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Abstract

Background In a recent study, we showed a jejuno-ileal cir-
cuit (JIC) procedure that effectively improved glucose homeo-
stasis, but the intrinsic mechanism requires further studies.
Furthermore, the role of JIC in lipid metabolism is also un-
known. Given that adiposity aggravates insulin sensitivity, we
hypothesize that the JIC procedure improves fat metabolism
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and thus further contributes to diabetic remission. The aim of
this study was to investigate the effects of JIC surgery on lipid
metabolism and glucose homeostasis in a non-obese diabetic
rat model.

Methods Fourteen high-fat diet and low-dose streptozotocin-
induced diabetic rats were randomly divided into JIC and
sham-JIC groups. Body weight, food intake, glucose toler-
ance, insulin resistance, serum lipid parameters, glucagon-
like peptide 1 (GLP-1), and adipose-derived hormones were
measured. At 12 weeks postoperatively, the expressions of
hepatic fatty acid synthase (FAS) and acetyl-CoA carboxylase
(ACC) were measured by Western blot. The lipid content of
liver was assessed by hematoxylin-eosin staining and Oil Red
O staining. The enteroendocrine cells in the distal ileum were
examined by immunohistochemical staining.

Results Relative to the sham group, the JIC rats exhibited
significant improvements in glucose tolerance, insulin resis-
tance, and dyslipidemia without weight loss, showing in-
creased GLP-1 and adiponectin and decreased leptin. JIC also
reduced the expression of FAS and ACC in the liver, exhibited
improved hepatic fat content, and raised the levels of GLP-1
and chromogranin A in the distal gut.

Conclusions JIC alleviated lipometabolic disorders in hyper-
glycemic rats, which may contribute to the amelioration of
insulin sensitivity and glycemic control.

Keywords Diabetes mellitus - Jejuno-ileal circuit - Lipid
metabolism - Glucose metabolism - Adipokine -
Glucagon-like peptide 1

Introduction

Diabetes mellitus and lipid dysmetabolism are currently of
substantial threat to human health, and the growing prevalence
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of which are leading to huge burdens on morbidity and mor-
tality [1, 2]. As components of metabolic syndrome, these two
sorts of metabolic disorders are not independent diseases but
rather interact as both causes and effects. A trial by Imamura
et al. [3] indicated that fatty liver is implicated in the occur-
rence of diabetes, whereas Leite et al. [4] reported that diabetic
patients are at a high risk of steatohepatitis. Moreover, insulin
resistance gives rise to dysfunctional glucolipid metabolism,
which in turn impairs insulin sensitivity [5, 6].

Since traditional methods such as diet, physical activity,
and drugs failed to attain long-term therapeutic effect on dia-
betes and dyslipidemia, there is increased demand for better
therapy. Myronovych and colleagues [7] found that mice with
vertical sleeve gastrectomy (VSG) get hepatic steatosis relief
independently of weight reduction. Similarly, Pezeshki et al.
[8] noted that both Roux-en-Y gastric bypass (RYGB) and
ileal transposition (IT) improve glycometabolism and
lipometabolism in liver and muscle. Hence, metabolic surgery
is currently accepted as one of the best way to treat the afore-
mentioned metabolic abnormalities [9, 10].

Recently, we reported a novel surgical procedure [11]
which creates a side-to-side anastomosis between the jejunum
and distal ileum known as the jejuno-ileal circuit (JIC). Inde-
pendently of body weight and energy intake, this procedure
alleviates hyperglycemia as it accelerates chyme transit and
generates gut hormones, in accordance with the well-known
“hindgut hypothesis” [12]. The effect of JIC surgery on lipid
metabolism, however, is still poorly understood. Given that
the JIC procedure, as reported [11], reduces insulin resistance
that can worsen dyslipidemia [13] and improves liver function
which may be affected by fatty liver [2], we hypothesize that
JIC improves lipid homeostasis. To test this hypothesis, we
measured adipose-derived hormones, enteroendocrine cells,
and liver fat deposition in a widely used high-fat diet (HFD)
and low-dose streptozotocin (STZ)-induced diabetic rat model
[14]. Due to the interaction between hyperglycemia and dys-
lipidemia, in addition to recovered insulin sensitivity and en-
hanced incretin effect, etc., the improved fat metabolism may
be one of the plausible explanations for diabetic remission
after JIC.

