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our results indicated that taurine can suppress testicular 
function deterioration by increasing antioxidant ability 
and inhibiting apoptosis.
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Introduction

Aging, either in men or male animals, is accompanied 
by reproductive dysfunction in which the main display 
of decline in steroidogenesis, spermatogenesis, sexual 
response and function and may be attributed to the testicu-
lar function deterioration (Schiavi and Rehman 1995; Levy 
and Robaire 1999; Zirkin and Chen 2000). Although the 
mechanisms responsible for the aging remain unclear, it 
is widely accepted that oxidative stress and apoptosis are 
the two major factors in the aging process (Harman 1981; 
Troen 2003; Harman 2001). The free radical theory of aging 
contends that oxygen free radicals, by-products of organ-
ism aerobic metabolism, specifically mitochondrial respi-
ration, cause cumulative oxidative stress damage, which 
eventually results in aging (Harman 1983, 1992; Dröge 
2003). Apoptosis is an important physiological process that 
has been associated with aging (Warner 1999; Higami and 
Shimokawa 2000), which can be triggered by both extrin-
sic and intrinsic signal pathways (Li and Yuan 1999). The 
extrinsic pathway for apoptosis involves Fas ligand (FasL), 
Fas receptor, Fas-associated protein with dead domain, the 
initiator caspase-8, the executioner caspase-3 and -7 that 
ultimately activate apoptosis (Nagata and Golstein 1995). 
In the intrinsic apoptotic pathway, the Bcl-2 family proteins 
play an important role, which consists of two functionally 
distinct protein groups, anti-apoptotic proteins (such as 
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Bcl-2 and Bcl-xL) and apoptotic proteins (for example Bax 
and Bad) (Green and Reed 1998; Chittenden et al. 1995). 
When Bcl-2 separates from the mitochondrial outer mem-
brane, mitochondria membrane permeability will increase, 
which causes the release of mitochondrial intermembrane 
proteins including cytochrome c into cytoplasm where it 
binds with apoptotic protease-activating factor-1(Apaf-1) 
and caspase-9 to form the apoptosome that subsequently 
activates the executioner caspase-3, -6 and -7 (Pollack and 
Leeuwenburgh 2001; Liu et  al. 1996; Cain et  al. 2002). 
In the testis, apoptosis increase with age (Warner 1999), 
which may be attributed to the decrease of androgen levels 
(Steiner et  al. 1984) and/or increase of oxidative stress in 
the tissue (Samanta et al. 1999; Sastre et al. 2000).

Taurine (2-aminoethanesulfonic acid), a condition-
ally essential amino acid, has been found to be the most 
abundant free amino acid in many tissues, and involved 
in various physiological functions including bile forma-
tion, osmoregulation (Schaffer et al. 2000), modulation of 
neurotransmission (Kuriyama et  al. 1978), calcium bind-
ing and transporter regulation (Huxtable 1992), membrane 
stabilization (Huxtable and Bressler 1973), detoxification 
(Schaffer et al. 2000), antioxidation (Koyama et al. 1992) 
and essential roles in brain development (Sturman 1986). 
Taurine can be biosynthesized in the male reproductive 
system (Li et  al. 2006; Yang et  al. 2010b), and identified 
as the major free amino acid (Holmes et  al. 1992; Lobo 
et al. 2000). In the testes, taurine immunoreactivity is spe-
cifically localized in the Leydig cells, vascular endothelial 
cells and interstitial cells (Lobo et  al. 2000). In addition, 
taurine has been found rich in the sperm cells and semi-
nal fluid (Hinton 1990; Holmes et al. 1992). Our previous 
studies have identified that taurine can stimulate testoster-
one secretion, increase sperm quality, enhance the sexual 
response and function in the aged rats (Yang et al. 2010a, 
2013). Recent studies by Higuchi and his colleagues have 
confirmed that taurine may play an important role in sper-
matogenesis by protecting germ cells from oxidative stress 
(Higuchi et al. 2012). These results suggested that taurine 
may have a beneficial effect on testes. Further, several stud-
ies have shown that the protective effects of taurine on tes-
tes oxidative stress and apoptosis induced by heavy metals 
and some drugs (Aly and Khafagy 2014; Das et al. 2009, 
2012; Manna et  al. 2008). Accordingly, we hypothesized 
that taurine may increase testicular function in aged rats by 
elevating antioxidant ability and suppressing apoptosis.

