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Abstract
Introduction Metabolic surgery has become an accepted option for the treatment of obesity and associated metabolic diseases
like hypertension and type 2 diabetes. Adipose tissue dysfunction and ectopic storage of excess lipids are thought to be involved
in the underlying pathophysiological process.
Objectives The present study aims to clarify the effect of sleeve gastrectomy (SG) on adipose tissue microvasculature and health
in an animal model of adipose type 2 diabetes.
Methods After weaning, diabetic Goto-Kakizaki rats were either fed on standard rat chow or high-calorie diet. At 4 months,
animals on high-calorie diet were randomized to SG, sham surgery, or control group. Non-diabetic Wistar rats served as further
controls. At 6 months, glucose and lipid metabolisms were studied in vivo. After sacrifice, periepididymal adipose tissue was
collected for histology and analysis of parameters of adipose tissue metabolism and insulin sensitivity.
Results SG decreased body and adipose tissue weight and improved glycemic and lipid profiles. Fasting glycemia, area under the
curve after intraperitoneal insulin tolerance test, and insulin resistance were decreased in operated animals. SG also reduced
circulating triglycerides and cholesterol while increasing serum adiponectin and adipose tissue peroxisome proliferator-activated
receptor γ (PPAR-γ) and perilipin A. Additionally, surgery improved adipose tissue vascular function and markedly increased
vascular endothelial growth factor, cluster of differentiation 31, and endothelial nitric oxide synthase.
Conclusions In our obese animal model of type 2 diabetes, SG significantly improved adipose tissue health and angiogenesis
while reducing insulin resistance, involving PPAR-γ and markers of sprouting angiogenesis and endothelial function.
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Introduction

Surgical treatment of obesity and associated metabolic dis-
eases has become a universally accepted option for a health
problem that affects currently 650 million adults

worldwide [1–3]. Long-term follow-up studies have shown
that surgical treatment is not only effective in reducing
excess weight but also moderates the prevalence and de
novo incidence of associated diseases like type 2 diabetes
and hypertension as well as cardiovascular mortality [4, 5].
Both sleeve gastrectomy and gastric bypass are effective in
improving the control of hyperglycemia and in reducing
the use of insulin in type 2 diabetic patients [6, 7]. Well-
established mechanisms of action include the modified
postprandial release of gut hormones that act on pancreatic
beta cells and the central regulation of food intake and
satiety [8–11]. Less is known regarding the effects of sur-
gery on other pathophysiological processes that are essen-
tial for metabolic homeostasis.

In the presence of increased intake of nutrients, partic-
ularly fat and sugars, that exceed current metabolic needs,
excess energy is typically stored in the form of
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triglycerides in adipose tissue. Recent research has shown
that subsequently enlarged adipocytes will lead to relative
tissue hypoxia that will drive local angiogenesis and
adapting of extracellular matrix to meet existing require-
ments and permit further adipose tissue expansion.
Whereas in healthy metabolic conditions, a new steady
state will be achieved, extended excess intake of nutrients
might lead to chronic hypoxia inducing unresolved inflam-
mation, impaired angiogenesis, and fibrosis [12]. In conse-
quence, subcutaneous fat is no longer able to adequately
expand and store excess nutrients. Impaired angiogenesis
is thought to play an important role in the context of inad-
equate subcutaneous adipose tissue expansion in response
to nutrient excess leading to ectopic fat deposits in the
liver, skeletal muscle, and cardiac muscle and accumula-
tion of visceral adipose tissue. Besides being a marker for
ectopic fat accumulation, secretion of inflammatory cyto-
kines from visceral adipose may further induce insulin re-
sistance in liver and skeletal muscle [13–15]. On the other
hand, adequate angiogenesis and vascular remodeling in
white adipose tissue will reduce secretion of cytokines,
contribute to a metabolically healthy environment, and
modulate insulin sensitivity [16].

