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Abstract

Background Current studies indicate that inflammation of white adipose tissue (WAT) is a pathogenic characteristic of insulin
resistance. However, the significance of visceral WAT inflammation after bariatric surgery remains unclear.

Methods Duodenojejunal bypass plus sleeve gastrectomy (DJB-SG) was performed on Goto-Kakisaki rats. Weight, fasting
blood glucose (FBG), and homeostatic model assessment of insulin resistance (HOMA-IR) in the DJB-SG group were compared
to those in a sham surgery (SHAM) group every 2 weeks. The results of an oral glucose tolerance test (OGTT) and the volume of
visceral adipose tissue (Visc.Fat) were compared before and 8 weeks postsurgery. Eight weeks after surgery, the rats were
sacrificed and visceral WAT collected from the greater omentum. Tumor necrosis factor-« (TNF-«) and cluster of differentiation
68 (CD68) expression in the WAT were evaluated in paraffin-embedded sections by immunohistochemistry.

Results Compared with the SHAM group, the DJB-SG group demonstrated a significant reduction in weight, FBG, and HOMA-
IR (P <0.05), with elevation of insulin levels (P < 0.05) from 4 weeks after surgery. OGTT and the quantity of Visc.Fat were
significantly reduced (P <0.05) 8 weeks after surgery. Moreover, the expression of TNF-« and CD68 in the visceral white
adipose tissue was significantly lower 8 weeks after surgery (P < 0.05).

Conclusions The DJB-SG model established in Goto-Kakisaki rats achieved anticipated efficacy. Reduced TNF-oc-related in-
flammation in visceral WAT may result in improved insulin resistance.
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Introduction

Hao Yu and Zhigao Song contributed equally to this work and should be
considered co-first authors. The twin disorders of obesity and type 2 diabetes (T2D) char-
acterize the most devastating healthcare crisis worldwide [1].
Bariatric surgery is currently the most effective therapy for

obese patients with T2D, with Roux-en-Y gastric bypass the
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most accepted form of surgery worldwide [2]. As an evolving
surgical process, proximal duodenal-ileal end-to-side bypass
with sleeve gastrectomy has been proposed by Sanchez-
Pernaute et al. [3], while duodenojejunal bypass with sleeve
gastrectomy (DJB-SG) was put forward by Kasama et al. [4,
5]. The efficacy of DJB-SG has been confirmed, especially in
patients with T2D [6].

Studies have revealed that the result of bariatric surgery
that relieves T2D is not only weight loss but also an uniden-
tified weight-independent mechanism. For instance, allevia-
tion of hyperglycemia and insulin resistance were independent
of weight loss, caloric restriction, and nutrient malabsorption
in the early stages [7-9].
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Increased infiltration of monocytes into white adipose tis-
sue (WAT), which differentiate into macrophages, is a basic
characteristic of obesity [10, 11]. Obesity-associated insulin
resistance correlates with increased numbers of macrophages
and elevated levels of pro-inflammatory cytokines, such as
TNF-«, IL-1f3, and IL-6 [12, 13]. Secretion of these factors
activates several inflammatory signal transduction pathways
in macrophages and adipocytes.

Insulin resistance is defined as a decreased response of
peripheral tissues (e.g., liver, muscle, and adipose) to insulin
[9] and is commonly associated with obesity, preceding the
onset of T2D [10, 11]. Individuals with insulin resistance are
predisposed to developing T2D. One hypothesis for the de-
velopment of insulin resistance is the chronic low-grade in-
flammation in WAT of obese patients with T2D [12]. The
finding that macrophage infiltration and pro-inflammatory cy-
tokine secretion are increased in obesity may provide partly
substantiate this hypothesis [5, 6].

The most accurate predictor of adverse metabolic conse-
quences (such as diabetes and dyslipidemia) is not total body
adipose mass, but specifically, the quantity of visceral adipose
tissue (Visc.Fat) [13]. Thus, we hypothesize that the inflam-
matory status of visceral WAT plays an important role after
bariatric surgery.

To test this hypothesis, we firstly performed DJB-SG sur-
gery on Goto-Kakizaki (GK) rats, the most widely used ani-
mal model of non-obese T2D [14], and then secondly, the
efficacy of the DJB surgery in the rats was verified. Finally,
we evaluated the volume of Visc.Fat., its infiltration of mac-
rophages, and secretion of TNF-o.

