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The Early Effect of the Roux-en-Y Gastric Bypass on
Hormones Involved in Body Weight Regulation and
Glucose Metabolism

Francesco Rubino, MD,* Michel Gagner, MD, FACS, | Paolo Gentileschi, MD,§ Subhash Kini, MD,§
Shoji Fukuyama, MD,§ John Feng, MD,§ and Ed Diamond, MDT

Objective: To evaluate the early effect of Roux-en-Y (RYGB)
gastric bypass on hormones involved in body weight regulation and
glucose metabolism.

Significant Background Data: The RYGB is an effective bariatric
procedure for which the mechanism of action has not been eluci-
dated yet. Reports of hormonal changes after RYGB suggest a
possible endocrine effect of the operation; however, it is unknown
whether these changes are the cause or rather the effect of surgically
induced weight loss. We speculated that if the mechanism of action
of the RYGB involves an endocrine effect, then hormonal changes
should occur early after surgery, prior to substantial body weight
changes.

Methods: Ten patients with a mean preoperative body mass index
(BMI) of 46.2 kg/m> (40-53 kg/m?) underwent laparoscopic
RYGB. Six patients had type 2 diabetes treated by oral hypoglyce-
mic agents. Preoperatively and 3 weeks following surgery, all
patients were tested for fasting glucose, insulin, glucagon, insulin-
like growth factor 1 (IGF-1), leptin, gastric inhibitory polypeptide
(GIP), glucagon-like peptide-1 (GLP-1), cholecystokinin (CCK),
adrenocorticotropic hormone (ACTH), corticosterone, and neu-
ropeptide Y (NPY).

Results: Changes in mean BMI were rather minimal (43.2 kg/m?;
P = not significant), but there was a significant decrease in blood
glucose (P = 0.005), insulin (P = 0.02), IGF-1 (P < 0.05), leptin
(P = 0.001), and an increase in ACTH levels (P = 0.01). The other
hormones were not significantly changed by surgery. All the 6
diabetic patients had normal glucose and insulin levels and did not
require medications after surgery. The RYGB reduced GIP levels in
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diabetic patients (P < 0.01), whereas no changes in GIP levels were
found in nondiabetics.

Conclusions: Roux-en-Y gastric bypass determines considerable
hormonal changes before significant BMI changes take place. These
results support the hypothesis of an endocrine effect as the possible
mechanism of action of RYGB.

(Ann Surg 2004;240: 236-242)

urgery represents the most effective therapeutic modality

for morbid obesity.!* Interestingly, the Roux-en-Y gastric
bypass (RYGB), a procedure that includes the creation of a
small proximal gastric pouch and the bypass of the duodenum
and proximal jejunum from the transit of food, not only
determines permanent reduction of excess body weight, but
also induces resolution of type 2 diabetes mellitus in more
than 80% of morbidly obese patients.’

Body weight is the result of complex physiologic mech-
anisms that control food intake and energy expenditure.
Regulation of body weight involves several systems such as
the adipose tissue,* the hypothalamus,” and the adrenal
glands,® which are linked by neural and hormonal signals.
Recent investigations have identified several key molecules
that regulate food intake, including ghrelin, neuropeptide Y
(NPY),” and melanocortins® and have focused on the rela-
tionship between obesity and leptin levels.”

The effectiveness of gastric bypass in inducing remark-
able weight loss and control of diabetes represents an “ex-
perimental model” for scientific investigations on the effects
and regulation of several gastrointestinal hormones as well as
an opportunity to possibly identify the pathogenetic mecha-
nisms underlying obesity and type 2 diabetes mellitus. Sev-
eral studies have investigated the hormonal changes that
follow morbid obesity surgery. In most studies, however,
tests are performed after significant weight reduction has
occurred, and therefore, it is not possible to establish whether
the observed hormonal effect is the cause or the consequence
of weight loss and diabetes control.

