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ABSTRACT
Purpose. We analysed the effects of moderate-intensity continuous training (MICT) and high-intensity interval training 
(HIIT) on hepatic and adipose tissue aquaglyceroporins (AQPs) in rats fed with high-fat diet (HFD).
Methods. Overall, 48 male Wistar rats were fed with a normal diet (ND, 10.4 kcal% fat) or HFD (62.1 kcal% fat) over 10 
weeks. Then, the animals were divided into 6 groups: ND sedentary (NS), N + MICT, N + HIIT, HS, H + MICT, and H + HIIT. 
The trained animals performed 10-week matched distances of MICT and HIIT on a motorized treadmill (5 times/week) 
while maintaining dietary treatments. The liver and epididymal white adipose tissue (eWAT) were investigated to determine 
triglycerides (TG) and AQP7 and AQP9 levels.
Results. HFD increased body weight, liver and eWAT weight, plasma insulin and glucose levels, and insulin resistance. 
Both MICT and HIIT were able to decrease body weight and liver and eWAT weight in the HFD-fed group. HFD increased 
plasma TG, glucose, and insulin levels, attenuated by MICT and HIIT programs. HFD increased TG content and AQP7 and 
did not alter AQP9. MICT and HIIT programs decreased hepatic TG content and AQP7 and AQP9 levels in ND-fed animals. 
In HFD-fed animals, only MICT decreased AQP9, and both MICT and HIIT decreased TG content and AQP7 levels in eWAT.
Conclusions. Our findings suggest that the regulation of adipose tissue AQP7 and hepatic AQP9 by both MICT and HIIT 
interventions can have a significant effect on fat metabolism and glucose homeostasis.
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Introduction

In white adipocytes, lipogenesis and lipolysis occur 
as a response to whole body energy balance. Under ex-
cessive calories conditions, the adipose tissue stores 
triglycerides (TG), while in fasting and/or sympathetic 
nerve-activation states, it provides free fatty acids and 
glycerol to the energy expenditure organs [1, 2]. Never-
theless, in a situation of an excess of calories and low 
levels of physical exercise, an increased fat accumula-
tion can occur [3], which can lead to the development 
of obesity and associated disorders, such as insulin re-
sistance and fatty liver disease [2, 3]. Adipocyte lipoly-

sis can occur intracellularly after glycerol crosses the 
plasma membrane, which requires specific proteins 
called aquaglyceroporins (AQPs), a subfamily of the 
water channel proteins aquaporins [1]. Therefore, AQPs 
expression and functioning play a key role in the fat 
accumulation in the associated metabolic alterations 
[1, 2]. In type 2 diabetic patients, the expression of vis-
ceral adipose tissue AQP7 was elevated and correlated 
with increased lipolysis and adipocyte hypertrophy 
[4]. The relevance of AQP9 in glucose and glycerol 
metabolism and its regulation by insulin has been pre-
viously investigated by Kuriyama et al. [5]. These au-
thors demonstrated an inverse relationship between 
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circulating insulin and hepatic AQP9 levels, but in the 
liver of diabetic mice AQP9 is over-expressed. On the 
other hand, the reduction of hepatocyte AQP9 and, con-
sequently, glycerol permeability might be a defensive 
mechanism to counteract further fat infiltration in 
liver parenchyma in obese leptin-deficient (ob/ob) mice, 
a model of non-alcoholic fatty liver disease.

Exercise training (ET) has been recognized as an 
important strategy for preventing obesity and improv-
ing insulin resistance along with profound effects on 
white adipose tissue (WAT) and liver homoeostasis [6]. 
In response to ET, the glycerol from lipolysis represents 
an important substrate for gluconeogenesis and thus 
the idea of ET influencing AQPs in WAT and liver is 
promising. However, few studies have investigated the 
hypothetical modulation of AQPs in response to physi-
cal exercise. In rats with diet-induced obesity, Rocha-
Rodrigues et al. [7] reported that 8 weeks of ET de-
creased glycerol levels and epididymal WAT (eWAT) 
AQP7, while 17 weeks of voluntary wheel running did 
not, suggesting that modulation of AQP7 in response to 
ET may be intensity-dependent. In individuals with-
out predisposition to type 2 diabetes, 10-week ET at 
70% maximal oxygen uptake (VO2max) was accom-
panied by a 2.2-fold increase in the subcutaneous 
adipose tissue AQP7 content in women and a 48% de-
crease in men [8]. In non-diabetic obese female pa-
tients, ET had no impact on AQP7 or AQP9 mRNA 
expression in subcutaneous adipose tissue [9]. The im-
pact of distinct models of ET on AQP7 and AQP9 as 
a possible therapeutic target for preventing and treating 
obesity and associated metabolic disorders is unclear. 

