PHYSIOLOGY IN MEDICINE: A SERIES OF ARTICLES LINKING MEDICINE WITH SCIENCE

REVIEW

Associate Editor

Physiology in Medicine: Dale J. Benos, PhD, Editor; Edward Abraham, MD, Associate Editor; Peter D. Wagner, MD,

Annals of Internal Medicine: Harold C. Sox, MD, Series Editor

Narrative Review: Effect of Bariatric Surgery on Type 2

Diabetes Mellitus

Marion L. Vetter, MD, RD; Serena Cardillo, MD; Michael R. Rickels, MD, MS; and Nayyar Igbal, MD, MSCE

Bariatric surgery leads to substantial and durable weight reduction.
Nearly 30% of patients who undergo bariatric surgery have type 2
diabetes, and for many of them, diabetes resolves after surgery
(84% to 98% for bypass procedures and 48% to 68% for restric-
tive procedures). Glycemic control improves in part because of
caloric restriction but also because gut peptide secretion changes.
Gut peptides, which mediate the enteroinsular axis, include the
incretins glucagon-like peptide-1 and glucose-dependent insulino-
tropic peptide, as well as ghrelin and peptide YY. Bariatric surgery

(particularly bypass procedures) alters secretion of these gut hor-
mones, which results in enhanced insulin secretion and sensitivity.
This review discusses the various bariatric procedures and how they
alter the enteroinsular axis. Familiarity with these effects can help
physicians decide among the different surgical procedures and
avoid postoperative hypoglycemia.
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lycemic control in diabetic patients improves mark-

edly within days of bariatric surgery, which sug-
gests that the procedures alter the hormones that control
insulin secretion (1). The enteroinsular axis includes the
gut hormones glucagon-like peptide-1 (GLP-1) and glu-
cose-dependent insulinotropic peptide (GIP). These
hormones, also known as incretins, are secreted by intes-
tinal L and K cells, respectively, in response to nutrients
and directly enhance insulin secretion (2). Restrictive,
malabsorptive, and combined bariatric surgery proce-
dures affect the enteroinsular axis differently. The vari-
ous bariatric procedures also affect the secretion of other
gut hormones that affect insulin sensitivity, including
ghrelin and peptide YY (PYY). Thus, an altered pattern
of gut hormone secretion after bariatric surgery may
profoundly affect glucose tolerance. We focus on the
short-term pathophysiologic changes in the enteroinsu-
lar axis and their subsequent effect on insulin secretion
and sensitivity after bariatric surgery. Familiarity with
these changes can help clinicians decide among the dif-
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ferent surgical approaches and formulate treatment reg-
imens that avoid severe postoperative hypoglycemia.

MEeTHODS

We searched English-language publications in
PubMed and reference lists from relevant articles published
between 1967 and 2008. Our main search terms were bari-
atric surgery, Roux-en-Y, gastric bypass, biliopancreatic diver-
sion, gastric banding, laparoscopic adjustable gastric banding,
diabetes, enteroinsular axis, incretins, GLP-1, GIP, ghrelin,
PYY, insulin, and postoperative management. To determine
the rates of diabetes resolution, we included studies that
enrolled at least 10 diabetic patients (alone or along with
nondiabetic patients) and reported diabetes-related out-
comes. We retrieved randomized, controlled trials; cohort
studies; and case—control studies that reported weight loss,
diabetes resolution, and time to restoration of normo-
glycemia. Because we found few such studies, we also
included large case series. We evaluated study quality by
using the GRADE (Grading of Recommendations, Assess-
ment, Development, and Evaluation) system (3). We used
our judgment to identify high-quality studies that de-
scribed gut hormone levels after bariatric surgery.

TyPes OF BARIATRIC PROCEDURES AND EFFECT ON
WEIGHT Loss AND DIABETES

Since its inception in the 1950s, bariatric surgery has
become increasingly refined. More recently, it has been
touted as a “cure” for diabetes (4). Several procedures are
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Key Summary Points

The rapid improvement in glycemic control after bariatric
surgery results from caloric restriction and alterations in
the gut hormones that control insulin secretion.