Materials and Methods
Animals

Twelve-week-old male GK rats (n=18; Laboratory Animal
Center of Cavens, China) were housed separately in indepen-
dently ventilated cages at a constant temperature between 24
and 26 °C, 50-60% humidity, and with a 12-h light/dark cycle
for 4 weeks prior to surgery. The rats were randomly divided
into two groups: 11 in the DIB-SG group and 7 in the SHAM
group. All GK rats were given free access to standard food
(14% calories from fat; Southern Medical University
Laboratory Animal Center).

Surgical Procedures on GK Rats

After a 12-h fast, all rats were anesthetized with 10 mg/mL
(equating to 50 mg/kg) amobarbital sodium solution by intra-
peritoneal (i.p.) injection. After skin preparation, a 3-cm mid-
line epigastric incision was created using sterile techniques.
An initial transverse incision (approximately 0.7 cm) was

created parallel to the intestine 1 cm below the pylorus, and
then, a second transverse incision (approximately 0.7 cm) was
made parallel to the intestine at a position 20 cm below the
ligament of Treitz. The two incisions were anastomosed side
to side. The intestine was then ligated at the distal end of the
anastomosis. In this way, approximately 80% of the stomach
was removed and the stump sutured (Fig. la—f).

In the SHAM group, two transverse incisions were created
as in the DJB-SG group. Another transverse incision was also
made in the stomach. The duration of surgery was deliberately
prolonged to be similar to that experienced by the rats in the
DJB-SG group to allow the animals to undergo similar surgi-
cal and anesthetic stress.

In addition, cefazolin (120 mg/kg) was administrated i.p.
twice daily for 2 days. On the first postoperative day, 5 mL of
normal saline was injected subcutaneously to prevent dehy-
dration. On the second postoperative day, rats were given
access only to a liquid diet comprising 5% glucose and 0.9%
saline solution. Starting on the third postoperative day, the rats
received a liquid diet including water, sugar water com-
pounds, proteins, electrolytes, and other vital substances. On
the seventh postoperative day, solid food was offered to the
rats and gradually reinstated. On the eighth week following
surgery, all GK rats were sacrificed and dissected (Fig. 1g).

Outcome Measures of GK Rats

In all groups, weight, fasting blood glucose (FBG), and ho-
meostatic model assessment of insulin resistance (HOMA-IR)
levels were measured before and twice a week after surgery
for a total of 8 weeks. An OGTT and micro-CT scan were also
conducted prior to and 8 weeks after surgery.

Micro-CT (Aloka Latheta LCT-200, Hitachi, Japan) scan-
ning was conducted on all groups before and 8 weeks after
surgery using a tube voltage of 50 kV and current of 0.5 mA.
The anesthetized rats were scanned in an 80-mm-wide speci-
men holder at a resolution of 160-mm pixel. For each rat, 500
images were collected during a single 360° rotation, which
were then used to measure the quantity of visceral and subcu-
taneous adipose tissue. Firstly, an overview scan of the whole
rat was created in order to select regions of interest. The de-
fined region of the abdomen included from the top level of the
diaphragm to the top of the pelvis. Mean acquisition time for
each scan was approximately 15 min. Recognition and differ-
entiation of abdominal muscle, visceral, and subcutaneous
adipose tissue (Subc.Fat) were achieved using the LaTheta
software. A fat density factor of 0.92 g/cm’® was implemented
in the software and used to calculate fat mass [15].

Electronic scales (Mettler Toledo TCII-1103, Zurich,
Switzerland) were employed to directly measure animal
weight, and a handheld Accu-Chek Performa glucometer
(Roche) was employed to directly measure blood glucose
levels. Weight, FBG, and OGTT were measured following
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Fig.1 Schema of DJB-SG surgery and anatomical image of DJB-SG performed on a GK rat after surgery. a—f Schema of DJB-SG surgery. g Anatomical

image. Blue arrow: ligation, yellow arrow: pylorus
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1 day of fasting. During OGTT, each rat was given a bolus of
2 g/kg hypertonic glucose (50% w/v) by oral gavage before
and at 15, 30, 60, 90, and 120 min after administering the
hypertonic glucose solution.