The objective of this study was to determine the benefi-
cial effects of taurine on testes in aged rats and decipher its 
mechanism. For this purpose, we set out to determine the 
effects of taurine and taurine depletion on testicular marker 
enzymes, androgen synthesis, sperm quality, anti-oxidative 
parameters and apoptotic related proteins expression in 

aged rats. We found that taurine could increase aged tes-
ticular testosterone synthesis and spermatogenesis func-
tions. Additionally, testicular antioxidant ability was ele-
vated by taurine treatment in aged rats. Furthermore, we 
identify taurine administration also could suppress age 
induced testicular apoptosis. The present results indicated 
that taurine can prevent testicular deterioration by its anti-
oxidative and anti-apoptotic activities.

Materials and methods

Animals

Wistar male rats (20 months of age) were purchased from 
Kunming Institute of Zoology, Chinese Academic Sinica. 
After being acclimatized to the laboratory environment 
for 1 week, the animals were randomly divided into three 
groups (n = 8). Rats in the control group drank tap water, 
rats in β-alanine (β-Ala, taurine transporter antagonist) 
group drank water containing 1 % β-alanine (Sigma, USA), 
and rats in taurine group(Tau) drank water containing 1 % 
taurine (Sigma, USA). The level of taurine and β-alanine 
administration is based on our previous study. All rats 
were kept at 22 ± 2 °C with a 12 h/12 h light/dark cycle, 
and were allowed free access to rat diet and water. After 
60  days, rats were euthanized, and then blood, testes and 
left cauda epididymides samples were collected. Blood 
samples were used for serum testosterone assay. One tes-
tis was homogenized and used for taurine and antioxidant 
parameters assay, and total RNA, DNA and protein were 
extracted from the other testis for real-time RT-PCR, DNA 
fragmentation analysis and western blotting, respectively. 
The cauda epididymides were treated for sperm quality 
assay.

Biochemical analysis

Testicular taurine content was analyzed by reversed-phase 
high performance liquid chromatography (HPLC) accord-
ing to previous report (Shi et al. 2003). Serum testosterone 
(T) concentration was measured by ELISA using testos-
terone kit (Bioss, China) as per the manufacturer’s proto-
col. The activities/levels of sorbitol dehydrogenase (SDH), 
glucose-6-phosphate dehydrogenase (G6PDH), superoxide 
dismutase (SOD), reduced glutathione hormone (GSH), 
glutathione peroxidase (GSH-Px), nitric oxide synthase 
(NOS), nitric oxide (NO), reactive oxygen species (ROS), 
catalase (CAT), malondialdehyde (MDA) and total protein 
were analyzed according to the instructions of respective 
reagent kit (Nanjing Jiancheng Bioengineering Institute, 
China).
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Real‑time PCR

Total RNA of testis was extracted using RNAiso Plus accord-
ing to the procedure of the supplier (TaKaRa, China). RNA 
purity and quality were determined by spectrophotometry 
at 260 and 280 nm. AMV First Strand cDNA Synthesis Kit 
(Sangon, China) was used to synthesize cDNA from RNA. 
Real-time PCR was performed on a Bio-Rad iQTM5 system 
using SYBR Green PCR Master Mix (ABI). The primers were 
designed for the genes of interest: 3β-HSD (TGTGCCAG 
CCTTCATCTAC-forward and CTTCTCGGCCATCCTTT 
T-reverse), 17β-HSD (GACCGCCGATGAGTTTGT-for-
ward and TTTGGGTGGTGCTGCTGT-reverse), and β-actin 
(TCGTGCGTGACATTAAAGAG-forward and ATTGCCG 
ATAGTGATGACCT-reverse). Melting curve was analyzed 
for all the reaction. The relative gene expression was calcu-
lated with the 2−∆∆Ct method and normalized to the expres-
sion of the housekeeping gene β-actin in the same sample 
(Schmittgen and Livak 2008). Data were presented as relative 
fold-change and compared with control group rats.

Sperm quality assay

The left cauda epididymides were finely minced in 4 mL 
isotonic saline of 35 °C and repeatedly blown with transfer-
pettor to prepare sperm suspension. After incubating 10 m 
at 35  °C, sperm suspension was used to determine sperm 
quality according to reported methods (Türk et  al. 2008). 
Sperm quality was determined by four parameters: sperm 
count, motility, viability and abnormality.