Materials and Methods
Animal Model and Diet Protocol

The animal protocol was approved by the Animal Care and
Utilization Committee of Shandong University. Seven-week-
old male Wistar rats were housed separately in ventilated
cages under controlled temperature and humidity in a 12-h
light/dark cycle. All rats had free access to tap water and
HFD (40 % of calories as fat; Huafukang Biotech Company,
China) for 6 weeks, followed by an intraperitoneal injection of

STZ (30 mg/kg; Sigma, USA). Seventy-two hours thereafter,
non-fasting blood glucose was measured in duplicate using a
glucometer (Roche Diagnostics, Germany) from the tail vein.
The rats with non-fasting blood glucose >16.7 mmol/L were
considered diabetic.

Surgical Procedures

Fourteen diabetic rats were randomly assigned into the JIC
group and sham-JIC group (V=7 for each). After a 24-h fast,
the rats were anesthetized with an intraperitoneal injection of
chloral hydrate solution (0.03 g/100 g) and then underwent
JIC or sham procedures. JIC surgery was performed as previ-
ously described [11]. Specifically, after a 3-cm midline epi-
gastric laparotomy, the jejunum 5 cm distal to the ligament of
Treitz and the ileum 15 cm proximal to the ileocecal junction
were positioned. Two enterotomies were performed on the
above-mentioned intestines, followed by a side-to-side anas-
tomosis. Sham surgery involved the same enterotomies as in
the JIC group, but sutures in situ were performed instead of
anastomosis. The operative time of sham surgery was
prolonged similarly to the JIC group to ensure an equivalent
degree of intraoperative trauma.

The rats were only given access to water in the first 24 h
postoperatively, with 2 mL 10 % glucose and Ringer’s solu-
tion in subcutaneous injection. The rats were then fed 10 %
Ensure (Abbott Laboratories, USA) for 2 days, followed by
HDF till the scheduled termination date. Body weight and
HFD intake were recorded daily in the first 2 weeks after
surgery and then twice a week for the rest of the study.

Oral Glucose Tolerance Test

Oral glucose tolerance test (OGTT) was performed preopera-
tively and at 4 and 12 weeks post-surgery. After an overnight
fast, the rats were perorally infused 20 % glucose (1 g/kg).
Blood glucose of the tail vein samples was measured before
gavage and at 10, 30, 60, 90, and 120 min after infusion.

Insulin Tolerance Test

Insulin tolerance test (ITT) was performed before operation
and at postoperative 4 and 12 weeks. Blood glucose was mea-
sured in conscious and fasted rats, and then at 10, 30, 60, 90,
and 120 min after an intraperitoneal injection with insulin
solution (0.5 IU/kg).

Blood Sampling and Serum Parameters
At 4 and 12 weeks postoperatively, the rats were fasted over-
night and administrated with 10 % Ensure solution (1 mL/

100 g). Blood samples were collected from retrobulbar venous
plexus into chilled tubes at baseline and 10, 30, 60, and
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120 min after intragastric gavage of Ensure. After centrifuga-
tion (1006xg) at 4 °C for 15 min, the supernatant was imme-
diately collected and stored at —80 °C for future analysis. The
levels of plasma triglyceride, cholesterol, free fatty acid
(FFA), and total bile acids (TBA) were measured under an
automatic biochemical analyzer (Hitachi, Japan). Serum
glucagon-like peptide 1 (GLP-1), adiponectin, and leptin were
tested using enzyme-linked immunosorbent assay kits
(Millipore, USA).

Tissue Sampling

All rats were sacrificed at postoperative 12 weeks. The liver
was removed and fully washed with sterile saline solution, cut
into small pieces, immediately fixed with 10 % formalin or
frozen in liquid nitrogen, and stored at —80 °C in Eppendorf
tubes for later analysis. The distal ileum was rapidly removed
and gently rinsed, then fixed and embedded in paraffin.

Western Blotting

Liver total protein was extracted by RIPA lysis buffer
(Beyotime, China). Equivalent amounts of samples were load-
ed on SDS-PAGE gels (Beyotime, China) and separated by
electrophoresis. The following primary antibodies were used:
anti-fatty acid synthase (anti-FAS; Abcam, USA), anti-acetyl-
CoA carboxylase (anti-ACC; Cell Signaling Technology,
USA), and anti-GAPDH (Proteintech, China). After incuba-
tion at 4 °C overnight, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody
(ZSGB-BIO, China) for 1 h. The protein bands were then
visualized by ECL solution (Millipore, USA) and detected
by FluorChem E System (Alpha Innotech, USA). The band
intensity was quantified with ImageJ software.

