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Bariatric surgeries including vertical sleeve gastrectomy (VSG) ameliorate obesity and
diabetes. Weight loss and accompanying increases to insulin sensitivity contribute to
improved glycemia after surgery; however, studies in humans also suggest weight-
independent actions of bariatric procedures to lower blood glucose, possibly by improving
insulin secretion. To evaluate this hypothesis, we compared VSG-operated mice with pair-
fed, sham-surgical controls (PF-Sham) 2 weeks after surgery. This paradigm yielded similar
postoperative body weight and insulin sensitivity between VSG and calorically restricted
PF-Sham animals. However, VSG improved glucose tolerance and markedly enhanced
insulin secretion during oral nutrient and i.p. glucose challenges compared with controls.
Islets from VSG mice displayed a unique transcriptional signature enriched for genes

involved in Ca2* signaling and insulin secretion pathways. This finding suggests that
bariatric surgery leads to intrinsic changes within the islet that alter function. Indeed, islets
isolated from VSG mice had increased glucose-stimulated insulin secretion and a left-
shifted glucose sensitivity curve compared with islets from PF-Sham mice. Isolated islets
from VSG animals showed corresponding increases in the pulse duration of glucose-

stimulated Ca2* oscillations. Together, these findings demonstrate a weight-independent
improvement in glycemic control following VSG, which is, in part, driven by improved insulin
secretion and associated with substantial changes in islet gene expression. These results
support a model in which B cells play a key role in the adaptation [...]
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RESEARCH ARTICLE
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Bariatric surgeries including vertical sleeve gastrectomy (VSG) ameliorate obesity and diabetes.
Weight loss and accompanying increases to insulin sensitivity contribute to improved glycemia
after surgery; however, studies in humans also suggest weight-independent actions of bariatric
procedures to lower blood glucose, possibly by improving insulin secretion. To evaluate this
hypothesis, we compared VSG-operated mice with pair-fed, sham-surgical controls (PF-Sham)

2 weeks after surgery. This paradigm yielded similar postoperative body weight and insulin
sensitivity between VSG and calorically restricted PF-Sham animals. However, VSG improved
glucose tolerance and markedly enhanced insulin secretion during oral nutrient and i.p. glucose
challenges compared with controls. Islets from VSG mice displayed a unique transcriptional
signature enriched for genes involved in Ca* signaling and insulin secretion pathways. This finding
suggests that bariatric surgery leads to intrinsic changes within the islet that alter function.
Indeed, islets isolated from VSG mice had increased glucose-stimulated insulin secretion and a
left-shifted glucose sensitivity curve compared with islets from PF-Sham miice. Isolated islets from
VSG animals showed corresponding increases in the pulse duration of glucose-stimulated Ca*
oscillations. Together, these findings demonstrate a weight-independent improvement in glycemic
control following VSG, which is, in part, driven by improved insulin secretion and associated with
substantial changes in islet gene expression. These results support a model in which f cells play a
key role in the adaptation to bariatric surgery and the improved glucose tolerance that is typical of
these procedures.

Introduction

Bariatric surgery represents an effective treatment for weight loss and also has dramatic effects on diabetes,
causing protracted remission in 40%-50% of affected patients (1, 2). There are a number of common
surgical approaches, each of which makes distinctive modifications to the gastrointestinal anatomy and
may play a role in improving glucose control. Vertical sleeve gastrectomy (VSG), now the most common
bariatric procedure in the US (2), removes a large percentage of the body of the stomach, converting this
distensible muscular organ into a tight sleeve. Roux-en Y gastric bypass (RYGB) reduces the stomach
to a small pouch that empties directly into the upper jejunum and diverts biliopancreatic secretions to
the distal small intestine. Adjustable gastric banding attaches an adjustable band to the proximal end
of the stomach, restricting entry of food to a small pouch. The RYGB and VSG dramatically increase
gastric-emptying rates (3—5), modify nutrient absorption (6-9), alter gastric emptying rates, and enhance
incretin secretion (10). All of these factors may play a role in the contemporaneous reductions in body
weight (BW) and insulin resistance, which contribute to improved glucose control (11-13) — particularly
at later time points following surgery. However, numerous studies show that postsurgical improvements
in glycemia occur prior to significant weight loss (14-16) and are superior to those seen in with weight
loss alone (16). Thus, the full complement of mechanisms responsible for improved glucose regulation
after bariatric surgery remain unknown, despite intensive investigation (17, 18).

https://doi.org/10.1172/jci.insight.126688 1



. RESEARCH ARTICLE

insight.jci.org

In the first weeks to months following surgery, patients with diabetes demonstrate some restoration of the
acute insulin response to intravenous (i.v.) glucose (19-21), the loss of which is a hallmark feature of diabetic
islet dysfunction (22). The early return of the acute insulin response is weight independent and is not directly
dependent on insulinotropic factors from the surgically modified gut since the B cell stimulus is given 1.v. This
observation suggests that bariatric surgery enhances islet function in a manner that does not require acute input
from neuroendocrine sources. The studies described herein test the hypothesis that VSG improves glucose tol-
erance by enhancing insulin secretion. In these studies, we compare mice with VSG to pair-fed, sham-surgical
controls (PF-Sham) to assess insulin secretion in vivo and ex vivo independently of changes in body weight,
insulin demand, or caloric balance.