Annals of Surgery ® Volume 240, Number 2, August 2004

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Annals of Surgery ® Volume 240, Number 2, August 2004

Early Effect of Roux-en-Y Gastric Bypass on Hormones

The purpose of this study was to evaluate the early
effect of gastric bypass on hormones involved in body weight
regulation and glucose metabolism, prior to the occurrence of
significant weight loss.

MATERIALS AND METHODS
The study was approved by the Institutional Review
Board of the Mount Sinai Medical Center of New York, NY.
Ten morbidly obese patients gave informed consent and were
included in the study. Table 1 shows the inclusion and
exclusion criteria used for the recruitment of patients.

Patients

There were 9 women and 1 man. The mean age was
36.9 years (range 23-55 years). The mean preoperative body
mass index (BMI) was 46.2 kg/m? (range 40—53 kg/m?). Six
patients had type 2 diabetes mellitus and were on oral
hypoglycemic agents. Other comorbidities are reported in
Table 2.

Hormones Measured

Preoperatively and 3 weeks, postoperatively, the pa-
tients were tested for fasting glucose, insulin, glucagon,
insulin-like growth factor 1 (IGF-1), leptin, gastric inhibitory
polypeptide (GIP), glucagon-like peptide-1 (GLP-1), chole-
cystokinin (CCK), ACTH, corticosterone, and neuropeptide
Y (NPY).

TABLE 1. Inclusion and Exclusion Criteria for Roux-en-Y
Gastric Bypass

Inclusion Criteria
BMI of 40 kg/m? or greater
BMI of 35 kg/m? or greater with comorbidities

No contraindications for surgery as determined by
multidisciplinary bariatric surgery team

Between 18 and 60 yrs of age
Able to provide informed consent
Exclusion Criteria

Patient enrolled in another clinical study involving an
investigational drug or other surgical procedures

Any condition where protocol compliance was unlikely (e.g.,
anxiety disorder, inadequate comprehension)

Pregnancy, immunosuppressive drugs including corticosteroids

Coagulopathy (INR > 1.5 or platelets <50)

Anemia (Hgb < 10)

Any contraindication to RYGB

A significant malabsorptive or gastrointestinal disorder
(pancreatic insufficiency, Celiac Sprue, Crohn disease)

Recent history of cancer (<5 yrs), myocardial infarction in the
previous year, current angina or heart failure

BMI, body mass index; INR, international normalized ratio; Hgb, hemo-
globin; RYGB, Roux-en-Y gastric bypass.

© 2004 Lippincott Williams & Wilkins

TABLE 2. Patient Data

Patient Age Preop Postop

No. Gender (yrs) BMI BMI Comorbidities
1 F 41 44 42 D, hT
2 F 25 46.7 43 JP
3 M 39 50 47 D, jP
4 F 23 53 50 JP
5 F 35 48 45 D, hT
6 F 31 43 39 D, hT
7 F 37 46 43 D, jP
8 F 55 40 38 JP, sA
9 F 33 41 37 JP

10 F 50 51 48 D

D, diabetes (pharmacological therapy); Ht, hypertension; JP, joint pain;
Sa, sleep apnea.

Surgical Procedure

All patients underwent laparoscopic RYGB. The surgi-
cal technique was as follows: a small proximal gastric pouch
of about 20 mL was created with several firings of a linear
stapling device, the jejunum was divided 50 cm distal to the
ligament of Treitz, and an end-to-side gastrojejunostomy was
performed by using a 25-mm circular stapler. A side-to-side
jejunojejunostomy was then created, 100 cm distal to the
gastrojejunostomy.

At the first ambulatory visit, 3 weeks following surgery,
all hormonal tests were repeated under the same fasting
condition, and postoperative BMI was also calculated.

Laboratory Tests

Analytical Methods

Blood for plasma glucose was collected in tubes con-
taining sodium fluoride and was measured colorimetrically
using an automated glucose oxidase procedure (Vitros, 950 AT,
Johnson and Johnson, Rochester, NY). Serum insulin was de-
termined using a validated automated immuno-metric assay
(Immulite, Diagnostic Products Corp, Los Angeles, CA).