The enteroinsular axis includes the incretins glucagon-like
peptide-1 (GLP-1) and glucose-dependent insulinotropic
peptide (GIP), ghrelin, and peptide YY (PYY) and their
subsequent effect on insulin secretion and sensitivity.

Restrictive, malabsorptive, and combined bariatric surgery
procedures have different effects on the enteroinsular axis.

Intestinal bypass procedures increase GLP-1 and PYY
levels. In contrast, restrictive procedures do not increase
incretin or PYY levels.

Familiarity with these changes can help physicians consider
the various surgical approaches and develop postoperative
treatment regimens for patients.

now available (Figure 1). Bariatric procedures were initially
classified as restrictive, malabsorptive, or combined, reflect-
ing the purported mechanism of weight loss (1). Restrictive
procedures, such as laparoscopic adjustable gastric banding
(LAGB) and vertical banded gastroplasty (VBG), greatly
reduce the volume of the stomach to decrease food intake
and induce early satiety. Malabsorptive procedures, such as
biliopancreatic diversion (BPD), shorten the small intestine
to decrease nutrient absorption. Combined procedures,
such as the Roux-en-Y gastric bypass (RYGB), incorporate
both restrictive and malabsorptive elements. Roux-en-Y
gastric bypass surgery is the current gold standard treat-
ment for severe obesity. Both BPD and RYGB alter the
secretion of orexigenic and anorexigenic gut peptides,
which interact with appetitive centers in the arcuate nu-
cleus of the hypothalamus to decrease appetite (5). Because
both BPD and RYGB bypass similar segments of the small
bowel, we use the term inzestinal bypass procedure to refer to
either.

Weight Loss

Two recent meta-analyses (6, 7) reported weight loss;
operative mortality; and obesity-related comorbid condi-
tions, including diabetes, after bariatric surgery. Buchwald
and colleagues (7) reported mean excess weight loss (see
Glossary) (7-10) of 61% across all procedures in 22 094
patients; weight loss rates associated with each procedure
varied (Table 1). On average, bariatric surgery reduces
body mass index by 10 to 15 kg/m2 and weight by 30 to
50 kg (11).

Several relatively poor-quality randomized, controlled
trials that compared different bariatric surgery procedures
(12) showed that weight loss was greater with gastric by-
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pass than with VBG or LAGB. The SOS (Swedish Obese
Subjects) study (13), a landmark observational study that
followed more than 4000 obese participants, matched
those who selected medical management with those under-
going various bariatric procedures, including RYGB, VBG,
or LAGB. At 10 years, RYGB was associated with a 25%
reduction in total body weight, whereas VBG and LAGB
were associated with 16% and 14% weight loss, respec-
tively.
Diabetes Resolution and Improvement

Observational evidence suggests that bariatric surgery
is associated with a 60% to 80% rate of diabetes resolution
(14). In 1 meta-analysis (7), approximately 15% of the
patients were diabetic. In studies reporting complete reso-
lution of diabetes (defined as normoglycemia with no dia-
betes medications), 1417 of 1846 patients (76.8%) met the
criteria for resolution. Among studies reporting resolution
or improvement of diabetes, 414 of 485 patients (mean,
86.0%) experienced either outcome. Table 1 shows rates of
diabetes resolution for individual bariatric procedures.

Conclusions about bariatric surgery and diabetes reso-
lution come with an important qualifier: The studies had
serious methodological weaknesses. Few are randomized,
controlled trials; most surgical outcome studies are uncon-
trolled case series with considerable missing data (6, 10). In
1 meta-analysis (6), one quarter of the studies did not
report enrolling consecutive patients and fewer than 50%
reported how many enrolled patients provided follow-up
data. Table 2 (4, 14-22) includes selected studies that met
the minimum GRADE criteria quality standards and re-
ported follow-up rates of at least 80% (3). Paired compar-
isons of surgical procedures typically favored RYGB or
BPD over the restrictive procedures (23).