Results

Preoperative metabolic parameters in high-fat diet—fed mice. Presurgical BW for a representative cohort of mice
on high-fat diet (HFD; Research Diets, catalog D12451, 45% kcal from lipid; n = 15) over 8 weeks did not
differ between animals before either VSG or sham surgery (Supplemental Figure 1A; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.126688DS1). Animals achieved a
preoperative BW of 36.5 + 1.07 g, with ~31% of the weight gain occurring in the last week before surgery.
We speculate that this may be due to the Ensure meal transition 2 days before surgery or to accumulated
metabolic stress during HFD exposure. Neither glucose excursion nor circulating insulin concentrations
differed between groups allocated to VSG or Sham surgery during preoperative i.p. glucose tolerance tests
(IPGTTs) or mixed-meal tolerance tests (MMTTs; Supplemental Figure 1, B-E).

In vivo insulin secretion is enhanced by VSG during enteral nutrient delivery. A schematic of the experimental
paradigm employed is shown in Figure 1A. During the first 2 weeks following surgery, both groups lost
~18% BW (7.46 £ 0.62 g; Figure 1B). BW and blood glucose during insulin tolerance tests (shown as per-
centage of baseline glucose; Figure 1C) did not differ between groups, indicating comparable insulin sensi-
tivity between the 2 groups. However, 6-hour fasting blood glucose was significantly decreased in the VSG
group by ~13% (19 mg/dl; Figure 1D). Blood glucose during the MMTT peaked higher in VSG animals
than controls 10 minutes following Ensure gavage, with a more rapid decline to baseline levels within 30
minutes (Figure 1E). While the glycemic profile differed in the controls, the integrated glucose AUC after
Ensure gavage was similar between groups (Figure 1E). Fasting levels of insulin were similar in VSG and
PF-Sham mice, but the postprandial rise was significantly greater in the VSG group 10 minutes after meal
administration (Figure 1F). Plasma GLP-1 and GIP and were also elevated in the VSG group at 10 min-
utes, while glucagon was increased at 0 and 10 minutes (Figure 1, G-I). Following an overnight fast and
subsequent 30-minute refeeding period, blood glucose was comparable between groups, but insulin levels
were significantly elevated in the mice with VSG (Figure 1, J and K). Plasma insulin, total GLP-1, GIP, and
glucagon levels were also significantly elevated in the VSG group compared with PF-Shams after refeeding
(Figure 1, L-N). Taken together, these findings demonstrate significantly greater meal-stimulated insulin
secretion in animals with VSG. The concurrent increase in incretins in the VSG group supports their role
in at least some of the heightened P cell response to meals, similar to what has been described in humans
with this operation (10, 23).

Glucose stimulated insulin secretion (GSIS) is elevated after VSG. To test B cell function independently of
incretin stimulation, VSG and Sham mice were given IPGTT, in which glucose bypasses the surgically
modified gut. Glycemic excursion was significantly reduced in VSG animals during an IPGTT (integrated
glucose AUC reduced ~33%; Figure 2A). Additionally, plasma insulin 10 minutes after the i.p. glucose
administration, and the insulin/glucose ratio, were both elevated in the VSG group (~47% and ~63%,
respectively; Figure 2, B and C). Insulin secretion (ng/ml) and glucose excursion (AUC,,,.,) were inversely
correlated during the IPGTT in the VSG group (1> = 0.21, P < 0.01; Figure 2D), but not the PF-Shams.
These results suggest 2 important points. First, B cells demonstrate greater sensitivity to glucose that is in
part independent of acute stimulation by gut-derived factors after VSG. Second, enhanced insulin secretion
contributes to the improved glucose tolerance seen with VSG.

VSG significantly modifies the islet transcriptome, including pathways linked to insulin secretion. Because
VSG enhanced both glucose clearance and insulin secretion after an IPGTT, we hypothesized that there
were adaptive changes within the islet in response to surgery, some of which might be transcriptionally
mediated. This hypothesis was supported by RNA sequencing (RNA-seq) analysis of islets obtained
from VSG and control mice. Within 2 weeks of surgery, VSG imparted a distinct transcriptional
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Figure 1. VSG rapidly improved glucose control and in vivo insulin secretion during enteral nutrient delivery independent of body weight. (A) Schematic
of the experimental paradigm employed. (B) Body weight for 2 weeks following surgery (PF-Sham, n =15; VSG, n = 20). (C and D) Blood glucose during
insulin tolerance test (percentage of baseline glucose; PF-Sham, n =15; VSG, n = 20) (C) and following 6-hour fast (PF-Sham, n = 53; VSG, n = 60) (D). (E-I)
Blood glucose and integrated AUC during a mixed meal tolerance test (E), along with circulating insulin (F), total GLP-1(G), GIP (H), and glucagon (I) at 0
minutes and 10 minutes after ensure gavage (PF-Sham, n = 7-16; VSG, n = 19-21). (J-N) Blood glucose (J), and circulating insulin (K) following an overnight
fast/30-minute refeed in PF-Sham (n = 16-22) and VSG mice (n = 18-26), along with corresponding fasted and refed total GLP-1(L), GIP (M), and glucagon
levels (N) (PF-Sham, n = 4-12; VSG, n = 4-11). PF-Sham animals are shown with black solid lines or gray circles; VSG animals are shown in red dashed lines
or red circles. Data represent mean + SEM; *P < 0.05 between PF-Sham and VSG groups; #P < 0.05 between time points within groups.