DNA fragmentation analysis

Total genomic DNA from testis was extracted and purified 
using an Apoptotic DNA Ladder extraction kit with spin 
column (Beyotime, China) in accordance with the manu-
facturer’s protocols. Equal amounts of DNA were electro-
phoresed on a 1.2  % agarose gel. Then DNA fragments 
were stained, visualized and photographed by the Gel Doc 
XR system (Bio-Rad, USA).

Western blotting

Testis protein was extracted according to the instruction of 
whole protein extract kit (Applygen, China). Protein quan-
tification was determined by using BCA protein assay kit 
(Applygen, China). Thirty micrograms of protein was frac-
tionated on SDS-PAGE and transferred to a polyvinyliden-
efluoride membrane (Bio-Rad, USA). After blocking 2  h 
at room temperature with blocking buffer, membranes 
were incubated overnight at 4  °C with primary antibodies 
including anti-Bcl-2 (Santa Cruz, USA), anti-Bax (Santa 
Cruz, USA), anti-cytochrome c (Santa Cruz, USA), anti-Fas 

(Santa Cruz, USA), anti-FasL (Santa Cruz, USA), anti-cas-
pase-3 (Sigma, USA), anti-caspase-8 (Sigma, USA), anti-
caspase-9 (Sigma, USA). The membranes were washed in 
TBST for 1  h and incubated with appropriate peroxidase-
conjugated secondary antibody (Santa Cruz, USA) for 2 h at 
room temperature. Specific signal was visualized by Super 
ECL kit (Applygen, China). The protein bands were quan-
tified by Image Quant 5.0 software (Molecular Dynamics) 
and normalized to individual β-actin expression levels.

Statistic analysis

All the data were expressed as mean ± SE and significant 
differences were determined by one-way ANOVA and 
Duncan’s multiple range test using SPSS 16.0 software. A 
difference is considered significant at the P < 0.05 level.

Results

Taurine administration elevates testicular taurine 
concentration

We first measured the effects of taurine and β-Ala treat-
ment on testicular taurine content in aged rats. As shown in 
Fig. 1, taurine administration significantly increased taurine 
level in aged rat testes (P < 0.01), whereas, β-Ala treatment 
statistically decreased testicular taurine level (P  <  0.05), 
which indicated that β-Ala administration resulted in tes-
ticular taurine depletion.

Taurine increases the activities of testicular marker 
enzymes

It has been reported that SDH and G6PD are important 
marker enzymes of testicular function (Hodgen and Sherins 
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Fig. 1   Effects of taurine and β-Ala administration on testicular tau-
rine concentration. Results are presented as mean  ±  SE (n  =  5). 
*P < 0.05: significantly different from control group, **P < 0.01: sig-
nificantly different from control group
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1973; Prasad et  al. 1995). We determined the effects of 
taurine and β-alanine (resulting in taurine depletion (Yang 
et al. 2010b)) on the activities of SDH and G6PD to iden-
tify the function of taurine in aged testes. The results 
(Fig.  2) showed that taurine depletion could statistically 
decrease the activities of SDH and G6PD in aged male tes-
tes compared to control group (P < 0.05), but taurine treat-
ment could significantly increase the activities of the two 
testicular marker enzymes (P  <  0.05). The experimental 
results suggested that taurine may prevent the deterioration 
of testicular function.

Taurine stimulates testosterone secretion

Androgen secreted by testicular Leydig cells plays an 
important role in male reproduction including maintenance 
of testes function. We measured serum testosterone concen-
tration and mRNA expression levels of biosynthesized key 
enzymes for androgen, 3β-HSD and 17β-HSD, in aged rats. 
As shown in Fig.  3, levels of serum testosterone and tes-
ticular 3β-HSD and 17β-HSD mRNA expression were sta-
tistically decreased by taurine depletion in comparison with 
the control (P < 0.05), indicating taurine may be essential 

for androgen synthesis and secretion. However, treatment 
with taurine significantly elevated these three parameters 
compared to the control rats (P  < 0.05), which suggested 
that taurine could stimulate testosterone secretion by 
increasing testicular 3β-HSD and 17β-HSD mRNA expres-
sion in aged rats.

