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Abstract
Background Glycerol constitutes an important metabolite for
the control of lipid accumulation and glucose homeostasis.
Our aim was to investigate the potential role of aquaglycero-
porins, which are glycerol channels mediating glycerol efflux
in adipocytes (AQP3 and AQP7) and glycerol influx (AQP9)
in hepatocytes, in the improvement of adiposity and hepatic
steatosis after sleeve gastrectomy in an experimental model of
diet-induced obesity (DIO).
Methods Male Wistar DIO rats (n=161) were subjected to
surgical (sham operation and sleeve gastrectomy) or die-
tary interventions [fed ad libitum a normal diet (ND) or a
high-fat diet (HFD) or pair-fed to the amount of food eaten
by sleeve-gastrectomized animals]. The tissue distribution
and expression of AQPs in biopsies of epididymal (EWAT)
and subcutaneous (SCWAT) white adipose tissue and liver

were analyzed by real-time PCR, Western blot, and
immunohistochemistry.
Results Four weeks after surgery, DIO rats undergoing sleeve
gastrectomy showed a reduction in body weight, whole-body
adiposity, and hepatic steatosis. DIO was associated with a
tendency towards an increase in EWAT AQP3 and SCWAT
AQP7 and a decrease in hepatic AQP9. Sleeve gastrectomy
downregulated AQP7 in both fat depots and upregulated
AQP3 in EWAT, without changing hepatic AQP9. Aqp7 tran-
script levels in EWAT and SCWATwere positively associated
with adiposity and glycemia, while Aqp9 mRNA was nega-
tively correlated with markers of hepatic steatosis and insulin
resistance.
Conclusion Our results show, for the first time, that sleeve
gastrectomy, a widely applied bariatric surgery procedure, re-
stores the coordinated regulation of fat-specific AQP7 and
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liver-specific AQP9, thereby improving whole-body adiposity
and hepatic steatosis.
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Abbreviations
Adipo-IR Adipocyte insulin resistance index
AQP Aquaporin
CSA Cell surface area
DIO Diet-induced obesity
EWAT Epididymal white adipose tissue
FFA Free fatty acids
GK Glycerol kinase
HFD High-fat diet
HOMA Homeostasis model assessment
NAFLD Non-alcoholic fatty liver disease
ND Normal diet
PPARγ Peroxisome proliferator-activator receptor γ
QUICKI Quantitative insulin sensitivity check index
RT Room temperature
SCWAT Subcutaneous white adipose tissue
SREBF1 Sterol regulatory element-binding factor 1
TG Triacylglycerol

Introduction

Aquaporins are channel-forming integral membrane proteins
that facilitate the movement of water across cell membranes
[1]. To date, 13 aquaporins have been identified in mammalian
tissues (AQP0-12), which can be divided into three subgroups
according to their permeability and structure, namely aquapo-
rins, aquaglyceroporins, and superaquaporins [1, 2]. Aquaglyc-
eroporins (AQP3, 7, 9, and 10) encompass a subfamily of aqua-
porins that facilitate the movement of water and other small
solutes, such as glycerol, across the plasma membranes [3, 4].
In this sense, glycerol constitutes a key metabolite as a direct
source of glycerol-3-phosphate for the synthesis of triacylglyc-
erols (TG) and an important substrate for hepatic gluconeogen-
esis during fasting [5]. Adipose tissue is the major source of
circulating glycerol. AQP7 represents the main gateway for the
delivery of fat-derived glycerol into the bloodstream [6, 7],
although other glycerol channels, such as AQP3, AQP9,
AQP10, and the more recently identified AQP11, also contrib-
ute to glycerol release from adipocytes [8–10].

Plasma glycerol is introduced into hepatocytes by the liver-
specific AQP9, where it is transformed into glycerol-3-
phosphate by glycerol kinase (GK) for de novo synthesis of
glucose and TG [11, 12]. Functional studies in transgenicmice
lacking aquaglyceroporins have revealed their relevance in the

onset of obesity and insulin resistance. In this regard, Aqp3
deletion is associated with nephrogenic diabetes insipidus
[13], Aqp7-knockout mice develop adult-onset obesity [6,
7], and Aqp9 deficiency leads to a defective hepatic glycerol
metabolism, confirming that AQP9 is the primary route for
hepatocyte glycerol uptake for glycerol gluconeogenesis in
mice [12, 14]. Interestingly, the murine Aqp10 gene is a
pseudogene [15].