Specimens for ACTH were collected in tubes contain-
ing ethylenediaminetetraacetic acid (EDTA) and immediately
put on ice, centrifuged at 4°C, and stored at —20°C until
assayed. Plasma ACTH was measured using a commercially
available immunoradiometric assay (Nichols Institute Diagnos-
tics, San Juan Capistrano, CA). Plasma glucagon, serum
corticosterone, IGF-1, and leptin were assayed by Endocrine
Sciences Inc. (Calabasas, CA), using double antibody radio-
immunoassays for glucagons, IGF-1, and leptin. Ammonium
sulfate separation was used in the corticosterone assay. Samples
were placed on ice after collection and were frozen immediately
after separation and stored at —20°C until assayed.
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FIGURE 1. Preoperative values of GIP in diabetic and nondia-
betic patients.

Cholecystokinin, GLP, GIP, and NPY were assayed by
Inter Science Institute (Inglewood, CA) using double anti-
body radioimmunoassay procedures. Blood for these assays
was collected in tubes containing EDTA and Trasylol, an
inhibitor of proteolysis. Samples were immediately placed on
ice, centrifuged at 4°C, and the plasma stored at —20°C until
assayed.

Statistics

Statistical analysis was performed with Student paired
t test and the Wilcoxon signed ranks test; statistical compar-
ison between the subgroups of diabetic and nondiabetic
patients were performed by using 2-tailed unpaired ¢ test.

RESULTS

All 10 patients underwent successful laparoscopic gas-
tric bypass, with no conversion to open surgery or intraoper-
ative and postoperative complications. They were all dis-
charged on the third postoperative day.

Three weeks after surgery, the mean BMI was not yet
significantly changed (43.2 kg/m? versus 46.2 kg/m;? P = not
significant), whereas blood glucose (P = 0.005), insulin (P =
0.02), IGF-1 (P < 0.05), and leptin levels (P = 0.001) were
significantly reduced compared to their preoperative values.
Mean ACTH increased from 15.38 = 8.3 pg/mL to 20.99 *=
5.0 pg/mL (P = 0.01). There was also an increase in the
levels of enteroglucagon, corticosterone, GLP-1, and CCK
and a decrease of GIP and NPY, although these changes did
not reach statistical significance.

The 6 patients with type 2 diabetes mellitus were
euglycemic without medications within 3 weeks of surgery.
Insulin levels also returned to normal. Diabetic patients had
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preoperative levels of GIP higher than normal range for
humans. The GIP levels in patients with diabetes were also
significantly higher compared with those of the obese nondi-
abetic patients of our study population (Fig. 1). After surgery,
GIP decreased to normal values in diabetic patients (P <
0.01), whereas it increased slightly but not significantly in
obese nondiabetics (Fig. 2).

Results of blood glucose and hormonal levels are re-
ported in detail in Table 3.

DISCUSSION

It is commonly believed that the RYGB induces weight
loss through a combination of mechanisms, including de-
creasing the capacity of the stomach, restricting the rate of
emptying of the pouch, prohibiting the intake of high osmolar
foods, and causing selective malabsorption of fat. Moreover,
by enabling salivary secretions and meals going directly into
the distal jejunum, RYGB might stimulate the release of gut
hormones, which inhibit the brain appetite center or cause the
feeling of nausea.'® The observation that RYGB induces
resolution of type 2 diabetes mellitus prior to the occurrence
of weight loss'' further suggests that the mechanism of action
of this operation might involve some endocrine effects.

We acknowledge several limitations of this study. First,
testing only the basal hormonal levels might have overlooked
other significant effects of gastric bypass on the meal-induced
hormonal secretion. Indeed, many gastrointestinal hormones
are stimulated/inhibited after meals, and alterations of the
dynamic of this response are likely to occur after bypassing
the duodenum and the proximal jejunum. Furthermore, we
must admit that a control group of patients matched for BMI
and undergoing other interventional procedures would have
strengthen the conclusion that the observed hormonal
changes are specific of the RYGB. However, the same find-
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FIGURE 2. Different effect of gastric bypass on GIP in diabetic
and nondiabetic patients.
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TABLE 3. Blood Glucose and Hormone Level Results

