Bariatric surgery: effects on glucose homeostasis

Francesco Rubino

Purpose of review

This article provides an overview of the effect of bariatric
surgery on type 2 diabetes. It focuses on current
hypotheses about the mechanism of diabetes control after
Roux-en-Y gastric bypass surgery, and discusses the
relationship between gastrointestinal anatomy and glucose
homeostasis.

Recent findings

Along with sustained body weight loss, all bariatric
operations lead to improvement or resolution of comorbid
disease states, particularly type 2 diabetes. Roux-en-Y
gastric bypass and biliopancreatic diversion are the most
effective methods to control diabetes, resulting in persistent
normal concentrations of plasma glucose, insulin, and
glycosylated haemoglobin in 80—100% of cases.
Resolution of diabetes after such treatment typically occurs
too fast to be accounted for by weight loss alone. Recent
animal investigations using duodenal—jejunal bypass, a
stomach-preserving experimental model of Roux-en-Y
gastric bypass, have shown that diabetes control is not a
mere collateral effect of the treatment of obesity, but directly
results from the exclusion of the duodenum and proximal
jejunum from the flow of nutrients.

Summary

Results from clinical series and animal studies suggest that
type 2 diabetes is a potentially operable disease. This
indicates the need for carefully conducted clinical trials to
define the ideal candidate patients and the most suitable
type of operation for surgical treatment of type 2 diabetes.
Understanding the exact mechanism by which Roux-en-Y
gastric bypass controls diabetes is a priority because such
knowledge may help us to understand the relationship
between gastrointestinal physiology and insulin resistance
as well as to help us identify new targets for novel
antidiabetic medications.
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BPD biliopancreatic diversion

DJB duodenal—jejunal bypass

GLP-1  glucagon-like peptide 1

JiIB jejunoileal bypass

LAGB laparoscopic adjustable gastric band
RYGB Roux-en-Y gastric bypass

VBG vertical banded gastroplasty
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Introduction

It is now generally agreed that impaired insulin secretion
and insulin resistance both contribute to fully established
type 2 diabetes mellitus [1,2]. We still do not know,
however, what causes these alterations in glucose metab-
olism. As a result, current therapies, including diet, exer-
cise, behaviour modification, oral hypoglycaemic agents,
and insulin, may control the hyperglycaemia but do not
achieve a cure. A better understanding of the pathophy-
siology of type 2 diabetes will likely result in much
better treatment.

In the meantime, surgery may provide new possibilities.
In fact, some operations for morbid obesity not only
induce significant and lasting weight loss but also lead
to improvements or resolution of comorbid disease states,
particularly type 2 diabetes [3-5].

Operations for obesity range from purely restrictive tech-
niques (vertical banded gastroplasty (VBG) and adjusta-
ble gastric banding) to gastrointestinal bypass procedures
such as the Roux-en-Y gastric bypass (RYGB) and the
biliopancreatic diversion (BPD).

All bariatric operations result in remarkable improvement
in type 2 diabetes, although with varying degrees of
efficacy. RYGB and BPD are the most effective in con-
trolling diabetes and result in sustained normal con-
centrations of plasma glucose, insulin, and glycated
haemoglobin in 80—100% of morbidly obese patients with
diabetes [6-8]. Insulin sensitivity measured by minimal
modelling is increased approximately four to fivefold after
RYGB-induced weight loss [9]. This surgery also prevents
progression from impaired glucose tolerance to diabetes
[10] and reduces mortality from this condition [11].

The remarkable resolution of diabetes after RYGB and
BPD typically occurs too fast to be accounted for by
weight loss alone, suggesting that these two procedures
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may have a direct and more profound impact on glucose
homeostasis.

Is there a role for surgery in the management of type 2
diabetes mellitus? How does surgery control diabetes?
Answering these questions has become a priority due to
the current epidemic growth of this condition. Eluci-
dating the mechanisms of action of these operations is
also far reaching; this knowledge might in fact help us
to understand the relationship between gastrointestinal
physiology and insulin resistance and possibly to find new
targets for novel antidiabetic medications.

This article presents current operative techniques for
morbid obesity and reviews the effect of bariatric surgery
on type 2 diabetes. Focusing on RYGB, the hypothesized
mechanisms of diabetes control are also discussed in the
light of recent scientific investigations.

