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ABSTRACT
The decline of quantity and quality of sperm are correlated with the increasing age 

and some anti-cancer compounds such as busulfan. Previous studies have shown that 
Resveratrol (Res) inhibits tumorigenesis and metastasis of many cancers including 
mammary tumor, prostate and pancreatic cancers. It acts as anti-age in mouse and 
human, however, little is known about its protective effect on aged spermatogonial 
stem cells (SSCs). Here, we investigated the effects of Res in vitro on SSCs using C18-
4 cells and in vivo in busulfan-induced azoospermia mice model. The results showed 
that Res at different concentrations had different effects on C18-4 cells. Treatment 
with 2 μM of Res promotes cell proliferation and inhibits apoptosis, but stimulates 
apoptosis with a higher concentration (20 μM) in C18-4 cells. Using busulfan-induced 
infertility mice model, we demonstrated that Res (30 mg/kg/d and 100 mg/kg/d) 
clearly ameliorated SSC loss to recover the spermatogenesis. Taken together, our 
data suggest that Res might be an approach for therapeutic intervention to promote 
SSC proliferation and cease SSC loss in azoospermia mice model induced by busulfan.

INTRODUCTION 

Spermatogonial stem cells (SSCs) are the sole adult 
stem cells in males which transmit genetic and epigenetic 
information from one generation to the next. In mice, it 
takes 35 days for a single SSC to generate 1024 sperms [1, 
2]. The balance between self-renewal and differentiation 
of SSCs is regulated by a complex network, including 
intrinsic and extrinsic factors [2] . Any disturbance of the 
niche induced by aging or the detrimental environment 
will finally result in male infertility.

Senescence is a natural process which will cause 
a variety of degenerative diseases. Ample evidences 
prove that the decline of quantity and quality of sperm 
are correlated with aging [3-5]. In aged rodents, the testis 
is suffering from atrophy, and the spermatogenesis in 
it is retarded and even ceased [6, 7]. Anatomy analysis 
reveals that the number of functional seminiferous tubules 
is reducing, fibrosis is forming, and the undifferentiated 
spermatogonia is losing [6]. Besides the naturally 
increased age, there are a large number of drugs, such as 
busulfan, originally used in chemotherapy, can induce 

pre-senescence. As a nitrogen mustard alkylating agent, 
busulfan is widely applied in treatment of chronic 
myelogenous leukemia and pretreatment of hematopoietic 
stem cell transplantation. It kills tumor cells and destroys 
the immune system by attacking the structure of DNA in 
rapidly proliferating cells [8]. The mechanism of apoptosis 
induced by busulfan is similar to the aging process. 
Treatment with busulfan for 30 days can accelerate 
the senescence of female mice, down-regulating the 
expression of estrogen in ovary, decreasing the number 
of all kinds of follicles [9]. Busulfan can induce apoptosis 
of bone marrow hematopoietic cells of mice via causing 
pre-senescence in mice [10]. In 1994, Brinster etc. firstly 
established the azoospermia mice model by busulfan 
injection, which laid a foundation for the further study in 
spermatogenesis [11, 12].

Res is a polyphenolic phytoalexin which can 
mimic calorie restriction to extend the life span of Yeast, 
C. elegans, Fruit flies and mammals [13-15]. SIRT1 
protein is activated to effectively alleviate the functional 
degeneration caused by aging and high-fat diet when Res 
was added to the food of mice [13, 16]. Res plays strict 
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roles in a dose-dependent and tissue-specific manner. 
Also, it can be used as a chemotherapeutic drug, which 
can induce apoptosis of liver cancer and colon cancer 
cells by mitochondria, p62, GSK3β and other pathways 
[17-19]. Res suppresses the tumorigenesis, development 
and metastasis of cancers. However, little is known about 
the protective effects of Res on aged male SSCs. In this 
study, we investigated the effects of Res on SSC line C18-
4 cells in vitro and busulfan-induced oxidative damage 
and apoptosis in mouse testes. The C18-4 cell line was 
established by stably transfecting type A spermatogonia 
from 6-day-old mice with the Large T antigen gene, 
which has phenotypic characteristics similar to primary 
type A spermatogonia from 6-day-old mice as evidenced 
[20]. Our data demonstrated that Res might be an efficient 
approach for therapeutic intervention to promote SSC 
proliferation and resume SSC loss in busulfan-induced 
pre-senescence mice.