In the face of the emerging evidence for adipose tissue
dysfunction in the pathogenesis of type 2 diabetes, this exper-
imental study aims to clarify the effects of the transformation
of the gastrointestinal tract through metabolic surgery on ad-
ipose tissue microvasculature and function and insulin
sensitivity.

Methods

Animals

After weaning, we obtained 1-month-old male diabetic
Goto-Kakizaki (GK) and Wistar rats from our local breed-
ing colonies. Animals were housed in a controlled environ-
ment with day-night cycles of 12 h, a temperature of 22–
24 °C, and a relative humidity of 50–60%. Rats could feed
freely on water and on either standard rat chow (AO3,
Charles River, SAFE, France) or high-calorie diet (AO3-
derived) enriched with sucrose (20%) and fat (20%) (HFD)
(Charles River, SAFE, France), accordingly to randomiza-
tion (see below).

Study Protocol

Eight non-diabetic Wistar rats were maintained on standard
rat chow and 32 diabetic GK rats were randomly assigned
to either standard rat chow (8 animals—GKSD) or HFD
(24 animals). At the age of 4 months, rats on HFD were
further randomized to either sleeve gastrectomy

(GKHFDSl), sham surgery (GKHFDSh), or control group
(GKHFD) and kept on HFD until sacrificed at 6 months
(Fig. 1a) (reviewer#2, comment#3, and comment#5). At
the age of 6 months, 2 months after sleeve gastrectomy
or sham surgery, an intraperitoneal insulin tolerance test
(IPITT) was carried out. Fasting glucose and lipid metab-
olism parameters were determined in blood from the tail
vein. Subsequently, animals were sacrificed by cervical
displacement and periepididymal white adipose tissue
(pEAT) was collected, cleaned, weighted, and immediately
stored (24 h in 10% formalin and EtOH 70% until paraffin
inclusion) or frozen in liquid nitrogen to be stored at 80 °C
to perform pEAT histology (Masson trichrome) or Western
Blotting analysis.

Surgical Techniques

Rats in groups GKHFDSl and GKHFDSh were operated
under intramuscular anesthesia using ketamine (75 mg/kg
body weight, Pfizer Inc., New York, NY, USA) and chlor-
promazine (3 mg/kg body weight, Laboratórios Vitória,
Amadora, Portugal). After preparation of the abdomen, a
midline incision was carried out. Sleeve gastrectomy was
performed as described elsewhere [9, 17] and included the
dissection of the greater curvature including the
aglandular forestomach which was removed along with
the operative specimen. The remaining stomach was
closed in two layers using a 4/0 midterm absorbable syn-
thetic glyconate monofilament thread (Monosyn®, B
Braun, Aesculap AG, Tuttlingen, Germany). Sham-
operated animals were submitted to explorative laparoto-
my while maintaining the abdomen exposed before clo-
sure for a similar period as animals submitted to sleeve
gastrectomy. In both groups, the abdominal wall was
closed using a running suture (3/0 short-term absorbable
suture of braided and coated polyglycolic acid (Safil
Quick®, B Braun, Aesculap AG, Tuttlingen, Germany),
after rinsing the abdominal cavity with sterile saline and
intraperitoneal administration of meloxicam (1 mg/kg
body weight, Boehringer Ingelheim GmbH, Ingelheim,
Germany). After surgery, operated animals (GKHFDSl
and GKHFDSh) were kept under a l iqu id d ie t
(Fortimel®, Nutricia, Lisbon, Portugal) with analgesia
and prophylactic antibiotics until day 5 using meloxicam
subcutaneously and doxycycline mixed to drinking water
(5 mg/kg bodyweight, Pfizer Inc., New York, NY, USA).