Bariatric surgery: types of surgical procedures
Current surgical procedures for the treatment of the
severely obese patient are typically categorized into
restrictive, malabsorptive and mixed procedures, based
on the supposed mechanism by which they cause weight
loss. This classification is practical but inaccurate as
growing evidence suggests that mechanisms, other than
just restriction or malabsorption, play a role in determin-
ing the effects of RYGB and BPD.

Restrictive procedures

Restrictive procedures share common features that
include the use of some type of foreign material or ‘band’
placed circumferentially around the upper stomach in
order to limit the luminal diameter and create a small
gastric pouch that empties into the remainder of the
stomach. These procedures include the laparoscopic
adjustable gastric band (LAGB; Fig. 1) and VBG
(Fig. 2). Both of these operations do not involve any
re-routing of food through the gastrointestinal tract nor
exclusion of intestinal segments, as in the case of RYGB

and BPD.

Roux-en-Y gastric bypass

The RYGB is the most commonly performed bariatric
operation in the US, and is considered the ‘gold standard’
treatment for morbid obesity. Current techniques involve
the use of a surgical stapler to create a small and vertically
oriented gastric pouch, the volume of which is usually
less than 30 cm®. The pouch is completely divided by the
gastric remnant and is anastomosed to the jejunum
(between 30 and 75cm from the ligament of Treitz),
through a narrow gastrojejunal anastomosis in a Roux-
en-Y fashion (Fig. 3). Bowel continuity is restored by an
entero-entero anastomosis between the excluded biliary
limb and the alimentary limb. This anastomosis is usually
done at 75-100cm distal to the gastrojejunostomy,

Figure 1 (Laparoscopic) Adjustable gastric banding

although it has also been performed at 100-250cm
in patients with body mass index (BMI) greater than
50 kg/m?. The latter variant is referred to as ‘long-limb’
RYGB or ‘distal’ RYGB, as opposed to the standard,
‘proximal’ RYGB. The long-limb RYGB is anatomically
more similar to the concept of BPD (vide infra) and is
aimed to induce more intestinal malabsorption than with
a proximal RYGB.

After RYGB, ingested food bypasses approximately 95%
of the stomach, the entire duodenum and a portion of the
jejunum. RYGB usually results in 60—70% excess weight
loss and most of this effect is maintained for at least
15 years [12-14].

Malabsorptive procedures

Malabsorptive procedures aim to reduce the area of
intestinal mucosa available for nutrient absorption.
The first attempt to obtain weight loss with this strategy
was through the jejunoileal bypass (JIB), an operation
that diverted enteral nutrients from most of the small
intestine by anastomosing the proximal jejunum to the
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Figure 2 Vertical banded gastroplasty
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Figure 3 Roux-en-Y gastric bypass

terminal ileum (Fig. 4). The operation achieved excellent
weight loss but also resulted in excessive long-term
nutritional complications and hepatic cirrhosis due to
bacterial overgrowth. For these reasons the JIB was
ultimately abandoned.

Biliopancreatic diversion

The concept of BPD was first described by Nicola
Scopinaro of Genoa, Italy in 1979 [15] in an attempt
to improve the results of the JIB. Technically, the opera-
tion consists of a partial gastrectomy, which leaves behind
a 200-500 ml sized upper stomach. This is anastomosed
to the distal 250cm of small intestine, whereas the
excluded small intestine containing the bile and pancrea-
tic secretions is connected to the alimentary channel
50 cm proximal to the ileocecal valve (Fig. 5). The last
segment of ileum where food and bile mix is referred to
as a ‘common channel’ and is responsible for most fat
absorption.

The procedure was later modified by Hess and Hess [16]
and Marceau ez 4/. [17] to include a ‘sleeve vertical

gastrectomy’ (with a maximum gastric reservoir of
150-200 ml), a duodeno-ileal switch and a longer com-
mon channel length of about 100 cm as opposed to the
50 cm in the original Scopinaro procedure (Fig. 6). In the
‘duodenal switch’ variant of BPD a sleeve of the stomach
1s removed along the greater curvature, thus the antrum,
pylorus and a short segment of duodenum are preserved
and vagal nerve integrity is spared. This type of gastrec-
tomy has the theoretical advantage of preserving a more
physiologic digestive behaviour and diminishing the
risk of dumping syndrome, ulcerogenicity and hypocal-
caemia.

