@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

EXPERIMENTAL AND THERAPEUTIC MEDICINE 11: 303-308, 2016

Effects of rhein lysinate on D-galactose-induced aging mice
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Abstract. The aim of the present study was to investigate the
anti-aging effects of rhein lysinate (RHL), and to explore its
mechanism of action in a D-galactose-induced aging mouse
model. Aging was induced by D-galactose (100 mg/kg/day)
that was subcutaneously injected to animals for 8 weeks. RHL
was simultaneously administered once a day by intragastric
gavage. The appetite, mental condition, body weight and organ
index of the mice were monitored. Superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) activities were
determined, and the levels of malondialdehyde (MDA) in the
liver, kidney and serum were measured by appropriate assay
kits. Western blot analysis was used to detect proteins associ-
ated with age. The results indicated that RHL may improve the
appetite, mental state and organ conditions of the model mice,
improve the activities of SOD and GSH-Px, reduce MDA
levels and modulate the expression of age-associated proteins
(Sirtuin 1, p21 and p16) in D-galactose-induced mice. There-
fore, RHL may be effective at suppressing the aging process
through a combination of enhancing antioxidant activity, scav-
enging free radicals and modulating aging-associated gene
expression.

Introduction
Aging is not only a natural phenomenon which is an inevitable

biological process, but is also associated with diverse chronic
diseases, including cancer, Parkinson's and cardiovascular
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diseases (1,2). With the increasing elderly population in the
world, aging has already become an important public issue (3).
Oxidative stress is considered to be significant in the patho-
physiology of various diseases, including the aging process.
Reactive oxygen species (ROS) damage cellular lipids, proteins
and DNA, inhibiting their normal functions. An excess of ROS
can result in cell aging and death (1,2,4). Numerous studies
have discovered that oxidative stress occurs during the patho-
genesis of age-associated diseases (4-8).

D-galactose (D-gal)-treated mice have been demonstrated
to display similar symptoms to those aging naturally (9). D-gal
injection has since been widely used to establish a model for
anti-aging research (10-13). D-gal, a reducing sugar, is a natu-
rally occurring substance in the body, which is completely
metabolized at normal concentrations. However, at higher
concentrations it is converted to aldose, hydrogen peroxide and
galactose oxidase, thus speeding up the generation of superoxide
anion and oxygen-derived free radicals that impair the function
of macromolecules and cells (14). Various studies have indicated
that D-gal accelerates aging in mice, rats, houseflies and human
fetal lung fibroblast and has been used as an aging model since
1985 (15). Studies with D-gal-induced mice have shown that
D-gal-induced oxidative stress causes cognitive impairment,
neurotoxicity, tissue injury and inflammation (16,17).

The use of herbal medicines has increased globally due
to their lower adverse effects, price and good efficacy in the
majority of human illnesses (18,19). In recent years, numerous
traditional Chinese medicines have been found to possess
potent anti-aging activities and have attracted considerable
interest as potential candidates for the development of novel
anti-aging therapies (20,21). Rhein, one of the major bioactive
constituents of the rhizome of rhubarb (Rheum palmatum Linn.
or R. tanguticum Maxim), is a widely used traditional Chinese
herb with broad pharmacological effects, including antidiabetic
activity (22,23), anti-inflammation and inhibition of inter-
leukin-1-induced chondrocyte activation (24). However, due
to its water insolubility, the efficacy of rhein is limited in vivo.
Rhein lysinate (RHL) is the salt of lysine and rhein that is water
soluble and so may be administered in vivo in drinking water.

A previous study from our laboratory demonstrated that
RHL possessed an anti-aging effect in vitro, which may be


https://www.spandidos-publications.com/10.3892/etm.2015.2858
https://www.spandidos-publications.com/10.3892/etm.2015.2858

304

associated with its anti-oxidative properties (25). However, no
studies to date have addressed the effect of RHL on the aging
process in vivo. The aim of the present study was, therefore, to
use of the D-gal-induced aging model mice in order to inves-
tigate the anti-aging effects of RHL in vivo and explore the
underlying anti-aging molecular mechanisms.

