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Renal lipid accumulation exhibits slowly developing chronic kidney disease and is associated
with increased oxidative stress. The impact of exercise on the obese- and oxidative stress-
related renal disease is not well understood. The purpose of this study was to investigate
whether a high-fat diet (HFD) would accelerate D-galactose-induced aging process in rat
kidney and to examine the preventive effect of regular exercise on the obese- and oxidative
stress-related renal disease. Oxidative stress was induced by an administration of D-galactose
(100 mg/kg intraperitoneally injected) for 9 weeks, and D-galactose-treated rats were also
fed with a high-fat diet (60% kcal as fat) for 9 weeks to induce obesity. We investigated the
efficacy of regular exercise in reducing renal injury by analyzing Ne-carboxymethyllysine
(CML), 8-hydroxygluanine (8-OHdG) and apoptosis. When rats were fed with a HFD for 9
weeks in D-galactose-treated rats, an increased CML accumulation, oxidative DNA damage
and renal podocyte loss were observed in renal glomerular cells and tubular epithelial cells.
However, the regular exercise restored all these renal changes in HFD plus D-galactose-
treated rats. Our data suggested that long-term HFD may accelerate the deposition of
lipoxidation adducts and oxidative renal injury in D-galactose-treated rats. The regular exercise
protects against obese- and oxidative stress-related renal injury by inhibiting this lipoxidation

burden.
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I. Introduction

Obesity-related diseases are global epidemics im-
pacting the health of adults. Obese individuals are more
prone to cardiovascular disease, dyslipidemia, sleep apnea,
hypertension and renal disease [24, 29, 43]. Renal lipid
accumulation may enhance oxidative stress and inflamma-
tion in the kidney and contribute to the development of
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renal injury [31, 38]. Reactive oxygen species (ROS) play
critical roles in the development and progression of kidney
damage [10, 27]. Obesity-related nephropathy is associated
with the increase of proinflammatory cytokines, such as
tumor necrosis factor-o. (TNF-a) and interleukin-6 (IL-6),
due to increased ROS production [8].

Advanced glycation end products (AGEs) are stable
end products of a non-enzymatic glycation reaction [37].
AGEs formation is accelerated under hyperglycemic con-
dition as well as under oxidative stress. The advanced
lipoxidation end products (ALEs) are similar adducts but
are formed from oxidatively damaged lipids [40]. Hyper-
lipidemia leads to intracellular accumulation of fatty acids
and cholesteryl esters [42] and chemical modification,
particularly oxidation, of both proteins and lipids [30].
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Reactive carbonyl species (RCS), such as aldehydes
acrolein, malondialdehyde and glyoxal, react with proteins
to generate these stable adducts [1]. Glyoxal is a dicarbonyl
compound deriving also from autoxidation of Amadori
products (glycoxidation) and reacting with lysine residues
with formation of Ne-carboxymethyllysine (CML), which
is therefore both an ALE and an AGE [39]. AGE/ALE
accumulation is associated with aging and several age-
associated diseases such as Alzheimer’s disease and renal
insufficiency [25, 36]. The receptor for AGEs (RAGE) was
shown to be predominantly involved in mediating AGE/
ALE-induced tissue injury [47]. The interaction between
AGE/ALE and RAGE trigger signaling pathways leading
to a chronic inflammation and cell damage [22]. Moreover,
an increased lipid accumulation in renal tissues causes
mesangial cell activation resulting in glomerular hyper-
trophy and matrix deposition, podocyte injury and pro-
teinuria [13]. A high-fat diet (HFD) was found to be a
significant risk factor for kidney disease [17, 34]. Although
a large body of evidence suggests that both enhanced
intracellular lipid accumulation and oxidative stress
were significantly associated with AGE/ALE formation
and accumulation in renal tissues, the relationship between
HFD and oxidative stress in AGEs/ALE-induced renal
injury still remain unknown.

