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Abstract

Background: Metabolic syndrome is cluster of cardiovas-
cular and metabolic pathologies, caused by high fructose in
modern times.

Aimof Sudy: Weinvestigated the possible beneficia role
of exercise on fructose induced metabolic syndrome in rats
with special focus on the role of renal aguaporin-3 (AQP3).

Material and Methods: Forty rats were divided into four
groups; control, exercised control, MetS (Metabolic Syn-
drome), and MetS with exercise. MetS was induced by fructose
rich diet and swimming was practiced 3 days per week for 6
weeks, one hour each session.

Results: Fructose consumption significantly increased
fact accretion, systolic blood pressure, serum lipids, insulin
levels and insulin resistance. Also serum MDA, uric acid and
renal AQP3 expression increased compared to the control
group. Swimming exercise significantly decreased the previ-
ously measured parameters compared to fructose group but
overexpressed renal AQP3.

Conclusion: Increased AQP3 expression may be implicated
in fructose induced MetS. Swimming exercise efficiently
counteracted metabolic disruption and vascular affection via
lowering effect on oxidant and dyslipidemic stresses with
renal aguaglyceroporin-3 overexpression.

Key Words: Swimming exer cise — Fructose — Metabolic
syndrome — Insulin resistance — Aquaglycerop-
orin-3.

Introduction

METABOLIC syndrome or “syndrome X" is clus-
ter of pathologies comprising plethora of negative
cardiovascular and metabolic conditions like dys-
lipidemia, obesity, insulin insensitivity, atheroscle-
rosis, and hypertension [1] . Fructose consumption
has risen dramatically in modern times and its high
consumption has devel oped metabolic syndrome
profile [2].
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Fructose is the sweetest tasting carbohydrate,
found in many fruits and vegetables. But lastly its
consumption increased in industrialized foods and
soft drinks [3] . Fructose is taken up by the liver
and enters the metabolic pathway for glycerol
synthesis that constitute the carbon backbone of
fats (triacylglycerol), so, the sources of circulating
glycerol arefat lipolysis, diet-derived glycerol or
glycerol reabsorbed in renal tubules [4].

AQPs are afamily of integral membrane water
channels namely 13 members have been identified
in human. AQP3 is one of aquaglycerporins that
has an additional permeability to glycerol [5]. It
had been demonstrated by immunohistochemical
studies that renal AQP3 islocalized along the
basolateral membranes of principal cells, in cortical
distal convoluted tubules and collecting ductsin
the renal medulla [6]. Glycerol transport regulation
by aguaglyceroporins can play a pivotal rolein
control of fat accumulation, glucose homeostasis,
cardiomyocytes energy production and pancreatic
insulin secretion, among other functions [7]. These
novel metabolic mechanisms helped in shifting the
focus of obesity and insulin resistance devel opment
to design new therapeutic strategies for metabolic
syndrome [8].

Physical exercise was preferred among nondrug
treatment strategies for the control of energy bal-
ance and obesity [9] . Exerciseisfueled mostly by
fatty acids provided by the adipose tissue, circu-
lating lipoproteins, and the triglycerides stored in
the muscle cells themselves [10].

Continuous physical exercises performed at
low/moderate intensities and high volume can
effectively produce severa cardiorespiratory and
muscular systems adaptations, favoring body fat
oxidation and body massloss [9].
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This study aimed to clarify the metabolic con-
sequences of increased fructose intake, mechanisms
leading to fructose-induced insulin resistance,
metabolic dyslipidemia and vascular affection.
And also the effects of physical exercise on free
radicles, renal AQP3 expressions and dydlipidemia
in fructose induced metabolic disorder.

Material and M ethods

Animals and experimental design:

This study was carried out in accordance with
the regulations of Animal Experimentation Ethics
Committee of Faculty of Medicine Menoufia Uni-
versity September 2017. Thirty adult male Wister
albino rats weighing 120-150g were used. The
animals were housed at 20-24°C with a 12-h light,
12-h dark cycle and they were provided with stand-
ard rat chow and tap water freely available.

Forty rats were randomly divided into four
groups (n=10) as follows; control: Rats in this
group received standard rodent diet. Swimming
Exercise-trained Control (EC) group: Rats of this
group practiced swimming exercise as described
below. MetS: Rats in this group were fed fructose
rich diet (60% fructose (Techno Gene Company,
Egypt) mixed with standard rat chow) [11,12]. MetS
with exercise (MetS-E): Swimming were practiced
by rats of this group as described below.