Test Mean Preop Value Mean Postop Value P
Glucose 113.7 £ 23.3 mg/dL. 84.8 = 5.5 mg/dL 0.005%*
Insulin 24.6 = 17.3 plU/mL 12.6 = 11.7 uIU/mL 0.01*
Leptin 41.6 £ 19.2 ng/mL 19.6 = 19.7 ng/mL 0.001*
IGF-1 140.6 = 13.0 ng/mL 110.8 = 37.3 ng/mL 0.03*
ACTH 15.38 = 8.3 pg/mL 20.99 = 5.0 pg/mL 0.01*
Glucagon 65.8 = 30.0 pg/mL 70.1 = 30.5 pg/mL 0.7
Corticosterone 296.5 £ 117.8 ng/dL 391.4 £ 170.9 ng/dL 0.09
CCK 15.7 £ 20.1 pg/mL 11.32 = 2.7 pg/mL 0.5
GIP 363.4 = 169.8 pg/mL 260.1 = 172.1 pg/mL 0.1
GLP-1 62 + 23.4 pg/mL 89 + 46.7 pg/mL 0.1
NPY 1.14 = 0.84 ng/mL 0.81 £ 0.11 ng/mL 0.2

*Statistically significant (P < 0.05).

IGF-1, insulin-like growth factor-1; ACTH, adrenocorticotropic hormone; CCK, cholecysto-
kinin; GIP, gastric inhibitory polypeptide; GLP-1, glucagon-like peptide-1; NPY, neuropeptide Y.

ings of our study suggest that the latter limitation might not
have caused significant bias to our results. Indeed, we should
expect surgical stress to cause alterations of glucose metab-
olism that go exactly in the opposite direction of the one that
we have seen in our study. For instance, insulin levels and
plasma glucose should increase under stress conditions,
whereas we found that they significantly fall after RYGB.

In spite of the above-mentioned limitations, our find-
ings have implications for the identification of the mechanism
of action of RYGB. Indeed, unlike our study, previous inves-
tigations on the hormonal effect of RYGB and other bariatric
procedures do not clearly rule out the confounding influence
of weight loss as a source of hormones variability. Com-
monly, these reports are based on hormonal tests performed
months or years after surgery, when many if not most patients
have already experienced substantial weight loss and have
BMI levels that are no longer in the range of morbid obesity.
Stating that any hormonal or metabolic change is involved in
the mechanism of action of a certain bariatric procedure
requires the demonstration that these effects occur before that
significant weight loss and changes in body composition
occur.

We think that our study protocol could represent a
valuable model for researches investigating the mechanism of
action of bariatric procedures. Indeed, we anticipated that the
3 postoperative weeks could be a reasonable period of time
for the patients to recover from the surgical stress, yet not
long enough for substantial weight loss and changes in BMI
to take place. This was confirmed by our findings document-
ing rather minimal and not significant variation of mean BMI,
which remained, by all means, within the range of morbid
obesity during the study’s period.

Data from our study, therefore, support the hypothesis
that RYGB has an endocrine mechanism of action.

© 2004 Lippincott Williams & Wilkins

However, due to the lack of knowledge on the exact
molecular mechanisms causing insulin resistance and related
conditions, whether and which hormonal changes we ob-
served can be responsible for the resolution of obesity and
diabetic abnormalities after RYGB remains unanswered.
Nevertheless, as the substances tested in our study have
important functions in the complex physiologic regulation of
body weight and glucose metabolism and significant alter-
ations of their levels or activity have been consistently re-
ported among patients with obesity or type 2 diabetes melli-
tus, the possibility of their involvement in the mechanism of
action of RYGB is quite suggestive.

