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Abstract

Background Although medium- to long-term improvement
in insulin resistance and T2DM after Roux-en-Y gastric
bypass (RYGB) is well documented, few studies have ana-
lyzed the acute effects after surgery. Understanding these
effects might help explain the physiologic adjustments after
surgery and help in managing insulin resistance and con-
trolling the hypoglycemic treatment for bariatric patients.
Methods We recruited a prospective cohort of 55 consecu-
tive female patients that underwent primary laparoscopic
RYGB between January and June/2011. Blood samples
were collected preoperatively and at the first, third, and fifth
post-operative days after an overnight fast.

Results There was a significant increase in homeostasis
model assessment for insulin resistance (HOMA-IR) on
day 1 (2.36 vs 3.12; p=0.032), followed by a rapid decrease
from day 3 onward (3.12 vs 1.70; <0.001). We found a
statistically significant difference (p<0.05) at all time points
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compared with baseline. HOMA-IR levels at POD5 were
47 % lower than baseline values and were not significantly
different from values at 6 months (1.24 vs 0.93; p=0.09).
The blood levels of glucose and insulin closely matched
those of HOMA-IR.

Conclusions RYGB results in a rapid improvement in insulin
resistance and a clinically significant decrease in fasting glu-
cose and insulin levels. This improvement is significant at the
3rd post-operative day, and by the 5th day, patients express
insulin resistance levels that are similar to those expressed at
6 months after surgery. This work highlights the acute meta-
bolic impact of surgery. Understanding the behavior of insulin
and glucose after surgery might improve our knowledge of the
pathophysiology of diabetes and lead to novel therapies and
tailored surgical approaches.
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Introduction

Insulin resistance is thought to be a fundamental step in the
genesis and development of type 2 diabetes mellitus
(T2DM) [1]. Obesity has long been thought to produce
insulin resistance; however, some authors suggest that it
might just be another manifestation of insulin resistance
[2]. For overt T2DM to establish, both insulin resistance
and 3 cell dysfunction are required [3].

Bariatric surgery is the only effective and durable treat-
ment for obesity and might result in improvement or reso-
lution of diabetes in up to 80 % of patients [4—6].
Therapeutic interventions on T2DM aim to reduce insulin
resistance, increase insulin levels, or a combination of both
[7].

After Roux-en-Y gastric bypass (RYGB) surgery,
patients have been reported to experience a rapid improve-
ment in insulin resistance and T2DM remission as early as
6 days after surgery [2, 7]. A recent meta-analysis reported
that insulin resistance was significantly improved at 2 weeks
after RYGB and bilio-pancreatic diversion, but not after
sleeve gastrectomy or gastric banding [8].

Although medium- to long-term improvement in insulin
resistance and T2DM after RYGB is well documented [9,
10], few studies have analyzed the acute effects after this
surgery. Understanding these effects might help to explain
some of the physiologic adjustments after surgery and help
in managing insulin resistance states and controlling the
hypoglycemic treatment for bariatric patients.

Previous studies [7] measuring homeostasis model as-
sessment for insulin resistance (HOMA-IR) in RYGB
patients before surgery (after a very-low-calorie diet) and
after surgery have reported that, after gastric bypass, the
improvement in insulin resistance is greater than that seen
after very-low-calorie diets at as early as 6 days after sur-
gery. However, the results are not completely clear on
whether RYGB is superior to calorie restriction in terms of
improvement in insulin resistance [8].

We proposed to study the changes in the glycemic profile
of patients in the days that follow RYGB (up to 5 days) and
compare them with the medium-term results at 6 months.
Our main objective is not to determine the underlying
causes of these changes or compare it with other types of
surgery but rather to report and describe its evolution in the
first few post-operative days

Patients and Methods

We recruited a prospective cohort of 55 consecutive female
patients that underwent primary laparoscopic RYGB be-
tween January and June 2011. Blood samples were collected
preoperatively and at the first, third, and fifth post-operative
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days after an overnight fast. According to our protocol,
patients started clear fluids on the third post-operative day,
and by day 5 they were on full liquid diet. Measures of
insulin resistance were calculated with the HOMA2 calcu-
lator [11].