Svimming exercise training:

Swimming was practiced in temperature-
controlled water (30°-32°C), 3 days per week for
6 weeks, one hour each session (10:00-11:00a.m.).
At the end of each exercise session, animals were
dried and kept in awarm environment. Sedentary
rats of C and F groups were restricted to cage
activity. However, on the days of exercise practice,
the sedentary animals were removed from their
cages and kept for one hour in the container (pre-
viously cleaned and dried), where the swimming
sessions had taken place, in order to handle stress.
To minimize the acute effect of the exercise, the
trained animals were sacrificed 48 hours after the
end of the last swimming training session [13].

At the end of the experiment (after 6 weeks),
body weight was assessed, animals were fasted
overnight and animal s then retro-orbital blood
samples were collected and |eft for clotting for
10min and centrifuged at 4000rpm for another
10min to isolate the serum and kept at 20°C for
further analysis.

Thereafter, rats were subjected for measurement
of arterial blood pressure by invasive method.
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Lastly, rats of all groups were sacrificed and
the visceral, epididymal and retroperitoneal fats
were estimated. The kidneys were excised, fixed
in 10% phosphate-buffered formalin solution,
processed through paraffin embedding and prepared
for immumohistochemical studies.

Measurement of invasive blood pressure:

Rats were anesthetized by Thiopental sodium
50mg/kg i.p. The aortais identified and cannulated
using a cannula pre-filled with heparinized normal
saline and the other end of the cannula was con-
nected to a three-way stopcock saline filled syringe
which was connected to a pressure transducer and
the invasive blood pressure was recorded using
physiography system (Narco Bio-Systems, U.K.).

Serum biochemical analysis:
Lipid profile:

Total cholesterol (mg/dl) and HDL-C (mg/dl)
levels were determined following their hydrolysis
and oxidation to yield colored quinoneimine deriv-
atives using test reagent kits (Biodiagnostics,
Egypt). Triglycerides (TGs) level (mg/dl) was
estimated by areagent kit (EMAPOL, Poland), in
which TGs were hydrolyzed with lipoprotein lipase
to form glycerol, which forms a complex with
H»05 giving a colored derivative. The obtained
levels of total cholesterol, HDL and TGs were then
used to calculate the serum level of LDL-C asthat
described by Friedewald et al., [14].

LDL = Total Cholesterol — (HDL + Triglycerides/5).

Blood glucose:

FBG level (mg/dl) is oxidized enzymatically
to yield ared violet quinoneimine that can be
determined calorimetrically using atest reagent
kit (EMAPOL, Poland) [15].

Insulin levels:

Insulin level ( pl/na) was measured following
a solid phase two-site enzyme immunoassay (DRG
Instruments GmbH, Germany) [16].

Homeostasis Model Assessment Index (HOMA-
IR):

Insulin resistance was evaluated by the HOMA-
IR using the formula: Insulin ( gl/oa) X glucose
(mg/dl) / 405 [17].

Serum Malondialdehyde (MDA):

Colorimetric method for estimation of Malond-
ialdehyde (MDA) using test reagent kits (Biodiag-
nostics, Egypt) was done according to protocol
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described in Ohkawaet a., [18], by using thiobar-
bituric acid reactive substance for measuring the
peroxidation of fatty acids as oxidative stress
marker.

Serumuric acid:

Colorimetric method was performed using test
reagent kits (Biodiagnostics, Egypt) by using the
protocol described in Braham and Trinder [19].

Renal immunohistochemical staining with AQP3:

Paraffin-embedded blocks were sectioned then
all slides were de-paraffinized using xylene and
then rehydrated in decreasing concentrations of
ethanol. Antigen retrieval using microwave heating
(20 minutes; 10mmol/citrate buffer, pH 6.0) after
inhibition of endogenous peroxidase activity (hy-
drogen peroxidase for 15min) was used followed
by cooling at room temperature. The primary anti-
body (purified rabbit polyclonal to Aquaporin 3
[Abcam (ab125219)]) was applied to the slides,
incubated overnight at room temperature in humid-
ity chamber. Sections were then washed by PBS
with optimal dilution 1:500. Sections were then
incubated with secondary antibody for 15 minutes
followed by PBS wash. Finally, the detection of
bound antibody was accomplished using a modified
Labeled Avidin-Biotin (LAB) reagent for 20 min-
utes then PBS wash. A 0.1% solution of Diami-
nobenzidine (DAB) was used for 5 minutes as a
chromogen. Slides were counter-stained with May-
er's hematoxylin for 5-10 minutes. Rat kidney
tissue specimens were used as positive controls.
Omission of the primary antibody served as a
negative control.

Interpretation of immunohistochemical results:

A brown membranous staining in any number
of cells was considered positive in the studied
cases and control specimens [20].

