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rhEPO affects apoptosis in hippocampus of aging rats
by upregulating SIRT1
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Abstract: The aim of this study was to elucidate the signaling pathway involved in the anti-aging effect of erythropoi-
etin (EPO) and to clarify whether recombinant human EPO (rhEPO) affects apoptosis in the aging rat hippocampus
by upregulating Sirtuin 1 (SIRT2). In this study, a rat model of aging was established using D-galactose. Behavioral
changes were monitored by the Morris water maze test. Using immunohistochemistry, we studied the expression
of SIRT1, B-cell ymphoma/leukemia-2 gene (Bcl-2), and Bcl-2 associated X protein (Bax) expression, and apoptotic
cells in the hippocampus of a rat model of aging in which rhEPO was intraperitoneally injected. The escape latency
in rats from the EPO group shortened significantly; however, the number of platform passes increased significantly
from that in the D-gal group (P < 0.05). Compared to the D-gal group, in the EPO group, the number of SIRT1 and
Bcl-2-positive cells increased (P < 0.05), but the number of Bax-positive cells and apoptotic cells decreased in the
hippocampus of aging rats (P < 0.05). These results suggest that rhEPO regulates apoptosis-related genes and af-
fects apoptosis in the hippocampus of aging rats by upregulating SIRT. This may be one of the important pathways

underlying the anti-aging property of EPO.

Keywords: Erythropoietin, aging, Sirtuin 1, B-cell ymphoma/leukemia-2 gene, Bcl-2 association X protein

Introduction

With the development of science and technol-
ogy and advances in medicine, an aging popu-
lation has become a pressing problem faced by
human beings in the 215 century. The increase
in the number of aging people places a heavy
social and economic burden on the society and
families. Therefore, delaying aging is an impor-
tant subject for human development in the new
century. As a multifunctional cytokine, the neu-
roprotective effect of erythropoietin (EPO) has
become the focus of scientific research in
recent years [1-4]. A few studies have shown
that EPO can alleviate brain tissue damage
caused by ischemia, improve learning, memory,
and cognitive ability in patients with vascular
dementia, and afford a major neuroprotective
effect [5-7]. There were a few reports about its
anti-aging effect; however, they were not sys-
tematic or detailed [8-10]. Our previous studies
showed that recombinant human erythropoie-
tin (rhEPO) could improve learning and memory

in the D-galactose-induced sub-acute rat model
of aging by delaying the aging of the nervous
system. Meanwhile, we have observed that it
can reduce the ultrastructural changes and cell
death caused by aging in the hippocampus [8,
11]. However, the mechanism for this protective
effect is not clear. As an important mechanism
for neural cell death, apoptosis plays an impor-
tant role in the aging process of the nervous
system. Given that the Silent mating type infor-
mation regulation 2 homolog-1 (SIRT1) protein
is a key link in the regulation of energy metabo-
lism, redox conditions, cell apoptosis, and in
prolonging life, the activity of SIRT1 protein in
the cell achieves fine dynamic regulation of
metabolism and internal environmental factors
[12-14]. We already know that the SIRT1 protein
is a key factor controlling the aging process in
cells and that the apoptotic pathway is an
important downstream channel. It is not clear
whether exogenous EPO can cause an anti-
aging effect by controlling SIRT1 protein expres-
sion in aged nerve cells, and by regulating apop-
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tosis to reduce cell death. Therefore, based on
previous studies, the effects of rhEPO on hip-
pocampal SIRT1, Bcl-2, and Bax expression,
and apoptotic cells in a D-galactose-induced
aging-rat model were studied. We also explored
whether rhEPO exerts its anti-aging effect by
upregulating SIRT1 protein, increasing the
expression of the antiapoptotic-protein Bcl-2,
or reducing the expression of the apoptotic pro-
tein Bax. We further investigated the mecha-
nisms underlying the anti-aging effect of rhEPO,
the results of which may provide an important
basis for clinical anti-aging drug research and
development.

Materials and methods
Animals

Forty-eight Sprague Dawley (SD) rats (male)
were obtained from the Experimental Animal
Center of the Medical College of Xi'an Jiaotong
University (SCXK (shan) 2007-001), each weigh-
ing 236.48 + 9.01 g, and aged 2 months. They
were divided into 4 groups (12 rats in each
group). The rats were housed in a standard
environment (22 + 2°C with controlled humidity
55% + 5%, 12-hour dark/light cycle) for 1 week.
This study was carried out in strict accordance
with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the
National Institutes of Health. The animal use
protocol has been reviewed and approved by
the Institutional Animal Care and Use
Committee (IACUC) of Xi’an Jiaotong University.

