to suggest that pancreatic transplantation,
which is known to have beneficial effects on autonomic function, may improve
both gastric emptying and symptoms [82,117].

Future therapeutic options

There is a need for novel therapeutic options, particularly for long-term therapy.
Dopamine (D2) antagonists, such as levosulpiride [218], and 5-HT4 agonists that
do not effect cardiac function, such as tegaserod [277], are currently in devel-
opment. Tegaserod has been shown to accelerate gastric emptying in normal
subjects [278]; studies in patients with diabetes are awaited. There may be ther-
apeutic advantages in combining drugs that have different mechanisms of action,
the most logical probably being cisapride with domperidone (the combination
of cisapride with erythromycin is contraindicated [271]). The recognition of the
importance of sensory nerves in signalling information to the central nervous
system suggests that drugs designed to modulate sensory feedback from the gas-
trointestinal tract, such as 5-HT3 antagonists and κ opiate agonists, may have
a therapeutic role. However, the outcome of a recent study which evaluated
the effects of the κ opiate agonist, fedotozine, in patients with diabetic gastro-
paresis, was disappointing [279]. Therapies designed to relax the proximal (and
possibly distal) stomach (and thereby reduce gastric wall tension), such as suma-
triptan [280], could potentially be beneficial if symptoms reflect an increase in
the sensitivity of gastric mechanoreceptors, as appears to be the case in some
patients with functional dyspepsia. It has been suggested that clonidine, an α-
adrenergic agonist with central and peripheral actions, which may be effective
in the treatment of diabetic diarrhoea (Chapter 5), also has efficacy in the treat-
ment of upper gastrointestinal symptoms in diabetes [281], but further studies are
required. A beneficial effect of clonidine may potentially relate to a reduction in
gastric wall tension [282] or central anti-emetic properties—while the available
data are limited and inconsistent, clonidine (0.3 mg p.o.) appears to slow, rather
than accelerate, gastric emptying [283]. As discussed, the phosphodiesterase-5
inhibitor, sildenafil (trade name Viagra) accelerates gastric emptying in diabetic
mice [99], but its use in humans is recognised to be associated with upper
gastrointestinal side effects and, as is the case with sumatriptan (and probably
other phosphodiesterase inhibitors), it is likely to slow gastric emptying. Since
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administration of erythromycin is associated with the risks of long-term antibi-
otic use and, possibly, diminished efficacy, potent motilides that lack antibiotic
activity and may not exhibit tachyphylaxis have been developed; a recent study
using one of these drugs for the treatment of upper gastrointestinal symptoms
in a large cohort of type 1 patients was, however, negative [284]; it has been
suggested that this may relate to an adverse effect of motilin agonists on fundic
relaxation [246]. The effect of cholecystokinin antagonists remains to be eval-
uated.

There are recent uncontrolled observations to suggest that intrasphincteric
injection of botulinum toxin into the pylorus may improve both symptoms and
gastric emptying in patients with diabetic gastroparesis [285]. Further evaluation
is required before clinical use can be contemplated.

There is renewed interest in the potential role of gastric electrical stimula-
tion as a therapy—using either neural electrical stimulation at a high frequency
(which probably stimulates vagal sensory nerves and may suppress the vom-
iting centre [286]) or gastric electrical pacing, in which electrical stimulation
of cholinergic motor neurones approximates the physiological frequency (∼ 3
cycles/min) [287,288]. The latter approach is based primarily on the ratio-
nale that diabetic gastroparesis is associated with impaired gastric myoelectrical
activity, although, as discussed, the available evidence suggests that this is only
the case during hyperglycaemia [146,172]. While there are observations to sug-
gest that both approaches may be beneficial, controlled trials are required [288].

A number of other agents (e.g. aldose reductase inhibitors, antioxidants such
as α-lipoic acid, aminoguanidine, angiotensin-converting enzyme inhibitors, neu-
rotrophins and PKCβII inhibitors) are being evaluated for the prevention and
treatment of peripheral and autonomic neuropathy associated with diabetes; such
therapies may potentially have application for the treatment of gastroparesis [92].
It also remains to be established whether other potential methods of insulin
delivery (e.g. inhaled, intraperitoneal, transdermal and oral) will facilitate the
achievement of good glycaemic control in type 1 or type 2 patients with gas-
troparesis.

Gastric secretion in diabetes

The human stomach has the capacity to secrete a variety of substances,
including hydrochloric acid, pepsinogen, mucus, bicarbonate, intrinsic factor,
prostaglandins and regulatory peptides. The gastric mucosa, which is responsible
for this, consists of rugae (vascular folds) invaginated by gastric pits; each pit
serves four or five gastric glands, which contain a variety of cells with specialised
functions. The parietal cells, which are abundant in the gastric mucosa, are
responsible for the secretion of hydrochloric acid.
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Physiology of gastric acid secretion

Neural, humoral and chemical factors contribute to the regulation of gastric
acid secretion. Neuronal control is exerted by long reflexes, which are vagally
mediated, as well as local intragastric reflexes. Humoral substances act either
in an endocrine fashion (e.g. gastrin) or in a paracrine way (e.g. histamine). In
addition to these two mechanisms, gastric acid secretion is also modulated by
chemical factors, e.g. acid secretion is stimulated by amino acids and amines
are suppressed by acid.

Basal, or interprandial, acid secretion follows a circadian rhythm with the
maximal secretion at night and the least early in the morning [289]. This rhythm
is interrupted by food intake. Food-induced gastric acid stimulation can be con-
sidered in three phases; ‘cephalic’, ‘gastric’ and ‘intestinal’. The vagal nerves
appear to be the sole gastrocephalic link in postprandial acid secretion [290] and
act directly on the parietal cells, since vagal denervation of the antrum which
abolishes the gastrin response does not reduce acid secretion [291]. However,
gastrin does form the second pathway in the cephalic phase; thought, smell and
sight of food increase serum gastrin levels [292]. When food enters the stomach
the second, or gastric, phase of acid secretion is initiated, induced by gastric
distension as well as chemical factors. Mechanoreceptors and vagovagal reflexes
modulate acid secretion in response to distension [293]. The third, or intestinal,
phase, in postprandial acid secretion is initiated by food entering the proximal
small intestine—the major stimulatory factors are distension, proteins and their
products [294,295].

Gastric acid secretion in diabetes

Since gastric acid secretion is dependent on the integrity of the vagal nerves,
chemo- and mechanoreceptors, neuropeptides and hormones, an effect of dia-
betes is to be expected. Although there is a lack of comprehensive studies, there
is evidence that this is the case. In so-called ‘early’ diabetes, peak acid output
was reported to be normal after histamine and pentagastrin administration, but
the response to sham feeding or insulin-induced hypoglycaemia was reduced
[296,297]. These observations suggest that vagal impairment may be respon-
sible for a decreased peak acid output. In patients with long-standing type 1
diabetes mellitus complicated by autonomic neuropathy, the acid response to
direct stimulation of the parietal cells appears to be attenuated [87,297–300].
These studies suggest that ‘irreversible’ autonomic neuropathy may be asso-
ciated with decreased acid secretion in both the cephalic and gastric phases.
However, it should be recognised that impairment of the gastric acid secretory
responses to sham feeding [88] and other stimuli may potentially be due to
hyperglycaemia [88] rather than irreversible vagal neuropathy.
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The pathophysiology of altered acid secretion in diabetes mellitus has been
investigated extensively in rodent models. While the applicability of these obser-
vations to human diabetes should be viewed circumspectly (as discussed in
Chapter 2), these studies have established that in streptozotocin-induced dia-
betes, acid secretion induced by electrical stimulation of the vagus nerves or
insulin-induced hypoglycaemia is attenuated [301,302]. The gastric acid secre-
tory response to hypoglycaemia is mediated by the ventral medial hypothalamus,
lateral hypothalamus and nucleus tractus solitarius [303]. Hence, these observa-
tions suggest that both autonomic neuropathy and impaired central regulation
may be responsible for the reduction in gastric acid secretion. The outcome of
rodent studies that have evaluated the response to direct stimulation of parietal
cells have been conflicting. In some studies the acid secretory response to his-
tamine was suppressed, while others reported the opposite [301,304], possibly
due to differences in the duration of diabetes. In the study by Tashima et al.
[301], both pentagastrin administration and intragastric installation of peptone
enhanced gastric acid secretion in diabetic rats.

Hence, current evidence suggests that the decreased acid secretion in diabetes
per se reflects a reduction in the cephalic phase and may not be clinically
significant, while intragastric and intestinal phases remain intact or are only
affected in long-standing disease.

Gastritis

Helicobacter pylori infection is currently regarded as the main causative fac-
tor for gastritis and is responsible for the vast majority of the peptic ulcers.
Theoretically, it may be expected that the immunosuppression of diabetes mel-
litus would predispose to H. pylori. infection. However, studies investigating
the association of H. pylori infection with diabetes have yielded inconsistent
results, with a substantial variation in the reported prevalence from 30% to 80%
[176,177,305–309]. Accordingly, H. pylori infection has been reported to be
more prevalent in patients with diabetes in some studies [306,307,309] but not
others [176,305]. When methodological limitations and differences in these stud-
ies are taken into account, a reasonable conclusion is that the prevalence of H.
pylori infection is comparable to the general population, or only slightly higher.

As discussed, observations relating to the relation between H. pylori infection
and dyspeptic symptoms are also inconsistent. Gasbarrini et al. reported a higher
prevalence of dyspeptic upper gastrointestinal symptoms, particularly bloating,
pyrosis and epigastric pain, in H. pylori-positive, compared to H. pylori-negative,
patients with diabetes [308], but these observations were not confirmed by Xia
et al., who reported no difference in upper gastrointestinal symptoms between
H. pylori-positive- and H. pylori-negative patients [176].

The prevalence of peptic ulcers in diabetes mellitus has not been assessed
in the post-H. pylori era. However, H. pylori is responsible for up to 90% of
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peptic ulcers and, as there is no clear increase in the prevalence of H. pylori in
diabetes, it is probable that the frequency of H. pylori-related peptic ulceration in
patients with diabetes is comparable to that in the general population [311,312].
However, it should be recognised that the use of non-steroidal anti-inflammatory
drugs (NSAIDs) may be increased in diabetes as a result of non-gastrointestinal
complications, and there may be an increased incidence of NSAID-related gastric
complications, including gastroduodenal bleeding [313,314]. It may be argued
that strategies to prevent NSAID-induced upper gastrointestinal toxicity, using
misoprostol or proton pump inhibitors, should be used with a low threshold in
diabetic patients [315].

As in patients with functional dyspepsia, the presence of H. pylori in patients
with diabetes probably favours eradication therapy. There is evidence that effec-
tive treatment of H. pylori infection in patients with diabetes mellitus may prove
to be more cumbersome than in non-diabetic subjects. Gasbarrini et al. reported
an eradication rate of 65% in diabetic patients compared to 92% in non-diabetic
patients, using triple therapy of amoxycillin (1 g b.i.d.), clarithromycin (250 mg
t.i.d.) and pantoprazole (40 mg b.i.d.) [310]. There are several potential mech-
anisms that may underlie the apparent reduction in eradication rate, including
disordered gastric emptying, impaired antibiotic absorption and the development
of resistant strains due to frequent use of antibiotics. The apparently lower suc-
cess of H. pylori eradication therapy in diabetes also dictates that follow-up
should be rigorous.

Association of pernicious anaemia and atrophic gastritis
with diabetes mellitus

Autoimmune factors are well recognised to play a role in the aetiology of type 1
diabetes [316,317]. In such patients there is an increased prevalence of autoim-
mune aggression against non-endocrine tissues, including the gastric mucosa.
The reported prevalence of parietal cell antibodies in patients with type 1 dia-
betes is in the range 5–28%, compared to 1.4–12% in non-diabetic controls
[318–323]; the prevalence of parietal cell antibodies is not apparently related
to either the duration of disease, age of onset or gender [323]. The autoimmune
response to parietal cell antibodies may lead to atrophic gastritis, pernicious
anaemia and iron deficiency anaemia [320,321,324,325]. The antibodies affect
the gastric proton pump, the H+/K+-adenosine triphosphatase, which results in
decreased gastric acid secretion and increased gastrin levels [326].

Iron deficiency anaemia can be treated successfully by iron supplementation
[327]. Parietal cell antibodies can inhibit the secretion of intrinsic factor, which
is necessary for the absorption of vitamin B12, potentially resulting in pernicious
anaemia. The prevalence of latent and overt pernicious anaemia in type 1 dia-
betes has been reported to be 1.6–4% and 0.4%, respectively [321,327–329].
The presence of atrophic gastritis in patients with parietal cell antibodies is not
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known. However, it is conceivable that this will be higher than in the general
population, since in a study by De Block et al. subgroup analysis suggested that,
in type 1 diabetic patients with dyspeptic symptoms and parietal cell antibodies,
the prevalence of atrophic gastritis is about 60% [323].

Taking the aforementioned studies into account, screening for parietal cell
antibodies in patients with type 1 diabetes currently appears inappropriate.
However, there should be a low threshold for further investigation in those
patients presenting with anaemia, since both iron deficiency and pernicious
anaemia may affect many systems, including cellular immunity, intestinal
function, growth, cardiopulmonary status and the central and peripheral nervous
systems [330–332]. Finally, atrophic gastritis per se is associated with
adenocarcinoma of the stomach [333].

Gastric blood supply in diabetes

The arterial blood supply of the stomach is derived from the coeliac axis through
six major arteries. The left and right gastric arteries supply the lower third of the
oesophagus and the lesser curvature of the stomach, and extend over the anterior
and posterior stomach wall. The blood supply to the greater curvature is derived
from the left and right gastroepiploic arteries. Short gastric arteries that originate
from the splenic artery supply the upper part of the stomach, while the gastro-
duodenal artery supplies the gastroduodenal region. The right and left gastric
veins, draining the lesser curvature of the stomach, enter directly into the portal
vein. The short gastric veins, which drain the gastric fundus and the upper por-
tion of the greater curvature, join in the splenic vein. Blood from the lower end
of the greater curvature is drained by the right gastric epiploic vein and enters
the superior mesenteric vein. Mucosal blood flow accounts for more than 70%
of total gastric blood flow in the fasting and postprandial states. The increase in
blood flow after a meal is at least in part secondary to the increase in gastric acid
[334]. Apart from the effect of gastric acid, the microcirculation of the stomach is
innervated by sympathetic nerve fibres that decrease mucosal blood flow [335].

Since the arterial blood supply of the stomach originates from multiple arter-
ies, gastric ischaemia is relatively uncommon—the latter has been reported in
critically ill patients and patients with clinical relevant stenoses of the coeliac
or mesenteric arteries. There is no apparent association between microvascu-
lar abnormalities and gastric ischaemia; therefore, patients with diabetes do
not appear to have an increased incidence of gastric abnormalities related to
insufficient arterial blood supply.
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Prevalence and epidemiology

The major functions of the small intestine are to digest and absorb nutrients,
while those of the large bowel are to extract water and process faeces before
expulsion. Diabetes mellitus may be associated with both small intestinal and
colonic dysfunction, potentially resulting in a wide range of clinical manifesta-
tions, including gastrointestinal symptoms, poor nutritional status and impaired
glycaemic control. Evaluation of intestinal dysfunction often necessitates the use
of sophisticated techniques, the availability of which is limited to specialised
centres. Hence it is not surprising that the majority of studies relating to intestinal
function in diabetes have to date involved relatively small numbers of patients.
The prevalence of small intestinal and colonic dysfunction in diabetes has not
been formally evaluated and remains uncertain. However, small intestinal motor
abnormalities are evident in about 80% of patients with diabetic gastroparesis,
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suggesting that the prevalence of intestinal dysmotility is likely to be comparable
to the prevalence of gastroparesis in diabetic patients, i.e. 30–50% of unselected
patients [1–6].

This chapter includes an overview of the effects of diabetes on small intesti-
nal and colonic motor, sensory, absorptive and vascular function. The clinical
sequelae, including the association of diabetes mellitus with coeliac disease,
potential diagnostic techniques and the treatment of disordered intestinal func-
tion in diabetes, are discussed.

Gastrointestinal symptoms have been used to evaluate the prevalence of
intestinal dysfunction in diabetes. However, it should be recognised that symp-
toms resulting from intestinal dysfunction are not cause-specific and are het-
erogeneous, potentially giving rise to diverse complaints, including anorexia,
nausea, vomiting, constipation, diarrhoea and abdominal pain or discomfort.
Furthermore, the type and severity of gastrointestinal symptoms in patients with
diabetes mellitus has been shown to vary over time [7]. Both upper and lower
gastrointestinal symptoms may also be related to dysfunction of other parts of
the digestive tract, especially the stomach and gallbladder.

While the aforementioned limitations of symptom-based studies must be taken
into account, it should be recognised that population-based studies provide per-
suasive evidence that dyspeptic and bowel symptoms occur more frequently in
patients with diabetes mellitus, although the increase in prevalence seems to be
modest [8–10]. A comprehensive discussion of these studies can be found in
Chapter 1.

At present, population-based studies investigating the underlying mechanisms
involved in the aetiology of gastrointestinal symptoms in diabetes mellitus are
required. Although there is evidence that gastrointestinal dysmotility, increased
visceral perception and psychological disorders play a role in the aetiology
of gastrointestinal symptoms in diabetes, no studies have focused on the ori-
gin of these symptoms in the diabetic population; this information is likely
to be fundamental to an improved understanding of prognosis, quality of life
and therapy.

Clinical assessment of small intestinal and colonic function

In the last two decades a number of techniques have been developed that allow
a comprehensive assessment of small intestinal and colonic function. Several
of these techniques are widely available; others can only be performed in spe-
cialised centres. At present, assessment of small intestinal and colonic motility
and bacterial overgrowth have clinical indications and consequences. Although
several techniques are available to measure absorptive function of the small
intestine, this will not be discussed, since they currently lack clinical indications.

The main indications for small intestinal manometry and transit studies in dia-
betic patients are summarised in Table 5.1. Currently, manometry of the colon
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Table 5.1 Indications for small intestinal manometry and colonic transit studies in diabetes
mellitus

Indications for manometry

Unexplained nausea and vomiting, associated with normal gastric emptying
To exclude or confirm a more generalised gastrointestinal motor/transit disorder in
diabetic patients with gastroparesis
To exclude or confirm a more generalised gastrointestinal motor/transit disorder in
diabetic patients with intractable constipation or diarrhoea
To distinguish neuropathic from myopathic motility patterns in diabetic patients with
documented small bowel stasis (only by small intestinal manometry)

Indications for colonic transit studies

To exclude or confirm disordered colonic transit in patients with complaints of
constipation or diarrhoea
To exclude or confirm a more generalised gastrointestinal motor/transit disorder in
diabetic patients with gastroparesis

is not yet considered to be of clinical use, although it has been shown to be a
useful tool in a research setting, especially in investigating the motor dysfunc-
tions underlying disordered colonic transit and the mode of action of potential
prokinetic drugs [11–13].

Small and large intestinal manometry

Initially, small intestinal manometry was performed using water-perfused
systems in a stationary setting [14]. More recently, solid-state catheters have
been developed and water-perfused systems refined allowing high-resolution
manometry to be performed in ambulatory settings [15,16]. Typically, stationary
manometry is performed for 6 h, including a 3 h fasting period and a 3 h
postprandial period [17]. In an ambulatory setting several standardised meals
can be ingested and interdigestive motility recorded overnight. The latter is
particularly important when stationary manometry does not show a complete
MMC cycle [18].

Small intestinal motility is considered to be normal when at least one migrat-
ing motor complex (MMC) per 24 h is observed, a conversion to the fed
motor pattern is seen for at least 2 h after a 1600 kJ meal [19], small intesti-
nal contractions exceed 20 mmHg, and there is no excess of patterns such as
‘short’ and ‘long’ bursts. So-called ‘neuropathic’ motility features, which are
frequently observed in diabetes, consist of early recurrence of phase III after
a meal, propagating or non-propagating short and long bursts and abnormal
propagation of interdigestive phase III activity fronts, and absence of phase III
activity. ‘Myopathic’ motility features, characterised by low-amplitude contrac-
tions (<20 mmHg), are less common in diabetes [20].
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Scintigraphic assessment of small intestinal and colonic transit

Scintigraphic studies of the small intestine and colon require a large field-of-
view gamma camera with a dedicated computer for analysis, which are now
widely available [21]. The most commonly used isotopes are 99mtechnetium
(99mTc) and 111indium (111In). Since the half-life (t1/2) of 99mTc is 6 h, 111In
(t1/2 approximately 64 h) is employed most frequently to evaluate colonic tran-
sit. The radioactive label may be incorporated in a liquid or solid meal, since
small bowel transit times of solids and liquids are similar [22]. Small intestinal
transit time is estimated by taking the time that elapses between emptying a
radiolabelled meal from the stomach and the arrival of radiolabelled chyme in
the right colon, and may vary between approximately 80 and 250 min [23,24].

There are several mathematical models that allow calculation of the total small
intestinal transit time without providing information about regional transit. The
model that is most frequently applied to estimate small bowel transit time was
developed by Malagelada and Camilleri; it estimates small intestinal transit time
by taking the time at which 10% of a 99mTc-labelled meal has entered the colon,
minus the lag time [22,25–27]. Ileocolonic transit of chyme is characterised
by intermittent bolus transfer. The large variation observed in small intestinal
transit times may therefore at least in part be caused by transit in the ileocolonic
region [28].

The radioactive label 111In may be bound to 0.7 mm resin microspheres or
incorporated in a slow-release capsule which allows accurate determination of
colon transit, including information about transit through different regions of the
colon [29–31]. Scans taken at 4 and 24 h using this technique provide accurate
information about total and regional transit times and make the test relatively
easy to use [31]. In contrast to transit through the small intestine, calculation of
regional transit times in the colon is feasible, although the clinical relevance of
such measurements is still uncertain. Regional colonic transit can be estimated
by calculation of the geometric centre, which is the weighted average of counts
in the different regions of the colon (ascending, transverse, descending, recto-
sigmoid) and stool [26] (Figure 5.1).

Radiographic assessment of small intestinal and colonic transit

The most convenient way to assess colonic transit is by using radio-opaque
markers [32,33]. In the ‘classical’ test developed by Hinton and co-workers,
slow transit constipation is diagnosed when an abdominal radiograph shows
that more than 80% of the markers are retained the colon after 96 h [32]. Met-
calf et al. modified the transit test slightly by using 20 markers given on 3
consecutive days [33]. The abdominal radiograph taken on day 4 is divided
into three regions and the location of the pellets provides information about
regional transit.
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Figure 5.1 Measurement of colonic transit using 111In incorporated in a slow-release
capsule. Scintigraphic images were acquired at 4, 8, 24 and 48 h after ingestion of the 111In
capsule. The geometric centre is defined as the weighted average of counts in the different
regions of the colon [ascending (AC), transverse (TC), descending (DC), rectosigmoid (RS)
and stool, 1–5, respectively]. At any time, the proportion of colonic counts in each colonic
region is multiplied by its weighting factor using the formula:

Geometric Centre = (%AC × 1 + %TC × 2 + %DC × 3 + %RS × 4 + %Stool × 4)/100

Although techniques involving radioactive isotopes currently have limited, if
any, additional value over pellets when total transit time is taken as the clinical
meaningful endpoint, radiographic techniques are likely to be less accurate in
calculating regional transit times [29]. The calculation of regional transit times
may be of importance when drugs become available that affect colonic transit
in one region of the colon more than in another [34–36].

Hydrogen breath test

The use of the hydrogen breath test to evaluate small intestinal transit is based on
the fact that some carbohydrates are not absorbed in the small intestine [37–39]
and colonic bacteria rapidly ferment these unabsorbed carbohydrates, resulting
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in the production of gaseous hydrogen. Hydrogen is rapidly absorbed in the
intestine and exhaled, so that there is a prompt increase in breath hydrogen
once the substrate is fermented.

Measurements of orocaecal transit time usually employ the non-absorbable
carbohydrate, lactulose. An increase of hydrogen in breath samples, which are
typically obtained every 10–15 min, to a level of ≥ 20 ppm after a lactulose
dose of 10 g is indicative of the arrival of the substrate at the right colon.
Disadvantages of the hydrogen breath test with respect to scintigraphic methods
are: the inability to quantify gastric emptying, which may influence oral–caecal
transit; interference by small bowel bacterial overgrowth, which causes a false,
‘early’ peak in breath hydrogen; and the potential effect of lactulose to accelerate
small intestinal transit [38,39].

Glucose is used as a substrate when bacterial overgrowth is suspected [40].
Some patients with bacterial overgrowth have an elevated fasting breath hydro-
gen. The combination of a high fasting breath hydrogen excretion and an increase
of breath hydrogen above 20 ppm after 50 g glucose challenge provides an accu-
rate diagnosis of bacterial overgrowth in about 50% of patients, when compared
to the gold standard of jejunal culture [40,41]. One of the pitfalls is that glucose
malabsorption may be associated with rapid small bowel transit, resulting in a
false-positive outcome of the test [42].

Physiology and pathophysiology of small intestinal
and colonic motor function

Small intestinal motor function

After meal ingestion, food is initially stored in the proximal stomach, then
triturated in the distal stomach, and finally transported to the small intestine,
predominantly as a series of gushes. The major functions of the small intestine
are to mix and propel food particles in order to optimise intraluminal diges-
tion and absorption. Those food particles that escape absorption, as well as
indigestible solids, are transported to the colon, where water is extracted and
faeces processed before expulsion. The motility patterns of the small intestine
and colon are designed to efficiently serve these functions of controlled mixing
and transport.

When the small intestine is not exposed to nutrients, it exhibits a cyclic pattern
of motility (as is the case with the stomach, Chapter 4), termed the migrating
motor complex (MMC). The MMC consists of three subsequent phases [43–45];
phase I (about 30 min in duration) is a period of motor quiescence, followed by
a period of irregular contractile activity (phase II; about 50 min), culminating in
phase III (about 10 min), during which the intestine contracts at its maximum
rate (11 or 12 contractions/min in the duodenum and 7 or 8 contractions/min in
the ileum). Phase III activity starts in the distal antrum of the proximal intestine



PHYSIOLOGY AND PATHOPHYSIOLOGY OF INTESTINAL MOTOR FUNCTION 183

and propagates slowly towards the distal ileum. During both phases II and III
of the MMC, undigested food particles, enterocytes and bacteria are propelled
towards the colon, the so-called ‘intestinal housekeeper’ function. The length of
the MMC cycle shows considerable interindividual and intraindividual variation,
but is on average between 80 and 120 min [45–48].

Meal ingestion interrupts the interdigestive motor pattern and induces irreg-
ular contractions, resembling phase II. The duration of the postprandial period
in the small intestine is dependent on the rate of transport of chyme through the
small intestine. The end of the postprandial period is marked by an episode of
phase III of the MMC. Small intestinal transit time may vary considerably as a
result of the variations in small intestinal motility. Postprandial small intestinal
motor activity and transit are influenced by the caloric value and composition
of the meal [49].

Studies using ultrasound and Doppler techniques have shown that flow of
chyme across the pylorus and the upper part of the duodenum is not unidi-
rectional but to-and-fro, which is likely to optimise the exposure of nutrients
to digestive enzymes and the mucosal surface where nutrient-sensing cells that
regulate gastric emptying and local motor activity are located [50,51].

Detailed manometric studies have provided insights into the motor correlates
of the flow of chyme in the jejunum [45,52,53]—about 50% of all contractions
propagate over a distance of less than 1 cm and are responsible for the
oral and aboral movement of chyme over short distances. Small intestinal
contractions that propagate over longer distances facilitate flow in the aboral
direction [52] (Figure 5.2). Flow in the jejunum is typically linear, as a result
of the organisation of contractions [54]. This is in contrast to the more pulsatile
pattern of flow seen across the ileocaecal valve [28].
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Figure 5.2 Relation between the small intestinal transit and the propagation length of
contractions. The rate of transit is highly dependent on the organisation of small intestinal
contractions. From Schemann and Ehrlein [52], with permission
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Colonic motor function

The major function of the colon is to absorb water and electrolytes in order
to concentrate and solidify the intraluminal content. Colonic motility plays
an important role in these processes. In contrast to small intestinal motility,
colonic motility follows a diurnal rhythm, with relative motor quiescence
during sleep [55,56]. The most easily recognisable colonic motor events are
high-amplitude peristaltic contractions (HAPCs), which occur infrequently
and characteristically after awakening and sometimes in the late postprandial
period [55–57]. The HAPCs are propagated aborally over long distances and
are responsible for mass movements of faeces in the human colon [55–57].

When HAPCs are not present, colonic motor activity seems disorganised
with predominately non-propagating contractions in the colon. These contrac-
tions lead to mixing of colonic contents, rather than to propulsion. After meal
ingestion, an increase in these segmental contractions occurs as a result of the
gastrocolonic reflex [55,56,58,59]. The magnitude of the colonic motor response
is dependent on both meal composition and the region of the colon [58,59].
Apart from the effect of a meal on phasic contractile activity, chemical and
mechanical stimulation of the upper gut also induces an increase in colonic
tone [60,61].

Regulation of intestinal motor function

Transit and absorption of intestinal contents are regulated by the autonomic and
enteric nervous systems. The extrinsic nervous system innervates the intestine
with sympathetic nerves arising from cell bodies located in the dorsal horn of
the spinal cord, which synapse in the coeliac, superior and inferior mesenteric
ganglia [62,63]. From these ganglia, postganglionic nerve fibres run with the
mesenteric arteries to the colon. The sympathetic input is generally inhibitory to
smooth muscle, with the exception of sphincters, to which the input is excitatory.
Sympathetic afferent fibres have their cell bodies in the dorsal root ganglia and
from these ganglia sensory input reaches the brain via the spinothalamic tract
and the reticular formation.

The parasympathetic fibres arising from the dorsal motor nucleus of the
vagus supply the small intestine and proximal colon, whereas the distal
colon is innervated by parasympathetic efferent nerve fibres from the sacral
plexus [62,63]. The parasympathetic nerves innervate the colon muscle with
both excitatory enteric, cholinergic nerves and inhibitory non-adrenergic, non-
cholinergic (NANC) neurons. Both sympathetic and parasympathetic nerves
give input to the enteric nervous system, which consists of two interconnected
plexuses, the myenteric and the submucosal plexuses [62,63]. Numerous
neuropeptides have been shown to play an important role in controlling the
smooth muscle function of the small intestine and colon, e.g. VIP, CCK, CGRP,
HT, NO and ENK [63].
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Recently, the so-called interstitial cells of Cajal have been identified in the
gastrointestinal tract [64–66] and appear to be responsible for the generation
of the slow wave activity present in the entire gastrointestinal tract. They are
localised to the interface of the circular and longitudinal muscle layer, in close
association with the myenteric plexus. The interplay between the enteric nervous
system and the interstitial cells of Cajal is essential for normal gut motility.

Although the extrinsic nerves are of importance for fine-tuning postprandial
motility [67], the local reflexes within the enteric plexus are indispensable for
transport of the intraluminal contents. The local reflexes induce contraction orad
to the chyme bolus through excitatory neurotransmitters, such as acetylcholine
and substance P, and caudal relaxation through inhibitory neurotransmitters,
including vasoactive intestinal peptide and nitric oxide.

The regulation of interdigestive motility involves both extrinsic and enteric
neuronal pathways. The extrinsic innervation serves more as a modulator than
an initiator of fasting motility [68–70]. Both cholinergic and non-cholinergic
pathways are involved in the regulation of the periodicity of the MMC [68,70].
Cholinergic input is essential for the propagation of the MMC, while adrenergic
input is involved in the organisation the MMC periodicity [69].

Many gastrointestinal hormones, including somatostatin, secretin, motilin,
cholecystokinin and glucose-dependent insulinotropic peptide, are involved in
the regulation of both the postprandial and interdigestive motility of the small
intestine and colon [71–73]. The endocrine cells responsible for the synthesis
of these hormones are scattered among the epithelial cells in the gut and are in
close contact with the environment (gut lumen) and the intrinsic and extrinsic
nervous systems. Gastrointestinal hormones may also act as neurotransmitters,
since they are able to bind to specific receptors located on peptidergic neurons.
These neurons are abundantly present in the gut wall and are predominantly
of intrinsic origin. Although many of these gastrointestinal hormones or neu-
ropeptides are under investigation, the roles of motilin and cholecystokinin are
of particular interest.

Motilin is produced predominantly in the upper part of the small intestine
and its release is temporally associated with phase III of antral origin [44,71].
Exogenous motilin has been shown to induce phase III activity, while antibodies
to motilin lead to total abolition of phase III; accordingly, it is likely that motilin
plays an important role in the periodicity of phase III of the MMC [74]. Chole-
cystokinin (CCK) seems to be of greater importance in the fed state [75,76].
CCK, which increases more than a five-fold after a meal, interrupts the interdi-
gestive motor pattern and induces an small intestinal contractile activity [77].

Small intestinal and colonic dysmotility in diabetes mellitus

Studies evaluating small intestinal, and especially colonic, motility in diabetes
mellitus are limited and the outcomes inconclusive [78–87]. The discrepant
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observations are at least partially due to the lack of stabilisation of blood
glucose concentration during the tests, and the relatively small numbers of
patients studied. Furthermore, the variety and insensitivity of techniques that
have been applied in cross-sectional studies make comparison and interpre-
tation of the data difficult. True population-based studies and/or longitudinal
studies are still lacking; hence the natural history and relation to symptoms and
other diabetic complications of small intestinal and colonic dysmotility remain
to be determined.

Small intestinal dysmotility

Studies that have investigated small intestinal motility in diabetes mellitus
have revealed a wide spectrum of motor patterns, ranging from normal to
grossly abnormal motility, as observed in patients with chronic intestinal pseudo-
obstruction syndrome secondary to diabetes mellitus.

Camilleri and Malagelada reported that small intestinal motility was abnor-
mal in 80% of patients with long-standing diabetes who had delayed gastric
emptying [5]. While these observations suggest that small intestinal dysmotility
may be associated with delayed gastric emptying, small intestinal dysmotility is
also evident in some patients who have normal gastric emptying [82], indicat-
ing that delayed gastric emptying is not a reliable predictor of small intestinal
dysmotility.

Postprandial small intestinal motor abnormalities include early recurrence of
phase III and burst activity [5,82] (Figure 5.3). The former indicates a prema-
ture return of phase III, i.e. before the stomach and small intestine are ‘empty’.
Bursts are periods of continuous high amplitude and frequency contractions last-
ing less than 2 min (‘short bursts’) or at least 2 min (‘long bursts’). Although
the occurrence of burst activity per se is not abnormal, the frequency and dura-
tion are indicative of motor disturbances of the small intestine [46]. Both early
recurrence of phase III and burst activity are thought to indicate neuropathic
changes in either the intrinsic or extrinsic innervation of the gut.

These motility patterns are, however, not specific for diabetes mellitus, since
they are also evident in other conditions, including patients with functional
bowel diseases and postvagotomy [18,83,84]. Apart from the abnormal motor
patterns mentioned above, computerised manometric analyses have also revealed
a decrease in the number and amplitude of contractions in the upper part of the
small intestine [82]. These qualitative and quantitative motor abnormalities are
likely to constitute the mechanical mechanisms involved in abnormal rapid and
slow transit through the small intestine, although this has not been formally
studied by applying manometric and transit tests concurrently.

The studies that have investigated small intestinal transit in diabetes mellitus
have used the breath test or scintigraphic techniques. Using the lactulose breath
test in the fasting state, delayed transit was observed in diabetic patients with
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Figure 5.3 A 60 min manometric trace showing four antral and two duodenal recording
sites. The tracing in the left panel (A) shows normal postprandial motility with propagated
contractions at the level of the antrum and small intestine in a healthy volunteer. The tracing
in the right panel (B) shows antral hypomotility and early recurrence of phase III activity in
a patient with type 1 diabetes mellitus and gastroparesis. At the time of the duodenal phase
III the patient reported nausea (*). From Samsom et al. [89] with permission

evidence of autonomic neuropathy, while patients without cardiac autonomic
neuropathy showed normal transit times [88]. When the same technique was
applied in the postprandial state, both rapid or delayed small intestinal transit
was reported in 30–50% of the patients studied [78–80]. Neither the presence
of autonomic neuropathy nor gastrointestinal symptoms were found to be related
to abnormalities in small intestinal transit times when measured in the postpran-
dial state. The largest study performed to date (n = 43) showed delayed small
intestinal transit in 23% of the diabetics [3]. However, extrapolation of these
data to the diabetic population is difficult, since all patients enrolled in this
study were hospitalised for diabetes-related complications, such as poor gly-
caemic control and hyperosmotic coma. In a study using radiolabelled isotopes,
small intestinal transit was accelerated in diabetic patients with autonomic neu-
ropathy, while diabetic patients without autonomic neuropathy showed normal
transit times [81].