Obesity is associatedwith an altered expression of aquaglyc-
eroporins in adipose tissue and liver [8, 16–20]. Dysregulation
of aquaglyceroporins in adipose tissue shows fat depot-specific
differences. Visceral fat exhibits higher expression of AQP3
and AQP7, which might reflect an overall increase in lipolytic
rate and glycerol release in this fat depot, while the repression
of AQP7 in subcutaneous fat points to the promotion of an
intracellular glycerol accumulation and a progressive adipocyte
hypertrophy [8, 18]. On the other hand, obesity-associated met-
abolic derangements, such as type 2 diabetes or non-alcoholic
fatty liver disease are associated with a downregulation of he-
patic AQP9, suggesting a compensatory mechanism whereby
the liver counteracts further TG accumulation within its paren-
chyma as well as reduces hepatic gluconeogenesis [8, 18, 19].
In this regard, a recent study reported that Aqp9 knockdown
with small interference RNA prevents steatosis in an oleic acid-
treated LO2 immortal liver cell line, supporting a key role for
AQP9 in the onset of fatty liver [21]. Thus, the coordinated
regulation of aquaglyceroporin expression in the adipose tissue
and the liver is extremely relevant to maintain the control of
adipose and hepatic TG accumulation as well as for glucose
homeostasis [8, 11].

Sleeve gastrectomy constitutes a widely applied bariatric
surgery procedure to induce weight loss in obese patients that
leaves a lesser curvature tube after excising the fundus and
greater curvature portion of the stomach [22]. This bariatric
surgical technique induces an effective and sustained weight
loss in humans [22, 23] as well as in experimental models of
genetic and diet-induced obesity (DIO) [24–26]. However, the
molecular mechanisms underlying the improvement of adi-
posity after sleeve gastrectomy are poorly understood. There-
fore, the aim of the present study was to analyze the potential
participation of aquaglyceroporins in the improvement of ad-
iposity and hepatic steatosis after sleeve gastrectomy in an
experimental model of DIO, which leads to non-alcoholic
fatty liver disease (NAFLD). Moreover, it is well known that
peroxisome proliferator-activated receptor γ (PPARγ) and
sterol regulatory element-binding transcription factor 1
(SREBF1) are key elements in the control of adipose-
specific genes [27] and that the AQP7 gene exhibits response
elements for these transcription factors in its promoter [28].
Thus, we further studied the transcription of the Pparg and
Srebf1 genes in white adipose tissue and liver as well as their
plausible association with the gene expression ofAqp7 and the
other aquaglyceroporins in these metabolic tissues.
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Material and Methods

Experimental Animals and Study Design

Four-week-old male Wistar rats (n=161) (breeding house of
the University of Navarra) were housed in individual cages in
a room with controlled temperature (22±2 °C), ventilation (at
least 15 complete air changes), 12:12-h light–dark cycle
(lights on at 8:00 am), and relative humidity (50±10 %) under
pathogen-free conditions. Animals were fed ad libitum during
4 months with either a normal diet (ND) (n=22) (12.1 kJ: 4 %
fat, 82 % carbohydrate, and 14 % protein, diet 2014S, Harlan,
Teklad Global Diets, Harlan Laboratories Inc., Barcelona,
Spain) or a high-fat diet (HFD) (n=139) (23.0 kJ/g: 59 %
fat, 27 % carbohydrate, and 14 % protein, diet F3282; Bio-
Serv, Frenchtown, NJ, USA) [29]. Body weight and food in-
take were registered weekly to monitor the progression of the
DIO rats that reached a mean body weight of 630±15 g after
4 months on the HFD.