Materials and methods

Chemicals and reagents. Rhein (purity, 98%) was purchased
from Nanjing Qingze Medicine Ltd. (Nanjing, Jiangsu, China),
while lysine was purchased from Beijing Solarbio Science and
Technology Co. Ltd. (Beijing, China). RHL was synthesized
at the Oncology Department of the Institute of Medicinal
Biotechnology, Chinese Academy of Medical Sciences
and Peking Union Medical College (Beijing, China; patent
no. 2008100890258). Polyclonal rabbit anti-human Sirtuin 1
(SIRTI; 1:1,000; cat. no. 2493s), polyclonal rabbit anti-human
pl6 (1:1,000; cat. no. 4824), monoclonal rabbit anti-human
p21 (1:1,000; cat. no. 2947s), monoclonal rabbit anti-human
B-actin (1:1,000; cat. no. 12620) primary antibodies, and
secondary antibodies against rabbit (1:5,000; cat. no. 7074s) or
mouse (1:5,000; cat. no. 7076s) IgG were purchased from Cell
Signaling Technology (Danvers, MA, USA). The prestained
protein marker, p7708V, was purchased from New England
Biolabs Ltd. (Beijing, China). All other chemicals were of
standard analytical grade.

Animals and drug administration. A total of 40 male
Kun-Ming mice (age, 7 weeks; weight, 32+2 g) were
purchased from the Institute of Laboratory Animal Science
(Chinese Academy of Medical Sciences, Beijing, China). All
procedures conducted with animals were approved by our
institutional review board (Animal Experiments Ethics Board,
Beijing Hospital, Beijing, China). The mice were housed
and maintained at 22+2°C with 12 h light/dark cycles and a
relative humidity of 40-60%. Food was provided ad libitum
throughout the study. Following one-week of acclimatization
to the home cage, the mice were randomly divided into four
groups, each comprising 10 mice, as follows: i) Model group,
in which the mice were injected subcutaneously with D-gal at
a dose of 100 mg/kg/day, and simultaneously given distilled
water by intragastric gavage; ii) control group, in which the
mice were injected subcutaneously with the same volume of
normal saline, and simultaneously given distilled water by
intragastric gavage; iii) RHL (25 mg/kg/day) group, in which
the mice were injected subcutaneously with D-gal at a dose of
100 mg/kg/day, and simultaneously given RHL (25 mg/kg/day)
by intragastric gavage; and iv) RHL (50 mg/kg/day) group,
in which the mice were injected subcutaneously with D-gal
at a dose of 100 mg/kg/day, and simultaneously given RHL
(50 mg/kg/day) by intragastric gavage. During the study, the
performance and body weight of the mice were recorded
every day. The mice were sacrificed following 8 weeks of
treatment. Blood was collected through cardiac puncture and
centrifuged at 1,500 x g for 15 min at 4°C to obtain plasma.
Plasma was stored at -70°C until assays were performed. The
liver and kidney tissues were immediately collected, weighed
and homogenized (4°C; 3,000 x g for 15 min) for biochemical
and histological analyses. The organ index was measured
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using the following equation: Organ index (mg/g) = organ
weight (mg)/body weight (g) (26).

Biochemical and histological analysis. The antioxidant activi-
ties of superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px), and the levels of malondialdehyde (MDA) in the
blood and tissues were determined using SOD, GSH-Px
and MDA kits, according to the manufacturer's instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu,
China). Subsequent to fixing in 10% formalin for 24 h, tissue
samples were progressively dehydrated in different concentra-
tions of ethanol, hyalinized in xylene, embedded in paraffin,
sliced into thin sections (5 ym), dewaxed and stained with
hematoxylin and eosin (Beijing Solarbio Science and Tech-
nology Co. Ltd.). Sections were examined using an Olympus
CK40 microscope (Olympus, Tokyo, Japan). Cross sections
were selected from three plates per sample.

