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OBJECTIVE

To evaluate changes in insulin sensitivity, hormone secretion, and hepatic steato-
sis immediately after caloric restriction, vertical sleeve gastrectomy (VSG), and
Roux-en-Y gastric bypass (RYGB).

RESEARCH DESIGN AND METHODS

Obese subjects were assessed for 1) insulin sensitivity with hyperinsulinemic-eugly-
cemic clamp with glucose tracer infusion, 2) adipokine concentrations with serum
and subcutaneous adipose interstitial fluid sampling, and 3) hepatic fat content with
MRI before and 7–10 days after VSG, RYGB, or supervised caloric restriction.

RESULTS

Each group exhibited an ����5% total body weight loss, accompanied by similar im-
provements in hepatic glucose production and hepatic, skeletal muscle, and adipose
tissue insulin sensitivity. Leptin concentrations in plasma and adipose interstitial fluid
were equally decreased, and reductions in hepatic fat were similar.

CONCLUSIONS

The improvements in insulin sensitivity and adipokine secretion observed early after
bariatric surgery are replicated by equivalent caloric restriction and weight loss.

Bariatric surgeries including Roux-en-Y gastric bypass (RYGB) and vertical sleeve
gastrectomy (VSG) cause substantial and sustained weight loss in obese patients
and are superior in the reversal of type 2 diabetes (T2D) compared with medical
treatment (1). Improvements in T2D and insulin sensitivity are observed in the ini-
tial days and weeks after bariatric surgery (2,3) while weight loss is minimal (4), giv-
ing rise to the hypothesis that weight loss–independent mechanisms contribute to
the metabolic improvements after bariatric surgery. A recent study contrasting out-
comes from RYGB after 16 weeks and from caloric restriction at 23 weeks showed
that after an equivalent 18% body weight reduction the rates of glucose disposal
and metabolic variables were similarly improved (5). We tested the hypothesis that
improvements in insulin resistance observed early after bariatric surgery are due to
caloric restriction–dependent weight loss.

RESEARCH DESIGN AND METHODS

Participants in the RYGB and VSG groups were recruited from the Vanderbilt Center
for Surgical Weight Loss and studied after informed, written consent was obtained.
Participants in the diet group were recruited from the local community. Exclusion cri-
teria included age <18 years or >65 years; smoking; pregnancy or breastfeeding;
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significant renal, hepatic, or cardiovas-
cular disease; recent history of cancer;
and previous malabsorptive or restric-
tive gastrointestinal surgery. This study
was approved by the Vanderbilt Institu-
tional Review Board and registered with
ClinicalTrials.gov (NCT01474785).
Bariatric surgery participants completed

study visits 2–3 before and �1–2 weeks
after surgery. Participants in the diet
group completed study visits before and
7–9 days after a post–bariatric surgery
diet without bariatric surgery. Each study
visit consisted of a hyperinsulinemic-eugly-
cemic clamp, adipose tissue microdialysis,
and a body composition measurement.
Details of the study methods can be
found in Supplementary Material. A sub-
set of subjects underwent hepatic MRI
(6). T2D was identified according to prior
medical diagnosis or fasting plasma glu-
cose $126 mg/dL during the baseline
study. Subjects on oral antidiabetes med-
ications discontinued usage 5 days prior
to study.

RESULTS

Weight loss occurred in all three groups,
with a significant difference among the
groups. Mean ± SD weight loss for each
group was 4.7 ± 1.4 kg for diet, 7.0 ±
3 kg for RYGB, and 7.2 ± 2.4 kg for VSG
(P = 0.013). Subjects in the diet group
lost significantly less weight compared
with the surgery groups (P # 0.049). Per-
cent total body weight loss was 5.2 ± 1.5
for RYGB, 5.6 ± 1.7 for VSG, and 3.9 ±
0.9 for diet (P = 0.007) and only signifi-
cantly different between the VSG and
diet groups (P = 0.006). The postinterven-
tion study was 8 ± 1 days after diet, 10 ±
3 days after RYGB, and 11 ± 2 days after

VSG (P $ 0.161); differences were re-
lated to scheduling.

Fasting plasma glucose, insulin, free
fatty acid concentrations, and basal endog-
enous glucose production (EGP) were re-
duced significantly by equivalent amounts
among the groups (Supplementary Table
1). Hepatic insulin sensitivity also improved
after RYGB, VSG, and diet (P < 0.0001)
with no differences among groups (P =
0.730) (Fig. 1A). EGP was on average sup-
pressed by �80% during insulin infusion
and improved slightly in all groups. Insu-
lin-stimulated glucose disposal (M) did not
significantly change over time or among
groups. During the clamp procedure,
mean ± SD plasma insulin concentrations
were 193 ± 39 mU/mL at the baseline visit
and significantly decreased to 170 ± 30
mU/mL at the postintervention study visit
with no differences among the groups,
corresponding with an increased clearance
rate of insulin (MCR-I) (Supplementary
Table 1). When M values were normalized
to steady-state plasma insulin concentra-
tions (M/I), values were significantly in-
creased over time but not different among
groups. Insulin-stimulated glucose uptake
over basal was significantly increased over
time without a group-by-time interaction
(Fig. 1B). Adipose tissue insulin sensitivity
also equally improved after each interven-
tion (Fig. 1C).