Blood samples were collected from the tail vein of the rats.
The blood samples were placed into chilled 1.5-mL
Eppendorf tubes (Axygen Scientific Inc., Union City, CA,
USA) containing a dipeptidyl peptidase IV inhibitor (EMD
Millipore, Billerica, MA, USA) in a solution of ethylenedi-
aminetetraacetic acid (EDTA). After centrifugation at 4 °C for
10 min at 1000xg, the plasma supernatant was immediately
extracted and stored at —80 °C until required for analysis.
Serum insulin was tested using an ELISA Kit (Bio-Rad).

Immunohistochemistry-Paraffin Embedding Protocol

WAT was isolated from the omentum majus. The samples
were fixed in formalin, embedded in paraffin, and then ana-
lyzed by immunohistochemistry (IHC-P). Four-pum sections
were deparaffinized and rehydrated, and their endogenous
peroxidase activity inhibited using 0.3% H,0, in methanol.
After blocking with 5% normal goat serum for 1 h at room
temperature, the slides were incubated with the following pri-
mary antibodies at 4 °C overnight: anti-CD68 and anti-TNF-«
(Abcam, Cambridge, UK). The slides were incubated with an
appropriate biotinylated secondary antibody (Dako, Santa
Clara, CA, USA) and then streptavidin-biotin complex/
horseradish peroxidase. Finally, the immunoreactive signal
was developed using diaminobenzidine (DAB) (Dako) stain-
ing. The slides were counterstained using hematoxylin. Ten
non-overlapping visual fields were randomly selected using a
light microscope at x40 magnification, and then, positively
stained cells were manually counted and the different groups
compared. Staining intensity was scored as follows: 0: nega-
tive, 1: weak, 2: moderate, and 3: strong. The frequency of
positive cells was defined as follows: 0: less than 5%, 1: 5 to
25%, 2: 26 to 50%, 3: 51 to 75%, and 4: more than 75%. A
staining index (values: 0—12) was calculated by multiplying
the score for staining intensity with that for positive area.

Statistical Analysis

All clinical data are presented as mean=+ SD and all experi-
mental data as mean + SEM. Parametric data were analyzed
using a Student’s ¢ test (paired and independent). Non-
parametric data were analyzed using Wilcoxon signed rank
and Mann-Whitney U tests. Chi-squared or Fisher’s exact
tests were used to identify significant differences between
proportions and categorical variables. A two-tailed P <0.05
was considered statistically significant. Statistical analysis
was performed using SPSS version 22.0 for Windows (IBM
Corp., Armonk, NY, USA).

Results

The total mortality rate in the two groups (DJB-SG and
SHAM) was 27.77% (5/18) 8 weeks postoperatively.
Among them, seven survived in the DJB-SG group and six
survived in the SHAM group. In the DIB-SG group, one rat
died of anastomotic leakage 1 day postsurgery. Two rats died
of diarrhea after the third and fifth days postsurgery. One rat
died of severe weight loss after the first week postsurgery. In
the SHAM group, one rat died of an unknown cause after the
third week postsurgery.

Following surgery, the weights of the rats in the DJB-SG
group declined significantly after 4 weeks compared with those
of the SHAM group (Fig. 2a). The FBG of the rats in the DJB-
SG group also decreased significantly after 4 weeks compared
with that of the SHAM group (Fig. 2b). Additionally, the
HOMA-IR and circulating insulin levels in the DJB-SG group
were significantly less after 4 weeks than that of the SHAM
group (Fig. 2c, e). The area under the OGTT curve (AUCogtr)
of the DIB-SG group was significantly smaller than that of the
SHAM group after surgery (Fig. 2d).

The number of CD68-positive cells in the adipose of rats
decreased in the DJB-SG group compared with the SHAM
group (Fig. 3a, b). In addition, the levels of TNF-« in the
adipose tissue of the DJB-SG group also decreased (Fig. 3c,
d). Furthermore, according to the micro-CT scans of the ab-
domen, total fat volume, namely, Subc.Fat plus Visc.Fat, de-
creased more significantly (P <0.05) in the DIB-SG group
after 8 weeks than in the SHAM group, consistent with animal
weight. In particular, the dramatic decrease in fat volume was
due principally to a decrease in Visc.Fat (P < 0.05), rather than
Subc.Fat (Fig. 4).