Western blot analysis. Western blot analysis was employed
to detect the protein expression levels of SIRT1, p16 and p21.
The tissues were treated with a lysis buffer and a mixture
of phosphatase inhibitors (Roche, Indianapolis, IN, USA).
Samples (30 pg) were fractionated by 10% SDS-PAGE. Once
the proteins were transferred to a polyvinylidene difluoride
membrane, the membrane was incubated in a blocking buffer
containing bovine serum albumin (1%) and Tween-20 (0.1%
v/v) in phosphate-buffered saline at room temperature for 1 h.
The membrane was then incubated overnight at 4°C with the
appropriate primary antibodies and then incubated with the
appropriate secondary antibodies at room temperature for 2 h.
Each membrane was developed using an enhanced Chemi-
Imager 5500 chemiluminescence system (Alpha Innotech
Corporation, Miami, FL, USA).

Statistical analysis. Data are presented as the mean + standard
deviation. Treatment effects were compared using the Student
t-test and differences between the means were considered to
be statistically significant when P<0.05.

Results

Behavior observations and organ index. No statistically
significant differences (P>0.05) in food intake and body
weight change were observed between the mice in the different
groups (data not shown). Prior to being sacrificed, no mice
died during the experimental procedure. Mice of the model
group with D-gal demonstrated evident symptoms of aging,
including slow movement, a lag in response, listlessness, and
withered and lackluster fur. In addition, organ indexes of the
liver and kidney of the model group were significantly lower
(P<0.05) compared with those of the control group, as shown
in Table I. However, RHL administration may improve those
organ indexes (P<0.05).

Effects of RHL on the SOD activity in aging mice. The
model group receiving D-gal showed significantly lower
SOD activity (P<0.05) in the liver compared with that of the
control mice. However, treatment of the aging mice with RHL
significantly increased the SOD activity (P<0.05) following
8 weeks of treatment. In particular, the high-dose RHL group
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Table I. Organ index of mice in each group (mg/g).

Group Liver Kidney

Control 46.86+5.43 9.27+0.89
Model 39.24+4.12 7.64+0.62
RHL 25 mg/kg 447644 89" 8.34+0.66"
RHL 50 mg/kg 45.64+3.65° 9.01+0.78°

Values are presented as the mean + standard deviation. “P<0.05 vs.
control group; "P<0.05 vs. model group. RHL, rhein lysinate.

demonstrated higher SOD activity than that of the model
group (P<0.05). However, no statistically significant differ-
ences (P>0.05) were observed between the low- and high-dose
RHL groups (Fig. 1). The results from the kidney and serum
followed the same pattern.

Effects of RHL on the GSH-Px activity in aging mice. Mice of
the model group receiving D-gal showed significantly lower
activities of GSH-Px (P<0.05) in the liver compared with
the control mice. However, treatment of the aging mice with
RHL significantly increased the activities of GSH-Px (P<0.05)
following 8 weeks of treatment (Fig. 2). The results from the
kidney and serum were similar.

Effects of RHL on the MDA content in aging mice. The MDA
content in the liver of the model group was significantly greater
(P<0.05) than that of the control group, which indicated that
the aging animal model had been successfully established. The
MDA content of the RHL groups was much smaller (P<0.05)
compared with that of the model group. In particular, the MDA
content in the high-dose group was lower compared with that
of the control group, but there were no statistically significant
differences (P>0.05) between the low- and high-dose RHL
groups (Fig. 3). Similar results were obtained for MDA in the
kidney and serum.

Effects of RHL on liver and kidney morphological alterations.
The morphological features of hematoxylin and eosin-stained
liver sections are presented in Fig. 4. The hepatocytes of
D-gal-treated mice exhibited extensive hepatic edema and
some degrees of ballooning degeneration, and the cytoplasm
color of hepatocytes became lighter as opposed to that of the
control mice. Notably, RHL treatment was able to attenuate
liver injury induced by D-gal in mice. The different doses
of RHL demonstrated excellent liver-protecting activity,
while hepatic edema was largely controlled. Similarly, the
renal tubular epithelial cells of D-gal-treated mice exhib-
ited edema (Fig. 5). The cell membrane penetrability of
the epithelial cells was increased and the cytoplasm color
became shallow and even transparent. Therefore, RHL may
mitigate renal tubular edema, thus protecting the kidney.