Therefore, the purpose of this study was to evaluate 
the effect of moderate-intensity continuous training 
(MICT) and high-intensity interval training (HIIT) on 
hepatic tissue AQP9 and adipose tissue AQP7 in ani-
mals with obesity induced by high-fat diet (HFD).

Material and methods

Animals, diets

A total of 48 male Wistar rats (age: 4–6 weeks, body 
weight: 134.64 ± 28.47 g) were purchased. The rats 
were allocated in standard cages (4 rats per cage) and 
maintained in a pathogen-free room (12-hour light/
dark cycle), in constant temperature (24–26°C) and 
humidity (55 ± 4%), with unrestricted access to water 
and food.

After 1-week adaptation to the laboratory environ-
ment, the animals were fed ad libitum with a nutri-
tionally normal diet (ND, 10.4 kcal% fat) or HFD 
(62.1 kcal% fat), as described elsewhere [10], over 
a 10-week period. Thereafter, the rats were divided 
into 6 groups (n = 8/group): normal diet sedentary (NS), 
normal diet MICT (N + MICT), normal diet HIIT (N + 
HIIT), HFD sedentary (HS), HFD MICT (H + MICT), 
and HFD HIIT (H + HIIT) (Figure 1).

Exercise training protocols

In order to understand the therapeutic effects of 
both MICT and HIIT, we applied the ET programs in 
the animals after 10 weeks of dietary treatment since 

Figure 1. Experimental design

NS – normal diet sedentary
N + MICT – normal diet moderate-intensity continuous training
N + HIIT – normal diet high-intensity interval training
HS – high-fat diet sedentary
H + MICT – high-fat diet moderate-intensity continuous training
H + HIIT – high-fat diet high-intensity interval training
ET – exercise training
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at this time point, HFD-fed rats already exhibited 
obesity-related metabolic features, in accordance 
with previous findings [6, 10]. The ET programs were 
performed on a motorized treadmill, 5 days per week, 
for 10 weeks. The MICT groups were progressively in-
creased from 5 min per day at 15 m ∙ min–1 with a 15% 
inclination up to 60 min per day at 20 m ∙ min–1 with 
a 15% inclination in the last 5 weeks of the program. 
In the HIIT groups, the animals ran 6 bouts of 4 min 
at 40 m ∙ min–1 with a 15% inclination and 3 min of rest. 
The protocols were originally designed to have the 
same total running distance for all groups, as proposed 
by Maillard et al. [11].

Blood and tissue collections

The animals were fasted overnight for 12 hours, 
with free access to drinking water. To avoid acute effects 
of ET, the exercised rats were sacrificed 48 hours after 
the last training session. After anaesthesia, blood sam-
ples were collected from the heart, centrifuged to sep-
arate plasma (1500 g for 10 min at 4°C), and stored 
at –20°C for biochemical analyses. Liver and visceral 
WAT – eWAT deposition – were quickly excised and 
stored at –80°C until analysed.

Assessment of insulin resistance  
and lipid profile

Plasma glucose was determined with an enzymatic 
(GOD-PAP, glucose oxidase – aminoantipyrine) colori-
metric method. Plasma insulin level was measured by 
using a commercial ELISA kit (Mercodia AB, Upp-
sala, Sweden, CT#10-1250-01). Insulin resistance dur-
ing fasting state was determined with a homeostasis 
model assessment of insulin resistance (HOMA-IR) 
calculated with the following formula: fasting insulin 
(µU ∙ ml–1) × fasting glucose (mmol ∙ l–1)/22.5 [12]. 
The enzymatic colorimetric method with commercial 
kits was applied to measure TG content in plasma, 
liver, and in eWAT. The coefficient of variation and 
sensitivity of the measurement method were 2.4% 
and 1 mg in 100 ml for TG, and 2.3% and 5 mg/dl for 
glucose.