Antidiabetic effect of bariatric surgery

A substantial majority of patients who undergo bariatric
surgery experience improvement or resolution of type 2
diabetes mellitus. The prospective, controlled Swedish
Obese Subjects Study [18] involved obese patients who
underwent gastric surgery and contemporaneously
matched, conventionally treated obese controls, with
follow-up data at 2years (4047 participants) or 10 years
(1703 participants). Two- and 10-year rates of recovery
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Figure 4 Jejuno-ileal bypass

Figure 5 Classic biliopancreatic diversion

from diabetes were more favourable in the surgery group
than in the control group.

A recently published metaanalysis [19] involving 136
studies with a total of 22094 patients focused on the
effect of bariatric surgery on obesity comorbidities. This
study showed that type 2 diabetes was completely
resolved in 76.8% of patients and resolved or improved
in 86.0%. Bariatric surgery has also been shown to lower
the rate of progression from impaired glucose tolerance to
diabetes by 30-fold [20].

Gastrointestinal bypass procedures are more effective
than purely restrictive procedures in controlling diabetes.
Although diabetes control is described after all types of
bariatric operations, the rate and rapidity of this effect
varies significantly across different procedures. With
respect to diabetes resolution (ability to discontinue all
diabetes-related medications and maintain normal fasting
glycaemia and glycosylated haemoglobin levels), the
metaanalysis from Buchwald and co-workers [19] found
a gradation of effect from 98.9% (95% confidence interval
(CI), 96.8—100%) for BPD or duodenal switch to 83.7%
(95% C1, 77.3-90.1%) for RYGB to 71.6% (95% CI, 55.1—

88.2%) for VBG, and to 47.9% (95% CI, 29.1-66.7%)
for LAGB.

The antidiabetic effect of bariatric surgery is long lasting.
Long-term control of glycaemia and normal levels of
glycosylated haemoglobin after RYGB have been docu-
mented in large series with up to 16years of follow up
[21,22]. Furthermore, in the experience of MacDonald
and co-workers, mortality risk from diabetes over a 10-year
follow-up after RYGB was less than that in a cohort of
patients with diabetes matched for age, weight and BMI
who were not operated on (1.0% versus 4.5% for every year
of follow-up; P < 0.0003) [11].

Scopinaro and co-workers [23°] have recently reported
the long-term outcomes of BPD in a series of 312 obese
patients with type 2 diabetes. These authors observed
that fasting serum glucose concentration fell to within
normal values in all but two of the patients and remained
in the physiological range in all but six for a mean follow
up of 10 years.

Surgery as a cure for type 2 diabetes?
The extraordinary control of diabetes by obesity surgery
has led to some intriguing questions.
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Figure 6 Biliopancreatic diversion with duodenal switch
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Is diabetes control a primary and direct result of the
surgical procedures or simply a secondary outcome of
obesity treatment?

In 2004 we reported an experimental study providing
evidence that the control of diabetes after gastrointestinal
bypass surgery is not secondary to the treatment of
obesity [24]. Using Goto—Kakizaki rats, a spontaneous,
nonobese model of type 2 diabetes mellitus, we found
that duodenal—jejunal bypass (DJB) (a stomach-sparing
experimental model of RYGB) significantly improves
glucose tolerance compared with sham-operated controls,
despite equivalent food intake rates and body weights in
the two groups. Furthermore, DJB was more effective
than either rosiglitazone therapy or greater weight loss
from food restriction in matched controls. This study also
allowed the effects of intestinal bypass to be isolated from
those related to gastric restriction as the DJB model
leaves the stomach unperturbed. These findings suggest
that diabetes control should no longer be regarded as a
mere collateral effect of operations for morbid obesity,
but rather as a specific outcome of gastrointestinal bypass
surgery, implicating that type 2 diabetes is a potentially
operable disease.
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Should patients with type 2 diabetes be considered for
surgical treatment regardless of their BMI?