Taurine elevates the sperm quality

Spermatogenesis is one of the major functions of testes, 
which happen in the testicular seminiferous tubules and 
is regulated by androgen. So we hypothesized that taurine 
may enhance testicular spermatogenesis function. Figure 4 
shows the effects of taurine and taurine depletion on the 
sperm quality of aged rats. The sperm count, viability and 
motility were markedly raised (P  <  0.05), but the sperm 
abnormality was obviously decreased in taurine treatment 
compared with the controls (P  <  0.05). Taurine deple-
tion, however, could notably decrease the sperm count and 
motility (P  <  0.05), and increase the sperm abnormality 
(P < 0.05). The present results suggested that taurine may 
prohibit testicular spermatogenesis dysfunction in aged 
rats.
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Fig. 2   Effects of taurine on the activities of testicular marker enzymes. Results are presented as mean ± SE (n = 5). *P < 0.05: significantly dif-
ferent from control group, **P < 0.01: significantly different from control group
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Fig. 3   Effects of taurine on androgen secretion in aged rats. Results are presented as mean ± SE (n = 5). *P < 0.05: significantly different from 
control group, **P < 0.01: significantly different from control group
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Taurine enhances testicular anti‑oxidative ability

It is well known that organism oxidative stress increases 
with aging. There have been several reports that suggest 
taurine acts as an antioxidant in vivo and in vitro (Aruoma 
et  al. 1988; Yu and Kim 2009; Koyama et  al. 1992). We, 
therefore, assayed the activities of SOD, GSH, GSH-Px, 
NOS, NO, ROS, CAT and MDA in the testes tissues of 
the experimental rats (Fig. 5). In taurine depletion rats, the 
levels of GSH, GSH-Px and CAT significantly decreased 
(P  < 0.05), but the production of ROS and MDA statisti-
cally increased compared to the controls (P < 0.05). Tau-
rine administration, nevertheless, remarkably increased 
testicular SOD, GSH, GSH-Px, NOS and NO activities 
(P  <  0.05), and decreased ROS and MDA levels in aged 
rats (P  <  0.05). These results indicted that taurine could 
reduce testicular oxidative stress in aged rats by increas-
ing the activities of anti-oxidant system and decreasing the 
lipid peroxidation.

Taurine decreases testicular apoptosis

It has been identified that cell apoptosis will increase with 
age and is regulated by a family of related proteins asso-
ciated with either the inhibition or augmentation of cell 
death, including Bcl, Fas and caspase family proteins, 
cytochrome c, et  al. (Pollack and Leeuwenburgh 2001; 
Zhang and Herman 2002; Zhang et  al. 2003). In the pre-
sent study, we have examined the effects of taurine and tau-
rine depletion on testicular apoptosis and related proteins 
expression in aged rat testes. The results (Fig.  6) showed 
that DNA ladder (an indication of apoptosis) was formed 
in the testicular genomic DNA of the control and β-alanine 
group rats, whereas, taurine administration effectively 
reduced the testicular DNA ladder in aged rats. Immuno-
blot analyses (Fig. 7) showed that taurine depletion stimu-
lated the testicular expressions of Bcl-2, Bax, Fas, Fas-L, 

cytochrome c, caspase-3, -8 and -9 compared with the con-
trol rats, although these changes have no statistical differ-
ence (P > 0.05). Taurine treatment, however, significantly 
stimulated Bcl-2 protein expression (P < 0.05), obviously 
decreased the expressions of Bax, Fas, FasL, cytochrome 
c and caspase-3 (P < 0.05). These data demonstrated that 
taurine can prohibit aged testicular apoptosis.

Discussion

Aging is the progressive accumulation of changes with 
time which is related to or responsible for the ever-
increasing physiological degeneration accompany-
ing advancing age. In males, androgen decrease results 
in testicular dysfunction, a crucial example of aging 
(Labrie et  al. 1997). It has been identified that taurine, 
an endogenous amino acid, has several roles in tissues/
cells function, and can act as anti-oxidant (Aruoma et al. 
1988), anti-apoptotic factor (Yalçınkaya et al. 2009) and 
testosterone stimulator (Yang et  al. 2010b), which sug-
gests that taurine may postpone testicular function dete-
rioration. Therefore, unraveling the beneficial effects of 
taurine on aged testes and its’ mechanism will not only 
lead to a better understanding of taurine’s biological 
function but may also accelerate its’ potential applica-
tion in anti-aging.