All analytical parameters were measured at the Sdo Jodo
Hospital Clinical Pathology Department. Serum C-reactive
protein (CRP) was assayed using an immuno-turbidimetric
assay on an Olympus AU5400" automated clinical chemis-
try analyzer (Beckman-Coulter&), Izasa, Porto, Portugal).
Insulin was measured by way of an electrochemilumines-
cent immunoassay using a Cobas” e411 automated analyzer
(Roche”, Lisbon, Portugal). Blood glucose, total cholester-
ol, high-density lipoprotein cholesterol (HDL-cholesterol),
and triglycerides were measured using conventional meth-
ods with an Olympus AU5400" automated clinical chemis-
try analyzer (Beckman—Coulter@), Izasa, Porto, Portugal).
Low-density lipoprotein cholesterol (LDL-cholesterol) was
calculated according to Friedewald's equation [12]: [LDL-
cholesterol=total cholesterol—HDL-cholesterol—(triglycer-
ides/5)]. Glycated hemoglobin (HbAlc) was determined
by an ion-exchange HPLC system with a D-10"" Bio-Rad”
analyzer (Bio-Rad”, Porto, Portugal).

Statistical analysis was performed with SPSS statistical
package version 18.0. Longitudinal analysis was done with
a two-way mixed-model analysis of variance (ANOVA),
and pairwise comparisons were followed with Bonferroni
correction. Statistical significance was set at p<0.05.

Results

As for study design, all patients were female. Their mean
age was 39 years and the mean body mass index (BMI) was
46.1 (Table 1) with an evolution of obesity of 20 years. The
mean fasting glucose level was 93 mg/dL and, overall,
patients were hyperinsulinemic (mean 16.7 pUI/L) and in-
sulin resistant (HOMA2-IR=2.36).

C-reactive protein levels were elevated (mean 13.8 mg/L),
and there were no (on average) major abnormalities of
lipid profile.

Approximately one in five patients was diabetic and one
in four had impairment of glucose metabolism. Slightly
more than half of the patients had metabolic syndrome
(according to the International Diabetes Federation criteria
[13, 14]) at baseline.

At 6 months post-operatively, patients had lost, on aver-
age, 31 kg (and 12.2 BMI points), and this weight loss was
accompanied by a relevant metabolic improvement. There
was a significant decrease on glucose, insulin, HbAlc, CRP,
and HOMA-IR levels (Table 2).

The mean scores for HOMA-IR at different time points
were significantly different (»p<0.001; Table 3) according to
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Table 1 Patient demographics and metabolic profile (n=>55)

Mean SD
Age 39 9.68
BMI (kg/m?) 46.1 4.99
Weight (kg) 116.8 15.52
Obesity evolution (years) 20.0 9.07
Glucose (mg/dL) 93 22
Insulin (LUI/L) 16.7 9.44
HbAlc (%) 5.73 0.77
HOMA-IR 2.36 1.13
CRP (mg/L) 13.8 9.92
Total cholesterol (mg/dL) 195 30
HDL-cholesterol (mg/dL) 50 12
LDL-cholesterol (mg/dL) 123 26
Triglycerides (mg/dL) 116 46
Diabetes (%) 21.8 (n=12)
Glucose metabolism impairment (%) 27.3 (n=15)
Metabolic syndrome (%) 52.7 (n=29)

repeated-measures ANOVA with Greenhouse—Geisser
correction.