DIO rats were randomized into weight-matched groups to
be submitted either to the sleeve gastrectomy (n=37) or a
sham operation (n=41). Anesthesia and sleeve gastrectomy
were performed according to previously described methodol-
ogy [25, 26, 30]. Briefly, for the sleeve gastrectomy, a lapa-
rotomy incision was made in the abdominal wall and the
stomach was isolated outside the abdominal cavity. Loose
gastric connections to the spleen and liver were released along
the greater curvature, and the great omentum was ligated and
divided down to the level of the pylorus. About 60–70 % of
the forestomach and glandular stomach was excised out using
an automatic stapler (AutoSuture TA DST Series, Tyco
Healthcare group LP, Norwalk, CT, USA) with a TA30V3L
load, leaving a tubular gastric remnant in continuity with the
esophagus upwards and the pylorus and duodenum down-
wards. The sham surgery comprised the same laparotomic
incision as well as handling of the stomach except for the
gastrectomy. Following the surgical interventions [sham oper-
ation (n=24) or sleeve gastrectomy (n=22)], a group of DIO
animals continued to be fed ad libitum a HFD, while another
group of DIO rats was switched to a ND ad libitum [sham
operation (n=17) or sleeve gastrectomy (n=15)]. In order to
discriminate the effects of a reduced food intake following the
bariatric surgery, two groups of DIO rats were pair-fed to the
amount of food eaten by the animals undergoing the sleeve
gastrectomy switched to either the ND or the HFD [pair-fed
ND (n=17) or pair-fed HFD (n=23)]. Four weeks after the
surgical and dietary interventions, rats were killed by decapi-
tation after an 8-h fasting period. The liver, epididymal
(EWAT), and subcutaneous (SCWAT) white adipose tissues
were carefully dissected out, weighed, frozen in liquid nitro-
gen, and stored at −80 °C until processed for each study. A
small portion of the diverse tissues was fixed in 4 % parafor-
maldehyde for histological analyses. Blood samples were

immediately collected and sera were obtained by cold centri-
fugation (4 °C) at 700g for 15 min.

All applicable institutional and/or national guidelines for
the care and use of animals were followed. All experimental
procedures conformed to the European Guidelines for the care
and use of Laboratory Animals (directive 2010/63/EU) and
were approved by the Ethical Committee for Animal Experi-
mentation of the University of Navarra (049/10).

Blood and Tissue Analysis

Serum glucose was determined by an automatic glucose sen-
sor (Ascencia Elite, Bayer, Barcelona, Spain). Serum concen-
trations of free fatty acids (FFA), TG, and total cholesterol
were measured by enzymatic methods using commercially
available kits (Infinity™, Thermo Electron Corporation, Mel-
bourne, Australia). Serum glycerol levels were analyzed using
a free glycerol determination kit, a quantitative enzymatic de-
termination assay (Sigma, St. Louis, MO, USA); intra- and
interassay coefficients of variation were 3.3 and 4.2%, respec-
tively. Intrahepatic TG was determined by enzymatic
methods, as previously described [8]. Insulin and leptin were
determined by ELISA (Crystal Chem, Inc., Chicago, IL,
USA) [31, 32]. Intra- and interassay coefficients of variation
for measurements of insulin and leptin were 3.5 and 6.3 %,
respectively, for the former, and 5.4 and 6.9 %, for the latter.
Insulin resistance was calculated using the homeostasis model
assessment (HOMA), calculated with the formula: fasting in-
sulin (μU/mL) × fasting glucose (mmol/L)/22.5). An indirect
measure of insulin sensitivity was calculated using the quan-
titative insulin sensitivity check index (QUICKI) as follows:
1/[log(fasting insulin [μU/mL])+log(fasting glucose [mg/
dL]). The adipocyte insulin resistance (Adipo-IR) index, as a
surrogate of adipocyte dysfunction, was calculated as fasting
FFA (mmol/L) × fasting insulin (pmol/L) [20]. Total ghrelin
levels were also assessed using a rat/mouse total ghrelin
ELISA Kit (#EZRGRT-91 K, Millipore, Billerica, MA,
USA). Intra- and interassay coefficients of variation for mea-
surements of total ghrelin were 0.8 and 2.8 %, respectively.

RNA Isolation and Real-Time PCR

RNA isolation and purification were performed as earlier de-
scribed [33]. Transcript levels of Aqp3, Aqp7, Aqp9, Pparg,
and Srebf1 were quantified by real-time PCR (7300 Real-
Time PCR System, Applied Biosystems, Foster City, CA,
USA). Primers and probes (Supplemental Table 1) were de-
signed using the software Primer Express 2.0 (Applied
Biosystems) and acquired from Genosys (Sigma). Primers or
TaqMan® probes encompassing fragments of the areas from
the extremes of two exons were designed to ensure the detec-
tion of the corresponding transcript avoiding genomic DNA
amplification. The cDNA was amplified at the following
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conditions: 95 °C for 10 min, followed by 45 cycles of 15 s at
95 °C and 1 min at 59 °C, using the TaqMan® Universal PCR
Master Mix (Applied Biosystems). The primer and probes
concentrations were 300 and 200 nmol/L, respectively. All
results were normalized for the expression of 18S rRNA (Ap-
plied Biosystems), and relative quantification was calculated
as fold expression over the calibrator sample [18]. All samples
were run in triplicate and the average values were calculated.