To investigate the effects of taurine on the testicular 
function of aged rats, we first examined the effects of tau-
rine and taurine depletion treatment on the changes of tes-
ticular SDH and G6PDH activities in aged rats, which are 
well known marker enzymes of testes function. Results 
showed that taurine depletion markedly decreased the 
activities of testicular SDH and G6PDH, while taurine 
administration effectively increased the activities of the-
ses parameters. In the testes, SDH is widely distributed 
in the seminiferous tubules and germ cells, and related 

0

5

10

15

20

25

30

35

40

Sperm abnormality (%)Sperm count

Control
β-Ala
Taurine

*
*

*

*

a

0

10

20

30

40

50

60

70

Sperm viability (%) Sperm motility (%)

Control
β-Ala
Taurine

*

*

*

b

Fig. 4   Effects of taurine on the sperm quality in aged rats. Sperm count (×106/ml). Results are presented as mean ± SE (n = 5). *P < 0.05: sig-
nificantly different from control group



1554 J. Yang et al.

1 3

to testes development, energy metabolism, maturation 
and spermatogenesis (Hodgen and Sherins 1973). Tes-
ticular G6PDH not only provides reducing equivalents in 
the process of androgen synthesis, but also decreases the 
activity of glutathione metabolism related enzyme which 
provokes oxidative stress and may result in cell death 
(Sinha et al. 1997; Mani et al. 2002). The present findings 
suggested that taurine is beneficial for aged testes func-
tion and antioxidative ability. The results are consistent 
with studies of Das and his colleague who reported that 
taurine could elevate testicular SDH and G6PDH activi-
ties in doxorubicin-induced testicular oxidative stress and 
apoptosis in rats (Das et al. 2012). It has also been dem-
onstrated by Aly and Khafagy that taurine has the same 
effect on testicular G6PDH activity in endosulfan-induced 
rat testis oxidative stress and apoptosis (Aly and Khafagy 
2014).
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Fig. 6   Effects of taurine on testicular DNA ladder in aged rats. 
Marker: DNA marker (100–1000 bp). The experiment was repeated 
five times with similar results
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To validate whether taurine can ameliorate testicular 
androgen synthesis in aged rats, we analyzed the effects 
of taurine and taurine depletion on the level of serum tes-
tosterone and mRNA expression of testicular 3β-HSD and 
17β-HSD, which are the key enzymes of androgen biosyn-
thesis. Similar to our previous reports (Yang et al. 2010a, 
2013), the testosterone concentration was significantly 
increased by taurine treatment, while taurine depletion has 
converse results. These data suggested taurine can stimulate 
testosterone secretion by increasing the expression level 
of testicular 3β-HSD and 17β-HSD. Our finding is also in 
accordance with the previous studies, despite that their ani-
mals had different treatment (Aly and Khafagy 2014; Das 
et al. 2009, 2012; Tsounapi et al. 2012).

To decipher the effects of taurine on the spermatogen-
esis in aged rat testes, sperm quality was determined in the 
present study. The results showed that sperm quality was 
markedly elevated by taurine administration in aged rats, 

which may be due to the stimulated effects of taurine on 
aged testicular testosterone, as high testosterone level is 
essential for seminiferous tubules, spermatogenesis and 
sperm maturation (Sharpe et  al. 1992). In addition, it has 
been identified that taurine may prevent sperm lipid peroxi-
dation (Alvarez and Storey 1983), act as a sperm capacitat-
ing agent (Meizel et  al. 1980) and motility factor (Dröge 
2003).