Predictors of Diabetes Resolution

Identifying preoperative predictors of diabetes resolu-
tion is critical for determining which diabetic patients will
obtain the greatest benefit from surgery. In earlier studies
of RYGB, longer duration of diabetes (>10 years), poor
preoperative glycemic control, and preoperative insulin use
reduced the probability of diabetes resolution (18, 19);
however, these studies did not adjust for the effects of
known confounding factors. More recently, Torquati and
colleagues (24) adjusted for body mass index, sex, and pre-
operative hemoglobin A, level and found that preopera-
tive treatment with oral antidiabetic agents (as opposed to
insulin) and smaller preoperative waist circumference pre-

Glossary

Excess weight loss: The surgical literature typically expresses weight loss as
percentage of excess weight lost, defining excess weight as (total
preoperative weight minus ideal weight) and percentage of excess weight
lost as (weight lost/excess weight) X 100 (7). Some studies reported
percentage change in total weight and percentage change in body mass
index (7-10).
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Figure 1. Surgical procedures.

Roux-en-Y Gastric Bypass Vertical Banded Gastroplasty
(RYGB) (VBG)

Laparoscopic Adjustable Gastric Banding Biliopancreatic Diversion
(LAGB) (BPD) with Duodenal Switch

Reprinted with permission of the American Society for Metabolic and Bariatric Surgery, copyright 2008, all rights reserved.
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dicted diabetes resolution (18). Shorter duration of diabe-
tes was a weaker, statistically nonsignificant predictor,
which supports earlier studies of RYGB (18).

The same factors predict diabetes resolution after gas-
tric banding. Dixon and colleagues (25) reported that dia-
betes for less than 3 years predicted diabetes resolution,
after they controlled for age and excess weight loss. Less
deterioration in B-cell function at the time of surgery may
maximize the effect of the surgery-altered secretion of gut
peptides that enhance B-cell insulin secretion.

THE ENTEROINSULAR AXIS

Bayliss and Starling first described the connection be-
tween the gut and the pancreas in 1902, when they dem-
onstrated that intestinal mucosa extracts contained a factor,
which they called secretin, that acted through the blood-
stream to stimulate exocrine secretion by the pancreas (26).
Sixty-five years later, Perley and Kipnis (27) demonstrated
that ingested nutrients stimulated greater insulin release
than intravenously administered glucose. In 1979,
Creutzfeldt (28) defined “incretins” as gastrointestinal hor-
mones that stimulate insulin release after enteral nutrition.
This connection between the gut and pancreatic islet cells
is called the enteroinsular axis, a term first used by Unger
and Eisentraut (29).

The Incretins: GLP-1 and GIP

By potentiating glucose-dependent insulin secretion,
GLP-1 and GIP account for 50% to 60% of nutrient-
stimulated insulin release (2). In animal models of diabetes,
GLP-1 also increases B-cell mass through regulation of
proliferation, neogenesis, and apoptosis (30).

Glucagon-like peptide-1 is a potent insulin secreta-
togue that is secreted by the L cells of the distal ileum in
response to ingested nutrients and is inactivated by the
enzyme dipeptidyl peptidase IV (DPP-1V) (31). By activat-
ing adenylate cyclase, GLP-1 acts on pancreatic islets to
augment glucose-dependent insulin secretion. The subse-
quent increase in insulin levels within islets inhibits gluca-
gon secretion, possibly through direct activation of GLP-1
receptors on «a cells (31). Glucagon-like peptide-1 also
slows gastric emptying, which delays digestion and blunts
postprandial glycemia (32), and acts on the central nervous
system to induce satiety and decrease food intake (33, 34).
Finally, GLP-1 increases glycogenesis in hepatocytes and
skeletal muscle and increases lipogenesis in adipocytes,
which may improve insulin sensitivity (35).

