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Upper gastrointestinal dysfunction occurs frequently in diabetes and potentially contributes to both abdominal symptoms
and impaired glycemic control; conversely, variations in blood glucose concentration reversibly affect gut motility in
humans. In this issue of the JCI, Anitha et al. report apoptosis of rodent enteric neurons under hyperglycemic conditions,
both in vitro and in vivo, associated with impaired PI3K activity and preventable by glial cell line–derived neurotrophic
factor. These observations add to recent insights gained from animal models regarding the etiology of diabetic
gastrointestinal dysfunction, but investigators must strive to translate animal data to human diabetes.
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For families of SIDS victims, a clear delinea-
tion of risk factors, both genetic and environ-
mental, will be instrumental in identifying 
children who may benefit from therapeutic 
intervention. Bowers et al. (8) make cogent 
suggestions for further study and possible 
screening  for  this  particular  genetic  risk 
factor in select populations. It is likely that 
uncovering mutations in SCN5A and other 
ion channels will be just the beginning of 
determining the complex genetic basis for 
SIDS, and in the years ahead other genetic 
abnormalities may also be linked to SIDS. 
Current thinking emphasizes a brain stem 
neural network maldevelopment hypothesis 
for this syndrome (19). It is likely that the 
etiology of SIDS is heterogeneous and may 
result from the interaction of a number of 
genetic and environmental factors. It remains 
to be determined how many cases of SIDS 
may eventually be linked to mutations pre-
disposing the carrier to cardiac arrhythmia.
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Upper	gastrointestinal	dysfunction	occurs	frequently	in	diabetes	and	poten-
tially	contributes	to	both	abdominal	symptoms	and	impaired	glycemic	con-
trol;	conversely,	variations	in	blood	glucose	concentration	reversibly	affect	
gut	motility	in	humans.	In	this	issue	of	the	JCI,	Anitha	et	al.	report	apoptosis	
of	rodent	enteric	neurons	under	hyperglycemic	conditions,	both	in	vitro	and	
in	vivo,	associated	with	impaired	PI3K	activity	and	preventable	by	glial	cell	
line–derived	neurotrophic	factor	(see	the	related	article	beginning	on	page	
344).	These	observations	add	to	recent	insights	gained	from	animal	models	
regarding	the	etiology	of	diabetic	gastrointestinal	dysfunction,	but	investi-
gators	must	strive	to	translate	animal	data	to	human	diabetes.
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It is now recognized that disordered gas-
trointestinal motor and sensory function 
occur frequently in diabetes mellitus and 
that this has substantial implications for 
the morbidity and effective management 
of patients with this condition. For exam-
ple, gastric emptying is abnormally delayed 
in 30–50% of outpatients with long-stand-

ing type 1 or type 2 diabetes, with potential 
consequences  of  gastrointestinal  symp-
toms, impaired nutrition, poor glycemic 
control, and delayed absorption of oral 
medications (1). However, the magnitude 
of the delay in gastric emptying is variable 
and in many cases modest (2). While dia-
betic gastroparesis is often associated with 
symptoms such as nausea, vomiting, post-
prandial fullness, and bloating, the rela-
tionship of symptoms to disordered emp-
tying is relatively weak, and some patients 
are asymptomatic (2). Intestinal transit is 
also often disturbed in diabetes (rapid or 
slow) (3), and symptoms such as diarrhea 
and constipation occur more frequently 
than in the general population (4).

Disordered gastrointestinal motility in 
human  diabetes  has  traditionally  been 
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attributed to irreversible autonomic neu-
ropathy, but it is known that the associa-
tion between delayed gastric emptying and 
the presence of cardiovascular autonomic 
neuropathy is relatively poor (2). While this 
may partly be attributable to a current lack 
of tests to evaluate gastrointestinal auto-
nomic dysfunction directly, it has now been 
established that acute changes in blood glu-
cose concentration — both hyper- and hypo-
glycemia — have a marked, reversible, effect 
on gut motility (1). For example, in type 1 
diabetic patients, gastric emptying is slower 
when the blood glucose concentration is 
elevated to 16–20 mmol/l when compared 
with euglycemia  (4–8 mmol/l)  (5), while 
in type 2 diabetes patients, cross-sectional 
studies indicate that the rate of gastric emp-
tying also varies inversely with increasing 
glycemia (6). Conversely, acute hypoglyce-
mia (2.6 mmol/l) induced by insulin accel-
erates gastric emptying in type 1 diabetes 

patients, even when emptying is slower than 
normal during euglycemia (7). Changes in 
blood glucose level within the physiologi-
cal postprandial range (4–8 mmol/l) also 
affect gastric emptying (8), suggesting that 
gastrointestinal motor function is highly 
sensitive to the glycemic state and varies 
over relatively brief intervals.