Taking the above results together, the present studies 
indicated that taurine indeed can postpone testicular func-
tional deterioration, so we further investigated its mecha-
nism. Over-produced free radicals, mainly ROS and reac-
tive nitrogen species (RNS) by increasing oxidant stress 
with aging, is widely accepted as one of the important rea-
sons for cellular senescence and organismic aging (Johnson 
et al. 1999). Excessive ROS not only stimulate consecutive 
reactions resulting in further free radicals production, but 
also induce lipid peroxidation that lead to producing lipid 
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Fig. 7   Effects of taurine on the expression of testicular apoptosis-related proteins in aged rats. Results are presented as mean ± SE (n = 5). 
*P < 0.05: significantly different from control group, **P < 0.01: significantly different from control group
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peroxide (LPO) such as MDA, which then results in the 
damage of cellular compartments and function (Leutner 
et  al. 2001). On the other hand, there is an antioxidant 
system involving SOD, GSH, GSH-Px and CAT which 
defend cellular integrity against free radical-induced dam-
ages by quenching oxidative elements (Irshad and Chaud-
huri 2002). The present study demonstrated that taurine 
treatment increased the activities of SOD, GSH, GSH-Px 
and CAT in aged rat testes, and decreased the production 
of ROS and MDA. Alternately, taurine depletion reduced 
testicular GSH, GSH-Px and CAT levels, increased ROS 
and MDA production. Previous studies have reported that 
an excessive level of ROS may result in impaired steroi-
dogenesis (Hanukoglu 2006) and spermatogenesis (Gupta 
et al. 2004). Our results suggested that taurine can increase 
the antioxidant ability of aged rat testes, which may be 
responsible for the amelioration of experimental rat testicu-
lar function. The beneficial effects of taurine on aged tes-
ticular anti-oxidative ability were possibly due to its direct 
and indirect antioxidant activities. As a direct antioxidant, 
taurine can neutralize and detoxify several free radicals and 
lipid peroxides (Aruoma et  al. 1988; Cozzi et  al. 1995). 
Taurine can also act as an indirect antioxidant by prevent-
ing oxidative stress induced permeability and stabiliz-
ing membrane permeability (Gordon et al. 1992; Timbrell 
et al. 1995). The present findings also showed that taurine 
could elevate testicular NO concentration by increasing the 
activity of NOS. The result is different from other previous 
studies, which identified taurine may inhibit the produc-
tion of NO (Redmond et al. 1996; Gurujeyalakshmi et al. 
2000). NO is a RNS that can induce cellular oxidant stress 
damage and apoptosis, however, in testes, it also involves 
an array of functions, including Sertoli cell tight junction 
dynamics, Leydig cell steroidogenesis, sperm motility and 
maturation (Zini et  al. 1996; Lee and Cheng 2004). The 
reason for this discrepancy may be due to the difference of 
observed tissues, and the results indicated that taurine may 
ameliorate testicular androgen synthesis, spermatogenesis 
and sperm quality by NO pathway. In addition, it has been 
demonstrated that NO is a powerful vasodilator. The pre-
sent results suggested that taurine can increase testicular 
circulation, which may be important for nutrition supply 
in androgen synthesis, spermatogenesis and sperm viabil-
ity, and is also beneficial to the clearance of waste products 
including ROS.

Oxidative stress and excessive ROS are potent induc-
ers of cell apoptosis, an active process of gene-directed 
self-destruction that could be completed through either 
mitochondrion-dependent or independent pathways. Fur-
thermore, evidence has been accumulating to suggest that 
age-enhanced apoptosis may be contributed to age-asso-
ciated changes such as progressive decline of physiologic 
function or disorders (Higami and Shimokawa 2000). Fas 

ligand/Fas receptor activation induced apoptosis is a classic 
example of mitochondrion-independent apoptotic pathway. 
The binding of Fas ligand and Fas receptor results in the 
recruitment of the adapter protein Fas-associated protein 
with death domain (FADD) and the initiator caspase-8 to 
form a death-inducing signaling complex, which in turn 
activate caspase-3 and -7 that are known as executioner cas-
pase. In the present study, we found taurine administration 
could down-regulate Fas, FasL, caspase-8 and caspase-3 
protein expression, suggesting anti-apoptotic effect of tau-
rine involved in extrinsic pathway. In addition, mitochon-
dria takes part in the initiation and regulation of the intrin-
sic apoptotic pathway, and the cross-talk with the extrinsic 
pathway in mammalian cells (Lee and Wei 2000, 2007). 
Release of cytochrome c into the cytosol from mitochon-
dria regulated by the Bcl-2 family proteins is the primary 
event in mitochondrial apoptotic pathway, which leads to 
the formation of apoptosome and activation of caspase cas-
cade (Li et al. 1997). It was found that the cytosolic level 
of cytochrome c and anti-apoptotic protein Bcl-2 were sig-
nificantly decreased with age (Phaneuf and Leeuwenburgh 
2002; Wang et  al. 2001). Our results showed an up-regu-
lation of Bcl-2, and down-regulation of apoptotic proteins 
cytochrome c, Bax and caspase-3 by taurine treatment, sug-
gesting the involvement of intrinsic apoptotic pathway.

In conclusion, the present study suggested that taurine 
can increase testicular steroidogenesis and spermatogenesis 
in aged rats by increasing the activities of antioxidase sys-
tem and decreasing the lipid peroxidation, and by its anti-
apoptotic activity that implicated in mitochondrial depend-
ent and independent signal pathway. These data provide 
important insights into the application of taurine in male 
anti-aging, although its exact mechanism remained to be 
further clarified.