Aquaglyceroporins determination

Tissue samples were homogenized in 5 volumes of 
buffer containing 0.9% NaCl, 50 mM Tris-HCl, and 
12 M leupeptin by using a Potter-Elvehjem homoge-
nizer set at 1500 rpm and cooled in ice. The homoge-
nates were centrifuged at 9000 rpm for 10 min at 4°C. 

Supernatants were collected and used for AQP analy-
sis. ELISA kits specific for the rat were used to deter-
mine AQP7 (My Bio Source, USA, MBS728355) and 
AQP9 (My Bio Source, USA, MBS9344422) in liver 
and in eWAT, respectively, in accordance with the 
manufacturer’s instructions.

Statistical analysis

Data are expressed as mean ± standard error of 
mean. The effect of diet and ET interventions was in-
vestigated with 2-way analysis of variance (ANOVA). 
The Bonferroni post-hoc test was applied for post-hoc 
comparisons between groups and differences were con-
sidered significant at p < 0.05. The statistical analy-
ses were performed with the SPSS 24.0 for Windows 
software (SPSS Inc.).

Ethical approval
The research related to animal use was performed 

in accordance with the guidelines of the Institutional 
Animal Care and Use Committee and of the Federation 
of European Laboratory Animal Science Associations.

Results

The initial body weight of the animals before the 
beginning of diet and ET protocols was 134.64 ± 
28.47 g. After 10 weeks of HFD, the final body weight 
and liver and eWAT weights increased in the HS group 
compared with the NS group. Both MICT and HIIT 
programs significantly decreased eWAT weight in the 
ND-fed group (N + MICT vs. NS; N + HIIT vs. NS), 
as well as decreased body weight and liver and eWAT 
weights in the HFD-fed group (H + MICT vs. HS; H + 
HIIT vs. HS), as depicted in Table 1.

Under normal diet conditions, both MICT and HIIT 
decreased plasma TG and insulin levels (N + MICT 
and N + HIIT vs. NS). HFD increased plasma TG, glu-
cose, and insulin levels, which were attenuated by both 
MICT and HIIT programs (H + MICT and H + HIIT 
vs. HS). HOMA-IR is a valid and well-established re-
producible method for the assessment of insulin re-
sistance in obese animals [12]. In the present study, 
HFD increased HOMA-IR, which was decreased by 
both ET interventions compared with the sedentary 
setting (Figure 2).

To gain further insight into the molecular mecha-
nisms involved in the lipid accumulation regulation 
induced by physical exercise, we next analysed the 
levels of AQP7 and AQP9, two specific glycerol trans-
porters in adipocytes and hepatocytes, respectively 
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Table 1. The weights of body, liver, and epididymal white adipose tissue

Parameters NS N + MICT N + HIIT HS H + MICT H + HIIT
p

D ET D × ET

Initial body 
weight (g)

138.42 ± 11.26 135.42 ± 11.08 133.42 ± 29.23 136.28 ± 13.07 136.71 ± 10.38 132.57 ± 11.07 0.907 0.816 0.963

Final body 
weight (g)

415.14 ± 13.81 374.71 ± 11.04 388.28 ± 9.59 498.85 ± 13.76a 416.85 ± 8.67b 415.85 ± 12.22b < 0.001 < 0.001 0.057

Liver 
weight (g)

12.52 ± 0.40 10.46 ± 0.29 11.07 ± 0.41 15.64 ± 0.33a 11.02 ± 0.23b 13.56 ± 0.98b < 0.001 < 0.001 0.799

eWAT 
weight (g)

8.59 ± 1.06 4.17 ± 0.27a 4.45 ± 0.40a 13.76 ± 1.79a 7.01 ± 0.45b 8.28 ± 0.74b < 0.001 < 0.001 0.473

Data are expressed as mean ± standard error of mean.

eWAT – epididymal white adipose tissue, NS – normal diet sedentary D – diet, 
N + MICT – normal diet moderate-intensity continuous training  ET – exercise training
N + HIIT – normal diet high-intensity interval training   D × ET – diet and exercise training interaction
HS – high-fat diet sedentary
H + MICT – high-fat diet moderate-intensity continuous training
H + HIIT – high-fat diet high-intensity interval training

Significance at p < 0.05; a vs. NS, b vs. HS

Figure 2. Plasma insulin (A) and glucose (B) levels, as well as HOMA-IR (C)

Data are expressed as mean ± standard error of mean.