Hematoxylin-Eosin Staining and Oil Red O Staining

Paraffin-embedded hepatic samples underwent hematoxylin-
eosin (HE) staining, while dried frozen sections of liver tissue
were fixed by formalin and then utilized for Oil Red O stain-
ing. The frozen sections were immersed into freshly prepared

Oil Red O solution (Solarbio, China) for 10 min under 60 °C.
After rinses using isopropanol and distilled water, hematoxy-
lin (ZSGB-BIO, China) was used to stain the nuclei. Finally,
the sections were observed and photographed under an Olym-
pus X71 microscope (Olympus, Japan) using the OLYMPUS
DP2-BSW software.

Immunohistochemical Staining

Paraffin-embedded intestinal samples were sectioned at 5 pm
thickness. Sections were subjected to antigen retrieval in
Tris/EDTA buffer (1:50; ZSGB-BIO, China) and blocked by
goat serum, then incubated with anti-chromogranin A (CgA)
antibody (1:100) and anti-GLP-1 antibody (1:1000; abcam,
USA) as primary antibodies. After overnight storage at 4 °C
incubation, HRP-conjugated secondary antibody was used be-
fore staining DAB and hematoxylin (ZSGB-BIO, China).
Brown-yellow granules viewed under a microscope were con-
sidered as positive expression, and the mean density was mea-
sured by Image-Pro Plus.

Statistical Analysis

The results were expressed as mean+standard deviation.
Areas under curves (AUC) for OGTT (AUCqgrr) and ITT
(AUCqrr) were calculated by trapezoidal integration. Differ-
ences between groups were evaluated by Student’s 7 test ex-
cept for GLP-1 concentration after Ensure administration,
which was analyzed by two-way ANOVA. P<0.05 represent-
ed statistically significant difference. SPSS 19.0 was used for
statistical analysis.

Results
Operative Results
All surgeries were performed successfully. Before the end

point, however, one rat undergoing JIC was dead because of
leakage, and a sham-operated rat died from exhaustion.

Fig. 1 Body weight and food a b
intake. a Body weight after 550 407
operation. b Food intake after = JIC-S =
operation. There were no 5 5007 - ShamJic B 307
significant differences in body % 4504 2 1
weight and food intake between © % 20- i
the two groups (N=6 in each E 400 £ i
group) at any indicated time point g B 10
postoperatively m 3501 s
3oc T T T T T c T T 1 T T
1 2 4 8 12 1 2 4 8 12

Time after operation (weeks)
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Fig.2 AUCogrrand AUCrr. a AUCogrr values of rats before and at 4
and 12 weeks after surgery. No difference was found between the JIC and
sham groups preoperatively. At 4 and 12 weeks postoperatively, the
values were significantly lower in the JIC group than in the sham
group. b AUCqrr values of rats before and at 4 and 12 weeks after

Body Weight and Food Intake

During the entire experiment, there were no significant differ-
ences between groups in both body weight and food intake
either before or after surgeries (Fig. 1).

Glucose Metabolism and Insulin Resistance

As shown in Fig. 2, no difference in AUCogrt and
AUC;rr was found between JIC and sham groups be-
fore operation. At 4 and 12 weeks after surgery,
AUCogrr and AUCpt were markedly decreased in the
JIC group when compared with sham, however, indicat-
ing improvements of glucose tolerance and insulin
sensitivity.

Fig. 3 Plasma levels of GLP-1,
leptin, and adiponectin. a, b
Ensure-stimulated GLP-1 levels

[ Y]

60- o

4 weeks after operation

Weeks after surgery

surgery. No difference was observed between groups preoperatively. At
4 and 12 weeks postoperatively, the values were significantly lower in the
JIC group relative to the sham group. **P<0.01 vs. sham. N=6 in each

group

Serum Hormone Parameters

Figure 3a, b shows that the rats in the JIC group ex-
hibited significantly elevated fasting and postprandial
concentrations of plasma GLP-1 at 4 and 12 weeks after
surgery. At the same time, fasting serum leptin was
significantly decreased in the JIC group relative to sham
(Fig. 3c). At postoperative 12 weeks, the levels of
fasting adiponectin of JIC rats were higher than those
of sham as shown in Fig. 3d.