signature in islets. Volcano plots illustrate 611 significantly differentially expressed genes (DEG) between
VSG and PF-Sham (Figure 3A); 459 between VSG and ad libitum—fed, sham-operated group (AL-Sham;
Figure 3B); and 38 between PF-Sham and AL-Sham (Figure 3C) islets (Bonferroni adjusted P < 0.05; for
DEQG list, see Supplemental Table 1). Hierarchical clustering of the samples based on the expression lev-
els of the 100 most variable genes showed a distinct grouping of the VSG group apart from the AL-Sham
and PF-Sham groups (Figure 3D). Hierarchical clustering also appeared to distinguish the majority of
AL-Sham from PF-Sham mice. Principal component analysis (PCA) of the transcriptional data showed
statistically significant separation of VSG samples away from the AL- and PF-Sham samples along the
axis of the first principal component; these separations accounted for 73% of the variance in islet gene
expression levels (Figure 3E). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
(https://www.genome.jp/kegg/pathway.html) of the genes ranked by PCA loading showed a significant
enrichment of several pathways, including insulin secretion and Ca?* signaling (Table 1). These data
illustrate that VSG rapidly regulates islet gene expression in a manner that is distinct from caloric restric-
tion or sham-surgery. The pathways highlighted by this unbiased analysis suggest that bariatric surgery
may enhance insulin secretion by altering intrinsic islet function, including Ca?* signaling.

VSG enhanced intrinsic islet glucose sensitivity ex vivo. The remarkable differences in the islet transcrip-
tome between VSG and AL- and PF-Sham controls led us to test the hypothesis that surgery induces
intrinsic changes within the islet. To directly assess insulin secretion independently from differences in
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Figure 2. Glucose-stimulated insulin secretion is elevated after VSG. (A-C) Blood glucose and integrated AUC (A),
circulating insulin (B), and insulin/glucose ratio (C) during an i.p. glucose tolerance test (PF-Sham, n =14-29; VSG, n =
16-36). (D) Correlation between insulin secretion (ng/ml) and glucose excursion (AUC,__; PF-Sham, n = 50; VSG, n = 59)

IPCTT’
during an i.p. glucose tolerance test. PF-Sham animals are shown with black solid lines or gray circles; VSG animals are

shown in red dashed lines or red circles. Data represent mean + SEM; *P < 0.05 between PF-Sham and VSG groups; #P
< 0.05 between time points within groups.

the systemic milieu that exist between groups, we isolated islets from PF-Sham and VSG animals and
measured insulin secretion by perifusion. Islets from VSG mice displayed higher insulin secretion than
those isolated from PF-Sham mice when exposed to stepwise elevations in glucose (Figure 4A). The
insulin secretion rate is increased in response to 12 mM glucose (Figure 4B) and shows a reduced EC,;
(~30%, P < 0.001; Figure 4C) for VSG compared with PF-Sham controls and a trend toward increased
peak insulin secretion (Figure 4D). This effect is consistent in larger samples sizes (PF-Sham, 29; VSG,
39), where insulin secretion in response to the change from 2.7-10 mM glucose was elevated in VSG
islets compared with PF-Sham controls (~53% increase by integrated insulin AUC, p = 0.013; Figure
4, E and F). Insulin secretion and insulin AUC in response to depolarization by 30 mM KCl did not
differ between groups, suggesting that insulin secretory capacity did not differ (Figure 4, G and H).
Mechanisms linking glucose sensing to insulin secretion are affected (Figure 4, [-M). Representative
Ca?* traces (Figure 41), plateau fraction (Figure 4J), and period (Figure 4K) demonstrate significant
enhancements in the pulse duration and frequency (24, 25) of glucose-stimulated Ca*" oscillations in
VSG islets in 3 independent experiments, with a trend toward increased Ca’" oscillation amplitude
(Figure 4L). The average plateau fraction and period for each animal were also significantly differ-
ent between groups; the oscillatory amplitude was unchanged (Supplemental Figure 2, A—C). In addi-
tion, the fraction of islets recruited by 7 mM glucose increased by >2-fold in VSG animals relative to
PF-Sham controls (Figure 4M), consistent with the left-shifted insulin secretory response (Figure 4C).
These adaptations in VSG mice were not due to increased insulin content per islet or islet composition
(i.e. percentage of area composed of P cells or o cells) — none of which were different between groups
(Figure 4, N-P).

Islet morphology and energetics were unchanged in the early postoperative period. 3 Cell area and a cell
area were comparable in surgery and control groups (Supplemental Figure 2, E and F). Representative
images of islets from a PF-Sham or VSG mice are shown for reference (Supplemental Figure 2D).
Oxygen consumption rate (OCR), determined in whole islets (Supplemental Figure 2G) and permeabi-
lized islets (Supplemental Figure 2H) was not different between PF-Sham or VSG mice. Similarly, ATP
synthesis and the ATP synthesis/OCR ratio were unchanged between groups in permeabilized islets
(Supplemental Figure 2, I and J).

https://doi.org/10.1172/jci.insight.126688 4
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Figure 3. VSG significantly and uniquely modulates the islet transcriptome. (A-C) Volcano plots, where red points
denoted significantly differentially expressed genes (DEG; Bonferroni-adjusted P < 0.05) comparing islets from VSG (n
=13) and PF-Sham (n = 5) (A), VSG and AL-Sham (n = 7) (B), and PF-Sham and AL-Sham (C) groups. (D) Heatmap of the
log, transformed gene expression values for the top 100 most variant genes between groups and hierarchical clustering
analysis of the most closely related samples. (E) Scatter plot showing a principal components analysis of the transcrip-
tional data for AL-Sham (white circles), PF-Sham (gray circles), and VSG (red circles) islets. *P < 0.05 between AL-Sham
or PF-Sham and VSG groups when compared by 1-way ANOVA.