Western Blot Studies

Tissues and cells were harvested and homogenized in ice-
cold lysis buffer (0.1 % SDS, 1 % Triton X-100, 5 mmol/L
EDTA·2H2O, 1 mol/L Tris–HCl, 150 mmol/L NaCl, 1 %
sodium deoxycholate, pH 7.40) complemented with a pro-
tease inhibitor cocktail (Complete™ Mini-EDTA free,
Roche, Mannheim Germany). Lysates were centrifuged at
12,000 g at 4 °C for 15 min to remove nuclei and unruptured
cells. Total protein concentrations were determined by the
Bradford assay, using bovine serum albumin (BSA) (Sigma)
as standard. Thirty micrograms of total protein were
diluted in loading buffer 4× (20 % β-mercaptoethanol,
40 mmol/L dithiothreitol, 8 % SDS, 40 % glycerol,
0.016 % bromophenol blue, 200 mmol/L Tris–HCl,
pH 6.80) and heated for 10 min at 100 °C. Samples were
run out in Mini-PROTEAN® TGX™ precast gels (Bio-Rad
Laboratories, Inc., Hercules, CA, USA), subsequently
transferred to PVDF membranes (Bio-Rad) and blocked in
Tris-buffered saline (10 mmol/L Tris–HCl, 150 mmol/L
NaCl, pH 8.00) with 0.05 % Tween 20 (TBS-T) containing
5 % non-fat dry milk for 1 h at room temperature (RT).
Membranes were then incubated overnight at 4 °C with
goat polyclonal anti-AQP3, rabbit polyclonal anti-AQP7,
goat polyclonal anti-AQP9 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) antibodies (diluted 1:5000 for
AQP3 and 1:1000 for AQP7 and AQP9 in blocking
solution) or murine monoclonal anti-β-actin (Sigma) (diluted
1:5000 in blocking solution). The antigen-antibody
complexes were visualized using horseradish peroxidase
(HRP)-conjugated anti-goat, anti-rabbit, or anti-mouse
IgG antibodies (diluted 1:5000 in blocking solution) and
the enhanced chemiluminescence ECL Plus detection
system (Amersham Biosciences, Buckinghamshire, UK).
The intensity of the bands was determined by densitometric
analysis with the Gel Doc™ gel documentation system
and Quantity One 4.5.0 software (Bio-Rad) and normalized
with β-actin density values. All assays were performed in
duplicate.

Histological Analyses

The immunodetection of AQP3 and AQP7 in histological
sections of EWAT as well as AQP9 in liver was performed

by the indirect immunoperoxidase method, as previously
described [8, 20]. Sections of formalin-fixed paraffin-em-
bedded adipose tissue (6 μm) and liver (4 μm) were
dewaxed in xylene, rehydrated in decreasing concentrations
of ethanol, and treated with 3 % H2O2 (Sigma) in absolute
methanol for 10 min at RT to quench endogenous peroxi-
dase activity. Slides were blocked during 60 min with 1 %
murine serum (Sigma) diluted in Tris-buffer saline (TBS)
(50 mmol/LTris, 0.5 mol/L NaCl, pH 7.36) to prevent non-
specific absorption. Sections were incubated overnight at
4 °C with goat polyclonal anti-AQP3, rabbit anti-AQP7 or
rabbit polyclonal anti-AQP9 (Alpha Diagnostic Interna-
tional, San Antonio, TX, USA) antibodies diluted 1:100
in TBS. After washing three times with TBS (5 min each),
slides were incubated with HRP-conjugated anti-goat IgG
(Zymed, San Francisco, CA, USA) or DAKO Real™ EnVi-
sion™ anti-rabbit/mouse (K5007; Dako, Golstrup, Den-
mark) for 1 h at RT. The peroxidase reaction was visualized
using a 0.5 mg/mL diaminobenzidine (DAB)/0.03 % H2O2

solution diluted in 50 mmol/L Tris–HCl, pH 7.36, and Har-
ris hematoxylin solution (Sigma) as counterstaining. Nega-
tive control slides without primary antibody were included
to assess non-specific staining.

The adipocyte cell surface area (CSA) was measured as
previously described [34]. Briefly, biopsies of EWAT were
fixed in 4 % formaldehyde, embedded in paraffin, cut into
sections of 6 μm and stained with hematoxylin-eosin. Images
of three fields per section from each animal were captured
with the 20× objective, and the adipocyte CSA from, at least,
100 cells/section wasmeasured using the software AxioVision
Release 4.6.3 (Zeiss, Göttingen, Germany).