Animal intervention

SD rats were allocated to four groups: sham-
operated group (Sham), D-galactose group
(D-gal), EPO intervention group (EPO), and vita-
min E intervention group (VitE). The D-galactose,
EPO intervention, and vitamin E intervention
groups were administered 5% D-galactose
(Amresco, OH, USA) (125 mg/kg, once/day)
[15] by subcutaneous injection through the
back of the neck for 6 weeks till the aging
model was established; sham-operated group
was administered normal saline (2.5 mi/kg, 1
time/day) similarly for 6 weeks. The EPO group
was administered rhEPO (SUNSHINE, Shenyang,
China) (3000 u/Kg.d) by intraperitoneal injec-
tion, since the model was made for 5 weeks;
vitamin E intervention group was administered

6871

vitamin E (Sigma, Los Angeles, USA) (30 mg/
Kg.d) to fill the stomach for a total of 2 weeks.

Morris water maze test

The Morris water maze test (MT-200, Taimeng
Technology Co, Chengdu, China) was started on
the third day of the sixth week of aging-induc-
tion; the first 5 days were utilized for training.
The pool was divided into four quadrants and a
9 cm diameter platform was located 2 cm
below the surface of the water in the center of
the first quadrant. The animals were trained
twice a day. The rats were put into the water
facing the pool wall from each of the four differ-
ent quadrants. The water temperature was
maintained at 25 + 1°C; the experimenter, loca-
tion, and surrounding environment were kept
the same. If the rat found the training platform
within 60 s, the training was considered over;
however, if the platform was not found within
60 s, rats were guided to the platform by the
experimenters, and were allowed to remain on
the platform for 10 s.

The tests began on the sixth day. Place naviga-
tion test: The rats were put into the water facing
the pool wall at the center of the third quadrant.
By using image acquisition and video tracking
technology, the time needed to find the plat-
form within 60 s (escape latency) was record-
ed; a duration over 60 s was recorded as 60 s.
Probe trial test: The platform was removed and
the rat was put into the water as described and
the number of passes through the former posi-
tion of the platform was recorded. Finally, using
a water maze analysis software, the above two
indicators, namely the escape latency (place
navigation test) and number of platform passes
(probe trial test) were analyzed.

Tissue preparation

The rats were anesthetized using 10% chloral
hydrate (Guanghua Technology Co., Guangzhou,
China) (3 mL/kg) after 1 week. A cannula was
inserted into the ascending aorta via the left
ventricle after thoracotomy. Heparinized saline
and 4% paraformaldehyde (Guanghua Tech-
nology Co.) (0.01 mol/L) in phosphate-buffered
saline (250 mL, room temperature) were
infused through the atrium. The brains were
quickly separated into cerebrum and cerebel-
lum from behind the anterior margin of the
optic chiasma, and then placed in 4% parafor-
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Figure 1. The mean weight of each group of rats be-
fore and after model-making.

maldehyde for 14 hours. The specimens were
dehydrated, permeabilized, and embedded in
wax. The specimens were then sectioned (seri-
ally cut) into thick coronal slices (6 um).

Nissl staining

The 6-uym paraffin sections were rinsed in
xylene | and Il for 15 min, incubated in 95%
EtOH and 80% EtOH for 5 min each, and rinsed
for 5 min in running water. After dewaxing, the
sections were incubated in 1% toluidine blue
(Tianyuan Biotechnology, Shanghai, China) at
55°C for 30 min, and subsequently rinsed for 5
min using distilled water. The sections were
then incubated in 80% EtOH, 90% EtOH, and
95% EtOH for 5 min each followed by xylene |, II,
and Il for 15 min each [16]. Finally, the sec-
tions were mounted in neutral gum, and
observed under an optical microscope (B-type
biomicroscope, Global Motic Group, Xiamen,
China).