The Role of Leptin

Leptin, is an adipocyte-derived hormone. In mice, lep-
tin acts as a hormonal signal in the afferent limb of a negative
feedback loop between the adipose tissue and hypotalamic
centers.” Upon deposition of fat, plasma leptin level rises and
stimulate hypothalamic leptin receptors,'? causing a decrease
of neuropeptide Y levels in the ventromedial nucleus, even-
tually resulting in appetite reduction and simultaneous in-
crease in metabolic rate.'**'* Physiological increase in plasma
leptin has been shown to significantly inhibit glucose-stimu-
lated insulin secretion in vivo and to determine insulin resis-
tance.'’

Plasma leptin concentration usually reflects the total
amount of fat present in the body, and lower plasma leptin
levels have been reported consistently among weight-losing
patients.'®!” The results of our study show that significant
reduction of leptin levels occur early after gastric bypass
when BMI is still in the morbidly obese range. This is
consistent with previous knowledge. Hickey et al, in fact,
documented lower levels of leptin in patients undergoing
gastric bypass despite stable BMI with respect to a control
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group of morbidly obese patients matched for BMI but not
undergoing surgery.'! These data suggest that leptin levels
might be regulated by mechanisms influenced by the gastric
bypass and not solely reflect the body fat content. The
normalization of leptin levels, which may reflect a surgically
induced improvement of leptin sensitivity, may play a role,
directly or indirectly, in the induction of weight loss and
diabetes control after RYGB.

The Role of Adrenocorticotropic Hormone

The novel interesting data of our study are that ACTH
levels are significantly increased after RYGB along with a
concomitant increase of corticosterone levels. The lack of a
control group of surgical patients undergoing other operative
procedures does not allow us to conclude whether the ob-
served increase in ACTH levels simply reflects surgical stress
or is a specific effect of the gastric bypass. However, it is
unlikely that surgical stress alone may induce persistent high
levels of ACTH for more than 2 weeks. Indeed, in rats,
ACTH returns to basal levels 24 hours after laparotomy,'®
and normalization of ACTH and cortisol values has been
shown to occur within 24 hours in a prospective cohort of 78
children undergoing elective or emergency surgery.'’

Changes in ACTH have potential significance for the
mechanism of action of RYBG. Recent studies indeed dem-
onstrated abnormalities of the hypothalamic-pituitary-adrenal
axis (HPA) in central obesity. Obese patients with central
obesity exhibit hyperactivity of the HPA axis as reflected by
an exaggerated ACTH response to corticotropin-releasing
hormone (CRH) stimulation.?® Leptin inhibits stress-respon-
sive secretion of hypothalamic CRH in mice?! and also
regulates adrenal function directly, decreasing steroid hor-
mone release in all 3 zones of the adrenal cortex.?

One possible explanation for the increased ACTH lev-
els after RYGB could be that the decreased leptin levels after
surgery reduce the tonic inhibitory effect of this hormone on
the HPA axis. Alternatively, increased ACTH levels may
reflect the activation of the pro-opiomelanocortin gene. Ad-
renocorticotropic hormone, in fact, derives from the same
precursor as alpha-MSH, named pro-opiomeanocortin
(POMC), which plays an important role in the regulation of
appetite and energy expenditure.’*** Both the NPY and the
POMC systems receive information about the nutritional
status and the level of energy storage through insulin and
leptin signaling mediated by specific receptors located in the
arcuate nucleus.’ It is possible that hormonal or neural signals
originating from the bowel can regulate expression of the
POMC gene either directly or via leptin and insulin signaling.
This would result in increased alpha-MSH levels that might
explain the loss of desire to eat characteristic of patients
undergoing gastric bypass. In this scenario, increased ACTH
levels could just be a secondary effect of the stimulation of
POMC gene, just as in Addison disease, increased production
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of ACTH leads to a secondary increase of MSH, responsible
for the characteristic pigmentation. Researches investigating
the effect of RYGB on alpha-MSH are needed to confirm this
hypothesis.