Statistical Analysis

Data are expressed as the mean±SEM. Statistical differences
between mean values were analyzed using two-way ANOVA
(diet × surgery) or one-way ANOVA followed by Tukey’s
post hoc test, if an interaction was detected. Pearson correla-
tion coefficients (r) were used to analyze the association be-
tween variables. The statistical analyses were performed using
the SPSS/Windows version 15.0 software (SPSS Inc., Chica-
go, IL, USA).

Results

Sleeve Gastrectomy Reduces Adiposity and Improves
Metabolic Profile

The survival rate of the surgical procedures (both sleeve gas-
trectomy and sham intervention) was 100 % with no animals
being excluded from the study due to complications. As ex-
pected, DIO rats showed higher (P<0.001) body weight,
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whole-body adiposity and adipocyte hypertrophy than their
lean counterparts (Fig. 1). Four weeks after the surgical inter-
ventions, DIO animals switched to the ND significantly
(P<0.001) reduced their body weight and total adiposity
(Fig. 1a, b). Animals subjected to the sleeve gastrectomy ex-
hibited the highest weight loss reduction (P<0.001) as com-
pared to the other intervention groups and in whole-body fat
mass even if fed a HFD compared to control DIO rats. In this
regard, sleeve-gastrectomized groups showed a decrease
(P<0.05) in the weight of EWAT and SCWAT compared to
sham-operated rats (Fig. 1c). Accordingly, sleeve gastrectomy
significantly reduced the size of white adipocytes in EWAT

(Fig. 1d, e). Furthermore, rats undergoing the sleeve gastrec-
tomy displayed a higher proportion of small adipocytes and a
lower proportion of large adipocytes as determined by the
CSA (Fig. 1f). Pair-fed rats also exhibited a reduction in body
weight, whole-body adiposity and adipocyte hypertrophy, but
to a lesser extent than sleeve-gastrectomized animals, suggest-
ing that changes in body composition after bariatric surgery
are beyond food intake reduction.

The general characteristics of the metabolic profile of ani-
mals that underwent the surgical and dietary interventions are
summarized in Table 1. Sleeve gastrectomy was associated
with an improvement in insulin sensitivity, as evidenced by
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lower insulinemia (P=0.070), HOMA and adipo-IR indices
(both P<0.05), as well as a better lipid profile, supported by
lower (P<0.001) serum TG and total cholesterol. Interesting-
ly, pair-fed groups neither improved glucose nor lipid metab-
olism. Changes in circulating concentrations of leptin and to-
tal ghrelin were analyzed as representative anorexigenic and
orexigenic hormones, respectively. DIO rats exhibited lower
(P<0.05) total ghrelin concentrations than the lean control
group, with animals undergoing the sleeve gastrectomy show-
ing a dramatic reduction (P<0.0001) in total ghrelin compared
to sham-operated groups due to the resection of the gastric
fundus. Serum leptin concentrations were increased
(P<0.0001) in DIO rats compared to lean rats, while they
decreased in the sleeve-gastrectomized animals compared to
the other intervention groups.

Sleeve Gastrectomy is Associated with Opposite Changes
in Both AQP3 and AQP7 Protein Levels when Comparing
Epididymal and Subcutaneous Fat Depots

To analyze the potential involvement of aquaglyceroporins in
the changes observed in adipose tissue hypertrophy after sleeve
gastrectomy, we first assessed the gene and protein expression
levels of AQP3 and AQP7 in paired samples of EWAT and
SCWATof the experimental groups by real-time PCR,Western
blot, and immunohistochemistry (Figs. 2 and 3). As illustrated
in Fig. 2a, b, tissue distribution of AQP3 and AQP7 showed a
predominant immunostaining in the stromovascular fraction
and lower expression in fully mature adipocytes, as previously
described by our group and others [8, 35]. HFD feeding was
associated with a modest increase in messenger RNA (mRNA)
and protein expression of AQP3 without changes in AQP7
transcript and protein levels in EWAT compared to groups fed
the ND (Fig. 2c–f). By contrast, SCWATof DIO rats exhibited
lower mRNA and protein expression of AQP3 and higher tran-
script and protein levels of AQP7 (Fig. 3a–d). Furthermore,
Aqp3 mRNA expression in EWAT was negatively correlated
with markers of lipolysis, namely serum FFA (r=−0.41, P=
0.0001) and glycerol (r=−0.26, P=0.004), while Aqp7 tran-
script levels in EWAT and SCWAT were positively associated
with the weight of each fat depot (r=0.25, P=0.005 and r=
0.51, P<0.0001, respectively) as well as with glycemia (r=
0.21, P=0.025 and r=0.29, P=0.002, respectively). Sleeve
gastrectomy was associated with a downregulation (P<0.05)
of the transcript and protein levels of AQP7 in EWAT and
SCWAT in relation to sham-operated groups. By contrast,
AQP3 protein levels were upregulated in EWAT after sleeve
gastrectomy. No changes were observed in pair-fed animals,
suggesting that changes in aquaglyceroporin expression in both
fat depots are beyond food intake reduction.