Effects of RHL on the expression of proteins associated
with aging. According to the results of western blot analysis,
the expression levels of pl6 and p21 increased in the liver
and kidney (P<0.05), while SIRT1 expression decreased in
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Figure 1. Effects of RHL on the SOD activity in aging mice. Values are pre-
sented as the mean + standard deviation. The model group mice were injected
subcutaneously with D-galactose. "P<0.05 vs. control group; “P<0.05 vs.
model group. RHL, rhein lysinate; SOD, superoxide dismutase.
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Figure 2. Effects of RHL on the GSH-Px activity in aging mice. Values are pre-
sented as the mean + standard deviation. The model group mice were injected
subcutaneously with D-galactose. "P<0.05 vs. control group; “P<0.05 vs.
model group. RHL, rhein lysinate; GSH-Px, glutathione peroxidase.
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Figure 3. Effects of RHL on the MDA content in aging mice. Values are pre-
sented as the mean + standard deviation. The model group mice were injected
subcutaneously with D-galactose. "P<0.05 vs. control group; “P<0.05 vs.
model group. RHL, rhein lysinate; MDA, malondialdehyde.

D-gal-treated mice (P<0.05). Compared with the model
group, the expression of pl6 and p21, which was elevated
in D-gal-treated mice, was inhibited in the 25 mg/kg and
50 mg/kg RHL groups (P<0.05) (Fig. 6). RHL also upregulated
the level of SIRT1 expression compared with D-gal-treated
mice (P<0.05).
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RHL(25)

RHL(50)

Figure 4. Effect of RHL on the change of pathological profile in the liver of
aging mice, as determined by hematoxylin and eosin staining (x200). The
model group mice were injected subcutaneously with D-galactose. RHL(25),
RHL 25 mg/kg group; RHL(50), 50 mg/kg group; RHL, rhein lysinate.

Model
RHL(25) RHL(50)

Figure 5. Effect of RHL on the change of pathological profile in the kidney
of aging mice, as determined by hematoxylin and eosin staining (x200). The
model group mice were injected subcutaneously with D-galactose. RHL(25),
RHL 25 mg/kg group; RHL(50), RHL 50 mg/kg group; RHL, rhein lysinate.

Discussion

From a biological perspective, aging is an inevitable sponta-
neous process and a complicated natural phenomenon (27,28).
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Figure 6. Effect of RHL on the expression of proteins associated with
aging-related genes in the (A) liver and (B) kidney were are analyzed by
Western blotting. f-actin was used as the internal control. Con, normal mice;
D-gal, model group (injected subcutaneously with D-gal); RHL 25, RHL
25 mg/kg group; RHL 50, RHL 50 mg/kg group; RHL, rhein lysinate; D-gal,
D-galactose.

Although certain mechanisms of aging have been proposed,
theories linking aging and cellular oxidative stress have
received more support (29,30).

With the improvement of living standards all over the
world, individuals are increasingly concerned about their
appearance and health (3). Postponing body aging has become
a key topic of concern for numerous people (3). The processes
that delay and/or reverse visible signs of aging are termed as
anti-aging. Numerous scientists and pharmaceutical compa-
nies have attempted to develop drugs to reduce the speed of
human aging, but no effective drug has been discovered to
date. In the last decade, the importance of folk medicine and
herbal medicines has been revisited and has resulted in the
development of various effective drugs for anti-aging. The
majority of anti-aging herbs have antioxidant components and
reduce free radicals which are by-products of abnormal body
metabolism in the elderly.

Rhein, one of the major bioactive constituents of the
rhizome of rhubarb (Rheum palmatum Linn. or R. tanguticum
Maxim), has received attention for its anti-aging effects
invitro (25). RHL is a novel compound, which was synthesized
by our team. Compared with rhein, RHL is easily dissolved in
water (25,31).

In the present study, to the best of our knowledge, the
effects of RHL on oxidative stress and aging-associated gene
expression have been investigated for the first time in an
animal model, using chronic administration of D-gal to induce



aging. The model groups in the experiments demonstrated
clear differences with other groups in their daily behavior,
pathological sections and biochemical indexes. In addition, no
mouse succumbed due to the D-gal model; therefore, the aging
model was created successfully. The results revealed a signifi-
cant anti-aging effect for RHL in D-gal-induced aging mice.