Post hoc tests using Bonferroni correction revealed that,
after gastric bypass, there was a significant increase in
HOMA-IR on post-operative day (POD) 1 (2.36 vs 3.12;
p=0.032), followed by a rapid decrease from POD 3 onward
(3.12 vs 1.70; p<0.001). There was a statistically significant
difference (p<0.05) at all time points compared with base-
line. HOMA-IR levels at POD 5 were not significantly
different from values at 6 months (1.24 vs 0.93; p=0.09).
By POD 5, HOMA-IR had a drop of 47 % compared to its
baseline value (Figs. 1 and 2).

The HOMA?2 index 3 cell function (Table 4; Fig. 3)
suffered a non-significant increase in the first post-
operative day, followed by a significant drop in POD 3.
On POD 5, there was a trend towards a slight increase,
although not statistically significant, followed by a signifi-
cant drop by 6 months after RYGB.

Table 2 Comparison of baseline values and results after 6 months
(n=55)

Pre-operative 6 m post-operative  p

BMI (kg/m?) 46.1 33.9 <0.001
Weight (kg) 116.8 86 <0.001
Glucose (mg/dL) 93 83 <0.001
Insulin (LUI/L) 16.7 7.46 <0.001
HbAlc (%) 5.73 5.36 <0.001
HOMA-IR 236 0.93 <0.001
CRP (mg/L) 13.8 45 0.001

The blood levels of glucose and insulin (Table 4; Fig. 3)
closely matched those of HOMA-IR. We could observe an
increase at POD 1 followed by a decrease until POD 5. The
values of blood glucose and insulin at 6 months post-
operatively were not different from the values at POD 5.

HOMA-IR at baseline was lower in patients with normal
glucose metabolism (HOMA-IR=2.0) than for patients with
impairment of the metabolism of glucose (HOMA-IR=2.9)
or overt T2DM (HOMA-IR=2.2). When stratified by the
presence of T2DM or impairment in the metabolism of
glucose, the post-operative changes were not different be-
tween groups (p=0.92), and in each group we could observe
the same improvement. The HOMA-IR at 5 days was not
different between groups (p=0.81).

Discussion

Our results agree with previous reports [15] that there is a
hyperinsulinemic state associated with obesity. This hyper-
insulinism is thought to arise from increased insulin produc-
tion to compensate for insulin resistance. According to some
authors [16], besides its effects on glucose and lipid metab-
olism, this hyperinsulinemic state is also related to intracel-
lular mechanisms that lead to cancer development, hence the
need to reverse this pathological condition known as insulin
resistance.

The remission rate of T2DM after bariatric surgery is
variable [7] and the underlying mechanisms of this improve-
ment are not yet known. Some studies point out that this
improvement occurs early on after surgery [2, 9], much
before any significant weight loss has occurred.

Some authors have described a rapid improvement in
insulin resistance [2, 7, 8, 17, 18] after RYGB or, even
without surgery, after prolonged caloric restriction [19].
Several authors have questioned this early improvement in
insulin resistance, reporting that there is no significant
change in the first days after surgery [20, 21] and that such
a change would only occur after a substantial weight loss.
As such, the precise behavior of insulin and glucose metab-
olism after RYGB is not yet known.

Lima et al [22] reported improved insulin resistance at
1 month after RYGB, and according to Rubino et al [23],
at 3 weeks after gastric bypass there was a significant
decrease in glucose and insulin levels. A recent meta-
analysis concluded that HOMA-IR improved by 33 % at
1-2 weeks after gastric bypass and that by 6 months
HOMA-IR had improved by 59 % [8]. As early as at 6 days
after surgery [2], a decrease in insulin levels and insulin
resistance, both in patients with clinical insulin resistance
and in patients with normal glucose tolerance tests, has been
documented. Furthermore, these improvements were un-
changed up to 12 months after surgery despite a continuing
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Table 3 Longitudinal repeated-

measures ANOVA for Within subjects, p<0.001 ~ HOMA-IR 95 % CI % change® p° A-HOMA®  pP
HOMA-IR

Pre-op 2.36 2.05-2.68 —

POD 1 3.12 2.65-3.60  +32 0.032  +0.76 0.032

POD 3 1.70 1.38-2.01 28 0.003  —1.42 <0.001
+Compared to baseline POD 5 1.24 0.98-1.50  —47 <0.001  —0.46 0.07

6 months 0.93 0.81-1.06  —60 <0.001  —0.31 0.09

®Compared to previous

weight loss [2]. This early improvement in insulin resistance
is clinically significant as up to 30 % of diabetic patients
who undergo RYGB surgery might be discharged with no
anti-diabetic medication [24].