Discussion

In this study, we observed that DIB-SG surgery improved glu-
cose metabolism in a non-obese type 2 diabetes animal model.
We provided evidence that DJB-SG surgery in an animal model
caused effects similar to those observed in patients [5].
Furthermore, data demonstrated that DJIB-SG surgery de-
creased not only Visc.Fat volume but also TNF-o expression
and macrophage infiltration in the visceral adipose tissue,
which may contribute to the improvement in insulin resistance.

The positive effect of bariatric surgery observed towards
glycemic control has been confirmed in non-obese GK rats
[14, 16], non-obese streptozotocin (STZ)-induced diabetes
rats [17], and a high-fat diet plus STZ-induced rats [18]. It is
important to note that divergent results have also been report-
ed [19]. In our study, insulin resistance was well established
prior to surgery. Similar to the early stage in humans, GK rats
exhibit increased insulin resistance, higher insulin secretion,
and pathological oral glucose tolerance. Four weeks after

@ Springer



OBES SURG (2019) 29:1742-1750

1746
a b
4004 ke 20+
*
A
3501 m :@ _f_ T15) o
> L | = I b sk
= - n 2 g w
S 300 - L I = . £10{ m L % % A}
=, X7 2 % s g7 =i Ll
Low A m @ L ]
250-] - = . L5 ol
200 T T T T 0 T T T T
N Vv > > Q 9 ™ LYy
Weeks After surgery Weeks After Surgery
d e
151
4000+ i
- * -
A
3000 m E 10l A
n A =)
2000 A ] A
(8} u £ = ‘
A =
2 %. 2 51 I;T i * i
1000 £ ‘f LN F U
L — A
A " of
0 T T 0 T T T T
°© ® ) v ™ ®
Weeks After Surgery Weeks of surgery

HOMA-IR

44

=)

Vv > ®
Weeks After surgery

Ao SHAM
m DJB-SG

Fig.2 Alleviation of T2D and downregulation of ghrelin observed in GK
rats after DJIB-SG. a Weight. b FBG. ¢ HOMA-IR. d AUCqogrt Data
represent mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001 versus SHAM

surgery, HOMA-IR, representing insulin resistance, decreased
significantly at a confidence level of 99%. In addition, body
weight did not change significantly and diabetes persisted in
the SHAM group. These observations indicate that the mech-
anisms are partly independent of weight loss [7-9].

The present modification of DJB surgery performed on the
animals was first presented by Rubino et al. [14]. One advantage
is that it minimizes surgical trauma in diabetic rats. The reason
that DJB-SG surgery is more difficult in humans than rats is that
the duodenum is located in the posterior abdominal cavity and
requires manual anastomosis using laparoscopy. Nonetheless,
the duodenum was free in the abdominal cavity, and the surgery
was simpler than in human patients. In all the procedures per-
formed on the GK rats, the mortality rate was 27.7%. Together,
these data suggest that DIB-SG surgery was easily performed
with efficacious effects after an invasive operation.

Visceral adipose tissue is widely distributed around or in
abdominal organs, such as the pancreas and omentum majus,
and has been reported to be related to metabolic syndrome
including insulin resistance, hyperlipidemia, and hypertension
[20-23]. For individuals with identical BMI values, the Asian
T2D population, such as Chinese or Japanese, have been re-
ported to have a higher risk of metabolic syndrome [24] and
higher Visc.Fat volume compared to Caucasians [25]. Clearly,
for the Asian T2D population, the Visc.Fat volume is probably
a more appropriate parameter of concern in bariatric surgery
and requires greater attention in a comprehensive research
program [22]. Harvest of postoperative visceral adipose sam-
ples in humans is limited to serious situations requiring re-
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group. e Ghrelin. Data represent mean + SEM, *P <0.05, **P <0.01,
##%P <0.001 versus SHAM group

operative surgery with appropriate ethical approval. Thus,
clinical researchers have little opportunity to investigate hu-
man tissue and rely on animals such as the GK rats. In our
study, based on a successful surgical model of DJB-SG in GK
rats, we first utilized micro-CT scanning to directly confirm
reported changes in visceral adipose tissue at the macrolevel
and we harvested sufficient tissues samples postoperatively to
explore more deeply the fundamental mechanisms including
microcosmic factors such as TNF-oc and CD68.