The Control of Diabetes After Roux-en-Y
Gastric Bypass

Experience with surgery for morbid obesity shows that
both the gastric bypass and the biliopancreatic diversion not
only induce significant and durable weight loss, but also
produce amelioration or resolution of comorbid disease
states, in particular type 2 diabetes mellitus.***> Several
series show that RYGB normalizes hyperglycemia,***?” re-
stores insulin sensitivity,''*® prevents progression from im-
paired glucose tolerance to diabetes,? and possibly reduces
mortality from diabetes mellitus.*® Most series report return
to euglycemia and normal insulin within days after surgery,
long before there is any significant weight loss,**” and this
suggests that the control of diabetes is probably mediated by
changes in hormones secretion from the gastrointestinal tract.

Consistent with what has been reported by others, all
patients with diabetes in our study experienced rapid normal-
ization of blood glucose and insulin levels and did not require
medications within the time frame of our postoperative ob-
servation.

Whereas rapid normalization of insulin levels is an
already known effect of RYGB, a new interesting finding of
our study is the effect on glucose-dependent insulinotropic
polypeptide (GIP) levels in diabetic patients. First, we found
higher than normal GIP levels in diabetic patients before
surgery, whereas in nondiabetic patients, GIP levels were
well within the normal range, the difference between the 2
groups being statistically significant (Fig. 1). Surprisingly,
RYGB decreased GIP levels in diabetic patients but not in
obese nondiabetics (Fig. 2). Admittedly, the relatively small
number of diabetic patients (6) in our study population
recommends caution in extrapolating firm conclusions from
our observation. Nevertheless, the crucial role that GIP plays
in glucose metabolism and type 2 diabetes makes these
findings noteworthy.

GIP is synthesized and released in the duodenum and
proximal jejunum especially in response to glucose and fat
ingestion. It acts as an insulinotropic agent with a stimulatory
effect on insulin release and synthesis.*' Defects in its sig-
naling pathways are considered among the most critical
alterations underlying type 2 diabetes, in which the incretin
effect of GIP is characteristically attenuated,'” secondary to
decreased expression of glucose-dependent insulinotropic
polypeptide receptor (GIPR).>

We speculate that in susceptible individuals, chronic
exaggerated stimulation of the proximal gut with fat and
carbohydrates may induce overproduction of an unknown
factor that cause impairment of GIPR expression or GIP/

© 2004 Lippincott Williams & Wilkins
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GIPR interaction, leading to insufficient or inappropriately
timed insulin secretion so that glucose intolerance develops.
Accordingly, the elevated GIP levels observed preoperatively
in our subgroup of diabetic patients may be the result of an
attempt to overcome this “GIP-resistant state.” It is possible
that the duodenal-jejunal exclusion characteristic of the
RYGB resolves this aberration, re-establishing normal GIP
sensitivity and thus reducing circulating GIP levels.

Some have suggested that greater production of GLP-1,
triggered by the earlier presentation of undigested food in
lower segments of the bowel, might be involved in the
glycemic control consequent to bypass procedures for obesity
surgery. Unlike GIP, GLP-1 is in fact mostly produced by
L-cells in the distal bowel®>® and has been shown to signifi-
cantly improve or even restore normal glucose-induced insu-
lin secretion in diabetic patients.>* Although changes in
GLP-1 levels did not reach statistical significance in our
study, possibly due to the small sample size, we did observe
increased GLP-1 levels after surgery, and this may have
played an additional role in the resolution of type 2 diabetes
after RYGB.

CONCLUSION

Our study shows that RYGB induces significant
changes of the levels of hormones involved in the regulation
of body weight and glucose metabolism in the early postop-
erative period. Our study supports the hypothesis of an
endocrine effect as the mechanism of action of the operation,
as the observed hormonal changes anticipated the occurrence
of significant BMI modifications. The observation that
RYGB decreases GIP levels only in patients with diabetes but
not in nondiabetic obese patients deserves further investiga-
tion, as this may possibly explain how RYGB controls type 2
diabetes, as well as lead to a better understanding of the role
of this hormone in the pathogenesis of the disease.

We consider RYGB not only as an effective therapeutic
modality for the treatment of morbid obesity, but also as an
“experimental model” to improve our knowledge on the
etiology of obesity and type 2 diabetes whose epidemic
proportions represent one of the greatest challenges to health
care systems in the decades to come.
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