Immunohistochemistry

The sections were hydrated after being depar-
affinized. The antigen repaired for 10 min. The
sections were incubated in rabbit anti-SIRT1
[17] (1:500; Santa Cruz Biotechnology, Santa
Cruz, USA), rat anti-Bcl-2 [18] (1:200; Santa
Cruz Biotechnology), and rat anti-Bax antibod-
ies [19] (1:100; Santa Cruz Biotechnology)
overnight at 4°C. Next, the sections were incu-
bated at room temperature in biotinylated
sheep anti-rabbit antibody (1:200; Zhong-
shanjingiao Co., Beijing, China) for 40 min. The
sections were incubated at room temperature
for 30 min in streptavidin with horseradish per-
oxidase (1:200; Zhongshanjingiao Co.), fol-
lowed by diaminobenzidine chromogen for 5
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min. The sections were counterstained with
hematoxylin, and subsequently dehydrated and
mounted. Images were collected and analyzed
(Q550CW; Leica, Solms, Germany) from the
motor cortex and the hippocampal CA1 region.
Five different visual fields were randomly
selected from each section for quantification
under a light microscope (x400, B-type biomi-
croscope, Global Motic Group). The number of
positive cells in each section was represented
by a mean number.

TUNEL staining

The TUNEL staining [20] was performed accord-
ing to the manufacturer’s specifications with an
ApopTag Fluorescein in situ Apoptosis Detection
Kit (BosterCo, Wuhan, China). Sections were
treated with terminal deoxynucleotidyl transfer-
ase and digoxigenin-dNTP followed by incuba-
tion with anti-digoxigenin conjugated with fluo-
rescein. The sections were incubated at room
temperature for 30 min in anti-fluorescein anti-
body (1:200; BosterCo), followed by diamino-
benzidine chromogen for 5 min. Counterstaining
with DAPI was performed to visualize the nuclei.
Cells with brown granules in their nuclei were
regarded as apoptotic cells.

Statistical analysis

Using SPSS 17.0 statistical software for data
analysis and processing, the two indicators
were expressed as mean * standard deviation
(X £ s), with Shapiro-Wilk method for test of
normality, and Levene method to test for
Homogeneity of Variance. a« = 0.1, P > 0.1 indi-
cated a normal distribution and equal variance
of the data.

When the data (of normal distribution and
equal variance) were compared between each
group using one-way analysis of variance (one-
way ANOVA), P < 0.05 was considered statisti-
cally significant.

When the data did not show a normal distribu-
tion or equal variance, the rank sum test of the
Mann-Whitney U was used to compare the
results between the groups. a = 0.05, P < 0.05
were considered statistically significant.

Test results showed that the data (weight of
rats before and after the building of model,
number of platform passes, and the number of
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Table 1. The behavioral changes in each group

Groups Escape latency/s Crossing platform times/t

Sham 18.56+11.87 3.67+1.61
D-gal 42.27+20.77° 1.54+0.87°
EPO 21.61+12.00° 2.92+1.44°
VitE 24.59+9.95° 3.50+1.57°

Data are expressed as mean + SD; 12 rats in each group;
2P < 0.05, vs. Sham group; °P < 0.05, vs. D-gal group.

SIRT1, Bcl-2, Bax positive cells, and apoptotic
cells) were normally distributed and conformed
to the homogeneity of variance; therefore, the
one-way ANOVA was used to compare between
groups. Escape latency test data showed a
non-normal distribution; therefore, the Mann-
Whitney U test was used to compare between
the two groups. For both the tests, P < 0.05
was considered statistically significant.

Results
Body weights

Weights of the four groups of rats before and
after building the model were not significantly
different (P > 0.05) (Figure 1).

Behavioral changes

The Morris water maze test was used to
observe the behavioral changes. In the place
navigation test, compared with the rats in the
sham group, the escape latency of the rats in
the D-gal group increased significantly, while
that in the rats in the EPO and VitE groups
decreased significantly (Mann-Whitney U test,
P < 0.05) (Table 1).

Number of platform passes in the probe trial
test in the D-gal group reduced significantly
compared with the sham group. However, in the
EPO and VitE groups, the number of platform
passes increased significantly compared with
the D-gal group (single factor ANOVA, P < 0.05)
(Table 1).

Nissl staining

Nissl staining results showed that the pyrami-
dal neurons of hippocampal CA1 in the Sham
group were arranged relatively linearly; Nissl
bodies were abundant. However, in the D-gal
group, the pyramidal neurons were larger and
sparsely arranged, and the number of Nissl
bodies was lower. The morphology of pyramidal
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neurons in the EPO and VitE groups was medial
(Figure 2).