RESULTS

Resveratrol had a dose-dependent effect on C18-4 
cells

In our previously study, we first verified the identity 
of the C18-4 cells using various markers of germ cells 
and SSCs. Immunofluorescence revealed that C18-4 cells 
expressed PLZF, NANOS2, VASA, SSEA1 and CD49f, 
and negative for Stra8 (Figure S1). These showed that 
C18-4 cells preserved in our laboratory had the typical 
characteristics of the A single SSCs, which was the basis 
of the experiment. To further test the effects of Res on the 
SSCs, cell viability was detected using CCK-8 kit, and 
we found that low concentration Res (1 μM, 2 μM) had a 
promoting effect on the activity of the SSCs, however, the 
activity of SSCs was significantly inhibited when Res dose 
increased (Figure 1A). Giemsa staining showed that there 
was more nuclear shrinkage in C18-4 cells when treated 
with 200 μM Res (Figure 1B). To better understand the 
ability of Res in inducing apoptosis, we next performed 
flow cytometry assay to examine the level of the cell 
apoptosis after treated with different concentrations of Res. 
The results indicated that the apoptosis rate was highest in 
200 μM Res, reaching 83.6% (Figure 1C). Consistent with 
this, we also found that Res in low concentration could 
increase the positive rate of BrdU, and after stimulated by 
high concentration of Res, DNA replication was inhibited 
(Figure 1D, S2). Furthermore, 20 μM Res could increase 
the cell proportion of S phase (Figure 1E). Together, these 
results suggested that Res provided a significant dose-
dependent effect on C18-4 cells in vitro, with the increase 
of the concentration of Res, the activity of SSCs was 
significantly inhibited.

Mechanisms of the effects of resveratrol on C18-4 
cells

It had been reported that FOXO1 expressed in 
SSCs, and mainly located in the nucleus, which could be 
the target protein of the deacetylates of SIRT1. As shown 
in Figure 2A, FOXO1 mainly located in the nucleus. By 
immunofluorescence staining, we found that SIRT1 located 
in the nucleus of cells in the control group, while, after 
treated with Res, it was also detected in cytoplasm (Figure 
2B), which implied that the expression level of SIRT1 had 
been enhanced, meanwhile, there was the phenomenon 
of nuclear-cytoplasm shuttle. To further elucidate the 
mechanism of Res, we also used immunofluorescence 
staining to detect the expression of γH2AFX, which could 
be a signal of double DNA strand break. And the results 
inferred that 200 μM Res could make the double DNA 
strand break and further induce apoptosis (Figure 2C). 
Besides, we also found that low level Res protected the 
integrity of the mitochondrial membrane, while the middle 
and high concentrations of Res resulted in an opposite 
role, damaging the mitochondria, and further causing 
apoptosis, as shown in Figure 2D (a, b). Moreover, western 
blot analysis demonstrated that with the increase of Res 
dosage, the expression of Sirt1 was significantly enhanced. 
Res at 2 μM and 20 μM inhibited the level of Ac-p53 and 
Ac-foxo1, which might be due to the increased expression 
of Sirt1. The up-regulation of P38 and down-regulation 
of BCL2 indicated that increased level of Res will led 
to SSC apoptosis (Figure 2E). Based on these findings, 
we suggest that low concentration of Res allowed for 
mitochondrial membrane protection and SIRT1 activation, 
further increase the level of de-acetylation of FOXO1 in 
SSCs. Conversely, by down-regulating the expression of 
BCL2 and up-regulating the level of p38, high dose Res 
ultimately resulted in SSCs’ apoptosis.

Resveratrol promoted the recovery of the male 
germ cells after treated with busulfan

It was reported that Res affected aging and recovered 
the tissue damage, and the dose of Res was ranged from 24 
mg/kg/d to 400 mg/kg/d [13, 16]. In this study, we used 30 
mg/kg/d (BLR) and 100 mg/kg/d (BHR) of Res to inject 
the infertility mice treated with busulfan. HE staining 
showed that after 2 to 3 months’ Res treatment, when 
Res dose increased, especially in BHR group, most of the 
SSCs recovered, and there appeared a large number of 
sperms in the epididymis in the Res treated group (Figure 
3A). Consistent with this, different male germ cells in 
BHR group had been obviously rescued (Figure 3B). 
Immunofluorescence analysis of testis paraffin section 
showed that Res significantly promoted the positive 
percentage of PCNA and VASA compared with control 
group (Figure 3C).
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Figure 1: Resveratrol had a dose-dependent effects on C18-4 cells. A. The effects of different concentration of Res on the 
viability of C18-4; B. The morphological changes of C18-4 cells after treated with Res at different concentrations, the above row is the 
bright field of C18-4 cells, and the low row is the Giemsa staining of C18-4 cells at different concentration of Res; C. The effects of Res on 
the apoptotic level of C18-4 cells analysed by Flow cytometry; D. The BrdU-positive rate of C18-4 cells after treated by Res,**, P<0.01; 
E. The cell cycle proportion of C18-4 cells after treated with Res analysed by Flow cytometry.
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Figure 2: Resveratrol effects on mouse SSCs. A. Immunofluorescence staining of FOXO1; B. Immunofluorescence staining of 
SIRT1; C. Immunofluorescence staining of γ-H2AFX after treated by Res; D. a, The changes of mitochondrial membrane potentiality 
(ΔΨm) of C18-4 cells after treated by Res; b, The ratio of GFP and RFP was quantitatively determined by flow cytometry; E. The changes 
of related protein level in C18-4 cells treated by Res.
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Figure 3: Res can promote the recovery of the SSCs after treated with busulfan. A. H&E staining to detect the effect of Res on 
the SSCs of azoospermia mice; B. The percentage of different male germ cells in the testis of Res treated busulfan-induced infertility mice. 
The Y axis denotes the indicated germ cell type. The X axis denotes the different groups’ analysis. The results are presented as mean±S.E.M. 
(n = 3 per group); C. Fluorescent immunocytochemistry analysis showed the expression level of VASA and PCNA in different groups, Scale 
bar = 200 μm; D. Image-Pro Plus analysis showed the density mean of the results of the fluorescence. (n = 3 per group).
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We next performed Image-Pro Plus analysis and 
demonstrated that the density mean of BHR group was 
the highest (Figure 3D). All these data indicated that 
Res in high dosage in vivo can significantly promote the 
proliferation of male germ cells, which might help therapy 
for patients with azoospermia or oligozoospermia.

