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Abstract

Background Bariatric surgery rapidly induces improvements in type 2 diabetes (T2D) in concert with reduction in systemic markers
of inflammation. The impact of bariatric surgery on local intestinal immunity is not known. We hypothesize that sleeve gastrectomy
(SG) and gastric bypass (RYGB) surgeries resolve obesity-induced intestinal inflammation, thereby promoting T2D resolution.
Methods SG and RYGB, or control surgery was performed in SD rats (n = 4-6/group). Key cytokines involved in insulin resistance
(TNF-«, IFN-y), inflammasome activation (IL-1{3, IL-18), inflammation resolution (IL-10, IL-33), and Th17 cell responses (IL-17,
IL-23) were measured by qPCR in mucosal scrapings of jejunum at 4 weeks post-surgery. Intestinal cytokine expressions were
correlated with weight change, systemic and portal glucose, and insulin levels in response to an enteral glucose load.

Results SG downregulated IL-17 and IL-23 in both proximal and distal jejunum, and IFN-y was reduced only in distal jejunum
(p <0.05). Jejunal IL-17 and IL-23 expression correlated positively with weight changes after SG (0.93 and 0.98, respectively;
p<0.05). Changes in IFN-y correlated strongly with insulin levels in portal and systemic circulation (0.99 and 0.95, respectively,
p<0.05). As with SG, IFN-y, IL-17, and IL-23 were significantly reduced by RYGB. RYGB also reduced TNF-« and IL-18 and
increased IL-33 levels (p < 0.05).

Conclusions RYGB and SG reduce expression of pro-inflammatory cytokines IL-17, IL-23, and IFN-y in the jejunum. RYGB
showed attenuation of additional pro-inflammatory cytokines and enhanced expression of IL-33. Post-surgical changes in

intestinal IL-17, IL-23, and IFN-y correlate strongly with changes in weight and glucose-triggered insulin responses.
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Introduction

Type 2 diabetes (T2D) affects nearly 422 million people
worldwide (http://www.who.int/diabetes/en/), leading to
significant morbidity and mortality. Bariatric surgery,
including Roux-en-Y gastric bypass (RYGB) and sleeve gas-
trectomy (SG), is now recognized as our most effective ther-
apy for T2D. Both RYGB and SG lead to significant improve-
ment and often remission of T2D, within days to weeks after
surgery [1-3]. Changes in intestinal physiology after bariatric
surgery are believed to play a key role in its anti-diabetic

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11695-019-04059-0) contains supplementary
material, which is available to authorized users.

< Eric G. Sheu
esheu@bwh.harvard.edu

Department of Surgery, Brigham and Women’s Hospital and Harvard
Medical School, Boston, MA 02115, USA

@ Springer

effects [4]. Bariatric surgery leads to improvements in gut
incretin hormone secretion, changes in intestinal metabolism
and nutrient receptors, altered bile acid metabolism, and fa-
vorable shifts in the intestinal microbiome [5]. Nevertheless,
each of these changes, in isolation, do not explain the full anti-
diabetic effects of bariatric surgery.

Recent research has highlighted the influence of the
immune system in T2D pathogenesis. In obese diabetics,
dysregulation of the immune system directly triggers in-
sulin resistance [6]. Low-grade intestinal inflammation is
an early sequela of high-fat diet and obesity, leading both
to metabolic dysfunction of the intestinal epithelia, as well
as translocation of gut microbiota products that trigger
systemic insulin resistance [7]. For example, high-fat diet
induces TNF-«, MIF, and IFN-y-induced gene subsets in
the small intestine [8, 9]. In obese children, biomarkers of
intestinal inflammation are also associated with glucose
intolerance [10]. Moreover, therapies that target aberrant
inflammation in the intestine improve glucose tolerance
and insulin sensitivity [11, 12].
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Limited studies suggest that bariatric surgery may reverse
the aberrant inflammation of T2D. For example, both RYGB
and SG positively influence serum cytokine levels and lead to
improved immune cell function [13-16]. Bariatric surgery re-
duces circulating levels of IL-18 and MCP-1 in concert with
improvements in glucose levels and HOMA-IR [17]. SG also
significantly reduces CRP and IL-6 in the short term [18].