SIRT1 expression

The number of SIRT1-positive cells in the hip-
pocampal CA1 region in the D-gal group
increased compared with the sham group; how-
ever, the difference was not statistically signifi-
cant (P > 0.05). The number of SIRT1-positive
cells in the hippocampal CA1 in the EPO and
VIitE groups increased significantly compared
with the D-gal group (P < 0.05). The number of
SIRT1-positive cells in the hippocampal CA1
region in the EPO group was more than that in
the VitE group (P < 0.05) (Table 2; Figure 3).

Bcel-2 and Bax

The Bcl-2-positive cells in the hippocampal CA1
region in the D-gal group increased significantly
compared with the sham group (P < 0.05). The
number of Bcl-2-positive cells in the hippocam-
pal CAl region in the EPO and VitE groups
increased significantly compared to the D-gal
group (P < 0.05). The number of Bcl-2-positive
cells in the hippocampal CA1 region in the EPO
group was significantly more than that in the
VitE group (P < 0.05) (Table 2; Figure 3).

The Bax-positive cells in the hippocampal CA1
region in the D-gal group increased significantly
compared with the sham group (P < 0.05); how-
ever, it decreased significantly in the EPO and
VitE groups compared with the D-gal group (P <
0.05). The number of Bax-positive cells in the
hippocampal CA1 region in the EPO and VitE
groups was not significantly different (P > 0.05)
(Table 2; Figure 3).

Apoptotic cells

The apoptotic cells in the hippocampal CA1
region in the D-gal group increased significantly
compared with the sham group (P < 0.05); how-
ever, compared to the D-gal group, it decreased
significantly in the EPO and VitE groups (P <
0.05). The number of apoptotic cells in the hip-
pocampal CA1 region in the EPO group was
lesser than that in the VitE group (P < 0.05)
(Table 2; Figure 3).

Discussion

With the rapid increase in the elderly popula-
tion, aging has become a social problem affect-
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Figure 2. Pyramidal neurons of hippocampal CA1 in different group. (Nissl staining, optical microscope, x400). A:
Sham group; B: D-gal group; C: EPO group; D: VitE group.

ing the development of society and economy.
The apoptosis theory is currently being intense-
ly studied and is widely being accepted as a
theory of aging. The theory states that apopto-
sis or programmed cell death, which is induced
by stimuli such as hypoxia and drugs, occurs in
the body spontaneously, and active cell death
is achieved by the regulation of apoptosis relat-
ed genes. The aging of the nervous system is
one of the main effects of aging. Studies have
confirmed that neural cell senescence is
caused by the apoptosis of nerve cells, thus,
apoptosis plays an important role in the aging
of the nervous system [21-23].

Traditional theory holds that EPO, a hematopoi-
etic stimulating factor secreted by cells around
the kidney renal tubule, can stimulate erythroid
progenitor cells in the bone marrow to differen-
tiate and become mature. It has been found in
recent years that EPO is a multifunctional cyto-
kine secreted by every organ in the body, such
as the heart, brain, and lungs, that plays a very
important role in maintaining basic physiologi-
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cal functions and homeostasis; its role espe-
cially in the nervous system has attracted the
most attention. Studies confirm that EPO can
alleviate brain tissue damage caused by isch-
emia, and improve learning, memory, and cog-
nitive ability in patients with vascular dementia
and has an important neuroprotective effect
[1-7]. Our previous studies have shown that
EPO can improve learning and memory in a
D-galactose-induced sub-acute rat model of
aging and reduce the changes in the ultrastruc-
ture of the hippocampus caused by aging. EPO
also increases the total content of antioxidant
enzymes and superoxide dismutase in the
brain tissue, which can have a potential anti-
aging effect on the nervous system [8, 11]. This
study sought to elucidate the mechanism of the
anti-aging effect of EPO by observing the
changes in the expression of apoptosis related
indices in the rat hippocampal CA1 area.