The potential role of Resveratrol on the busulfan-
induced mice infertility

The levels of CD90 and PLZF were significantly 
increased in Res treatment group compared with control 
group (Figure 4A), which indicated that the quantity of 

Figure 4: The potential role of Res function on the busulfan-induced mice infertility model. A. Fluorescent 
immunocytochemistry analysis showed the expression level of PLZF and CD90 in different group; B. The effects of Res on the mRNA 
expression level of THY1 and PLZF in the busulfan-induced mice infertility model; C. The effects of Res on SIRT1 and FOXO1 on the 
mRNA expression level in the busulfan-induced mice infertility model ; D. Western blot revealed the change of proteins SIRT1 and Ac-
FOXO1 in Res treated testis; E. Image-J software calculated the gray value of SIRT1 and Ac-FOXO1 (*,P < 0.05).
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SSCs in Res treated mice had been greatly improved, 
so we further detected the mRNA levels of CD90 
and PLZF, and the results were consistent with the 
immunofluorescence analysis (Figure 4B).

We next found that in mRNA level, SIRT1 had no 
significant change (Figure 4C), interestingly the protein 
level of SIRT1 had been up-regulated significantly (Figure 
4D, 4E), which was consistent with that in vitro assay. 
The level of FOXO1 was also increased, furthermore, Ac-
FOXO1 was decreased significantly in protein level. These 
data suggested that by activating the expression of SIRT1 
and inhibiting the Ac-FOXO1 level, Res could restore 
the activity of SSCs, and further rescue the busulfan-
induced mice infertility. In fact, Res in low concentration 
could promote the activity of the SSC’ proliferation 
ability (Figure 5A), and in high concentration it induced 
apoptosis, from this we concluded that proper Res level 
could indeed promote the activity of SSCs, and further 
in vivo experiments proved that Res really had significant 

rescue effects in busulfan treated mice model (Figure 5B).

DISCUSSION

Res’ molecular structure makes it as a potential 
food additive or the target clinical drug [21-22]. Res 
can simulate calorie restriction, guaranteed the body’s 
normal nutrition and energy consumption [16, 23-30]. 
It is found that Res not only inhibits the carcinogenic 
factors by suppressing the cancer cell proliferation, 
epithelial-interstitial transformation process [30-32], 
it also improves the level of oxidative stress in cancer 
cells, mitochondria damage, DNA double chain rupture 
and the expression of tumor suppressor gene induced 
apoptosis [33]. In the treatment of diabetes, Res can cause 
dose-dependent hypoglycemic effect and improve the 
insulin levels of diabetic rats induced by STZ in order to 
enhance the glucose uptake [34], reducing blood glucose 
levels by improving insulin sensitivity [35]. At the same 

Figure 5: The schematic of the mechanism of Res in vitro and in vivo. A. Different concentrations of Res had different effects 
on C18-4 cells; B. Res ameliorate SSC loss in busulfan-induced testicular damage in mice infertility model.
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time, high blood glucose concentration in diabetic mice 
and rats caused by oxidative stress of nucleic acids was 
also significantly suppressed under the intervention 
of Res [36, 37]. In addition, Res has been reported 
in anti-inflammatory, antibacterial, diseases such as 
cardiovascular diseases and neurological disorders both 
experiments and clinical reports [38-40].

The function of Res is highly tissue-specific 
and dose-dependent. In our study, we used different 
concentrations of Res in culturing mouse SSC line, C18-
4 cells, CCK-8 and BrdU incorporation assay evidenced 
that different concentrations of Res played different roles 
on the fate of SSCs. When Res level was raised up to 200 
μM, the majority of cells became apoptosis and has been 
floating in the medium. When we detected the cell cycle, 
according to the specifications only the adherent cells were 
collected. At this point, a few cells can still stick the plate, 
and most C18-4 cells had Res tolerance, therefore this 
period the percentage of cells in S phase was resumed. In 
a word, we confirm that the usage of the concentration of 
Res needs to be strictly determined.