Acknowledgments  This work was supported by the National Nat-
ural Science Foundation of China (No. 30371048 and 31272522) 
and Program for Liaoning Excellent Talents in University (No. 
LJQ2014073).

Conflict of interest  All authors state that they have no conflicts of 
interest, financial or otherwise.

Ethical approval  All experimental protocols were carried out 
according to the guidelines of Shenyang Agricultural University Ethi-
cal Committee and in compliance to the Helsinki Declaration.

References

Alvarez JG, Storey BT (1983) Taurine, hypotaurine, epinephrine and 
albumin inhibit lipid peroxidation in rabbit spermatozoa and pro-
tect against loss of motility. Biol Reprod 29(3):548–555

Aly HA, Khafagy RM (2014) Taurine reverses endosulfan-induced 
oxidative stress and apoptosis in adult rat testis. Food Chem Tox-
icol 64:1–9



1557Taurine increases testicular function in aged rats by inhibiting oxidative stress and apoptosis

1 3

Aruoma O, Halliwell B, Hoey BM, Butler J (1988) The antioxidant 
action of taurine, hypotaurine and their metabolic precursors. 
Biochem J 256:251–255

Cain K, Bratton SB, Cohen GM (2002) The Apaf-1 apoptosome: a 
large caspase-activating complex. Biochimie 84(2):203–214

Chittenden T, Harrington EA, O’Connor R, Remington C, Lutz RJ, 
Evan GI, Guild BC (1995) Induction of apoptosis by the Bcl-2 
homologue Bak. Nature 374:733–736

Cozzi R, Ricordy R, Bartolini F, Ramadori L, Perticone P, De Salvia 
R (1995) Taurine and ellagic acid: two differently-acting natural 
antioxidants. Environ Mol Mutagen 26(3):248–254

Das J, Ghosh J, Manna P, Sinha M, Sil PC (2009) Taurine protects 
rat testes against NaAsO2-induced oxidative stress and apoptosis 
via mitochondrial dependent and independent pathways. Toxicol 
Lett 187(3):201–210

Das J, Ghosh J, Manna P, Sil PC (2012) Taurine protects rat tes-
tes against doxorubicin-induced oxidative stress as well as 
p53, Fas and caspase 12-mediated apoptosis. Amino Acids 
42(5):1839–1855

Dröge W (2003) Oxidative stress and aging. In: Hypoxia. Springer, 
Berlin, pp 191–200

Gordon RE, Heller RF, Heller RF (1992) Taurine protection of lungs 
in hamster models of oxidant injury: a morphologic time study 
of paraquat and bleomycin treatment. In: Taurine. Springer, Ber-
lin, pp 319–328

Green DR, Reed JC (1998) Mitochondria apoptosis. Sci-AAAS-
Weekly Pap Ed 281(5381):1309–1311

Gupta RS, Kim J, Gomes C, Oh S, Park J, Im W-B, Seong JY, Ahn 
RS, Kwon H-B, Soh J (2004) Effect of ascorbic acid supplemen-
tation on testicular steroidogenesis and germ cell death in cad-
mium-treated male rats. Mol Cell Endocrinol 221(1):57–66

Gurujeyalakshmi G, Wang Y, Giri SN (2000) Suppression of bleomy-
cin-induced nitric oxide production in mice by taurine and nia-
cin. Nitric Oxide 4(4):399–411

Hanukoglu I (2006) Antioxidant protective mechanisms against reac-
tive oxygen species (ROS) generated by mitochondrial P450 sys-
tems in steroidogenic cells. Drug Metab Rev 38(1–2):171–196

Harman D (1981) The aging process. Proc Natl Acad Sci 
78(11):7124–7128

Harman D (1983) Free radical theory of aging: consequences of mito-
chondrial aging. Age 6(3):86–94

Harman D (1992) Free radical theory of aging. Mutat Res/DNAging 
275(3):257–266

Harman D (2001) Aging: overview. Ann N.Y. Acad Sci 928(1):1–21
Higami Y, Shimokawa I (2000) Apoptosis in the aging process. Cell 