Building an aging animal model is the key step
to evaluate the anti-aging effects of EPO. In this
experiment, the D-galactose-induced rat model
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Table 2. Quantification of cells SIRT1, Bcl-2, Bax and apopto-
sis in CA1 region each group (400-fold visual field)

rants into a whirlpool and recording
the time the rats spend to find a plat-

form hidden below the surface of the

Group SIRT1 Bcl-2 Bax Apoptosis

Sham 34.68+2.86 55.38+5.65 44.36+2.03 13.01+1.30 Watir (Fhedeic"f‘pe 'atdenc?' Tge(;ats

D-gal  36.20+3.37 67.35+5.32° 59.56+3.83° 50.0645.67° o' vaned twice a day for o days

EPO  66.20+5.54% 84.78+5.48% 48481273 25.38£3.0p0c o0 are tested onthe sixth day. The
e T T T probe trial test is performed by

VItE  50.80+6.20° 74.18+7.48° 49.54+2.23" 38.27+3.56

Data are expressed as mean + SD; 10 rats in each group. 2P < 0.05, vs.
Sham group; °P < 0.05, vs. D-gal group; °P < 0.05, vs. VitE group; (analysis

of variance).

of aging, which is a domestically recognized
aging model widely used in studies of anti-aging
drugs, was used. This model is created by
injecting animals with large doses of galactose,
which causes similar symptoms and manifesta-
tions to natural aging, such as abnormal gene
expression, decline in cell growth, low immuni-
ty, and cogpnitive dysfunction. Although rats live
longer than other organisms used in aging stud-
ies (e.g., yeast or nematodes) and it is not easy
to evaluate anti-aging effects due to their lifes-
pan, the rat as a mammal has a similar meta-
bolic structure and genetic background to the
higher mammals. Therefore, using rats to
establish an animal-aging model to explore the
anti-aging effects of EPO is of potentially great
clinical value. Finally, this study utilized the
D-galactose dosage data from a previous study
[15], by using 5% D-galactose (125 mg/kg, sub-
cutaneously injected for six weeks) for the prep-
aration of the D-galactose rat model of aging.

Due to the lack of specificity in changes during
aging, evaluation of the animal-aging models
lacks absolute indicators. Although animal
lifespan is regarded as the golden standard for
evaluating anti-aging effects, it is inconvenient
to evaluate the lifespans of rats and other
mammals in short-term experiments. This study
investigated the anti-aging effect of EPO on the
nervous system. Therefore, we chose the water
maze experiment to evaluate the cognitive
function of rats as an indirect evaluation
method.

Morris water maze was first designed by the
British psychologist Morris. It is now widely
used to study neurobiological mechanisms in
learning and memory research [24]. The Classic
Morris water maze experiment includes the
place navigation and probe trial tests. The
place navigation test is performed by setting
the rats from each of the four different quad-
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removing the platform and then
recording the swimming trajectory of
the rat and its frequency of passes
through the former position of the
platform in a specified time. Finding
the platform is an extremely complex memory
process in rats, which involves the collection of
spatial location information, followed by sort-
ing, handling, processing, and outputting the
information. Therefore, Morris water maze can
be used to examine spatial learning and memo-
ry ability in rats.

In this study, the escape latency period (from
the place navigation test) in the D-gal group
was significantly longer than that in the Sham
group. However, the frequency of platform
crossings was smaller in the D-gal group than
in the Sham group, indicating the decline in the
cognitive ability of the aging rats. It also indi-
cated that we had built a successful animal
model.

In addition to evaluating the animal model by
praxeology, the study also used Nissl staining
to observe the morphology of the rat hippocam-
pal CA1 pyramidal neurons to evaluate whether
the aging model was successful. A Nissl body is
a basophilic material in neurons, consisting
mainly of rough endoplasmic reticulum and
ribosomes, which can synthesize a variety of
proteins and enzymes necessary for the main-
tenance of the cells. In the physiological state,
abundant and large Nissl bodies indicate that
the process of protein synthesis in the neuron
is exuberant; when the neurons are damaged,
the number of Nissl bodies decrease. Nissl
staining is a common staining method used to
observe neurons. The tinctorial Nissl bodies
are in blocks or granular and those surrounding
the nucleus are bigger while those near the
edge of the cell are small and slender. Therefore,
Nissl staining allows the understanding of the
structure as well as damage of neurons through
the observation of the tinctorial Nissl bodies. In
our study, Nissl staining showed that the hip-
pocampal CA1 pyramidal neurons in aging rats
are bigger and sparser, and the number of
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Figure 3. Expression of SIRT1, Bcl-2, Bax and apoptosis in CA1 region each group (immunohistochemistry, TUNEL
staining, x400). A: Sham group; B: D-gal group; C: EPO group; D: VitE group.

intracytoplasmic Nissl bodies were significantly
lower. Therefore, an aging model built was suc-
cessfully as shown through the study of cell
morphology.