Res is a polyphenol compound. More singles in 
the role of plants are found in its earliest [41-43], further, 
when it is purified as food additives or clinical drugs, our 
results confirmed that the mechanisms of Res are diverse 
and functional complex. Moreover, adding Res could also 
result in an up-regulating in protein SIRT1 (100 μM), 
adenylate cyclase (0.8 μM), and AMPK (50 μM) [44].
Some other studies reported that the effects of Res related 
to growth factor signaling, second messenger signaling-
cAMP/cGMP signal, PI3K/AKT signal, MAPKs signal, 
JAK/STAT signal, these signaling pathways may be 
reactivated and then regulate many cell activities including 
intracellular redox cycle and proliferation, and cell death 
[45].

The mechanisms of cancer cell apoptosis induced 
by Res are mainly through three pathways [46-50]. 
In our study, we believed that 2 μM Res can maintain 
mitochondrial membrane integrity, and provide sufficient 
energy for SSCs activities. In this case, Res increases 
SIRT1 protein level and further promotes the target by 
deacetylating of FOXO1. Meanwhile, the expression 
level of BCL2 was also increased, this is probably a 
consequence of inhibiting apoptosis. After adding 20 μM 
Res, the expression of SIRT1 is not significantly different 
compared with that in low Res level. However, the 
mitochondrial membrane potential difference is distinctly 
decreased, which indicated that there was a cell apoptosis 
trendency, also, BCL2 was compensatory increased, 
besides, there was the phenomenon of cell cycle arrest and 
p38 associated protein were correspondingly increased. 
We believed that high level Res affected the activity of 
mouse SSCs in its cell tolerance range. When the dose 
of Res was up to 200 μM, SIRT1 level is still high; on 
the contrary, the acetylation level of its target protein 
FOXO1 was different compared with control group, the 

mitochondrial integrity was suffered from great damages, 
BCL2 was significantly decreased, and P38 was increased 
enough to stimulate apoptosis. These results demonstrated 
that Res led to a dose-dependent effect on SSCs, therefore 
we concluded that proper concentration of Res can indeed 
promote the activity of SSCs (Figure 5A). 

The busulfan induced cell damage and aging process 
can be resulted from the intracellular accumulation 
of DNA damage and gradually lead to a decline in cell 
viability until the final programmed cell death [51]. After 
5 w busulfan treated mouse, bone marrow cells showed 
premature aging phenomenon and apoptosis, this process 
is not dependent on p53-p21 signaling pathway [52-53]. It 
has been confirmed that busulfan could cause reproductive 
toxicity in a large number of clinical trials [12]. The 
mouse model of busulfan-induced azoospermia has been 
successively laid a solid foundation for further study of 
spermatogenesis. We confirmed that Res (30 mg/kg/d, 100 
mg/kg/d) can interfere in the busulfan-induced SSC injury. 
Moreover, the expression of SSC markers was increased 
and Sertoli cell number was relative declined, especially in 
100 mg/kg/d dose, its effect is more obvious. Western blot 
analysis showed that SIRT1 expression in Res treatment 
group was significantly increased, thus de-acetylated 
FOXO1 proteins, which regulate apoptosis and oxidative 
stress related effects. Results demonstrated that appropriate 
concentration of Res does have significantly rescue effects 
in busulfan treated mice model, and even help therapy for 
patients with azoospermia or oligozoospermia (Figure 
5B), however, whether and how Res effect by promoting 
SSCs regeneration so as to achieve rescuing effect still 
need further exploring.

Together, in this study, we used SSC cell line, 
C18-4 to investigate the effects of Res on male SSCs’ 
proliferation and apoptosis, and we demonstrated that Res 
could be an efficient approach for therapeutic intervention 
to promote SSC proliferation and resume SSC loss in 
busulfan-induced pre-senescence mice.

MATERIALS AND METHODS

Cell culture

C18-4 cell line was established by stably transfecting 
type A spermatogonia from 6 day-old mice with the Large 
T antigen gene under the control of a ponasterone A-driven 
promoter [20, 54], and they were cultured in Dulbecco’s 
Modified Eagle’s Medium/Nutrient Mixture F12 (DMEM/
F12, Invitrogen, Grand Island, NY) supplemented with 
10% fetal bovine serum (FBS, Hyclone, USA), 2 mM 
L-glutamine (Invitrogen), and 100 unit/ml penicillin and 
streptomycin (Invitrogen). Resveratrol was purchased 
from Sigma-Aldrich (Sigma-Aldrich, MO, USA) and 
dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) 
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for in vitro study and in ethylalcohol for in vivo study, then 
diluted in ddH2O before gavage.

Cell viability assay

C18-4 cells were cultured in 96-well plates and 
treated with a gradient concentration of Res (0 to 200 μM). 
24 h after treatment, 10 μl of CCK-8 (Vazyme, Nanjing, 
China) solution per well was added and the plate was 
incubated for 2 h at 37oC. The absorbance of each well 
was measured at 450 nm by microplate spectrophotometer. 
The cell viability was calculated using the formulation as 
follows: Cell viability= (OD of treated group-OD of blank 
group)/ (OD of control group-OD of blank group).