Historically, high doses of salicylates have been known to
lower blood glucose concentrations [26]. As the first discov-
ered synergistic cytokine of obesity-induced inflammation
[27], TNF-« increases in the muscle and adipose tissue of
obese people and rats [28]. Insulin resistance occurred in cells
and animal models when a certain quantity of TNF-o has been
administered [29]. Alleviation of insulin resistance has been
observed in animal models that have an absence of TNF-x or
TNF-o receptor [30]. Those findings suggest that TNF-oc has
a strong association with insulin resistance.

TNF-« could increase insulin resistance in a variety of ways.
It could upregulate phosphorylation of Ser307 in insulin recep-
tor substrate-1, which can inhibit insulin action and block the
interaction of insulin with insulin receptors [31]. Infusion of
TNF-« increases phosphorylation of p70 S6 kinase, extracellu-
lar signal-regulated kinase-1/2, and c-Jun NH(2)-terminal ki-
nase, concomitant with increased serine and reduced tyrosine
phosphorylation of insulin receptor substrate-1. These signaling
effects are associated with impaired phosphorylation of Akt
substrate 160, the most proximal step identified in the canonical
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Fig. 3 Reduced inflammation in adipose tissue of GK rats. a
Immunohistochemical staining of CD68 in epididymal WAT from GK
rats. Human tonsil specimens were positive controls. Blue arrows indicate
macrophages. b Number of CD68-positive cells. Data represent mean +
SEM, *P<0.05, **P<0.01, ***P<0.001 versus the SHAM group. ¢

insulin signaling cascade regulating GLUT4 translocation and
glucose uptake [32, 33]. TNF- could activate NF-«B, as
IKK 3/NF-kB-mediated impairment of hypothalamic adult
neural stem cells is a critical neurodegenerative mechanism in
obesity and related diabetic disorders [34].

The theory of low-grade systemic inflammation generates a
fresh research orientation for the pathogenesis of diabetes [35,
36]. It is unclear whether inflammation and immunity are the
cause of type 2 diabetes or just a pathological marker.
Interestingly, in the same way that tumor markers serve as a
prediction of cancer [37], C-reactive protein serves as a pre-
dictive indicator for diabetes and cardiovascular diseases, and
has wide acceptance [38]. As for bariatric surgery, several
nominated blood stream markers are available that are report-
ed to predict the therapeutic effect of surgery [39], but predic-
tive pathological markers are scarce.

staining index
»
.
[

o N
& &

Immunohistochemical staining of TNF-o in epididymal WAT. Human
tonsil specimens were positive controls. Blue arrows indicate TNF-«. d
TNF-« staining index. Data represent mean + SD, *P < 0.05, **P < 0.01,
*##%4P <0.001 versus the SHAM group

This study investigated the expression of CD68 and TNF-
in visceral WAT, the results suggesting that DJB-SG surgery
may possibly influence TNF-a-related inflammation in vis-
ceral adipose tissue. We could investigate WAT as a research
object: for instance, clinicians could routinely remove a sam-
ple of WAT from the omentum majus during surgery and
quantify inflammatory indicators (such as TNF-« expression)
using pathological examination (such as IHC-P). If a strong
correlation between high expressions of TNF-x preoperative-
ly and high postoperative T2D remission rate was observed,
pathological examination of WAT may become a new bio-
marker for predicting the therapeutic effect of the procedure.

Occasionally, we observed that although the number of
macrophages in adipose tissue was reduced, the total number
was considerably fewer than fat cells (less than 5%).
Furthermore, TNF-x expression was positive in a large
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Fig. 4 Reduction of Visc.Fat
observed in GK rats after DJB-
SG. a Visceral and subcutaneous
adipose tissue perpendicular to
the longitudinal axis of the rat
were scanned by micro-CT. Red
area: visceral adipose tissue,
yellow area: subcutaneous
adipose tissue. b Volume of
visceral adipose tissue (Visc.Fat).
Data represent mean = SD,
*P<0.05, **P<0.01,

##4P < (0.001 versus the SHAM

group

DJB-SG

SHAM

Visc.Fat(g)

proportion of the adipose tissue (approximately 40~50%). The
question remains as to the principal source of TNF. Does it
derive from adipocytes or macrophages, or some other
source? Thus, our continued research anticipates making
progress in this regard.

Conclusions
The DJB-SG-model established in Goto-Kakisaki rats
achieved anticipated efficacy. Reduced TNF-«x-related inflam-

mation in visceral WAT may result in improved insulin
resistance.
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