At the same time, the rate of gastric emp-
tying (and probably also patterns of small 
intestinal flow) has a substantial impact 
on  carbohydrate  absorption  and  the 
release of gut peptides, such as the incretin 
hormones glucagon-like peptide-1 (GLP-1)  
and  glucose-dependent  insulinotropic 
polypeptide (GIP), and is, accordingly, a 
major determinant of postprandial glyce-
mic excursions — i.e., when gastric empty-
ing is relatively slower, the initial glycemic 
and insulinemic responses to oral carbo-
hydrate are less (1). This interrelationship 
of upper gut function with postprandial 

glycemia  (the  chicken  and  the  egg)  is  a 
concept of profound relevance to manage-
ment  strategies  for  diabetes,  given  that 
postprandial  glycemia  is  probably  the 
major determinant of “average” glycemic 
control, as assessed by glycated hemoglo-
bin, the traditional marker of the risk of 
diabetic complications (i.e., retinopathy, 
neuropathy, and nephropathy) (9). Inter-
ventions that slow gastric emptying are 
likely to benefit glycemic control in type 2 
diabetes patients managed by diet or oral 
hypoglycemic drugs, who have impaired 
early, but intact late, postprandial insu-
lin responses, while prokinetic drugs may 
allow more predictable entry of carbohy-
drate  into  the  small  intestine  in  type  1 
diabetes patients and thereby optimize the 
coordination between glucose absorption 
and the action of exogenous insulin. Slow-
ing of gastric emptying is likely to contrib-
ute to the efficacy of the GLP-1 agonist 
exenatide and  the amylin analog pram-
lintide in reducing glycated hemoglobin 
in diabetes; both drugs have recently been 
approved for use in the United States.

Clues to the pathogenesis  
of disordered motility  
in animal models of diabetes
To explain the disturbed gastrointestinal 
motility associated with diabetes, investiga-
tors have turned to animal models, primar-
ily in search of evidence for gastrointestinal 
autonomic neuropathy. Diabetic rodents 
exhibit  morphological  changes  involv-
ing axons and dendrites  in  the extrinsic 
autonomic nerves supplying the gut, par-
ticularly the distal segments of axons and 
nerve terminals, without much neuronal 
loss (10). Impaired retrograde transport of 
neurotrophic factors has been observed in 
the vagus nerve of streptozotocin-induced 
(STZ-induced)  diabetic  rats  and  may 

Figure 1
The pathogenesis of gastrointestinal dysfunc-
tion in a diabetic mouse model, as proposed 
by Anitha et al. (18). Mice that are hypergly-
cemic as a result of STZ-induced diabetes 
have apoptosis of enteric neurons in the 
myenteric plexus, associated with delayed 
gastric emptying and rapid intestinal transit 
when compared with control mice. Activity 
of the PI3K/Akt pathway is decreased in the 
diabetic mice, which implies an impairment of 
retrograde axonal transport of neurotropic fac-
tors. Both neuronal apoptosis and disordered 
gastrointestinal motility are prevented in mice 
that overexpress GDNF.
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account for abnormalities of axonal growth 
and  differentiation;  recently,  decreased 
activity of the PI3K pathway was implicated 
in the pathogenesis of impaired transport 
(11). Importantly, the axonopathy observed 
in the autonomic nerves of diabetic rodents 
is reversible with improved glycemic con-
trol, induced by exogenous insulin or pan-
creatic islet transplantation (12).