Serum Lipid Profiles and Bile Acid

At 4 weeks postoperatively, no difference was observed
in cholesterol, free fatty acid (FFA), and total bile acid

o
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Table 1 Serum lipid parameters

4 weeks after surgery

12 weeks after surgery

JIC Sham JIC Sham
Triglyceride (mmol/L) 1.448+0.525* 2.287+0.418 1.563+£0.574* 2.432+0.724
Cholesterol (mmol/L) 1.742+0.399 2.058+0.414 1.658+0.476 2.083+0.287
FFA (umol/dL) 54.67+£14.29 64.83+£12.97 46.00+10.53* 72.83+24.19
TBA (umol/L) 47.28+19.16 28.53+12.31 76.60+£20.83%* 27.62+9.26

At 4 weeks postoperatively, the levels of cholesterol, FFA, and TBA in the JIC group did not significantly differ
from those of the sham group, while fasting triglyceride levels were decreased in the JIC group. At 12 weeks
postoperatively, the rats in the JIC group showed lower fasting levels of triglyceride and FFA and higher levels of
TBA than those in the sham group. N=6 in each group

*P<0.05; **P<0.01 vs. sham

(TBA) concentrations between JIC and sham groups,
while fasting triglyceride level was decreased in the
JIC group. At 12 weeks post-surgery, the rats who
underwent the JIC procedure showed lower fasting
levels of triglyceride and FFA and higher levels of
TBA than those in the sham group (Table 1).

Hepatic Lipid Content

According to HE and Oil Red O staining (Fig. 4), the rats with
sham operation exhibited a higher degree of fat accumulation
in liver, while JIC resulted in remarkable improvement of
hepatic steatosis. The Western blots of key enzymes involving
hepatic lipogenesis are shown in Fig. 5. The expressions of
FAS and ACC were significantly lower in the JIC group as
compared to sham.

Sl S ARG T
Fig.4 HE and Oil Red O staining of liver at 12 weeks postoperatively. a
HE of JIC. b HE of sham. JIC rats showed significantly reduced
ballooning degeneration of hepatocytes relative to the sham group. ¢
Oil Red O of JIC. d Oil Red O of sham. JIC rats exhibited slighter red

pigmentation as compared to the sham group

@ Springer

Endocrine Function of the Distal Ileum

The immunohistochemical (IHC) staining of GLP-1 and en-
docrine cells in the distal ileum is shown in Fig. 6. Markedly
increased positive areas of GLP-1 were identified in the JIC
group compared with those in the sham-operated group. Sim-
ilarly, in the JIC group, CgA expressed in higher quantities
than those in the sham group, which suggests an increased
number of enteroendocrine cells.

Discussion

There is increasing evidence that diabetic subjects suffer from
disordered lipid metabolism [4, 15]. Due to the growing epi-
demic of diabetes and severe consequences of lipometabolic
disturbances (especially fatty liver disease), researchers are
exploring the connections between the two. In the present
study, we investigated the metabolic alteration of lipids after
anovel JIC procedure that operates on the hindgut hypothesis.

Our findings show that lipid metabolism and glycemic
steady state were improved after JIC surgery, which is similar
to current bariatric procedures such as RYGB [16, 17], VSG
[16, 18], IT [19], duodenal-jejunal bypass (DJB) [20], and
biliopancreatic diversion [17]. HFD and STZ-induced non-
obese diabetic rats are used not only for diabetic research
[14, 21] but also for hyperlipidemia and hepatic steatosis
models [22, 23]. In these models, the weight-independent ben-
eficial effects of JIC to glucose and lipid metabolism included
the following: (1) AUCqgrr fell off, demonstrating ameliora-
tive glucose tolerance; (2) decrease of AUC,tt indicated the
recovery of insulin sensitivity; and (3) abnormal lipid homeo-
stasis improved, manifesting as reduced blood triglyceride and
liver fat accumulation.

Insulin resistance was thought to be crucial in the occur-
rences of diabetes and impaired lipometabolism [24]. In both
patients and rats, bariatric surgeries were reported to alleviate
hyperglycemia, dyslipidemia, and hepatic steatosis by
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Fig. 5 Western blotting of a
hepatic FAS and ACC. a The
bands of Western blotting. b
Relative intensity. Significant
lower expressions of hepatic FAS
and ACC were observed in the
JIC group than in the sham group.
*P<0.05 vs. sham. N=6 in each
group

recovering insulin sensitivity [5, 25, 26]. Our results are in
agreement with these studies, showing that insulin resis-
tance was significantly improved as early as 4 weeks
after JIC surgery.