Glucose-dependent insulinotropic peptide is secreted
by the K cells of the proximal gut in response to carbohy-
drate and lipid-rich meals (36). It acts on pancreatic 3 cells
to increase insulin secretion through the same mechanisms
as GLP-1, although it is less potent (30), and also stimu-
lates lipoprotein lipase activity (36). Glucose-dependent in-
sulinotropic peptide does not affect gastric emptying or
satiety (36).
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Table 1. Results of Different Types of Bariatric Surgery*

Result Malabsorptive  Restrictive Combined
(BPD) (LAGB, VBG) (RYGB)
Excess weight loss, % 72 48-68 62
Resolution of comorbid
conditions, %

Type 2 diabetes 98 48-72 84

Hypertension 81 28-73 75

Dyslipidemia improved 100 71-81 94
Operative mortality rate, %  1.10 0.1 0.5

BPD = biliopancreatic diversion; LAGB = laparoscopic adjustable gastric banding;
RYGB = Roux-en-Y gastric bypass; VBG = vertical banded gastroplasty.
* Mean values from a meta-analysis of 22 094 patients. Data from reference 7.

Nonincretin Gut Peptides
Peptide YY (PYY)

Like GLP-1, PYY is secreted by the L cells of the distal
intestine. Peptide YY is present in 2 molecular forms:
PYY, ;¢ and PYY; 4, a cleavage product (37). Peptide YY
increases satiety and delays gastric emptying through neu-
ropeptide Y-receptor subtypes in the central and peripheral
nervous system (37). Intravenous PYY, 54 increases satiety
and decreases food intake in humans (37).

Ghrelin

Ghrelin is secreted principally by the gastric fundus
and proximal small intestine and acts on the hypothalamus
to regulate appetite (38). Both ghrelin and its receptor are
expressed in pancreatic islet cells, where ghrelin inhibits
insulin secretion by a paracrine mechanism (39). Systemic
ghrelin levels increase before a meal and decrease afterward.
Ghrelin stimulates appetite and food intake and suppresses
energy expenditure and fat catabolism (38-40), perhaps
by conveying signals to the brain about the status of energy
stores. Serum ghrelin levels are inversely proportional to
body weight. Weight loss by any means increases ghrelin
levels, which suggests that ghrelin affects the long-term
regulation of body weight (40).

Defects in the Enteroinsular Axis in Obesity and
Diabetes

Diabetes blunts the incretin effect through incom-
pletely understood mechanisms (41). Two defects are de-
creased insulin secretion in response to GIP (10% to 20%
of the normal response [41]) and decreased secretion of
GLP-1. Potential explanations for the decreased GIP insu-
linotropic activity include defective expression of GIP re-
ceptors (42) and downregulation of GIP receptors on 3
cells (43). Studies of GIP levels in diabetic patients have
been inconsistent, with some reporting normal GIP levels
and others reporting elevated fasting and postprandial lev-
els (44, 45). The mechanism of decreased secretion of
GLP-1 is not known (42). Levels of GLP-1 decrease in
obesity and decrease further in diabetes (2), but the target
tissues respond normally when GLP-1 levels are restored by
giving it intravenously (46).
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Table 2. Efficacy for Resolution of Diabetes

Study, Year Type GRADE Quality  Procedure Patients With Type 2  Patients Who  Follow- Resolution, %
(Reference) Rating* Diabetes Mellitus, n Recovered, n  up, y
Malabsorptive
Scopinaro et al, Case series Very lowt BPD 312 303 1 97
2005 (15) 10 97
Marceau et al, Case series Very low# BPD 377 347 15 92
1998 (16)
Combined
Pories et al, Case series Very low§ RYGB 146 with type 2 121 14 83
1995 (4) diabetes mellitus
152 with impaired 150 99
glucose tolerance
MacDonald et al,  Retrospective Low|| RYGB 154 NA 9 NA (percentage of patients
1997 (17) cohort requiring diabetic
medications decreased
from 31.8 to 8.6)
Schauer et al, Case series Very lowql RYGB 177 137 2 78
2003 (18)
Sugerman et al, Case series Very low** RYGB 127 106 2 83
2003 (19)
Restrictive
Pontiroli et al, Case—control Moderatet+ LAGB 17 17 4 45
2002 (20)
Sjostrom et al, Prospective High++ VBG 82 59 2 72
2004 (21) observational
LAGB 30 NA 10 36
Ponce et al, Case series Very low§§ LAGB 53 35 1 66
2004 (22)
Dixon et al, Randomized, Highl| || LAGB 30 22 2 73
2008 (14) controlled
trial

BPD = biliopancreatic diversion; GRADE = Grading of Recommendations, Assessment, Development, and Evaluation; LAGB = laparoscopic adjustable gastric banding;
NA = not available; RYGB = Roux-en-Y gastric bypass; VBG = vertical banded gastroplasty.