Our results confirm and extend these findings. We could
observe that at post-operative day 3, there is already a
significant decrease of glucose and insulin levels and a
significant improvement in the insulin resistance index as
measured by HOMA-IR. Furthermore, the levels achieved
at post-operative day 5 are not statistically different from the
levels obtained at 6 months after surgery. Overall, our
results at comparable time points seem to be in line with
the most recent meta-analysis [8]. In spite of a significant
decrease in weight at 6 months after surgery, the results of
insulin resistance, fasting glucose, and insulin are not dif-
ferent from those at 5 days when no significant change in
weight had occurred.

Prolonged starvation and caloric restriction have been
proposed as a tentative hypothesis for the early improve-
ment in insulin resistance [7]. However, the differential
results of RYGB and other types of bariatric surgery seem
to point that RYGB has (at least) an additive effect to
starvation and calorie restriction [7, 24, 25]. In a long-term
follow-up study, Pournaras [26] has concluded that in spite
of similar weight loss at 2 years, patients with gastric bypass
were more likely to be in remission of diabetes than patients
with gastric band, which suggests a direct metabolic role of
surgery, not related to calorie restriction and weight loss.
Similarly, Woelnerhanssen et al. reported that the improve-
ment in insulin resistance after gastric bypass “did not
parallel” the weight loss [15], and when compared with a
very-low-calorie diet, RYGB has been shown to lead to

32%

% change (compared to baseline)

D1 D3 D5 6 months

-28%

-47%
-60%

Fig. 1 Percentual change in HOMA-IR at each time point when
compared to baseline levels
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greater improvement in insulin resistance, especially in dia-
betic patients [27].

However, other studies [28-31] concluded that the im-
provement in insulin resistance was directly related to post-
operative weight loss and caloric restriction. The report [2]
that in the sub-acute setting (3 months) there was a slight
increase in insulin resistance supports that calorie restriction
might play a role in the early improvements widely reported.

In spite of being difficult to understand this conundrum
without a sham-surgery control group, our results point
against that because: (1) there is an improvement in glucose,
insulin, and insulin resistance between POD 3 and 5, when
patients who were starving (up to day 3) started on full
liquid diet, and (2) the results at POD 5 are not different
from the measurements at 6 months, when the patients have
long been on a regular diet.

Despite previous reports that insulin resistance increases
acutely after abdominal surgery [32], such findings have
never been reported after bariatric surgery [8]. The post-
operative increase in insulin resistance after major abdomi-
nal surgery has been related to surgical stress [32] and is
thought to be more important in extra-hepatic tissues. This
finding suggests that calorie restriction per se (which “usu-
ally” happens after a major abdominal surgery) should not
be, by itself, a driving mechanism of the improvement seen
in insulin resistance after RYGB. Our results confirm the

Longitudinal Analysis - HOMA-IR

HOMA-IR (mean)

T
Pre-op D1 D3 D5 &m
Time

Fig. 2 Time trend in insulin resistance, measured by HOMA-IR
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Table 4 Longitudinal analysis