Renal tissue in the 4 studied groups (control,
exercised control, metabolic syndrome, and meta-
bolic syndrome with exercise) was assessed for
the expression percentage of positive cells, which
were counted and given a percentage over 200
cells of the whole section at 200X magnification
inrenal tissue [21].

Satistical analysis:

The data were tabulated and analyzed by SPSS
(stetistical package for the social science software)
using statistical package Version 20 on IBM com-
patible computer. Quantitative data were expressed
as mean * standard error of mean (X * SE.M).
Datafrom control and test groups were compared

4319

using one way ANOVA, followed by Tukey post
Hoc test, probability value of less than 0.05 was
considered as statistically significant (p<0.05).

Results

Body weight and fat accretion:

The body weight of MetS group was found to
be significantly higher (p<0.05) than that of the
control and exercised control groups while that of
Met-E group was found to be significantly lower
(p<0.05) than that of the MetS group.

With regard to the major fat pad accretion, the
MetS rats showed a significantly higher amount
of visceral (p<0.05), retroperitoneal (p<0.05) and
epididymal (p<0.05) fat mass compared to their
control and exercised control counterparts indicat-
ing abdominal obesity, while MetS-E group showed
asignificantly lower amount of visceral (p<0.05),
retroperitoneal (p<0.05) and epididymal (p<0.001)
fat mass compared to MetSrats (Table 1).

Serum biochemical analysis:

Serum lipid profile (cholesterol, TGsand LDL)
in exercised control group were significantly lower
(p<0.001) but that of MetS group were significantly
higher (p<0.001) compared to control group. While
HDL level in exercised control group was signifi-
cantly higher (p<0.001) but that of MetS group
was significantly lower (p=0.001) compared to
control group. Serum lipid profile (cholesterol,
TGsand LDL) in MetS group were significantly
higher (p<0.001) while HDL level was significantly
lower (p<0.001) compared to exercised control
group. In MetS-E group, serum lipid profile (cho-
lesterol, TGs and LDL) were significantly lower
(p<0.001, 0.05, 0.001) compared to fructose fed
group but still significantly higher (p<0.001) com-
pared to exercised control group, while HDL level
in MetS-E groups was significantly higher (p<0.05)
compared to MetS group but still significantly
lower (p<0.001) compared to exercised control
group and all these parameters were insignificantly
different compared to control group (Table 2).

Blood glucose in exercise control was signifi-
cantly lower (p=0.001) compared to control group.
In MetS group, blood glucose, serum insulin and
HOMA index were significantly higher (p<0.001)
compared to their corresponding levelsin control
group and were significantly higher (p<0.001,
0.001, 0.005) compared to exercised control group.
In MetS-E group blood glucose and HOMA index
were significantly higher (p<0.05) compared to
control group and were significantly higher
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(p<0.001, 0.05) compared to exercised control group,
while these parameters plus serum insulin were
significantly lower (p<0.001) compared to their
corresponding valuesin MetS group (Table 2).

Serum MDA and uric acid in MetS group were
significantly higher (p<0.001) compared to their
corresponding levelsin control group, and serum
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MDA only was significantly higher (p<0.05) com-
pared to exercised control group. In MetS-E group,
these parameters were significantly lower ( p<0.05,
0.001) compared to their corresponding levelsin
MetS group but still significantly higher (p<0.05)
compared to control group but serum uric acid
only was significantly higher (p<0.001) compared
to exercised control group (Table 2).

Table (1): Body weight and fat accretion (visceral fat, retroperitoneal fat and epididymel
fat weights) (gm.) in control, exercise control, MetS and MetS-E groups.

Control Exercised control MetS MetS-E
Body weight (gm.) 213+6.5 209.8¥18.3 272+128"s  218+14.5#
Viscera (gm.) 2.9+0.2 2.2+0.17 3.9+0.28"% 3.02+0.19#
Retroperitoneal fat (gm.) 4.2+0.18 3.7+£0.15 55+0.35*$ 3.8+0.27#
Epididymal fat (gm.) 2.9+0.12 2.7+0.15 4.8+0.23*$ 3.1+0.52#

Data were expressed as mean * S.E. (n=10). One way ANOVA:
*: p<0.05 vs. control.

$: p<0.05 vs. exercise control.

#: p<0.05 vs. MetS group.

Table (2): Serum lipid profile, glucose, insulin, HOMA-IR, MDA and uric acid levelsin
control, MetS and MetS-E groups.