* We used the GRADE criteria outlined in the Cochrane Handbook (3) to qualitatively assess study quality: high = randomized trials or double-upgraded observational
studies; moderate = downgraded randomized trials or upgraded observational studies; low = double-downgraded randomized trials or observational studies; very low =
triple-downgraded randomized trials, downgraded observational studies, or case series/case reports.

T Long-term follow-up of 91% at 5 years and 80% at 10 years; large number of patients.

¥ Follow-up of 80%; large number of patients followed for many years.

§ Large case series over 14 years. Follow-up rate at 1 year reported at 100%. Reported rates of resolution for patients with “adequate follow-up,” but the proportion of patients
who were followed at the various points is not specified.

|| Nonoperative control-matched control group compared with group that underwent gastric bypass surgery; information on the proportion of patients who followed up was
not reported.

9l Reported follow-up rate of 80%j large number of patients.

** Follow-up rate of 50% reported at 5 years and 37% at 10 to 12 years.

11 Matched control group of obese diabetic patients who declined surgery; follow-up rate of 100%.

F+ Largest long-term, ongoing prospective evaluation of surgery, which included a nonsurgical control group of 2037 followed for more than 10 years.

8§ Follow-up rate of 98% at 1 year and 62% at 2 years. Only 3 of 53 diabetic patients completed follow-up at 36 months.

|l | Matched control group had medical therapy with intensive lifestyle modification program.

Basal and postprandial levels of PYY and ghrelin are
lower in obese people than in lean people (47, 48) and may
be even lower in diabetic people (49).

PROPOSED MECHANISMS FOR IMPROVED GLYCEMIC
CONTROL AFTER BARIATRIC SURGERY
Effects of Decreased Caloric Intake on Fasting Glycemia
Decreased caloric intake profoundly affects glucose
metabolism (50, 51), and all patients have minimal caloric
intake immediately after bariatric surgery. If caloric restric-
tion alone accounted for lower blood glucose, the rate of
diabetes remission would be the same in all types of bari-
atric surgery. However, complete diabetes resolution oc-
curs within days of intestinal bypass procedures (4) but
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takes months to occur after LAGB (14). In studies that
compared VBG with RYGB in patients with similar post-
operative caloric intake, glucose levels decreased further

and faster after bypass (52).

Additional Antidiabetic Effects of Gastrointestinal Bypass
Surgery

Gastrointestinal rearrangement seems to confer addi-
tional antidiabetic effects independent of weight loss and
caloric restriction. Rubino and colleagues (53) performed
duodenal-jejunal bypass (DJB) in Goto-Kakizaki rats, a
nonobese animal model for type 2 diabetes. This procedure
leaves the stomach intact but bypasses the proximal intes-
tine by the same amount as RYGB. Rats that underwent
DJB had less fasting and postprandial hyperglycemia than
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sham-operated control rats within 1 week of surgery. Gly-
cemic control did not improve in a second control group
of Goto-Kakizaki rats that had undergone significant
weight loss by caloric restriction.

Two hypotheses compete to explain improvement in
glucose metabolism in patients undergoing gastric bypass
procedures. The hindgut hypothesis, also called the “lower
intestinal hypothesis” by Cummings and colleagues (54)
because it more accurately reflects gut physiology, suggests
that rapid delivery of nutrients to the distal bowel improves
glucose metabolism by enhancing secretion of GLP-1 and
other anorexigenic gut peptides (55). This theory is sup-
ported by experiments in which transit time through the
gut in rodents is increased by anastomosing a segment of
the ileum to the proximal bowel while leaving the stomach
intact (54). This intestinal rearrangement speeds the deliv-
ety of nutrients to the distal intestine, which causes exag-
gerated GLP-1 and PYY levels and improves glucose toler-
ance and insulin secretion without affecting body weight
and food intake.