Glucose and Lipid Metabolism

We assessed glucose metabolism and lipids in vivo at
6 months, before sacrifice. Cholesterol and triglycerides
were measured in venous blood from the tail vein after a
daytime fast of six hours using an automated system
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(Accutrend GCT, Roche Diagnostics, Basel, Switzerland).
Additional blood samples were collected to Vacuette
K3EDTA tubes and Vacuette Z Serum clot activator tubes
(Greiner Bio-One, Austria) for measurement of plasma in-
sulin and serum adiponectin using the Rat Insulin ELISA
Kit (Mercodia, Sweden) and the Rat Adiponectin Duoset
(R&D Systems, USA). Insulin resistance was calculated
using the homeostatic model assessment (HOMA) using
the fasting insulin level (U/ml) and the fasting glucose
level (mmol/l) [(If) × (Gf)/22.5].

The IPITT was performed after an overnight fast using
insulin per bodyweight (250 mU/kg) and evaluation of glyce-
mia before and at 15, 30, 45, 60, and 120 min using a glucose
meter and test strips (Glucometer Elite, Bayer SA, Portugal).
The area under the curve (AUC) was calculated.

Western Blotting

Western Blotting was carried out using 300 mg of ice-cold
homogenized pEAT. Samples were separated in a
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Fig. 1 Experimental design and glucose metabolism (a). Lower fasting
glycemia (b) and area under the curve (c) and glycemia at 2 h (d) during
the intraperitoneal insulin tolerance test in GK rats with diet-induced obesity
submitted to sleeve gastrectomy. Sleeve gastrectomy also significantly de-
creased HOMA (e) and increased the levels of GLUT4 in the visceral adi-
pose tissue measured by Western Blot (f). Representative Western Blots are
shown in the right panel, calnexinwas used as loading control. No significant
alterations were observed in the expression and activation (phosphorylation

at Tyr1161) of the insulin receptor. Wistar—Wistar 6 months old fed a
standard diet; GKSD—Goto-Kakizaki 6 months old fed a standard diet;
GKHFD—Goto-Kakizaki 6 months old fed a high-fat high-sucrose diet
for 5 months; GKHFDSl—GKHFD submitted to sleeve gastrectomy at
4months old; GKHFDSh—GKHFD submitted to sham surgery at 4months
old. Bars represent means ± SEM, n = 8 (n = 6 for Western Blots). * vs
Wistar; # vs GKSD; $ vs GKHFD; & vs GKHFDSh. One symbol
p < 0.05; two symbols p < 0.01; three symbols p < 0.001
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polyacrylamide gel electrophoresis and transferred to
PVDF membranes. After blocking (5% BSA), membranes
were incubated overnight with the respective primary anti-
bodies and during 2 h at room temperature with the sec-
ondary antibody. We used chemiluminescent detection
(Clarity Western ECL Substrate on a VersaDoc® system
with Quantity One analysis software, BioRad, Hercules,
CA, USA) followed by image data processing employing
ImageQuant 5.0 software (Amersham Biosciences,
Sunnydale, CA, USA).

Analyzed parameters of adipose tissue metabolism and
insulin sensitivity included insulin receptor (IRβ) and its
phosphorylated form (IRβ-Tyr1161), glucose transporter
type 4 (GLUT4), AMP-activated protein kinase (AMPK)
and its phosphorylated form (AMPK-Thr172), peroxisome
proliferator-activated receptor γ (PPAR-γ), and perilipin
A, a protein involved in the regulation of lipid storage.
Furthermore, we studied markers of angiogenesis like
platelet endothelial cell adhesion molecule (CD31), fibro-
blast growth factor receptor (FGFR), plasminogen activa-
tor inhibitor-1 (PAI-1), angiotensin II receptor type 1 (AT-
1), vascular endothelial growth factor (VEGF) and its re-
ceptor type 2 (VEGFR2), angiopoietin-2 (Ang-2), and its
receptor tyrosine kinase type 2 (Tie2), as well as A
disintegrin and metalloproteinases 9 (ADAM9), notch-
receptor Delta-like ligand 4 (DLL4), endothelial nitric ox-
ide synthase (eNOS), and phosphorylated form (eNOS-
Ser1177).