Current indications for bariatric surgery include BMI
equal to or greater than 40kg/m® or between 35 and
40 kg/m* with obesity-related comorbidities. These
selection criteria were first issued by the National Insti-
tutes of Health (NIH) Consensus Development panel in
1991 [25,26] and have been substantially adopted by all
major surgical societies. As bariatric operations have been
performed nearly universally in patients selected with
the NIH criteria, the antidiabetic effects of bariatric
procedures are well documented in either severely or
morbidly obese patients.

Bariatric operations, however, have occasionally been
performed in nonmorbidly obese individuals. In 1997,
Mingrone ez al. [27] reported a case of a young woman of
normal weight with diabetes who underwent BPD for
chylomicronaemia and whose plasma insulin and blood
glucose levels were normalized within 3 months, despite
the fact that she increased her weight due to an unres-
tricted diet rich in sugar and lipids. Noya er a/. [28]
reported remission of type 2 diabetes in nine out of
10 moderately obese (mean BMI 33.2) patients with
diabetes who underwent BPD.

Sporadic but consistent observations of diabetes remis-
sion have also been reported even before the advent of
bariatric surgery as a serendipitous outcome of gastric
resections for peptic ulcer in nonobese patients. In 1955,
Friedman and co-workers [29] reported on three patients
with diabetes mellitus who had poor glycaemic control in
spite of high daily doses of insulin. As early as 3—4 days
after subtotal gastrectomy all three patients showed a
remarkable improvement in their diabetes with a sudden
reduction in their insulin requirement, before patients
developed weight loss. Interestingly, these patients later
regained their weight without an associated recrudes-
cence of glycosuria. Bittner ez @/. [30] similarly reported
improvement in diabetes with lowered plasma glucose
and insulin after subtotal gastrectomy and gastrointes-
tinal reconstructions that excluded duodenal passage
(Billroth IT and Roux-en-Y type of reconstruction). These
reports show an intriguing similarity with the typical
remission of type 2 diabetes seen after RYGB or BPD
for morbid obesity: plasma glucose and insulin fall rapidly
and antidiabetic medications can be reduced or sus-
pended shortly after the operation.

Experimental studies in nonobese rats and these clini-
cal observations are consistent in showing that ameliora-
tion of diabetes can occur not only in morbidly obese
patients but also in nonobese individuals after differ-
ent types of operations that share the common feature
of duodenal-jejunal exclusion (RYGB, BPD, D]B,
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subtotal gastrectomy with RY or Billroth II recons-
truction).

The possibility of a surgical option in the treatment
of patients with type 2 diabetes is significant as we face
a worldwide epidemic with limited efficacy of conven-
tional therapeutic strategies [31]. Indeed, the potential of
surgery to achieve diabetes resolution is attractive when
compared with the evidence that oral antidiabetic agents
and insulin have limitations, side effects and limited
long-term efficacy due to poor patient compliance
[32-34].

Despite the fact that these and other arguments support
the use of surgery as an alternative antidiabetic treat-
ment, this concept will inevitably face significant opposi-
tion from both surgeons and physicians. In fact, the risk of
mortality and morbidity from surgery may seem dispro-
portionate for a condition that has always been considered
a ‘medical’ disease. Diabetes is not a benign disease,
however, and is associated with significant reduction of
both life expectancy and quality of life. In current clinical
practice there are many diseases for which surgical treat-
ment is widely accepted although they are far more
benign than diabetes. Such diseases can benefit from
medications that are much more effective than current
antidiabetic drugs, while in the long term many patients
will still experience recurrence of symptoms and the need
for medication after surgery (e.g. gastrointestinal reflux
disease) [35]. Considering the evidence that nearly all
patients who have undergone RYGB or BPD maintain
diabetes remission without the need for medication over
10 and more years, there is a definite rationale for surgical
treatment of type 2 diabetes.

Clinical experience with bariatric surgery as well as data
from animal investigations now suggest that surgical
indication in patients with type 2 diabetes should not
be on the basis of the current arbitrary cut-off at BMI
35 kg/mz, but rather on the evaluation of the risk/benefit
ratio as for any invasive therapeutic modalities. There is a
definite need for carefully conducted clinical trials to
define the ideal candidate patients and the most suitable
type of operation.