In our preliminary studies with the D-galactose-
induced subacute rat model of aging, we sup-
plemented different doses of rhEPO (1000,
3000, 5000 U/kg) and using behavioral,
molecular biology, and tissue morphology
experiments determined the dose that had the
best anti-aging effect. The medium dose (3000
U/kg) of rhEPO clearly improved learning and
memory in the aging rats, partially inhibited the
increase of MDA levels in the liver and brain,
and slowed down hippocampal changes in
aging such as the deposition of lipofuscin and
decrease of neuron numbers, nuclear deforma-
tion, and swelling and decrease of organelles.
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These effects show that rhEPO has a potential
anti-aging effect in the nervous system. The
study also showed that T-AOC and SOD levels in
the brain tissue of the rats significantly
decreased after being administered a medium
dose of rhEPO. Therefore, we can preliminarily
infer that rhEPO enhances antioxidant enzyme
activity, improves the organism’s total antioxi-
dant capacity, and reduces the damage by free
radicals and other reactive oxygen species
caused to molecules, cells, and tissues. It also
exerts its anti-aging effects by reducing the
generation of oxidative stress products thus
avoiding detrimental effects on the function of
large molecules such as proteins and nucleic
acids, improving the ability of learning and
reduces memory decline, and improving the
decreased function of tissues and organs
caused by aging [8, 11].

Int J Clin Exp Pathol 2015;8(6):6870-6880
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Based on previous studies, this study utilized
vitamin E, which is recognized as having an
anti-aging effect, to establish a positive control
group. Therefore, the anti-aging effect of rhEPO
on learning and memory ability in rats and on
hippocampal neurons was evaluated by utiliz-
ing the Morris water maze experiment and Nissl|
staining of hippocampal CA1 pyramidal neu-
rons, respectively, Additionally, the number of
hippocampal CA1 pyramidal cells and the
extent of cell loss improved clearly compared
with aging rats. These results are similar to pre-
vious findings, further showing that EPO has a
protective effect on the nervous system of
D-galactose-induced animal-aging model.

In 1934, Mccay’s team found that restricting
the food supply to rats did not lead to malnutri-
tion; instead, it made the rats live longer. Similar
phenomenon was reported in studies on yeast,
wormes, fruit flies, and higher mammals. The
molecular mechanism of caloric restriction
affecting aging and the related anti-aging strat-
egy increasingly grabbed the attention of aca-
demic circles, thus open up a new field of aging
research. Kaeberlein’s group working on yeast
found important molecules, which mediate the
life extension effect of calorie restriction. One
of them, the silent information regulator protein
2 (Sir2 protein), is also the first member of the
sirtuin family. The yeast Sir2 protein is an inhibi-
tory protein tangled on extrachromosomal
rDNA; a higher expression of Sir2 can prolong
lifetime [25]. The homologous protein of Sir2 in
mammals is sirtuin. At least seven homologues
of the sirtuin protein (SIRT1-SIRT7) are current-
ly known in mammals. These proteins are com-
poses of approximately 275 amino acids and
possess NAD* dependent acetylation enzyme
activity and/or ADP ribose transferase activity.
Among these homologous proteins, the SIRT1
protein is the most studied. SIRT1 has NAD*
dependent protein acetylation activity and
through a variety of signaling pathways, it par-
ticipates in the regulation of cellular energy and
redox states. From an evolutionary perspective,
the SIRT1 protein is a highly conservative cell
defensive protein, ensuring survival in case of
insufficient supply of energy, through the regu-
lation of metabolism. Therefore, SIRT1 is the
key link in the process of energy metabolism
regulation, redox conditions, cell apoptosis,
and prolonging life, the activity of SIRT1 protein
in the cell get fine dynamic regulation of metab-
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olism and environmental factors. The levels of
SIRT1 protein can be regulated by post-transla-
tional modifications and translation, while at
the same time being affected by NAD* and
other factors that influence SIRT1 protease
activity. Under the conditions of calorie restric-
tion and hunger, the SIRT1 protein expression
increases. However, with a high-fat diet, insulin
resistance, hyperglycemia, and in the process
of aging, SIRT1 protein expression decreases
[12, 14]. It is not clear whether exogenous EPO
can regulate SIRT1 protein expression in aged
nerve cells. Based on these, the current study
elucidated the expression of SIRT1 protein in
the nerve cells in the hippocampal CA1 area of
aging rats after rhEPO intervention. The results
show that SIRT1 protein expression was much
higher in the EPO (especially) and VitE groups
than in the D-gal group. First, EPO increases
the expression of SIRT1 proteins in the aging
nerve cells. SIRT1 protein regulates the expres-
sion of downstream genes and plays a role in
the oxidative damage caused by D-galactose.
Second, EPO increases SIRT1 function more
than VitE, which indicates that EPO affords a
stronger protection from oxidative damage
caused by D-galactose. However, the pathway
involved in this protective effect is still unclear.