Statistical Analysis

We used IBM SPSS® Statistics Base 24.0 software for data
analysis. All data are presented as mean ± standard error of the
mean. Given sample size and to reduce type I errors induced
by repeated tests, we used the Kruskal–Wallis test to analyze
differences between groups regarding the same variable or

repeated measures of a variable in the same group. We con-
sidered differences statistically significant at a level of 95%
(p < 0.05).

Results

Sleeve Gastrectomy Decreases Body and Adipose
Tissue Weight and Improves Glycemic and Lipid
Profiles

Type 2 diabetic GK rats showed an inferior body weight in
comparison to age-matchedWistar rats, but a similar food and
caloric intake (Table 1). GK rats feeding on a high-calorie diet
presented with an increased body weight, due to significant
weight gain between the age of 4 and 6 months, in conse-
quence of a higher caloric intake during this period
(Table 1). Rats submitted to sleeve gastrectomy (GKHFDSl)
showed decreased caloric intake, modest weight gain after
surgery, and a decrease of body and pEAT weight at the end
of the study. Rats submitted to sham surgery and GKHFD rats
presented with a similar phenotype (Table 1).

GK rats in the control group showed an increased fasting
glycemia and area under the curve (AUC) during 2 h after the
insulin tolerance test. The disturbance of glucose metabolism
was aggravated in rats under enriched high-calorie diet which
showed a further increased AUC during the insulin tolerance
test, an increased glycemia 2 h after insulin administration, as
well as an increased insulin resistance index (Fig. 1b–e).
Sleeve gastrectomy significantly reduced fasting glycemia,
AUC, glycemia after 2 h during the insulin tolerance test,
and insulin resistance, with an improved glycemic profile
(Fig. 1b–e). Furthermore, sleeve gastrectomy significantly in-
creased the levels of the glucose transporter GLUT4 in the
adipose tissue (Fig. 1f). No significant changes were observed
for the adipose tissue levels of total and activated forms of the

Table 1 Food and caloric intake, body weight, weight gain, and pEATweight

Group Wistar GKSD GKHFD GKHFDSl GKHFDSh

Food (g/rat/day) 22.5 ± 0.5 22.8 ± 0.5 19.2 ± 1.1*## 16.5 ± 1.1**### 19.9 ± 1.1*#

Caloric ingestion (Kcal/rat/day) 63.7 ± 1.5 64.4 ± 1.3 81.4 ± 4.4**## 69.9 ± 4.7& 84.4 ± 4.7**##

Body weight (g) 487 ± 12 371.4 ± 5.1 *** 405.9 ± 47.2**# 389.7 ± 8.4*** 412 ± 9.7*##

Weight gain 4–6 months (%) 10.8 ± 1.5 11.6 ± 2.3 17.2 ± 1.7*# 3.3 ± 2.1*#$$$&&& 16.7 ± 1.4*#

pEATweight (g) 7.2 ± 1.1 3.9 ± 0.2 4.8 ± 0.4 2.8 ± 0.3***$$&& 5.2 ± 0.5

WistarWistar 6 months old fed a standard diet,GKSDGoto-Kakizaki 6 months old fed a standard diet,GKHFDGoto-Kakizaki 6 months old fed a high-
fat high-sucrose diet for 5 months,GKHFDSlGKHFD submitted to sleeve gastrectomy at 4 months old,GKHFDShGKHFD submitted to sham surgery
at 4 months old. Periepididymal adipose tissue (pEAT). Values represent means ± SEM, n = 8. * vs Wistar; # vs GK; $ vs GKHFD; & vs GKHFDSh. 1
symbol p < 0.05; 2 symbols p < 0.01; 3 symbols p < 0.001
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insulin receptor (Fig. 1, right panel) and no changes were
observed in the sham group.