(% B cell function, glucose, Within subjects, % P cell ~ Glucose, Insulin, 95 % CI P A-HOMA®  p
insulin) »<0.001 function  mg/dL nUI/L
Pre-op 154.3 134.0-174.5
POD 1 163.5 143.3-183.8  1.00 +9.25 1.00
POD 3 125.5 109.4-141.6  0.016 —38.0 0.002
POD 5 149.8 127.2-172.3  1.00 +24.3 0.056
6 months 110.4 97.75-123.1  <0.001  —39.2 0.006
Pre-op 93 88-98
POD 1 107 95-118 0.067 +14 0.067
POD 3 94 85-103 1.00 -13 0.070
POD 5 79 71-86 <0.001  —15 <0.001
6 months 81 79-83 <0.001  +02 1.00
Pre-op 16.7 14.1-19.2
POD 1 23.7 19.3-28.0 0.053 +6.99 0.053
POD3 12.4 9.4-15.5 0.106 -11.2 0.001
POD 5 9.38 7.2-11.5 <0.001  —3.06 0.448
“Compared to baseline 6 months 7.23 6.0-8-4 <0.001  -2.15 0.446

®Compared to previous

original findings by Thorell [32] which indicate that, start-
ing in the post-operative day 1, there is in fact an increase in
insulin resistance. However, the post-operative insulin resis-
tance should persist for at least 5 days. According to our
results, the physiologic effects of RYGB rapidly reverse the
putative post-operative insulin resistance, which might ex-
plain why it has never been reported before.

During RYGB, a small gastric pouch (~30 mL) is con-
structed in the proximal stomach and the remaining stomach
and duodenum are excluded from the alimentary tract. Di-
gestive transit is then re-routed to a jejunal loop at approx-
imately 70 cm of the angle of Treitz. This “alimentary” limb
is then connected with the proximal jejunum (biliary limb)
at a distance of approximately 150 cm. Several studies have
proposed that the anatomical changes after RYGB might
account for the improvement in glucose metabolism.

Two major theories have arisen: according to the “foregut
theory” [33], it is the exclusion of the duodenum that is

Longitudinal Analysis - % B Il Function
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responsible for this improvement, while according to the
“hindgut” theory [34], it is the rapid arrival of undigested
food to the ileum that drives the metabolic improvement.
The results in human subjects have been conflicting [4], but
whatever the prevailing theory proves to be, it appears that
gastric bypass surgery “fundamentally alters the physiology
of the foregut” [2].

Several studies concluded that RYGB leads to an increase
in GLP-1 expression and that this will regulate and improve
{3 cell function [15, 18, 26, 35-39] and {3 cell proliferation
[24, 40]. Interestingly, GLP-1 levels were not correlated
with calorie restriction or weight loss.

An animal study with a hyperinsulinemic euglycemic
clamp was used to compare tissue-specific changes in
insulin sensitivity, and it was concluded that after
RYGB, there is an improvement in the hepatic insulin
sensitivity that is not related to weight loss [41]. This
improvement in hepatic insulin sensitivity has also been

Longitudinal Analysis = Insulin
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Fig. 3 Time variations in % f3 cell function, insulin, and glucose levels
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reported in humans shortly (1 month) after surgery [2, 18],
and Bikman et al [42] concluded that insulin sensitivity was
greater in patients at 1 year after RYGB than in weight-
matched controls and that glucose transport in muscle was
also improved.

It has been reported [2, 22, 43] that the improvement in
insulin resistance after gastric bypass is not related to a
modification of the production of insulin in response to a
glucose challenge but rather due to a decrease in the fasting
production of insulin. Indeed Reed et al [17] concluded that
RYGB corrected the fasting hyperinsulinemia associated
with obesity, without significant changes in glucose toler-
ance. Even more, weight-stable patients after RYGB had
lower fasting insulin levels than weight-matched controls
[17].