It is well known that the expression of AQP7 is positively
regulated by agonists of the master transcription factor of ad-
ipogenesis, PPARγ, in rodents [28, 36]. Thus, to gain furtherT
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insight into the molecular mechanisms leading to the reduc-
tion of adiposity after sleeve gastrectomy, we analyzed the
gene expression of Pparg in EWATand SCWATof the exper-
imental animals. As expected, the transcript levels of Pparg
were increased (P<0.05) in EWAT and SCWAT of DIO ani-
mals (Figs. 2g and 3e) and positively correlated with markers
of adiposity, such as fat depot weight (r=0.17, P=0.041 and
r=0.28, P=0.035, respectively) and serum leptin concentra-
tions (r=0.22, P=0.009 and r=0.23, P=0.008, respectively).
In line with these results, sleeve gastrectomy was associated
with a reduction of Pparg mRNA levels in EWAT (P<0.05)
and SCWAT, although changes in subcutaneous fat depot

were not statistically significant (P=0.293). Caloric restriction
by pair-feeding was also related to lower Pparg gene expres-
sion, but to a lesser extent than that observed after sleeve
gastrectomy. It is also noteworthy that Pparg transcript levels
were strongly associated with Aqp7 in EWAT and SCWAT
(both P<0.0001) (Figs. 2h and 3f).

Sleeve Gastrectomy Reduces Fatty Liver and Tends
to Increase Hepatic AQP9 Expression

The rats fed a HFD showed an increase in liver weight
(P<0.0001) and intrahepatic TG content (P<0.0001) as well
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as macrovesicular steatosis (Fig. 4a–c). The switch to ND
(P<0.0001) and surgical interventions (P<0.05) reduced the
hepatic weight and steatosis, with rats undergoing sleeve gas-
trectomy displaying the highest reduction of liver weight and
intrahepatic TG levels. Pair-feeding was associated with a
lower reduction in intrahepatic TG than that observed in
sleeve-gastrectomized rats, suggesting that the changes in liv-
er steatosis after bariatric surgery are beyond caloric restric-
tion. Pparg and Srebf1 gene expression were also evaluated in
liver samples as key signaling mechanisms associated with the
onset of hepatic steatosis. Animals given the HFD showed an
increase in Pparg (P<0.05) and Srebf1 mRNA levels
(P<0.001), whereas sleeve gastrectomy was associated with
a downregulation of these lipogenic transcription factors, al-
though only the reduction in Pparg mRNA was statistically
significant (P<0.05) (Fig. 4d, e).

We next analyzed the expression of AQP9, the primary route
for glycerol uptake in rat hepatocytes, by real-time PCR, West-
ern blot, and immunohistochemistry. DIO was associated with

a trend towards a lower expression of AQP9 mRNA and pro-
tein, with sleeve gastrectomy and caloric restriction increasing
AQP9 gene and protein expression, but without reaching sta-
tistical significance (Fig. 5a, b). Liver sections showed a strong
immunoreactivity for AQP9, which was mainly localized
around the central veins (Fig. 5c). Interestingly, the Aqp9
mRNA expression in liver was positively correlated with
markers of lipolysis (FFA, r=0.37, P=0.0001) and insulin sen-
sitivity (QUICKI, r=0.18, P=0.047), while they correlated
negatively with markers of hepatic steatosis (intrahepatic TG,
r=−0.26, P=0.006) and insulin resistance (insulin, r=−0.23,
P=0.009; HOMA, r=−0.18, P=0.045). Pparg transcript levels
were positively correlated with Aqp9 in the liver (Fig. 5d).