The existing apoptosis theory suggests that
aging is a spontaneous and self-initiated pro-
cess in the cells, namely creature from develop
to aging, the body that have time to arrange in
advance, this time is called the “clock”, deter-
mined by the genetic program. Apoptosis is
also known as programmed cell death, which is
a cell-activated and spontaneous death regu-
lated by apoptosis-related genes. As a basic life
phenomenon, apoptosis plays a significant role
in the aging process of the body. The apoptotic
pathways can be divided into the receptor-
mediated apoptotic signaling pathway and the
endogenous apoptotic pathway. The endoge-
nous apoptosis pathway is regulated by the
intracellular Bcl-2 family. Krajewska et al. [26]
and others found that in developing mice, from
embryonic day 6, Bcl-2 and Bax show a dif-
fused expression in the central nervous sys-
tem, which peaks on day 11, and after lasting
15 days the expression gradually declines, and
is then maintained at a low level at the time of
birth. In the Bcl-2 family, the balance between
the Bclxl and Bax plays an important role in
early development of the central nervous sys-
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tem. Bcl-xI knockout embryonic mice do not
survive and have a large number of apoptotic
cells in the central nervous system. However,
although Bax knockout embryonic rat do not
survive, their central nervous system do not
have a large number of apoptotic cells. This
indicated that the Bax gene could reverse a
large number of cell apoptosis caused by Bcl-xl
knockout [27]. Lindsten et al. [28] and others
found that when the Bax and Bak genes are
knocked out simultaneously, the number of
mouse neural progenitor cells increase signifi-
cantly and their normal distribution is disrupt-
ed. In addition, Bax genes have been found to
be closely associated with cell apoptosis
caused by the lack of nutrients, i.e., after knock-
ing out the Bax gene, cultured sympathetic neu-
rons in vitro can tolerate lack of nutrients with-
out causing apoptosis. All these studies sug-
gest that the Bcl-2 family members play an
important and complicated role in the develop-
ment of the nervous system and neuronal
apoptosis. We already know that the SIRT1 pro-
tein is a key regulator in the cellular aging pro-
cess, and cell apoptotic pathway is an impor-
tant downstream channel [29-32]. Whether the
SIRT1 protein upregulated by EPO, causes a
chain reaction in the downstream apoptotic
cells, is not clear. Based on this, we further
used the same model to study if the expression
of the apoptosis-related genes Bcl-2 and Bax is
regulated by EPO through the upregulation of
SIRT1 proteins. Meanwhile, we observed the
number of apoptotic cells through TUNEL stain-
ing. The results showed that the expression of
the apoptosis inhibiting protein Bcl-2 in the rat
hippocampal CA1 area increased significantly
compared with the D-gal group, and the expres-
sion of the apoptosis promoting protein Bax
decreased significantly compared with the
D-gal group. In addition, the apoptotic cell num-
bers decrease significantly. The results from
the vitamin E group (positive control) are con-
sistent with the rhEPO intervention group, sug-
gests that rhEPO may upregulate SIRT1 protein
expression, further upregulating the expression
of downstream antiapoptotic-protein Bcl-2, and
inhibiting the expression of the proapoptotic
protein Bax. In addition, compared with the
vitamin E group, in the EPO group, the expres-
sion of the antiapoptotic-protein Bcl-2 in the
hippocampal CA1 region increased significant-
ly, and the expression of the proapoptotic pro-
tein Bax did not show any significant difference.
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In addition, the number of apoptotic cells
reduced significantly. It can be inferred that,
compared to vitamin E, rhEPO may mainly
excerpt its anti-aging effect by increasing the
expression of the antiapoptotic-protein Bcl-2.

In conclusion, using a rat model of aging, this
study shows that rhEPO protects the nervous
system from the effects of aging. Additionally, it
upregulates the SIRT1 protein and controls
downstream apoptosis related genes, and
reduces apoptosis in aging rat-hippocampal
cells. It may be one of the important pathways
in the anti-aging effect of EPO.
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