Immunofluorescence and BrdU assays

C18-4 cells were cultured in 48-well plates and 
treated with a gradient concentration as described 
above for cell viability assay. The process of 
immunofluorescence, BrdU incorporation and staining 
were performed following the instruction as described in 
our previous studies [55].

FACS analysis of Cell cycle and apoptosis 

For all experiments, logarithmic growth phase C18-
4 cells were plated in 6-well and treated with 2 μM, 20 
μM and 200 μM of Res for 24 h. Then, the cells were re-
suspended as single cells and washed in precooling PBS, 
and incubated using the Cell Cycle Kit (LianKeBiology, 
Hangzhou, China) with 1 ml liquid A and 10 μl liquid 
B for 30 min, cell cycle analysis was performed with a 
Beckman flow cytometer [56]. 

Cells for apoptosis test were resuspended gently in 
500 μl PBS, and 5 μl annexin V-FITC and 5 μl propidium 
iodide were added to the medium and mixed gently. Cells 
were incubated at room temperature for10 min in the dark, 
then underwent FACS analysis.

Western blotting

Proteins were extracted from C18-4 cells which 
were treated with various doses of Res for 24 h. Cells 
were collected and lysed with lysis buffer, and then 
the protein concentration was detected using the BCA 
Protein Quantification Kit (Vazyme, Piscataway, NJ, 
USA). After heat denaturation in 5% SDS–PAGE sample 
loading buffer, the protein samples were resolved by 
SDS-PAGE and transferred to a PVDF membrane [55-
56]. The samples were probed with β-ACTIN (1:1000; 
Sino Biological Inc., Shanghai, China), GAPDH (1:1000; 
Sino Biological Inc.), p53 (1:1000; Bioss, Beijing, 

China), Ac-p53 (1:1000; Cell Signaling Tecnology, Inc., 
USA), FOXO1 (1:500; Bioworld, Nnjing, China), Ac-
FOXO1 (1:500; Cell Signaling Tecnology), BCL2 (1:500; 
Bioss), P38 (1:500; Sangon Biotech, Shanghai, China), 
SIRT1 (1:1000; Bioworld) as previously described [24]. 
The secondary antibody was horseradish peroxidase-
conjugated anti-rabbit/mouse IgG (1:1,000; Boster, 
Wuhan, China). Protein blots were probed with the 
indicated primary antibodies and appropriate secondary 
antibodies and protein bands were visualized using the 
Thermo Scientific Pierce ECL western blotting substrate, 
and the results were analyzed using a Tanon-410 automatic 
gel imaging system. 

Animal experiments and ethics statement

All experiments were performed on healthy adult 
male ICR mice that weighed between 25 g and 30 g. The 
mice were purchased from the animal center of the Fourth 
Military Medical University. The mice were housed in 
wire cages at 25 °C under a 12 h light-dark cycle with 70% 
humidity and fed ad libitum. The maintenance of animal 
and the conduction of experiments were in accordance 
with the Guidelines for the Care and use of Laboratory 
Animals in Northwest A&F University. Eight-week-old 
ICR male mice received a single intraperitoneal injection 
of busulfan (30 mg/kg body weight) diluted in DMSO. 
After 2 weeks of busulfan pre-treatment, Res (30 mg/kg/d 
and 100 mg/kg/d) were injected to rescue the SSCs by 
gavage, each group had 7 mice. Another 2 weeks later, all 
the mice were executed to collect their testis.

Statistical analysis

SPSS 17.0 software was used for statistical analysis 
and the results were expressed as the mean ± SD. T test 
was applied to evaluate the differences between groups. 
The level of significance was set at P < 0.05 and . P < 0.01

ACKNOWLEDGMENTS

We appreciate Dr DAGUIA John Clotaire’s 
revision and comments. This study was supported by 
grants from the China National Basic Research Program 
(2016YFA0100203) and the Program of National 
Natural Science Foundation of China (31272518, 
31572399), the National Major Project for Production of 
Transgenic Breeding (2014ZX08007-002), National High 
Technology Research and Development Program of China 
(SS2014AA021605), and the Program of the Shaanxi 
Province (2015NY157).



Oncotarget82094www.impactjournals.com/oncotarget

CONFLICTS OF INTEREST 

The author(s) declare that they have no competing 
interests.

REFERENCES

1. Saitou M and Miyauchi H. Gametogenesis from Pluripotent 
Stem Cells. Cell Stem Cell. 2016; 18(6):721-735.

2. Song HW and Wilkinson MF. Transcriptional control of 
spermatogonial maintenance and differentiation. Seminars 
in Cell & Developmental Biology. 2014; 30(2):14-26.

3. Auger J, Kunstmann JM, Czyglik F, and Jouannet P, 
Decline in semen quality among fertile men in Paris during 
the past 20 years. New England Journal of Medicine. 1995; 
332(5):281-285.