Multiple recent studies have demonstrated that the intesti-
nal immune system (the largest reservoir of immune cells in
adults), by maintaining healthy interaction with the
microbiome and allowing normal epithelial metabolic func-
tion, can influence systemic insulin resistance and glucose
metabolism [19-22]. Nevertheless, the underpinnings of in-
testinal immunity in mediating T2D resolution following bar-
iatric surgery is not elucidated yet.

We hypothesize that bariatric surgery improves intestinal
immune function, thereby improving systemic insulin and
glucose sensitivity. To test this hypothesis, we used rodent
models of SG and RYGB to (1) quantify and characterize
jejunal cytokine profiles and (2) determine whether specific
intestinal cytokines correlate with surgery-induced improve-
ments in weight, glucose, and insulin levels.

Materials and Method

Animals Animal protocols were approved by the Harvard
TACUC committee. All applicable institutional and/or nation-
al guidelines for the care and use of animals were followed.
Nine-week-old male Sprague Dawley rats (Envigo, MD) were
used in this study. Animals were acclimatized for 1 week in
our facility and maintained at a constant temperature and hu-
midity with 12 h:12 h dark and light cycle. A formula diet
(Purina 5008) was provided ad libitum throughout the study
except for the initial 5 days post SG and RY GB, when animals
were fed a recovery gel diet (ClearH,O, ME).

Humans This article does not contain any studies with human
participants. Therefore, informed consent statement is not
required.

Surgery Models SD underwent SG (n=5), RYGB (n=15), or
control surgery (n = 4-6). Animals were fasted overnight prior
to surgery with ad libitum water access. All the surgeries were
performed as described previously by our group ([23];
Aliakbarian et al. 2018 (unpublished)). In summary, for SG,
a stapled vertical sleeve gastrectomy was performed with re-
moval of 80% of the rat glandular stomach and 90% of the
non-glandular stomach (Fig. 1a).

For SG control surgery, short gastric vessels ligation, which
is performed as part of SG, was performed in the control group
to mimic the changes in portal circulation after SG. Weights
were recorded for all the animals up to 4 weeks post-surgery.

For RYGB, the stomach was divided into two parts, the
gastric remnant and gastric pouch (new feeding stomach)
using a linear stapler. A 16-cm biliopancreatic limb and 10-
cm Roux limb were created (Fig. 1b).

For RYGB control surgery, animals underwent lapa-
rotomy and bowel manipulation for RYGB surgery time.
Weights were recorded for all the animals up to 4 weeks
post-surgery.

Portal and Systemic Blood Collection At 4 weeks post-sur-
gery, while under 1-3% isoflurane anesthesia, silastic
catheters were placed in the right jugular vein to the level
of the right atrium, in the superior mesenteric vein (SMV)
to the level of the portal vein, and into the duodenum.
Baseline portal and systemic fasting glucose levels were
measured using a glucometer (One Touch Ultra). Two
milligrams of glucose/g of body weight was infused into
the duodenum. Portal and systemic blood samples were
collected at 0, 10, 30, and 60 min. Glucose and insulin
levels were measured using a glucometer and Luminex
(EMD Millipore, MA), respectively.

Each group of RYGB and SG rats were compared with
respective control group for weight, glucose, and insulin
levels.

Tissue Harvest After above infusions, mucosal scrapings of
orthotopically matched jejunal segments were collected
from SG (proximal and distal), RYGB (biliopancreatic
limb (BP—equivalent to proximal segment) and Roux
limb (Rx—equivalent to distal segment)), and control an-
imals (Fig. 1).