Discussion
It is well established that bariatric surgeries such as VSG improve glucose control. This is clearly seen
in diabetic patients who experience reductions in both fasting and prandial glucose levels after surgery
(1, 26). Surgical improvements to glucose control are largely attributed to reduced BW and improved
insulin resistance (27, 28). Although the glucose-lowering effects of RYGB have been attributed entirely
to weight-loss in some studies (11-13), it has long been observed that surgery lowers blood glucose in
diabetic patients prior to significant weight loss (15, 16). This suggests that, while weight loss after sur-
gery certainly enhances insulin sensitivity and improves glycemia (29-31), the early postsurgical glucose-
lowering effects of bariatric procedures may not be fully accounted for by caloric restriction in all cases
(32). However, the mechanisms underlying these rapid, weight-independent outcomes of bariatric sur-
gery are not fully understood. To address this question, we used a mouse model of bariatric surgery that
allowed a comparison with a control group that could be matched carefully for caloric intake and BW;
these PF-Sham mice control for the effects of VSG on energy balance that is difficult to achieve in human
studies. Our findings paralleled clinical observations, as VSG mice displayed improved glucose tolerance
and insulin secretion in vivo within 2 weeks of surgery, independent of differences in body weight or
insulin sensitivity between groups. Islets from VSG mice displayed a unique gene expression profile that
was enriched for pathways associated with enhanced insulin secretion, and they displayed ex vivo islet
function that was augmented relative to controls. Collectively, these data indicate that there is a rapid
adaptation of islet function after VSG that promotes glucose clearance independently of energy balance.
The weight-independent effects of bariatric surgery on blood glucose, particularly among diabetic
patients, has been observed by surgeons for decades and are documented in clinical studies (10, 20, 33).
However, there has been some debate as to whether this is just the result of an abrupt reduction in caloric
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Table 1. KEGG pathway enrichment of the genes ranked according to PC 1loading

KEGG ID

mmu04971
mmu04621
mmu04962
mmu04911
mmu04020
mmu00910
mmu04912
mmu04961

mmu05223
mmu04921

insight.jci.org

Name P value Genes
Gastric acid secretion 0.008 Mylk, Adcy9, Camk2a, Car2
NOD-like receptor signaling pathway 0.01 Sharpin, Casp1, Casp4, P2rx7, Stat1, Mefv
Vasopressin-regulated water reabsorption 0.0m Adcy9, Rab11b, Dctn4
Insulin secretion 0.013 Adcy9, Cacnalc, Camk2a, Pclo
Calcium signaling pathway 0.014 Mylk, Adcy9, Cacnalc, Camk2a, Egfr, P2rx7
Nitrogen metabolism 0.014 Car2, Car13
GnRH signaling pathway 0.015 Adcy9, Cacnalc, Camk2a, Egfr
Endocrine and other factor-regulated 0.02 Dnm3, Adcy9, Ap2b1
calcium reabsorption
Non-small cell lung cancer 0.022 Cdke, Egfr, Rassfl
Oxytocin signaling pathway 0.028 Mylk, Adcy9, Cacnalc, Camk2a, Egfr

intake (34-37). To study this effectively, we pair-fed a sham-operated control group to match the caloric
intake of VSG operated mice (Supplemental Figure 4). This resulted in in similar BWs and responses to
i.p. insulin injections (i.e., insulin sensitivity) between the groups. To estimate the time course over which
surgery improves glucose tolerance, we conducted pilot studies comparing the VSG and PF-Sham groups
at different time intervals after surgery and observed that, by 10-14 days, there were reliable improvements
in glycemia, approximating the rapid clinical effects that have been so compelling in surgical patients.
Comparison of the glycemic excursions and AUC between the preoperative studies and the PF-Sham mice
demonstrate a clear effect of weight loss on glucose tolerance. However, the effects of VSG on glycemia
and islet function surpass those of weight loss alone (Supplemental Figure 3) and are present in response to
fixed and ad libitum enteral meals, as well as nonenteral hyperglycemia. Thus, VSG in mice recapitulates
many of the key features of the rapid response to bariatric surgery in a model that can be readily interro-
gated at the tissue level.

The early postoperative effects of bariatric surgery on glucose control are generally associated
with increases in gastric-emptying rate, nutrient absorption, and enteroendocrine cell stimulation (4,
8). Accordingly, VSG-operated mice in our studies exhibited distinct glucose excursions and prandial
glucoregulatory hormone profiles similar to previously reported rodent (15, 38) and human studies
(10, 33). During a MMTT, circulating glucose and insulin rapidly peaked, within 10 minutes, in VSG
animals, followed by a dramatic reduction of blood glucose to baseline levels by 30 minutes. The effect
of surgery to promote insulin secretion was most clear in the fasting-refeeding paradigm, in which the
2 groups had comparable blood glucose concentrations but VSG mice had nearly double the insulin
concentrations. Prandial circulating total GLP-1, GIP, and glucagon concentrations were higher in the
VSG mice during both experimental paradigms, in keeping with previous reports (10, 39). Thus, the
salutary effects of VSG on glucose homeostasis after oral nutrient delivery seem to be due in great part
to enhanced insulin secretion. Some of the heightened insulin output during enteral feeding after VSG
is likely due to increased gastric emptying, which contributes to modified nutrient flux and enhanced
incretin levels. However, the GLP-1 receptor is not necessary for the glucose-lowering effect of surgery
(40-42), and the GIP receptor has not been studied. Furthermore, in most studies with single gene
KO models, the effect of surgery on glucose tolerance is retained (40, 42—46), with several exceptions
(47-49). This suggests the mechanisms involved in enhanced insulin secretion after bariatric surgery are
complex and likely multifaceted.