Fasting small intestinal motility has received even less attention than post-
prandial motility in diabetes mellitus. At present, only three studies have focused
on fasting motility in diabetes and in two of these motor activity was recorded
for 24 h [85,89]. Both prolonged manometric studies revealed small intestinal
motor abnormalities in the majority of diabetic patients with autonomic neuropa-
thy. The duration of the MMC cycle was abnormally long in most of the patients,
reflecting prolongation of phase II without any change in the duration of phases
I or III. Phase III activity was more likely to originate in the proximal duodenum
than in the gastric antrum when compared to healthy subjects [89]. Total absence
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of phase III of the MMC was observed in two of the 15 patients studied by
Hackelsberger et al., but in none of the patients studies by Samsom et al. [89].

The relation between upper gastrointestinal symptoms and abnormal small
intestinal transit and motility is largely unknown, apart from anecdotal reports
suggesting that early recurrence of phase III after a meal may be associated with
nausea [82] (Figure 5.3).

Lower gastrointestinal symptoms, such as diarrhoea, may be related to both
rapid and slow small intestinal transit. In the case of rapid intestinal transit, diar-
rhoea may be the result of a fluid overload of the proximal colon and nutrient
malabsorption. Slow intestinal transit may lead to diarrhoea secondary to bac-
terial overgrowth in the case of slow intestinal transit. As becomes clear from
the articles discussed above, studies in well-characterised diabetics are required
that focus on the relation between gastrointestinal symptoms and small intestinal
motor abnormalities.

Colonic dysmotility

The data relating to colonic function in patients with diabetes mellitus are even
more limited than those that exist for the small intestine [79–81,86,87,90]. In
the only available study, which was performed more than 20 years ago, colonic
myoelectrical and motor activity was recorded in 12 type 1 patients with con-
stipation [87]. A delay in the colonic motor response to a meal was evident in
the diabetic patients with mild constipation, while no postprandial increase in
colonic motility was observed in patients with severe constipation. Cholinergic
stimulation with neostigmine increased colonic motor activity in all diabetics,
indicating that the colonic smooth muscle was intact and that the abnormal
response to a meal was due to enteric or extrinsic nerve damage [87].

Colonic transit has been assessed in several studies using radio-opaque mark-
ers. In studies by Kawagishi et al. [86] and Werth et al. [80], transit was markedly
delayed in patients with evidence of cardiovascular autonomic neuropathy, while
normal transitwasobserved inpatientswithoutautonomicneuropathy.The increase
in colonic transit time in the patients with autonomic neuropathy was attributable
primarily to a delay in transit in the distal colon. Iber et al., also used a radiographic
technique to study colonic transit in asymptomatic male type 2 diabetics and those
with upper and lower gastrointestinal symptoms [79]. Delayed colonic transit was
observed in both groups, particularly in the symptomatic diabetics. The observed
absence of lower gastrointestinal symptoms in some of the patients with prolonged
colonic transit suggests that symptoms may not be a good indicator of the presence
or absence of delayed colonic transit in diabetic patients.

Pathophysiology of small intestinal and colonic dysmotility

The aetiology of intestinal dysmotility in diabetes mellitus is without doubt multi-
factorial, with two major factors, autonomic neuropathy and prior glycaemic
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control. Both factors are closely linked and may influence each other and are,
therefore, dynamic rather than static entities.

Effect of autonomic neuropathy on intestinal function

Potentially, neuropathy of the autonomic (vagal and sympathetic) and enteric
nerves may result in intestinal dysmotility. Autonomic neuropathy at the level of
the gut can be assessed using cardiac autonomic nerve (CAN) function tests as
a surrogate marker (see Chapter 10). These CAN function tests do not provide
direct information about gastrointestinal sympathetic or parasympathetic nerve
function, neither do they allow a distinction to be made between autonomic and
enteric nerve dysfunction. However, at present CAN function tests are the best
tests available in the clinical situation.

Studies using CAN function tests to assess involvement of the autonomic nerve
system indicate that in patients with CAN the prevalence and severity of dys-
motility of the small intestine and colon is substantially greater when compared
to patients with normal CAN function. In a retrospective study by Bharucha et al.,
a comprehensive assessment of autonomic nerve function was performed in 13
(11 type 1) patients with diabetes mellitus, and a strong association between auto-
nomic neuropathy and small intestinal dysmotility was found [91].

Histological examination of diabetic patients with gastroparesis showed
morphological changes of the vagal nerves in some, but not all, patients [92–95].
The observed abnormalities consisted of a reduced number of unmyelinated
fibres, degenerated unmyelinated fibres, and capillary basement membrane
thickening [93,94]. These findings were, however, not confirmed by Yoshida
et al. [95], indicating that structural changes of these nerves are not a
prerequisite for gastrointestinal motor abnormalities in diabetes.

As discussed in Chapter 2 studies using experimental animal models of dia-
betes have shown altered activity of many neurotransmitters known to be of
importance in preserving the integrity of intestinal motility, such as serotonin,
calcitonin-related peptide, substance P, peptide Y and NO [96–98]. The role
of NO in diabetes is of particular interest, since non-adrenergic non-cholinergic
relaxation of smooth muscle has been shown to be impaired in diabetic rats,
which might account for the lack of inhibition of motor activity observed in
the human small intestine with diabetes, as evidenced by early recurrence of
phase III and postprandial burst activity [98]. A recent study showed that, apart
from changes in nerves and neuropeptides, the pacemaker cells of the gut are
also affected. The myenteric plexus of the stomach in diabetic mice showed a
reduced number of interstitial cells of Cajal [99]. These findings were recently
confirmed in human jejunal tissue obtained from a patient with long-standing
type 1 diabetes [100]. A full-thickness biopsy showed a reduction of the inter-
stitial cells of Cajal throughout the entire thickness of the jejunum (Figure 5.4).
In addition, decreases in neuronal nitric oxide synthase, vasoactive intestinal
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Figure 5.4 Distribution of interstitial cells of Cajal (ICC). Left panel shows distribution
of ICC in the normal human jejunum and the right panel shows the distribution in a patient
with type 1 diabetes mellitus. C-kit-immunopositive structures, indicating the presence of
ICCs, are shown in white. A decrease in C-kit-positive immunoreactivity is seen in all
regions of the jejunum in the diabetic patient compared with the control (bar = 100:M).
LM, longitudinal muscle; ICC-MY, ICC in the myenteric plexus; CM, circular muscle.
From He et al. [100] with permission

peptide, PACAP and tyrosine hydroxylase immunopositive nerve fibres were
observed in the circular muscle layer, while substance P immunoreactivity was
increased. These changes in the interstitial cells of Cajal and the decrease in
inhibitory innervation observed in animal models for diabetes and in human
tissue may play an important role in the pathophysiology of small intestinal and
colonic dysmotility in diabetes mellitus.

Effects of blood glucose concentration on intestinal function

Many studies have shown that the gastrointestinal motor responses to various
stimuli are affected by acute hyperglycaemia in both healthy subjects and dia-
betic patients (discussed in Chapters 3 and 4). The exact mechanism through
which glucose influences motor and sensory function of the intestine is still unre-
solved. Both stimulatory and inhibitory effects occur during hyperglycaemia,
indicating that the effects are likely to be mediated by neural or humoral mech-
anisms, rather than a direct effect on the smooth muscle of the gut.

The profound effect of acute hyperglycaemia on intestinal motor and sensory
function has been confirmed in several studies [82,101–107]. These studies
showed that blood glucose levels in the range 12–15 mmol reduce the number
and propagation of pressure waves in the proximal small intestine [82,103,104],
resulting in slower small intestinal transit [104,108]. In the fasting state,
hyperglycaemia induces duodenal phase III motor activity [102] and shortens
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the MMC length [107] (Figure 5.5). Hyperglycaemia blunts the gastrocolonic
response evoked by gastric distension and affects reflex pathways within the
colon [90]. The effects of hyperglycaemia on colonic transit have not yet been
formally assessed, but are likely to increase, rather than decrease, colonic
transit times.

Studies in healthy volunteers showed that hyperglycaemia affects not
only motor activity, but also perception of the symptoms arising from
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Figure 5.5 Manometric trace during the first 60 min of euglycaemia (A) and
hyperglycaemia (B) in a healthy volunteer. Tracings are arranged with the most proximal
channel (antrum) at the top and the most distal (jejunal) at the bottom. Time zero marks the
start of i.v. infusion and the nutrient liquid meal was infused 10 min later. During
hyperglycaemia there is premature onset of phase III and the fed pattern is not evident.
From Russo et al. [104] with permission
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the gut [105,106,109]. Chemical (lipid infusion) and mechanical (balloon
distension) stimulation result in more sensations, such as nausea and fullness
during hyperglycaemia compared to euglycaemia [105].

Although the effects of hypoglycaemia on small intestinal motility have only
been studied in healthy subjects in the fasting state, the effects seem to be
less pronounced than those of hyperglycaemia, e.g. insulin-induced hypogly-
caemia induces only a transient increase in jejunal motor activity, while no
effect on pyloric and duodenal motility or the periodicity of the MMC has been
observed [110,111].

The effect of chronic hyperglycaemia on small intestinal and colonic function
is much more difficult to assess. The indirect evidence obtained from studies
of pancreas–kidney transplantation suggests that, at least in a subset of patients
with diabetes mellitus, the autonomic neuropathy is reversible by normogly-
caemia, indicating that gut function may improve during long-term stabilisation
of blood glucose levels [112,113].

Intraluminal digestion and nutrient absorption

Transport of chyme through the small intestine is closely linked to intraluminal
digestion and absorption of nutrients. The efficacy of absorption of nutrients
is, therefore, potentially affected by dysmotility of the small intestine observed
in diabetes, and by alterations in the transport mechanisms facilitating nutrient
uptake across the intestinal membrane. Optimising the conditions for intralumi-
nal digestion and absorption in the small intestine starts once food particles enter
the duodenum, where chyme is quickly neutralised. Within a few centimetres
the pH rises quickly from low antral values of around pH 2 to high duodenal
values (pH 6–7). This increase in pH reflects interplay between motor activity
and secretion. Coordinated antroduodenal contractions spread the chyme in the
proximal duodenum, while pancreaticobiliary and mucosal bicarbonate secretion
buffer the gastric acid [114–118].

Large polymeric molecules (proteins and carbohydrates) that have been partly
digested in the stomach are broken down into oligomers in the lumen of the small
intestine. Further breakdown takes place at the luminal brush border to enable
the absorption of small molecules (amino acids and hexoses). Fatty molecules
are dissolved by bile salts and degraded by lipase. The majority of carbohydrate,
lipid and protein absorption takes place in the proximal half of the small intes-
tine. Some specific nutrients, such as bile salts and the vitamin B12 –intrinsic
factor complex, are absorbed only in the ileum.

Digestion and absorption of carbohydrates

Digestion of carbohydrates is initiated in the mouth were food is mixed with
salivary secretions that contain amylase; the latter hydrolyses large polymers
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into smaller fragments [119]. The acidic environment of the stomach facilitates
non-enzymatic hydrolysis of some of the disaccharides, such as sucrose. In the
small intestine the polysaccharides are broken down by pancreatic amylase,
which is secreted by the pancreas in large amounts. Brush border saccharidases
present on the apical membrane of enterocytes are responsible for further break-
down of hydrolysis products (i.e. maltose, trimaltose) and disaccharides, with
the exception of lactose, which can only be cleaved into glucose and galactose
by the enzyme lactase. While passive transport mechanisms might play a role
in the absorption of monosaccharides, carrier-mediated and active transport are
probably more important [119].

Glucose is the most important monosaccharide and its absorption has been
studied extensively [119]. Glucose transport through the enterocyte in the small
intestine is mediated by the sodium-glucose co-transporter (SGLT 1) at the
luminal membrane, and the glucose transporter (GLUT 2) at the basolateral
membrane [120]. Thus, glucose absorption is dependent on the presence of
sodium ions in the intestinal lumen [121]. The glucose receptor is physically
close to disaccharidases in the brush border. This may account for the more
rapid absorption of glucose, which is part of a disaccharide from the intesti-
nal lumen [122]. Monosaccharides are transported into the portal vein and then
metabolised in the liver, where they may be taken up and converted to glyco-
gen, or stored via the glucose-6-phosphate pathway, although the majority are
available to the systemic circulation.

In contrast to glucose and galactose, most fructose transport is facilitated by
GLUT 5, which is located on the brush borders of the enterocytes [123]. Because
the glycaemic response to fructose is substantially less than that to glucose, it
has been recommended as a substitute for glucose in the diabetic diet [124,125].

Digestion and absorption of proteins

Although digestion of proteins starts in the stomach, where proteins are par-
tially digested by gastric proteinases into smaller polypeptides, most of the
breakdown takes place in the small intestine [126,127]. The products of protein
digestion by pepsin in the stomach induce a stimulus that initiates the release
of cholecystokinin and secretin. These hormones stimulate the production of
inactive precursors of proteolytic enzymes (trypsin, chymotrypsin, elastase) in
the pancreas, which are activated in the lumen of the proximal small intes-
tine as a result of enzymatic cleavage by trypsin. Activated pancreatic enzymes
cleave the polypeptide molecules into small molecules of two to six amino
acids or into single amino acids. Amino acids, dipeptides and tripeptides cross
the luminal mucosal membrane and are subsequently degraded by intracellu-
lar peptidases into single amino acids, which are then transported to the portal
vein [126,127]. While the majority of the absorption takes place in the proximal
intestine, absorption of amino acids can also take place in the jejunum.
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Digestion and absorption of fat

Lipid digestion is a multistep process, starting with emulsification, followed
by digestion of long-chain triglycerides, phospholipids and sterol–ester bonds,
so-called lipolysis. The lipolytic products are mixed with bile salts and biliary
lecithin, resulting in the formation of micelles; the latter require an aqueous
milieu, as in the small intestine. Lipid digestion starts in the stomach, where
dietary triglycerides are mixed with lecithin, which is the initiation of emul-
sification. Intragastric lipolysis may account for 20–30% of intraluminal lipid
digestion [128–130]. The duodenal pH of 6.0–7.5 is essential for further diges-
tion of lipids; as a result, these fatty acids become ionised and migrate to the
surface of the emulsion, where they facilitate the binding of colipase [131]. The
colipase–lipase enzyme complex attaches to the triglyceride emulsion for fur-
ther digestion, resulting in lipolytic products, i.e. monoglycerides and fatty acids.
The bile salts enter the duodenum after contraction of the gall bladder. Adequate
intraluminal bile salt concentrations are essential for effective solubilisation of
lipolytic products. These bile salts have a strong tendency to form negatively
charged conglomerates called micelles. Lipids that critically depend on this
mechanism include cholesterol, fat-soluble vitamins and plant sterols [132].

The uptake of the triglycerides is to a large extent dependent on their chain
length and partially driven by concentration gradients, although specific carriers
also play a role in the uptake of long-chain fatty acids. After brush border
membrane uptake, long-chain fatty acids and monoglycerides bind to fatty acid-
binding proteins (FABPs), which facilitate intracellular transport.

Approximately 75% of absorbed fatty acids are resynthesised into triglyceride
and secreted by the enterocytes as lipoprotein, then transported via the lymph
vessels or portal vein [133,134]. The remaining 25% serve as substrates for
phospholipid and other intracellular lipid resynthesis events, or undergo transport
to the liver bound to albumin via the portal vein [135,136].

The products of lipid digestion and absorption released into the intestine
are important in the initiation of feedback regulation of gastrointestinal motor
function [137,138].

Cholesterol is absorbed by passive diffusion, and its delivery to the brush
border lipid bilayer is facilitated by micelle diffusion [139]. The processing of
cholesterol by the enterocytes is a major component of the homeostatic control
underlying the regulation of cholesterol levels in the human body. The ente-
rocytes receive the bulk of cholesterol from luminal sources (i.e. dietary and
biliary), but also have the capacity to synthesise cholesterol. Bile salts are pas-
sively absorbed as monomers throughout the upper small intestine, although
active transport in the ileum is responsible for approximately 95% of the intra-
luminal bile salts uptake [140,141]. The absorbed bile salts undergo an efficient
process of hepatic uptake after portal vein delivery and re-excretion into bile;
they become rapidly available again for intraluminal micelle formation.
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Effects of diabetes mellitus on digestion and absorption of nutrients;
the role of the small intestine in postprandial glycaemia

The handling of ingested (or intraluminal digested) glucose by the gut is impor-
tant in the regulation of postprandial glucose concentrations and, hence, gly-
caemic control. At the level of the liver, processing of glucose is influenced
by the glucose gradient between portal venous and hepatic arterial blood [142];
accordingly, high systemic blood glucose levels may favour a decreased avail-
ability of absorbed glucose to the systemic circulation. During hepatic glucose
uptake, glycogenolysis and gluconeogenesis are concurrently suppressed, limit-
ing the increase in systemic glucose [143,144]. Impairment of this suppression
contributes to postprandial hyperglycaemia in diabetes, especially in patients
with type 2 diabetes [145,146].

The relative contribution of the stomach and small intestine to postprandial
blood glucose concentrations, compared to the liver, is likely to vary over time
after a meal. Experimental diabetes in animals has been reported to enhance
glucose absorption and increase glucose metabolism [147]. The increase in glu-
cose absorption in the enterocytes [148,149] is accompanied by an increase in
the expression of glucose transporters SGLT1 and GLUT2 and their mRNAs in
diabetic rats and humans [149,150].

In contrast to these reports, glucose absorption was found to be normal in
type 1 patients when studied with a jejunal perfusion technique [151]. These
findings were confirmed in a study in which uncomplicated type 1 diabetics
received an intraduodenal infusion of the glucose analogue, 3-O-methylglucose
(3-OMG); the results showed comparable absorption kinetics of 3-O-methylglu-
cose in type 1 diabetes and healthy subjects [152]. In studies performed in type
2 diabetics glucose absorption was also similar, or at most slightly reduced,
when compared to healthy humans [153]. The apparent discrepancies between
the observations in animal models and humans may be at least partially explained
by differences in actual blood glucose concentrations and prior glycaemic control
at the time of the study, since the enhanced uptake of glucose is partially or
completely normalised when glycaemic control is improved by treatment with
insulin or after islet cell transplantation [152,154,155].

The effect of small intestinal dysmotility in diabetes mellitus on glucose
absorption has not been formally studied. However, it has been established
that pharmacologically-induced ‘dysmotility’, as induced by loperamide, slows
glucose absorption. These observations suggest that severe small intestinal dys-
motility in diabetes may result in less predictable glucose uptake [156].

There is little or no evidence that diabetes per se affects protein absorption
to a clinically relevant extent. However, when diabetes mellitus is associated
with severe pancreatic insufficiency (see Chapter 7), coeliac disease (discussed
later in this chapter) or bacterial overgrowth, malabsorption of protein may
occur. In diabetic patients with bacterial overgrowth, protein malabsorption is
the result of several factors: the abundantly present bacteria compete with the
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host for proteins; amino acid absorption may be impaired as a result of mucosal
damage; and the levels of proteolytic enzymes may be decreased [157–159].

Since lipid absorption is dependent on the interplay of several organs (small
intestine, pancreas, liver, gall bladder), diabetes mellitus has the potential to
be associated with fat malabsorption, although there is a substantial functional
reserve that compensates for minor changes in some of the critical phases of this
process. The disorders of the liver, pancreas and gallbladder that may result in
fat malabsorption are discussed in Chapter 7. Fat malabsorption may also result
from loss of effective absorption surface, as in diabetic patients with co-existent
coeliac disease. Although it is not known whether small intestinal dysmotility
per se can lead to fat malabsorption, it certainly can when the dysmotility is asso-
ciated with bacterial overgrowth [160,161]. The bacterial deconjugation of bile
acids is the primary mechanism for malabsorption of fats and fat-soluble vita-
mins; anaerobic organisms in particular reduce the level of conjugated bile acids
below the critical micelle concentration, leading to steatorrhoea [162–165].

Effects of drugs and fibre on nutrient absorption and glycaemic control

The positive effects of fibre (particularly soluble fibre) on glycaemic control
have been well established in both type 1 and type 2 diabetes [166–168]. The
beneficial effects of fibre on postprandial hyperglycaemia are likely to reflect an
increase in the viscosity of the intraluminal content, inducing a decrease in the
rate of gastric emptying and slowing intestinal glucose absorption [169].

The effects of fibre at the level of the small intestine are at least partially due to
its effect on small intestinal motility. Fibre treatment has been shown to decrease
stationary contractions and to increase the length of propagating contractile
activity, resulting in a reduction of the postprandial glycaemic peak [170].

Apart from increasing dietary fibre in order to blunt postprandial hypergly-
caemia, manipulation of the intraluminal digestion of carbohydrates has been repor-
ted to be an effective therapeutic approach in diabetes mellitus. Inhibition of intesti-
nal α-glucosidase activity by agents such as acarbose is widely used in type 2
diabetes. Acarbose delays the digestion of polysaccharides, resulting in flattening of
postprandial glucose curves and a decrease in the gastric emptying rate [171–173].

Recently, drug-induced malabsorption of fat has become a treatment option in
diabetes mellitus. The inhibition of pancreatic lipase activity by orlistat prevents
the hydrolysis of triglycerides, resulting in fat malabsorption. This approach has
been reported to improve glycaemic control in type 2 diabetes, as assessed by
glycated haemoglobin, which is likely to be mediated by the loss of body weight
as a result of the drug-induced fat malabsorption [174]. As discussed in Chapter 4,
orlistat has the potential to exacerbate postprandial glycaemia after ingestion of
fatty meals which contain carbohydrate as a meals of more rapid gastric emptying.

Intestinal secretion and permeability

Although the available data are limited, there is evidence that intestinal secretion
may be abnormal in diabetes, due to increased secretion of fluids in response to
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a meal, rather than an increased basal secretory state [176]. In animal models for
diabetes there is also increased fluid secretion from small intestinal epithelial
cells, and this reflects impaired adrenergic regulation of mucosal ion trans-
port, which is accompanied by net intestinal fluid secretion. This process can
be reversed by the α2-adrenergic agonist, clonidine [177]. The impairment of
intestinal fluid absorption takes some time to develop and is prevented by insulin
treatment [178]. These observations suggest that progressive neuropathy of the
enteric and autonomic nervous system is likely to be responsible for the impaired
intestinal secretion, rather than hyperglycaemia.

To what extent altered intestinal permeability plays a role in chronic diarrhoea
in diabetes is unclear. Small intestinal permeability to cellobiose and mannitol
is reported to be slightly higher in patients with uncomplicated type 1 diabetes
mellitus [179] and one study reported abnormal permeability in about two/thirds
of diabetic patients with chronic diarrhoea [180].

Intestinal blood supply

The splanchnic circulation is essential for oxygenation of the small and large
intestine, transport of absorbed nutrients and maintenance of systemic blood
pressure, and regulated by neuronal, myogenic and hormonal factors. Blood
supply of the gastrointestinal tract is potentially affected in patients with diabetes
mellitus, since diabetes may be associated by abnormalities in one or more of
these regulatory factors.

Regulation of intestinal blood flow

The superior and inferior mesenteric arteries supply blood to the small and
large intestine, while the superior, middle and inferior rectal arteries provide
the arterial blood supply of the rectum. About 25% of the cardiac output in
the fasting state circulates through the splanchnic arteries [181]. The branches
of the superior mesenteric artery supply part of the duodenum, jejunum, ileum
and large intestine distal to the splenic flexure [182]. The inferior mesenteric
artery supplies the right part of the colon, transverse colon and the upper part
of the rectum. The lower part of the rectum is supplied by the middle and
inferior rectal arteries, which originate from the internal iliac artery and internal
pudendal artery. The mesenteric arteries give rise to numerous branches that
supply the layers of the intestine and finally drain via the mesenteric veins into
the portal vein.

Sympathetic postganglionic nerve fibres are the most important neuronal
input; stimulation results in a reduction in intestinal blood flow [183,184].
Sustained sympathetic stimulation is followed by an autoregulatory escape,
during which blood flow increases [184]. The effect of circulating
catecholamines is comparable with that of sympathetic stimulation; an
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autoregulatory response is also evident during prolonged stimulation. In contrast
to sympathetic activity, vagal nerve tone has little effect on intestinal blood
flow.

Data derived from animal studies indicate that gastrointestinal hormones
and neuropeptides, such as insulin, glucagon, somatostatin, cholecystokinin,
vasoactive intestinal peptide and neurotensin, increase postprandial blood flow,
facilitating nutrient absorption [183,184]. Recently, the role of nitric oxide as
a determinant of splanchnic blood flow has been recognised [185]; in pigs the
NO synthase inhibitor L-NMMA attenuates the postprandial increase in blood
flow [185].

The availability of non-invasive techniques for measuring of intestinal blood
flow, such as echo-Doppler, have substantially increased knowledge about the
determinants of human splanchnic blood flow under physiological and patholog-
ical conditions [186–188]. Using echo-Doppler it has been established that food
intake is associated with a doubling of the flow through the mesenteric arteries
in humans [186,188]. Both the duration and the magnitude of the increase in
blood flow are nutrient-dependent, e.g. after ingestion of a meal rich in carbo-
hydrate, the blood flow returns to baseline after 3 h, whereas after a meal rich
in fat, blood flow is still increased at this time [186,188].

An important role for gut hormones in the regulation of splanchnic blood
flow remains to be established in human studies. In a study by Sieber et al. it
was shown that, while a meal increased superior mesenteric blood flow, ‘phys-
iological’ doses of CCK, secretin and glucagon had no effect on blood flow in
healthy volunteers [186].

Effect of diabetes on intestinal blood flow

Animal models of diabetes are associated with abnormalities of neurotrans-
mitters in the mesenteric veins and arteries, including substance P, calcitonin
gene-related peptide and vasoactive intestinal peptide and hyperaemia of the
small intestine [189]. The latter may reflect an increase in the demand conse-
quent upon hypertrophy of the mucosa, mediated by endogenous prostaglandin
and increased sensitivity to NO [190,191].

Human diabetes may be associated with abnormalities in mesenteric blood
flow. In diabetic patients with autonomic neuropathy, preprandial superior
mesenteric arterial blood flow is greater than that in both control subjects and
patients without autonomic neuropathy [192]. After a meal, the peak systolic
velocity in the superior mesenteric artery increased in control subjects and
in patients without autonomic neuropathy, but not in those with autonomic
neuropathy [193]. These observations were in part confirmed by Purewal et al.,
who reported that flow in the superior mesenteric artery was greater in diabetic
patients with autonomic neuropathy under basal conditions, but not after a
meal [192]. To what extent, if any, these changes reflect the blood glucose
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concentrations remains to be investigated. The effects of changes in mesenteric
blood flow on gastrointestinal motor and/or sensory function, or on nutrient
absorption are also not known.

Mesenteric blood flow may affect systemic blood pressure, particularly when
modifications in splanchnic blood flow are not associated with compensatory
changes in vascular resistance in the systemic circulation, resulting in post-
prandial and/or orthostatic hypotension. Those patients with autonomic dys-
function (most frequently due to diabetes) are at particular risk of postprandial
hypotension and often exhibit a marked fall in systemic blood pressure after a
meal [194]. A recent study, using 24 h ambulatory blood pressure monitoring,
showed that diabetes mellitus was an important risk factor for postprandial
hypotension in elderly patients with fall or syncope [195]. As discussed in
Chapter 4, the magnitude of the postprandial fall in blood pressure is dependent
on meal composition (glucose has the greatest effect) and the rate of nutrient
entry into the small intestine [196]. When postprandial hypotension becomes
symptomatic treatment with the somatostatin analogue octreotide can be con-
sidered [197,198]. The beneficial effect of octreotide is likely to be due to a
combination of increases in splanchnic and peripheral vascular resistance and
cardiac output [199].

Patients with diabetes mellitus also frequently report symptoms attributable
to orthostatic hypotension. A large survey of type 1 diabetes mellitus reported
that the frequency of feeling faint on standing was 18% [200]. Symptomatic
orthostatic hypotension in diabetic patients has been shown to be related to car-
diovascular autonomic neuropathy; abnormal blood pressure response to stand-
ing (>20 mmHg fall in systolic blood pressure) seems to be the best predictor
(see Chapter 9).

Clinical manifestations

Diagnostic work-up and treatment of constipation

Although constipation in diabetic patients is most likely to be due to colonic
motor or pelvic floor dysfunction, it is essential to exclude other causes. The
latter include intraluminal abnormalities, electrolyte imbalance, hormonal dys-
function (such as hypothyroidism) and side effects of medication. These poten-
tial causes of constipation should be excluded by a combination of physical
examination (including inspection of the pelvic floor and rectal examination),
haematological and biochemical tests. A colonoscopy may be performed at this
point, especially if additional risk factors are present or after a treatment trial
with laxatives. A lower-cost alternative is a barium enema, but findings such as
melanosis coli from excessive use of anthranoids and solitary rectal ulcer may
be missed using this technique.
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General measures in the treatment of constipation include adequate dietary
fibre intake (20–30 g/day) and hydration. Increased consumption of dietary
fibre increases stool weight and the frequency of defaecation and decreases
colonic transit time [201,202]. Bulk-forming synthetic fibres, such as polycar-
bophil, psyllium and methylcellulose, should be prescribed in patients who are
not able to increase their daily dietary fibre intake. Although high-fibre diets
improve bowel habits, they have the potential to increase, rather than decrease,
gastrointestinal symptoms, as has been recognised in constipation-predominant
irritable bowel syndrome.

When these measures fail to adequately relieve constipation, osmotic laxa-
tives (polyethylene glycol, lactulose, sorbitol) and saline laxatives (magnesium
sulphate, magnesium phosphate, magnesium citrate) may improve bowel habits.
For diabetic patients with constipation who do not respond to fibre and osmotic
laxatives, a transit study and evaluation of the pelvic floor function are indicated.
Measurement of colonic transit provides objective information of importance,
since the correlation between stool frequency and colon transit is poor [203]. As
discussed, colonic transit can be assessed using commercially available radio-
opaque markers or by scintigraphy (see above) and will allow diagnosis of slow
transit constipation [29,33]. Outlet obstruction, an important cause of constipa-
tion in diabetes [204] is discussed separately in Chapter 6.

The use of prokinetic drugs or stimulant laxatives (anthraquinones) in the
treatment of diabetic patients with constipation represents the last pharmacolog-
ical approach, particularly as the efficacy of the available prokinetic drugs in
the treatment of constipation in diabetes has not been clearly established. The
chronic use of anthraquinones is generally discouraged because of the potential
damage to the smooth muscle cells and myenteric plexus [205].

The most widely used prokinetic drugs in diabetic patients with gastroin-
testinal transit disorders are cisapride, metoclopramide and erythromycin. The
benzamide cisapride has been shown to accelerate colonic transit in patients
with slow transit constipation, irrespective of its cause [206–208]. Although
there are no large studies evaluating the efficacy of cisapride in diabetics with
constipation, it is likely to improve bowel habits in these patients. The dosage
of cisapride may vary between 5 and 10 mg bid or tid [206–208]. As discussed
in Chapter 4, cisapride has the potential to cause cardiac dysrhythmias, which
limits its use [209]. The effect of metoclopramide on colonic transit in diabetes
has not been investigated, but in a study focusing on gastric emptying, some
patients reported an increase in bowel frequency [210]. Reports on the efficacy
of the motilin-agonist, erythromycin in patients with constipation are conflict-
ing; some studies have shown an improvement, while others were unable to
reproduce these results; studies in constipated diabetics are lacking [211,212].

More promising than the prokinetic drugs mentioned above are the more
recently developed full and partial 5-HT4 agonists, Prucalopride and Tegaserod.
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Both prokinetics accelerate gastrointestinal and colonic transit in health and in
patients with constipation [34–36].

When oral laxatives in combination with prokinetic drugs fail, enemas may
be useful. Enemas lower the surface tension of stool, facilitating mixing of aque-
ous and fatty substances, as well as stimulating intestinal fluid and electrolyte
secretion [213].

In the selected and small group in whom slow transit constipation is
intractable despite extensive medical treatment, surgery should be considered. In
these patients measurement of regional transit times may potentially be helpful
in deciding whether subtotal or partial colectomy should be the operation of
choice [214,215]. Since the outcome of (sub)total colectomy in slow transit
constipation per se is often disappointing, with postoperative incontinence in up
to 37% and recurrent constipation in up to 32%, this operation should only be
performed in centres with extensive expertise in the clinical work-up of these
patients [216].

Diagnostic work-up in, and treatment of, diabetic patients
with diarrhoea

In contrast to constipation, where the colon is likely to play the central role,
the pathogenesis of chronic diarrhoea in diabetes mellitus is multifactorial. As
discussed above, colonic transit and colonic motor activities have only been mea-
sured in diabetic patients with constipation. It is, therefore, not known to what
extent the colon per se plays a role in diabetic patients with chronic diarrhoea. A
number of factors may lead to diarrhoea in patients with diabetes mellitus; these
include food composition, abnormal intestinal motility, small intestinal bacterial
overgrowth, excessive loss of bile acids, pancreatic insufficiency, drugs, secre-
tory dysfunction, lactose malabsorption, coeliac disease, hormonal dysfunction
(e.g. hyperthyroidism) and anorectal dysfunction.

In diabetic patients, as in healthy subjects, as little as 10 g of sorbitol can
induce diarrhoea [217,218]. Many diabetics are unaware of sorbitol in their food
and the prevalence of diarrhoea is higher in those patients consuming it [217].
Fructose (as included in corn syrup) may also be malabsorbed and lead to
diarrhoea.

As described above, abnormal small intestinal motility occurs frequently in
diabetic patients. Both rapid and delayed small intestinal transit may potentially
cause diarrhoea; as a result of rapid small intestinal transit, there is an increase in
intraluminal contents that reach the caecum, while delayed small intestinal transit
potentially causes bacterial overgrowth. The role of bile acids in diabetic diar-
rhoea is controversial. While Molloy and Tomkin reported that bile acid excre-
tion was increased in type 1 patients with diarrhoea [219], this was not confirmed
by others [101]. Other causes of chronic diarrhoea, including pancreatic insuf-
ficiency, coeliac disease and anorectal dysfunction, are discussed elsewhere.
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A comprehensive history in any diabetic patient with chronic diarrhoea (often
defined as more than 200 ml sloppy stool/day) may reveal a high sorbitol intake
or the use of other laxative drugs and is, therefore, the first step in diagnosis and
treatment. Physical examination should focus on signs of autonomic neuropathy
(see Chapter 9) and anorectal function (see Chapter 6). In addition, haemato-
logical and biochemical, hormonal screening tests should be performed. The
timing and choice of investigations in diabetic patients with diarrhoea is dic-
tated by both the history of the patient and the risk factors involved. In order to
exclude other causes of diarrhoea, microbiological investigation of faeces and
endoscopic evaluation of the colon should be performed. A jejunal biopsy or
serological tests for antigliadin and endomycium antibodies will allow diagnosis
of coeliac disease. When no cause is found, dysmotility of the small intestine
and colon is likely to play an important role in the aetiology of the diarrhoea.