4. Brahem S, Mehdi M, Elghezal H and Saad A. The effects 
of male aging on semen quality, sperm DNA fragmentation 
and chromosomal abnormalities in an infertile population. 
Journal of Assisted Reproduction & Genetics. 2011; 
28(5):425-432.

5. Molina RI, Martini AC, Tissera A, Olmedo J, Senestrari 
D, de Cuneo MF and Ruiz RD. Semen quality and aging: 
analysis of 9.168 samples in Cordoba. Argentina. Archivos 
Españoles De Urología. 2010; 63(3):214-222.

6. Suzuki N and Withers HR. Exponential decrease during 
aging and random lifetime of mouse spermatogonial stem 
cells. Science. 1978; 202(4373):1214-1215.

7. Wang C, Hikim APS, Lue YH, Leung A, Baravarian S and 
Swerdloff RS. Reproductive aging in the Brown Norway 
rat is characterized by accelerated germ cell apoptosis and 
is not altered by luteinizing hormone replacement. Journal 
of Andrology. 1999; 20(4):509–518.

8. Hehlmann R, Heimpel H, Hasford J, Kolb HJ, Pralle H, 
Hossfeld DK, Queisser W, Löffler H, Hochhaus A and 
Heinze B. Randomized comparison of interferon-alpha 
with busulfan and hydroxyurea in chronic myelogenous 
leukemia. The German CML Study Group. Blood. 1994; 
84(12):4064-4077.

9. Jiang Y, Zhao J, Qi HJ, Li XL, Zhang SR, Song DW, 
Yu CY and Gao JG. Accelerated ovarian aging in mice 
by treatment of busulfan and cyclophosphamide. Journal 
of Zhejiang University-Science B(Biomedicine & 
Biotechnology). 2013; 14(4):318-324.

10. Meng A, Wang Y, Van ZG and Zhou D. Ionizing radiation 
and busulfan induce premature senescence in murine bone 
marrow hematopoietic cells. Cancer Research. 2003; 
63(17):5414-5419.

11. Brinster RL and Avarbock MR. Germline transmission of 
donor haplotype following spermatogonial transplantation. 
Proceedings of the National Academy of Sciences. 1994; 
91(24):11303-11307.

12. Brinster RL and Zimmermann JW. Spermatogenesis 

following male germ-cell transplantation. Proceedings of 
the National Academy of Sciences. 1994; 91(24):11298-
11302.

13. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, 
Kalra A, Prabhu VV, Allard JS, Lopez-Lluch G, Lewis K, 
Pistell PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang 
M, et al. Resveratrol improves health and survival of mice 
on a high-calorie diet. Nature. 2006; 444(7117):337-342.

14. Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu 
S, Wood JG, Zipkin RE, Chung P, Kisielewski A, Zhang 
L-L, Scherer B and Sinclair DA. Small molecule activators 
of sirtuins extend Saccharomyces cerevisiae lifespan. 
Nature. 2003; 425(6954):191-196.

15. Marchal J, Pifferi F and Aujard F. Resveratrol in mammals: 
effects on aging biomarkers, age-related diseases, and life 
span. Annals of the New York Academy of Sciences. 2013; 
1290(1):67-73.

16. Pearson KJ, Baur JA, Lewis KN, Peshkin L, Price NL, 
Labinskyy N, Swindell WR, Kamara D, Minor RK, Perez 
E, Jamieson HA, Zhang Y, Dunn SR, Sharma K, Pleshko 
N, Woollett LA, et al. Resveratrol delays age-related 
deterioration and mimics transcriptional aspects of dietary 
restriction without extending life span. Cell Metab. 2008; 
8(2):157-168.

17. Dai W, Fan W, Jie L, Xia Y, Lei H, Kan C, Li J, Li S, 
Tong L and Zheng Y. By reducing hexokinase 2, resveratrol 
induces apoptosis in HCC cells addicted to aerobic 
glycolysis and inhibits tumor growth in mice. Oncotarget. 
2015; 6:13703-13717. doi: 10.18632/oncotarget.3800.

18. Kato A, Naikiito A, Nakazawa T, Hayashi K, Naitoh I, 
Miyabe K, Shimizu S, Kondo H, Nishi Y and Yoshida 
M. Chemopreventive effect of resveratrol and apocynin 
on pancreatic carcinogenesis via modulation of nuclear 
phosphorylated GSK3β and ERK1/2. Oncotarget. 2015; 
6:42963-42975. doi: 10.18632/oncotarget.5981.

19. Zhang J, Ma K, Qi T, Wei X, Zhang Q, Li G and Chiu 
JF. P62 regulates resveratrol-mediated Fas/Cav-1 
complex formation and transition from autophagy to 
apoptosis. Oncotarget. 2014; 6:789-801.20. doi: 10.18632/
oncotarget.2733. 

20. He Z, Jiang J, Kokkinak M, Dym M. Nodal signaling via 
an autocrine pathway promotes proliferation of mouse 
spermatogonial stem/progenitor cells through Smad2/3 and 
Oct-4 activation. Stem Cells. 2009;27 (10):2580–2590.