The kidney and liver are important organs for detoxification;
however, their functions gradually decline due to age-associ-
ated structural atrophy (12). The present results indicated that
the kidney and liver were atrophied in D-gal-induced aging
mice. However, RHL may be able to increase these organ
indexes.

Aging model mice are characterized by an increased
concentration of ROS and a significant reduction in their
antioxidant defenses (32). ROS are chemically reactive
oxygen-derived molecules. A growing body of evidence
suggests that accumulation of ROS in biological systems
causes oxidative damage to tissues, affecting cellular integrity
and function. Oxidative damage caused by ROS has frequently
been associated with the pathogenesis of various diseases, and
ROS are considered to be important causative factors in the
aging process (33).

Free radicals derived from oxygen exert detrimental
effects on humans, including peroxidation of membrane lipids,
enzyme inactivation, DNA fragmentation and activation of
apoptosis (34). MDA is a major biomarker that is observed
during the final stages of lipid peroxidation initiated by exces-
sive ROS. In addition, supplementation with antioxidants has
been reported to be beneficial with respect to slowing down
the aging process (35).

As part of the antioxidant defense systems, a group of
enzymes, including SOD and GSH-Px, function as super-
oxide anion and hydrogen peroxide scavengers to prevent
ROS-induced damage. The MDA, SOD and GSH-Px levels
are, therefore, indicators of oxidative stress status. The present
results indicated that RHL markedly diminished oxidative
stress in the aged mice by increasing the activities of SOD
and GSH-Px in the liver, kidney and serum and decreasing
the content of MDA, supporting the mechanism of action of
RHL and the theory of oxidative stress in aging. Thus, it can
be deduced that RHL inhibits aging partly by reducing the
level of ROS.

The expression levels of SIRTI1, p21 and pl6 are closely
associated with mammalian aging. SIRT1 can increase
deacetylation of p53 and SIRT1 is a nicotinamide adenine
dinucleotide-dependent deacetylase that slows aging in lower
organisms and inhibits the development of aging-associated
diseases in mammals. SIRT1 affects a variety of biological
functions, including DNA repair, energy metabolism,
tumor suppression and mitochondrial homeostasis. There is
increasing evidence that elevated SIRT1 activity can have
beneficial effects on aging and aging-associated diseases
in mammals (36-38). These effects may be associated
with SIRT1-mediated modulation of DNA and metabolic
damage (36,37). Roles for SIRT1 in preventing endothelial
cells from replicative senescence or stress-induced premature
senescence have been reported in previous years (39,40).
These anti-aging effects were associated with the effects of
deacetylation of liver kinase Bl or p53 by SIRT1. SIRT1 was
also demonstrated to protect human umbilical cord fibroblasts
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from replicative senescence by promoting the transcription of
telomerase reverse transcriptase (41).

The pl6 gene, a cyclin-dependent kinase inhibitor,
is considered to play an important role in tumor growth
suppression and cell senescence (42,43). Expression of pl6
notably increases with aging in the majority of rodents and
in human tissues. The accumulation of pl6 contributes to
senescence by negatively regulating the cell cycle in vitro and
in vivo (44-46).

Another inhibitor of cell cycle progression, p21, increases
with age and contributes to the impaired cellular regenera-
tion of an aging organism. p21 deficiency partially prevented
age-induced decline in cell proliferation and tissue func-
tion (47). In the present study, RHL was found to markedly
decrease pl6 and p21 expression levels and increase SIRT1
expression. These results suggested that RHL may modulate
age-associated gene expression.

In conclusion, the results obtained in the current study
demonstrated that RHL can reduce the aging effects induced
by D-gal injection in mice. This effect may be mediated, at least
partly, through enhancing antioxidant activity, scavenging free
radicals and modulating aging-associated gene expression.
These data suggest that RHL has anti-aging effects, and has
development potential as an anti-aging medicine.
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