Bacterial overgrowth has been reported in up to 40% of diabetic patients
with chronic diarrhoea [220,221]. Slow small intestinal transit and a decreased
frequency of phase III the migrating motor complex are thought to be
the underlying mechanisms. Primary treatment of bacterial overgrowth is
directed at selectively suppressing the intestinal bacterial flora with antibiotics.
Numerous antibiotics have been reported to be effective, including tetracycline,
cephalosporines, quinolones and metronidazole. Octreotide is an expensive
but effective alternative in the treatment of bacterial overgrowth, most likely
due to its stimulatory effect on intestinal motility [160,222]. The beneficial
effects of octreotide are dose-dependent; high doses may result in steatorrhoea,
slowing of small intestinal transit and bacterial overgrowth [223]. The role
of prokinetic drugs in treating bacterial overgrowth remains to be explored.
Diabetic patients with rapid intestinal transit frequently respond to loperamide,
since it prolongs both small intestinal and large intestinal transit times at doses
varying between 2 and 4 mg bid/tid [224]. Furthermore, loperamide increases
internal anal sphincter pressure and may, therefore, be of benefit in patients
with a combination of diarrhoea and faecal incontinence [225]. Bile salt binders,
such as cholestyramine, are the treatment of choice in patients with diarrhoea
attributable to an increase in bile acid excretion, which should be distinguished
from fatty diarrhoea prior to treatment.

As discussed, loss of adrenergic innervation may lead to increased intestinal
secretion in patients with diarrhoea; stimulation of α2-adrenergic receptors by
clonidine has been beneficial in some diabetic patients with chronic diarrhoea
who failed to respond to other medical therapy, and was found not to cause
hypotension [226].

Coeliac disease and diabetes mellitus

Coeliac disease is a chronic condition involving the mucosa of the small intes-
tine, which impairs nutrient absorption. In most patients mucosal damage is



COELIAC DISEASE AND DIABETES MELLITUS 203

reversed by avoidance of wheat gliadins, barley, rye and prolamins in the
diet [227]. Coeliac disease may cause severe symptoms of diarrhoea, lassitude
and weight loss, but may also be subclinical or even asymptomatic.

The association of coeliac disease and type 1 diabetes mellitus is well estab-
lished. Both disorders are associated with HLA markers, suggesting a genetic
link between the two diseases [228,229]. The recent introduction of serological
tests has contributed significantly to knowledge about the prevalence of coeliac
disease in children and adults with diabetes mellitus.

The prevalence of coeliac disease in type 1 diabetic children varies from
1.0% to 3.5%, which is at least 15 times higher than the prevalence among
children without diabetes [230–235]. Two recent studies have investigated the
prevalence of coeliac disease in adults with diabetes mellitus [236,237]. Page
et al. screened 1789 diabetic patients (78.2% type 1 and 21.8% type 2) using
IgA-antigliadin antibodies; 73 patients had elevated antibody levels and 49 of
these patients agreed to undergo a small intestinal biopsy; coeliac disease was
diagnosed in 10 type 1 and three type 2 patients. In a study by De Vitis et al.
serological screening was performed in 1114 patients with type 1 diabetes [237];
in 121 patients increased IgA antigliadin antibody level, and in 55 patients
elevated IgA endomycium antibodies, were found. Villous atrophy was evident
in 63 of the 78 patients who agreed to undergo a jejunal biopsy. When the
prevalence of coeliac disease in diabetic patients is compared to that present in
the healthy adult population, which has been shown to be between 1:950 and
1:1700, it is clear that the prevalence of coeliac disease in type 1 diabetics is
about six times higher than in the healthy population [238,239]. The relatively
high prevalence of coeliac disease among patients with type 1 diabetes mellitus
dictates that the threshold for screening tests for coeliac disease should be low
in these patients.

The classical symptoms of coeliac disease are diarrhoea, lassitude and weight
loss. However, more recent studies have shown that these symptoms are absent
in about 30% of coeliac patients, with and without diabetes [240]. Other symp-
toms may include abdominal distension, nausea or vomiting, and aphthous
stomatitis [241,242] Patients with coeliac disease may also have extra-intestinal
symptoms, including muscle cramps, bone pain due to osteoporotic fractures or
osteomalacia, and psychiatric disorders including schizophrenia and depression.

The rare condition of intestinal lymphoma may also present with a symptom
complex similar to coeliac disease [243,244]. A flat jejunal mucosa found on
small intestinal histology is similar to that in coeliac disease. The HLA genotype
is identical to that found in coeliac disease, which supports the association
between the disorders.

Physical findings in patients with coeliac disease are variable. A body weight
of less than 90% of the ideal is evident in 67% of patients showing the classi-
cal symptoms and in 31% of patients with subclinical symptoms [245]. Finger
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clubbing, dryness of the skin, aphthous stomatitis and dermatitis herpetiformis
are observed in some patients [246].

Biochemical and haematological abnormalities may consist of low levels of
haemoglobin, albumin, calcium, potassium, magnesium and iron. However, such
changes may not be evident in patients with subclinical coeliac disease, with
the exception of iron deficiency [247]. Anaemia may be due to deficiencies of
iron, folic acid and vitamin B [248].

The diagnostic gold standard in coeliac disease is small intestinal biopsy,
since the diagnosis is made in morphological terms. The microscopic picture
of the mucosa may reveal a spectrum of mucosal abnormalities, varying from
total villous atrophy to normal villi and crypts, but with an abnormal high count
of lymphocytes [249]. The endoscopic pattern in coeliac disease may show a
reduction of duodenal folds, but this finding has a low specificity [250].

The determination of serum IgG and IgA antigliadin and IgA endomycium
antibody levels have shown their value as a screening test, with an acceptable
sensitivity and specificity for the diagnosis of coeliac disease, especially when
used in combination [251–253].

Treatment of coeliac disease does not differ from patients without diabetes. A
gluten-free diet is the chosen therapy [254] and in the great majority of patients
gluten withdrawal will result in the restoration of the small intestinal mucosa
and resolution of symptoms. A recent study reported that the introduction of a
gluten-free diet in diabetic patients with coeliac disease has no positive effect
on glycaemic control, but is associated with weight gain [240].

In the small group of patients with persistent symptoms and mucosal abnor-
malities although keeping a strict diet, treatment with prednisolone, azathioprine
or cyclosporine may be required [255,256].
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A good set of bowels is worth more to a man than any quantity of brains

Josh Billings (pseudonym of Henry Wheeler Shaw)

Prevalence and epidemiology

Disordered defaecation, characterised by incontinence, constipation and diar-
rhoea, occurs frequently in patients with diabetes mellitus [1–3] but is often
overlooked as a cause of morbidity. For example, in a study of 136 unselected
diabetic outpatients referred to a tertiary centre, Feldman and Schiller found that
constipation occurred in 60%, diarrhoea in 22% and faecal incontinence in 20%
of their patients [1]. Faecal incontinence was twice as common in patients with
diarrhoea as in those with constipation. Disordered defaecation appears to be less
common among patients with diabetes attending secondary referral centres [4,5],
where constipation has been reported in about 20% and faecal incontinence in
about 9% [5]. As discussed in Chapter 1, there is relatively little information
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about the prevalence of disordered defaecation in diabetic patients managed in
the community by primary care physicians. It is likely that, whether in a primary,
secondary or tertiary care setting, patients frequently fail to report disturbances
in defaecation unless the latter are severe, and that doctors rarely ask.

One study suggested that the prevalence of constipation was higher among
patients with type 2 than among those with type 1 diabetes, but the patients with
type 2 diabetes were twice as old as those with type 1 diabetes [6]. Defaecation
disorders appear to occur more frequently in those patients who have evidence
of peripheral and/or autonomic neuropathy. In one study faecal incontinence
was reported to occur in 18% of secondary referrals with clinical evidence of
peripheral diabetic neuropathy [7]; in another study constipation was more com-
mon in patients with autonomic neuropathy than in those without [8]. It would
be misleading, however, to imply that such disturbances in colonic function are
inevitably caused by diabetes per se, as chronic disorders of defaecation occur
in up to 20% of the normal population, with an increased prevalence in the
elderly [9–11]. In the community the vast majority of such cases have what
has become known as irritable bowel syndrome, which has strong associations
with emotional upset. Although there are only limited data about the prevalence
of irritable bowel syndrome in a diabetic population (Chapter 1), the emotional
stress of coping with a serious life-threatening condition may potentially make
irritable bowel syndrome more common than in an otherwise healthy population.

Physiology and pathophysiology

In order to understand the pathophysiology of disordered defaecation in a patient
with diabetes, it is important to outline the normal physiology of defaecation and
faecal continence and to describe how these functions might become disturbed
to cause constipation, diarrhoea and faecal incontinence.

Colonic motility

The colon is the dark continent of medicine, a large, stagnant, fermenting vat—a
veritable Stygian pool of corruption. As a chemical factory, it has almost limit-
less potential for microbial salvage of food material that has not been absorbed
in the small intestine. The mechanisms by which such salvage takes place are,
for the most part, shrouded in mystery, but we can measure what goes in and
what comes out. Every day the colon receives about a litre of a rather runny
slurry, containing carbohydrates, proteins and fats that have escaped absorption
in the small intestine, fibre, mucus and digestive enzymes, bile and salts and
water. Most of this material is salvaged in the colon, so that all that remains
to be expelled is a solid plug of faeces, composed almost entirely of bacterial
cells and indigestible fibre and usually weighing no more than about 100 g. This
process normally takes between 1 and 3 days.
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The colon may be functionally divided into the proximal portion, where most
fermentation takes place, the distal colon, where salt and water is extracted
and colonic contents are concentrated and solidified, and the rectum, which is
specialised for defaecation. For most of the time, the contractile activity of the
colon gently mixes the unabsorbed nutrients with colonic secretions and bacteria
and exposes the colonic contents to the mucosal surface. This creates conditions
that are sufficiently stagnant for the propagation of bacteria and propels contents
distally at a rate consistent with the rates of absorption of fluid, electrolytes and
the products of bacterial degradation [12].

Ring-like ‘haustral’ contractions form and fade and reform a few centimetres
away, occasionally propagating a few centimetres in either direction [13]. Their
profile seems particularly sharp in the transverse and descending colon, where
they appear to dig into the colonic contents and turn them over in much the same
way as the gardener might turn over the soil with his spade. The sigmoid colon
appears narrower than the rest of the colon. The circular muscle of this region is
in a state of tonic contraction for much of the time, and seems to function like a
valve, restricting the entry of colonic contents into the rectum [14]. The normal
retentive activity of the colon is thought to be under the dominant control of
the sympathetic nervous system.

From time to time, but especially first thing in the morning immediately
after getting up or after breakfast, the colon assumes a different mode of activ-
ity [15–17] that is strongly propulsive. The haustral contractions fade away and
broad, powerful contractions develop, often in the transverse or the descending
colon, and sweep distally, propelling faeces into the rectum, where their arrival is
perceived as a desire to defaecate. These contractions have been termed ‘giant
migrating contractions’ [18] or ‘high-amplitude propagated contractions’ [17]
and the propulsion of colonic contents that they produce is known as a ‘mass
movement’. Mass movements can be induced by cholinergic agonists, sympa-
thetic antagonists and stimulation of the pelvic parasympathetic nerves. This
type of propulsive activity therefore requires a change in autonomic influence
favouring dominance of the parasympathetic nervous system.

Defaecation

Defaecation is a complex behavioural sequence, involving integration between
the visceral and somatic nervous systems. It is controlled by a collection of
neurons in the pons and orchestrated by neural activity in the conus medullaris
at the base of the spinal cord. Defaecation is usually triggered by the rapid
entry of faeces into the rectum. This event is detected by rapidly adapting
mechanoreceptors in the rectum (and possibly the pelvic floor), causing reflex
contraction of the rectum and relaxation of the internal anal sphincter (IAS)
(the so-called rectoanal inhibitory reflex). These actions propel the stool into
the anal canal, where they stimulate the exquisitely sensitive anal receptors and
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intensify the urge to defaecate [19]. So, if the time and place are appropriate, the
subject sits or squats, and contracts the diaphragm, the abdominal muscles and
the levatores ani to increase the intra-abdominal pressure. At the same time, the
protective contractions of the external anal sphincter (EAS) and puborectalis are
suppressed by signals conveyed from the brain via inhibitory spinal pathways.
This opens up the anorectal angle and reduces sphincter resistance. Although
the force for faecal extrusion may be initially provided by an increase in intra-
abdominal pressure, the complete emptying of the rectum and distal colon that
often occurs during defaecation can only come about through the agency of
a strong propagated colorectal contraction, which, as any veterinary surgeon
or neonatal paediatrician can testify, are facilitated by anal stimulation. Thus,
defaecation is a complex choreographed sequence that requires exquisite timing
and coordination.

Preservation of continence

The entry of faeces into the rectum would inevitably result in defaecation were
it not for the fact that human beings are social and territorial. They do not just
deposit their faeces anywhere when the urge takes them, like horses and cattle.
They share the capability of other territorial species, such as dogs, cats and other
primates, to retain their faeces until they find an appropriate time and place to
release them. Continence depends on the social awareness of the need to control
the contents of the rectum until it is appropriate to evacuate in a controlled
manner. It is a conscious function and is conferred by the exquisite sensitivity
of the distal rectum and the anal canal and the resistance to the passage of
faeces provided by anal sphincter contraction and the acute angulation of anus
and rectum caused by contraction of the puborectalis.

Anorectal sensation

Specific sensations are experienced in the rectum with increasing volumes of
content (gas, liquid or solid). These are fullness, a desire to defecate, an urgency
to defecate, and ultimately pain [19]. It is thought that these sensations are
conveyed by simple sensory nerve endings in the rectal wall. These respond to
tension, but are sensitised by the chemical milieu of the surrounding tissue. They
are, for example, dramatically enhanced by the presence of inflammation [20]
or the release of catecholamines [21]. In essence, they act as volume detectors,
although receptors situated within the muscle layer also respond to the forces
induced by contraction as well as distension. While most of the activity of rectal
sensors does not reach consciousness, it may signal local reflexes such as IAS
relaxation, rectal contraction and EAS contraction, through enteric and spinal
connections [22–23].

Relaxation of the internal anal sphincter causes the anal canal to open in a
funnel-like manner, exposing the anal epithelium to faecal contents. Compared
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with the rectum, the anal canal is exquisitely sensitive. The epithelium is inner-
vated with a profusion of sensory nerves, able to appreciate light touch, pain
and temperature [24–26]. Recto-anal sensory mechanisms are sensitive enough
to discriminate solid faecal material from liquid and gas, so that appropriate
action can then take place with confidence.

Anal sphincter contraction

The anal sphincter consists of two concentric sphincters, an inner smooth muscle
sphincter and an outer sphincter composed of striated muscle (Figure 6.1). This
might be regarded as the ‘belt-and-braces’ approach to faecal continence, but in
this case both mechanisms are essential.

The smooth muscle of the internal anal sphincter (IAS) is tonically active
at rest, contributing about to 50–60% of the basal anal pressure and helping
to maintain continence during sleep. Its tone is primarily dependent on myo-
genic activity and intramural enteric nerves [27–29], but can be enhanced by
α-adrenergic influences. Its relaxation during rectal distension is mediated by
an enteric nervous reflex and enhanced in conditions that cause enhanced rectal
sensitivity.

The striated muscle of the external anal sphincter (EAS) is also tonically
active at rest, contributing to 20–30% of the basal anal pressure [30]. It con-
tains a high proportion of slow twitch type 1 muscle fibres, which are capable
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Figure 6.1 Diagram of the anal canal showing the different muscle components and a
catheter used to measure pressure in multiple sites in the rectum and anal canal. The balloon
is used for rectal distension and the intraluminal surface electrodes are used for recording
electrical activity. The sleeve sensor situated in the anal canal records the maximum
pressure along its length. IAS, internal anal sphincter; EAS, external anal sphincter
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of sustained contraction [31–32], but also some fast twitch type 2 fibres that
are able to respond rapidly to events that threaten continence. The protective
function of the EAS is supported by corresponding activity in the puborectalis
muscle. This is a sling of muscle that forms the innermost aspect of the levator
ani complex, which maintains the tone of the pelvic floor. The puborectalis loops
around the back of the anorectal junction, pulling it snugly against the bladder
neck and uterine cervix and creating an acute angulation between rectum and
anus that restricts the passage of rectal contents.

Sphincter muscles would not be able to function unless they had something
to close around and ‘grip’ [33]. This is provided by the bunching and infolding
of the anal mucosa and submucosa, and augmented by the presence of three
expansile vascular cushions, which provide a hermetic seal at the same time as
stretching the muscle so that the circular muscle fibres can contract at a greater
mechanical advantage [34–35]. The anal cushions are composed of large blood
spaces and are fed by arterioles. Histologically they resemble the erectile tissue
of the penis and are therefore well able to confer properties of firmness and solid-
ity. The importance of the anal cushions in preserving continence is emphasised
by a high incidence of anal seepage after radical haemorrhoidectomy [36].

Under resting conditions and during sleep, continence is maintained by the
conservative and fermentative mode of colonic activity and the tonic contrac-
tion of the IAS. Mass movements of faeces are inhibited during sleep by tonic
discharge along the sympathetic nerves, although small amounts of faeces may
be slowly propelled by sigmoid contractions into the rectum, where they accu-
mulate [37]. The EAS is hypotonic during sleep and does not respond to rectal
distension [38]. The IAS is the only barrier maintaining continence during sleep
but, provided that the entry of faeces is sufficiently slow, this does not relax.
Studies conducted in our laboratory have shown that the rectum can be dis-
tended at a slow steady rate of 10 ml/min up to a volume of 200 ml without
causing any rectal sensation or relaxation of the internal sphincter [19]. The
same volume delivered at a rapid rate, as if by a peristaltic mass movement,
would cause instant discomfort and precipitate relaxation of the IAS.

When the subject is awake and active, continence is threatened by rapid
rectal distension or rapid increases in intra-abdominal pressure, caused by cough-
ing, laughing, shouting, sitting up or vigorous exercise. Under these conditions,
incontinence is prevented by the immediate protective contraction of the EAS
and puborectalis, strengthening the sphincter and closing off the anorectal angle.
Contraction of these muscles probably also impedes the venous return from the
anal cushions, enhancing the turgor of the vascular seal. The responses of the
puborectalis and EAS to rectal distension are spinal reflexes, since they can be
demonstrated in paraplegic patients. They are, however, so heavily modulated
by perception of anorectal sensation that to all intents and purposes they can be
regarded as conscious responses [39–40]. Rectal sensitivity and the ability of
the striated muscles of the pelvic floor to respond rapidly to the entry of faecal
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material into the rectum (and to increases in intra-abdominal pressure) are the
key elements in the continence response. They gave our ancestors time to seek
a quiet bush away from the home base and out of sight of predators. And in this
day and age, they allow metropolitan man and woman to undertake journeys
on underground railways early in the morning after breakfast without fear of
embarrassment.

To summarise, defaecation and the preservation of continence are both com-
plex territorial behaviours in humans. They are generated in the cerebral cortex
and are, therefore, markedly influenced by psychosocial factors. The multiple
physiological functions required to control the passage of faeces are under the
influence of a control centre in the pontine brain stem and orchestrated by the
neuronal activity in the terminal expansion of the spinal cord. The instructions
are conveyed via pelvic parasympathetic nerves, lumbar sympathetic nerves and
sacral somatic nerves, influencing the function of the enteric nervous system and
visceral smooth muscle and also the muscles of the pelvic floor. As with many
things in life, strength must be combined with sensitivity and timing is crucial.
Clearly, the muscles of the colon, abdominal wall and pelvic floor must be able
to contract with sufficient power to propel faeces or resist that propulsion. But
more important, the arrival of faeces in the rectum or even quite small increases
in intra-abdominal pressure need to be detected immediately, so that appropri-
ate responses can be rapidly triggered through spinal and enteric reflexes. These
actions can be influenced at many levels by the diabetic process.

Effects of diabetes mellitus on anorectal function

It should be recognised that many previous studies of anorectal function in dia-
betes have substantial limitations—the techniques used were often suboptimal,
only isolated aspects of anorectal function were evaluated and no account was
taken of the potential impact of acute or chronic glycaemia.

As discussed, anorectal dysfunction is more common in patients with diabetes
who have evidence of neuropathy [7,8]. Diabetic microangiopathy impairs nerve
conduction and synaptic transmission [41]; 24–30% of type 1 patients have
clinical evidence of peripheral neuropathy and 17% have evidence of auto-
nomic neuropathy [42]. The prevalence of diabetic neuropathy is related to age,
duration of diabetes and glycaemic control [43]. As discussed in Chapter 9,
autonomic neuropathy is usually diagnosed from measurements of cardiovas-
cular function and, although it seems likely that similar changes must affect
gastrointestinal function, there is only a weak correlation between diabetic auto-
nomic neuropathy diagnosed from cardiovascular tests and disturbances in gut
motility in other regions, such as gastric emptying [5,44]. There is no such
information available for anorectal function.

While disordered gastrointestinal motility in patients with diabetes mellitus
has been believed to result from irreversible damage to autonomic nerves, as
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discussed in Chapters 3 to 6 there is now persuasive evidence that reversible
changes in gastrointestinal motility may result from acute alterations in the
blood glucose concentration [45,46]. It is likely that some of the abnormali-
ties in anorectal motility observed in diabetic patients reflect hyperglycaemia,
rather than diabetes per se, particularly in view of observations relating to the
effects of hyperglycaemia on anorectal motor and sensory function in healthy
subjects [47–50]. We have reported that elevation of the blood glucose to about
12 mmol/l inhibits internal and external anal sphincter function in normal sub-
jects, as evidenced by an increased number of spontaneous anal relaxations
and a reduction in squeeze pressure (Figure 6.2), which would predispose to
incontinence [47]. In contrast, rectal sensitivity and compliance (ability of the
rectum to distend and increase in volume without an increase in pressure) were
increased [47]. Chey et al. [48] have, however, reported that both the percep-
tion of rectal distension and the rectoanal inhibitory reflex were blunted by
hyperglycaemia (blood glucose ∼ 15 mmol/l) in normal subjects. Another study
has established that the central processing of rectal distension (as assessed by
measurement of cortical evoked potentials) is affected by hyperglycaemia in
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Figure 6.2 Recordings of basal pressures in the rectum (R) and anal canal (AC) and
electrical activity of the internal (IAS) and external (EAS) anal sphincters in a healthy
subject during (a) euglycaemia (blood glucose 4 mmol/l) and (b) hyperglycaemia (blood
glucose 12 mmol/l). Hyperglycaemia is associated with a reduction in anal sphincter
pressures and instability of the IAS. From Russo et al. [50], with permission
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healthy subjects [50]. The effects of hyperglycaemia on anorectal function may
also be dependent on the methodology used [48]. The gastrocolonic response
is blunted by hyperglycaemia in healthy subjects [51]. It seems clear, therefore,
that acute elevations of blood glucose have the capacity to cause reversible
changes in anorectal function. It is, of course, well documented that the risk
of both the development and progression of microangiopathic complications
of diabetes, such as retinopathy, nephropathy and neuropathy, is greater in
those patients whose disease is poorly controlled and, accordingly, likely that
irreversible changes in anorectal motility may occur consequent to chronically
poor glycaemic control [52,53]. Studies of the effects of both acute and chronic
glycaemia on anorectal function in diabetes are, however, required to address
these issues.

Disturbances of defaecation in diabetic patients

Constipation is the thief of time; diarrhoea waits for no man

Since defaecation involves close integration of the peripheral, autonomic and
enteric nerves, ischaemic or toxic damage to these nerves caused by the dia-
betic process must lead to disorders of defaecation that will vary according
to the site and type of nerves that are affected. Nevertheless, it is important
not to regard the disturbances in defaecation that occur in diabetic patients as
necessarily complications of diabetes. As discussed in Chapter 1 Clouse et al.
have suggested that once the anxiety and depression are taken into account,
no specific gastrointestinal symptom is significantly associated with autonomic
neuropathy [54].

The pathogenic mechanisms for diabetic diarrhoea have been reviewed in
Chapter 5. This chapter will focus on mechanisms of faecal incontinence and
retention.

Urgency and faecal incontinence

Faecal incontinence may be provoked by irresistible colonic propulsion and
secretion, but it usually also implies a measure of dysfunction in the ano-rectal
apparatus for maintaining continence. This might include weakness of the stri-
ated musculature of the puborectalis and external anal sphincter, a reduction in
internal sphincter tone, a reduction in rectal sensitivity (so that the subject fails
to detect the arrival of faecal material) and a failure of recto-anal coordination
(so that the patient fails to contract the striated muscles in sufficient time to
prevent leakage).

Patients with long-standing diabetes mellitus are more likely to be afflicted
by the shame of nocturnal incontinence of faeces than non-diabetics with faecal
incontinence. This is best explained by neuropathy involving the sympathetic
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nerve supply. As discussed, the colon is normally relatively quiescent during
sleep, probably as a result of tonic activity in the sympathetic efferent nerves to
the colon [37], which reduces propulsion, facilitates fermentation and increases
absorption. Accordingly, if the sympathetic nerves supplying the colon are dam-
aged by diabetic microangiopathy, it could unleash mass movements at times
when they would not normally occur. Thus, events such as the delivery of ileal
contents into the caecum and the build-up of fermentation gases could read-
ily generate colonic mass movements, which would rapidly distend the rectum,
causing unrecognised relaxation of the IAS and faecal incontinence. This is
particularly important at night, when there is no conscious augmentation of
external sphincter contraction in response to rapid entry of faeces into the rec-
tum. Under those conditions, the last barrier protecting continence is the tone
of the internal sphincter. Physiological studies have shown that not only is this
reduced in diabetes, but that the IAS is also markedly unstable (Figure 6.3) [55];
both abnormalities may be related to neuropathic damage to the sympathetic
nerves [56]. Rectal compliance is also impaired, which may be indicative of
damage to the enteric nerves. Moreover, as discussed in Chapter 4, ultrastruc-
tural degeneration of smooth muscle has been reported in visceral smooth muscle
specimens from the stomach of diabetic patients [57].

Impairment of neural function caused by diabetic microangiopathy can affect
to a lesser or greater extent all the mechanisms involved in the maintenance
of faecal continence. So whether a person develops faecal incontinence or not
depends on the interplay between all of these. Physiological studies have demon-
strated that cohorts of patients with long-standing diabetes have an abnormally
low anal tone, weak squeeze pressures and impaired rectal sensation [58–60].
Anal sensitivity may also be impaired [61–62]. These abnormalities frequently
coexist and may be associated with other changes that could threaten continence,
in particular the chronic diarrhoea that occurs in some 20% of patients.

Faecal incontinence in diabetic patients is also often associated with uri-
nary incontinence [63]. This association might be explained by damage to the
pudendal nerve supplying the muscles of the pelvic floor. Pinna-Pintor and his
colleagues have demonstrated that the diabetic process leads to a progressive
prolongation of the pudendal nerve terminal motor latency, with consequent
weakening of the strength of the EAS [64].

It is important to recognise that the most common factor responsible for
pudendal neuropathy in women is, however, damage to the pelvic floor sus-
tained during childbirth. Near the end of the pregnancy, the connective tissue that
supports the pelvic floor softens under the influence of the hormone ‘relaxin’.
Although this facilitates the delivery of the baby’s head, the descent of the
pelvic floor during delivery can damage the pudendal nerve by stretching it
and compressing it where it winds around the iliac spines. Nerve conduc-
tion tests have shown that vaginal delivery is inevitably associated with some
degree of nerve damage [65]. While this tends to show some recovery, it can
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during spontaneous anal relaxation. From Sun et al. [55], with permission

be exacerbated by subsequent deliveries. The pelvic floor fascia may also be
damaged during delivery, leading to permanent descent of the perineum and con-
tinued damage to the pudendal nerve. Because the pudendal nerve supplies the
external anal sphincter, the external urethral sphincter and part of the puborec-
talis, pudendal neuropathy induces weakness of both sphincters that increases
with age, but especially after the menopause, when loss of oestrogen leads to
atrophy of the connective tissue. Severe degrees of perineal descent may also
impair continence by opening up the anorectal angle.

In addition to pudendal neuropathy, the anal sphincter may be torn by the
baby’s head during an uncontrolled second stage of labour and can also be
ruptured during forceps delivery. Endo-anal ultrasonography has shown that 35%
of primiparous women tested after delivery had sustained sphincter damage that
persisted for at least 6 months [66]. The percentages are higher in those who had
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undergone forceps delivery and for multiparous women. Such sphincter defects
were not found after caesarean section. There was a very strong association
between sphincter defects and the development of symptoms of urgency and
incontinence [66]. Even moderate degrees of obstetric trauma may be of little
consequence in somebody in whom stools are solid and bowel habit is regular,
but are nothing short of a disaster in a person with diarrhoea or excessive wind.
Diabetic women, especially those with less than optimal diabetic control, are
more liable to suffer from obstetric complications, such as traumatic disruption
of the anal sphincter or weakness of the pelvic floor, leading to chronic stretching
of the pudendal nerve. This is because diabetics tend to give birth to large babies
when glycaemic control is poor, and are more likely to experience long and
difficult labours and require assisted delivery with forceps or ventouse [67].

In the elderly, faecal incontinence commonly accompanies retention of faeces
and is more likely to occur in those who are mentally and physically inca-
pacitated and are institutionalised. The faecal mass distends the rectum and
stimulates the secretion of mucus. Although the internal sphincter adapts to
maintain its tone even in the presence of quite gross faecal retention [68],
quite small increments in distension which might be induced by accumulation
of mucus are often sufficient to cause relaxation and incontinence. The asso-
ciation of external sphincter weakness, grossly blunted rectal sensitivity and
impaired anal and perianal sensation in these patients suggests the possibility of
spinal neuropathy.

Constipation

The three-toed sloth, living upside down high in the dense forest canopy of Ama-
zonas, has to climb down to the ground to defaecate. For the sloth, defaecation is
a hazardous procedure, because once on the ground, sloths move ever so slowly
and are easy prey. The bowels of the sloth have adapted to this unusual life-style
so that it only needs to defaecate once every 9 days. The sloth is probably the
most constipated mammal known to man except, perhaps, man himself.

The world record for constipation was held by a man who resisted the
temptation of the toilet for 368 days. He was said to become weak after
delivering 36 litres of faeces on June 21st, 1901, but there was much rejoic-
ing in the family (Geib and Jones, 1902 [69]).

Constipation is the opposite of diarrhoea and implies retention of faeces, sluggish
movement of intestinal contents, slow colonic transit and an enhanced absorp-
tion, leading to hard desiccated stools that are difficult to evacuate. Instead of
the gut being programmed for evacuation, it is programmed for retention.

Defaecation can be interrupted by neuromuscular disturbances occurring at
any level in this heirarchy of control and operating at any stage in the chore-
ographed sequence of coordinated events. Constipation may therefore be caused
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by neurological lesions affecting the pontine control centre and the complex inte-
grations within the cauda equina. It may reflect damage to the pelvic parasym-
pathetic nerves that induce colonic propulsion, a myopathy causing weakness of
colonic contraction, and an increase in sympathetic nerve activity which impairs
colonic propulsion by inducing non-propagated contractions in the sigmoid colon
and increases anal tone. Anal mechanisms causing constipation also include
blunted rectal sensation, impaired IAS relaxation in response to rectal disten-
sion similar to that described in Hirschsprung’s disease, and impaired relaxation
of the EAS and puborectalis during attempts to defaecate [70]. The latter, which
is known as anismus [71], has been described in patients with chronic idiopathic
constipation. Finally, defaecation may be obstructed mechanically by expansion
of the anal cushions to create haemorrhoids and partial prolapse of the rectum
into the anal canal [72]. Thus, constipation may be caused by disease affecting
the brain and spinal cord, the somatic, autonomic and enteric nerves, the smooth
muscle of the colon and anal sphincter, striated muscle of the pelvic floor and
other vascular and connective tissue structures. It is not surprising, therefore, that
textbooks of gastroenterology provide long and detailed differential diagnoses.

Little is known about the exact mechanism of diabetic constipation, but much
can be inferred from knowledge of the normal physiology. The pelvic parasym-
pathetic nerves that mediate colonic propulsion can be damaged by diabetic
neuropathy, but why some patients seem to suffer more from damage to the
parasympathetic nerves and constipation while others suffer from sympathetic
neuropathy and diarrhoea is unclear. Combined myoelectric and manometric
studies have demonstrated blunting of the gastrocolonic response to a meal
in some patients with diabetic constipation, although contractile activity could
still be elicited by neostigmine, suggesting the presence of autonomic neuropa-
thy [73].

Autonomic neuropathy would be expected to cause reductions in the sensory
and motor responses to rectal distension. Sarna and co-workers have suggested
that perception and nociception are well preserved in diabetics, even in those
with evidence of neuropathy [74], but we found that 81% of diabetic patients
with faecal incontinence had impaired rectal sensitivity and 42% of them failed
to relax the IAS in response to rectal distension [55]. Such alternations in rectal
physiology could lead to the accumulation of faeces.

Constipation is a common symptom, affecting up to 20% of otherwise healthy
people. This usually does not have an obvious pathological basis and is regarded
as a behavioural or functional disease. Patients with idiopathic constipation show
physiological abnormalities of most, if not all, components of the defaecation
sequence. Measurements of colonic motility show delayed transit through the
colon, infrequent colonic propulsion and increased obstructive contractions in
the sigmoid colon. Rectal distension reveals that higher volumes are required
to induce an urge to defaecate, a rectal contraction and a relaxation of the IAS.
Anal manometry shows an elevated anal tone and paradoxical contraction of the
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EAS and puborectalis during attempts to defaecate [75]. This latter phenomenon
(anismus) represents failure to activate descending inhibitory spinal pathways
that facilitate defaecation. This combination of abnormalities might suggest a
lesion in the brain or spinal cord, but investigations are invariably negative.
Physiological tests of spinal reflexes have been shown to be abnormal [39], but
this may not so much indicate a neurological disease as a failure to activate
the programmed sequence of defaecatory behaviour because of a psychological
block. It is as if the fear of expression has laid its heavy hand on the pontine
switch for defaecation and, as such, resembles the difficulties that some men
have when they have to ‘pee’ in public. This notion of idiopathic constipation
as a behavioural disease would explain the remarkable success of biofeedback
training and the disappointing results of surgery.

Constipation is particularly common at the extremes of life. Most cases of
faecal retention in childhood, however, respond to the sensitive application of
behavioural techniques and rarely continue in adulthood. Thus, most paediatri-
cians would assume faecal impaction in infants to be a behavioural abnormality,
the way in which the infant resists parental control. Elderly patients with faecal
impaction may also suffer from behavioural problems, brought about by the
combination of mental and physical infirmity, immobility and the combination
of cold weather and outside toilets [76]. Physiological studies, however, suggest
the possibility of a neurological lesion. Elderly patients with faecal impaction
have considerable blunting of rectal sensitivity. Volumes of half a litre or more
may have to be introduced into the rectum before any sensation is induced [77].
Unlike younger women, the defect in rectal sensitivity in the elderly is associated
with a corresponding attenuation of peri-anal sensation, an abnormal increase
in rectal compliance and a weak external sphincter. This combination of motor
and sensory abnormalities, involving both somatic and visceral nerves, suggests
the possibility of a neurological defect in the integrating centre in the conus
medullaris, the terminal expansion of the spinal cord.

Clinical assessment

The objective of clinical assessment of defaecation disorders is to identify con-
ditions that may respond to specific treatment. Many techniques have been
employed as research tools to elucidate the pathophysiology of faecal incon-
tinence or constipation, but few have clinical use.

Faecal incontinence

Patients are more likely to suffer from faecal incontinence and seepage if their
faeces are liquid. So patients with severe diarrhoea who pass large amounts of
liquid motions require investigation and treatment of their diarrhoea before any
specific investigation of anorectal function, since in many cases the incontinence
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will cease to be a problem if the diarrhoea is treated satisfactorily. The investiga-
tion and management of diarrhoea in diabetic patients is described in Chapter 5.
This section is concerned with the investigation of faecal incontinence when stool
output is relatively low and which does not respond to treatment of diarrhoea.
Under these conditions, it is important to identify obstetric trauma, since this can
be treated surgically. It is also important to identify specific neurological causes
of incontinence, and not to miss faecal impaction with overflow.