Discussion

The prevalence of overweight and obesity in developed coun-
tries has increased markedly over the past three decades,

0.0

0.5

1.0

1.5

2.0

2.5

S
u

b
cu

ta
n

eo
u

s 
W

A
T

Aq
p7

 m
R

N
A

/1
8S

 rR
N

A

P diet= 0.099

P surgery= 0.042
P D x S= 0.184

ND HFD

ND HFD
0.0

0.4

0.8

1.2

1.6

P diet=0.073

P surgery= 0.049
P D x S= 0.389

S
u

b
cu

ta
n

eo
u

s 
W

A
T

A
Q

P
7
/

-a
ct

in

AQP7

-actin

0.0

0.5

1.0

1.5

2.0

2.5

3.0

ND HFD

P diet=0.037
P surgery=0.293

P D x S=0.196

0.0

0.5

1.0

1.5

2.0

2.5

3.0

S
u

b
cu

ta
n

eo
u

s 
W

A
T

Aq
p3

 m
R

N
A

/1
8S

 rR
N

A

ND

P diet= 0.110

P surgery= 0.043
P D x S= 0.745

HFD

AQP3

-actin

S
u

b
cu

ta
n

eo
u

s 
W

A
T

A
Q

P
3
/

-a
ct

in

ND HFD
0.0

0.5

1.0

1.5

2.0

2.5

3.0

P diet=0.226

P surgery=0.226

P D x S=0.707

Control
Sham-operated
Sleeve gastrectomy
Pair-fed

BA

C

E

D
S

u
b
cu

ta
n
eo

u
s 

W
A

T

Pp
ar

g 
m

R
N

A
/1

8S
 rR

N
A

Subcutaneous WAT 

Aqp7 mRNA/18S rRNA

S
u
b
cu

ta
n
eo

u
s 

W
A

T
 

Pp
ar

g
m

R
N

A
/ 1

8S
rR

N
A r=0.59

P<0.0001

0

2

4

6

8

10

12

14

0 2 4 6 8 10

F Control ND
SH ND
SL ND
Pair-fed ND
Control HFD
SH HFD
SL HFD
Pair-fed HFD

Fig. 3 Effect of sleeve
gastrectomy on the expression of
AQP3 andAQP7 in subcutaneous
white adipose tissue (SCWAT).
Bar graphs illustrate the gene and
protein expression of AQP3 (a, c)
and AQP7 (b, d) as well as Pparg
transcript levels (e) in SCWAT of
the different experimental groups.
Representative blots are shown at
the bottom of the figure. (f)
Scatter diagram showing the
positive correlation between
Pparg and Aqp7 transcript levels
in SCWAT. The Pearson’s
correlation coefficient (r) and P
values are indicated. The gene
and protein expression in the
control group fed a normal diet
(ND) was assumed to be 1.
Differences between groups were
analyzed by two-way ANOVA

OBES SURG



becoming one of the leading causes of mortality worldwide
[37]. Sleeve gastrectomy has emerged as an effective bar-
iatric technique to induce weight loss in human morbid
obesity [23] as well as in DIO rats [24, 25]. The present
study shows that 4 weeks after surgery, rats undergoing
sleeve gastrectomy showed lower body weight, whole-
body adiposity as well as lower adipocyte hypertrophy.
Moreover, sleeve gastrectomy improved insulin sensitivity
and lipid profile, which is in agreement with several studies
[38–40], including ours [26, 30, 41]. Our data support the
hypothesis that the beneficial effects of sleeve gastrectomy
go beyond food intake reduction, since the pair-fed groups
exhibited higher body weight and adiposity than rats under-
going the sleeve gastrectomy. This bariatric procedure in-
cludes the resection of the gastric fundus, the major produc-
tion site of ghrelin [42]. Accordingly, we found a dramatic
reduction in circulating concentrations of the orexigenic
hormone ghrelin in sleeve-gastrectomized animals even if
fed a HFD, which may contribute to the higher weight loss
when compared to pair-fed rats [30].