Because insulin responses to i.v. glucose improve in patients with diabetes after bariatric surgery (19—
21), we hypothesized that there is an intrinsic improvement in  cell function postoperatively. To test this
hypothesis, we measured glucose excursion and insulin responses during IPGTT, both of which do not
engage the surgically modified gastrointestinal tract. By postoperative day 10, VSG mice had improved
i.p. glucose tolerance compared with PF-Sham and AL-Sham (Supplemental Figure 3), with associated
increases in GSIS (Figure 2B) and insulin/glucose ratio (Figure 2C). While glucose control is improved
in both the PF-Sham and VSG group compared with the AL-Sham animals, there is a superior effect of
VSG on glucose clearance, indicating that weight loss is not solely responsible for the improvements in
glycemia. A large fraction of glucose disposal in mice is independent of insulin action, although insulin-

https://doi.org/10.1172/jci.insight.126688 6



A 126 166 B . prsham
Q: VSG *
. 8 — . °
- S ~ °
S @ £ o
ES) G E 08 oo
£ Q5 0 °
c an <=} °
H— 'EE') L]
8 35 ° H
£ 2 2
- o
o
2 8 12 16
Glucose (mM)
E 10G F
) 26 ———=
N — PF-Sham _ _ &
— --- VSG (&)
TEI 0 | J‘ 23R
(o] nh oo L
S o n Qg -
<z <] A DT o
= I\ S5+
3 2 Y \Lvl\_u_L 23
£ S ium\nr 1B E v
< o
S r T
0 8 16
I Time (m) J
-LI-/G_- °
— PF-Sham 1<l
g_haarn-—vse 8
S8 a & AF o
© [hiuih o Ll o
8 SINNYY YN 0
@ ® > O
<< i ©
3 g
. a
o
T o
1000 2000 3000 N
Time (s) %@ﬁ%
m of &
M [ Oscillating N o
o 76 10G _S.
o N
g - c© .
£ 9, !
SE~ © .
Sl 0o LA
8 © = O 1
o283 < 15 1 °
EQ %l\ °
329 O
S 8’N -
T = Ko}
O oA T3 Lo r '
o_)‘(\rﬁQ \\% o}@@ \\9 PF-Sham VSG
& &

ECs, (MM Glucose) ©

o

Insulin (ng/mL)

D
¥4 S
°
S RN 3
L]
T e on
el [T] - £
o o 2
1015
(]
© T T Sf
PF-Sham VSG
© o — PF-Sham
--- VSG c
30mM KCl S
o J N
- [&]
@
\ 9]
0 - £
>
[72]
£
O o
0 5 10 15 20
Time (m
(m) L
8- * %%
o *kkk kkkk ’—‘
— 1 °
.T q ! 9
olde° ‘ =2
= 8 : a
o8 .
o
NNV VYD D
Q0O L0 Q0O
‘({b Q%%‘(\(b Q%%‘(\’b Q%
& &
P
00q e PF-Sham
e VSG °
1 [IA
70N
30\
154 2 r!:‘
A0 1]
> >
00 Qeo

RESEARCH ARTICLE

Q.
-~ L]
—_— L]
c
£ o
L]
3 0]
==}
~
<))
c
=
o
o T T
PF-Sham VSG
o
O =
~ N
Sgl
<< «
© °
o
2aq
E ~ _:_' o,®
o)
D24 [+ X
c ® ®e0e
= 000 o
o T T
PF-Sham VSG
<
o
o«
S o
o
S o
g (=)
x
g9
~ O
<
o
°
&
o
9 S~
2y
. L]
o))
RS> ‘oo
- L. d
c
23
c N °
8 L)
£
>
® o
£

PF-S:ham VS.G

Figure 4. VSG enhanced intrinsic islet glucose sensitivity ex vivo. (A-D) Insulin secretion in response to step-wise elevations in glucose (A and B), EC,, (C),
and peak insulin secretion (D) for an ex vivo perifusion glucose ramp exposing PF-Sham islets (n = 7) and VSG islets (n = 14) to 2, 8, 12, and 16 mM glucose.
(E and F) GSIS (E) and insulin AUC (F) from ex vivo perifusion experiments treating PF-Sham (n = 29) or VSG (n = 39) islets with 10 mM glucose. (G and H)
Insulin secretion and insulin AUC from ex vivo perifusion experiments treating PF-Sham (n = 13) or VSG (n = 11) islets with 2 mM glucose + 30 mM KCl. (I-L)
Representative Ca?* traces (1) and plateau fraction (AUC of 50% maximum amplitude) (J), period (K), and amplitude of Ca?* oscillations (L) in islets from
PF-Sham (n = 3 mice) or VSG (n = 3 mice). (M) Percentage of islets undergoing active Ca? oscillations when treated with either 7 mM glucose (7G) or 10 mM
glucose (10G). (N and 0) Total islet area (N) and percentage of the islet composed of either f cells or a cells (0) for PF-Sham and VSG mice (n = 4 per group).
(P) Insulin content per islet from PF-Sham (n = 20) or VSG (n = 25). PF-Sham animals are shown with a solid gray line or gray circles; VSG animals are
shown with a dashed red line or red circles. Data represent mean + SEM; *P < 0.05 and ****P < 0.0001 between PF-Sham and VSG groups.

dependent processes are increased in states of hyperinsulinemia (50). This phenomenon was evident

in the PF-Sham animals, where insulin secretion and glucose control were not significantly correlated.

However, VSG significantly modified the normal physiology, as enhanced in vivo insulin secretion in
response to 1.p. glucose correlated with the IPGTT glucose AUC. These results demonstrate that, in

mice, GSIS increases rapidly after surgery and is not wholly dependent on enteral nutrient flux or acute

enteroendocrine regulation. An important implication of this finding is that  cells adapt early to bariatric

surgery through increased sensitivity to stimulation by ambient glucose concentrations. While these data
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are suggestive of a surgical enhancement to intrinsic islet glucose sensitivity, that interpretation is con-
founded by the presence of other insulinotropic factors in vivo, like glucagon, which appear to be elevated
even in the fasting state after surgery.