Lean GK rats did not show alterations of fasting triglycer-
ides and total cholesterol levels, but serum adiponectin levels
and adipose tissue levels of PPAR-γ and the lipid droplet
protein perilipin Awere significantly decreased in comparison
to non-diabetic Wistar rats (Fig. 2a–d). GK rats feeding on a
high-fat diet had increased circulating triglycerides and cho-
lesterol levels, besides further decreased serum adiponectin
levels and adipose tissue levels of PPAR-γ and the lipid oxi-
dation enzyme AMPK (Fig. 2a–e). Sleeve gastrectomy signif-
icantly reduced triglycerides and cholesterol levels, which was
consistent with increased serum adiponectin levels and adi-
pose tissue levels of PPAR-γ, perilipin A, and total AMPK
levels (Fig. 2), suggesting an improvement of fatty acid stor-
age and oxidation after the surgery.

Sleeve Gastrectomy Improves Adipose Tissue Vascular
Function Through Increased Sprouting Angiogenesis
and Vasoactivity

The accumulation of fibrotic components in the pEAT was
assessed through histological staining using Masson
trichrome which was increased in GK rats fed on a high-
calorie diet and reduced after sleeve gastrectomy (representa-
tive images are shown in Fig. 3a). Regarding the angiogenic
markers of the adipose tissue, GK rats showed decreased
levels of the endothelial cell marker CD31, as well as the
key factors for the sprouting angiogenesis process VEGF
and Ang-2, while no changes were observed in the expression
of their receptors VEGFR2 and Tie-2 (Fig. 3b–d). GK rats
showed also lower adipose tissue levels of ADAM9, one of
the main enzymes involved in this system, as a trend to
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Fig. 2 Lipid metabolism and adipose tissue function. Sleeve
gastrectomy significantly decreased fasting serum triglycerides (a) and
total cholesterol levels (b). The serum levels of adiponectin were
significantly decreased in GKHFD rats, but this was partially prevented
by sleeve gastrectomy (c). The adipose tissue levels of PPARgamma,
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showing a significant improvement in rats submitted to sleeve
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observed in activated (phosphrylation at Thr172) AMPK levels.
Wistar—Wistar 6 months old fed a standard diet; GKSD—Goto-
Kakizaki 6 months old fed a standard diet; GKHFD—Goto-Kakizaki
6 months old fed a high-fat high-sucrose diet for 5 months;
GKHFDSl—GKHFD submitted to sleeve gastrectomy at 4 months old;
GKHFDSh—GKHFD submitted to sham surgery at 4 months old. Bars
represent means ± SEM, n = 8 (n = 6 for Western Blots). * vsWistar; # vs
GKSD; $ vs GKHFD; & vs GKHFDSh. One symbol p < 0.05; two sym-
bols p < 0.01; three symbols p < 0.001
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decreased DLL4 levels. Such phenotype was further enhanced
in GK rats fed a high-calorie diet, which showed decreased
DLL4 levels compared to control rats (Fig. 4).

Rats submitted to sleeve gastrectomy showed increased levels
of the endothelial marker CD31, growth factors VEGF andAng-
2, differentiation markers DLL4 and ADAM9, as well as the
hypoxia response factor Angptl4 (Figs. 3b–e and 4). Such results
suggest that sleeve gastrectomy improves the number of endo-
thelial cells in the tissue through increased sprouting angiogene-
sis, also modulating the differentiation and maturation of new
blood vessel. Besides the number of blood vessels, the vascular

function of the adipose tissue also depends on the regulation of
vessel tonus, which is controlled by vasoactive factors like the
NO for relaxation and PAI-1 or angiotensin II for contraction.
GK rats under standard and under enriched high-calorie diet
showed lower adipose tissue levels of eNOS, the main enzyme
involved in NO production, and lower PAI-1 and AT1, the re-
ceptors of Ang-II responsible for vessel contraction (Fig. 5). Rats
submitted to sleeve gastrectomy have shown increased levels of
eNOS, PAI-1, and AT1, suggesting a better vascular function of
adipose tissue vessels, with a better regulation between relaxa-
tion and contraction (Fig. 5).
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Discussion