Mechanism of diabetes control after
gastrointestinal bypass operations

One might think that surgically induced weight loss and
decreased food intake are the most obvious methods for
remission of diabetes after obesity surgery; however,
evidence suggest that the mechanisms involved are not
so straightforward.

The role of weight loss and decreased food intake
Many clinical observations and findings from our animal
studies are consistent in showing that decreased food

intake and weight loss are not primary mediators of the
control of diabetes after RYGB and BPD.

Indeed, most reported series of RYGB show that return to
euglycaemia and normal insulin levels occurs within days
after surgery, long before there is any significant weight
loss [8,36]. In 1998, Scopinaro ez a/. [37] reported normal-
ization of glucose levels in 100% of their morbidly obese
patients after BPD with no need for medication and on a
totally free diet as early as 1 month after the operation,
when excess weight was still more than 80%. Hickey and
co-workers [36] demonstrated significantly lower levels of
fasting plasma glucose, plasma insulin and serum leptins
in a group of patients maintaining stable weight after
RYGB compared with a group of patients matched in
weight, age and percentage of fat, who did not undergo
surgery.

Furthermore, restrictive techniques result in lower rates
of diabetes remission compared with RYGB and BPD
(48% for LAGB versus 82—-98% for RYGB and BPD) [19]
and while diabetes resolution takes place very rapidly
after gastrointestinal bypass techniques, it occurs more
gradually after restrictive procedures. In fact, in a recent
study by Ponce and co-workers [38] the rate of diabetes
resolution after LAGB was greater at 2 years postopera-
tively compared with the first year after surgery and was
correlated to the degree of weight loss.

Hence, whereas diabetes control after restrictive pro-
cedures may be explained by weight loss alone, this
is not a sufficient explanation for the magnitude and
rapidity of diabetes resolution after BPD and RYGB.

Against a dominant role of decreased caloric intake also
stands the observation that a very low-calorie diet fails to
improve diabetes in patients who later experience dia-
betes resolution from RYGB surgery [39]. Furthermore,
patients undergoing BPD show only temporary food
intake limitation; over time, their eating capacity is fully
restored or even increased [37], while blood glucose
levels remain under control.

One may argue, however, that a timely combined action
of decreased energy intake and weight loss could explain
the antidiabetic effect of surgery. In fact, postoperative
starvation may be responsible for the early fall in blood
glucose while subsequent weight loss could explain
maintenance of the effect, even when normal food intake
behaviour is later resumed, such as after BPD. To rule out
this hypothesis we performed animal studies in which
D]B rats were pair-fed with sham-operated controls [40].
In these experiments, DJB-treated rats with diabetes
showed better glucose tolerance than matched, pair-
fed sham-operated animals with the same food intake
and body weight, showing that diabetes control after
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gastrointestinal bypass surgery is not primarily mediated
by changes in energy intake or body weight.

The role of intestinal malabsorption

Intestinal malabsorption may improve diabetes in many
ways. By determining weight loss it could reduce insulin
resistance. Glucose malabsortion may also reduce overall
stress on islet cells whereas fat malabsorption may
reduce circulating free fatty acids (FFAs) and, con-
sequently, improve insulin sensitivity. Indeed it is known
that high levels of FFAs can induce insulin resistance
[41] and lowered FFAs are associated with improved
insulin sensitivity in individuals with hyperlipidaemia

[42].

Whereas intestinal malabsorption is clinically evident
after BPD, however, clinically significant malabsorption
is not observed after standard RYGB [43—45].

Studies in animals with diabetes undergoing D-xylose
testing and faecal fat assessment showed no reduction in
carbohydrate or lipid absorption after D]B, although this
experimental model does improve diabetes [40]. Because
the proportion of intestine removed from digestive con-
tinuity after our DJB procedure matches that bypassed in
a typical proximal RYGB, our data also support clinical
evidence arguing against a major role for malabsorption in
the effects of human RYGB [43—45].