Control Exercised control MetS MetS-E
Cholesterol (mg/dl) 103+3.7 79.8+1.9 127+42.1*$ 110+ 1.2%#
Triglycerides (mg/dl) 61.2+2.6 388+1.01* 64.7£19"s 66+2.1$#
HDL (mg/dl) 39.8+11 50.5+0.8* 31+¥16"$ 37.8x1.7%#
LDL (mg/dl) 50.9+3.7 21.5%2.6* 83+2.2"3 59+2.5¢#
Glucose level (mg/dl) 91+2.1 74.1+£3.1* 116.2+4.2"$ 98.5£2.0%$#
Insulin level ( gliml) 17.2+12 18414 34.2£18"s 19.9+1.8#
HOMA-IR 3.8+0.29 3.2%£18 9.8+0.51"3$ 4.8+44%#
MDA (nmol/ml) 3.3+0.26 3.4+.35 8.0t14"s 5.2+0.42#
Uric acid (mg/dI) 1.6+0.08 15+0.08 3.4+0.13" 2.3118%#

Data were expressed as mean * S.E. (n=10). One way ANOVA:
*: p<0.05 vs. control.
#: p<0.05 vs. MetS group.

Invasive blood pressure:

Systolic, diastolic and mean arterial blood
pressure (measured by invasive technique) in MetS
rats showed significant increase (p<0.05) compared
to control and exercised control groups. These
parameters showed significant decrease ( p<0.05)
in MetS-E rats compared to MetS rats, but systolic
and mean arterial pressure were still significantly
higher (p<0.05) compared to control group Fig.
(D).

Aquaporin-3 (AQP-3) immunohistochemistry:
Expression of aguaporin-3 was detected as
basolateral membranous in the collecting tubules

in the medulla, the control group showed AQP-3
expression of (27.5%) but it was found in the
exercised control group (77.5%). The MetS group
showed expression of (30%) while the MetS-E
group showed expression of (45%).

So, results revealed AQP3 overexpression in
the the exercised groups (exercised control and
MetS-E) in comparison with control and MetS
groups Fig. (2).

Some cortical cytoplasmic expression was dis-
played, however, the expression was considered
as a hon-specific stain, according to the data sheet
of the primary antibody provided by the company.
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Fig. (1): Invasive blood pressure amomg control, exercised control, MetS and MetS with exercise groups.
A and B show level of systolic, diastolic and mean arterial blood pressure (mmHg) among groups.

Data were expressed as mean £ S.E. (n=6-8). One way ANOVA: *: p<0.05 vs. control; #: p<0.05 vs. MetS group.

Control group Control group with exercise

(A) (B)

(€) (D)
Fructose metabolic syndrome Fructose metabolic syndrome with exercise
Fig. (2): Immunohistochemistry staining of renal AQP-3 in renal medulla: Basolateral membranous expressionof AQP-3 (yellow

arrows) were more evident in the control group with exercise (B) and the fructose metabolic syndrome with exercise
(D) in comparison with both the control group (A) and the fructose metabolic syndrome group (C). (A, B, C and D):

Immunoperoxidase X400 HPE).
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Discussion

Thereisagrowing evidence that high dietary
intake of fructose could be considered an important
factor in the development of current metabolic
disorder epidemic [22] and its associated complica-
tions [23].

It isimportant to focus on lifestyle changes for
treatment of metabolic syndrome; especialy in-
creased physical activity and weight reduction
[24].

In the current study fructose fed rats showed
evidences of metabolic syndrome as the significant
increase in body weight and fat accretion, dysdlip-
idemia, hyperglycemia, hyperinsulinemia, insulin
resistance, hypertension, which were associated
by hyperuricemiaincreased lipid peroxidation
parameter (MDA), and increased expression of
renal aguaporin-3 (AQP3).

Fructose promoting ability of metabolic syn-
drome was currently proved by its lipogenic nature
that increase deposition of TG in adipose tissue
and ectopic tissues, eventually resulting in impaired
insulin signaling and dyslipidemia [25].

Thereis evidence that fructose rich diet created
an unfavorable lipid profile in blood via hepatic
de novo lipogenesis that increases plasmartriglyc-
erides, and a delayed triacylglycerol clearance with
palmitic acid production, afatty acid specifically
was shown to increase the risk of atherosclerosis
[26].

Asasmall solute, glycerol should be freely
filtered in the renal glomeruli, thusitislikely to
be reabsorbed after glomerular filtration [27]. Glyc-
erol isthe backbone of triglycerides [4].

Interstingly, overexpression of renal AQP3
revealed in this study may have arolein the dys-
lipedemic complications, being channelsin the
basement membrane of distal convoluted tubules
and collecting ducts of the kidney, that are respon-
sible for glycerol reabsorption [6].