Sleeve gastrectomy improved glucose metabolism in obese
diabetic GK rats feeding on a high-calorie diet in a similar
fashion to that observed in non-obese diabetic GK rats on
standard rat chow submitted to modification of the gastroin-
testinal tract [18]. Improvement of glucose metabolism was
associated with a significant reduction in insulin resistance
estimated by homeostasis model assessment (HOMA), a

mathematical estimate based on glucose and insulin values
that reflects results obtained by the euglycemic clamp tech-
nique [19, 20]. In parallel, a significantly increased expression
of glucose transporter GLUT4 was observed in adipose tissue
of GK rats submitted to sleeve gastrectomy. As GLUT4 is an
important mediator for insulin-stimulated glucose uptake [21],
this finding underscores the pertinence of improved insulin
sensitivity after sleeve gastrectomy. Similar results regarding
the increase of GLUT4 expression have been obtained after
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gastric bypass in the GK rats feeding on normal rat chow and
in obese Zucker rats after ileal transposition [22, 23]. Possibly,
GLUT4 also plays an important role in adipose tissue health
and function by securing an adequate glucose uptake [24].

GK rats on a high-calorie diet showed increased triglycer-
ide and cholesterol and decreased adiponectin serum levels as
well as decreased adipose tissue levels of PPAR-γ, perilipin
A, and the lipid oxidation enzyme AMPK, suggesting an im-
pairment of lipid storage and oxidation in the adipose tissue.
Lipid profile, serum adiponectin, and adipose tissue levels of
PPAR-γ, perilipin A, and AMPKwere improved after surgery
suggesting an improvement of lipid storage and oxidation,
which is in accordance with studies in humans that showed a
metabolic shift based on PPAR-γ activation after gastric by-
pass and vertical sleeve gastrectomy [25]. Increased adipose
tissue PPAR-γ expression following sleeve gastrectomy and,
to a lesser extend gastric bypass, had also been observed in
obese Zucker rats [26]. PPAR-γ, which is the main target of
thiazolidinediones, is responsible for the regulation of adipo-
genesis [27] and for the downregulation of pro- inflammatory
cytokines [28, 29]. Furthermore, PPAR-γ controls the expres-
sion and secretion of adiponectin in adipose tissue which in
turn might be responsible for the systemic effects of PPAR-γ
[30]. It had been shown in a mouse model of obese type 2
diabetes (db/db) that the favorable effects of PPAR-γ on the
endothelium-dependent relaxation of the ex vivo aorta were
suppressed by either the absence of adipose tissue or by the
presence of adiponectin antibody [31].

Additionally, the same study was able to demonstrate that
adiponectin increased the bioavailability of nitric oxide
through AMPK signaling which is in accordance with our
results regarding an increased AMPK expression after sur-
gery. Exogeneous administration of adiponectin also im-
proved adipose tissue dysfunction and PPAR-γ expression
in a rodent model of diet-induced obesity which suggests a
positive feedback loop between PPAR-γ expression and se-
rum adiponectin levels [32]. Similarly to our results, ileal
transposition also increased serum adiponectin levels in obese
Zucker rats [23].

In humans, obesity and type 2 diabetes are associated with
decreased adiponectin serum levels that revert after bariatric
surgery, in particular bilio-pancreatic diversion, correlating
favorably with the acute insulin response after an intravenous
glucose load, 5 years after surgery [33]. However, no associ-
ation between increased postoperative levels of adiponectin
and the risk of cardiovascular morbidity and mortality could
be found in a cohort from the Swedish Obese Subjects study
[34], although the risk of cardiovascular events and myocar-
dial infarction was reduced after surgery [35].