D×E – diet and exercise training interaction
D – diet 
ET – exercise training
HOMA-IR – homeostasis model assessment of insulin resistance
MICT – moderate-intensity continuous training
HIIT – high-intensity interval training

Significance at p < 0.05; a vs. normal diet sedentary, b vs. high-fat diet sedentary

D×E, p = .06
D, p = .59
ET, p < .001

D×E, p = .29
D, p = .001
ET, p = .008

D×E, p < .0001 
D, p = .003 
ET, p < .0001
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[1, 13]. TG content and AQP7 in eWAT, as well as AQP9 
in the hepatic tissue remained unchanged in HS ani-
mals compared with the NS group. Both MICT and 
HIIT programs decreased liver TG content and AQP7 
and AQP9 levels in the N + MCIT and N + HIIT 
groups compared with the NS group. In HFD-fed ani-
mals, only MICT decreased AQP9 levels in the hepatic 
tissue, and both MICT and HIIT were able to decrease 
TG content and AQP7 levels in eWAT (Figure 3).

Discussion

The main findings of the present study suggest 
that animals submitted to 10-week HFD exhibited 
an increase of body weight and hepatic and WAT tis-
sues concomitantly with metabolic alterations which 
strongly resemble the pathological features observed 
under the obesity context. On the other hand, both 

MICT and HIIT reverted or, at least in part, attenuated 
some of the metabolic impairments imposed by HFD-
induced obesity, such as decreased insulin resist-
ance and reduced eWAT TG and AQP7 along with 
lower levels of TG in plasma.

Glycerol is synthesized from glucose via the glyco-
lytic pathway [1, 13]. In high glucose availability, which 
typically occurs in obesity, there is a steady supply of 
glycerol-3-phosphate for the synthesis of acylglycer-
ols, produced by the lipogenic pathway, from glucose 
[14] or other substrates [1]. In most tissues, including 
WAT, acyl-coenzyme A can be alternatively synthe-
sized from extracellular fatty acids, such as those re-
leased by lipoprotein lipase, which suggests that the 
production and release of glycerol from WAT play a key 
role in the regulation of fat metabolism, glucose ho-
meostasis, and the associated metabolic disorders 
[15]. In this line, we observed that animals under the 

eWAT – epididymal white adipose tissue
AQP – aquaglyceroporin
MICT – moderate-intensity continuous training
HIIT – high-intensity interval training

D×E, p = .060 
D, p < .001 
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ET, p < .0001

D×E, p = .103 
D, p < .0001 
ET, p < .0001

D×E, p = .368 
D, p < .0001 
ET, p < .0001

Figure 3. The content of TG (A, B), AQP9 (C), and AQP7 (D) in liver and eWAT

Data are expressed as mean ± standard error of mean.

DxE – diet and exercise training interaction
D – diet
ET – exercise training
TG – triglycerides
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HFD regimen exhibited increased glucose levels and 
insulin resistance status, as well as increased TG in 
eWAT. A study by Kishida et al. [16] provided the first 
evidence for the function of AQP7 in the release of 
glycerol from adipocytes, which is regulated by several 
hormones, including insulin or catecholamines [1]. 
The gene expression of AQP7 and AQP9 in both white 
adipose and hepatic tissue has been demonstrated to 
be inversely regulated by plasma insulin levels [15]. 
Although the data concerning AQP7 levels obtained 
in the present study are not in agreement with previous 
research [5], it has been reported that WAT AQP7 and 
liver AQP9 expression is more abundant in obese mice 
and in Otsuka Long-Evans Tokushima Fatty rats with 
insulin resistance in spite of hyperinsulinemia [17, 18], 
which is in line with the findings of the present study. 
These animals display increased glycerol release from 
WAT in parallel with the increase of Aqp7 mRNA [5], 
and also increased glycerol levels in the portal vein 
[19]. The high glycerol levels in the portal vein cause 
gluconeogenesis and result in hyperglycaemia through 
the pathological induction of liver AQP9 [5]. Thus, an 
increased AQP9 level in the liver of HFD-fed animals 
would be expected in the present study. However, WAT 
is highly sensitive to lipolysis induced by catechola-
mines [20] and owing to the stimulation of these hor-
mones, the lipolysis of this tissue accelerates and sig-
nificantly increases the permeability of fatty acids and 
glycerol to the bloodstream [21, 22]; this may be ex-
plained in part by the absence of alterations in the 
expression of AQP9 in the hepatic tissue. In fact, some 
studies demonstrated a decreased AQP9 content and 
hepatic glycerol permeability in obesity and insulin 
resistance [23, 24]. Cai et al. [25] showed that the knock-
down of hepatic AQP9 alleviated HFD-induced non-
alcoholic fatty liver disease in rats, suggesting a poten-
tial role of this protein in the pathogenesis of hepatic 
steatosis. Therefore, further studies are required to 
comprehend the molecular mechanisms involved in 
physiological and pathological coordinated regulation 
of organ-specific AQP7 and AQP9 in the prevention 
and/or treatment of obesity and associated disorders.