Inspection of the perineum and digital examination of the anorectum is essen-
tial and should be carried out in all patients with faecal incontinence. With the
patient lying in the left lateral position, he/she should be asked to bear down. Nor-
mally the perineum descends no more than a centimetre. Any more movement
than this indicates an abnormal degree of perineal descent and suggests pudendal
neuropathy consequent upon obstetric weakness of the pelvic floor. The degree of
perineal descent can be measured more accurately using a St Marks perineometer,
which consists of a rod with two adjustable legs which are placed on the patient’s
ischial tuberosities, and a central graduated cylinder, the tip of which is placed on
the anus. When the patient bears down the extent to which the perineum descends
can be measured accurately on the graduated cylinder. Bearing down may also
reveal the existence of rectal prolapse, which is frequently associated with sphinc-
ter weakness and is a frequent cause of seepage. The presence of obvious external
haemorrhoids is also a common cause of anal seepage of mucus. Digital exami-
nation of the rectum is a useful and simple means of assessing resting anal tone
and the strength of conscious contraction. Patients with anal seepage caused by
haemorrhoids, anal fistula and anal fissure have an enhanced anal tone [78–79],
while anal tone is often very weak in patients with frank incontinence. Pulling
back on the sphincter with a finger in the anus or parting the buttocks may elicit
gaping of the sphincter, a sign that the external sphincter is particularly weak [80].
Since direct obstetric injury to the anal sphincter characteristically occurs in the
anterior position between the anus and vaginal introitus, we have found it useful
to examine the thickness of sphincter muscle in this region by means of a bidigital
examinal, with the thumb in the anus and the index finger in the vagina. Digital
examination of the rectum may also reveal the presence of tumours, solitary rectal
ulcer and rectal intussusception, all of which may be associated with leakage of
mucus, as well as faecal impaction.

Proctoscopy and/or sigmoidoscopy is also essential part of the investigation
of patients with faecal incontinence. These may reveal not only haemorrhoids,
fistulae and fissures, but also solitary rectal ulcer, proctitis, tumours and the
discrete patches of inflammation and ulceration associated with Crohn’s disease.
All of these may give rise to rectal seepage. There are no specific findings on
clinical examination that indicate anorectal dysfunction caused by diabetes.

Clinical investigation of faecal incontinence might include anorectal manom-
etry, endoanal ultrasonography and X-ray defaecography [81]. Anorectal mano-
metry is usually recorded with either multiple low-compliance perfused catheters,
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microballoons and/or miniature strain gauge transducers [82]. The measurements
obtained depend as much on the method used as the physiological function being
measured, and they all have their limitation(s). It is important that investigators
using these techniques establish their own normal ranges, since there is little
concordance in the results obtained from different laboratories. Our laboratory
has substantial experience with a set-up that incorporates an array of perfused
catheters with side holes situated 0.5 cm apart in the anorectum, a rectal balloon,
so that rectal sensitivity and the recto-anal pressure responses to rectal distension
can be measured, and a wire electrode in the EAS to record EAS activity [22].
Using this technique, basal and squeeze pressures are measured on three sepa-
rate occasions and the sensory and rectal, IAS and EAS pressure responses to
graded stepwise rectal distension can be recorded (Figure 6.1). We have found
that this combination of measurements provides a comprehensive assessment of
anorectal function and can indicate different functional abnormalities in a variety
of clinical conditions. For example, we have found that the unstable oscillations
of IAS tone and electrical activity occur more frequently in diabetic patients with
faecal incontinence than in any other group [55]. Patients with spinal lesions, on
the other hand, all show a combination of impaired rectal sensitivity and weak
or absent squeeze pressures; in those with high spinal lesions there are exagger-
ated EAS electrical responses to rectal distension, while in those with low spinal
lesions the EAS electrical responses are markedly attenuated [23]. Patients with
anal seepage caused by anal fissures, fistulae and haemorrhoids exhibit particu-
larly high resting sphincter pressures, while those with obstetric injury have very
low sphincter pressures [58,73]. Neither finding is, however, diagnostic and may
in any case be elicited by careful clinical examination.

Endo-anal ultrasound is the only technique that satisfactorily identifies the
present of a defect in the sphincter ring caused by obstetric or other trauma
(Figure 6.4) [81,82]. A rotating ultrasound probe is inserted into the anus—no
bowel preparation is required and it is no more uncomfortable than a digital
rectal examination. Endo-anal ultrasound should be conducted in all women
with faecal incontinence who have undergone vaginal deliveries and have low
sphincter pressures.

Defaecography is a radiographic technique. The rectum is filled with radio-
opaque medium, which subjects are asked to evacuate under direct X-ray screen-
ing. This is a useful method to assess the dynamics of defaecation [83]. It can
assess the degree of perineal descent and reveal the presence of partial rectal pro-
lapse and rectal intussusception, both of which may be associated with seepage.

Other techniques that have been used in some laboratories include the mea-
surement of pudendal nerve terminal motor latency, by the use of a special
glove with a stimulating electrode on the tip of the index finger and recording
electrodes at the base of the finger [84]. The finger is inserted into the anal canal
and the pudendal nerve is located as it enters the pelvis under the ischial spine,
so that the recording electrodes are now enclosed by the sphincter and record the
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Figure 6.4 Endoanal ultrasound images of (a) normal anal sphincter; (b) internal
sphincter defect (region between the crosses); and (c) anterior external anal sphincter defect

myoelectrical response to stimulation. Prolongation of nerve conduction is seen
in severe nerve damage and may herald a poor outcome following post-anal, or
sphincter, repair.

Investigation of constipation

Visual inspection of the perineum is important to identify degrees of perineal
descent, which may be associated with obstructive lesions, such as intussus-
ception and rectovaginal prolapse, and to elicit the presence of external haem-
orrhoids. Digital examination of the anus may reveal increased tone, found in
patients with haemorrhoids, fistulae and fissures. The examination is likely to
be painful in all of these conditions, particularly anal fissures. As discussed,
increased tone is also a feature of some patients with idiopathic constipation,
but others have a very weak sphincter. The latter might also suggest spinal
lesions, especially when associated with impaired rectal sensitivity.

Combined anorectal function testing [22] is particularly useful to identify
impaired internal sphincter relaxation in the rare patient with short-segment Hir-
shsprung’s disease, to indicate the possibility of undetected spinal lesions (such



236 ANORECTAL FUNCTION

as a prolapsed lumbar disc affecting the cauda equina, cervical spondylosis, dis-
seminated sclerosis, brain stem tumours or syringomyelia), and to demonstrate
the paradoxical sphincter contraction during attempts to defaecate in patients
with idiopathic constipation. For the latter, we use a stool-shaped silicone enve-
lope, modified from an Angelchik prosthesis, with a tail-like tape attached to one
end of it [85]. We call it the rectal ‘mouse’. This pseudo-rodent is generously
lubricated and inserted into the rectum. A wire electrode is also inserted into
the EAS. The patient then ascends an elevated commode and, with the inves-
tigator behind a screen, is instructed to evacuate the simulated stool. Patients
with idiopathic constipation often fail to do this and the myoelectrical recording
reveals a paradoxical contraction of the EAS during attempts to defaecate.

Defaecography is particularly useful in constipated patients as it demonstrates
mechanical lesions that obstruct defaecation, such as partial rectal prolapse, rec-
tocoele and rectal intussusception [83]. A barium enema is essential in patients
with constipation, since it may reveal obstructing lesions such as tumours,
Crohn’s disease or ischaemic strictures and endometriosis, and distinguishes
between the grossly dilated megacolon that is suggestive of visceral myopathy
or neuropathy and the elongated narrowed multihaustral colon found in many
patients with chronic idiopathic constipation.

Colonic transit is usually measured by asking the subject to ingest a known
quantity of radio-opaque markers and then taking abdominal X-rays over the
next few days to determine the passage of these markers and where they might
be accumulating. An alternative is the use of radio-isotopes. There are several
ways of conducting a radiographic marker test. The most accurate and repro-
ducible method may be to take 20 markers every day for 5 days and then take a
single X-ray at the end of that time; transit is determined by dividing the number
of markers in the abdomen by the number ingested daily [86]. This test provides
an objective assessment of whether there is impairment of colonic propulsion.
Accumulation of the markers in the rectum is suggestive of faecal impaction.
Some years ago, constipation was divided into different types according to the
distribution of markers [87]. There now seems to be little utility in this assess-
ment, although patients with ulcerative colitis and those with irritable bowel
syndrome often have hold-up in the proximal colon and rapid clearance of the
distal colon [88].

Finally, it is important to remember that constipation is a feature of some
metabolic diseases, so that blood should be taken for measurement of thyroid
function, as well as plasma calcium and potassium, and can be a side effect
of a number of drugs, including opiates, anticholinergics, antidepressants and
calcium channel blockers.

Treatment

The treatment of disturbances of defaecation in patients with diabetes is largely
symptomatic. Nevertheless, the establishment of tight glycaemic control may
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slow, halt or even reverse the neuropathic process. There are no direct data
in relation to anorectal dysfunction but, as discussed in Chapter 4, stringent
control of blood glucose concentration for 4 weeks has been reported to rec-
tify the disturbances in electrical control activity of gastric motility in diabetic
patients [89]. It should be recognised that this level of glycaemic control is not
achievable without an increased risk of hypoglycaemia, which may go unde-
tected, particularly in patients with long-standing type 1 diabetes.

While a number of agents, including aldose reductase inhibitors, may be
effective in the treatment of diabetic autonomic and peripheral neuropathy [90],
there is no information about their effects on anorectal function.

Treatment of incontinence

Patients with faecal incontinence may only rarely be ‘cured’—the major aim
of treatment is to improve symptoms to a level where there is minimal impact
on lifestyle. Many patients, unfortunately, wrongly consider that incontinence is
the ‘natural’ result of childbirth and/or ‘getting old’ and that little can be done.

When diarrhoea is complicated by faecal incontinence, the first priority is
to bring the diarrhoea under control and subsequently ascertain whether the
patient has a treatable cause for incontinence. The first line of treatment for
diarrhoea is the use of opiate-like antidiarrhoeal agents (e.g. loperamide, lomotil,
diphenoxylate and codeine phosphate). These inhibit the local nervous reflexes
responsible for both intestinal propulsion and secretion and increase the tone
of the IAS [91]. Loperamide is the most potent of these and, unlike codeine
phosphate, does not cross the blood–brain barrier. As many as 12 tablets of
loperamide (8 mg t.d.s.) may be taken each day without unwanted side effects.
It is important to exclude the possibility that diarrhoea is related to intestinal
stasis with bacterial overgrowth, since loperamide may potentially exacerbate
this (Chapter 5).

Rapid intestinal transit sufficient to cause diarrhoea is often associated with
bile acid malabsorption. Bile acids stimulate colonic secretion and propulsion
and may exacerbate symptoms of urgency and faecal incontinence. We have
found that the bile acid-binding agent cholestyramine is sometimes dramatically
effective in diarrhoea that is associated with urgency and faecal incontinence
and resistant to loperamide and opiate-like antidiarrhoeal agents. Bile acids are
released in association with a meal, and therefore it is essential that the patient is
instructed to take cholestyramine half an hour before meals and that the dose is
titrated with the size of the meal. We usually commence with a small dose of two
sachets (8 g) before dinner in the evening and one (4 g) before lunch, but the
clinician should enlist the patient’s collaboration in finding the most appropriate
dose according to his/her pattern of eating and the response to treatment.

Since there is evidence that diabetic diarrhoea and nocturnal incontinence
may be related to sympathetic neuropathy, it is not surprising that α2-adrenergic
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agonists, such as clonidine, have been advocated and shown to be effective in
the management of diabetic diarrhoea [92] associated with evidence of neuropa-
thy. Clonidine artificially restores sympathetic tone, enhancing salt and water
absorption and reducing propulsive contractions [93]. Clonidine also modulates
colonic motor and sensory function in healthy subjects [94]. It also seems prob-
able that clonidine may help to restore IAS stability and tone, although this
has yet to be tested. Clonidine should always be considered in the manage-
ment of patients with nocturnal incontinence. The doses used are comparable to
those employed in the treatment of hypertension; considerable caution should
be employed in treating neuropathic patients with postural hypotension.

If the patient has faecal incontinence, even in the presence of a normal or
near-normal bowel action, further investigation and treatment for anorectal dys-
function is required. Loperamide should always be tried in such patients, since
it reduces rectal sensitivity and reflex activity, enhances sphincter tone and has
been shown to reduce urgency and incontinence, even in patients who do not
have frank diarrhoea [91].

As discussed, obstetric causes for faecal incontinence may well be more
common in patients with diabetes and can be treated by surgery. Defects in the
sphincter ring caused by previously undetected tears can respond to an overlap
sphincter repair. It may well be important to ascertain that the remaining muscle
is active by carrying out measurements of myoelectrical activity before surgery.
As discussed, obstetric trauma also weakens the pelvic floor and causes perineal
descent and pudendal neuropathy. The progression of this may be halted, and
the mechanical function of the pelvic floor improved, by a surgical procedure
known as post-anal repair, in which the pelvic floor is strengthened with a
darn or a graft. This procedure may also be beneficial in the management of
urinary incontinence. When perineal descent has resulted in severe neuropathic
weakness of the sphincter or the pudendal neuropathy caused by compression
and tension is exacerbated by diabetic microangiopathy, the results of post-anal
repair are often poor. Alternative procedures, such as the use of the gracilis or
gluteus muscle to construct a new sphincter, the more experimental artificial
sphincter devices and spinal sacral nerve stimulation have been tried, but their
efficacy is uncertain [95]. When a patient is suffering from continuous soiling
that does not respond to treatment, a permanent colostomy may prove to be the
only reasonable solution.

Faecal impaction with overflow is usually treated by evacuation using digital
extraction and enemas, followed by a regular regime of bulk laxatives and toilet
training [96].

Biofeedback training (operant reconditioning) is a useful method for treating
incontinence of all types. Its efficacy is thought to relate to enhancement of
rectal sensitivity and improvement of the coordination between rectal percep-
tion and external sphincter contraction. The sphincter activity during conscious
contraction of the external sphincter is displayed to the patient visually, who
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is encouraged to improve in both the strength and duration of the response.
Coordination between rectal perception and pelvic floor contraction is improved
by training the patient to recognise and react promptly to progressively smaller
volumes of air introduced into a rectal balloon by contracting the external sphinc-
ter. Studies have shown impressive responses to biofeedback training in patients
with idiopathic faecal incontinence, but when attempts were made to control for
the ‘active principle’ by not offering any feedback, patients still did well [97].
Thus, one might conclude that the beneficial effects of biofeedback are, at least
in part, related to the establishment of confidence through the nature of the
relationship between the patient and the therapist.

Treatment of constipation

The first line of treatment for constipation is dietary supplementation with fibre
and/or bulking agents, such as ispagula husk (e.g. Fybogel and Regulan) [98].
In our laboratory, we routinely commence all patients referred for assessment
of constipation on a regime consisting of three times daily 15 ispagula husk, an
extra litre of water a day and regular exercise. About 25% of patients respond
to that regime, even though their constipation has been resistant to all forms of
treatment for years. Bulking agents are viscous polysaccharides. They not only
increase the volume of faeces but, as discussed in Chapter 4, can also improve
glycaemic control in diabetes by slowing the delivery of carbohydrate from
the stomach into the small intestine and small intestinal carbohydrate absorp-
tion [98]. Unfortunately, those polysaccharides that are particularly effective in
reducing postprandial hyperglycaemia, such as guar gum and pectin, are com-
pletely fermented by colonic bacteria and are less effective as bulk laxatives
than ispagula husk [99].

More resistant constipation may be treated with osmotic laxatives, such as
lactulose, and irritant laxatives such as bisocodyl. ‘Prokinetic’ agents, such as
cisapride, have been advocated for treatment of chronic constipation. As dis-
cussed in Chapter 4, these drugs enhance synaptic transmission by increasing the
release of acetylcholine [100]. They may, therefore, be useful in offsetting the
effects of neuropathy affecting the parasympathetic nerves. Unfortunately, there
is no evidence to suggest that these agents are particularly effective in diabetic
patients who are constipated, and their efficacy in other forms of constipation
is at best controversial.

Biofeedback training is effective in about 80% of cases of severe constipation
referred to our unit. Biofeedback attempts to restore the dynamics of defaeca-
tion, by training the patient to recognise the presence of stool in the rectum and
to relax the external sphincter during attempts to defaecate instead of contract-
ing it. In our laboratory, we insert the silicone rubber ‘mouse’ into the rectum
and pull back on the tail so that it sits snugly above the sphincter. Then, with
a wire electrode in the EAS and connected to an audio output, we instruct the
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patient to attempt to defaecate while maintaining the activity of the EAS at as
low a level as possible. This procedure is preceded by abdominal massage with
aromatic oils, specifically rosemary, which has the reputation of being ‘good for
constipation’. Massage commences with a circular motion, starting in the right
iliac fossa and moving slowly along the line of the colon, up, across and down.
This not only relaxes the patient, but provides the sensation of faeces moving
around the colon and into the rectum ready for evacuation. It is reinforced by
the suggestion that the blockage is being relieved. It was originally thought that
biofeedback would only work for patients who demonstrated paradoxical con-
traction of the EAS and puborectalis muscles during attempts to defaecate. The
observation that it can help constipated patients who have no detectable distur-
bance in defaecation dynamics suggests that it might work through non-specific
psychological mechanisms associated with the relationship between the patient
and the therapist [101]. It is essential for this type of therapy that the therapist is
relaxed, unrushed, sympathetic and reassuring, inspiring confidence and belief
in the efficacy of the method. Others have used the focused suggestions of hyp-
notherapy to alter bowel function, particularly in patients with functional bowel
disorders [102]. After inducing a state of deep relaxation by progressive muscle
relaxation and other suggestions, Peter Whorwell and his colleagues instruct
patients to imagine that their bowel is like a river. If they are constipated, the
river is stagnant and turbid and obstructed and Whorwell ‘speeds it up’. This
technique can be remarkably effective. When one of us (NWR) learnt the tech-
nique and tried it out on a lady who had been severely constipated for years,
he implanted the suggestion that her river was a clear stream flowing merrily
over pebbles in the bright sunlight. Two weeks later, the patient returned with
a merry little attack of diarrhoea and he had to slow the river down!

The role of emotions in the pathogenesis of bowel disorders should always be
acknowledged in the treatment plan for diarrhoea or constipation, whatever the
cause. Our experience with functional disorders causing severe bowel dysfunc-
tion suggests that there is a link between emotional expression and the nature
of the bowel disturbance. Patients with diarrhoea, urgency and incontinence
often have considerable difficulty in containing their emotions, while those with
constipation can be quite literally uptight and defensive. Psychotherapy can be
remarkably effective for these patients [103]. One of us was referred a patient,
a young lady called Sandra, who had been constipated for 14 years ever since
her brief marriage had broken down. She lived alone and worked in the local
library. During the course of therapy, she was silent and responded by looking
up shyly from under her fringe in a manner reminiscent of the late Princess
Diana. This restricted the therapeutic engagement somewhat, so the therapist
stopped talking and, as it was summer, fell into a deep reverie on the state of
English cricket. When the time came for the session to end, he merely said,
‘It’s time to go now, Sandra’. She looked alarmed and ran out of the rooms
and the therapist doubted that he would see her again. The following week,
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she was quite different. Without pausing to take off her coat, she told him how
she had not travelled half way across the country for him to sit there and do
nothing, she had felt furious, and she had suffered with diarrhoea all week!
This seemed to unlock the therapy. By the end, she was passing motions regu-
larly, she went on holiday to New York, changed her job, met a bookish young
man and continued to enjoy a regular bowel action. You could say that she had
an earth-moving experience! Of course, it is difficult to provide the evidence
to support such anecdotes. Nevertheless, psychotherapy has been proven to be
effective in relieving the symptoms of patients with irritable bowel syndrome
resistant to medical treatment [103].

It is clearly inappropriate to suggest that psychotherapeutic techniques would
be useful for patients with an inert distended megacolon caused by severe neu-
ropathy. Such patients can probably only be treated by surgical resection of the
colon and a permanent ileostomy [104]. However, most patients with diabetes
who have constipation are not like that. They may have a degree of neuropa-
thy, but their medical condition may be complicated by emotional situations
that may be difficult to express. People with diabetes have emotional problems
like anybody else and there is evidence that this prevalence is higher [105]. For
example, living with a severe life-threatening illness and keeping oneself alive
day in and day out with injections, knowing that their sight is gradually deterio-
rating, they are losing the sense of feeling in their feet and hands, and they can
no longer enjoy normal sexual activity, must put enormous strain on the patient
with diabetes and his/her relationship with other people. People cope with this
in different ways. Some despair. Others, perhaps the majority, adopt a stoical,
stiff-upper-lip attitude and keep their diabetes and their emotions in reasonably
tight control. In other words they become emotionally (and perhaps physically)
constipated. The art of the physician is not only to recognise the disease, but also
to understand the sort of person who gets the disease. Successful management
treats both.
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Introduction
Alterations in the function of the liver, biliary system and exocrine pancreas are
common in diabetic patients. However, in contrast to other systemic disorders
with gastrointestinal involvement, symptoms originating from these organs are
less prominent, apart from biliary colic due to gallstones. In this chapter the
functional interactions between the liver and exocrine pancreas on the one hand,
and the endocrine pancreas on the other, are discussed. Both the impact of
diabetes on hepato-biliary and exocrine pancreatic function and the hepatic and
exocrine pancreatic disorders that may lead to alterations in glucose metabolism,
and subsequently result in diabetes mellitus, are reviewed.

The liver and diabetes
The liver plays an important role in glucose metabolism. It is, therefore, not
surprising that diabetes mellitus can affect hepatic function and that glucose
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metabolism can be altered in liver disease. In some cases chronic liver disease
and diabetes may result from the same cause [1].

Normal carbohydrate metabolism and the liver

Normal carbohydrate homeostasis involves hormones (such as insulin, glucagon,
cortisol, growth hormone and catecholamines), physiological processes
(exercise, fasting, stress), biochemical pathways (glycolysis, formation and
breakdown of glycogen, gluconeogenesis, the Krebs cycle and lipogenesis) and
substrate exchanges between organs and tissues [2].

After feeding, the liver takes up glucose and uses it for glycolysis or for
the formation of glycogen. The liver releases glucose from the breakdown of
glycogen and from gluconeogenesis for utilisation by peripheral tissues, mainly
the brain cells and red blood cells, but also by muscle cells and adipocytes for
storage. After ingestion of a meal, the liver retains at least 50% of an oral glu-
cose load for glycogen synthesis and other metabolic functions. Via an indirect
pathway, glucose is not directly taken up by the liver but is first released into the
circulation and taken up by peripheral tissues, where glycolysis to gluconeogenic
precursors (such as lactate and pyruvate) takes place. These precursors are then
released into the circulation, taken up by the liver and converted to glycose via
glyconeogenesis. The glucose produced is then incorporated into glycogen.

Glucose uptake by the hepatocyte is a non-insulin-dependent process, taking
place through facilitated diffusion via hepatic glucose transporters. The glucose
concentration in the hepatocyte equals that of the sinusoids. The next step is con-
version of glucose to glucose-6-phosphatase by glucokinase (Figure 7.1). Under

Glucose

Hepatocyte

2
1 3*Glucokinase

Glycogen

Glucose 6- Phosphate

Glycolysis
ATP ADP

Glucose

Sinusoidal
space

Figure 7.1 Glucose uptake by the liver. (1) Rapid diffusion of glucose from sinusoidal
space into the hepatocyte via facilitated diffusion by a specific hepatic glucose transporter
protein. (2) The rate-limiting enzyme for uptake of glucose by the liver. High Km of
hepatic glucokinase for glucose makes this system very sensitive to changes in the serum
glucose concentration. (3) Metabolic fate of the glucose 6-phosphate is dependent on
nutritional state. Asterisk indicates an enzyme that is significantly altered in diabetes. From
Katbamna et al. [2], with permission
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Figure 7.2 Regulation of glucogen metabolism is controlled by complex interactions that
occur in the hepatocyte. Glucagon via cAMP-dependent phosphorylation–dephosphory-
lation exerts its influence by increasing phosphorylase activity and diminishing the activity
of glucogen synthase. Glucose binds to phosphorylase [P(a)], causing an inactivation of
P(a). The decrease in concentration of P(a) allows for the activation of glycogen synthase
and subsequent glycogen synthesis. Asterisks represent enzymes that are significantly
altered in diabetes. From Katbamna et al. [2], with permission

physiological conditions, this enzyme is not saturated. Therefore, the capacity of
the liver to monitor the sinusoidal glucose concentration is not dependent on hor-
monal control under normal physiological conditions. The rate-limiting enzymes
in hepatic glycogen synthesis and breakdown are glycogen synthase and glyco-
gen phosphorylase (Figure 7.2). High sinusoidal glucose leads to inactivation of
phosphorylase, which in turn activates glycogen synthase, so that glycogen is
synthesised. This occurs within 2 min of an increase in glucose concentration.
Glucose may also directly activate glycogen synthase. Although insulin influ-
ences the synthesis of glycogen, the intrahepatic glucose concentration is more
important in regulating glycogen metabolism after meals. After a 48 h fast,
when glycogen is depleted, low-dose insulin infusion inhibits degradation of
newly formed glycogen and allows gluconeogenesis, with storage of the newly
formed glucose as glycogen. At higher rates of insulin infusion, both glycogenol-
ysis and gluconeogenesis are inhibited, due to the intrahepatic effect of insulin
rather than to a decreased availability or extraction of gluconeogenic precur-
sors. Portal venous insulin levels can be 10 times higher than peripheral blood
insulin levels, leading to significant changes in hepatic glucose metabolism with
seemingly small changes in serum insulin concentrations. Periportal hepatocytes
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exhibit greater activities of the enzymes of gluconeogenesis and glycogensyn-
thesis, while the perivenous hepatocytes exhibit greater enzymatic activity for
glycolysis. The liver glycogen storage (around 70 g for an adult) is not enough
to meet the 24 h glucose requirement of the brain (145 g) and other glycolytic
tissue (35 g), mainly cellular blood components. In short-term fasting (< 24 h)
the degradation of hepatic glycogen accounts for 50–75% of hepatic glucose
output, gluconeogenesis for the remainder. As fasting continues and hepatic
glycogen is depleted, gluconeogenesis accounts for up to 98% of hepatic glu-
cose output at 2 days. The hormonal signal that is the most important in the
initiation of glycogenolysis is the fall of the plasma insulin level to 25% of the
postprandial level during fasting. Apart from insulin, gluconeogenesis is also
controlled by glucagon, which stimulates phosphoenolpyruvate carboxykinase
(PEPCK), the rate-limiting enzyme of gluconeogenesis (Figure 7.3).
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Glucose 6- phosphate

Glucokinase*

Fructose 6- phosphate

Fructose 1,6 - biphosphate

Phosphoenol pyruvate

Pyruvate kinase*

_

+
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Pyruvate

Fructose 2, 6 - biphosphate
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Figure 7.3 Metabolic changes that facilitate glucose production from gluconeogenesis.
Fructose 2,6-biphosphate is a potent stimulator of glycolysis and inhibitor of gluconeo-
genesis. In conditions such as stress, fasting or insulin deficiency, two important effects of
glucagon are to inhibit the formation of fructose 2,6-biphosphate and pyruvate kinase,
effectively shutting down glycolysis so that gluconeogenesis can proceed. Asterisks
represent enzymes that are significantly altered in diabetes. From Katbamna et al. [2], with
permission
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Figure 7.4 Oxidation of fatty acids to acetyl CoA results in decreased pyruvate
dehydrogenase (PDH) activity and increased conversion of pyruvate to oxaloacetate (OAA)
via pyruvate carboxylase. This causes pyruvate to be channelled into the gluconeogenic
pathway. Alanine and glucagon (via cAMP-dependent protein phosphorylation) strongly
inhibit pyruvate kinase. Glucagon also promotes phosphoenol pyruvate carboxykinase,
which is the rate-limiting enzyme of gluconeogenesis. The net result of these changes is
that gluconeogenesis predominates and glycolysis is greatly decreased. From Katbamna
et al. [2], with permission

During fasting, fatty acids are released from adipose tissue and most of these
are metabolised by peripheral tissues. A portion are converted to ketones for
utilisation by the brain and other tissues, but most are passively cleared by the
liver (Figure 7.4).

Hepatic carbohydrate metabolism in diabetes

In (insulin-dependent) type 1 diabetes mellitus the low or absent insulin level
results in enhanced rate of glucose output by the liver and diminished peripheral
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glucose uptake. Despite an increased insulin-binding activity, hepatic extraction
from portal blood is diminished and there is a loss of feedback inhibition on glu-
coneogenesis. Hepatic glucose output remains inappropriately high for a given
glucose and insulin concentration, suggesting hepatic insulin resistance. The
insulin receptor activity in the hepatocyte is diminished, and glucagon concen-
trations are elevated, which, together with insulin deficiency, diminishes glucose
uptake by the insulin-sensitive tissues. Glucagon also stimulates glycogenolysis
and gluconeogenesis, thereby further increasing hepatic glucose output. Insulin
deficiency leads to low hepatic glucokinase levels, resulting in decreased glucose
uptake and phosphorylation for glycolysis. So, in contrast to the normal situation,
in type 1 diabetes the level of enzyme declines enough that the enzyme, rather
than glucose availability, becomes rate limiting. Treatment with insulin reverses
these changes and normalises uptake of glucose by the hepatocyte. Insulin defi-
ciency decreases hepatic glycogen content. The normal inactivation of glycogen
phosphorylase and activation of glycogen synthase by glucose (Figure 7.2) is
defective in type 1 diabetes [2].

In (non-insulin-dependent) type 2 diabetes there is decreased peripheral glu-
cose uptake and elevated hepatic glucose output, which leads to basal hyper-
insulinaemia. The resulting hyperglycaemia exacerbates both defects. Hepatic
glucose output is not suppressed by insulin in these patients. Hepatic glu-
cose production is the major source of postprandial blood glucose levels in
type 2 diabetes. In these patients, after an overnight fast 90% of total hep-
atic glucose is derived from gluconeogenesis, as compared to 70% in non-
diabetics. Due to peripheral insulin resistance, lipolysis and release of free
fatty acids occur in adipose tissue. This leads to enhanced fatty acid oxidation,
which stimulates gluconeogenesis by making precursors available. In type 2
diabetics hepatic glycogen metabolism is also altered, with accumulation of
glycogen during fasting and decreased total muscle glycogen despite hypergly-
caemia [2].

Altered glucose metabolism due to liver disease

Increased energy expenditure, decreased glycogen storage

In cirrhosis, there is an increased energy expenditure and abnormal substrate
metabolism. A smaller than normal hepatic glycogen storage capacity leads to
prolonged catabolic episodes at night, with use of ‘fat and protein’ rather than
carbohydrates, resulting in malnutrition and cachexia. A ‘nibbling’ pattern of
food intake with a late evening meal and an early breakfast can minimise these
effects (Figure 7.5) [3].
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Glucose intolerance of chronic liver disease

Chronic liver disease may be implicated in the aetiology of associated (‘hep-
atogenic’) diabetes mellitus. As many as 70% of cirrhotic patients become
hyperglycaemic following an oral glucose load [4]. This may reflect, at least
in part, peripheral insulin resistance, for which most patients compensate with
higher insulin levels [5,6]. Insulin clearance by the liver can also be reduced
in cirrhosis. In some patients insulin secretion after oral glucose is blunted,
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Figure 7.5 Respiratory quotient (RQ) in patients with liver cirrhosis (a) (n = 7) and
healthy volunteers (b) (n = 13), and non-protein respiratory quotient (NPRQ) in cirrhotic
patients (c) (n = 7) during ‘gorging’ (•) vs. ‘nibbling’ (◦) feeding pattern. In the ‘gorging’
pattern the nightly catabolic episodes are longer (∗ ∗ ∗, p < 0.001). Therefore, especially in
cirrhosis, a ‘nibbling’ feeding pattern with a late evening meal and an early breakfast is
preferable. From Verboeket-van de Venne et al. [3], with permission
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with a delayed appearance of C-peptide, leading to delayed peripheral utilisa-
tion of glucose [7,8]. Fasting blood glucose levels are normal, which represents
a major difference from genuine diabetes. Furthermore, diabetic complications
do not occur.

With more severe hyposecretion of insulin, there is also continued hepatic
glucose production due to lack of inhibition by insulin [9]. This then leads
to overt diabetes, with fasting hyperglycaemia and more marked postprandial
hyperglycaemia.

Treatment is dictated by the magnitude and aetiology of hyperglycaemia and
the severity and prognosis of liver disease. When a cirrhotic patient temporarily
requires high carbohydrate–low protein feeding during hepatic encephalopathy,
this takes precedence over any impairment of glucose tolerance. When using
oral antidiabetic medication, the shorter-acting agents, such as tolbutamide, are
preferred to reduce the risk of hypoglycaemia, since hepatic metabolism of drugs
may be impaired [7]. Because of the risk of lactic acidosis, biguanides such as
metformin should be avoided in severe liver disease. Insulin therapy can be
given as in non-cirrhotic patients, but adequate glycaemic control may prove
more difficult to achieve.

Hypoglycaemia in acute liver failure

Impaired degradation of insulin, reduced caloric intake due to encephalopathy,
increased peripheral utilisation of glucose, impaired hepatic metabolism and
formation of glucose may all contribute to hypoglycaemia in acute liver failure
and the very late stages of chronic liver failure. Infusion of 20% or even 50%
glucose solutions may be necessary until a liver transplant is performed, in order
to prevent hypoglycaemia [10].

Hepatic histologic changes and diseases due to diabetes

Glycogenic infiltration in type 1 diabetes

Glycogenic infiltration of the liver cell nuclei, which resembles vacuolisation,
occurs in some two-thirds of type 1 diabetic patients. The amount of glycogen
in the livers of poorly controlled diabetics can be increased. Hepatomegaly is
present in 60% of such patients with poor control, while the liver is enlarged in
only 9% of well-controlled type 1 diabetics. While liver size returns to normal
when glycaemic control improves in this group, in the initial stages of treatment
glycogen deposition and size may temporarily increase [11]. Very poor diabetic
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control is associated with an increased water content of hepatocytes, probably
to keep the glycogen in solution. Usually there are no hepatic signs or symp-
toms from glycogenic infiltration. The liver can be enlarged. Some right upper
quadrant pain or ‘heaviness’ can be present. Poor diabetic control can lead to a
slight rise in serum bilirubin and hyperglobulinaemia, both returning to normal
with improved diabetes control. Diagnosis of glycogenic infiltration is by liver
biopsy, preferably with electron microscopy. In general in clinical practice, such
a liver biopsy will not serve any purpose and can be omitted. Treatment is by
improving diabetes control. No specific follow-up is indicated.

Non-alcoholic steatohepatitis

Non-alcoholic steatohepatitis (NASH) frequently occurs in obese type 2 dia-
betics, but can also occur in type 1 diabetes. It is the most important hepatic
abnormality in diabetes. Alcohol abuse should be excluded. According to the
definition of NASH, a man should drink a maximum of three glasses a day
and women two glasses, but in any case of steatohepatitis reassessment of liver
biochemistry after 3 months of abstinence is recommended to exclude alco-
hol as a significant cause. Since there is often a macrovesicular steatosis only,
defined as fat exceeding 5% of the liver weight, ‘non-alcoholic fatty liver dis-
ease’ would be a more appropriate term. However, because NASH is the name
in current use we will also use it, while recognising that in many cases hep-
atitis is minimal. Steatosis can be associated with (usually lobular) hepatitis. In
some cases of NASH, fibrosis or even cirrhosis can be present [12–14]. The
prevalence of progression of NASH to cirrhosis is controversial and is probably
around 10% but may be up to 40%, particularly in obese women [15–17].
Of all cases of cirrhosis, 12% are due to NASH. Autopsy studies indicate
that cirrhosis is twice as common in ‘diabetics’ as in the general population.
There also is some epidemiological evidence that NASH may be the underly-
ing disorder in some cases of cryptogenic cirrhosis [18,19]. Mallory bodies
may be present in NASH despite complete abstinence from alcohol. Once
present, fibrosis progresses in 40% of the patients, especially in obese women.
The localisation of fibrosis is especially around the hepatic venules (zone 3)
and perisinusoidal [20,21]. Patients with NASH have been found to have an
increased prevalence of haemochromatosis (HFE) gene mutations, and it is likely
that iron plays a role in hepatic injury and fibrosis in such patients [22,23].
Recently a system for grading and staging histology in NASH was devel-
oped [24].