The role of hormonal changes

It has been hypothesized that the significant re-routing of
food through the gastrointestinal tract may alter the
dynamic of gut-hormone secretion, especially in response
to meal stimuli. In support of this hypothesis are some
clinical observations showing substantial changes in gut-
hormone levels after gastrointestinal bypass procedures.
In 2002, Cummings and co-workers [46] reported inap-
propriate suppression of ghrelin, an orexigenic hormone,
after weight loss from RYGB. Several investigations have
consistently documented a decrease in plasma levels of
leptin and insulin, and increased levels of adiponectin
and peptide YY3-36 after RYGB and BPD, supporting
the possibility of an endocrine effect of these operations
[47-49,50°].

Increased levels of glucagon-like peptide 1 (GLP-1) have
also been suggested to play a role in the mechanism of
appetite and diabetes control after RYGB. While few
studies have shown an increase in GLP-1 levels after
RYGB [50°], however, other investigations have not
yielded consistent findings [49,51].

For any hormonal change to play a role in the mechanism
of action of a surgical procedure it is necessary that it
occurs before the effects of the operation take place.
Preliminary clinical studies [49] have shown that some
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hormonal changes can occur within days after RYGB,
supporting the hypothesis that this procedure may work
through an endocrine mechanism.

In recent investigations using obese animals with
diabetes (Zucker ZDF rats), we found that exclusion
of the intestinal foregut from the transit of nutrients
by DJB is sufficient to restore physiologic ghrelin
regulation (which is altered in such animals) and decrease
appetite without restriction of gastric volume [52°]. As
the DJB does not prevent stimulation of the ghrelin-
rich gastric fundus by ingested nutrients, these findings
also show that intestinal signals are involved in ghrelin
regulation and that the bowel rearrangement typical of
D]B (and RYGB) may influence these signals.

Further investigations are needed to elucidate which of
the hormonal changes that occur after RYGB are actually
involved in the efficacy of this operation.

Rearrangement of gastrointestinal anatomy and
diabetes control

Regardless of the molecular explanation, which still
remains to be elucidated, it is important to understand
which part of the typical anatomical rearrangement of
RYGB is essential for the effect on diabetes. Two hy-
potheses have been proposed. The ‘hindgut hypothesis’
holds that diabetes control results from the expedited
delivery of nutrient chyme to the distal intestine, enhan-
cing a physiologic signal that improves glucose metab-
olism [53-56]. A potential candidate mediator of this
effect is GLP-1 or other distal gut peptides. An alterna-
tive hypothesis is that the exclusion of the duodenum and
proximal jejunum from the transit of nutrients may pre-
vent secretion of a putative signal that promotes insulin
resistance and type 2 diabetes (‘foregut hypothesis’)
[57,58]. Although no obvious candidate molecules can
be identified with our current knowledge, if proven true,
this hypothesis may open new avenues in the search for
the cause and cure of diabetes.

The hindgut and the foregut hypothesis

The hindgut hypothesis has been suggested due to
reports showing that GLP-1 levels are increased after
JIB [59] and ileal transposition [56]. The latter is an
experimental procedure that consists of the transposition
of an isolated segment of ileum to the jejunum, and has
been associated with increased synthesis and release of
GLP-1 and peptide YY in rats [60°]. The hindgut hy-
pothesis derives its rationale from the assumption that
RYGB expedites delivery of nutrients to the distal small
bowel in a similar way as after JIB and ileal transposition
[54,56].

Likening RYGB to JIB or ileal transposition, however, is a
conceptual mistake. Indeed, while both JIB and ileal
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transposition maintain the duodenum and proximal jeju-
num en route with the transit of food, this is not the case
with RYGB, BPD and D]B. Duodenal passage of nutri-
ents hardly represents a minor physiological difference
and, therefore, in our opinion, JIB and ileal transposition
should not be used as a model of RYGB, BPD and D]B.

We recently performed a study that supports the foregut
hypothesis as a dominant mechanism in improving glu-
cose homeostasis after RYGB [40]. In fact, we found that,
whereas DJB (gastro-jejunostomy + duodenal exclusion
as in RYGB) greatly improves diabetes in Goto-Kakizaki
rats, performing an equivalent shortcut for ingested nutri-

ents to the hindgut, without excluding nutrient flow
through the proximal intestine (via a simple gastro-
jejunostomy), does not improve diabetes in the same
animal model. In addition, diabetic abnormalities of
glucose tolerance return in D]B-treated animals when
nutrient flow through the proximal intestine is surgically
re-established via the normal gastro-duodenal route,
despite preserving the gastro-jejunostomy. Similarly, in
animals that originally underwent a simple gastro-
jejunostomy without benefits, diabetes is greatly improved
by a re-operation in which the proximal intestine is
excluded from nutrient flow, but the gastro-jejunostomy
is left intact.