Hyperuricemia of fructose fed rats might be
attributed to the stimulation of adenosine mono-
phosphate deaminase activity triggered by fructose
metabolism and resulted in development of meta-
bolic syndrome. Also it played apivota rolein
the development of associated insulin resistance
and hypertension probably through uric acid-
induced endothelial dysfunction [28].

Regarding fructose induced hypertension, the
current study demonstrated higher membranous
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expression of renal AQP3 with hypertension in
fructose induced metabolic syndrome rat model
which agreed with Lee and colleagues [29] who
reported a similar expression in the kidney of
spontaneously hypertensive rats.

Swimming exercise was efficient in counteract-
ing some disrupting effects seen in fructose induced
metabolic syndromein particular, insulin resistance,
hyperuricemia, oxidative stress markers, and obes-
ity. It prevented the increase of fasting blood
glucose, serum insulin in high fructose-fed rats
with better overall lipid profile as agreed with Sakr
[30]. Moreover, swimming exercise was able to
return some parameters to normal values as pre-
sented by their insignificant difference between
exercised fructose fed rats and exercised control
groups as serum insulin and MDA.

A large scientific evidence is available regarding
the positive effects of swimming as a moderate
intensity aerobic exercise on the lipid profile, with
favorable modifications to lipoprotein metabolism
(increase in the cardioprotective HDL-C fraction,
decrease triglyceride level and small atherogenic
LDL particleslevels [31] . Sports with a high dy-
namic component but with concentric muscular
contraction and low joint impact, such as swim-
ming, could be more beneficial for better lipogram
[10].

Exercise had beneficial clearing effect on trig-
lycerides through increasing skeletal muscle lipo-
protein lipase, activation of PPAR- a, which pro-
motes transcription of fatty acid catabolic genes
and lastly through fructose conversion to muscle
and liver glycogen instead of triglycerides since
exercise depletes muscle and liver glycogen [31].

Additionally, moderate intensity exercise leads
to activation and recruitment of type | oxidative
muscle fibers with preferential fatty acids oxidation,
mediating exercise improved lipid profile [10].

Also, physical activity was able to prevent some
of the maladaptive changes associated with chronic
fructose feeding as the significant decrease of body
mass and fat accretion with normalization of ret-
roperitoneal and subcutaneous fat pad mass which
agreed with our results [32] . These changes might
be mediated by decreased acylated ghrelin (active
appetite stimulating protein), and increased both
leptin (appetite suppressor) and activity of adi-
ponectin (cytokine that increases insulin sensitivity,
and reduces inflammation along with having antia-
therogenic effects). Thus, exercise hasavery strong
effect in mediating hunger (and, subsequently, food
intake) and energy expenditure [30].
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Additionally, swimming exercise in the current
study effectively reduced serum MDA levels which
isakey player in the pathophysiology of many
diseases including metabolic syndrome and its
vascular complications [33].

Physical activity successfully reduced the ele-
vated BP following diet-induced obesity in rats
[34] . That was consistent with results of current
study which revealed the preventive effect of swim-
ming exercise against elevation of ABP, and this
was proved by insignificant difference between
exercised fructose fed rats and exercised control
groups.

Furthermore, the BP-lowering effect of training
in hypertensive patients appears to be associated
with improvement in insulin sensitivity. So, Swim-
ming could be recommended as a lifestyle inter-
vention by clinicians for prevention and treatment
of hypertension [35].

Swimming programme in the current study
revealed higher overexpressed renal AQP3. Being
aglycerol permeating pore, this overexpression
seemed conflicted with decreased plasmatriglyc-
erides presented in exercised rats that can be ex-
plained by increased glycerol uptake by skeleta
muscle many folds during exercise [36] . Skeletal
muscle has GLK activity which enables muscle to
incorporate glycerol into TAG, aso its overexpres-
sion can divert glycerol to be incorporated into
glycogen. This may be physiologically relevant
pathway for muscle fuel storesin vivo, particularly
post exercise [37].

The physiologic significance of AQP3 is still
less clear, so, extensive studies of agquaglycerop-
orinson the basic and clinical levels are needed.

In conclusion, fructose induces metabolic syn-
drome characterized by increase fat accretion,
insulin resistance, metabolic dydlipidemia, in-
creased oxidant level and complicated by hyper-
tension and were associated with increased expres-
sion of renal AQPS3.

Our study support the notion that exercise has
many significant homeostatic promoting mecha-
nisms that lead to improvements in metabolic and
other dysfunctions caused by stressors such as high
fructose intake, particularly increased ABP, hype-
ruricemia, insulin resistance, oxidative stress mark-
ers, body weight, visceral obesity.
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