In all three groups, plasma leptin
levels significantly decreased and were
associated with significant increases in
IL-8 and TNFa over time (Supplementary
Table 2). There were no significant
changes after RYGB, VSG, or diet inter-
vention in plasma concentrations of adi-
ponectin, resistin, MCP-1, PAI-1, IL-6, or
IL-1b over time. Plasma concentrations
of acyl ghrelin decreased after RYGB
and VSG but were not significantly

different after 1 week of diet. Desacyl
ghrelin concentrations only decreased
after VSG. The acyl–to–desacyl ghrelin
ratio decreased over time, with no
differences among groups. The changes
in adipose tissue interstitial fluid levels
were more apparent, with demonstrated
significant decreases over time in leptin,
adiponectin, and PAI-1 that were not
detected in the plasma (Supplementary
Table 3).

A subset of subjects underwent ab-
dominal MRI/MRS for quantification of
hepatic fat (Supplementary Fig. 1A). In a
combined analysis, mean ± SD hepatic
fat content significantly decreased after
surgical or dietary intervention by 19.0 ±
17.3%, from 12.9 ± 11.4% fat content at
baseline (range 2.7–38.9) to 10.8 ±
10.2% after intervention (2.5–32.5) (P =
0.0071) (Supplementary Fig. 1B). At
baseline, 9 of the 20 subjects had #5%
hepatic fat; the decrease in steatosis re-
mained significant after exclusion of
these subjects (20.4 ± 10.3% vs. 17.19 ±
9.8%, P = 0.022). At baseline, percent
hepatic fat positively correlated with
fasting glucose and insulin, negatively
correlated with hepatic insulin sensitivity
and M, and did not correlate with
weight, BMI, body fat, MCR-I, or EGP.
The change in hepatic fat after interven-
tion did not correlate with changes in
any of these parameters.

CONCLUSIONS

Immediately after bariatric surgery, pa-
tients are instructed to consume a signif-
icantly restricted caloric diet within the
range of 500–800 kcal/day. Numerous
studies have implicated this reduction in
caloric intake in the postoperative im-
provements in overall insulin sensitivity
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Figure 1—Insulin sensitivity before (Pre) and after (Post) RYGB, VSG, or diet. A: Hepatic insulin sensitivity index. B: Skeletal muscle insulin sensitiv-
ity. C: Adipose tissue insulin resistance index. Data are means ± SEM for n = 11 RYGB and n = 15 VSG (A–C), n = 14 diet (A), and n = 13 diet (B and
C). GxT, group-by-time interaction; T, time.
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observed following bariatric procedures,
especially RYGB (2,7–13). Except for one
(8), findings of studies are in agreement
that bariatric surgery is associated with
decreased EGP and increased hepatic in-
sulin sensitivity but variable improve-
ments in peripheral insulin sensitivity
(2,9,11,13). Our data support an im-
provement in insulin-stimulated glucose
disposal at 1 week after RYGB and VSG,
attributed to significant increases in insu-
lin clearance rates. Effects of VSG on glu-
cose disposal were less robust than
those of RYGB and may be due to the
greater preoperative adiposity in the
VSG group or to body water/hydration
status.

Improvements in hepatic insulin sensi-
tivity after bariatric surgery are commonly
reported to be secondary to reductions in
hepatic fat. Previous studies demon-
strated hepatic fat reductions were not
observed at 4 weeks postoperative (14).
Similarly, decrements in hepatic fat con-
tent (�4%) were not observed 2 weeks
after a low-calorie diet (800–1,100 kcal/
day) (15). In this study, improvements in
hepatic insulin sensitivity were similar
among groups, with a 2% average reduc-
tion in hepatic fat. Our data suggest that
early improvements (within 12 days) in
hepatic insulin sensitivity after bariatric
surgery or caloric restriction are due to
factors beyond changes in hepatic fat,
suggesting additional signaling pathways
as drivers of metabolic improvement. We
observed significant increases in plasma
leptin and decreases in IL-8 and TNFa,
while in adipose interstitial fluid levels of
leptin, adiponectin, and PAI-1 were de-
creased. Whether changes in levels of in-
terstitial fluid adipokines reflect altered
function or are secondary to altered adi-
pose tissue blood flow is unclear.

In summary, weight loss and the asso-
ciated improvements in insulin sensitivity
observed early after bariatric surgery can
be replicated by equivalent, short-term

caloric restriction. The observed meta-
bolic improvements are characterized by
overall improved hepatic and peripheral
insulin sensitivities and consistent with a
resolution of adipose tissue inflamma-
tion unique to bariatric procedures.
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