RNA Extraction and Quantitation of mRNA Gene Expression
RNA was isolated from mucosal scrapings of proximal
and distal jejunum, or equivalent intestinal segments (the
Roux (Rx) and biliopancreatic (BP) limbs) using RNeasy
mini kits (Qiagen, Germany). cDNA was synthesized
using Superscript III First-Strand Synthesis System (Life
technologies, CA). qPCR was performed using SYBR
green as a reporter. Key cytokines involved in insulin
resistance (TNF-«, IFN-y), inflammasome activation
(IL-1p, IL-18), resolution of inflammation (IL-10, IL-
33), and Th17 cell responses (IL-17, IL-23) were mea-
sured by qPCR. Cyclophilin A was used for standardiza-
tion. Primer sequences are listed in supplemental Table 1.
Results were analyzed by the comparative delta-delta Ct
method.

Correlation of Cytokine Expression with Metabolic
Parameters Cytokines that were significantly different be-
tween SG and control rats (p < 0.05) were assessed for corre-
lations with weight loss, portal and systemic glucose levels in
response to enteral glucose challenge, and portal and systemic
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Fig. 1 Schematic diagram of surgery models used in the study. a Sleeve gastrectomy. b Roux-en-Y gastric bypass (RYGB); LOT, ligament of Treitz

insulin levels after enteral glucose load. Relative weight
change of SG animals was calculated as the following:

%Weight change (based on preoperative weight [A])
= Weight at 4 weeks/Weight at baseline*100
%relative weight change (control baseline)

= A for individual SG/Control mean*100.

Glucose and insulin levels were plotted against time.
Incremental area under the curve (IAUC) was calculated.
The individual ratio of iAUC for SG vs control was calculated
as the iAUC for each individual SG rat divided by the mean
control iAUC. This relative ratio was used to determine the
correlation with metabolic parameters.

Statistical Analysis Statistical analysis was performed using
GraphPad Prism7.0. Comparative analysis of qPCR results
was analyzed with one-sample ¢ tests. XY scatter plots were
used to create a linear trend analysis, and the Pearson correla-
tion (7) and p value for » were calculated. P <0.05 were con-
sidered significant.

Results
Weight Change After SG and RYGB

While SG control rats steadily gained weight of 149% of
baseline throughout the study period, SG rats significantly
reduce weight gain and reached 137.7% of baseline weight
at 28 post-operative days (p < 0.05).

Similarly, RYGB control rats steadily reached weight of
140% of baseline, RYGB rats lost significant amount of
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weight initially post-op and reached only 111% of baseline
weight at post-operative day 28, as described in our previous
study (p <0.05, [23]).

Sleeve Gastrectomy Selectively Suppresses
Pro-inflammatory Cytokine Gene Expression
in the Jejunum

Mucosal mRNA expression of TNF-«, IFN-y, IL-17, IL-23,
IL-18, and IL-1f in the proximal and distal jejunum of sleeve
gastrectomy (SG) and control rats was measured by qPCR.
These cytokines play a critical role in insulin resistance
(TNF-«, IFN-y), inflammasome activation (IL-1[3, IL-18),
inflammation resolution (IL-10, IL-33), and Th17 cell re-
sponses (IL-17, IL-23).

At 4 weeks post-operatively, [IFN-y, IL-17, and IL-23 were
4.33+2.01,32.3+£22.19,and 1.56 = 0.22-fold downregulated
in the distal jejunum of SG animals, respectively (p <0.05,
Fig. 3). Similarly, IL-17 and IL-23 gene expression was
2.15+0.78 and 1.27 £ 0.15-fold downregulated in the proxi-
mal jejunum of SG animals, respectively (p < 0.05, Fig. 2). In
SG, there was greater suppression of [FN-y and IL-17 in the
distal as opposed to the proximal jejunum. There were no
differences in jejunal expression of TNF-« or IL-13 in SG
vs. control animals. IL-18 expression in the proximal jejunum
was 1.27 +0.15-fold higher in SG animals (p <0.05) but un-
changed in the distal jejunum (Figs. 2 and 3). These data
demonstrate that SG selectively suppresses pro-
inflammatory cytokines in the small intestine.