In accordance with previous observations [18, 26, 27], our
HE staining showed extensive ballooning degeneration of he-
patocytes in sham, and the Oil Red O staining of JIC rats’ liver
exhibited less red pigmentation, indicating that JIC surgery
effectively reduced hepatic lipid content. Our results also

Fig. 6 IHC staining of GLP-1 a

and CgA in the distal ileum VAT
(original magnification x400). a BT
GLP-1 staining of JIC. b GLP-1 sVt g
staining of sham. ¢ CgA staining T
of JIC. d CgA staining of sham. e 3 s

JIC Sham
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D
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show that the protein expressions of hepatic FAS and ACC,
the key regulatory enzymes of lipogenesis in liver, were
downregulated after JIC. This is consistent with alleviation
of fatty liver after JIC, which is supported by Han et al. [20]
and Ramzy et al. [28]. Numerous studies revealed that hepatic
fat accumulation is closely related to insulin resistance [5, 29].
Consequently, along with restored adipose infiltration in liver,
insulin sensitivity was increased and glucose control was im-
proved after JIC operation.

b
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We speculate that the elevated secretion of GLP-1 also
accounts for reduced insulin resistance and improved meta-
bolic homeostasis after surgery. It is possible for the undigest-
ed nutrients to reach the terminal intestine quickly following
JIC and hence accelerate the secretion of GLP-1. However,
the weight gain did not differ between the two groups, as it
seems that GLP-1 is not the key factor of weight control [30,
31]. GLP-1 has impacts on stimulating insulin secretion and
enhancing insulin sensitivity [32]. Although some researchers
point that GLP-1 plays a limited role or is even not required in
diabetic regression after RYGB or VSG [30, 33], many studies
[19, 20, 34] demonstrated that serum GLP-1 was markedly
increased after metabolic surgeries, with or without weight
loss, in line with our data. Furthermore, Ding et al. [35] ob-
served that GLP-1 receptor agonist reversed hepatic steatosis
in a mouse model, demonstrating that GLP-1 has a direct
effect on relieving liver steatosis in addition to the effect on
glucose metabolism. The same conclusion was presented by
Ben-Shlomo and coworkers [36].

The THC staining was supportive of the proposed hypoth-
esis. The increased GLP-1-positive granules in JIC of ileal
specimens support elevated production, which was consistent
with the change of plasma concentration. CgA has been re-
ported many times as an indication of enteroendocrine cells.
Following IT surgery, Hansen et al. [37] and Patriti et al. [12]
found high expressions of CgA by IHC staining and PCR,
respectively. In our study, ileal CgA staining presented a stron-
ger expression after JIC, indicating a larger amount of intesti-
nal endocrine cells which are closely related to gut hormone
secretion.

The postoperative alterations of serum fasting leptin and
adiponectin are also in agreement with previous findings
[38, 39]. We surmise that, in spite of no change in body weight
after JIC, there might be possible influences to body compo-
sition, which may vary adipose-derived hormones. As prod-
ucts of adipocytes, leptin induces metabolic disorders and in-
sulin resistance [40], while adiponectin improves
lipometabolism and insulin sensitivity [41, 42]. Individuals
with insulin resistance or metabolic syndrome usually have a
higher level of leptin and a lower level of adiponectin [43, 44].
The decreased circulating leptin and increased plasma
adiponectin indicated an improvement of insulin sensitivity
and lipid homeostasis after JIC.

Additionally, the improvement of metabolic homeostasis
following JIC may be partly attributed to the elevated serum
bile acid. Some literatures on RYGB [45, 46], VSG [7], IT
[47], and DJB [48, 49] demonstrated that bile acid is of great
importance in regulating glucose and lipid homeostasis after
metabolic surgery. Similarly, in the current study, JIC exerted
a rise of plasma TBA.

There are several limitations in this study. First, although
we found that the serum levels of adipocytokines changed
after surgery, their expressions in visceral fat were not tested.

@ Springer

Second, we did not measure body fat mass by magnetic reso-
nance. Third, the concentrations and composition changes of
bile acid in liver and intestinal lumen need further study. Cur-
rently, JIC surgery is just an experimental procedure and far
from translating to humans.

In conclusion, JIC achieved an immediate and dura-
ble remission of hyperglycemia, hyperlipidemia, and he-
patic steatosis with constant body weight and food con-
sumption in diabetic rats. The improvements of hepatic
lipogenesis, GLP-1 secretion, adipokine expressions, and
bile acid concentration may contribute to, at least partly,
the resolution of insulin resistance and metabolic
disorders.
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