Rubino (56) proposed an alternative hypothesis: the
foregut exclusion theory (or “the upper intestinal hypoth-
esis” [54]), in which causing food to bypass the duodenum
and proximal jejunum prevents the secretion of an as-yet
unidentified “putative signal” that promotes insulin resis-
tance and type 2 diabetes. In an effort to distinguish be-
tween foregut exclusion and lower intestinal mechanisms,
Rubino and colleagues (57) performed either stomach-
sparing DJB or gastrojejunostomy in Goto-Kakizaki rats.
(Gastrojejunostomy bypasses the same amount of intestine
as DJB but leaves nutrient flow in the proximal intestine
intact.) Rats that underwent DJB had improved glucose
tolerance, whereas rats that underwent gastrojejunostomy
did not improve. When the procedures were surgically re-
versed, diabetes returned when DJB was converted to gas-
trojejunostomy and resolved when gastrojejunostomy was
converted to DJB. These findings suggest that bypass of
the proximal gut prevents the secretion of an “anti-incre-
tin” factor (or “decretin”) that may be implicated in the
pathogenesis of diabetes. Cohen and colleagues (58) re-
cently described 2 overweight diabetic patients who under-
went a DJB-like procedure in which the stomach volume
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remained intact but a short segment of the proximal gut
was bypassed. Although their weight did not change, dia-
betes resolved in both patients.

These experiments show that both hypotheses have
strong support and suggest that multiple mechanisms con-
tribute to the remission of diabetes after intestinal bypass.
The rapid delivery of nutrients to the distal intestine en-
hances GLP-1 and PYY secretion, whereas duodenal exclu-
sion may exert other antidiabetic effects.

The Effect of Bariatric Surgery on Gut Peptide Secretion
Normal Patterns of Gut Peptide Secretion

The gut mucosa secretes the increting GLP-1 and GIP,
as well as PYY, in response to direct contact with unab-
sorbed nutrients (59). In addition, vagally mediated para-
sympathetic neural mechanisms modulate gut peptide
secretion. Ghrelin levels normally increase before and de-
crease after a meal, perhaps because of a nutrient-mediated,
direct inhibitory effect and possible neurohormonal regu-
lation (38).

Glucagon-like Peptide-1

Many studies show that GLP-1 levels increase after
gastric bypass and BPD (57, 60, 61). To rule out weight
loss as the cause of increased incretin levels, Laferrere and
colleagues (61) compared incretin levels in diabetic pa-
tients 1 month after gastric bypass with those in matched
control participants who had equivalent weight loss by
dieting. Incretin levels and the response to incretins in-
creased after gastric bypass but not after dieting, which
suggests that gastric bypass rather than weight reduction
mediated the improved incretin effect. Glucagon-like pep-
tide-1 levels remain elevated 1 year after gastric bypass (62)
and up to 20 years after jejeunoileal bypass (63). Table 3
(64) shows the responses of gut peptides to different bari-
atric surgery procedures.

Restrictive procedures do not alter GLP-1 levels (65—
67), in part because gastric restrictive procedures do not
alter gastric emptying (11, 68). Korner and colleagues (69)
showed that postprandial GLP-1 levels increased 3-fold af-
ter gastric bypass but not after gastric banding.

Table 3. Overview of Gut Peptide Response to Different Bariatric Surgical Procedures*

Hormone Cell Type
(Location) Secretion
Ghrelin X/A cells (stomach) Decrease
Glucose-dependent K cells (duodenum) Increase
insulinotropic peptide
Glucagon-like peptide-1 L cells (distal ileum) Increase
Peptide YY L cells (distal ileum) Decrease

Effect on Insulin

Changes Induced, by Type of Surgery

BPD RYGB LAGB

Increase Increase/decrease Increase/no change
Decrease Decrease No change
Increase Increase No change
Increase Increase No change

BPD = biliopancreatic diversion; LAGB = laparoscopic adjustable gastric banding; RYGB = Roux-en-Y gastric bypass.