Exercise is reported to reduce oxidative stress in
rats and mice [3, 26]. Moderate exercise by inducing the
expression of antioxidant enzymes reduces oxidative stress
[11]. In addition, regular moderate exercise reduces renal
CML contents in obese Zucker rats [6]. However, the
mechanism as to how exercise reduces oxidative stress and
AGE/ALE formation is not known.

This study aimed to investigate the pathogenic role of
oxidative stress and HFD mechanism underlying ALEs-
induced renal injury, by assessing whether HFD accelerates
AGE/ALE renal accumulation and promote AGE/ALE-in-
duced renal injury in D-galactose-injected oxidative stressed
rats, a well-known animal model of oxidative stress. In
addition, we evaluate the inhibitory effect of AGE/ALE
renal accumulation and the renopreventive effect of long-
term regular exercise in this animal model.

II. Materials and Methods

Animals and experimental design

Thirty two male SD rats (8-weeks old) were used
in this study. They were all individually housed in a
temperature-controlled room with a 12-hr light/dark cycle
and had free access to drinking water. After acclimation for
2 weeks, the rats were divided into four groups: (1) normal
control rats (CON, n=8), (2) D-galactose-induced oxidative
stressed rats (GAL, n=8), (3) HFD+D-galactose-induced
oxidative stressed and obese rats (HFD+GAL, n=8) and (4)
HFD+D-galactose-induced oxidative stressed and obese
rats exercised regularly on a treadmill (EXE, n=8). The
rats in the CON and GAL groups were fed a standard
laboratory chow (3.34 kcal/g, PMI Nutrition International,

MO, USA). To induce obesity, the rats in the HFD+GAL
and EXE groups were fed a high-fat diet containing 60%
kcal fat (5.24 kcal/g, D12492, Research Diets, NJ, USA)
for 9 weeks. To induce oxidative stress, the rats in the
GAL, HFD+GAL, EXE groups were injected intraperito-
neally with D-galactose (100 mg/kg/day), while the rats in
the CON group were injected with an equal volume of
the vehicle (0.9% saline). The rats in the EXE groups
were subjected to a treadmill exercise for 8 weeks (12
meter-/min~'-60 min~!, 15 degree grade, 5 days/week) ac-
cording to a published protocol [2], and the rats in other
sedentary groups were not exercised. The exercise training
was begun 1 week after the onset of HFD feeding. All
experimental procedures were performed under the super-
vision of our Institutional Animal Care and Use Committee.

Analysis of metabolic data

The body weight was monitored consecutively. One
day before autopsy, the animals were fasted for 15 hr at
least and immediately anesthetized and killed. Blood sam-
ples were collected from the tail vein, and total cholesterol,
triglyceride (TG), HDL cholesterol (HDL) and LDL cho-
lesterol (LDL) were measured using an automated analyzer
(Wako, Tokyo, Japan).

Immunohistochemical staining

Immunohistochemistry was performed as previously
described [33]. Antibodies were a mouse anti-CML (Trans-
Genic, Kobe, Japan), a mouse anti-8-hydroxygluanine
(8-OHdG) antibody (Santa Cruz Biotechnology, CA, USA)
and a rabbit anti-synaptopodin (Santa Cruz Biotechnology,
CA, USA). For detection of CML, 8-OHdG and synapto-
podin, the sections were incubated with the Envision
kit (DAKO, CA, USA) and visualized by 3,3'-diaminoben-
zidine tetrahydrochloride. Negative controls for immuno-
histochemistry were run by incubating the sections with
nonimmune serum instead of the primary antibody. The
intensity of immunohistochemical staining of CML and 8-
OHAG was analyzed in eight randomly selected mm? areas
of renal cortex, and the positive signal areas of synapto-
podin was determined per one glomerulus in a total of 40
glomeruli using Image J software (NIH, MD, USA).