Macrovesicular steatosis is most marked in zone 3. The deficiency of insulin
and an increased secretion of glucagon in type 1 diabetes results in enhanced



256 HEPATO-BILIARY AND PANCREATIC FUNCTION

lipolysis, while glucose uptake is decreased. Thus, triglyceride uptake by adi-
pose tissue, hepatic uptake of free fatty acids, hepatic glycogen degradation and
gluconeogenesis are increased, while glucose utilisation is inhibited. Lypolysis
from expanded fat depots is increased, with higher supply of fatty acids to the
liver. Although obesity carries a risk of around 30% of steatosis and around 20%
of steatohepatitis, the presence of type 2 diabetes is independently associated
with a 2.6-fold increase in the prevalence of steatohepatitis [25].

Usually there are no hepatic signs or symptoms in NASH. The liver can
be enlarged, and have a smooth edge. Some fatigue and right upper quadrant
pain or ‘heaviness’ may be present. In type 2 diabetes, hepatomegaly is due
to increased deposition of fat. Eighty per cent of patients with NASH have
abnormal liver biochemistry, particularly γ -glutamyl transpeptidase, but also
aminotransferases and alkaline phosphatase. There is no relationship between
either liver size, symptoms or the severity of histological abnormalities and liver
function tests [26]. NASH may precede the onset of glucose intolerance [27].
Sometimes a huge liver in diabetes is associated with retarded growth, obesity,
florid facies and hypercholesterolaemia (Mauriac syndrome) [28]. Differential
diagnosis of NASH in diabetic patients includes all other causes of macrovesic-
ular steatosis, as mentioned in Table 7.1.

Abdominal ultrasound can confirm the presence of a ‘bright’ liver, indicat-
ing steatosis, without focal abnormalities. Since there is an increased incidence
of gallstones in both diabetes and obesity, these are often found. Ultrasound
has a sensitivity of 80% and a specificity of almost 100% for steatosis. On a

Table 7.1 Differential diagnosis of NASH in diabetic patients
includes all other causes of macrovesicular steatosis

Alcohol

Drugs
e.g. Corticosteroids, amiodarone, perhexiline maleate,
nifedipine, diltiazem, oestrogens, tamoxifen

Nutritional
Obesity, rapid weight loss, prolonged parenteral nutrition,
kwashiorkor, malabsorption, coeliac disease, gastric
partitioning operations, pancreatic disease

Small bowel bacterial overgrowth
Small intestinal diverticulosis, jejuno–ileal bypass

Metabolic
Wilson’s disease, hyperlipidaemias and several others, such
as galactosaemia, glycogenoses, fructose intolerance,
tyrosinaemia, αβ-lipoproteinaemia, Weber–Christian
disease, acetyl coenzyme A dehydrogenase deficiency
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computed tomography (CT) scan without contrast the liver has an aspect as if
contrast has been given, with a liver–spleen difference in attenuation of less
than 10 HU. After CT contrast the spleen is ‘brighter’ than the fatty liver. A
liver–spleen difference of more than 18–20 HU is diagnostic on contrast CT,
while a liver attenuation higher than spleen attenuation excludes hepatic steato-
sis. Conventional magnetic resonance imaging (MRI) is not very useful for
diagnosing steatosis. CT without contrast is the standard [29]. Only liver biopsy
can assess the degree of fibrosis or cirrhosis and the severity of hepatitis. An iron
stain can help in assessing increased hepatic iron as a risk factor for developing
fibrosis. A liver biopsy can also help to exclude other causes of liver disease
(e.g. autoimmune hepatitis). The presence of microvesicular fat is unusual in
diabetes and should raise the suspicion of causes of impaired β-oxidation in
the mitochondria. Mallory bodies and hepatitis were often considered a hall-
mark of alcoholic liver disease, but can also occur in NASH, including that
associated with diabetes [17,30–33]. In patients below 40 years of age, with
transaminases (ASAT) and (ALAT) less than twice the upper limit, non-obese
[bodymass index (BMI) < 28] and no diabetes mellitus, a liver biopsy may be
avoided, since these patients usually do not develop significant fibrosis [34]. In
patients with diabetes and NASH with persistently abnormal liver biochemistry
it may be wise to repeat a liver biopsy some years after the first biopsy in order
to allow assessment of progression of fibrosis.

Peripheral insulin resistance is central in the development of NASH in both
obese people and type 2 patients, but also in the 3% of NASH patients who are
thin and do not have diabetes [35–38]. It leads to hypertriglyceridaemia and
peripheral lipolysis, with increased supply of free fatty acids (FFA) to hepa-
tocytes, increased esterification of FFAs into triglyceride and decreased export
of triglyceride from the liver, leading towards steatosis. Impaired mitochon-
drial β-oxidation and peroxisomal oxidation of free fatty acids are present. Due
to impaired mitochondrial electron transport, free radicals are formed and glu-
tathion is depleted. The peroxisome proliferator-activated receptor (PPAR)-α
and CYP2E1 and CYP4A are upregulated as part of this process [39]. PPAR-
α is also induced during fasting, stimulating hepatic fatty acid oxidation [40].
The free radicals give rise to the second hit by reactive oxygen species, leading
to membrane lipid peroxidation and mitochondrial DNA damage, necrosis and
apoptosis of hepatocytes and attraction of an inflammatory infiltrate through
cytokines. Increased sensitivity to TNF-α induced liver injury in obesity and
diabetes often exists among others probably due to increased interferon-γ and
decreased IL-10 concentrations and inhibition of (the protective effect of) NFαB
stimulation [41,42]. IL-10 promoter region polymorphisms may increase suscep-
tibility to more advanced stages of steatohepatitis in some patients [43]. Tumour
necrosis factor α and TGF β, among others, activate stellate cells, leading to
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fibrogenesis and fibrosis. The severity of lipid peroxidation and fibrosis correlate
with the amount of fat in the liver. Peroxidation releases malondialdehyde, which
stimulates collagen production. 4-Hydroxynonenal, released by lipid peroxida-
tion, is a strong chemo-attractant for neutrophils [44]. Increased iron storage
may give rise to extra free radical formation in certain patients. The fact that
central obesity is especially associated with NASH may be explained by the
fact that fatty acids are more rapidly mobilised from central (visceral) than
from subcutaneous fat deposits, which drain directly to the liver via the portal
vein. Some drugs (e.g. methotrexate, which induces PPAR-α) can exacerbate
NASH and should be avoided in NASH.

If liver biopsy shows only fatty change, the prognosis is excellent. When
features of steatohepatitis or fibrosis are evident, it appears that in 10–20 years
around 3% of individuals may develop cirrhotic liver failure. A larger pro-
portion—perhaps 10%—may proceed to (sometimes asymptomatic) cirrho-
sis [16,45].

Treatment of NASH is aimed at both decreasing insulin resistance and reduc-
ing the effects of free radicals. The first is achieved by steady, slow weight loss
through diet and exercise. Diabetes control also can lead to improvement in fatty
change and return of liver function tests to normal. In contrast, severe sudden
weight loss may aggravate steatohepatitis; acute hepatic failure from too rapid
weight loss in NASH has been described. Metformin can reduce glucose pro-
duction by the liver and sensitise target tissues (skeletal muscle, adipose tissue
and the liver) to insulin, but should be avoided in severe liver disease. Recently,
a new class of drugs, the thiazolidinediones (also known as glitazones) have
become available, with direct insulin-sensitising actions [46]. Troglitazone was
the first of these new drugs, but it was withdrawn after more than 60 deaths
due to hepatic failure from it were described. Rosiglitazone and piaglitazone are
other members of this family of drugs, and their use in Europe is now allowed, in
combination with metformin, for obese patients with insufficient glycaemic con-
trol and in combination with sulphonylureas if metformin is either not tolerated
or contraindicated. Substantial reductions in blood glucose concentrations have
been achieved with these combinations. Reductions in insulin doses have been
reported when thiazolidinediones were used in combination with insulin, but
only piaglitazone is currently approved for this combination in the USA, since
the combination of insulin and rosiglitazone was associated with an increased
incidence of cardiac failure in trials. Although there is little evidence that hep-
atic impairment can occur from rosiglitazone and piaglitazone, more experience
is needed, and currently aminotransferases over 2.5 times above the upper limit
of normal have been considered as a contraindication to the use of these drugs,
as is cardiac failure.

Reduction of the effect of free radicals is the second target of therapy, but
this therapy is even more in the developmental stage. A diet that is too rich
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in polyunsaturated fat appears to increase free radical formation and prob-
ably should be avoided in NASH [47]. On the other hand, a diet with too
much saturated fat will increase the already elevated cardiovascular risk in
diabetes. In patients on parenteral nutrition, the composition of the nutrition
may aggravate NASH and should be carefully chosen [47–49]. Administration
of ursodeoxycholic acid may lead to improvement of liver tests and fatigue,
according to a non-randomised study [50]. Recently a small study suggested
that α-tocopherol (vitamin E) might reduce inflammation in NASH—possibly
by modulation of cytokines [51]. Abstinence from alcohol for NASH patients
seems wise. Other interventions, e.g. phosphatidylcholine, lecithin, selenium,
betanaine, S-adenosyl-methionine, anti-cytokine therapy and antifibrotic drugs,
clearly warrant further investigation. Since only a minority of NASH patients
will develop liver failure and cirrhosis, defining whom to treat is another chal-
lenge for future trials.

Focal fatty liver

This diagnosis is usually made on ultrasound. A dual-energy CT scan helps
to differentiate these lesions from other low-density lesions. The focal accu-
mulations of macrovesicular fat can resolve with time, and may recur. They
occur frequently in diabetes, alcoholics, the obese, during hyperalimentation
and in Cushing’s syndrome. A needle biopsy is only warranted if non-invasive
imaging cannot establish the diagnosis.

Drug-induced liver disease

Sulphonylurea therapy can be complicated by cholestatic or granulomatous liver
disease. Obviously, many other drugs given to a diabetic patient can lead to liver
disease. Unlike other sulphonylureas, the pharmacokinetics of glimepiride are
essentially unaltered in liver disease [52].

Pyogenic liver abscess

If no specific cause for a pyogenic liver abscess can be found—as occurs in
half of the cases—diabetes, often with gas-forming organisms (e.g. Klebsiella),
must be considered [53]. Due to immunological abnormalities, diabetics are at
increased risk for developing pyogenic liver abscesses.

Causes of both diabetes and liver disease

Diabetes and chronic liver disease can have a common cause (Table 7.2). We
discuss the most important causes.
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Table 7.2 Liver disease associated with diabetes mellitus

Hepatic abnormalities due to diabetes
Glycogenic infiltration of the liver cell nuclei

Non-alcoholic fatty liver disease
Macrovesicular steatosis
Non-alcoholic steatohepatitis
Fibrosis/cirrhosis
Focal fatty liver

Drug-induced liver disease
Pyogenic liver abscess

Altered glucose metabolism in liver disease
Increased energy expenditure, decreased glycogen storage
Glucose intolerance of cirrhosis
Hypoglycaemia in acute liver failure

Diabetes and chronic liver disease owing to common causes
Alcoholism
Genetic haemochromatosis
Viral hepatitis C and B
Autoimmune hepatitis, primary biliary cirrhosis

Cirrhosis and diabetes in alcoholism

While alcohol is a common cause of both liver cirrhosis and pancreatitis, most
patients have either one or the other. Pancreatitis is usually initially associated
with exocrine insufficiency but diabetes may occur, especially after pancreatic
surgery. In the case of cirrhosis, the diabetes may be ‘hepatogenic’.

Hereditary haemochromatosis

Diabetes mellitus is present in about one-third of patients with genetic haemochro-
matosis [54,55]. In the study by Niederau of 112 patients with cirrhosis, 79 had
overt diabetes [55]. Of these subjects, 61% were insulin-dependent, and 39% were
non-insulin-dependent. Twenty per cent of non-cirrhotic patients are clinically
diabetic, 6 out of 10 non-insulin-dependent. Hyperglycaemia may be easy to con-
trol or resistant to large doses of insulin. It can be related to damage to the pancreas
by iron deposition, to impaired glucose tolerance in cirrhosis or to a family history
of diabetes. There is a greater prevalence of diabetes mellitus in first-degree rel-
atives of diabetic patients with genetic haemochromatosis than in those patients
with haemochromatosis who do not have diabetes [56]. The overall prevalence
of glucose intolerance (clinical and biochemical) is 79% in cirrhosis and 33% in
non-cirrhotic individuals with genetic haemochromatosis. Although this seems to
support an important role for cirrhosis, it may also reflect parallelism between
selective islet cell damage and liver damage in untreated haemochromatosis.

The classical picture is that of the ‘diabete bronzé’, often a male with increased
pigmentation, hepatomegaly, diminished sexual activity and loss of body hair.
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Overt haemochromatosis is 10 times more common in men than in women,
who lose iron with menstruation and pregnancy. The peak incidence of diag-
nosis is age 40–60 years. Children often present with a more acute course, with
skin pigmentation, endocrine changes and cardiac disease. Increasingly, genetic
haemochromatosis is diagnosed before liver cirrhosis is present. Diagnosis is sus-
pected by a transferrin saturation above 50% or an increased serum ferritin or
increased liver iron seen on MRI [57,58] and confirmed by a hepatic iron index
(HII; µmol iron/g dry liver tissue, divided by age in years) above 1.9—a HII
below 1.5 is normal—or by presence of the Cys282Tyr mutation on chromo-
some 6 [59–64]. A second mutation (C187G, causing a H63D protein change)
also occurs in patients with hereditary haemochromatosis (HHC) in 74% of iron-
overloaded patients who are heterozygous for the C282Y mutation, compared to
10% of controls [65]. These compound heterozygotes usually have less marked
iron overload, as in patients with the recently described syndrome of hepatic iron
overload with normal serum transferrin saturation. These patients have hyper-
ferritinaemia but lower hepatic iron concentrations than patients with typical
(homozygous C282Y) HHC. They are also older and often have obesity, hyperlipi-
daemia, glucose intolerance and/or systemic arterial hypertension [66]. Treatment
is usually by regular phlebotomy. There is an increased incidence of hepatocel-
lular carcinoma in HHC. Earlier diagnosis of haemochromatosis is associated
with an improved prognosis, since early treatment can prevent cirrhosis and other
complications of haemochromatosis. Paradoxically, due to this improved prog-
nosis, vascular complications (retinopathy, nephropathy, neuropathy, peripheral
vascular disease), initially deemed rare in diabetes of haemochromatosis, are now
recognised with a frequency equal to that in other patients with diabetes mellitus
unrelated to haemochromatosis [56,67].

Viral hepatitis

Viral hepatitis B and C (HBV and HCV) occur more frequently in diabetes than
in the general population [68]. This may reflect the frequent parenteral exposure
of diabetics. Conversely, diabetes has been considered to be one of the many
extrahepatic manifestations of hepatitis C. Furthermore, therapy with interferon
can induce diabetes [69,70]. Interferon-α may also improve glucose tolerance
in both non-diabetic and diabetic HCV-infected patients [71]. A recent paper
suggests that HCV infection itself, especially with genotype 2a, can also cause
diabetes [72]. Indeed, the prevalence of HCV infection appears to be higher in
diabetics compared with an appropriate control group of hospital patients. Repli-
cation of HCV in extrahepatic organs might be the mechanism, either through
a direct cytopathic effect, or due to induction of immunological tissue damage.
Alternatively virus-associated autoimmunity could be the cause of diabetes in
HCV infection, triggering latent autoimmunity or causing de novo autoimmune
disease through molecular mimicry (there is regional amino acid homology with
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glutamic acid decarboxylase, an islet cell antigen) or immune dysregulation
(supported by other autoimmune associations as thyroiditis, thrombocytopenia
and lichen planus) [73,74]. An argument against the mimicry theory is that most
patients with HCV and diabetes have type 2 diabetes and no islet cell antibodies.

Autoimmune hepatitis and primary biliary cirrhosis

There seems to be a slightly increased incidence of autoimmune hepatitis (AIH)
in patients with diabetes mellitus, and vice versa. Obviously, treatment of AIH
with corticosteroids can lead to impaired glucose tolerance and overt diabetes.
Immune dysregulation may also play a role, since a cross-reactive immune
response to carboxypeptidase H, an autoantigen in type 1 diabetes mellitus,
has been demonstrated in a patient with both AIH and type 1 diabetes [75].
Type 1 diabetes mellitus has also been seen in association with primary biliary
cirrhosis (PBC) [76,77]. Certain vitamin D3 receptor polymorphisms may be
associated with both diseases [78]. Furthermore, the combination of diabetes
and AIH or PBC has been described in patients with autoimmune polyglandu-
lar syndromes [79–81]. Since many patients with AIH or PBC already have
cirrhosis when the disease is diagnosed, part of the association may be due to
‘hepatogenic diabetes’ rather than autoimmunity.

Biliary system

Gallstones and diabetes

It is widely believed that gallstones occur more frequently in patients with
type 1 and 2 diabetes mellitus than in the general population. However, evi-
dence to support this concept is limited. Autopsy- and population-based studies
have demonstrated an association [82,83] but others have not [84,85]. Feld-
man et al. [85], in an autopsy study of 1319 subjects, found only a slight, and
non-significant, difference in the prevalence of gallstones between diabetic and
non-diabetic subjects (25% vs. 23%, respectively).

A number of studies have evaluated the prevalence of gallstones in a diabetic
population and showed a significant association [83–86], but this has not been a
consistent observation [87]. In Western countries the majority of gallstones are
composed of cholesterol. The aetiology of cholesterol gallstones is multifactorial
and a number of risk factors have been identified, including age, sex, genetic
factors, obesity, hyperlipidaemia, diet, drugs, etc. Several of these risk factors
also apply to diabetes mellitus. Recently, Chapman et al. [82], when screening
a large population of diabetic patients, found a higher prevalence of gallstone
disease in diabetics than controls (33% vs. 21%; p < 0.001). As expected, the
prevalence of gallstones was higher in females than in males. In both sexes the
prevalence of gallstones was higher in patients, with type 2 than type 1 diabetes
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mellitus: for males, controls 18%, type 2 diabetes 33% (p < 0.05), type 1 dia-
betes 16%; for females, controls 23%, type 2 diabetes 49% (p < 0.001), type 1
diabetes 36% (p < 0.05). Hayes et al. [84] found no differences in glycaemic
control (glycated haemoglobin) between diabetics with and without gallstones.
Although hyperglycaemia influences gallbladder motility and bile secretion (to
be discussed), there is no evidence supporting the concept that the prevalence
of gallstones is related to chronic glycaemic control.

Thus, it seems that the prevalence of gallstones is related to the type of dia-
betes. Patients with type 2 diabetes have elevated plasma insulin levels usually
in the presence of obesity. An elevated plasma insulin has been associated with
an increased prevalence of gallstone disease [88] and may account for the strong
association between type 2 diabetes and gallstones. Type 2 diabetes is usually
found in obese subjects and it has been clearly shown that obesity is a risk factor
for gallstone formation. Ruhl et al. have demonstrated in a recent study that both
hyperinsulinaemia and diabetes (i.e. increased fasting blood glucose levels) are
independent risk factors for gallbladder disease and gallstones in women, and
that only diabetes is a risk factor for men [89]. An association between altered
carbohydrate metabolism and gallstones has been hypothesised. Recently, De
Santis et al. [83] performed oral glucose tolerance tests in subjects with and
without gallstones and concluded that the prevalence of diabetes was higher in
subjects affected by gallstone disease than in controls (11.6% vs. 4.8%; odds
ratio, 2.55; 95% confidence interval, 1.39–4.67).

Gallstone formation

The majority of gallstones in patients with diabetes are composed of cholesterol.
The pathogenesis of cholesterol gallstone formation is complex and many fac-
tors are involved, such as changes in bile composition (cholesterol, bile acids,
phospholipids), changes in gallbladder motility and the presence of nucleation-
promoting factors. Which of these factors contribute to gallstone formation in
diabetics? First, diabetics have abnormal serum lipid profiles and increased
biliary cholesterol secretion, resulting in increased cholesterol saturation of
bile [83,88]. Second, gallbladder motor function may be abnormal in patients
with diabetes mellitus. Increased fasting and postprandial gallbladder volumes
have been reported, suggesting a hypotonic gallbladder. Using ultrasonography,
several authors have indeed reported larger fasting gallbladder volumes [90–92]
but others have not [93,94]. Fasting volume is dependent on vagal cholinergic
tone and on the gastrointestinal hormone, CCK. When analysing studies on gall-
bladder motility in detail, it is obvious that larger fasting volumes are observed,
especially in diabetic patients with autonomic neuropathy [92,93]. In these stud-
ies autonomic neuropathy was assessed by cardiovascular reflex tests. Larger
fasting gallbladder volumes were present in both type 1 and type 2 diabetics
with cardiac autonomic neuropathy [92]. Basal plasma CCK levels in diabetics
do not differ from healthy controls [92,95].
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Figure 7.6 Gallbladder volume before and after ingestion of a 400 kCal meal in type 1
diabetic patients with autonomic neuropathy (n = 12, triangles) and without autonomic
neuropathy (n = 8, large squares) and healthy controls (n = 8, small squares). Asterisks
denote significant differences between diabetics with autonomic neuropathy and those
without autonomic neuropathy and controls. From Dymock et al. [56], with permission

The gallbladder contraction after a meal is also reduced in diabetic patients,
especially in those patients with autonomic neuropathy [90,92,96,97] (Figure 7.6).
Impaired gallbladder emptying with larger residual gallbladder volumes may pro-
mote stasis of gallbladder bile and subsequent crystal and stone formation when
the bile is supersaturated with cholesterol. CCK is the major humoral factor for
gallbladder contraction. Impaired postprandial gallbladder contraction may result
from either reduced CCK release, impaired CCK secretory capacity in the jejunum
or reduced sensitivity of the gallbladder to CCK. Whereas some studies [92,95]
have shown that postprandial CCK release is reduced in diabetics, others have
failed to observe any difference in CCK release between diabetics and controls or
have even observed higher postprandial plasma CCK levels [98,99]. Differences
in postprandial CCK secretion may result from disordered, particularly delayed,
gastric emptying, which occurs frequently in diabetic patients (Chapter 4). Stone
et al. [96] have observed impaired responsiveness of the gallbladder to CCK in
diabetics. Others have not been able to reproduce this finding. In fact, most authors
agree that the sensitivity of the gallbladder to CCK is no different in diabetics from
controls [92,93,100]. Unfortunately, none of the studies evaluating gallbladder
motility and CCK secretion in diabetics has taken into account the blood glucose
concentration.

A number of factors may contribute to impaired postprandial gallbladder
contraction in diabetes. First, the presence of autonomic neuropathy is relevant.
Gallbladder emptying differs between diabetics with and without autonomic
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neuropathy. A close correlation between clinical autonomic neuropathy and
chronic glycaemic control is well established. Apart from chronic hypergly-
caemia, acute changes in the blood glucose concentration influence gallbladder
motor function. During acute hyperglycaemia, gallbladder motor function is
dose-dependently impaired in both healthy subjects and patients with type 1
diabetes [100,101]. At blood glucose concentrations of 15 mmol/l gallbladder
emptying is significantly reduced, both in type 1 diabetics and in healthy sub-
jects made hyperglycaemic by intravenous glucose infusion. It has been shown
that already at glucose levels in the physiological range of 8 mmol/l gallbladder
emptying in response to CCK infusion or meal ingestion is impaired [100,101].
The aetiology of cholesterol gallstones is multifactorial. Other factors, apart from
gallbladder motility, are important in the pathogenesis of cholesterol gallstone
formation. These factors include cholesterol supersaturated bile, and nucleation-
promoting factors.

Symptomatic gallstones and therapy

When gallstones have developed, is the clinical picture in diabetics differ-
ent from controls and is the risk for cholecystitis increased? Recent studies
have shown that the prevalence of symptomatic gallstone disease is not much
higher in type 1 and 2 diabetes than in controls [83,102]. Follow-up studies
of asymptomatic gallstone patients have shown that only few patients become
symptomatic over time [102]. In that study, during a 5 year follow-up, 15%
developed symptoms of biliary-type pain. Previously diabetics have been con-
sidered to have a higher chance for complications from gallstones and in some
cases prophylactic cholecystectomy has been performed. This policy has been
challenged because the risk of complications, such as biliary sepsis, perfora-
tion or gangrenous cholecystitis, appears to be only moderately increased [103]
and despite this, the risk of cholecystectomy in diabetics is similar to that
in non-diabetics [102–105]. In diabetic patients with acute cholecystitis, early
cholecystectomy is indicated.

Combined kidney and pancreas transplantation is now frequently performed
in type 1 diabetic patients with end-stage renal disease. Recent studies indicate
that the incidence of gallstones in these patients is very high [106]; in over 30%
of pancreas recipients gallstones develop within 12 months (Figure 7.7). The
incidence of gallstones in kidney transplant recipients with diabetes is also high
(27%) and significantly greater than in non-diabetic kidney transplant recipients
(12%). Thus, diabetic patients are especially at risk of developing gallstones
after transplantation. An interaction between diabetes mellitus-induced gall-
bladder dysmotility and cyclosporine-induced cholestasis represents a potential
mechanism. In patients on immunosuppression, acute cholecystitis is a serious
and potentially life-threatening complication. Therefore, in these patients serial
ultrasonography of the gallbladder should be performed during follow-up after
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Figure 7.7 Multiple cholesterol gallstones from a type 1 diabetic patient who underwent
cholecystectomy for symptomatic gallstone disease 18 months after combined
kidney–pancreas transplantation

transplantation, and cholecystectomy considered when gallstones develop, even
in the absence of symptoms. Some clinicians even feel that prophylactic chole-
cystectomy during kidney–pancreas transplantation is justified because of the
high risk of gallstones and subsequent biliary infectious complications while on
immunosuppression.

There is no evidence of an increased incidence of acute or complicated chole-
cystitis in diabetics. Studies of the surgical therapy of acute cholecystitis differ
from early reports and suggest that there may be no difference in rates of mor-
tality or serious complications in diabetics undergoing biliary surgery when
compared with appropriate controls. Using the available data, decision analy-
sis model have shown that, as in non-diabetics, prophylactic cholecystectomy
is without benefit and should not be recommended for diabetics with asymp-
tomatic gallstones [105]. Screening for asymptomatic gallstones in diabetics in
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not recommended, apart from subgroups such as patients after combined kidney
and pancreas transplant. Cholecystectomy should only be performed in cases
of symptomatic cholelithiasis, preferably by laparoscopy, as is the case in the
general population. The outcome of (laparoscopic) biliary surgery in diabetics
is not different from non-diabetics. However, the ‘conversion rate’, i.e. con-
verting from laparoscopic surgery to a traditional cholecystectomy because of
technical considerations, is significantly higher than reported in the general popu-
lation [107]. In the case of bile duct stones in older diabetic patients, endoscopic
retrograde cholangio-pancreaticography (ERCP) with sphincterotomy and stone
extraction is the therapy of choice, as in non-diabetics.

Pancreas

Exocrine–endocrine interaction

For many years the pancreas has been considered to consist of two discrete organ
systems, the exocrine pancreas and the endocrine pancreas. It is now recog-
nised that the pancreas is an integrated organ that is involved in the digestion
and metabolic processing of nutrients. Anatomical and functional interactions
between the exocrine and endocrine pancreas have been described. In mam-
mals the islets of Langerhans are distributed throughout the pancreas. Such an
arrangement, with close cell to cell contact between exocrine and endocrine
tissue, may provide metabolic advantages. Vascular anastomoses between the
islets and interacinar capillaries have been demonstrated, whereby the exocrine
pancreas receives a significant proportion of its blood supply via the islets [108].
Thus, acinar cells are exposed to high concentrations of islet hormones.

Animal studies have shown that insulin exerts direct effects on pancreatic
acinar cells. In rats rendered diabetic by streptozotocin, pancreatic amylase out-
put is markedly reduced [109]. This effect can be reversed by giving insulin.
The hypothesis that insulin contributes to the regulation of acinar cell func-
tion is supported by the presence of insulin receptors on acinar cells [110].
The physiological role of insulin on stimulated pancreatic exocrine secretion
has been demonstrated by Lee et al. using insulin antiserum [111]. Both meal-
and CCK-stimulated exocrine pancreatic secretion are inhibited during infusion
of anti-insulin serum. Most of the work on the interaction between islets and
acini has been derived from animal studies. The role of insulin in regulating
human exocrine pancreatic secretion is less clear. During euglycaemic hyper-
insulinaemia the basal pancreatic enzyme output is reduced [112], indicating
an inhibitory effect of insulin, as has also been demonstrated on gastroin-
testinal motility [113]. When pancreatic exocrine secretion was stimulated by
exogenous CCK, exocrine output was not reduced but, on the contrary, even
significantly increased [112] (Figure 7.8). These results point to a potentiating
effect of insulin on CCK-stimulated pancreatic enzyme secretion in man.



268 HEPATO-BILIARY AND PANCREATIC FUNCTION

50

40

30

20

10

0

A
m

yl
as

e 
ou

tp
ut

 (
kU

/h
)

Pre-clamp Basal - 1 Basal - 2 CCK 0.25 CCK 0.5

*
*

*

*

Figure 7.8 Amylase output (KU/h, mean ± SEM) in nine healthy volunteers during the
pre-clamp period, during hyperglycaemia at 15 mmol/l (black bars) or during euglycaemia
hyperinsulinaemia (glucose 5 mmol/l, insulin 150–200 mU/L; striped bars) compared to
saline infusion (control, grey bars) during the first hour (Basal-1) and second hour (Basal-2)
under basal conditions and in response to graded continuous infusion of CCK (0.25 and
0.50 Ivy Dog Units/kg/h). Asterisks denote significant (p < 0.05) differences compared
to control

Because of the close anatomical and functional relations between the endocrine
and the exocrine pancreas, a disturbance or disease in one system will inevitably
affect the other. Evidence for this interaction is derived from studies demonstrating
that diabetes mellitus frequently occurs in the course of chronic pancreatitis, and
that abnormal exocrine pancreatic function occurs frequently in patients with
diabetes mellitus.

Exocrine pancreatic function in diabetes

Much of the information about exocrine function in diabetes is derived from ani-
mal studies. In diabetic rats, amylase secretion is markedly reduced and does not
increase after a meal. The duration and severity of diabetes show negative cor-
relations with amylase secretion [113]. Several studies have assessed exocrine
pancreatic function in diabetic patients [114–118]. It has been clearly demon-
strated that a significant number of type 1 diabetics have impaired exocrine
pancreatic function, as shown by a reduced duodenal output of enzymes in
response to endogenous (meal, intraduodenal nutrients) and exogenous stimuli
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(secretin + cholecystokinin infusion). Chey et al. [114] reported that exocrine
function was impaired in 77% of type 1 patients. Blood glucose levels were
not taken into account in these studies. Several theories have been postulated
to explain these findings. Atrophy of exocrine tissue may be due to a lack of
tropic insulin action; pancreatic fibrosis could be the result of angiopathy and
neuropathy and lead to impaired exocrine function. Apart from direct pancreatic
function tests, indirect tests, such as urinary (PABA) recovery, or faecal tests
such as fat excretion, chymotrypsin and elastase-1 concentrations, are abnormal
in a substantial proportion of diabetics [118,119]. Despite the high frequency
of reduced exocrine function in diabetics, few patients develop overt exocrine
pancreatic insufficiency, because of the large functional reserve capacity of the
exocrine pancreas. Pancreatic exocrine insufficiency becomes clinically manifest
only when less than 10% of the secretory capacity is preserved. In contrast to
type 1 diabetes, abnormalities of exocrine function are observed less frequently
in type 2 diabetes [119]. These observations are consistent with the concept that
insulin plays a role in the maintenance of normal exocrine pancreatic function.

Patients with juvenile-onset type 1 diabetes mellitus appear to be more prone
to a reduced pancreatic enzyme output than patients with maturity-onset type 1
diabetes [115]. Frier et al. [120] reported that there is a significant correlation
between residual capacity of C-peptide secretion and pancreatic exocrine secre-
tory function in juvenile-onset diabetics. The authors have suggested that a
progressive deterioration of exocrine pancreatic function in juvenile-onset dia-
betes exists, but that this is not the case in maturity-onset diabetes, due to a
disruption of the endocrine–exocrine interaction. In the maturity-onset form
the partial preservation of endogenous insulin secretion may be sufficient to
maintain normal exocrine function.

For screening of exocrine insufficiency in patients with diabetes mellitus,
faecal fat excretion is advised but steatorrhoea becomes manifest with severely
impaired exocrine function. In a recent study it was recommended to screen
patients with type 1 and type 2 diabetes mellitus for exocrine insufficiency using
the faecal elastase-1 test [119]. In that study reduced faecal elastase-1 concen-
trations were observed in 50% of type 1 patients and 35% of type 2 patients.
These data have to be confirmed by others but at least suggest that exocrine
dysfunction is not uncommon in type 1 and type 2 diabetics. When exocrine
insufficiency is diagnosed, supplementation with pancreatic enzymes should be
started. Doses containing at least 10 000 (FIP) units of lipase, ingested before
the meal, are recommended. Enzyme replacement improves nutrient digestion
and absorption and may affect glycaemic control. Therefore the diabetes should
be closely monitored when enzyme replacement is initiated.

Mechanism of exocrine dysfunction in diabetes

Several factors have been implicated in the reduced pancreatic enzyme output
observed in diabetics (Table 7.3). First, postprandial CCK secretion was found
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Table 7.3 Pathophysiology of pancreatic exocrine dysfunction in diabetes mellitus

Deficiency of insulin as a trophic factor for acinar cells
High glucagon levels
Impaired CCK secretion or altered sensitivity of acinar cells for CCK
Influence of other gut peptides: somatostatin, pancreatic polypeptide, peptide YY
Autonomic neuropathy
Autoimmune process: islet cell antibodies, pancreatic cytokeratin autoantibodies
Diabetic microangiopathy, fibrosis
Pancreatic atrophy
Actual glucose levels (hyperglycaemia)

to be impaired in some studies [92,95] but others have not found a reduction in
CCK secretion in diabetics vs. controls [98,99]. Gastric emptying and delivery
of nutrients to the duodenum frequently is delayed and may give rise to impaired
postprandial CCK secretion. It is not known whether the ileal or colonic brake,
as a feedback mechanism of the distal gut regulating proximal gut function, is
activated in diabetics. Peptide YY (PYY), as an ileal brake hormone, may inhibit
exocrine pancreatic secretion. Second, autonomic neuropathy may contribute to
impaired exocrine pancreatic function. Recent studies with CCK receptor antag-
onists indicate that over 70% of meal-stimulated exocrine secretion is dependent
on neural mechanisms [121]. Neural mechanisms are more relevant than hor-
monal mechanisms in the regulation of pancreatic secretion. This is especially
important when studying diabetic patients, since in these patients neuropathy
may play a crucial role in the pathogenesis of gastrointestinal complications.
In contrast to animal studies, no association between exocrine function with
the duration of diabetes, presence or absence of neuropathy, microangiopathy
or metabolic control was found in humans [116,117]. This is surprising, since
pancreatic exocrine secretion is regulated to a large extent by neural factors,
especially local or intrinsic neural mechanisms.

It has been clearly established that, as with other regions of the gastrointestinal
tract, blood glucose levels influence exocrine pancreatic secretion [100,101,112,
122]. During acute hyperglycaemia (blood glucose ∼ 15 mmol/l), pancreatic
enzyme output is impaired, at least in healthy volunteers. The effect of actual
blood glucose levels on pancreatic secretion in type 1 and type 2 diabetes has
not been evaluated. A hormonal imbalance may also contribute to impairment
of exocrine function. Alterations in insulin, glucagon or somatostatin secretion
in diabetics may directly influence the exocrine pancreas. In type 1 diabetics,
pancreatic enzyme output is reduced. However, insulin administration does not
reverse the reduction in exocrine function.