21. Adomaityte J, Mullin GE and Dobs AS. Anti-aging diet and 
supplements: fact or fiction? Nutrition in clinical practice : 
official publication of the American Society for Parenteral 
and Enteral Nutrition. 2014; 29(6):844-846.

22. Marchal J, Blanc S, Epelbaum J, Aujard F and Pifferi F. 
Effects of chronic calorie restriction or dietary resveratrol 
supplementation on insulin sensitivity markers in a primate, 
Microcebus murinus. PLoS One. 2012; 7(3):e34289.

23. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, 
Kalra A, Prabhu VV, Allard JS, Lopez-Lluch G, Lewis K, 



Oncotarget82095www.impactjournals.com/oncotarget

Pistell PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang 
M, et al. Resveratrol improves health and survival of mice 
on a high-calorie diet. Nature. 2006; 444(7117):337-342.

24. Bhullar KS and Hubbard BP. Lifespan and healthspan 
extension by resveratrol. Biochimica et biophysica acta. 
2015; 1852(6):1209-1218.

25. Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu 
S, Wood JG, Zipkin RE, Chung P, Kisielewski A, Zhang 
LL, Scherer B and Sinclair DA. Small molecule activators 
of sirtuins extend Saccharomyces cerevisiae lifespan. 
Nature. 2003; 425(6954):191-196.

26. Ido Y, Duranton A, Lan F, Weikel KA, Breton L and 
Ruderman NB. Resveratrol prevents oxidative stress-
induced senescence and proliferative dysfunction by 
activating the AMPK-FOXO3 cascade in cultured primary 
human keratinocytes. PLoS One. 2015; 10(2):e0115341.

27. Kilic Eren M, Kilincli A and Eren O. Resveratrol induced 
premature senescence is associated with DNA damage 
mediated SIRT1 and SIRT2 down-regulation. PLoS One. 
2015; 10(4):e0124837.

28. Timmers S, Konings E, Bilet L, Houtkooper RH, van de 
Weijer T, Goossens GH, Hoeks J, van der Krieken S, Ryu 
D, Kersten S, Moonen-Kornips E, Hesselink MK, Kunz I, 
et al. Calorie restriction-like effects of 30 days of resveratrol 
supplementation on energy metabolism and metabolic 
profile in obese humans. Cell metabolism. 2011; 14(5):612-
622.

29. Sun Y, Wang H, Liu M, Lin F and Hua J. Resveratrol 
abrogates the effects of hypoxia on cell proliferation, 
invasion and EMT in osteosarcoma cells through 
downregulation of the HIF-1alpha protein. Molecular 
medicine reports. 2015; 11(3):1975-1981.

30. Wu L, Tong S, Hu X, Zu X, Li Y, He W, Liu L, Chen M 
and Qi L. Animal Cells & Systems the Official Publication 
of the Zoological Society of Korea. 2016:9.

31. Sareen D, Darjatmoko SR, Albert DM and Polans AS. 
Mitochondria, calcium, and calpain are key mediators 
of resveratrol-induced apoptosis in breast cancer. Mol 
Pharmacol. 2007; 72(6):1466-1475.

32. Seino M, Okada M, Shibuya K, Seino S, Suzuki S, 
Takeda H, Ohta T, Kurachi H and Kitanaka C. Differential 
contribution of ROS to resveratrol-induced cell death and 
loss of self-renewal capacity of ovarian cancer stem cells. 
Anticancer Res. 2015; 35(1):85-96.

33. Shi Y, Nikulenkov F, Zawacka-Pankau J, Li H, Gabdoulline 
R, Xu J, Eriksson S, Hedstrom E, Issaeva N, Kel A and 
Arner ES. ROS-dependent activation of JNK converts p53 
into an efficient inhibitor of oncogenes leading to robust 
apoptosis. 2014; 21(4):612-623.

34. Chi TC, Chen WP, Chi TL, Kuo TF, Lee SS, Cheng JT 
and Su MJ. Phosphatidylinositol-3-kinase is involved 
in the antihyperglycemic effect induced by resveratrol in 
streptozotocin-induced diabetic rats. Life sciences. 2007; 
80(18):1713-1720.

35. Kang W, Hong HJ, Guan J, Kim DG, Yang EJ, Koh G, 
Park D, Han CH, Lee YJ and Lee DH. Resveratrol improves 
insulin signaling in a tissue-specific manner under insulin-
resistant conditions only: in vitro and in vivo experiments 
in rodents. Metabolism. 2012; 61(3):424-433.

36. Kitada M, Kume S, Imaizumi N and Koya D. Resveratrol 
improves oxidative stress and protects against diabetic 
nephropathy through normalization of Mn-SOD dysfunction 
in AMPK/SIRT1-independent pathway. Diabetes. 2011; 
60(2):634-643.