Few studies have investigated the hypothetical mod-
ulation of AQPs in response to ET. We were first to 
demonstrate that 2 types of ET, namely MICT and 
HIIT, markedly impacted on AQPs levels in liver and 
WAT under normal diet and HFD regimens. Similar 
to our findings, Rocha-Rodrigues et al. [7] reported 
decreased AQP7 mRNA and protein in eWAT after 
8 weeks of ET [26]. ET intensity, in some degree, seems 
to have an important inf luence on AQP7 suppres-
sion by stimulating catecholamines, as demonstrated 

by Londos et al. [27]. In a study by Lebeck et al. [8], 
10 weeks of ET, 45 min at 70% of VO2max, decreased 
by 48% AQP7 protein content in subcutaneous WAT 
of individuals without predisposition to diabetes mel-
litus type 2. In turn, Trachta et al. [9] reported no 
changes in Aqp7 or Aqp9 genes after 3 months of a su-
pervised exercise program of 30 min of ET (3 times per 
week) in non-diabetic obese female patients. Moreo-
ver, in the present study, the reduction of AQP7 and 
AQP9 levels was accompanied by a decrease of TG in 
eWAT of HFD-fed animals and in the liver only in 
ND-fed rats, which corroborates other studies [7]. 
These data suggest that under HFD conditions, the 
effects of MICT and HIIT were more pronounced in 
WAT than in the liver, which confirms that ET proto-
cols should be longer after inducing obesity in order 
to be effective in the latter tissue. Generally, MICT and 
HIIT have a similar effectiveness in counteracting the 
HFD-induced metabolic disturbances, as previously 
demonstrated by Wewege et al. [28].

Collectively, the data suggest that exercise intensity 
and duration are important factors in inducing AQP 
alterations in both hepatic and WAT tissue and may 
constitute a potential mechanism allowing a better 
understanding of fat accumulation, glucose homeo-
stasis, and other important functions in the obesity 
context. Moreover, only MICT decreased AQP9 levels 
in the hepatic tissue, but not TG levels in HFD-fed 
animals. This finding may be related with the TG syn-
thesis in the liver likely due to de novo lipogenesis, 
glucose converted to malonyl-CoA, which only accounts 
for 26% of hepatic TG accumulation, whereas 60% is 
derived from plasma non-esterified fatty acids [29]. It 
is well documented that glycerol, which is needed to 
TG synthesis, can be derived from glycolysis pathway. 
So, changes in AQP9 cannot warrant liver TG reduc-
tion. Further studies are required to address this is-
sue and help to better understand the obesity-related 
pathways in lipid metabolism.

In summary, our findings suggest that the regula-
tion of adipose tissue AQP7 and hepatic AQP9 by both 
MICT and HIIT can have a significant effect on fat me-
tabolism and glucose homeostasis. Thus, regulating 
AQP7 and AQP9 through ET can be considered as an 
interesting therapeutic strategy for controlling obesity 
and associated metabolic disorders.

Conclusions

Considering the relevant role of AQPs in fat me-
tabolism, we contribute with novel data showing that 
HFD feeding induced alterations in AQP content in 
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eWAT, suggesting an impairment on fat accumula-
tion. This information increases knowledge of obesi-
ty-related mechanisms, helping understand the hy-
pothetic role of both MICT and HIIT in hepatic and 
adipose tissue AQPs of HFD-fed rats. We show for the 
first time that both MICT and HIIT reverted or, at least 
in part, attenuated some of the metabolic impairments 
imposed by HFD-induced obesity, such as decreased 
insulin resistance and reduced eWAT TG and AQP7 
along with lower levels of TG in plasma. With these 
findings, we contribute to better understanding of how 
physical exercise induces favourable effects on relevant 
metabolically active tissues, eWAT and liver, in the 
obesity context.
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