* Adapted from reference 64, with permission of Elsevier.
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Peptide YY

The L cells of the distal ileum secrete both PYY and
GLP-1, and PYY levels also increase after procedures that
expedite nutrient delivery to the distal ileum (67, 69-73).
le Roux and colleagues (70) reported that postprandial
PYY and GLP-1 levels increased as early as 2 days after
RYGB. Morinigo and colleagues (71) reported similar
findings 6 weeks after RYGB. The large, early postprandial
increase in PYY levels after gastric bypass may account for
the immediate decrease in appetite after surgery (72, 73).

Few investigators have measured PYY levels after re-
strictive procedures. Korner and colleagues (74) reported
blunted total and postprandial PYY; 54 levels in patients
who had gastric banding compared with those who under-
went gastric bypass and had similar weight loss. We found
no studies that reported PYY levels within the first few
weeks after surgery.

Glucose-Dependent Insulinotropic Peptide

The response of GIP to bariatric surgery has not been
studied as extensively as GLP-1 or PYY, and studies have
yielded inconsistent results. Laferrére and colleagues (75)
reported a 1.6-fold increase in postprandial GIP levels 1
month after RYGB, although increased levels were not sus-
tained 6 to 12 months later (62). In contrast, Clements
and colleagues (60) reported blunted GIP levels as ecarly as
2 weeks after RYGB. Blunted GIP levels have been consis-
tently reported several months after RYGB, an anticipated
consequence of bypassing the K cells in the proximal gut
(62, 69, 76). Patriti and colleagues (77) offer an alternative
explanation, suggesting that upregulation of GIP receptors
on B cells after gastric bypass may account for the lower
levels after surgery.

Few studies have evaluated the effect of restrictive pro-
cedures on GIP levels. Shak and colleagues (65) reported
that GIP levels were unchanged 6 and 12 months after
LAGB, and Korner and colleagues (69) reported that GIP
levels were unchanged 23 months after LAGB.

Ghrelin

The effects of gastric bypass on ghrelin levels are in-
consistent (78—82). Although several early studies reported
decreased ghrelin levels after gastric bypass (78, 79), others
have reported no change (80) or increased levels (81).
Cummings and Shannon (40) suggest that subtle variations
in surgical technique may account for these disparate ef-
fects. If the surgeon leaves a small amount of intact ghre-
lin-producing tissue, ghrelin levels can be normal.

The vagus nerve also affects ghrelin levels. Ghrelin lev-
els are higher after procedures that leave the fundus and the
vagal nerve intact, such as adjustable gastric banding or
BPD, than after gastric bypass (78, 79, 82, 83).
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Figure 2. Hyperbolic relationship between insulin sensitivity
and insulin secretion quantified as the acute insulin
response to glucose in a healthy population.

2000
N
(<]
E
Q
g
8 1500
o
3
[}
[}
s
b
@ 1000
[=]
a
w
Q
o
£
S 500
w
£
2
=1
<
0

Insulin Sensitivity Index, X 70% min-"/pmol per L

The relationship is best described by a hyperbolic function, so that any
change in insulin sensitivity is balanced by a reciprocal and proportionate
change in insulin secretion. Glucose tolerance is determined by the in-
teraction of insulin secretion and sensitivity, so that patients with normal
glucose tolerance are at about the 50th percentile and those below it
exhibit increasing impairment to diabetic glucose tolerance. Reproduced
from reference 84, with permission of the American Diabetes Associa-
tion.

Short-Term Effect of Surgery on Insulin Secretion
and Sensitivity

Bariatric surgery affects both insulin secretion and sen-
sitivity, which in turn affect glucose tolerance, according to
the hyperbolic relationship shown in Figure 2 (84). Caloric
restriction alone substantially improves insulin sensitivity,
and weight loss improves it still further (51). The altered
secretion of incretins may account for additional improve-
ments in insulin secretion and sensitivity. Laferrére and
colleagues (75) reported that RYGB simultaneously in-
creased incretin levels and the incretin effect on insulin
secretion (by comparing the insulin response to oral and
isoglycemic intravenous glucose loads) in patients with
type 2 diabetes. The incretin effect was similar to that of
matched control participants without diabetes, which sug-
gests that RYGB normalized the incretin response and in-
sulin secretion.