Effect of SG on Anti-inflammatory IL-10 and IL-33
Gene Expression in the Small Intestine

Expression of the anti-inflammatory cytokines IL-10 and IL-
33 was measured in the proximal and distal jejunum of SG and
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Fig. 2 Cytokine gene expression in the proximal jejunum after SG. a, b
Cytokines involved in insulin resistance. ¢, d Cytokines released due to
inflammasome activation. e, f Cytokines involved in Th17 cell axis. g, h

control animals. There was a trend toward increased IL-10
expression in the distal jejunum but not in proximal jejunum
of SG animals. In contrast, a decreasing trend in IL-33 expres-
sion was present in the proximal jejunum but not in the distal
jejunum of SG animals. Overall, anti-inflammatory cytokine
expression was not significantly different between SG and
control animals (Figs. 2 and 3).
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Fig. 3 Cytokine gene expression in the distal jejunum after SG. a, b
Cytokines linked to insulin resistance. ¢, d Cytokines released due to
inflammasome activation. e, f Cytokines involved in Th17 cell axis. g,
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IL-17 and IL-23 Gene Expression in the Distal Jejunum
Is Positively Correlated with Weight Change in SG
Animals

Percent relative weight change of SG to control-
operated animals was calculated as described in
methods. There was no association between IL-17, IL-
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23, IFN-y, and IL-18 proximal jejunal expression and
% relative body weight change (data not shown). There
was however a positive linear correlation between %
relative body weight change of SG animals and IL-17
(r, 0.93) and IL-23 (r, 0.98) expression in the distal
jejunum (p <0.05, Fig. 4a). This data suggests higher
expression of IL-17 and IL-23 in the distal jejunum is
associated with less weight loss and worse SG weight
outcomes.

Pro-inflammatory Cytokine Expression
in the Jejunum Is Not Associated with Systemic
and Portal Glucose Tolerance

At 4 weeks, jugular and portal catheterization was per-
formed to measure portal and systemic glucose levels at
0 (fasting baseline), 10, 30, and 60 min after duodenal
infusion of 2 mg/g of body weight of glucose. Both SG
and control rats showed no difference in fasting portal
and systemic glucose levels. Incremental AUC for sys-
temic and portal glucose levels following the enteral
glucose challenge was calculated. Cytokines significant-
ly altered after SG were tested for any correlation with
glucose tolerance. No significant correlation was seen
between IL-17, IL-23, IL-18, and IFN-y levels and sys-
temic or portal glucose levels (data not shown).
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IFN-y Expression in the Distal Jejunum Is Strongly
Associated with Insulin Levels

Luminex was used to measure portal and systemic insulin
levels in response to enteral glucose load. Plasma samples
were collected as in 3.5. While SG rats had significantly in-
creased fasting systemic insulin levels compared to controls,
there was no difference in portal insulin levels (p <0.05;
Aliakbarian et al., 2018, unpublished). IFN-y gene expression
in the distal jejunum showed a strong positive correlation with
systemic and portal insulin levels of SG animals, with », 0.95
and 0.99, respectively (p < 0.05, Fig. 4b, ¢). This data suggests
that jejunal IFN-y expression may influence systemic and
portal insulin levels after SG.

Similarity of Gut Cytokine Signatures After RYGB
and SG

SG and RYGB both lead to significant weight loss and T2D
resolution. Given our hypothesis that gut immune changes
reflected in cytokine expression levels mediate metabolic im-
provement following bariatric surgery, we predicted that
RYGB would induce similar intestinal cytokine changes as
in SG. Therefore, we compared the SG intestinal cytokine
profile with orthotopically matched jejunal segments follow-
ing RYGB (Rx and BP) and control operations (Fig. 1b).
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After RYGB, cytokine expression markedly changed in the
distal jejunum (Rx limb) but not in the proximal jejunum (BP
limb) (Fig 5and 6). As seen in SG, pro-inflammatory and Th17-
related cytokines including TNF-o (6.8 +3.34), IFN-y (96.48
+43.32), IL-17 (150.28 £ 66.11), IL-23 (8.14 +1.74), and IL-
18(1.13 +£0.54) were significantly downregulated in the distal
jejunum of RYGB animals (p < 0.05) when compared to con-
trols (Fig. 6). There was also a 2.78 £0.6-fold increase in the
anti-inflammatory cytokine, IL-33, in the distal jejunum. The
only significant change in pro-inflammatory cytokine expres-
sion in the proximal jejunum was a 4.07 + 1.7-fold reduction in
IFN-y (Figs. 5). IL-10 expression was unchanged in either the
proximal or distal jejunum following RYGB.