Double staining for TUNEL and Wilms tumor antigen-1

In order to confirm the apoptotic cell death in renal
podocytes, a sequential immunostaining was performed.
The first staining of TUNEL was performed with a kit
(DeadEnd apoptosis detection system, Promega, WI, USA)
according to the manufacturer’s instructions. Apoptotic
cells were detected with FITC-conjugated streptavidin
(Santa Cruz Biotechnology). The second sequence of stain-
ing using rabbit anti-Wilms tumor antigen-1 (WT-1, Santa
Cruz Biotechnology) was performed on the same section
with tetramethyl rhodamine isothiocyanate (TRITC)-
conjugated goat anti-rabbit IgG antibody (Santa Cruz
Biotechnology). To prevent cross-reactivity between two
staining sequences the slides were incubated with normal
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mouse serum (Dako) after the first staining. For morpho-
metric analysis, the positive cell numbers of WT-1 per one
glomerulus in a total of 40 glomeruli was determined
using Image J software.

Apoptosis analysis

To evaluate apoptosis in renal tissues, the TUNEL
assay was performed with a kit (DeadEnd apoptosis
detection system, Promega) according to the manufacturer’s
instructions. Apoptotic cells were detected with peroxidase
conjugated streptavidin. The number of TUNEL-positive
cells per unit area (mm?) was then determined in counted
in a total of 5 fields.

Statistical analysis

Comparisons between groups were performed using
one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test using GraphPad Prism
4.0 software (Graph pad, CA, USA).

III. Results

Body weight and blood lipid profile

Body weights and blood lipid levels at the end of the
experiment are shown in Fig. 1. The body weight in the
GAL group was slightly increased compared to the control
group. In rats received both the D-galactose and HFD, body
weight was significantly increased compared to the control
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rats and reduced by exercise training. Total cholesterol
TG and LDL levels were significantly increased in the
HFD+GAL group (P<0.01 vs. GAL group). EXE group
showed significantly reduced in total cholesterol, TG and
LDL levels as compared to the HFD+GAL group. However,
no differences in lipid levels were noted between the CON
group and the GAL group.

Oxidative status and CML accumulation in renal tissues

To determine whether HFD accelerates the renal accu-
mulation of CML and oxidative renal injury, we examine
the immunohistochemical staining for CML and 8-OHdG.
The oxidation of guanine to form 8-OHdG acts as a marker
of oxidative DNA damage [4]. As shown in Figs. 2 and 3,
the immunoreactivities of CML and 8-OHdG in the GAL
and HFD+GAL groups were significantly higher compared
to the CON group. The expressions of CML and 8-OHdG
were mainly distributed in the regions of the glomeruli and
renal tubules. Especially, high expressions of CML and
8-OHdG were observed in the proximal tubular epithelial
cells. Moreover, the staining intensities of the HFD+GAL
group were significantly higher than the GAL group, which
indicated that the HFD had an accelerating effect on the
renal accumulation of AGE/ALE and oxidative renal injury
induced by D-galactose. The regular exercise suppressed
the expressions of CML and 8-OHdG compared to the
HFD+GAL group (Figs. 2B and 3B).
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Body weight (A) and blood lipid levels (B to E). CON, normal control rats; GAL, D-galactose-induced oxidative stressed rats;

HFD+GAL, high fat diet plus D-galactose-induced oxidative stressed and obese rats, EXE, high-fat diet plus D-galctose-induced oxidative
stressed and obese rats exercised regularly. Values in the bar graphs represent means+SE, n=8. #P<0.01 compared with GAL group; "P<0.01

compared with HFD+GAL group.
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Fig. 2. Renal CML accumulation. (A) Representative CML immunohistochemistry in renal tissues. Negative control section incubated with
nonimmune mouse 1gG was unstained. Bar=50 um. (B) Quantitative analysis of CML immunostaining signal intensity. The intensity of
immunohistochemical staining of CML was analyzed in eight randomly selected mm? areas of renal cortex. Values in the bar graphs represent
meanstSE, n=8. *P<0.01 compared with CON group; *P<0.01 compared with GAL group; P<0.01 compared with HFD+GAL group.