Summary

Levels of GLP-1, PYY, and ghrelin decrease in obese
patients and decrease even further in diabetic patients by
mechanisms that are unknown. In contrast, GIP levels may
be normal to increased in diabetic patients.

Bariatric procedures that expedite nutrient delivery to
the distal ileum, such as BPD and RYGB, increase GLP-1
and PYY levels. In contrast, restrictive procedures do not
increase levels of incretins or PYY. Ghrelin levels after sur-
gery are determined by the remaining amount of residual
ghrelin-producing tissue and by whether vagal innervation
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is intact (40). Augmented levels of GLP-1 probably ac-
count for the antidiabetic effect of procedures that bypass
the small bowel (33, 40). In addition, altered secretion of
anorexigenic peptides, such as GLP-1 and PYY, may me-
diate the reduction in appetite and sustained weight loss
that occurs more often after intestinal bypass procedures.

A RATIONAL APPROACH TO DIABETES MANAGEMENT
AFTER BARIATRIC SURGERY
Diabetes Management in the Immediate Postoperative
Period

Caloric intake is minimal after any bariatric procedure,
and patients are at high risk for hypoglycemia if their pre-
operative regimens are not appropriately adjusted. Treat-
ment with oral antidiabetic medications is typically
stopped immediately before surgery. Insulin requirements
often dramatically and rapidly decrease after surgery (85),
and patients may require only long-acting basal insulin in
the immediate postoperative period, with rapid-acting in-
sulin for correction of hyperglycemia as necessary. Once
patients resume eating, rapid-acting insulin is preferable to
regular insulin for prandial coverage because it can be ad-
ministered immediately after meals and its short action
reduces the risk for dose-stacking and subsequent hypogly-
cemia (85). Sulfonylureas and meglitinides should be
avoided until patients begin eating regularly (85). After
surgery, patients often cannot tolerate medications that
cause gastrointestinal side effects; such agents include met-
formin, a-glucosidase inhibitors, or GLP-1 analogues or
DPP-1V inhibitors. Thiazolidinediones are safe in the ab-

sence of any contraindications.

Emerging Concerns With GLP-1 Analogues and
DPP-1V Inhibitors

Gastric bypass nearly normalizes incretin levels. Pa-
tients who take drugs that augment GLP-1 and GIP levels,
whether by inhibiting their degradation by DPP-IV
(DPP-1V inhibitors) or stimulating B-cell GLP receprors
(GLP-1 agonists), may experience hypoglycemia from en-
dogenous hyperinsulinemia. Hyperinsulinemic hypoglyce-
mia mediated by GLP-1 has occurred after gastric bypass
(86, 87), and the safety of GLP-1 analogues or DPP-IV
inhibitors in patients who have gastric bypass needs careful
study.

CONCLUSION

Short-term improvements in glycemic control in dia-
betic patients undergoing bariatric surgery are probably
mediated by several mechanisms, including caloric restric-
tion and changes in the secretion of the gut hormones that
constitute the enteroinsular axis. Restrictive procedures
and intestinal bypass procedures improve glycemia by dif-
ferent mechanisms. Caloric restriction and increased satiety
account for the antidiabetic effects of restrictive proce-
dures, whereas intestinal bypass offers additional mecha-
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nisms: Bypass of the upper gut excludes the duodenum and
proximal jejunum, which reduces the secretion of ghrelin
and GIP, and bypass of the distal small intestine expedites
delivery of nutrients to the distal ileum, which enhances
secretion of GLP-1 and PYY.

Collectively, caloric restriction and alterations in the
enteroinsular axis probably affect both insulin secretion
and sensitivity. Physicians must anticipate the rapid im-
provements in insulin action after bariatric surgery and
adjust diabetic regimens accordingly to avoid hypoglyce-
mia. In addition to identifying the antidiabetic mecha-
nisms of bariatric surgery, future research should focus on
making postoperative medical management safer, particu-
larly if the patient takes GLP-1 analogues or DPP-IV in-
hibitors.
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