The surgical effect to enhance in vivo GSIS independently of BW or acute incretin regulation raises the
possibility that this trait is imprinted upon the islet by persistent changes in intrinsic function, which may be
viewed through analysis of gene expression programs. In subsequent RNA-seq experiments, VSG islets exhibit
459 and 611 DEGs (FDR adjusted P < 0.05) compared with AL-Sham and PF-Sham and groups, respectively.
By contrast, there is a weaker effect of 10 days of food restriction on islet gene transcription, with only 38 genes
achieving statistical significance between PF-Sham and AL-Sham groups. Furthermore, the limited effect of
caloric restriction on islet gene transcription compared with those elicited by bariatric surgery (Figure 3A)
demonstrates that postsurgical modification of the islet transcriptome is not simply a side effect of negative
energy balance, but rather a unique facet of the metabolic adaptation to surgery. The hierarchical clustering and
PCA demonstrated separation of the VSG group away from both sham-operated groups, while the PF-Sham
and AL-Sham groups are much more similar. Thus, VSG conferred the islet with a unique transcriptional pro-
file, which was presumably largely driven by modifications to  cells transcripts, as these islets were composed
of ~85% P cells. Gene set enrichment analysis (GSEA) of the top 100 most variably expressed genes ranked
by PCA loading values are enriched in KEGG pathways for not only insulin secretion, but also Ca?* signaling
— a requisite factor for insulin secretion (51). The canonical glucose-sensing machinery, including glucokinase
and glucose transporters, are not significantly changed. While it is unclear what factor(s) unique to VSG drive
these changes in islet gene expression, the dominant influence of genes such as Camk2a, Cacnalc, and Adcy9
in the KEGG pathway analysis suggests that ion balance and/or cAMP signaling may play a roll. Transcripts
for GLP-1 receptor (GlpIr), GIP receptor (Gipr), and glucagon receptor (Gegr) — G-protein coupled receptors
known to stimulate cAMP — are not modified in the islet (Supplemental Table 1), indicating that sensitivity to
acute incretin stimuli may not be enhanced at the receptor expression level after VSG. However, the role of o- to
B cell communication (i.e., o cell proglucagon products potentiating insulin release) remains unknown (52, 53).
Ultimately, these data demonstrate a unique remodeling of the islet transcriptomic profile by VSG, which may
functionally potentiate Ca** signaling and, subsequently, GSIS.

We next sought to test whether VSG islets demonstrate a functional improvement in insulin secretion
when isolated from the in vivo environment. Islets isolated from VSG mice displayed significantly elevated
GSIS and a left-shifted insulin response to glucose compared with controls, consistent with increased [3 cell
sensitivity to glucose. This secretory profile was corroborated by increased intra—B-cellular Ca?* fluxes in
response to increased glucose exposure, a compelling finding insofar as Ca?* is a critical mediator of insulin
exocytosis (24, 51). We focused on the calcium plateau fraction, the fraction of time spent in the “on” state
of an oscillation, and the mechanism by which glucose sensing is encoded in the B cell metabolic and cal-
cium oscillations (24, 25). Based on the glucose dependence of the calcium plateau fraction (54), it can be
estimated that VSG has the equivalent effect of increasing extracellular glucose by ~3 mM. Consequently,
the percentage of islets exhibiting calcium oscillations in response to 7 mM glucose was also enhanced 2.2-
fold in the VSG group, further indicating increased islet glucose sensitivity after surgery. These differences
are large enough to account for the left-shift in glucose threshold observed in the ex vivo GSIS perifusion
studies and indicate an intrinsic improvement of  cell function following VSG.

These results from isolated islets provide a direct link to the islet transcriptional profile, with its enriched
Ca?* signaling pathway and elevated insulin secretory function. Given that 1 mechanism connecting islet
glucose sensitivity to insulin release is via the canonical metabolic amplifying pathways (24, 55), we inves-
tigated various elements of this pathway. Overall, mitochondrial function as determined by 2 separate mea-
surements of islet OCR (JO,), ATP synthesis, and ATP synthesis/OCR were unchanged by surgery. Thus,
enhanced islet mitochondrial oxidative capacity does not seem to explain the enhanced B cell function. Islet
architecture (e.g., islet size, islet area composed of a- or B cells, and a- and B cell mass) also did not differ
between groups, suggesting that islet mass and morphology do not contribute to the differences in islet
function shown here. This is reinforced by the finding that neither a cell- or § cell-specific gene transcripts
are notably enriched in our transcriptomic analysis (Supplemental Table 3), but rather that there is a largely
uniform enrichment of genes that are expressed in both a- and f cells (56).

To our knowledge, only 1 previous study has assessed ex vivo islet insulin secretion after VSG in mice, in
which the investigators found no differences between the db/db VSG and db/db PF-Sham controls (57). There
are a number of possible explanations for the difference between our data and those presented by Abu-Gazala
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et al. First, they studied a mouse strain with absent leptin signaling and dysfunctional islets marked by lipid
infiltration and disrupted architecture (58, 59). Although the leptin receptor is not robustly expressed in
mouse islets and seems unlikely to be the direct cause of a- or 3 cell impairment (60), indirect effects mediated
through the systemic impact of leptin signaling deficiency could confound beneficial effects mediated through
the islet. Testing this possibility would require comparison of islet from db/db and diet-induced obesity mice
before surgery. Second, we studied animals 10-14 days after surgery and Abu-Gazala and colleagues (57) did
their studies at 30 days. It is possible that the effects of VSG change and adapt over time. This is well described
in humans with VSG, where enhancement of insulin secretion occurs early after surgery but wanes as insulin
sensitivity increases over time (10). While our results and those of Abu-Gazala appear, at first glance, to be
diametrically opposed, differences in animal background and length of time after surgery provide plausible
explanations as to how they might be compatible. Certainly, these provide useful hypotheses for future study.