37. Sharma S, Anjaneyulu M, Kulkarni SK and Chopra K. 
Resveratrol, a polyphenolic phytoalexin, attenuates diabetic 
nephropathy in rats. Pharmacology. 2006; 76(2):69-75.

38. Abraham J and Johnson RW. Consuming a diet 
supplemented with resveratrol reduced infection-related 
neuroinflammation and deficits in working memory in aged 
mice. Rejuvenation Research. 2009; 12(6):445-453.

39. Liu C, Shi Z, Fan L, Zhang C, Wang K and Wang B. 
Resveratrol improves neuron protection and functional 
recovery in rat model of spinal cord injury. Brain Res. 2011; 
1374:100-109.

40. Poulsen MM, Fjeldborg K, Ornstrup MJ, Kjaer TN, Nohr 
MK and Pedersen SB. Resveratrol and inflammation: 
Challenges in translating pre-clinical findings to improved 
patient outcomes. Biochimica et Biophysica Acta. 2015; 
1852(6):1124-1136.

41. Fremont L. Biological effects of resveratrol. Life Sciences. 
2000; 66(8):663-673.

42. Lamming DW, Wood, J. G, Sinclair, D. A. MicroReview: 
Small molecules that regulate lifespan: evidence for 
xenohormesis. Molecular Microbiology. 2004; 53(4):1003-
1009.

43. Pallas M, Porquet D, Vicente A and Sanfeliu C. Resveratrol: 
new avenues for a natural compound in neuroprotection. 
Curr Pharm Des. 2013; 19(38):6726-6731.

44. Pirola L and Frojdo S. Resveratrol: one molecule, many 
targets. IUBMB life. 2008; 60(5):323-332.

45. Pervaiz S and Holme AL. Resveratrol: its biologic targets 
and functional activity. Antioxid Redox Signal. 2009; 
11(11):2851-2897.

46. Gogada R, Prabhu V, Amadori M, Scott R, Hashmi S and 
Chandra D. Resveratrol induces p53-independent, X-linked 
inhibitor of apoptosis protein (XIAP)-mediated Bax protein 
oligomerization on mitochondria to initiate cytochrome c 
release and caspase activation. The Journal of Biological 
Chemistry. 2011; 286(33):28749-28760.

47. de Oliveira MR, Nabavi SF, Manayi A, Daglia M, 
Hajheydari Z and Nabavi SM. Resveratrol and the 
mitochondria: From triggering the intrinsic apoptotic 
pathway to inducing mitochondrial biogenesis, a 
mechanistic view. Biochimica et Biophysica Acta. 2016; 
1860(4):727-745.

48. Kuo PL, Chiang LC and Lin CC. Resveratrol- induced 



Oncotarget82096www.impactjournals.com/oncotarget

apoptosis is mediated by p53-dependent pathway in Hep 
G2 cells. Life Sciences. 2002; 72(1):23-34.

49. Kai L, Samuel SK and Levenson AS. Resveratrol enhances 
p53 acetylation and apoptosis in prostate cancer by 
inhibiting MTA1/NuRD complex. Int J Cancer. 2010; 
126(7):1538-1548.

50. Nakagawa H, Kiyozuka Y, Uemura Y, Senzaki H, Shikata 
N, Hioki K and Tsubura A. Resveratrol inhibits human 
breast cancer cell growth and may mitigate the effect 
of linoleic acid, a potent breast cancer cell stimulator. 
Journal of Cancer Research and Clinical Oncology. 2001; 
127(4):258-264.

51. Jiang Y, Zhao J, Qi HJ, Li XL, Zhang SR, Song DW, Yu 
CY and Gao JG. Accelerated ovarian aging in mice by 
treatment of busulfan and cyclophosphamide. Journal of 
Zhejiang University Science B. 2013; 14(4):318-324.

52. Meng A, Wang Y, Van Zant G and Zhou D. Ionizing 
radiation and busulfan induce premature senescence in 
murine bone marrow hematopoietic cells. Cancer Res. 

2003; 63(17):5414-5419.
53. Probin V, Wang Y and Zhou D. Busulfan-induced 

senescence is dependent on ROS production upstream of the 
MAPK pathway. Free Radic Biol Med. 2007; 42(12):1858-
1865.

54. Hofmann MC, Braydich-Stolle L, Dettin L, Johnson E and 
Dym M. Immortalization of Mouse Germ Line Stem Cells. 
Stem Cells. 2005; 23(2):200–210.

55. Zheng L, Zhu H, Mu H, Wu J, Song W, Zhai Y, Peng S, 
Li G and Hua J. CD49f promotes proliferation of male 
dairy goat germline stem cells. Cell Proliferation. 2016; 
49(1):27–35.

56. Cao H, Chu Y, Lv X, Qiu P, Liu C, Zhang H, Li D, 
Peng S, Dou Z and Hua J. GSK3 inhibitor-BIO regulates 
proliferation of immortalized pancreatic mesenchymal stem 
cells (iPMSCs). PloS One. 2012; 7(2):e31502.