In the present study, sleeve gastrectomy increased the en-
dothelial marker CD31, markers of sprouting angiogenesis
like VEGF and Ang2 and the hypoxia response factor
ANGPTL4 which has been shown to promote tissue repair

and angiogenesis [36]. The balance between VEGF and
Ang-2 is apparently crucial for the angiogenic process, and
mice with adipose-specific deletion of VEGF develop meta-
bolic dysfunction and insulin resistance under high-fat diet
[37, 38], a finding that underscores the importance of restored
angiogenesis after surgery. In humans, sleeve gastrectomy
was shown to modify the expression of angiopoietin 1 and 2
as well as their receptor Tie-2 in subcutaneous and visceral
adipose tissue. Changes in angiopoietin signaling correlated
with a decrease in inflammatory activity in adipose tissue due
to lower M1 macrophage infiltration [39], an observation that
is corroborated by another study that showed decreased sub-
cutaneous adipose tissue expression of pro-inflammatory fac-
tors after sleeve gastrectomy in obese non-diabetic patients,
albeit without any reference to angiogenesis [40].

Consequently, our results and previous studies in humans
indicate that surgery might promote improvement of adipose
tissue inflammation and metabolic profile through mecha-
nisms that include stimulation of angiogenesis. The formation
of new fully functional blood vessels depends on cell prolif-
eration regulated by endothelial growth factors, but also on the
differentiation between the tip and the stalk cell from the new-
ly formed vessel [41]. This process is mainly regulated by the
activity of delta ligands and DLL4 in the case of endothelial
cells, as well as a group of enzymes involved in DLL4 cleav-
age to trigger intracellular signaling which were also upregu-
lated after surgery. Vascular function improved in operated
animals as shown by increased eNOSwhich is associated with
vasodilation, vasoprotection, and prevention of atherosclero-
sis [42]. While insulin-induced increase of PAI-1 levels is
considered detrimental, endothelial dysfunction is possibly
associated with an imbalance between production of nitric
oxide through increased eNOS and the presence of
atherothrombotic cytokines like PAI-1 [43] or AT-1 [21]. In
human patients with morbid obesity a decrease in plasma PAI-
1 levels was observed after gastric bypass, albeit not statisti-
cally significant [44], and after sleeve gastrectomy [45].
However, to our knowledge, no study assessed the postoper-
ative evolution of increased PAI-1 expression in visceral adi-
pose tissue of patients with morbid obesity [46].

In our obese animal model of type 2 diabetes, sleeve gas-
trectomy had a favorable overall impact on angiogenesis and
adipose tissue health at a cellular level, possibly linked to
improved microvasculature, a key feature of tissue dysfunc-
tion [47]. This innovative approach sheds a new light on the
role of metabolic surgery in adipose tissue health.
Conceivably, surgery might lead to a reduction in ectopic fat
deposits and the deleterious effects on organ function. As
animals submitted to sleeve gastrectomy decreased food in-
take after surgery, the contribution of a reduced caloric intake
alone was not assessed in the present study as there was no
pair-fed group. Yet, previous studies using pair-fed mice and
rats under high-fat diet have already shown that the effect of
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sleeve gastrectomy on glucose tolerance, liver steatosis, adi-
pose tissue or heart rate, and hypertension cannot be explained
by reduced caloric intake alone [48, 49]. However, the link
between the surgical transformation of the gastrointestinal
tract and the observed modulation of angiogenesis and adi-
pose tissue function remains to be clarified and deserves at-
tention in further studies.

Conclusion

In the present study, sleeve gastrectomy led to a profound
remodeling of adipose tissue and endothelial dysfunction in
an animal model of obese type 2 diabetes. Markers of lipid
storage and oxidation like perilipin A and PPAR-γ increased
alongside serum adiponectin levels and markers of sprouting
angiogenesis like VEGF and endothelial function like CD31
and eNOS. Insulin sensitivity was markedly improved in op-
erated animals and associated with an increased expression of
GLUT4 in periepididymal white adipose tissue. Further stud-
ies will have to explore the link between the surgical proce-
dure itself and the observed improvement of adipose tissue
health.
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