Our findings collectively illustrate that VSG fundamentally sensitizes the islet to glucose. This may
serve as a critical adaptation to cope with the homeostatic challenge presented by the increased flux of
nutrients from the gut to the circulation common to many bariatric surgeries (4). The sensitizing effect
is intrinsic to islets adapted to surgery for 10 days, as it persists ex vivo apart from any VSG-mediated,
islet-extrinsic factors. This effect is concurrent with an amplified Ca?* response to glucose that appears
to be imprinted upon the islet transcriptomic profile. Critically, the enhancement of islet function in
the early postoperative period is a significant driver of the early, weight-independent improvements to
glucose control that have garnered intense interest throughout the diabetes field. This discovery suggests
factors unleashed early in the course of VSG, and possibly other bariatric surgeries, have direct effects on
B cell function. Understanding and harnessing these factors has potential for recovering insulin secretion
in diabetic patients.

Methods
Animals. WT mice (C57BL/6J; The Jackson Laboratory) were bred in-house at the Duke Molecular
Physiology Institute and placed on HFD (Research Diets Inc., 45% kcal from lipid, catalog D12451)
at 8 weeks of at an average BW of ~19 g. Animals were weighed once weekly for 56 days (9 weeks)
until they achieved BW of ~38 g. Animals were divided into separate groups with equivalent metabolic
profiles based on BW (Supplemental Figure 1A), preoperative IPGTT (Supplemental Figure 1B), and
preoperative MMTT (Supplemental Figure 1D). Glucose curves and circulating insulin concentrations
(Supplemental Figure 1, B-E) were not different between groups. A total of 70 mice were subjected to
VSG (60 survivors; 10 died, were sacrificed, or were discarded), and 60 mice received Sham surgery and
pair-feeding (53 survivors; 7 died, were sacrificed, or were discarded). Mice were sacrificed or discarded
due to illness, excess BW loss (> 20% BW), or hypoglycemia (fasting blood glucose < 35mg/dl).
Surgeries. Two days prior to surgery, mice were moved from cages containing corn-cob bedding to ones
containing autoclaved paper bedding with enrichment and given ~20 ml liquid Ensure Plus (Abbot) as their
daily food ration. The day before surgery, animals were placed in fresh cages and fasted overnight. Before
surgery, they received BuprenexSQ (50 pl, compounded by ZooPharm), Meloxicam (0.5 mg/kg, Apotex),
and Gentamicin (~8 mg/kg, VetOne) as i.p. injections. Procedures were performed under isoflurane anes-
thesia, starting with a midline skin incision (1.5 cm in length) below the xyphoid process, which was then
repeated in the underlying muscle of the body wall. The stomach and spleen were delivered through the
incision using a pair of sterile cotton swaps, and the spleen was separated from the greater curvature of
the stomach, taking care not to compromise major blood vessels. The suspensory ligament was incised at
its attachment to the cardia, increasing the angle of His. A small incision was made in the membranous
fundus along the greater curvature, and stomach contents were extruded by gentle pressure with sterile
cotton swaps, ensuring not to contaminate the surgical field. A stainless steel Ligaclip (LS-400, Ethicon)
was introduced at the angle of His, clamped across the stomach, and the 70%-80% of remnant stomach
outside the tube formed by the clip was excised. Three sutures (6-0 Ethilon, Ethicon) were placed around
the clip and through both walls of the stomach (1 at each end and 1 in the center). The body wall was closed
with a continuous 4-0 Vicryl suture (Ethicon), and skin was closed in a continuous, s.c. fashion using iden-
tical suture material. Sham-operated control mice had laparotomy, with stomach isolation and temporary
removal, before securing the gastrointestinal tract back in the abdomen and closing the incision. VSG and
sham operations were performed in parallel, with some mice receiving one or the other procedure on the
same days of surgery.

https://doi.org/10.1172/jci.insight.126688 9
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Postoperative experimental paradigm. All animals received daily meloxicam and saline injections for 2
days after surgery and were kept on liquid diet for 4 days after surgery. On day 5, animals were given solid,
standard chow for 1 day, and they were then switched back to HFD on day 6. Individual BW was measured
daily for the first 14 days after surgery, while food consumption was measured daily from postoperative
days 5-14. Animals receiving sham operations received a daily food ration equivalent to that consumed by
the VSG group on the previous day between 16:00—17:00 hours. The PF-Sham animals generally consumed
the entire daily ration within the first hour (i.e., 17:00-18:00 hours). In vivo assessments were performed
as follows: IPGTT (post-operative day 10), MMTT or insulin tolerance test (post-operative day 12), and
overnight fast/30-minute refeed (post-operative day 14). These experiments were staggered across cohorts
so that no animal was fasted and tested twice within 3 days. Methods for these tests have been reported
previously (61, 62). IPGTTs were performed in mice fasted for 5 hours (0800-1300 hours) using a 1.5 g/
kg glucose dissolved in PBS (Thermo Fisher Scientific, catalog 10010023). Blood glucose was measured
att =0, 10, 20, 30, 60, 90, and 120 minutes and blood (~25 pl for IPGTTs, ~100 pl for MMTT, and over-
night fast/30-minute refeed) was collected at 0 and 10 minutes in EDTA-coated tubes (Microvette, catalog
NC9299309). ITTs were performed in mice fasted for 5 hours (0800—-1300 hours) using an insulin dose of
0.5 U/kg (Humalog, Lilly). Blood glucose was measured at t = 0, 10, 20, 30, 60, 90, 120, and 150 minutes,
and blood (~25 pl) was collected at 0 and 45 minutes. MMTTs were performed in mice fasted for 5 hours
(0800—1300 hours) using an oral gavage of 200 pl Ensure Plus, measuring blood glucose at t = 0, 10, 20,
30, 60, 90, and 120 minutes, and collecting blood glucose at t = 0 and 10 minutes. Overnight fast, refeeding
studies were performed in mice fasted for 16 hours (1700-0900 hours). Fasting blood glucose and a fasting
blood sample were taken before allowing the mouse to consume a pellet of HFD ad libitum for 30 minutes.
A refed blood glucose and refed blood sample were taken, food consumption was measured, and the ani-
mal was sacrificed for islet harvest.