We also examined whether RYGB-altered intestinal cyto-
kines were associated with post-surgical weight outcomes. No
correlation between % relative body weight changes and cy-
tokine expression was seen in RYGB (data not shown). There
was no difference at steady-state plasma glucose and insulin
levels between RYGB and control group of normoglycemic
SD rats.

Discussion

An emerging body of evidence indicates that insulin re-
sistance is caused by a dysregulated systemic inflamma-
tory state, which originates from obesity-induced dysreg-
ulation of intestinal immune defense against enteral anti-
gens. Given the known profound physiologic changes that
bariatric surgery induces in the intestine, we hypothesized
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Cytokines released due to inflammasome activation. e, f Cytokines

Relative IL-10 mRNA

that SG and RYGB also resolve intestinal inflammation,
therefore leading to downstream improvement in glucose
regulation. We find that SG specifically attenuated the
expression of the pro-inflammatory cytokines IL-17, IL-
23, and IFN-y in the jejunum. Interestingly, RYGB sup-
pressed these same cytokines, but even more strongly.
RYGB also reduced expression of additional pro-
inflammatory cytokines while enhancing levels of the
pro-resolution cytokine IL-33. Together, this study repre-
sents the first systematic characterization of bariatric
surgery’s influence on intestinal immune pathways.

A conserved pattern of reduction in IL-17, IL-23, and
IFN-y was seen after both SG and RYGB. These cytokines
are the product of the Th17/Th1 axis of the adaptive immune
response and are primarily secreted by CD4+ Thl and Th17
cells (IL-17, IFN-y), macrophages (IFN-y, IL-23), and den-
dritic cells (IL-17, IL-23). Previous studies have found ele-
vated Th17 cytokines in obesity, and that Th17 cytokine
production is a hallmark of obese diabetics [24-27]. In
mouse models of diet-induced obesity, Th17 and Th1 cells
and their products are elevated in the small and large intes-
tine [21, 28, 29]. Importantly, targeted inhibition of the
Th17/Thl axis in the intestine improves insulin resistance
in animal models [12]. We now show that both SG and
RYGB both reduce Th17 and Thl cytokines. Moreover,
the cytokine changes correlated tightly to weight change
in glucose-stimulated insulin responses after SG. Together,
these data suggest that bariatric surgery may influence in-
testinal Thl and Th17 cell biology, and that these changes
may contribute, in part, to surgery’s anti-diabetic effect.
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Remarkably, two anatomically and technically distinct op-
erations lead to highly similar pattern of cytokine changes
(Table 1). These changes are not likely to be related to surgical
manipulation or healing, as these intestinal cytokine changes
were also seen after sleeve gastrectomy, where the intestine is
left surgically undisturbed. The similar pattern of cytokine
changes in the small intestine after both operations suggests
that the cytokines are linked to the similar weight loss and
anti-diabetic effects of the operation. It also argues that a con-
served mechanism induced by surgery triggers these cytokine
changes. Both SG and RYGB have been demonstrated to alter
bile acids, microbiota, and intestinal incretin hormones. Each
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involved in Th17 cell axis. g, h Cytokines involved in inflammation
resolution. n = 5/group; error bars indicate SEM. *p < 0.05

of these factors are known to directly or indirectly signal in
immune cells, through leukocyte expressed bile acid receptors
(TGRS), incretin receptors (GLP-1 receptor), and innate and
adaptive bacterial receptors (Toll-like receptors, aryl hydrocar-
bon receptor, T cell receptors TCR), and can potentially con-
tribute to the cytokine changes we observe. Future studies are
needed to define the factors and mechanisms by which SG and
RYGB cause intestinal cytokine changes, and their impor-
tance to the outcomes of weight loss and diabetes.