In animal experiments, atrophy of the exocrine pancreas has been observed
following chronic glucagon administration [123]. In humans glucagon exerts
an inhibitory effect on pancreatic exocrine secretion [124]. Patients with dia-
betes have α-cell hyperfunction with elevated plasma glucagon levels. Because
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glucose penetration into α-cells is disturbed in insulin-deficient islets, glucagon
release by α-cells in response to hyperglycaemia is not impaired. Pancreatic
polypeptide (PP) and somatostatin may contribute to the regulation of acinar
cell function. Infusion of exogenous PP to plasma levels comparable to those
observed after a meal inhibits pancreatic secretion [125]. Therefore, a role for
this peptide in the physiological control of exocrine pancreatic secretion has
been postulated. In general, PP levels are either in the normal range of slightly
increased in diabetic patients [99,118]. In cases of chronic pancreatitis with
exocrine insufficiency, plasma PP levels are reduced and an impaired postpran-
dial PP response is considered to be indicative of loss of ‘functional pancreatic
cell mass’ [126]. PP secretion is influenced by blood glucose concentrations.
During hyperglycaemia PP levels are dose-dependently reduced, whereas PP
secretion increases significantly in response to hypoglycaemia [101,127].

Pancreatic atrophy has been documented in diabetics. Autopsy studies of
patients with juvenile-onset diabetes have revealed lower weight and volume of
the pancreas with intra- and peri-insular inflammatory infiltrates, sclerosis and
mild atrophy of the acini. No correlation was found between duration of diabetes,
or age at onset of diabetes, with the morphological changes [128]. More recent
studies employing ultrasonography are in agreement with the autopsy findings of
markedly smaller pancreases in patients with type 1 diabetes [129]. Atrophy of
the pancreas may well contribute to reduced enzyme output in type 1 diabetics.

It has been suggested that in patients with type 1 diabetes the endocrine and
exocrine pancreas are affected by a common autoimmune process. In patients
with type 1 diabetes with islet-cell antibodies, but not in patients without these
antibodies, atrophic exocrine glands and lymphocytic infiltration of exocrine tis-
sue has been observed [130]. Antibodies against the cytokeratin of pancreatic
acinar cells have been found in newly diagnosed type 1 diabetes patients [131].
These antibodies have a strong positive association with islet-cell antibody activ-
ity. A close association between lymphocytic infiltration around acinar cells
and atrophy of the exocrine gland has been documented, suggesting a primary
involvement of the exocrine pancreas in the immunological events of type 1 dia-
betes. In experimental models of virus-induced diabetes mellitus, inflammatory
lesions of the exocrine pancreas are present. It has therefore been suggested
that viral infection may be the common cause of the multiglandular damage
by triggering autoimmune events [132]. In a prospective study of patients with
diabetes mellitus in which pancreatic morphology was evaluated in detail by
ERCP, it was found that abnormal pancreatic ductograms were present, not
only in a high percentage of type 1 patients but also in type 2 patients with
islet cell antibodies [133]. However, in type 2 patients without islet cell anti-
bodies, ductograms were normal. Because abnormal ductograms were frequently
present in type 2 patients with sufficient residual β-cell function, these findings
contradict the islet–acinar concept, in which lack of insulin is held responsible
for exocrine pancreatic atrophy. In fact, these studies suggest that a common
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immunological process may involve both the exocrine and endocrine pancreas
in type 1 diabetics.

Pancreatic enzyme output to the duodenum, especially that of amylase, is fre-
quently impaired in diabetics. This does not automatically result in maldigestion
of fat and carbohydrates. Steatorrhoea occurs when lipase secretory capacity of
the pancreas is reduced to below 10%. Steatorrhoea in diabetic patients may
result from other causes, such as rapid intestinal transit, motility disorders,
coeliac disease or small intestinal bacterial overgrowth. Most patients with dia-
betes mellitus do not have symptoms of overt exocrine pancreatic insufficiency,
i.e. steatorrhoea or weight loss [114]. This can be explained by the fact that
digestive enzymes are secreted in excess by the pancreas. For starch digestion
other enzymes can compensate for reduced amylase output, including salivary
iso-amylases and oligosaccharidases of the small intestine. Gastric lipase may
partially compensate for loss of pancreatic lipase activity.

Diabetes as a sequela of pancreatic disease

In patients with chronic pancreatitis, impaired secretion of insulin from β-
cells of the pancreatic islets leads to the development of secondary diabetes.
In these patients β-cell function decreases in parallel with exocrine function,
but usually a decline in exocrine function precedes that of endocrine function.
Patients with chronic pancreatitis may present with diabetes as the first sign
or symptom of their disease. In general, β-cell function is preserved better in
these patients than in those with type 1 diabetes mellitus [134]. In patients with
‘pancreatic diabetes’, glucose metabolism abnormalities occur as result of both
impaired insulin production and insulin resistance. These patients have impaired
glucagon levels, blunted epinephrine response to insulin induced hypoglycaemia
and an increased risk of hypoglycaemia while on insulin therapy [135]. Among
unselected patients with chronic pancreatitis, one-third have insulin-dependent
diabetes, one-third have non-insulin-dependent diabetes or impaired glucose
tolerance, and one-third have normal glucose tolerance [134]. When gross mor-
phological abnormalities, such as pancreatic calcifications, are present, insulin-
dependent diabetes is seen in up to 70% of patients (Table 7.4). The prevalence
and severity of the microvascular complications in pancreatic diabetes are com-
parable to type 1 diabetics. Therefore, optimisation of glycaemic control should
be a major focus of the management of these patients.

The clinician should be aware of the possibility of impaired exocrine function
in patients with diabetes mellitus, particularly when weight loss occurs despite an
apparently adequate caloric intake. Results of indirect pancreatic function tests
are difficult to interpret because of suboptimal sensitivity and specificity. Accel-
erated intestinal transit and small intestinal bacterial overgrowth, which both
occur in diabetic patients, may lead to false-positive results with indirect pan-
creatic function tests. When pancreatic enzyme supplementation is initiated in
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Table 7.4 Diabetes mellitus as a consequence
of pancreatic disease

Pancreatitis
Acute 1–5%
Chronic non-calcifying 10–30%
Chronic calcifying 50–70%

Pancreatic carcinoma 50%
Pancreatic surgery

Pancreatic head resection 20–30%
Distal pancreatectomy 40%
Total pancreatectomy 100%

Haemochromatosis
Primary 70%
Secondary 15%

Cystic fibrosis 20%

diabetics with exocrine pancreatic insufficiency, improvement in nutrient utilisa-
tion may modify glycaemic control, so that the insulin regimen has to be altered.
During high plasma glucose levels, pancreatic function is impaired. One should
therefore aim at optimal glucose control in these patients.

Pancreatic carcinoma

Several studies have provided evidence that the risk of pancreatic cancer is
increased in patients with type 1 and type 2 diabetes mellitus [136,137]. In fact,
diabetes has been associated with an increased risk of several cancers, including
those of the pancreas, liver, endometrium and kidney [136]. The pooled relative
risk of pancreatic cancer for diabetics vs. non-diabetics in a meta-analysis was
2.1 (95% confidence interval 1.6–2.8). Patients presenting with diabetes mellitus
within a period of 12 months of the diagnosis of pancreatic cancer were excluded
because in these cases diabetes may be an early presenting sign of pancreatic
cancer rather than a risk factor [137]. In a recently published population-based
case-control study of pancreatic cancer conducted in the USA, a significant
positive trend in risk for pancreatic cancer increasing with years of diabetes
prior to diagnosis of pancreatic cancer was apparent. Diabetics diagnosed at
least 10 years prior to diagnosis had a significant, 50% increased risk [138].
Those treated with insulin had risks similar to those not treated with insulin
(odds ratios 1.6 and 1.5, respectively).

The diabetes mellitus that occurs in patients with pancreatic cancer is charac-
terised by marked insulin resistance that improves after tumour resection. Islet
amyloid polypeptide (IAPP), a hormonal factor secreted from pancreatic beta
cells, decreases insulin sensitivity and plasma levels of IAPP are elevated in
pancreatic cancer patients who have diabetes [139]. IAPP overproduction may
well contribute to the diabetes that occurs in these patients. Others have not



274 HEPATO-BILIARY AND PANCREATIC FUNCTION

been able to confirm that pancreatic cancer is more frequent among patients
with long-standing diabetes [140]. The increased incidence of pancreatic can-
cer in diabetics probably is the result of diabetes as an early presenting sign.
Evidence that diabetes mellitus predisposes to pancreatic cancer exists, but the
association is weak.

Acute pancreatitis

Acute pancreatitis is characterised by an acute inflammatory response of the
pancreatic tissue, which is usually followed by complete clinical and functional
restitution of the pancreas. Glucose intolerance and hyperglycaemia may be
present during the acute phase and, if so, are of prognostic relevance, i.e. both
the severity and the duration of the disturbance in carbohydrate metabolism
are related to the extent of tissue damage [141,142]. In patients with acute
pancreatitis, plasma insulin concentrations are lower than in healthy individuals
with a comparable degree of stress. In the acute phase plasma glucagon is
increased. The combination of hyperglucagonaemia and hypoinsulinaemia is
sufficient to account for the development of ketoacidosis [143]. Hyperglycaemia
usually subsides within 4–6 weeks, so that overt diabetes develops in only
1–5% of patients after a single episode of acute pancreatitis.

The potential role of diabetes in the aetiology of acute pancreatitis is poorly
defined. An association might be expected, as both gallstones and hypertriglyc-
eridaemia are risk factors for acute pancreatitis and are more common in dia-
betes. In several series of patients with acute pancreatitis there have been more
diabetic subjects than expected [141,144], but case control studies have not
been performed and thus the aetiological link has not been firmly established.
In a recent multicentre retrospective study it was shown that hypertriglyceri-
daemia was the cause in up to 4% of cases of acute pancreatitis [145]. The
most common presentations of patients with acute pancreatitis resulting from
hypertriglyceridaemia were that of a poorly controlled diabetics or alcoholics
with hypertriglyceridaemia. It is likely that diabetes is much less important than
other factors, or even has no role at all, in the pathogenesis of acute pancreati-
tis. It should be kept in mind that when acute pancreatitis occurs in a diabetic
patient, ketoacidosis may be severe and morbidity and mortality are high.

Gastrointestinal and pancreatic hormones

Gastrointestinal hormones play an important role in the regulation of gallbladder
motility and exocrine pancreatic function. CCK is the major hormonal regula-
tor of gallbladder contraction and is also involved in postprandial pancreatic
enzyme secretion. Animal studies have shown that PP, when infused to postpran-
dial plasma levels, inhibits pancreatic secretion. Several studies have evaluated
CCK and PP secretion in diabetic patients. Fasting plasma CCK levels were not
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different between diabetics and controls, but postprandially normal, reduced and
also increased plasma CCK levels have been observed [92,95,98,99]. The reason
for this discrepancy in results is not obvious, but the composition of the meal,
the rate of gastric emptying of the meal, and the presence of autonomic neuropa-
thy, may have influenced the results. It is unlikely that changes in gallbladder
motility in diabetics result from differences in CCK secretion. Plasma PP con-
centrations are increased in patients with diabetes mellitus [100,126]. There is a
positive correlation between PP concentrations and the severity of the diabetes.
On the other hand, the PP secretion in response to vagal cholinergic stimuli,
such as sham feeding, is significantly reduced in diabetics with autonomic neu-
ropathy [93]. Plasma PP concentrations parallel exocrine pancreatic secretion in
response to a meal or to hormonal stimulation. Therefore, PP responsiveness can
be considered a direct correlate of exocrine secretion. During hyperglycaemia,
postprandial hormone secretion is reduced (CCK, gastrin, PP), at least in healthy
volunteers [101,112,146]. The influence of hyperglycaemia on plasma hormone
levels in diabetics is less clear. However, during hyperglycaemia PP secretion is
reduced in diabetics [147]. We have demonstrated that fasting CCK levels are
not affected in type I diabetics during hyperglycaemic conditions [100].

Kidney–pancreas transplantation

Combined kidney and pancreas transplantation is considered an effective therapy
for type I diabetes patients with end-stage renal failure and significantly pro-
longs survival [148,149]. This combined procedure results in euglycaemia at the
expense of chronic immunosuppression, hyperinsulinaemia and dyslipidaemia.
As discussed, these patients are predisposed to the development of cholesterol
gallstones [106].

The incidence of cholelithiasis is also increased in kidney transplants with
diabetes mellitus, but not to the same magnitude as seen after combined kid-
ney–pancreas transplantation in diabetes. Whether the predisposition is related
to diabetes, hyperlipidaemia, altered pancreatic hormone secretion or immuno-
suppression (cyclosporine) remains unclear. It is not known whether gallblad-
der motility changes after pancreas–kidney transplantation. For gastric empty-
ing, a significant improvement correlating with symptoms has been observed
after successful combined pancreas–kidney transplantation [150]. Screening for
cholelithiasis in pancreas and pancreas–kidney transplants is warranted and
cholecystotectomy recommended because acute cholecystitis is a serious and
potentially life-threatening complication in immunocompromised patients.

When pancreatic transplantation is performed, the pancreatic duct can be
drained via the urinary bladder or a small intestinal anastomosis (enterostomy).
A duodenocystostomy offers the advantage that pancreatic graft function can be
monitored by exocrine secretion into the urinary bladder. During episodes of
rejection pancreatitis occurs and the output of enzymes to the bladder may be
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increased. However, recent studies have found only a weak correlation between
endocrine and exocrine function in the transplanted pancreas, indicating that
urinary amylase output is not a sensitive parameter of graft rejection [151].

Conclusions

There is a close functional interaction between the liver and endocrine pancreas
in relation to glucose homeostasis. In patients with diabetes mellitus, hepatic
abnormalities occur frequently, especially non-alcoholic steatohepatitis. Patients
with liver cirrhosis have an increased energy expenditure and abnormal substrate
and glucose metabolism. Because of the smaller glycogen storage capacity, these
patients are more prone to hypoglycaemia and catabolic episodes. Adequate
dietary supplementation, including a late evening meal, may prevent nocturnal
catabolic episodes. Diabetes and chronic liver disease may have common causes,
such as haemochromatosis, autoimmune hepatitis and primary biliary cirrhosis.

Although gallstones are more prevalent in diabetics, the number of patients with
gallstones that eventually become symptomatic does not appear to be increased
and prophylactic cholecystectomy is not recommended. The risk for infectious or
postoperative biliary complications is also not increased in diabetics.

Close anatomical and functional interaction exists between the exocrine and
endocrine pancreas. In diabetic patients exocrine insufficiency is not uncommon
and frequently unrecognised. Weight loss due to maldigestion may be a present-
ing symptom. On the other hand, diabetes may be a consequence of pancreatic
disease, such as chronic pancreatitis.
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Introduction

The fate of nutrients subsequent to their entry into the gastrointestinal tract
in many ways determines the changes in glycaemia that accompany a meal;
this is particularly important in patients with diabetes, as glucose regulation is
impaired and even more so if hypoglycaemia counterregulation is also impaired.
The stomach does not contribute to absorption of glucose, so the rate at which
nutrients leave the stomach into the small intestine is a major determinant of
inflow into the circulation. Nutrients themselves and gastrointestinal hormones
have a profound influence on the velocity of gastric emptying (Chapter 4). In
the case of glucose metabolism, one major point of regulation is the liver,
which produces glucose in the postabsorptive state, but has to reduce this glu-
cose output in order to avoid uncontrolled postprandial glucose excursions, as
occur in diabetes mellitus. Insulin and glucagon play a major role in regulating
hepatic glucose metabolism, but their regulation is determined in turn by gut hor-
mones, including the ‘incretin’ hormones, gastric inhibitory polypeptide (GIP)
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Figure 8.1 Schematic diagram of (gastrointestinal) factors affecting glucose
concentrations in the fasting and postprandial states

and glucagon-like peptide 1 (GLP-1). The latter are responsible for approxi-
mately 50% of the amount of insulin secreted in response to a normal meal.
Based on this knowledge, as illustrated in Figure 8.1, it is clear that abnor-
malities in any of these gastrointestinal functions will potentially have a major
impact on glucose regulation.

The results of the DCCT [1] and the UKPDS studies [2] have shown conclu-
sively that good glycaemic control reduces diabetic complications; treatment of
type 1 and type 2 diabetes with insulin and oral hypoglycaemic agents and/or
insulin, respectively, aims to reduce postprandial hyperglycaemic spikes, but this
is only achieved in a minority of patients. Since the glycaemic response to oral
carbohydrate and gastric emptying are related, modulation of the rate of gas-
tric emptying, by dietary or pharmacological means, could be used to optimise
glycaemic control. It has recently been shown that acute changes in the blood
glucose concentration influence gastric and small intestinal function; thus, gas-
tric emptying is slower during hyperglycaemia and faster during hypoglycaemia.
This issue is discussed additionally in Chapters.

This chapter focuses on the role of gut hormones in the regulation of post-
prandial glucose concentration and the impact of pharmacological modulation of
glycaemic control using gut hormones or their analogues. Within this chapter, the
use of the term ‘gastrointestinal function’ is meant to include, where appropriate,
contributions from the pancreas and liver as well.

Gut hormones and insulin secretion

Almost 100 years ago, Moore et al. described the blood-glucose-lowering activ-
ity of duodenal extracts [3], and in the late 1920s Zunz and LaBarre reported the
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release and action of a humoral substance from the gut mucosa, which decreased
plasma glucose concentrations [4]. This lead to the incretin concept, which has
received substantial attention in recent years, particularly because novel thera-
peutic strategies for type 2 diabetic patients can be derived from glucagon-like
peptide 1 (GLP-1), one of the hormones involved [5,6].

The incretin effect

Incretin, in analogy to excretin (which stimulates exocrine pancreatic secretion),
referred to the component of gut mucosal extracts that has the capacity to affect
endocrine pancreatic secretion. Initially this was meant to be an increment in
insulin secretion. The advent of insulin immunoassays in 1962 [7] made it possi-
ble to demonstrate the physiological importance of gut factors in the stimulation
of insulin release: oral or intragastric/intraduodenal administration of glucose
leads to a greater stimulation of insulin secretion than intravenous infusion of
glucose [8,9]. This is the case, even though the rise in plasma glucose is greater
in response to intravenous than to enteral glucose. The incretin effect refers to
the phenomenon that oral glucose elicits a greater insulin secretory response than
parenterally administered glucose (e.g. intravenous infusions) [10,11]. Incretin
hormones are gut factors, released in response to nutrient ingestion, that stim-
ulate pancreatic β-cells, especially when plasma glucose concentrations are
elevated. The latter represents a safeguard against the release of high levels
of incretin hormones by non-glucose nutrients (e.g. fat), which would otherwise
potentially induce hypoglycaemia.

The above definitions represent modifications of those presented by
Creutzfeldt in his 1978 Claude Bernard lecture [11]. One term that is often used
is the enteroinsular axis, which was initially coined by Unger and Eisentraut
[12] to refer to all connections between the gut and the islets of Langerhans i.e.
substrates, nerves and (incretin) hormones. When used in this broader sense, not
only effects on insulin, but also those on glucagon and pancreatic somatostatin
etc. are subject to this definition. The incretin contribution can be estimated by
the comparison of insulin secretory responses to glucose (e.g. 50 g) given by
mouth and to an ‘isoglycaemic’ intravenous glucose infusion, administered on
separate occasions. ‘Isoglycaemic’ means that the same plasma glucose profile
that was determined after oral glucose is copied [13,14] in an experiment that is
technically performed like a ‘glucose clamp’; in this way the glycaemic stimulus
to the β-cell is identical under both conditions. By comparing the insulin
secretory responses, it became evident that the increases in insulin and C-peptide
levels are substantially greater with oral than with intravenous glucose [13–15].
Several conclusions can be drawn from this type of experiment: (a) glucose is
not the only stimulus for insulin secretion after oral glucose; (b) other factors
(including gastrointestinal hormones with insulinotropic activity) are involved;
(c) the quantitative importance of those additional factors approximates 50% of



288 IMPACT OF GASTROINTESTINAL FUNCTION ON GLYCAEMIC CONTROL

the insulin response; (d) the quantitative impact of the incretin effect is greater
when insulin concentrations (i.e. comparing oral and isoglycaemic intravenous
glucose loads) are evaluated—differences based on the measurement of C-
peptide or the calculation of insulin secretion rates are substantially less [13,16].
It has become customary to quantify the incretin effect based on integrated
incremental C-peptide (areas under the curve above baseline), according to
the equation:

Incretin effect(%) = (AUCCP oral − AUCCP i.v.)/AUCCP oral (1)

Typical incretin contributions to insulin secretory responses after oral glucose
range from approximately 25% for glucose loads of 25 g, to 60% for glucose
loads of 100 g [13–16].

Gastric inhibitory polypeptide/glucose-dependent insulinotropic
peptide (GIP)

GIP was originally named gastric inhibitory polypeptide, based on the biolog-
ical function tested for in the bioassay used for its purification by Brown and
co-workers: Gastric acid secretion was inhibited in vagally denervated (Hei-
denhain) gastric pouches [17,18]. Porcine gut mucosa was fractionated and
further purified, until the amino acid sequence of proteolytic GIP fragments
could be determined by the Edman technique. Purified GIP appeared to be a
potent inhibitor of gastric acid and pepsin secretion in dogs [19]. Subsequent
studies in humans with intact gastric innervation, however, have shed doubt as
to whether GIP has a physiological role as a so-called ‘enterogastrone’ [20], a
term used for a gut hormone that is released from the proximal small intestine
after fat ingestion and inhibits gastric function. Soon after its discovery, purified
GIP was shown to stimulate insulin secretion if administered to healthy human
subjects together with glucose [21]. Based on this observation, research into
the insulinotropic properties of GIP intensified and led to the concept of GIP
being an incretin hormone. For this reason, the acronym GIP is now interpreted
as glucose-dependent insulinotropic peptide [22]. Using immunohistochemistry,
GIP-producing K cells have been detected in the mucosa of the upper small intes-
tine of almost all species examined, including humans [23]. This was confirmed
by electron microscopy [24]. Human K cells are characterised by secretory
granules with small electron-dense cores surrounded by a concentric electron-
lucent halo, but this differs between species. The human GIP gene is located on
chromosome 17q and comprises six exons (Table 8.1) [25,26]. The appropriate
messenger RNA is 800 base pairs (bp) long. GIP cDNA revealed a 459 bp open
reading frame encoding the 153 amino acid peptide preproGIP. This sequence
includes a signal peptide, most likely cleaved at amino acid glycine 21, as
part of the 51 amino acid aminoterminal peptide. The carboxyterminal peptide
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Table 8.1 Characterisation of the main incretin hormones, gastric inhibitory polypeptide
(GIP) and glucagon-like peptide 1 (GLP-1), and their receptors (human data are mentioned
whenever possible)

GIP GLP-1

Gene/precursor ProGIP[26] Proglucagon (intestinal)[264]
Chromosomal location 17 q, 10 kb 2 [265]
Number of exons 6 6
mRNA (bp) 800 bp 1101 bp [75]
cDNA (bp) 459 bp 537 bp [74]
Precursor (number of AA) PreproGIP (153 AA) Preproglucagon [264]

ProGIP (132 AA) Proglucagon (159 AA) [74]
Final product (number of
AA)

GIP (42 AA) GLP-1 (7–36 amide)/(7–37)
(30/31 AA)

Other products None GLP-1, glicentin
(enteroglucagon),
oxyntomodulin, spacer
peptides

Expression
Gut Duodenum, Jeunum [23,24] small intestine (ileum)

[79,80,88]
Other Glandula

submandibularis[28]
Brain, stomach [82]

Modulation of expression
by

Transcription Glucose [28] cAMP [266]
Fasting (reduction) [99]

Translation Not known Not known

Receptor [28,57,59] [64,112]
Chromosomal location 19q13.2/13.3 [60] 6p21 [267]
Number of exons 14 7 [116]0
mRNA (bp) > 2.15 kbp plus poly A tail 2.7 and 3.6 kbp (including poly

A tails of different length
[112]

cDNA (bp) 1389 bp 3066 bp [112]
Product (number of AA) 466 463 [112]

AA, amino acids; bp, base pairs.

is 60 amino acids in length [25,26] and is similar, but not identical, in the rat
[27]. Within the family of secretin, glucagon, vasoactive intestinal peptide (VIP)
etc., sequence homology between GIP and the other members is restricted to
the biologically active part of precursor molecules, with greater variation in
other domains.

Expression of the human GIP gene is controlled by a promoter containing a
TATA box (TATAAGG), 28 bp upstream of the putative transcriptional start site.
In addition, there is an ‘enhancer core element’ (at position −138) and there are
two CAAT boxes (CCAAT at position −156 and CAAAT at position −169). The
GIP promoter contains consensus sequences for an AP-1 and cAMP response
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elements (CREs; [28]). The expression of the GIP gene may be regulated by
nutrients; GIP mRNA increases with oral glucose and fat loads in rats [29].

GIP release occurs after nutrient stimulation, primarily oral carbohydrate and
fat [30,31]. Among carbohydrates, glucose, galactose and sucrose stimulate GIP
secretion, whereas fructose, mannose and lactose have no effect, even after
intestinal perfusion [32]. The increment in plasma GIP occurs within 15 min
after starting to ingest nutrients and is more sustained after fat than sugars
[30–33,34]. The release of GIP may be particularly dependent on the early
phase of gastric emptying [35], but this needs to be studied in more detail. It is
the fatty acid component of triglycerides that promotes the release of GIP—only
long chain fatty acids (not medium or short chain fatty acids) have an effect
[36]. It is also possible to stimulate GIP release with rather high doses and a
special mixture of amino acids [37,38]. However, in response to physiological
protein loads, GIP release is minimal [31,39,40]. Duodenal acidification also
stimulates GIP release [41].

The secretion of GIP from upper intestinal K cells is closely associated with
nutrient absorption. This is clearly the case for carbohydrates, since GIP release
can be prevented by phlorizin [42] and for fat, because in exocrine pancreatic
insufficiency the GIP response to fat is attenuated in the absence, but not the
presence, of adequate enzyme supplementation [43]. In the latter case, the reduc-
tion in GIP response may account, at least in part, for the diminished insulin
response; this can be improved with pancreatic enzyme replacement [43].

Several radioimmunoasays for the measurement of plasma GIP have been
published and are available [39,41,44,45]. Most laboratories agree that basal
GIP plasma levels are <100 pmol/l and that GIP concentrations can increase
to >300 pmol/l after physiological nutrient stimulation. GIP, like other peptide
hormones, is subject to proteolytic inactivation by the ubiquitous protease DPP
IV (dipeptidyl peptidase IV)[46,47]. DPP IV produces des Tyr-Ala GIP or GIP
3–42, which is biologically inactive [48]. This process occurs in the circulation
and is rapid, thereby limiting the half-life of biologically active GIP to about
2 min in experimental animals [49] and 7 min in humans [47]. Based on non-
specific assays, which cannot differentiate GIP (1–42) from GIP (3–42), the
half-life of GIP has been estimated to be around 20 min in human subjects
[50–53]. The bulk elimination of GIP occurs via the kidney [54], with little or
no contribution by the liver [55,56].

GIP receptors and intracellular signal transduction

The GIP receptor belongs to the family of G protein-coupled receptors with
seven transmembrane domains [57–59]. It is similar to receptors for other
peptides belonging to the glucagon–secretin family of peptide hormones [e.g.
glucagon, glucagon-like peptides, secretin, vasoactive intestinal peptide (VIP),
parathyroid hormone and growth hormone releasing factor]. The human GIP
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receptor gene is located on chromosome 19q [60]. The gene spans 13.8 kb and
consists of 14 exons [59,61]. Mature messenger RNA contains a 1389 bp open
reading frame coding for a 466 amino acid protein. The GIP receptor in other
animal species is similar. Splice variants with unknown biological significance
may exist. In the rat GIP receptors are expressed in pancreas, stomach, adipose
tissue and the heart [57]. In addition, several brain loci (pituitary gland, cerebral
cortex, hippocampus and olfactory bulb) and the adrenal cortex express GIP
receptors [57]. The latter observation may be related to the rare food-induced
Cushing’s syndrome [62].

GIP receptors bind GIP [1–42] or the GIP fragment [1–30] with high affinity
[58,61]. It is not clear, whether exendin-4 [1–39], a GLP-1 agonist (derived from
the venom of Heloderma suspectum, the ‘Gila monster’) or exendin [9–39], a
GLP-1 antagonist [63,64] also have the capacity to bind the GIP receptor [58,65].
If this were the case, the use of exendin [9–39] as an antagonist for GLP-1 in
in vivo experiments would not be specific enough to discriminate between the
actions of GIP and GLP-1. After binding of GIP to its receptor, the generation of
cAMP is stimulated through the activation of adenylate cyclase via stimulatory
G proteins [66]. The activation of protein kinase A also affects closure of ATP-
dependent K+ channels, opening of voltage-gated Ca2+ channels, the release
of Ca2+ from intracellular stores, and the direct stimulation of exocytosis of
insulin secretory granules from pancreatic β-cells, in a fashion similar to the
signal transduction cascade induced by GLP-1 (Figure 8.2) [5,67].

Biological actions and physiological functions of GIP

The main function of GIP in humans is a glucose-dependent stimulation of
insulin secretion. At basal plasma glucose concentrations very little happens,
whereas at the levels of glycaemia associated with the postprandial period, GIP
potently augments insulin secretion [21,52,68,69]. The effect of physiological
doses of exogenous GIP during physiological increments of glucose concentra-
tions is of comparable magnitude to the total incretin effect, assigning a major
contribution to GIP [52,68]. In rats, GIP also stimulates glucagon secretion [70],
but in normal and type 2 diabetic human subjects this is not the case [53,68].
In humans, stimulation of glucagon by exogenous GIP has only been observed
in patients with cirrhosis who are known to have elevated preprandial glucagon
levels [71]. In contrast to GLP-1, GIP has little, if any, effect on gastric emptying
[72] and causes only minimal suppression of gastric acid secretion [20,73].

Glucagon-like peptide 1 (GLP-1)

GLP-1 was detected originally during analysis of the proglucagon gene sequence
[74,75]. Two glucagon-like sequences, named glucagon-like peptides 1 and
2, with a high degree of sequence homology, were detected within the same
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ATP:ADP ratio; closure of an ATP-dependent K+ channel, causing depolarisation of the
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able to interact with: (1) ATP-dependent K+ channels; (2) L-type Ca2+ channels;
(3) mobilisation of Ca2+ from intracellular stores; and (4) augmentation of storage granule
exocytosis. For details, see text

precursor molecule (‘proglucagon’). At that time, neither a corresponding pep-
tide product nor their biological function were known. The suggested GLP-1
sequence was in part erroneous, because proteolytic processing was assumed to
occur exclusively at dibasic amino acid recognition sites, leading to the sequence
proglucagon 72–108 [GLP-1 (1–36 amide) or (1–37), sometimes referred to as
‘full-length GLP-1’]. Subsequently, it was found that the N-terminally ‘trun-
cated’ GLP-1 [GLP-1 (7–36 amide) or (7–37)] was the predominant form
synthesised in vivo and secreted into the circulation [76,77]. Holst has sug-
gested that the term ‘GLP-1’ should only be used to refer to proglucagon
(78–106 amide) [GLP-1 (7–36 amide)] [78]. According to this terminology,
the non-amidated form, proglucagon [78–107] [GLP-1 (7–37)], would be called
‘glycin-extended GLP-1’.
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GLP-1 is a product of the proglucagon gene [74,75,79,80]. Proglucagon is
expressed in the pancreas (α-cells in the islets of Langerhans). In the pancre-
atic α-cell, posttranslational processing by limited proteolysis leads mainly to
glucagon synthesis, and both the GLP-1 and GLP-2 sequences, together with an
‘intervening’ sequence, remain part of a single product with hitherto unknown
biological activity, the ‘major proglucagon fragment’ (MPGF) [81]. In the L-
cells of the lower gastrointestinal tract (ileum, colon and rectum), proglucagon
processing leads to the synthesis of enteroglucagon (glicentin) and the glucagon-
like peptides 1 and 2 [79,80]. The products of posttranslational processing
in the brain are similar to those of the gut [82]. Endocrine cells express-
ing the proglucagon gene and the prohormone convertase 3 (PC3, also called
PC1) produce the intestinal (L-cell) pattern of products (i.e. mainly glicentin
and GLP-1/GLP-2) [83–85], whereas PC2 seems to be the main processing
enzyme for pancreatic (α-cell) products (glucagon and the ‘major proglucagon
fragment’) [84,85]. Additional enzymes are probably needed.

GLP-1 is secreted from L-cells in the lower gut (ileum, colon and rectum
[77,80,86–88]) after meals containing carbohydrate and fat [89–94]. Fructose,
like glucose, stimulates GLP-1 release, although to a lesser degree [95].

In relation to the secretion of GLP-1 and other L-cell products, a paradox has
been noted: GLP-1 secretion is initiated rapidly (within 5–10 min) after nutrient
ingestion [52,53,92] although, as discussed, L-cells occur primarily in the lower
gastrointestinal tract [86,88]. Here, they should not come into rapid contact with
meal components, which have to be emptied from the stomach and pass through
the upper parts of the small intestine (i.e. duodenum and jejunum). Basically, two
explanations have been suggested: (a) there is an ‘upper gut signal’ (hormonal
or neural) that is activated by the presence of nutrients in the proximal small
intestine, which is then transferred to the L-cells; and (b) although relatively few
L-cells are present in the proximal small intestine (at least when compared to the
vast numbers present distally), the quantity is sufficient to allow GLP-1 secretion
in the quantities that have been observed in vivo. This debate has not been
resolved conclusively. However, it is recognised that surgical removal of parts
of the ileum or the colon does modify the GLP-1 response to oral glucose [96]
and that a larger nutrient load must enter the small intestine to stimulate GLP-1
when compared to GIP secretion [97]. As discussed, GIP-producing K cells are
located mainly in the duodenum. Taken together, these findings argue in favour
of GLP-1 release via direct contact of nutrients with the sparse L-cells in the
jejunum and upper ileum. Quantitative considerations relating the GLP-1 content
of the small intestinal mucosa to the amount of GLP-1 secreted in response to
a typical nutrient stimulus also support this view: only approximately 1.5% of
the amount of GLP-1 present in the total small intestine (and approximately
10–15% of the amount present in the upper jejunum) is secreted in response to
a single oral stimulus with sucrose [5,96]. On the other hand, observations that
neurotransmitters that are present in the enteric nervous system (i.e. bethanechol,
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a cholinergic agonist; bombesin; the ß-adrenergic agonist isoproterenol; and
CGRP) have the capacity to stimulate GLP-1 release from the perfused ileum
[93,98], are consistent with the concept of neural signalling via the intrinsic
enteric nervous system from the upper to the lower small intestine. GIP, which is
a potent stimulus to GLP-1 secretion in rodents [93], does not lead to elevations
in plasma GLP-1 levels when infused into healthy or type 2 diabetic human
subjects, i.e. GIP does not display GLP-1-releasing activity in humans [40,53].
L-cell density and GLP-1 ‘stores’ are modified in response to experimental
gut resections or dietary manipulations [99], such as a change in dietary fibre
content [100].

There is evidence that obese subjects may secrete less GLP-1 after an oral
carbohydrate load when compared to normal-weight subjects, while with fat as
the nutritional stimulus, no difference was apparent [101]. This observation is
of interest, given the effect of GLP-1 on feeding behaviour [102,103].