Figure 7 Hypothesis regarding the possible contribution of the proximal intestine to the alterations of glucose metabolism in type 2
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These findings demonstrate that isolating a segment of
proximal intestine from nutrient flow is important in
mediating the improvement of glucose tolerance in
animals with diabetes.

Gastrointestinal bypass surgery: more of a good thing
or less of a bad thing for glucose homeostasis?
Regardless of anatomic considerations and possible mol-
ecular explanations, there are additional basic questions
that need to be answered. In fact, when looking at the big
picture, there are only two possible ways by which gastro-
intestinal bypass surgery can control type 2 diabetes:
this surgery enhances a signal with positive influence on
glucose homeostasis (i.e. GLP-1, reduced glucose absorp-
tion, weight loss etc.); this surgery contrasts a factor that
negatively influences glucose homeostasis or is implicated
in the pathophysiology of insulin resistance and diabetes.

If the first hypothesis were correct, one would expect
improved (or at least unchanged) glucose tolerance in
both normal and diabetic individuals, as a result of
increased secretion of signals exerting a positive influ-
ence on glucose metabolism. We observed that when
DJB is performed in animals without diabetes (Wistar
rats), glucose tolerance is worse than that of matched
sham-operated controls, in striking contrast with the
marked improvement seen in rats with diabetes after
D]JB [40]. Our data are consistent with results of clinical
investigations showing a similar impairment of glucose
tolerance in individuals without diabetes who have
undergone operations that, like DJB, include duode-
nal—jejunal exclusion. In fact, several clinical studies,
including a randomized trial [61] comparing gastrectomy
with duodenal exclusion (such as the Roux-en-Y recon-
struction) versus gastrectomy with preservation of duo-
denal passage, showed that the former impairs glucose
tolerance in patients without diabetes and results in lower
plasma gastric inhibitory peptide and insulin levels
[30,62].

In summary, our animal investigations together with
these clinical observations support the following findings:

1. in normal individuals, duodenal passage of nutrients is
necessary to maintain normal glucose tolerance,
whereas duodenal—jejunal exclusion seems to disrupt
the physiologic entero-insular axis;

2. in individuals with diabetes, duodenal—jejunal exclu-
sion improves glucose tolerance.

These data are consistent with the hypothesis that sur-
gical bypass of the proximal small intestine reverses a
humoral mechanism originating in the bowel that impairs
glucose tolerance in individuals with diabetes. This
hypothesis characterizes type 2 diabetes as a possible
duodenal-jejunal illness.
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We speculate that under normal conditions, stimulation
of the proximal bowel with nutrients triggers both an
incretin response that increases insulin secretion, as well
as a concomitant counter-regulatory signal that controls
insulin action in order to prevent hypoglycaemia. In
predisposed individuals, chronic stimulation with
particular nutrients may create an imbalance between
incretin and ‘anti-incretin’ signals, resulting in insulin
resistance and type 2 diabetes (Fig. 7).

This hypothesis is consistent with the discrepancy seen
in the effect of duodenal—jejunal exclusion in normal
controls versus individuals with diabetes. Indeed, accord-
ing to this model, duodenal exclusion weakens the
physiologic ‘incretin effect’ in normal individuals but
can also tackle an exaggerated production of the ‘anti-
incretin’ signal, thus explaining why this anatomical
condition is beneficial only in individuals with diabetes.

Conclusion

Bariatric surgery, and in particular RYGB and BPD,
induces a remarkable resolution of type 2 diabetes that
typically occurs too fast to be accounted for by weight loss
alone. Clinical observations and animal experiments
suggest that a key component of these operations in
ameliorating diabetes is the bypass of the proximal small
intestine. Thus proximal intestinal bypass is a potential
therapeutic approach for diabetes and there is the possibi-
lity that potentially undiscovered factors in the proximal
bowel may play an important role in the pathophysiology
of insulin resistance and type 2 diabetes.
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