Glomerular podocyte loss

The loss of glomerular podocytes precedes and pre-
dicts the onset of clinical nephropathy [20]. To evaluate the
loss of podocytes in renal tissues, we performed imuuno-
histochemical staining for synaptopodin and WT-1, well-
known podocyte markers [23, 32]. Average numbers of
podocytes per glomerular section were determined by
counting cells and measuring areas that were positively
labeled with two podocyte markers. In the GAL group,
synaptopodin and WT-1 positive cell counts tended to
decrease compared with the CON group. The staining areas
of synaptopodin and the number of WT-1-positive cells in
the HFD+GAL group were significantly lower than the
GAL group. In double staining, some TUNEL-positive
cells were localized within the region where WT-1 was
positively stained. This mixed color staining (TUNEL;
green, WT-1; red) was obtained in podocytes, confirming
the apoptosis of podocytes (Fig. 4). The regular exercise

visibly increased the positive cells and areas in the kidney
glomeruli (Fig. 4B and 4C).

Apoptosis assay in renal tissues

TUNEL staining used widely as a marker for apoptosis
[7]. In the CON group, a TUNEL-positive nucleus was
barely detected. In the GAL and HFD+GAL groups, many
TUNEL-positive cells were observed in renal glomeruli and
tubular epithelial cells. The numbers of TUNEL-positive
cells in the HFD+GAL group were significantly higher than
the GAL group. However, the regular exercise prevented
the increase in the positive cells that was seen in the GAL
and HFD+GAL groups (Fig. 5).

IV. Discussion

The present study provides novel evidence that a HFD
accelerated the renal accumulation of AGE/ALE and
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Fig. 3. Detection of oxidatively modified DNA. (A) Representative 8-OHdG immunohistochemitry in renal tissues. Bar=50 pm. (B)
Quantitative analysis of 8-OHdG immunostaining signal intensity. The intensity of immunohistochemical staining of 8-OHdG was analyzed in
eight randomly selected mm? areas of renal cortex. Values in the bar graphs represent means£SE, n=8. *P<0.01 compared with CON group;
#P<0.01 compared with GAL group; 'P<0.01 compared with HFD+GAL group.

podocyte loss in D-galactose-induced oxidative stressed
rats. We showed that rats, when fed with a HFD for 9
weeks, become obese, have increased plasma total choles-
terol, TG and LDL levels and have an enhanced oxidative
DNA damage in the renal tissues of the D-galactose-induced
oxidative stressed rats. Our results described the link
between a HFD and oxidative stress in the renal tissues. In
addition, we showed that the regular exercise has the
renopreventive effect in this animal model.

D-Galactose, a reducing sugar, metabolized at normal
concentration, but the excessive levels of D-galactose can
be converted into aldose and hydroperoxide under the
catalysis of galactose oxidase, resulting in the generation of
a superoxide anion and oxygen-derived free radicals [44].
When D-galactose is injected to rats for 6-9 weeks, free
radical production is increased in renal tissues [18]. Mice
and rats injected with D-galactose have been used as an
animal model of oxidative stress [23, 32, 36].

Extensive renal accumulation of lipids associated with
increased renal lipid synthesis via a SREBP-1c-dependent
pathway has been demonstrated in animals fed HFD (40—
60% kcal fat) [16, 41]. In our study, we demonstrated that
the elevated levels of circulating lipids and the enhanced
AGE/ALE accumulation. Moreover, D-galactose-injected
rats fed a HFD showed accelerated renal injury associated
with more pronounced renal ALE/AGE content and oxida-
tive DNA damage. Our data indicate that a HFD plus D-
galactose induced an extensive formation and renal deposi-
tion of AGE/ALE, such as CML. This product is known to
produce carbonyl and oxidative stress which may cause
injury both directly and via receptor-mediated mechanisms
[12]. The accelerated renal injury observed in rats in the
HFD+GAL group compared with the GAL group indicates
that a HFD plays a pivotal role in D-galactose-induced
oxidative renal injury. The hyperlipidemia induced by
a HFD was associated with the enhanced deposition of
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Fig. 4. Glomerular podocyte loss. (A) Representative photomicrographs of synaptopodin staining and double-staining for TUNEL (green) and
WT-1 (red). Mixed yellow-colored cells in the merged images (arrows) indicate that apoptotic cell death may have occurred in podocyte.
Bar=50 pm. Quantitative analyses of (B) positive areas of synaptopodin and (C) positive cells of WT-1. Values in the bar graphs represent
means£SE (n=8). ¥*P<0.01 compared with CON group; *P<0.01 compared with GAL group; 'P<0.01 compared with HFD+GAL group.