Our results rely on the HOMA?2 calculation for insulin
resistance and f3 cell function [11]. This model is intended to
be applied in steady-state parameters and not to evaluate
changes after stimulation. As such, we can conclude that our
results represent the homeostatic period achieved by over-
night fasting. We could indeed observe a significant de-
crease in fasting insulin production from post-operative
day 3 onward. Both the decrease in fasting insulin levels
and the improvement in insulin sensitivity might “unstress”
the pancreatic 3 cell and allow the pancreas to produce
appropriate amounts of insulin in response to physiological
stimulation [17]. Our short-term fluctuations in (3 cell func-
tion suggest that the pancreas does indeed respond to the
needs elicited by sensitivity to insulin in order to maintain
adequate glucose levels. If in the first post-operative day
there is a physiologic need to “boost” insulin production due
to post-operative insulin resistance, after day 3, with in-
creasing sensitivity to insulin, {3 cell function decreases with
decreasing needs for insulin production.

In apparent contrast with these findings, some studies
have reported that metabolic improvement after RYGB
occurs through an increase in the production of GLP-1 and
insulin, which might explain why some patients come to
develop nesidioblastosis [24, 44]. To this, some authors
reply that hyperinsulinism is a consequence of persistent
hyperfunctioning 3 cells from the pre-operative insulin re-
sistance state. Our results do not support this increased
production theory as we consistently found lower levels of
insulin after surgery and an increase in sensitivity to insulin,
but only a dynamic study of insulin response after a test
meal can further explore this theory. A controlled animal
study with obese Zucker rats [45] concluded that both the
insulin peripheral sensitivity and post-prandial production
were improved after gastric bypass.

Both of these results can be combined in a “unified
theory”: RYGB improves and corrects insulin resistance
and the fasting hyperinsulinemic state, and the unstressed
pancreatic 3 cells can now produce increased amounts of
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insulin in response to an oral challenge. As such, the phys-
iological changes after RY GB might control glucose metab-
olism in both fronts: it corrects insulin resistance and it
allows the pancreas to increase insulin production on
demand.

Improvement in hepatic insulin sensitivity has been
reported to be more pronounced in patients with diabetes
[2, 46], and the early improvement in insulin resistance
might be due to an increase in 3 cell function, especially
in previously hyperglycemic [47] and diabetic patients [48].
Interestingly, patients with diabetes did not suffer the slight
increase in insulin resistance at 3 months that was observed
for patients with a normal glucose tolerance test [2].

In our results, we could not detect any difference in the
metabolic behavior between patients with and without dia-
betes. Although patients with impairment of glucose metab-
olism had higher pre-operative levels of insulin resistance
and the measurements at 5 days and 6 months are not
different, improvement in insulin resistance and 3 cell func-
tion was not significantly different. Once again, only dy-
namic studies with evaluation of the response profile to oral
feeding might untangle these results.

Conclusion

RYGB results in a rapid improvement in insulin resistance
and a clinically significant decrease in the fasting glucose
and insulin levels. This improvement is significant at POD
3, and by POD 5 patients express insulin resistance levels
that are similar to those expressed at 6 months after surgery.
The insulin resistance state associated with major abdominal
surgery seems to occur on the first post-operative day, but it
is rapidly reversed by the physiologic effects of gastric
bypass or calorie restriction. Whether surgery itself or an
improved lifestyle (dietary patterns) is responsible for this
change, patients in hypoglycemic therapy should be closely
monitored and their medications may be discontinued early
after surgery.

There is still much to understand on the physiologic
adaptations after gastric bypass and further studies are re-
quired. Several mechanisms still require explanation, and
further studies, measuring GLP-1, glucagon, GIP, ghrelin,
and other enteric peptides, might render novel insights in
this area. Furthermore, this study only addressed changes in
fasting states, and the study of changes after meals might
also help explain the physiologic effects of gastric bypass.

Understanding the behavior of insulin and glucose after
surgery might improve our understanding of the pathophys-
iology of diabetes and lead to novel therapies and tailored
surgical approaches. Our findings altogether reinforce the
theory of “metabolic surgery” and can be useful in predict-
ing early glycemic control.
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