While  the  extrinsic  autonomic  nerves 
allow for central modulation of gut func-
tion, it is the enteric nervous system, incor-
porating  the  submucus  and  myenteric 
plexuses, that coordinates gastrointestinal 
motility  more  directly.  In  STZ-induced 
diabetic rats,  there  is a reduction  in the 
number of myenteric neurons in both the 
stomach (13) and the colon (14); the latter 
is evident within 7 days of the onset of dia-
betes. The interstitial cells of Cajal (ICCs) 
play  a  central  role  in  coordinating  gut 
motility, generating an electrical slow wave 
that determines the rhythmicity of smooth 
muscle contraction. In the NOD mouse, 
in which gastric emptying is delayed, the 
number of gastric ICCs is markedly dimin-
ished (15). In rodent models of diabetes, 
neurotransmission is also impaired, with 
apparently selective loss of neuronal NOS 
expression in the gastric myenteric plexus 
(16), associated with delayed gastric empty-
ing that is reversed by both the phospho-
diesterase inhibitor sildenafil and insulin 
(16). Dysfunction of the autonomic/enteric 
nervous system in diabetes and impairment 
of the PI3K pathway in particular could 
potentially  result  from  hyperglycemia 
(with its attendant oxidative stress), insu-
lin deficiency (insulin activates PI3K and 
is antiapoptotic), and/or accumulation of 
advanced glycation end products (11). Hor-
vath et al. recently reported that deficiency 
of insulin and IGF-1, as opposed to hyper-
glycemia per se, accounts for the depletion 
of gastric ICCs in the NOD mouse (17).

In  this  issue  of  the  JCI,  Anitha  et  al. 
report that hyperglycemia induces apop-
tosis of rodent enteric neurons in culture 
in  association  with  impaired  activity  of 
the PI3K pathway (18) (Figure 1). Apopto-
sis was prevented by glial cell line–derived 
neurotrophic factor (GDNF). STZ-induced 
diabetic mice also displayed apoptosis in 
the myenteric plexus, which specifically 
involved  nitrergic  (inhibitory)  neurons, 
and  had  delayed  gastric  emptying  and 
more rapid intestinal transit than controls. 
Again, the PI3K pathway was implicated, 
and the changes were prevented in trans-
genic mice that overexpressed GDNF. These 

observations imply that hyperglycemia is 
responsible for apoptosis, but only allow 
speculation as to the mechanisms by which 
high glucose concentrations suppress PI3K 
activity. Furthermore, the potential contri-
bution of insulin deficiency to the loss of 
enteric  neurons  was  not  examined,  and 
while a means of preventing neuronal loss 
was demonstrated, the reversibility of this 
loss was not.

Translation of animal findings  
to human diabetes
How applicable are insights derived from 
rodent and other animal models to human 
diabetes?  The  available  information  in 
humans is limited by the relatively small 
number  of  studies  and  the  substantial 
logistical difficulties in obtaining tissue 
and controlling for variables, such as the 
type  and  duration  of  diabetes  and  the 
adequacy of glycemic control. Early stud-
ies reported no evidence of morphologi-
cal changes in the vagus nerve of patients 
with diabetic gastroparesis (19), although 
vagal conduction was reportedly slowed 
(20) and gastric secretion in response to 
sham feeding was diminished, suggestive 
of vagal dysfunction (21). Though limited 
to a small number of subjects, the most 
convincing observations to parallel rodent 
data are the depletion of ICCs in the stom-
ach (22), jejunum (23), and colon (24) of 
patients with longstanding diabetes and 
gastroparesis; absence of gastric ICCs, in 
particular, appears to be associated with 
severe upper gastrointestinal symptoms 
and  a  poor  response  to  treatment  with 
gastric electrical pacing (22). There is also 
evidence for preferential loss of inhibitory 
neurotransmission  in  human  diabetes, 
with impairment of meal-induced relax-
ation of the gastric fundus (25), excessive 
phasic contraction of the pylorus (26), and 
abnormal bursts of small intestinal con-
tractile activity (27). However, in humans 
with  diabetic  gastroparesis  as  a  group, 
there is also a reduction in antral contrac-
tions and impaired antroduodenal coordi-
nation, while an increase in pyloric activity 
is not invariably observed (28). One group 
has reported a gastric myopathic process 
in patients with severe diabetic gastropa-
resis (29). Moreover, attempts to accelerate 
gastric emptying with sildenafil in diabetic 
gastroparesis  have  hitherto  been  disap-
pointing (30). A heterogeneous mixture 
of structural and functional neuromus-
cular  abnormalities  is,  therefore,  likely 
to account for disordered gut motility in 