Measurement of the biologically active forms of GLP-1 in plasma (e.g. ‘trun-
cated’ GLP-1 (7–36 amide) or (7–37), ‘glycin-extended’ GLP-1) [77,104] is
possible but has proved difficult because, among other reasons, of in vivo N-
terminal degradation by dipeptidyl peptidase IV [46,49,105,106], which leads
to biologically inactive or even antagonistic GLP-1 (9–36 amide) or (9–37)
[107], and the simultaneous presence of other molecules containing the GLP-
1 sequence (e.g. the ‘major proglucagon fragment’ and GLP-1 (1–36 amide)
or (1–37) as pancreatic products of processing). A sandwich ELISA that mea-
sures only GLP-1 with both intact N- and C-termini has now been introduced
[108]. This assay has helped to characterise in vitro and in vivo degradation of
GLP-1 [105,106,109]. Future sandwich assays, employing highly specific and
high-affinity monoclonal antibodies, will hopefully resolve the discrepancies in
GLP-1 concentrations reported by different laboratories. Basal (fasting) plasma
GLP-1 concentrations between 2 and 15 pmol/l and stimulated (postprandial)
concentrations of 20–50 pmol/l may be regarded as physiological. Disorders
associated with rapid gastric emptying are accompanied by excessive plasma
GLP-1 concentrations [110,111].

GLP-1 receptors and intracellular signal transduction

The GLP-1 receptor was first cloned from an insulinoma cell line [64,112]. It
belongs to the ‘7 transmembrane domain’ group of receptors and is expressed
in β-cells of the pancreatic islets of Langerhans, in the lung, and in certain
areas of the brain (see below). The presence of GLP-1 receptors on pancreatic
endocrine α-cells is questionable [113–115]. Recent tissue surveys in rats [116],
mice [117] and humans [118,119] have confirmed that mRNA coding for this
pancreatic (β-cell) type GLP-1 receptor does not exist in liver, muscle and
adipose tissue. GLP-1 receptors of the same deduced amino acid sequence are
found in all tissues that have been examined [118].
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Scrocchi et al. [120–122] recently described GLP-1 receptor ‘knock-out’
mice. The phenotype of these mice includes glucose intolerance and reduced
insulin secretion, evident after intraperitoneal glucose administration, but no
difference in body weight, although the acute, suppressive, effects of intracere-
broventricular GLP-1 on food intake were seen in control, but not in receptor-
negative, animals. Interestingly, these mice are characterised by an enhanced
response to GIP, which might compensate for some of the consequences of
‘knocked-out’ GLP-1.

In pancreatic β-cells or similar insulinoma cell lines, cAMP has been
described originally as the classical second messenger [123]. Recent studies,
however, have established that an increment in cytoplasmic Ca++ is another
important signalling pathway [124–127]. The rise in Ca++ is secondary to
cAMP formation and is dependent on Na+ inflow [128].

GLP-1 has traditionally been viewed as an incretin hormone, i.e. a gut factor
that is released into the circulation after nutrient ingestion, which contributes to
meal-induced insulin secretion as a result of its glucose-dependent insulinotropic
properties [52,68,129,130]. In addition, GLP-1 suppresses glucagon secretion
[53,131,132]. At the cellular level, GLP-1 has been shown to promote
(pro)insulin biosynthesis and affect the production of other islet hormones [133]
as well as β-cell replication and differentiation in general [134–139].

Insulin secretion and glucose-dependence of insulinotropic effects

A prominent feature of the insulinotropic effect of GLP-1 is its glucose-
dependence [52,68,140–142]. Based on the work of Holz et al. [126,127] and
Gromada et al. [67,143–146] the cell biology underlying the insulinotropic
actions of GLP-1 has been elucidated in sufficient detail so that the phenomenon
of its strict glucose dependence is understandable (see the excellent review
by Gromada et al. [67]). Basically, there are four intracellular steps in the
insulin secretory cascade that may be influenced by GLP-1 and other cAMP-
increasing agents: (a) via protein kinase A there is a small, direct effect on
the ATP-dependent potassium channel (closure) [126,145,146], which by itself,
however, is insufficient to cause membrane depolarisation (which can only be
achieved with high glucose concentrations or by the combination of GLP-1
and slightly elevated glucose levels); (b) there is a direct stimulation of L-type
Ca2+-channels causing augmented influx of calcium from extracellular sources
[146,147]; (c) GLP-1 promotes release of calcium ions from intracellular Ca2+
stores [127]; (d) there is direct stimulation of exocytosis, which is quantitatively
the most important contribution, probably by promoting a transition of storage
granules into a readily releasable form [67,145,146]. Steps b–d, however, are
dependent on closure of the ATP-dependent potassium channel to a degree
that is sufficient to cause membrane depolarisation [145]. Therefore, overall
insulinotropic activity strictly depends on ‘elevated’ glucose concentrations, the
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threshold being around 110 mg/dl (6 mmol/l). Clinically, this is demonstrated
by the fact that high-dose intravenous administration of GLP-1 does not cause
hypoglycaemia in healthy volunteers [141], and that a prolonged administration
of GLP-1 in type 2 diabetic patients leads to a normalisation of glycaemia,
which in turn causes insulin concentrations to fall into the basal range despite
ongoing infusion of GLP-1 [148,149]. In comparison to the sulphonylurea
glyburide, the insulinotropic effects of GLP-1 are more glucose-dependent
[150], because sulphonylureas alone are able to depolarise β-cells. ß-Adrenergic
counterregulation does not contribute to the maintenance of euglycaemia during
exogenous administration of GLP-1 [151].

GLP-1 suppresses glucagon secretion in the isolated perfused pancreas
[131,152]. It is not entirely clear whether or not there are GLP-1 receptors
on pancreatic α-cells [113,118,119]. It is possible that the effects of GLP-
1 on glucagon secretion are partly mediated by augmented insulin and/or
somatostatin secretion [113]. The suppression of glucagon by exogenous GLP-
1 probably makes a substantial contribution to the normalisation of fasting
hyperglycaemia in type 2 diabetic patients [148,149]. Even in type 1 diabetic
patients, a clear inhibition of glucagon secretion was observed, accompanied
by a significant fall in plasma glucose [153]. The stimulation of glucagon
secretion during hypoglycaemia is not affected by GLP-1 in healthy subjects
[154], establishing that glucagonostatic effects of GLP-1 are glucose-dependent,
as are the insulinotropic effects; similar results have been obtained in type 2-
diabetic patients (Nauck MA, unpublished data).

Gastric effects

Gastric emptying is slowed by exogenous administration of GLP-1 (Figure 8.3)
[155–158], with the consequence that dependent functions (such as ‘intestinal
phase’ pancreatic exocrine secretion) are also reduced. Gastric acid secretion

Figure 8.3 Gastric emptying (upper panels), plasma glucose concentrations (second row
of panels), plasma insulin (third row of panels) and plasma glucagon (bottom panels) in
response to a mixed liquid meal (containing amino acids and sucrose) in young healthy
subjects (left; redrawn from [158]) and in type 2 diabetic patients (right; redrawn from
[157]) under the influence of a pharmacological infusion of GLP-1 (7–36 amide)
(1.2 pmol/kg−1/min−1) or placebo. The bar on top indicates the duration of the infusion
(30–240 min) and the arrow shows the time point of meal administration (through a
nasogastric tube). In healthy subjects, GLP-1 retards gastric emptying, prevents a
postprandial rise in glycaemia, stimulates preprandial and reduces postprandial insulin
secretion (secondary to impaired substrate availability due to the retardation of gastric
emptying), and suppresses glucagon. In type 2 diabetic patients, gastric emptying is
similarly retarded, but glucose levels fall and insulin secretion is stimulated despite the
absence of a rise in glycaemia (due to the glucose-dependence of GLP-1’s insulinotropic
actions). Glucagon rises more after the meal with placebo than in healthy subjects, but this
increment is completely prevented by GLP-1; this is also evident type 2 diabetic patients
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has been found to be suppressed by GLP-1 in some [159,160] but not in all
[20] studies.

Other ‘extrapancreatic effects’

The controversy as to whether GLP-1 can interact with liver, muscle, and
adipose tissue directly is based on descriptions of GLP-1 effects on glucose
transport and glycogen metabolism in such tissues at GLP-1 concentrations
exceeding 1 nmol/l (1000 pmol/l) [161–166]. There are also contradictory
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reports [167,168]. Specific binding sites for labelled GLP-1 have been described
by some but not all groups [169–173]. These binding sites do not seem to be
identical to the pancreatic (β-cell) GLP-1 receptor as characterised by molecular
genetic methods, because there appears to be no β-cell type GLP-1 receptor
mRNA in these tissues [64,112,118,119]. Therefore, if one postulates that GLP-1
has direct effects on ‘peripheral tissues’, independent from GLP-1-induced
changes in the concentrations of insulin and glucagon, one has to hypothesise
additional receptor species that have not hitherto been characterised at the
molecular level.

At least in humans, the influence of circulating GLP-1 on processes involved
in the regulation of carbohydrate homeostasis is dependent on the changes in
insulin and glucagon secretion described above [174]; a direct effect on insulin
sensitivity originally described in type 1 diabetic patients [175] could not be
confirmed in healthy subjects [176] or in type 2 diabetic patients [177].

Additional GLP-1 targets

GLP-1 stimulates the transcription of genes coding for β-cell components
involved in the process of glucose sensing and insulin synthesis and secretion
(insulin, GLUT-1 and hexokinase) [178]. GLP-1 also stimulates phosphorylation
of GLUT-2, the liver β-cell-specific glucose transporter [179]. GLP-1 stimulates
TSH secretion from pituitary cells, although only at high concentrations
[180], enhances secretion of luteinising hormone (LH)-releasing hormone in
a hypothalamic cell line [181] and stimulates cAMP production and calcitonin
release in a murine C cell line [182]. Another group of potential functions relates
to the presence of GLP-1 [183,184] and its receptor [112,118,185] in the brain:
GLP-1 injected into the cerobrospinal fluid in µg amounts reduces food intake,
especially in satiated rats [102,186,187]. Water intake is also affected [186,187].
It is probable that GLP-1 is synthesised in the brain [82] and functions as a
neurotransmitter to affect food and water intake. An alternative possibility is
that GLP-1 present in the bloodstream may bind to receptors present in the
subfornical organ and area postrema [82]. This is of particular interest, since
the effects of plasma GLP-1 on gastric functions (acid secretion and possibly
gastric emptying) are dependent on an intact vagus nerve [156], and because
exogenous GLP-1 (and perhaps endogenously secreted GLP-1 from the gut) may
also regulate food intake in humans [103,188]. It is not clear, to what extent
retarded gastric emptying contributes to reduced appetite, increased satiety and
an overall reduction in nutrient intake.

Relative importance of GIP, GLP-1 and/or additional
incretin hormones

Exendin (9–39) is a specific peptide GLP-1 receptor antagonist and its use has
made it possible to examine the net effect of endogenously secreted GLP-1 in
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experimental animals. Administration of exendin (9–39) reduced insulin secre-
tory responses after enteral stimulation with nutrients [129,130]. At the same time
the plasma glucose responses were greater, suggesting a more ‘diabetic’ state. The
fact that a specific peptide antagonist for the GIP receptor [GIP fragment (7–30)]
[189] also leads to a major reduction in meal-induced insulin secretion in rats can
be accounted for by either a similarly important incretin role for GIP or to the
fact that, in rodents, GIP is a GLP-1 secretagogue [93,190]. As discussed, this
mediation of GLP-1 release via GIP certainly is not active in humans [40,53]. The
question arises as to which hormone is the more potent incretin. After meals, GLP-
1 concentrations peak at approximately 15–40 pmol/l, substantially lower levels
than are typical for GIP (100–500 pmol/l) [52,53]. Therefore, exogenous GLP-1,
administered in a dose that mimics physiological increments in plasma GLP-1
concentrations, only slightly augments insulin secretion in response to a physi-
ological glycaemic increment, contributing some 25% to the incretin effect [52]
or less than 15% to total postprandial insulin secretion. Furthermore, the insulin-
stimulatory role of GLP-1 is counteracted by the slowing of gastric emptying,
which reduces substrate-stimulated insulin secretion and the permissive incre-
ment in glycaemia. Since exendin (9–39) has been used as a GLP-1 receptor
antagonist in humans [191], it can be expected that the physiological impor-
tance of insulinotropic effects of GLP-1 will be clarified in the near future. When
exendin (9–39) was infused into healthy volunteers, the glycaemic profile after
oral glucose was steeper and insulin responses tended to be higher [192].

Other hormones have been examined as potential incretin hormones, but
clearly do not fulfil the criteria outlined by Creutzfeldt [11], e.g. CCK [69,193].
Another interesting aspect is the possibility of gut hormones that suppress, rather
than augment, postprandial insulin secretion. One hormone with this poten-
tial is somatostatin, which occurs ubiquitously, but may be secreted from the
gut mucosa after nutrient intake. Exogenous administration of somatostatin 28,
resulting in plasma concentrations that are typically reached in a postprandial
situation, lowered insulin responses [194,195]. Although the interaction of such
a ‘decretin’ with insulin stimulatory hormones and the quantitative impact are
poorly defined, these findings raise the likelihood that the postprandial regulation
of insulin secretion by gastrointestinal hormones is even more complicated than
currently known. Pancreatic innervation does not appear to be a prerequisite, as
evidenced by a normal incretin effect in pancreas-transplanted patients whose
pancreas is denervated [196,197].

Gut hormones in type 2 diabetes

Since type 2 diabetes is characterised by defective insulin secretion [198], espe-
cially in response to meals, possible disturbances of the enteroinsular axis in
type 2 diabetic patients have received considerable attention. The broad hypothe-
sis is that disorders of the secretion, or insulinotropic activity, of physiologically
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important incretin hormones contribute to the delay in insulin secretory activity
that is typically seen during the ‘early phase’ of the postprandial insulin response.

The incretin effect has been quantified in type 2 diabetic patients and found to
be reduced in magnitude [14]; in some patients, a complete lack of a measurable
incretin effect was noted. The incretin response appeared to be independent
of patient characteristics such as age, degree of obesity and treatment. These
observations indicate that type 2 diabetes is associated with abnormalities in
either the secretion of incretin hormones or their insulinotropic activity.

Secretion of GIP and GLP-1 in type 2 diabetic patients

It is clear from a number of studies that there is no obvious undersecretion
of GIP in response to typical nutrient stimuli (glucose, fat or mixed meals) in
patients with type 2 diabetes in comparison to non-diabetic subjects of com-
parable age and degree of obesity [199–201]. Rather, there is evidence that a
small, but significant, enhancement of GIP responses is characteristic of type 2
diabetic patients [202,203]. These old observations do not, however, take into
account the fact that GIP is degraded by dipeptidyl peptidase IV [46,204], to a
product which by itself is biologically inactive, but was probably detected by
the immunoassays used. Therefore, at present it can not be excluded that the
concentration of biologically active, intact GIP (1–42) differs between healthy
and type 2 diabetic patients. Given the substantial interest in the possible thera-
peutic role of GLP-1 in type 2 diabetic patients, data on the secretion of GLP-1
in type 2 diabetic vs. metabolically healthy subjects are relatively scarce. Initial
studies with small numbers of subjects were contradictory [53,205]: one study
described an enhanced GLP-1 secretion after a 100 g oral glucose in type 2 dia-
betic patients [205]; another found the contrary after a 50 g oral glucose [53].
Recently, data have been presented to support the concept of a reduced GLP-1
secretory response in type 2 diabetic patients [206]. The discrepancies between
different studies, in some cases even from the same laboratory, may reflect the
quality of the assay methods used, especially in the late 1980s and early 1990s.
On the other hand, both patient characteristics and their glucose concentrations
could have had a direct influence on the release of incretin hormones, although
such effects have not been clearly established.

Actions of GIP and GLP-1 in type 2 diabetic patients

A considerable number of reports are available that have examined the
insulinotropic activity of exogenous GIP in type 2 diabetic patients. Typical
infusion rates that gave rise to postprandial-like plasma concentrations were
0.8–1.5 pmol/kg−1/min. In all studies the insulinotropic activity of exogenous
GIP in type 2 diabetic patients was negligible [207–209]. When this was
compared to healthy subjects, insulin responses in type 2 diabetic patients
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were reduced [210]. Whereas earlier studies used synthetic GIP of the porcine
amino acid sequence, the same result has been reproduced using synthetic
human GIP [53,211]. Therefore, there is little doubt that GIP has almost no
insulinotropic activity in type 2 diabetic patients. It is not clear whether this
is due to: (a) the general inability of diabetic β-cells to respond to any insulin
secretory stimulus; (b) a loss of ‘glucose-potentiation’, because GIP is a glucose-
dependent insulinotropic stimulus and may have a diminished effect simply
because glucose no longer initiates the processes that are required for GIP to
exert its insulinotropic effect; or (c) a specific ‘GIP blindness’ of type 2 diabetic
β-cells. The latter is suggested by the potent insulinotropic effect of GIP’s
partner incretin hormone, GLP-1, in the same patients (see below).

As a whole, the effects mediated by GLP-1 counteract many of the
peculiarities of the type 2 diabetic phenotype, namely: (a) disturbed glucose-
induced insulin secretion [198]; (b) hyperglucagonaemia [212]; (c) abnormally
rapid gastric emptying (which may occur in a subgroup of ‘early type 2-diabetic
patients’ [213]); (d) a slight reduction in β-cell mass and pancreatic insulin
content [214,215]; (e) hyperphagia/obesity [216]; and (f) insulin resistance
[198]. Regarding the first five characteristics, there is general agreement that
GLP-1 has the potential to be antidiabetogenic, but the effects of GLP-1
on insulin sensitivity remain contentious [174,176,177]; in vivo examinations
describe at most minor influences of GLP-1 on insulin action, even at very high
plasma concentrations [175].

Animal experiments had suggested a comparable reduction in insulinotropic
activity of GIP and GLP-1 in streptozotocin-diabetic rats [217]. Surprisingly,
however, pharmacological concentrations of GLP-1, in contrast to those of
GIP, triggered an almost normal, rapid release of insulin in, ‘mild’, diet-treated
type 2 diabetic patients, who were compared to control subjects under identical
hyperglycaemic clamp conditions (8.75 mmol/l) [53,211]. Similar observations
were made by Elahi et al. [218]. The other facets of GLP-1 bioactivity are
also preserved in type 2 diabetic patients: glucagon concentrations are lowered
[53,148,149] and gastric emptying is slowed [157], as in control subjects. A
prominent direct effect of GLP-1 on insulin sensitivity or insulin resistance
seems unlikely [177].

Gut hormones in type 1 diabetes

The secretion and action of GIP and GLP-1 have also studied in patients with
type 1 diabetes. Since their main target is insulin secretion, and because islet
β-cells are more or less destroyed in type 1 diabetes, their impact on islet
function is smaller in this clinical situation. The secretion of GIP has been
assessed in type 1 diabetic patients [44] and found to be reduced early after
the diagnosis was made. During clinical remission (‘honeymoon phase’), GIP
secretion reverted to normal. This subject has been reviewed by Krarup [45].
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Obviously, the insulinotropic response to the exogenous administration of GIP
is smaller in type 1 diabetic patients than in type 2 diabetic patients and healthy
volunteers [210].

Although the secretion of GLP-1 in patients with type 1 diabetes has not been
studied, the effects of exogenous GLP-1 have been reported. When infused
intravenously into fasting, insulinopenic, hyperglycaemic patients, glucagon
is lowered by approximately 50% and plasma glucose reduced by 61 mg/dl
(3.4 mmol/l) [153]. If administered before meals, the meal-related increment
in glycaemia is reduced [219,220]. It is not clear whether this offers a useful
adjunct to insulin treatment.

Pharmacological influences

Since it is recognised that gastric emptying has an impact on glycaemic control
(discussed in Chapter 4), strategies to modify gastric emptying could potentially
be used to optimise diabetic control. It can be postulated that pharmacological
improvement of delayed gastric emptying, or slowing gastric emptying in patients
with rapid emptying, would result in better glycaemic control. Potentially, even in
patients with a normal velocity of gastric emptying, its retardation and the result-
ing slower entry of nutrients into the circulation could be improved by the altered
metabolic capacity in patients with both type 1 and type 2 diabetes. In principle,
this can be done using dietary manipulations or pharmacological approaches.

Gastric emptying

A number of studies have evaluated the effect of slowing of gastric emptying on
glycaemic control in both type 1 and type 2 diabetes [5,221–224]. Thus, some
food components, such as guar gum [225], soluble fibre [224] and low gly-
caemic index foods, have been shown to reduce postprandial hyperglycaemia in
type 2 diabetes, presumably by retarding gastric emptying, as well as by slowing
intestinal carbohydrate absorption. Pramlintide [223] and GLP-1 [5,220] reduce
postprandial hyperglycaemia in patients with uncomplicated type 1 diabetes by
slowing gastric emptying [226,227].

Native human amylin is relatively insoluble and has an inherent tendency
to self-aggregate and adhere to various surfaces upon contact (discussed in
Chapter 2). Pramlintide is a trisubstituted human amylin analogue, which has
been shown to have biological activities comparable to that of human amylin
[228]. In patients with uncomplicated type 1 diabetes, acute administration of
pramlintide reduces postprandial hyperglycaemia [223,229,230], presumably as
a result of slower gastric emptying [226,227]. Kong et al. [227] showed that
an intravenous infusion of pramlintide markedly slowed emptying of both solid
and liquid components of a meal. Since the dose of pramlintide used was clearly
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‘supraphysiological’ and intravenous infusion of pramlintide would be impracti-
cal clinically, the dose–response effect of subcutaneous injections of pramlintide
on gastric emptying was then examined. It was also determined whether admin-
istration of the drug before one meal had an impact on gastric emptying of a
subsequent meal [226]. The three doses of pramlintide that were used all delayed
emptying of the solid component of the first meal without any significant differ-
ence between them (Figure 8.4). Pramlintide had no effect on gastric emptying
of the second meal (Figure 8.4).

In patients with type 2 diabetes, slowing of gastric emptying, whether induced
by dietary modifications [224,231], administration of cholecystokinin [232],
GLP-1 [5,157,220] or pramlintide [223], reduces postprandial glucose levels.
In the subset of type 1 patients who have normal (or occasionally rapid) gas-
tric emptying, pramlintide has the potential to be a useful adjunct to insulin
treatment by slowing gastric emptying and optimising the coordination between
absorption of ingested nutrients and insulin delivery. The beneficial effects of
pramlintide may potentially be more marked in type 2 diabetic patients, since
type 2 diabetes is characteristically associated with delayed insulin release and,
occasionally, with accelerated gastric emptying [233–236]. This concept is sup-
ported by a study by Thompson et al. [223], who reported that an intravenous
infusion of pramlintide reduced postprandial plasma glucose concentrations in
type 2 diabetic patients. However, the beneficial effect of pramlintide was seen
in insulin-treated patients and in patients treated with diet and/or oral hypogly-
caemic agents (sulphonylureas) who had suboptimal glycaemic control (glycated
haemoglobin > 8%). These patients presumably had more advanced ß-cell fail-
ure and lower amylin concentrations and it remains to be seen whether ‘replace-
ment’ of amylin in this subset of patients will prove to be a new approach to
the management of type 2 diabetes. Clinical trials to evaluate the long-term
effects of modulation of gastric emptying on glycaemic control in both type 1
and type 2 diabetes are now required.

Intestinal function

Acarbose has been the first antidiabetic medication designed to act through an
influence on intestinal functions. Basically, it is a carbohydrate-mimetic, acting
as a competitive inhibitor of brush border enzymes known as α-glucosidases.
Starch and certain oligo-, tri- and disaccharides are substrates that are digested
more slowly in the presence of acarbose. This reduces the inflow of glucose into
the circulation and moves chyme into lower parts of the gastrointestinal tract. As
a consequence, acarbose primarily reduces postprandial glycaemic increments,
but also lowers fasting glucose concentrations in the longer term. The accentu-
ation of ‘physiological malassimilation’ (i.e. undigested carbohydrate reaching
the large intestine) causes bacterial decomposition of remaining carbohydrates,
leading to meteorism and flatulence in some patients. This can often be prevented
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Figure 8.4 Effects of s.c. pramlintide on gastric emptying in patients with type 1
diabetes. (A) Half-emptying timer (T50) of the solid component of the first meal after
placebo, 30 µg, 60 µg and 90 µg pramlintide injections. (B) Half-emptying timer (T50) of
the solid component of the second meal after placebo, 30 µg, 60 µg and 90 µg pramlintide
injections. All three doses of pramlintide delayed emptying of the solid component of the
first meal to the same extent. There was no effect of any dose on gastric emptying of the
second meal. From Kong et al. [226] with permission from Springer-Verlag  1998

by starting treatment at a low dose (once daily, 25–50 mg) and increasing it
over weeks (up to 50–100 mg three times daily); 5–10% of patients, certainly
<15%, will have to stop treatment because of gastrointestinal side effects. While
these side effects might be unpleasant, they are not dangerous. Acarbose is not



PHARMACOLOGICAL INFLUENCES 305

absorbed from the gut to any substantial degree, so that it is free of serious side
effects and may be used safely in patients with renal failure, for whom most
other oral antidiabetic treatments are contraindicated. The overall effect on gly-
caemia is equivalent to 0.5% reduction in glycated haemoglobin in the largest
trial performed. This is somewhat less than that observed in response to sulpho-
nylureas and metformin. Other α-glucosidase inhibitors have been used with
similar success, e.g. miglitol. It has been demonstrated in healthy subjects that
α-glucosidase inhibition augments endogenous, meal-induced GLP-1 secretion
[237–239]. This might provide a novel and alternative approach to elevate GLP-
1 plasma concentrations into the ‘therapeutic’ range, because clinically effective
plasma levels are only three to four fold higher than concentrations measured
after stimulating endogenous release by nutrient ingestion [53,240,241]. How-
ever, the stimulation of GLP-1 secretion by α-galactosidase inhibition cannot be
demonstrated in type 2 diabetic patients eating regular meals (Bergmann, Ritzel
and Nauck, unpublished).

A similar approach has been taken to the treatment of obesity (including obese
patients with type 2 diabetes), using a drug to inhibit the activity of pancreatic
lipase. Thus, tetrahydrolipostatin (orlistat) reduces the digestion of dietary fat
and is of value as part of a weight-reducing diet in the treatment of obesity [242].

GLP-1

Exogenous GLP-1 of the amino acid sequence (7–37) or (7–36 amide) typically
leads to a true normalisation of plasma glucose concentrations into the physi-
ological basal range: 60–100 mg/dl (3.3–5.6 mmol/l) within 3–4 h in fasting
type 2 diabetic patients [148,149,240,241] (Figure 8.5). Continued administra-
tion of GLP-1 does not lead to hypoglycaemia, because the insulinotropic
actions [52,68,140,141] and the glucagonostatic effect [148,149,154] are strictly
glucose-dependent and little or no insulin is secreted at glucose concentrations
below 90 mg/dl (5 mmol/l), even with large doses of GLP-1. However, the
glucose-lowering effect wanes after stopping the infusion [241,243]. Continued
administration, on the other hand, leads to a reduction of postprandial glucose
concentrations by GLP-1 [157,241]. In long-term experiments, the efficacy of
intravenous GLP-1 in type 2 diabetic patients has been maintained for 7 days
without loss of activity (tachyphylaxis) [244]. In animal experiments, there was
no loss of activity over 5 days [142]. With repeated injections of GLP-1 in
type 2 diabetic patients, stable effects were observed over a period up to 6 weeks
[245,246,247]. The suppression of plasma glucagon concentrations by GLP-1 is
also observed in type 1 diabetic patients [153]. As suggested by a delayed incre-
ment in glucose, insulin, C-peptide, glucagon, and pancreatic polypeptide after
meals after administration of GLP-1 in type 1-diabetic patients [175,219,220],
the retarding effect on gastric emptying appears to be preserved in this group as
well. The long-term intravenous infusion of peptide hormones such as GLP-1
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Figure 8.5 Comparison of GLP-1 effects in type 2 diabetic patients who had previously
been treated with different approaches from diet to insulin (thus representing different stages
of type 2 diabetes); 47 patients previously analysed and published [6,148,149,243,250] are
shown. In each group, fasting glycaemia is shown as white columns (mean ±SD) and
glucose concentrations measured 4–5 h after starting GLP-1 administrations (either
intravenous infusions or two subcutaneous injections, 1.5 nmol/kg, given at 0 and 120 min)
are shown. GLP-1 was equally effective in all groups of type 2 diabetic patients tested

is not a feasible approach to treat type 2 diabetic patients. Subcutaneous injec-
tions of GLP-1 produce large peaks in plasma concentrations which, however,
are maintained for only a short duration [106,248–250]. Therefore, there are
attempts to administer GLP-1 as a slow-release preparation. This can be achieved
by, ‘microencapsulation’ [251] or by using biologically erodable microspheres
[252]. A second approach is the development of GLP-1 analogues, which should
ideally maintain all of the pharmacodynamic activities, while having a better
pharmacokinetic profile (longer duration of action of up to 24 h [253]). Such
GLP-1 derivatives or analogues are being developed for clinical studies [254].
In the long term, GLP-1 receptor agonists should preferably be short peptides
(such as has been recently described for erythropoietin [255]) or even inorganic
compounds that can be administered orally. A tablet has recently been described
that is designed to adhere to the buccal mucosa and release its content (GLP-1)
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through direct absorption from the oral cavity [256]. At present, the resulting
plasma profile resembles that observed after subcutaneous injection.

Exendin-4

Exendin-4 is a 39 amino acid peptide derived from the salivary secretions of
Heloderma suspectum (the ‘Gila monster’). It displays more than 50% sequence
homology to GLP-1, and binds to the GLP-1 receptor with an affinity equal
to, or even greater than, that of GLP-1 [257,258]. According to recent studies,
exendin-4 shares many of the therapeutic activities of GLP-1, but is characterised
by a considerably longer duration of action. Accordingly, a single subcutaneous
injection of exendin-4 can maintain a lower average plasma glucose concentra-
tion in animal models of type 2 diabetes for 24 h [259]. There is no significant
acute toxicity associated with exendin-4 administration to humans [260], so that
clinical trials in patients with diabetes are being performed.

Dipeptidyl peptidase IV inhibition

The fact that ‘therapeutic’ concentrations of GLP-1 are three to four-fold higher
[5,157,158] than normal postprandial concentrations [77,157] has led to the idea
that activating or stimulating endogenous GLP-1 could represent a means of
reducing plasma glucose in type 2 diabetic patients. Since the action of a ubiq-
uitous exopeptidase, dipeptidyl peptidase IV (DPP IV) [46,105,106], rapidly
inactivates GLP-1 by forming GLP-1 (9–36 amide/9–37), this enzyme has
become a target for enhancing the biological activity of endogenous or exoge-
nous GLP-1. First, GLP-1 analogues resistant to the action of DPP IV are being
evaluated as longer-acting drugs [253]. Second, inhibitors of the enzyme are in
early clinical trial phases, which are thought to provide evidence for an aug-
mented incretin stimulation of insulin secretion (i.e. via halting degradation and
inactivation of both GIP and GLP-1). In animal experiments, enhanced biologi-
cal activity of GLP-1 has already been demonstrated [47,261,262]. The potency
of these drugs will probably be limited by the fact that the DPP IV degrada-
tion product itself [GLP-1 (9–36 amide)] has a short half-life, so that complete
inhibition of DPP IV alone can only be expected to triple the intact GLP-1
concentrations, without having a major effect on the duration of the postpran-
dial elevation. Nevertheless, this approach makes sense, especially since the
majority of GLP-1 already leaves the gut in its degraded, i.e. inactive, form.
Initial clinical trials have demonstrated a beneficial effect on glucose concen-
trations and glycated haemoglobin levels in type 2 diabetic patients [263]. This
is therefore a typical example of therapeutic interventions aiming at normogly-
caemia by altering gastrointestinal function, in this case by modifying the gut’s
endocrine activity.
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Outlook

The developments outlined above make the relation between gastrointestinal
function and glycaemic control a matter that is not only of interest with regard
to physiological processes, but is also of relevance to problems encountered
in diabetes. Thus, the role of gastrointestinal factors in the pathophysiology of
diabetes can be better understood by recent insights into the interplay of motility,
nutrient absorption, hormone secretion and action, and metabolic adaptation.
This field is expanding more and more into the area of pharmacology, with
the development of several novel therapeutic strategies, e.g. amylin analogues
(pramlintide), GLP-1 derivatives or analogues and specific inhibitors of peptide
digestion/absorption. The successful development of these agents promises to
expand therapeutic options for the treatment of diabetes mellitus.
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83. Rouillé Y et al. Proglucagon is processed to glucagon by prohormone convertase PC2
in α TC1-6 cells. Proc Natl Acad Sci USA 1994; 91: 3242–6.
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Arch 1997; 434: 515–24.

146. Gromada J et al. Glucagon-like peptide 1 (7–36) amide stimulates exocytosis in human
pancreatic β-cells by both proximal and distal regulatory steps in stimulus-secretion
coupling. Diabetes 1998; 47: 57–65.

147. Suga S et al. GLP-1 (7–36) amide activates L-type Ca2+ channels of pancreatic β-cells
through cAMP signaling. Jpn J Physiol 1997; 47(suppl 1): S13–14.

148. Nauck MA et al. Normalization of fasting hyperglycaemia by exogenous glucagon-like
peptide 1 (7–36 amide) in type 2 (non-insulin-dependent) diabetic patients. Diabetolo-
gia 1993; 36: 741–4.

149. Nauck MA et al. Normalization of fasting glycaemia by intravenous GLP-1 [(7–36
amide) or (7–37)] in type 2-diabetic patients. Diabetic Med 1998; 15: 937–45.

150. Hargrove DM et al. Comparison of the glucose dependency of glucagon-like peptide-1
(7–37) and glyburide in vitro and in vivo. Metabolism 1996; 45: 404–9.

151. Toft-Nielsen M et al. No effect of β-adrenergic blockade on hypoglycaemic effect of
glucagon-like peptide-1 (GLP-1) in normal subjects. Diabet Med 1996; 13: 544–8.

152. Komatsu R et al. Glucagonostatic and insulinotropic action of glucagonlike peptide
I-(7–36)-amide. Diabetes 1989; 38: 902–5.

153. Creutzfeldt WO et al. Glucagonostatic actions and reduction of fasting hyperglycemia
by exogenous glucagon-like peptide I(7–36) amide in type 1 diabetic patients. Diabetes
Care 1996; 19: 580–86.

154. Nauck MA et al. Effects of glucagon-like peptide 1 on counterregulatory hormone
responses, cognitive functions, and insulin secretion during hyperinsulinemic, stepped
hypoglycemic clamp experiments in healthy volunteers. J Clin Endocrinol Metab 2002;
87: 1239–46.

155. Wettergren A et al. Truncated GLP-1 (proglucagon 78–107 amide) inhibits gastric and
pancreatic functions in man. Dig Dis Sci 1993; 38: 665–73.

156. Wettergren A et al. Glucagon-like peptide-1 7–36 amide and peptide YY from the L-
cell of the ileal mucosa are potent inhibitors of vagally induced gastric acid secretion
in man. Scand J Gastroenterol 1994; 29: 501–5.

157. Willms B et al. Gastric emptying, glucose responses, and insulin secretion after a liquid
test meal: effects of exogenous glucagon-like peptide-1 (GLP-1)-(7–36) amide in type 2
(non-insulin-dependent) diabetic patients. J Clin Endocrinol Metab 1996; 81: 327–32.

158. Nauck MA et al. Glucagon-like peptide 1 inhibition of gastric emptying outweighs its
insulinotropic effects in healthy humans. Am J Physiol 1997; 273: E981–8.

159. Schjoldager BT et al. GLP-1 (glucagon-like peptide 1) and truncated GLP-1, fragments
of human proglucagon, inhibit gastric acid secretion in humans. Dig Dis Sci 1989; 34:
703–8.



316 IMPACT OF GASTROINTESTINAL FUNCTION ON GLYCAEMIC CONTROL

160. O’ Halloran DJ et al. Glucagon-like peptide-1 (7–36)-NH2: a physiological inhibitor
of gastric acid secretion in man. J Endocrinol 1990; 126: 169–73.

161. Ruiz Grande C et al. Lipolytic action of glucagon-like peptides in isolated rat adipocytes.
Peptides 1992; 13: 13–16.

162. Villanueva Penacarrillo ML et al. Potent glycogenic effect of GLP-1(7–36)amide in rat
skeletal muscle. Diabetologia 1994; 37: 1163–6.

163. Egan JM et al. Glucagon-like peptide-1(7–36) amide (GLP-1) enhances insulin-stim-
ulated glucose metabolism in 3T3-L1 adipocytes: one of several potential extrapancre-
atic sites of GLP-1 action. Endocrinology 1994; 135: 2070–75.