While many of the cytokine changes were conserved,
RYGB induced a stronger overall anti-inflammatory small
intestinal signature, including significant reductions in

Table 1 Gut cytokine signatures

after RYGB and SG Cytokine genes Fold change in relative mRNA expression after RYGB in SD rats
SG RYGB
Proximal Distal Proximal jejunum Distal jejunum
jejunum jejunum (equivalent to RYGB BP) (equivalent to RYGB Rx)
Insulin signaling
TNF-ox !
IFN-y ! ! !
Inflammasome activation
IL-1$3
1IL-18 i l
Innate lymphoid cell/Th17 cell function
11-17 l l l
1L-23 l l l
Inflammation resolution
1L-10
11-33 1

|, downregulated; 1, upregulated; p < 0.05
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TNF-o and IL-18, as well as upregulation of IL-33. Intestinal
TNF-« has been previously demonstrated to be increased in
high-fat diet-induced obesity and to directly contribute to in-
sulin resistance. IL-18 is associated with inflammasome acti-
vation, which has also been shown to contribute to insulin
resistance. Therefore, reductions in these intestinal cytokines
by RYGB are likely to directly contribute to the improved
insulin sensitivity seen post-operatively. Less is known about
the actions of intestinal IL-33, an anti-inflammatory and pro-
resolution cytokine, in the pathogenesis of insulin resistance.
IL-33 was one of the key genes found to be broadly upregu-
lated in multiple tissues in a gene expression screen after
RYGB [30]. Further studies into the pathways engaged by
RYGB that lead to its stronger intestinal anti-inflammatory
effect may offer a therapeutic window for augmenting the
efficacy of SG.

Interestingly, cytokine changes after RYGB were confined
to the Roux limb, with limited to no significant changes in the
BP limb. This pattern of cytokine changes mirrors the previ-
ously reported intestinotrophic localized to the Roux limb
after RYGB. The mechanism of this localized change is un-
known, but incretin, growth factors, and enhanced exposure of
the alimentary Roux limb to chyme are speculated to play a
role. RYGB also specifically enhances Roux limb glucose
uptake, and it will be of interest in the future to define whether
our observed immune changes drive this enhanced glucose
uptake or are a secondary, associated finding.

Our study has several limitations. The animal models
utilized are normal weight, insulin sensitive rats, which
may explain why we found limited correlation with markers
of glucose or insulin sensitivity. Future studies in animal
diabetic models and, eventually, humans are needed to con-
firm our findings and hypothesis. Secondly, our studies
were performed on the intestinal mucosa alone. Distinct
immune populations are found in the deeper intestinal lam-
ina propria and Peyer’s patches, and characterization of
surgery’s effects on the immune populations is indicated
in the future. Lastly, as noted above, we were not able to
determine in these studies whether these intestinal cytokine
changes are a cause or consequence of weight loss induced
by bariatric surgery, nor define the mechanisms leading to
these cytokine changes. As weight loss was also different in
our SG and RYGB models, it is possible that the procedure-
specific changes in cytokine profiles we observe are due to
differences in weight loss rather than the surgical procedure.
Future studies using weight-matched controls may be help-
ful in addressing this question.

In summary, we find that SG and RYGB induce broadly
anti-inflammatory changes in key small intestinal cytokines
that have been linked to obesity and diabetes. RYGB has
stronger and broader anti-inflammatory effects, but the pat-
terns of changes are similar in SG and RYGB, suggesting that
the intestinal immune response may play a role in the weight

loss and diabetes remission seen after both operations. These
findings support the hypothesis that bariatric surgery improves
intestinal immune physiology, with downstream benefits on
systemic inflammation and insulin resistance. Future studies
need to focus on defining the cellular sources and signaling
molecules that lead to these cytokine changes in the intestine,
with the goal of exploiting these pathways therapeutically to
mimic or augment the effects of bariatric surgery.
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