human diabetes. Nor is it likely that there 
is a single underlying cause of dysfunc-
tion. The relative contributions of insulin 
deficiency or resistance versus hyperglyce-
mia have not been clearly differentiated. 
Furthermore, the influence of chronic, as 
opposed to acute, hyperglycemia has not 
been adequately characterized; gut motility 
is altered within minutes of the induction 
of acute hyperglycemia in humans, which 
is presumably too rapid to be accounted 
for by the apoptosis of enteric neurons, as 
described in this issue by Anitha et al. (18). 
More attention should be devoted to the 
potential role of variations in the humoral 
environment in both animal models and 
patients  with  diabetes,  as  opposed  to  a 
purely neuropathic model of gastrointesti-
nal dysfunction. For example, deficiencies 
of IGF-1, amylin, GLP-1, and peptide YY 
may be relevant, as may absolute or rela-
tive glucagon excess (31).

Current  treatment  of  gastrointestinal 
dysfunction  in  diabetes  is  nonspecific 
and by no means uniformly effective, and 
accordingly, studies that identify poten-
tial targets for new therapies are to be wel-
comed. Future priorities are to discrimi-
nate  between  the  various  humoral  and 
neuropathic  etiologies  of  impaired  gut 
function and, perhaps most importantly, 
to translate insights derived from animal 
models to human diabetes.
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Insulin’s effect on the liver: “Direct or indirect?” 
continues to be the question

Jean Girard
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Previous	studies	suggest	that	insulin	can	inhibit	hepatic	glucose	produc-
tion	(HGP)	by	both	direct	and	indirect	actions.	The	indirect	effects	include	
inhibition	of	glucagon	secretion,	reduction	in	plasma	nonesterified	fatty	
acid	levels,	reduction	of	the	amount	of	gluconeogenic	precursor	supplied	
to	the	liver,	and	change	in	neural	input	to	the	liver.	A	study	in	this	issue	
of	the	JCI demonstrates	that,	in	overnight-fasted	dogs,	an	acute,	selec-
tive	increase	of	portal	insulin	induces	a	rapid	inhibition	of	HGP,	and	a	
4-fold	rise	in	head	insulin	level	does	not	enhance	the	inhibition	of	HGP	
in	response	to	portal	insulin	infusion	(see	the	related	article	beginning	on	
page	521).	This	study	demonstrates	that	insulin’s	direct	effects	on	the	liver	
dominate	the	control	of	HGP.	These	data	balance	previous	studies	in	mice	
that	suggested	that	indirect	effects	of	insulin	via	the	hypothalamus	are	the	
primary	determinant	of	HGP.
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cose production.
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Introduction
For a  long time  it was believed that  the 
inhibition of hepatic glucose production 
(HGP)  by  insulin  resulted  only  from  a 

direct effect of the hormone on the liver. 
However, 2 observations challenged this 
view: (a) whereas insulin is a potent inhibi-
tor of HGP in vivo, the hormone is rela-
tively ineffective in vitro in rodent liver (1), 
suggesting that insulin primarily acts on 
an extrahepatic tissue; and (b) peripheral 
insulin infusion in humans and dogs is just 
as effective as intraportal insulin infusion 
in suppressing HGP (2–4), suggesting that 

insulin can inhibit HGP by both direct and 
indirect actions (reviewed in ref. 5).

Indirect action of insulin on HGP
The  indirect  effects  of  insulin  on  HGP 
could be explained by its actions on pan-
creatic α cells, adipose tissue, and skeletal 
muscles. Insulin inhibits glucagon secretion 
from pancreatic α cells, thereby decreasing 
HGP (6, 7). Adipose tissue and muscles are 
exquisitely sensitive to the inhibitory effect 
of  insulin  on  lipolysis  and  proteolysis. 
Insulin induces a decrease in the release 
of nonesterified fatty acids and glycerol 
from adipose tissue (8) and gluconeogenic 
precursors from skeletal muscles (9), thus 
causing a decrease  in hepatic gluconeo-
genesis. More recently, insulin action on 
the brain has been demonstrated to play a 
role in the regulation of HGP (10): infusion 
of insulin in the third cerebral ventricle of 
rats reduces HGP. The blockade of insulin 
receptors in the rodent hypothalamus (by 
injection of antisense oligonucleotides that 