164. Valverde I et al. Glucagon-like peptide 1: a potent glycogenic hormone. FEBS Lett
1994; 349: 313–16.

165. Valverde I, VillanuevaPenacarrillo ML. In vitro insulinomimetic effects of GLP-1 in
liver, muscle and fat. Acta Physiol Scand 1996; 157: 359–60.

166. Miki H et al. Glucagon-like peptide-1(7–36)amide enhances insulin-stimulated glucose
uptake and decreases intracellular cAMP content in isolated rat adipocytes. Biochim
Biophys Acta 1996; 1312: 132–6.
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238. Göke B et al. Voglibose (AO-128) is an efficient α-glucosidase inhibitor and mobilizes
the endogenous GLP-1 reserve. Digestion 1995; 56: 493–501.

239. Ranganath L et al. Delayed gastric emptying occurs following acarbose administration
and is a further mechanism for its antihyperglycaemic effect. Diabet Med 1998; 15:
120–24.

240. Rachman J et al. Normalization of insulin responses to glucose by overnight infusion
of glucagon-like peptide 1 (7–36) amide in patients with NIDDM. Diabetes 1996; 45:
1524–30.

241. Rachman J et al. Near-normalization of diurnal glucose concentrations by continuous
administration of glucagon-like peptide 1 (GLP-1) in subjects with NIDDM. Diabetolo-
gia 1997; 40: 205–211.



320 IMPACT OF GASTROINTESTINAL FUNCTION ON GLYCAEMIC CONTROL

242. Drent ML et al. Orlistat (RO-18-0647), a lipase inhibitor, in the treatment of human
obesity: a multiple dose study. Int J Obesity 1995; 19: 221–6.

243. Willms B et al. Overnight GLP-1 normalizes fasting but not daytime plasma glucose
values in NIDDM patients. Exp Clin Endocrinol Diabetes 1998; 106: 103–7.

244. Larsen J et al. Glucagon-like peptide-1 infusion must be maintained for 24 h/day to
obtain acceptable glycemia in type 2 diabetic patients who are poorly controlled on
sulphonylurea treatment. Diabetes Care 2001; 24: 1416–21.

245. Juntti-Berggren L et al. The antidiabetogenic effect of GLP-1 is maintained during a
7-day treatment period and improves diabetic dislipoproteinemia in NIDDM patients.
Diabetes Care 1996; 19: 1200–206.

246. Todd JJ et al. Glucagon-like peptide 1: a trial of treatment of non-insulin dependent
diabetes mellitus. Eur J Clin Invest 1997; 27: 533–6.

247. Zander M et al. Effect of a 6-week course of glucagon-like peptide 1 on glycaemic
control, insulin sensitivity, and β-cell function in type 2 diabetes: a parallel group
study. Lancet 2002; 359: 824–30.

248. Gutniak MK et al. Subcutaneous injection of the incretin hormone glucagon-like pep-
tide 1 abolishes postprandial glycemia in NIDDM. Diabetes Care 1994; 17: 1039–44.

249. Ritzel R et al. Pharmacokinetic, insulinotropic, and glucagonostatic properties of GLP-
1 (7–36 amide) after subcutaneous injection in healthy volunteers. Dose–response
relationships. Diabetologia 1995; 38: 720–25.

250. Nauck MA et al. Effects of subcutaneous glucagon-like peptide 1 [GLP-1 (7–36 amide)]
in patients with NIDDM. Diabetologia 1996; 39: 1546–53.

251. Johnson OFL et al. A month-long effect from a single injection of microencapsulated
human growth hormone. Nature Med 1996; 2: 795–9.

252. Mathiowitz E et al. Biologically erodable microspheres as potential oral drug delivery
systems. Nature 1997; 386: 410–14.

253. Deacon CF et al. Dipeptidyl peptidase IV resistant analogues of glucagon-like peptide-1
which have extended metabolic stability and improved biological activity. Diabetologia
1998; 41: 271–8.

254. Juhl CB et al. Bedtime administration of NN2211, a long-acting GLP-1 derivative,
substantially reduces fasting and postprandial glycemia in type 2 diabetes. Diabetes
2002; 51: 424–9.

255. Wrighton NC et al. Small peptide as potent mimetics of the protein hormone erythro-
poietin. Science 1996; 273: 458–63.

256. Gutniak MK et al. Potential therapeutic levels of glucagon-like peptide 1 achieved in
humans by a buccal tablet. Diabetes Care 1996; 19: 843–8.

257. Raufman JP et al. Truncated glucagon-like peptide-1 interacts with exendin receptors
on dispersed acini from guinea pig pancreas. Identification of a mammalian analogue
of the reptilian peptide exendin-4. J Biol Chem 1992; 267: 21432–7.

258. Eng J et al. Isolation and characterization of exendin-4, an exendin-3 analogue, from
Heloderma suspectum venom. Further evidence for an exendin receptor on dispersed
acini from guinea pig pancreas. J Biol Chem 1992; 267: 7402–5.

259. Young AA, Gedulin BR, Rink TJ Dose–responses for the slowing of gastric emptying
in a rodent model by glucagon-like peptide (7–36) NH2, amylin, cholecystokinin, and
other possible regulators of nutrient uptake. Metabolism 1996; 45: 1–3.

260. Edwards CMB et al. Exendin-4 reduces fasting and postprandial glucose and decreases
energy intake in healthy volunteers. Am J Physiol 2001; 281: E155–61.

261. Deacon CF, Highes TE, Holst JJ. Dipeptidyl peptidase IV inhibition potentiates the
insulinotropic effect of glucagon-like peptide 1 in the anesthetized pig. Diabetes 1998;
47: 764–9.



REFERENCES 321

262. Balkan B et al. Sustained improvement of glucose tolerance by DPP-IV inhibition after
chronic treatment with NVP-DPP728 (abstr). Diabetologia 1999; 42(suppl 1): A41.
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Introduction

The autonomic nervous system is involved in the modulation of normal gastroin-
testinal function. It consists of an extrinsic control, exerted by the parasympa-
thetic and sympathetic nervous system, and an intrinsic control imposed by the
enteric plexuses (the ‘little brain’ in the digestive tract) (Figure 9.1). Sympathetic
input to the enteric nervous system (ENS) facilitates contraction (α-fibres) or
relaxation (β-fibres) of sphincteric muscles and inhibits non-sphincteric muscles.
In addition, norepinephrine (noradrenaline) released from sympathetic nerve
fibres inhibits submucosal secretomotor neurons directly. Activation of parasym-
pathetic efferent nerves results in excitation of non-sphincteric smooth muscles
and has a stimulatory effect on secretion in the gastrointestinal tract. The ENS,
an integrated neural network within the walls of the digestive tract, is semi-
autonomous and possesses specific programmes for motor responses (such as
peristaltic reflexes) and a regional rate of contractions. The latter is generated
by a self-excitable electrical syncytium consisting of the interstitial cells of
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Figure 9.1 Control of gastrointestinal motility. Note the extrinsic or autonomic nervous
system modulates the function of the enteric nervous system, which controls smooth muscle
cells through transmitters. Adapted from Camilleri and Phillips [35] with permission

Cajal, which function as a pacemaker system. Current evidence indicates that
the extrinsic nervous system has a predominantly modulatory role, with primary
control through the ENS [1]. The integration of the central nervous system,
parasympathetic and sympathetic nerves and the ENS results in integrated activ-
ity in different regions of the gut and coordination of digestive tract activity with
that of other organs. Thus, derangements of the extrinsic nerves at any level may
result in disordered gastrointestinal motility and secretion [2].

As discussed in other chapters, the aetiology of gastrointestinal dysfunction
in diabetes mellitus appears to be multifactorial. Potential causes include vagal
nerve dysfunction (autovagotomy), sympathetic and enteric nerve damage, and
the direct effects of hyperglycaemia on the autonomic nervous system.

Vagal dysfunction (both ‘reversible’ and ‘irreversible’) is probably critical
in the pathophysiology of diabetic gastroenteropathy. This is supported by the
observation that the vagally-mediated acid secretion that occurs in response to
sham feeding is frequently attenuated in diabetes [3]. The rapid small bowel
transit, evident in some patients, may be due to vagotomy or loss of the sym-
pathetically mediated ‘brake’ of the small intestine. Whereas parasympathetic
denervation is likely to be important in the aetiology of constipation, sym-
pathetic dysfunction may contribute to stool incontinence by reducing resting
anal tone. The majority of studies have found that disordered gut motor func-
tion occurs more frequently in those patients with evidence of autonomic nerve
function (usually assessed by cardiovascular reflex tests); however, the associ-
ation is certainly not strong. This may, potentially, be because gastrointestinal
autonomic function was not evaluated in most cases. As discussed in Chapter 4,



EVALUATION OF AUTONOMIC FUNCTION 325

acute changes in the blood glucose concentration have reversible effects on
both gut motility and autonomic nerve function. For example, acute hypergly-
caemia slows gastric emptying in patients with type 1 diabetes mellitus [4] and
retards small intestinal transit [5]. In the colon, acute hyperglycaemia inhibits
the colonic reflex response to gastric distension [6].

As discussed in Chapter 2, animal models of diabetes have revealed a number
of morphological changes in the autonomic nerve supply to the gut. In contrast,
the human studies which are more limited have yielded inconsistent observa-
tions. While histopathological studies have in some cases revealed substantial
changes in vagal nerve morphology in diabetes mellitus, including a reduction in
the density of unmyelinated axons and a smaller calibre of surviving axons [7],
other studies have provided little evidence of a fixed pathologic process in neural
tissue [8]. Abnormalities in the sympathetic nervous system have been reported
in patients with diabetes-related diarrhoea and postural hypotension with giant
sympathetic neurons, dendritic swelling of postganglionic neurons in prever-
tebral and paravertebral ganglia, and reduced fibre density in the splanchnic
nerves [9]. A recent case report of a patient with long-standing type 1 diabetes
demonstrated a marked decrease in interstitial cell of Cajal (ICC) volume and
absence of the ICC network within the circular smooth muscle layer of the
small intestine. A defect at the level of ICCs would be expected to have sub-
stantial effects on gastrointestinal motility by resulting in decreased inhibitory,
and increased excitatory, innervation [10].

As well as morphological changes, disturbances in neurotransmitter expres-
sion within the ENS may play a critical role in diabetes-related gastrointestinal
dysmotility. As discussed in Chapter 2, animal studies have provided evidence
of reductions in neuronal nitric oxide synthesis (nNOS) expression and nitric
oxide (NO)-mediated relaxation of gastric muscle strips in diabetes [11,12]. The
defects in nNOS expression were apparently confined to the gastrointestinal tract,
and the decreased expression of nNOS, as well as the decreased gastric emp-
tying observed, were both corrected by administration of the phosphodiesterase
type 5 inhibitor, sildenafil, which acts as a NO donor [13]. The concept of a role
for NO mechanisms in disease is also supported by limited human data [10].

Evaluation of autonomic function

In the evaluation of patients with diabetes who have gastrointestinal symptoms,
it is rarely necessary to test autonomic function formally, since the information
is unlikely to lead to substantial alterations in either investigation or therapy.
In particular, the outcome of such tests should not be used as a surrogate for
formal investigation of gastrointestinal function. It also remains to be estab-
lished whether the outcome of tests for autonomic function has predictive value
for either prognosis of symptoms (e.g. chronicity or risk of recurrence) or the
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response to pharmacological therapy (e.g. prokinetic drugs), although there are
data to suggest that this may be the case [13].

While autonomic function tests can identify disturbances in the extrinsic neu-
rologic control of the viscera [14], there are, regrettably, very few tests that
specifically assess the autonomic innervation to the gastrointestinal tract. The
suggestion that in conditions such as diabetes mellitus, which are associated with
length-dependent neuropathy, abnormal cardiovascular reflexes are an excellent
predictor of dysfunction of the abdominal vagus and provide a good evaluation
of the overall function of the autonomic supply to the abdominal viscera [3]
requires additional confirmation.

The clinical evaluation of patients for autonomic dysfunction should start
with a careful review of symptoms. Several symptoms, including postural dizzi-
ness, lack of sweating, failure of erection or ejaculation, difficulty with bladder
emptying or recurrent urinary tract infections, and dryness of the eyes, mouth
or vagina, may be indicative of autonomic dysfunction (Table 9.1). An infre-
quently sought symptom in patients with diabetes is gustatory sweating of the
face, which reflects parasympathetic denervation [15]. Postprandial hypotension,
which is distinct from orthostatic hypotension, occurs frequently in patients with
diabetic autonomic neuropathy and may result in syncope and falls.

Laboratory tests

The aims of laboratory evaluation of sympathetic and parasympathetic function
are to detect autonomic failure, determine its distribution, quantitate its severity,
and identify the autonomic system involved (e.g. sudomotor, adrenergic, cardio-
vagal). The tests of autonomic function can be subdivided into three categories:
(a) sympathetic adrenergic tests; (b) sympathetic cholinergic tests; and (c) vagal
tests.

Table 9.2 shows a list of the autonomic function tests that are commonly
performed in autonomic reflex laboratories. There are a number of pitfalls in

Table 9.1 Symptoms and signs suggestive of autonomic dysfunction

Sympathetic Parasympathetic

Failure of pupils to dilate in the dark Fixed dilated pupils
Fainting, orthostatic dizziness Lack of pupillary accommodation
Constant heart rate with orthostatic

hypotension
Sweating during mastication of certain

foods
Absent piloerection Decreased gut motility
Absent sweating Dry eyes and mouth
Impaired ejaculation Dry vagina
Paralysis of dartos muscle Impaired erection

Difficulty with emptying urinary bladder;
recurrent urinary tract infections

Adapted from Camilleri [2].
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Table 9.2 Commonly performed autonomic nervous function tests

Test
Physiological

functions tested Rationale
Comments/
PITFALLS

Sympathetic function

Thermoregulatory
sweat test (%
surface area of
anhydrosis)

Preganglionic and
postganglionic
cholinergic

Stimulation of
hypothalamic
temperature control
centres

Cumbersome, whole
body test

Quantitative
sudomotor axon
reflex test (sweat
output, latency)

Postganglionic
cholinergic

Antidromic
stimulation of
peripheral fibre by
axonal flex

Needs specialized
facilities

Heart rate and blood
pressure
responses

Orthostatic tilt
test

Adrenergic Baroreceptor reflex Impaired responses if
intravascular
volume is reduced

Postural
adjustment
ratio

Adrenergic Baroreceptor reflex Impaired responses if
intravascular
volume is reduced

Cold pressor
test

Adrenergic Baroreceptor reflex Impaired responses if
intravascular
volume is reduced

Sustained hand
grip

Adrenergic Baroreceptor reflex Impaired responses if
intravascular
volume is reduced

Plasma
norepinephrine
response to:
Postural changes Postganglionic

adrenergic
Baroreceptor

stimulation
Moderate sensitivity,

impaired response
if intravascular
volume is reduced

Intravenous
edrophonium

Postganglionic
adrenergic

Anticholinesterase
‘stimulates’
postganglionic
fibre at prevertebral
ganglia

False negatives
caused by
contributions to
plasma
norepinephrine
from many organs

Parasympathetic function

Heart rate (RR)
variation with
deep breathing

Parasympathetic Vagal afferents
stimulated by lung
stretch

Best cardiovagal test
available, but not a
test of abdominal
vagus

Supine/erect heart
rate

Parasympathetic Vagal stimulation by
change in central
blood volume

Cardiovagal test

Valsalva ratio (heart
rate, maximum/
minimum)

Parasympathetic Vagal stimulation by
change in central
blood volume

Cardiovagal test

(continued overleaf )
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Table 9.2 (continued )

Test
Physiological

functions tested Rationale
Comments/
PITFALLS

Gastric acid
secretory or
plasma pancreatic
polypeptide
response to
modified sham
feeding or
hypoglycaemia

Parasympathetic Stimulation of vagal
nuclei by sham
feeding or
hypoglycaemia

Abdominal vagal test,
critically dependent
on avoidance of
swallowing food
during test

Nocturnal penile
tumescence

Pelvic parasympathetic Integrity of S2 – 4 Plethysmographic
technique requiring
special facilities

Cystometrographic
response to
bethanechol

Pelvic parasympathetic Increase in
intravesical
pressure suggests
postganglionic
denervation
supersensitivity

Tests parasympathetic
supply to bladder,
not bowel

From Camilleri and Ford [14] with permission.

the application and interpretation of autonomic function tests, e.g. tests of sym-
pathetic adrenergic function are critically dependent on the state of hydration of
the patient, which may be particularly important in patients with diabetes. Thus,
patients must be adequately hydrated before testing sympathetic adrenergic func-
tion. Attention should also be paid to the potential interference with autonomic
function tests of medical therapy given for other conditions—medications inclu-
ding benzodiazepines (used as sedatives or anxiolytics), β-adrenergic antagonists
and α2-agonists (for treatment of hypertension) or α1-antagonists (for treatment
of bladder outlet obstruction), and ‘over-the-counter’ cough and cold medica-
tions should be stopped several days prior to testing (for a duration of at least
five times the half-life of the specific medication).

Sympathetic adrenergic tests

Cardiovascular tests [14]

Orthostatic hypotension In response to a head-up tilt at 80◦ to the horizontal,
a decline in systolic or diastolic blood pressure without a compensatory increase
in pulse rate is indicative of sympathetic adrenergic dysfunction. Upright tilt
normally results in a transient reduction in systolic, mean and diastolic blood
pressure, followed by recovery of normal blood pressure within 1 min. The
blood pressure response to tilt is entirely dependent upon sympathetic adren-
ergic function; the fall should normally be less than 25 mmHg in systolic and
15 mmHg in diastolic blood pressure. Adrenergic sympathetic dysfunction is
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characterised by a marked reduction in blood pressure on upright tilt and absence
of recovery. A similar measurement is the postural adjustment ratio, in which
arterial blood pressure is measured with the arm in different positions relative
to the level of the heart.

Valsalva manoeuvre Heart rate and blood pressure responses are evaluated
during forced expiration against a closed glottis. For the Valsalva manoeuvre, the
patient is in a rested and recumbent position and is asked to blow into the tubing
of a sphygmomanometer to maintain the column of mercury at 40–50 mmHg
for 15–20 s. The Valsalva manoeuvre has several components, including a sym-
pathetic adrenergic component that maintains the blood pressure response. The
change in pulse rate during phase IV (after cessation of forced expiration) in
the Valsalva manoeuvre is a vagally-mediated parasympathetic response (see
below). Thus, the Valsalva manoeuvre cannot be regarded as a pure sympa-
thetic test; it evaluates predominantly sympathetic adrenergic function, but is
also dependent on intact vagal innervation. In phase II, forced expiration against
a closed glottis results in reduction in venous return to the central circulation,
thereby decreasing blood pressure and cardiac output. A sympathetically medi-
ated, compensatory tachycardia normally serves to maintain cardiac output and
this can be detected accurately as a shortening of the interval between successive
QRS complexes on the electrocardiogram. During phase IV of the manoeuvre
(i.e. following cessation of forced expiration) the glottis is open and venous
return and cardiac output are restored, resulting in an overshoot of the blood
pressure and compensatory bradycardia. The ‘Valsalva ratio’ refers to the com-
parison of parameters during phases II and IV. In autonomic dysfunction, the
phase IV responses of blood pressure overshoot and the compensatory brady-
cardia is typically lost.

Measurement of plasma norepinephrine Sympathetic adrenergic function
can be assessed by measurement of plasma norepinephrine (noradrenaline) in
the supine and standing postures, or in response to intravenous (i.v.) edropho-
nium [16]. When the patient is supine, a low plasma norepinephrine concen-
tration suggests a postganglionic sympathetic adrenergic lesion. Failure of the
plasma norepinephrine level to increase when the patient stands up is suggestive
of either a preganglionic or postganglionic sympathetic disturbance.

Another test of the sympathetic postganglionic adrenergic fibre is the plasma
norepinephrine response to i.v. edrophonium. Administration of the short-acting
anticholinesterase, edrophonium induces a transient increase of endogenous
cholinergic activity in the prevertebral sympathetic ganglia by rapid and short-
lived inhibition of acetylcholinesterase. This results in a rapid release of
norepinephrine from the postganglionic sympathetic fibres into the plasma,
which can be detected in blood samples taken every 1 or 2 min over a period of
10 min. However, the plasma norepinephrine response is not a sensitive measure
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of sympathetic abdominal innervation because there is a significant contribution
to plasma norepinephrine levels from other vascular beds, particularly the
pulmonary circulation and kidneys [17].

Superior mesenteric arterial (SMA) blood flow The SMA blood flow is
under baroreflex control. Measurement of SMA blood flow by duplex ultra-
sonography is a non-invasive and reproducible test of abdominal sympathetic
function [18,19]. These are technically demanding studies that are operator-
dependent and not routinely available. In our laboratory, changes in SMA
blood flow are assessed during the following perturbations: autonomic stress
with the cold pressor test, upright tilt, and the combination of upright tilt and
meal ingestion. Impaired regulation of splanchnic–mesenteric vascular resis-
tance and blood pooling are probably important in the development of orthostatic
and postprandial hypotension in patients with autonomic failure. In a group of
patients with neurogenic orthostatic hypotension predominantly associated with
diabetic autonomic neuropathy, we reported that different patterns of SMA blood
flow and resistance can be assessed by performing a tilt test in the postpran-
dial period [19] (Figure 9.2). Normally, systemic arterial pressure is maintained
despite the marked (2–3.5-fold) increase in SMA blood flow postprandially, as
a result of compensatory contraction of the peripheral vasculature. Autonomic
failure is characterized by a negative correlation between the rise of postpran-
dial SMA blood flow and the fall of postprandial blood pressure (Figure 9.3).
Thus, during the postprandial period, the increase in SMA blood flow is less
in some patients in whom there is not a decrease in systemic pressure. On the
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Figure 9.2 Change in superior mesenteric artery blood flow after meal and tilt. OH,
orthostatic hypotension. From Fujimura et al. [19], with permission
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other hand, those with a more normal increase in SMA blood flow develop
severe systemic hypotension postprandially, since they are unable to constrict
their vascular beds. It appears, therefore, that monitoring systemic arterial pres-
sure during postprandial SMA blood flow studies enhances interpretation of the
observations. The sensitivity and specificity of this test relative to other evidence
of sympathetic adrenergic dysfunction requires further elucidation.

Rectal mucosal blood flow

Emmanuel and Kamm have reported that measurement of rectal mucosal blood
flow is highly reproducible (coefficient of variation 0.05–0.06) and responsive to
physiological perturbations, such as eating and ovulatory status, and to autonom-
ically active drugs and nerve stimulation [20]. The procedure involves placement
of a laser Doppler flow meter probe into the rectum via a rigid sigmoidoscope.
This probe measures the frequency shift in light reflected from a moving object
which, in tissue, predominantly arises from red blood cells. The principle is
similar to measurements of skin vasomotor reflex using skin Doppler [21]. Tis-
sue measurements of blood flow by Doppler, including transcranial Doppler
sonography [22], are currently used to measure general autonomic control in
conditions such as orthostatic hypotension. The application of rectal mucosal
blood flow measurements in disease has also been proposed [23]. Baseline rec-
tal mucosal blood is less in patients with slow transit than those with normal
transit constipation. Moreover, the magnitude of the reduction in flow induced
by inhalation of the muscarinic antagonist, ipratropium, is less in slow transit
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constipation than in normal transit constipation [23]. These data suggest that
cholinergic neural input to the colon may be reduced in slow transit constipa-
tion; in contrast, sympathetic β2 stimulation had no effect, either in health or
in patients with constipation. The role of rectal mucosal blood flow testing in
disease states, including diabetes, requires further study.

Sympathetic cholinergic tests

Sweat tests

Thermoregulatory sweat test [14] This test identifies the area of the body
with anhydrosis after the whole body is covered with alizarin red powder and the
patient exposed to an environment of 44–50◦C and 40–50% relative humidity
for up to 30 min. Normally, < 5% body surface area should be anhydrotic. An
increase in core body temperature of 1◦C is required. An abnormal increase in
the area of anhydrosis is indicative of a lesion at any site from the hypothala-
mic temperature control centre to the sweat gland in the skin. Thus, abnormal
sweating may result from either preganglionic or postganglionic sympathetic
dysfunction, or from a disease of sweat glands.

Quantitative sudomotor axon reflex test (QSART) The quantitative eval-
uation of the latency, output and duration of sweating following iontophoresis of
acetylcholine into the skin evaluates the integrity of postganglionic cholinergic
sympathetic function [24]. In most autonomic function laboratories, responses
are recorded from the forearm and three lower extremity sites (the lateral proxi-
mal aspect of the leg, the medial distal aspect of the leg, and the proximal portion
of the foot over the extensor digitorum brevis muscle). This is also a sensitive
test of peripheral nerve function. The response to iontophoresis of acetylcholine
into the skin is recorded in a compartment of a multicompartmental sweat cell
that is physically separated from the stimulus compartment, where the small
electrical current is applied to transfer the charged molecules of acetylcholine
into the skin. This test stimulates an axon reflex; if the postganglionic cholin-
ergic sympathetic neuron is intact (Figure 9.4), the impulse from iontophoresed
acetylcholine stimulates the peripheral axon antidromically; this subsequently
stimulates the axon of the neighbouring skin so that sweat glands are stimulated
to produce sweat, which is measured for latency and output. The QSART is a
sensitive and reproducible test of peripheral autonomic dysfunction in patients
with diabetic neuropathy [24].

Vagal tests

Two types of test are commonly performed to assess vagal function [14].



VAGAL TESTS 333

Postganglionic sudomotor
cholinergic neuron

Iontophoresed
acetylcholine

Physical barrier

Skin

Sweat
gland

AXON
REFLEX
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stimulates the postganglionic nerve antidromically to set up a reflex stimulation of
physically separated sweat glands

Cardiovagal tests

Heart rate (R wave to R wave) response to deep breathing
and Valsalva ratio

Inflation and deflation of the lungs stimulate vagal afferents that change the
pulse rate reflexly through vagal efferents. Thus, reductions in pulse rate occur
with inspiration, and increases accompany expiration. During deep breathing
(6 breaths/min), the interval between successive R waves on the electrocar-
diogram (RR interval) and the induction of vagovagal reflex bradycardia are
determined. Impairment of pulse rate variations (oscillations) is indicative of
vagal dysfunction. It should be recognised that the magnitude of these oscilla-
tions is related to both the position and age of the patient, as well as the rate
of breathing, and caution is needed in interpreting this test if the testing proto-
col is not standardized and the age-related normal values are not provided. A
variant measurement to the absolute change in heart rate is the ‘30:15 ratio’, in
which the heart rate response to standing is evaluated by comparing RR intervals
around the 30th and 15th beats after standing [25,26].

As discussed, the Valsalva ratio is derived from the longest (usually in
phase IV) and the shortest (usually in phase II) RR interval on the electrocardio-
gram during the Valsalva manoeuvre. A reduced index indicates parasympathetic
dysfunction.

The spectrum of pulse interval variations can be analysed by power spectral
methods. Thus, the more sophisticated power spectral analysis of the respiratory-
related and non-respiratory-related peaks provides information about the auto-
nomic nervous system. As expected, the respiratory peak (> 0.1 Hz) reflects
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vagal function; the non-respiratory peak provides information about sympa-
thetic function, but is also dependent on vagal tone [27,28]. This adaptation is
used mostly as a research tool [29]; however, it is important to emphasise that
the more sophisticated spectral analysis studies do not permit an unequivocal
assessment of vagal vs. sympathetic function. Moreover, the heart rate spectral
components may be less than ideal surrogates for abdominal sympathetic and
parasympathetic tone, since central control of vasomotor and gastrointestinal
functions may be independently regulated [30].

Test of abdominal vagal function

Plasma pancreatic polypeptide response to sham feeding (Figure 9.5)

The plasma pancreatic polypeptide response during 30 min of modified sham
feeding, i.e. chewing and spitting a sandwich, measures abdominal vagal func-
tion. Blood samples for pancreatic polypeptide are collected into chilled ethy-
lenediamine tetra-acetic acid (EDTA) tubes, once at baseline before sham feed-
ing, and then at regular intervals over 30 min during the sham feeding. Plasma
concentrations of pancreatic polypeptide are determined by radioimmunoas-
say [31]. An increase from baseline of > 25 pg/ml is considered normal [32,33];
failure of plasma pancreatic polypeptide levels to increase by > 25 pg/ml after
modified sham feeding suggests abdominal vagal dysfunction. Other laboratories
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Figure 9.5 Abdominal vagal function test. Modified sham feeding stimulates the vagal
nuclei which, in turn, stimulate pancreatic acinar D cells to secrete pancreatic polypeptide.
This is reflected by a change in circulating levels of the hormone (normally, a change of
> 25 pg/ml)
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assess the pancreatic polypeptide response to insulin-induced hypoglycaemia,
which stimulates the vagal nuclei directly.

The composite autonomic scoring scale

In the autonomic reflex laboratory at the Mayo Clinic, we frequently use a
quantitative composite score [34] to describe the severity of autonomic fail-
ure and to follow the progression of disease and the response to therapy. The
composite autonomic scoring scale spans a 10-point scale from 0 = normal to
10 = autonomic failure, and is based on the autonomic reflex screen, which
includes evaluation of the sympathetic cholinergic function (the quantitative
sudomotor axon reflex), cardiovagal function (the heart rate response to deep
breathing and the Valsalva ratio), and sympathetic adrenergic function (the
beat-to-beat blood pressure measurements in response to tilt and the Valsalva
manoeuvre). The severity scale of the autonomic test is semiquantitative and
equates to 0 = normal, 1 = mild, 2 = moderate and 3 = severe for cardiovagal
and sympathetic cholinergic function. Adrenergic dysfunction is scored maxi-
mally at 4.

Conclusion

Autonomic function tests are usually applied in clinical practice at centres where
the Neurology Department has interest in these tests; they serve to some extent
as surrogates for visceral extrinsic neural dysfunctions if gastrointestinal motil-
ity tests are not available. However, the recent development of non-invasive
and accurate motility tests, scintigraphy, breath tests and ultrasonography has
reduced this need. The careful assessment of symptoms referable to autonomic
dysfunction is essential. While there are several sophisticated and detailed auto-
nomic tests available, the heart period response to deep breathing or standing,
and blood pressure response to tilt, are the easiest tests to perform and are gener-
ally available in most centres. It remains to be established whether the outcome
of these tests provides information that is of prognostic value in patients with
gastrointestinal dysmotilities, including diabetes.
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diarrhoea 202
hydrogen breath test 182
protein malabsorption 195–6

barium enema 199, 236
barostat 144–5
belching 108
BETA2/neuroD-deficient mouse 39
bethanechol 105, 293–4
bile, ejection 56
bile acids 196

diarrhoea 201, 237
bile duct stones 267
bile salt 194

binders 202
biliary system 262–7
bilirubin 255
Bio-Breeding (BB) rat 31–3, 37, 38, 39,

40, 44, 49, 52, 56–7, 66, 67
biofeedback training

constipation 239–40
faecal incontinence 238–9

bisocodyl 239
blood glucose concentration

anorectal dysfunction 226–7
gallbladder motor function 265
gastric emptying 127–30
gastroduodenal motor dysfunction

131–3
gastrointestinal symptoms 11–12, 137
intestinal function 190–2

see also glycaemic control
body weight 130

bombesin 294
botulinum toxin 154
bowel overgrowth 63
brain stem 45–7
breath tests 121, 142, 144, 181–2
bulking agents 239

C187G 261
C-peptide 48, 58
Ca++ 295
caeco-ileal reflux 125
calcitonin

area postrema 45
gastric acid secretion 56
GLP-1 298

calcitonin gene-related peptide (CGRP)
gastric acid secretion 56
GLP-1 release 60, 294
neuropathy 43

cAMP 298
cancer risk 273
candidiasis, oesophageal 110
capsaicin-sensitive vagal afferents 38
carbohydrate

digestion and absorption 192–3
metabolism 248–52

carbon breath tests 144
carboxypeptidase H 262
cardiac autonomic nerve (CAN) function

tests 189
cardiovagal tests 333–4
cardiovascular autonomic neuropathy 126
cardiovascular tests 328–31
cellular immunity 13
central neuropathy, animal diabetes 44–5
cerebral cortex, cholecystokinin 64
Chagas’ disease 105
chest pain 108
childbirth 228–30, 238
cholecystectomy 265, 266, 267
cholecystitis 266
cholecystokinin (CCK) 64

area postrema 45
gallbladder 263, 264, 274–5
gastric emptying 125
intestinal motor function 185
pancreatic exocrine secretion 39
postprandial secretion 269–70
protein digestion 193
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GLP-1 60, 61, 296
glucagon 38, 49
glucose 38, 49
insulin 38, 49
peptide YY 66
physiology 155

gastric arrhythmias 132
gastric arteries 158
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sensory dysfunction 11
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causes 140–2
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oesophageal transit 122
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gastric acid secretion 38, 49
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absorption 193, 195
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gastric acid secretion 38, 49
liver disease 252–4
liver uptake 248

glucose-dependent insulinotropic peptide
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300–2

autonomic neuropathy 42
gastric emptying 52
GLP-1 release 60
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glutamate 45
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health-related quality of life (HRQL)
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gastric emptying 128
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gastrointestinal symptoms 137
intestinal function 190–2
oesophageal function 106–7
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hypokalaemia 130
hypoxia 43

IgG and IgM deposits 105–6
imidazoline 45
immune response 13
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insulin 286–99
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gastric acid secretion 38, 49
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hepatic glucose metabolism 249
hepatogenic diabetes mellitus 254
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pancreatic secretion 267

insulin-like growth factor 2 (IGF-2) 45
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clinical manifestations 199–202
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islets of Langerhans 267
ispagula husk 239
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Medical Outcomes Survey (SF-12) 16, 17
MELAS syndrome 121
melatonin 45
mental distress 12
mesenteric arteries 197
mesenteric blood flow 198–9
mesenteric veins 197
met-enkephalin 43
metformin

glycaemic control 148
liver disease 254, 258
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prednisolone 204
prelimbic cortex 45
‘pressure pump’ 125
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intragastric meal distribution 143
oesophageal transit 98
small intestine transit 180
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intestinal motor function 185
protein digestion 193

sensory function
gastrointestinal symptoms 11
oesophageal 100

serotonin
area postrema 45
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sodium propionate 146
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autonomic neuropathy 42
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parasympathetic system 34, 35
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area postrema 45
enteric nervous system 35, 123
intestinal function 190
intestinal mucosal function 40
neuropathy 43
parasympathetic system 34

sucrase-α-dextrinase 39
sulphonylureas 259
sumatriptan 153
superior mesenteric arterial blood flow

330–1
SUR1 36
swallowing 108
sweat tests 332
sweating, gustatory 326
sympathetic adrenergic tests 328–32
sympathetic cholinergic tests 332
sympathetic innervation 35, 325
syndrome X 50

tachygastria 132
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Tegaserod 153, 200–1
tertiary peristalsis 99
thermoregulatory sweat test 332
thiazolidinediones 258
‘30:15 ratio’ 333
thyrotropin (TSH) 298
α-tocopherol 259
tolbutamide 254
tolrestat 111–12
Total Symptom Score (TSS) 19
transforming growth factor β (TGFβ)

257–8
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100
triglycerides

digestion and absorption 193
gastric emptying 125

tripeptides 193
troglitazone 258
trypsin 193
tumour necrosis factor α (TNF-α) 257–8
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fibres 190

ultrasound
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gastric emptying 142, 144
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256–7
Umea/Bom-ob mouse 66
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urinary incontinence 228
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vagal dysfunction 324
vagal tests 332–5
Valsalva manoeuvre 329
Valsalva ratio 329, 333
vasoactive intestinal peptide (VIP)

area postrema 45
enteric nervous system 35, 123
intestinal function 189

neuropathy 43
parasympathetic system 35

vaso-vagal reflex 123
Viagra 36, 127, 153
viral hepatitis 261–2
visual evoked potentials 44
vitamin D3 receptor polymorphisms 262
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