The molecular mechanisms whereby sleeve gastrectomy
reduces adipocyte hypertrophy are not completely unraveled.
In circumstances of negative energy balance, including caloric
restriction or exercise, adipocytes hydrolyze TG into FFA and
glycerol, which are released into the bloodstream [36]. AQP7,
and to a lesser extent AQP3, constitute the major glycerol
gateways in adipocytes [7, 8, 43]. AQP3 and AQP7 facilitate
glycerol outflow from adipocytes in response to lipolysis in-
duced by β-adrenergic agonists via its translocation from the
cytosolic fraction (AQP3) or lipid droplets (AQP7) [8, 44, 45].
Our findings provide evidence that DIO was associated with a
tendency towards an increase of AQP3 in EWATand AQP7 in
SCWAT, suggesting a higher lipolytic response in both fat
depots. Moreover, ghrelin constitutes a negative regulator of
AQP7 in adipocytes [27]. Thus, the higher gene expression
levels of Aqp7 found in DIO might be also related to the
hypoghrelinemia of these animals. Our results show, for the
first time, that sleeve gastrectomy results in an increase in
EWATAQP3, which may reflect a lipolytic rate improvement
in this fat depot following this surgical intervention. By
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contrast, the lower expression of AQP7 in both fat depots
appears to be related to the reduction in the size of adipocytes
after sleeve gastrectomy. Further studies are warranted in or-
der to discern the differential regulation of aquaglyceroporins
in adipose tissue after surgically induced weight loss.

Obesity is associated with an increased risk of NAFLD [46,
47]. Accordingly, in the present study, obese rats fed ad
libitum a HFD exhibited higher hepatic steatosis than lean
control rats. Several studies investigating the effect of bariatric
surgery on NAFLD have shown an improvement in serum
transaminases and hepatic histologic features after surgery
[48, 49]. Our data showed that sleeve gastrectomy reduced
DIO-induced int rahepat ic TG accumulat ion and
macrovesicular steatosis, which is in accordance with previ-
ous reports showing the beneficial effects of this bariatric pro-
cedure in the liver of experimental animals with genetic and
DIO [50, 51]. The mechanisms underlying intrahepatic TG
accumulation include excess dietary fat, increased delivery
of FFA to the liver, inadequate FFA oxidation, and increased
de novo lipogenesis [52]. In line with these observations, we
found that DIO was associated with an increase in the gene
expression levels of Pparg and Srebf1, two important
lipogenic transcription factors. Sleeve gastrectomy reduced
the transcript levels of PPARγ, suggesting the implication of

this transcription factor in fatty liver improvement after
surgery.

Hepatic TG synthesis requires both FFA and a source of
glycerol-3-phosphate. During fasting, the source of glycerol-
3-phosphate can either be plasma glucose via glycolysis or
glycerol released from adipose tissue after lipolysis [5, 36,
53]. AQP9 constitutes the main gateway for glycerol uptake
in hepatocytes [12, 14, 54]. AQP9 enables glycerol influx into
hepatocytes, where it is converted to glycerol-3-phosphate by
the enzymatic activity of GK and is used as a substrate for de
novo synthesis of glucose and TG [54, 55]. Interestingly, our
group has recently described that NAFLD is also associated
with a downregulation of hepatic AQP9 in humans in parallel
to the degree of steatosis [20]. This observation leads to the
notion that lower intrahepatocellular glycerol due to a de-
creased AQP9 expression may represent a compensatory
mechanism whereby the liver counteracts further TG accumu-
lation within its parenchyma. Results reported herein showed
that liver AQP9 immunostaining was mainly located around
the portal vein, as earlier shown by our group and others [19,
20, 56, 57]. Consistent with previous studies [8, 18], lower
mRNA and protein levels of AQP9 were found in DIO ani-
mals, although differences were not statistically significant.
As expected, hepatic Aqp9 expression was negatively
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associated with markers of fatty liver, such as intrahepatic TG,
and with insulin resistance, including insulinemia and the
HOMA index. Interestingly, sleeve gastrectomy was associat-
ed with a slight increase in hepatic AQP9, which might reflect
the recovery of glycerol uptake due to the improvement of
hepatic steatosis and gluconeogenesis following weight loss.

The coordinated regulation of adipose and hepatic
aquaglyceroporin expression is extremely relevant to maintain
fat accumulation control andwhole-body glucose homeostasis
[8, 11]. We herein report, for the first time, that sleeve gastrec-
tomy restores the coordinated regulation of fat-specific AQP7
and liver-specific AQP9, contributing to the prevention of
excessive lipid accumulation in adipose tissue as well as the
accumulation of TG in the liver parenchyma. Our results iden-
tify aquaglyceroporins as key elements in mediating part of
the beneficial effects of bariatric surgery on NAFLD improve-
ment via the regulation of glycerol availability, a key metab-
olite for hepatic TG synthesis. Further investigations in novel
mutations, single-nucleotide polymorphisms or differential
expression levels of aquaglyceroporins are required to estab-
lish the suitability of these glycerol pores as therapeutic targets
for human obesity and obesity-associated fatty liver disease.
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