ALE/AGE.

AGE/ALE has been reported to induce apoptosis in
various cell lines, such as mesangial cells and endothelial
cells [14, 45]. Renal cell apoptosis or necrosis can inevita-
bly affect glomerular filtration rate and endothelial function,
resulting in renal failure [S]. In this study, the HFD can
amplify the D-galactose-induced apoptotic renal cell death.

Oxidative stress or pro-apoptotic cytokine through inter-
action between AGE/ALE and RAGE were involved in
podocyte apoptosis [46]. Among the three intrinsic cells in
glomerulus, podocyte is one of the important ingredients
of filtration barrier which has special cytobiological trait
and physiological function. The injury of podocyte can
inevitably lead to the occurrence of proteinuria [48].
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Fig. 5. In situ detection of fragmented DNA. (A) Representative TUNEL staining in renal tissues. Negative control was obtained by omitting
terminal transferase from the labeling procedure. Bar=50 um. (B) Quantitative analysis of TUNEL-positive cells. Values in the bar graphs
represent means+SE, n=8. *P<0.01 compared with CON group; *P<0.01 compared with GAL group; 'P<0.01 compared with HFD+GAL group.

Podocyte apoptosis has been demonstrated to correlate
with worsening renal function [35]. Consistent with this
interpretation, the result of the present study demonstrates
that the increased renal levels of CML and 8-OHdG in
HFD plus D-galactose-treated rat are involved, at least in
part, in the injury of podocytes. Although there was dis-
appearance of podocyte markers from glomeruli, apoptosis
was observed by TUNEL staining predominantly in tubular
epithelial cells. Liu et al. also showed that D-galactose treat-
ment in mice induced extensive tubular damage by presence
of necrotic tubular epithelial cells [19]. These results sug-
gest that D-galactose-induced renal injury was occurred
predominantly in both proximal and distal tubular epithelial
cells.

In addition, we examined the effect of intervention
by the regular exercise on the increases in AGE/ALE
accumulation, oxidative DNA damage and podocyte loss in
kidney tissues. The intervention by the regular exercise
inhibited increases in AGE/ALE deposition, renal 8-OHdG

levels and podocyte loss in HFD plus D-galactose-treated
rats. A substantial body of evidence showed the renoprotec-
tive effects of the physical exercise in diabetic nephropathy
[15] and chronic kidney disease [9]. Physical exercise has
a positive influence on physical capacity, hypertension,
left ventricular function, lipid metabolism and oxidative
status [21, 28]. Coelho ef al. showed that physical training
performed before the onset of chronic kidney disease is
capable of improving oxidative stress parameters, possibly
by reducing oxidant production [9]. In addition, the mod-
erate regular exercise reduced the burden of AGEs in
diabetes- and obesity-associated nephropathy rats. Exercise-
induced higher energy demands might decrease the pool of
reactive intermediates for glycation or lipoxidation [6].
Our results indicated that the reduction of AGE/ALE accu-
mulation by the regular exercise might have been a major
mechanism of exercise-associated renoprotection in HFD
plus D-galactose-induced oxidative stressed and obese rats.

In conclusion, our data indicate that a HFD may
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promote D-galactose-induced oxidative renal injury and
AGE/ALE renal accumulation in rats. However, the
underline mechanisms of renal cell damage in HFD plus
D-galactose-tread rats need further investigation. We also
demonstrated that the regular exercise protects against renal
injury. These effects could be attributed, at least in a part,
to reduced AGE/ALE deposition and oxidative stress. We
show here that the regular exercise might be an easy and
effective strategy to reduce oxidative stress-related renal
disease in obese people.
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