Peptide assays. Tail-vein blood glucose for IPGTT and MMTT was assayed in real time using Bayer
Contour Glucometer. Plasma was separated by centrifugation (1000 g, 15 minutes) at 4°C and stored at
—20°C. The following serum peptides were assayed according to protocols suggested by the manufacturer
as follows: insulin (CrystalChem, catalog 90080), total GLP-1 (Meso Scale Discovery, catalog K150JVC-1),
GIP (CrystalChem, catalog 81517), and glucagon (Mercodia, catalog 10-1271-01). Perifusion samples were
assayed for insulin according to protocols provided by the manufacturer as follows: insulin (Perkin-Elmer,
catalog AL-204).

Islet isolation. Isolation of primary mouse islets is described elsewhere (61). Briefly, the pancreas was
inflated via the pancreatic duct with type V collagenase (0.8 mg/ml, MilliporeSigma, catalog C5138),
excised, and digested for 12 minutes at 37°C. The digest was washed with cold RPMI (10 mM glucose
[Sigma], 2 mM L-glutamine [Sigma], 100 U/ml penicillin [Thermo Fisher], 0.25% BSA [Sigma], and 100
pg/ml streptomycin [Thermo Fisher]), before separating islets using a standard Histopaque gradient. Islets
were either allowed to recover overnight in RPMI with 10% FBS at 37°C for further ex vivo perifusion
experiments or placed in TRI Reagent mRNA isolation.

RNA isolation, sequencing, and analysis. Islet mRINA was isolated by standard trireagent protocols as
described previously (63). Illumina stranded mRNA-seq libraries and HiSeq 4000 50bp sequencing was per-
formed in duplicate for each sample by the Duke Center for Genomic and Computational Biology. Quality
control of .fasta files (FastQC), trimming adapters (TrimGalore), alignment to the genome (Bowtie2), and
nonnormalized gene counts (featureCounts) were all performed on the Galaxy web platform using the public
server at usegalaxy.org to analyze the data (64). Downstream differential gene expression and PCA were per-
formed using DESeq2 (65) and pcaExplorer (66), respectively. GSEA was performed using WebGestalt (67).

Islet perifusion. Islet perifusion experiments were performed using the Biorep Perifusion apparatus with
50 islets per chamber that had been cultured overnight in RPMI (Life Technologies) with 10% FBS (Sigma)
at 37°C. All perifusion experiments were carried out in a base KRPH buffer (135 mM NaCl, 3.6 mM KClI,
1.5 mM CaCl,, 0.5 mM NaH,PO,, 0.5 mM MgSO,, 5 mM HEPES, 5 mM NaCO,, 0.1% BSA, pH 7.5,
Sigma), with 200 ul/m flow rate, and preceded by a 48-minute equilibration period with KRPH + 2 mM
glucose. All samples were stored at —20°C before being assayed for insulin.

Glucose ramp. Islets from PF-sham (# = 12) and VSG (n = 15) were treated with 2 mM glucose for 8
minutes, followed by 16-minute treatments with 8, 12, and 16 mM glucose. Insulin secretion rates was
calculated as the ng/ml insulin secreted per minute of treatment. Potassium Chloride treatment was per-
formed in both PF-sham and VSG islets under 2 mM glucose conditions using 30 mM KCI.

insight.jci.org  https://doi.org/10.1172/jci.insight.126688 10
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Mitochondrial function. Oxygen consumption was assessed in intact islets using Agilent Seahorse
according to previously published protocols (68), while mitochondrial function and ATP synthesis
were assessed in permeabilized islets using the Oroboros Oxygraph-2K (Oroboros Instruments) and
fluorometry in accordance with previously published protocols (69, 70)

Ca?* flux. Calcium oscillation traces and calculations were performed in whole islets exposed to 10 mM
glucose in accordance with previously published protocols (54).

Statistics. All data are presented as mean + SEM and were analyzed using Graphpad Prism unless
otherwise noted in the figure legends. Integrated AUC was calculated using the fasting blood glucose of
each animal as their own baseline and compared between groups using a 2-tailed, unpaired ¢ test. A linear
regression was used to analyze the relationship between glucose AUC and in vivo GSIS in Figure 2D; the
slope of the line is compared with a hypothetical slope of 0. All other data were analyzed using 1-way
ANOVA or 2-way ANOVA where appropriate. A post-hoc Sidak’s multiple comparison test was used to
correct for multiple comparisons.

Study approval. All procedures involving animals were approved by Duke IACUC and Duke Laboratory
Animal Resource Division.
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