Tissue Res 301(1):125–132
Higuchi M, Celino FT, Miura C, Miura T (2012) The synthesis and 

role of taurine in the eel spermatogenesis.  In: Kawaguchi M, 
Misaki K, Sato H, Yokokawa T, Itai T, Nguyen TM, Ono J, Tan-
abe S (eds) Interdisciplinary studies on environmental chemistry. 
Environmental pollution and ecotoxicology, pp 35–40

Hinton BT (1990) The testicular and epididymal luminal amino acid 
microenvironment in the rat. J Androl 11(6):498–505

Hodgen GD, Sherins RJ (1973) Enzymes as markers of testicular 
growth and development in the rat. Endocrinology 93(4):985–989

Holmes RP, Goodman HO, Shihabi ZK, Jarow JP (1992) The tau-
rine and hypotaurine content of human semen. J Androl 
13(3):289–292

Huxtable R (1992) Physiological actions of taurine. Physiol Rev 
72(1):101–163

Huxtable R, Bressler R (1973) Effect of taurine on a muscle intracel-
lular membrane. Biochim Biophys Acta 323(4):573–583

Irshad M, Chaudhuri P (2002) Oxidant-antioxidant system: role and 
significance in human body. Indian J Exp Biol 40(11):1233

Johnson FB, Sinclair DA, Guarente L (1999) Molecular biology of 
aging. Cell 96(2):291–302

Koyama I, Nakamura T, Ogasawara M, Nemoto M, Yoshida T (1992) 
The protective effect of taurine on the biomembrane against 
damage produced by the oxygen radical. In: Taurine. Springer, 
Berlin, pp 355–359

Kuriyama K, Muramatsu M, Nakagawa K, Kakita K (1978) Modulat-
ing role of taurine on release of neurotransmitters and calcium 
transport in excitable tissues. Taurine and neurological disorders. 
Raven Press, New York, pp 201–216

Labrie F, Bélanger A, Cusan L, Gomez J-L, Candas B (1997) Marked 
decline in serum concentrations of adrenal C19 sex steroid pre-
cursors and conjugated androgen metabolites during aging. J 
Clin Endocrinol Metabolism 82(8):2396–2402

Lee NP, Cheng CY (2004) Nitric oxide/nitric oxide synthase, spermato-
genesis, and tight junction dynamics. Biol Reprod 70(2):267–276

Lee H-C, Wei Y-H (2000) Mitochondrial role in life and death of the 
cell. J Biomed Sci 7(1):2–15

Lee H-C, Wei Y-H (2007) Oxidative stress, mitochondrial DNA muta-
tion, and apoptosis in aging. Expl Biol Med 232(5):592–606

Leutner S, Eckert A, Müller W (2001) ROS generation, lipid per-
oxidation and antioxidant enzyme activities in the aging brain. J 
Neural Transm 108(8–9):955–967

Levy S, Robaire B (1999) Segment-specific changes with age in the 
expression of junctional proteins and the permeability of the 
blood-epididymis barrier in rats. Biol Reprod 60(6):1392–1401

Li H, Yuan J (1999) Deciphering the pathways of life and death. Curr 
Opin Cell Biol 11(2):261–266

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri 
ES, Wang X (1997) Cytochrome c and dATP-dependent forma-
tion of Apaf-1/caspase-9 complex initiates an apoptotic protease 
cascade. Cell 91(4):479–489

Li JH, Ling YQ, Fan JJ, Zhang XP, Cui S (2006) Expression of 
cysteine sulfinate decarboxylase (CSD) in male reproductive 
organs of mice. Histochem Cell Biol 125(6):607–613

Liu X, Kim CN, Yang J, Jemmerson R, Wang X (1996) Induction of 
apoptotic program in cell-free extracts: requirement for dATP 
and cytochrome c. Cell 86(1):147–157

Lobo MV, Alonso FJM, del Río RM (2000) Immunohistochemical 
localization of taurine in the male reproductive organs of the rat. 
J Histochem Cytochem 48(3):313–320

Mani U, Islam F, Prasad A, Kumar P, Kumar VS, Maji B, Dutta K 
(2002) Steroidogenic alterations in testes and sera of rats 
exposed to formulated fenvalerate by inhalation. Hum Exp Toxi-
col 21(11):593–597

Manna P, Sinha M, Sil PC (2008) Cadmium induced testicular 
pathophysiology: prophylactic role of taurine. Reprod Toxicol 
26(3):282–291

Meizel S, Lui C, Working P, Mrsny R (1980) Taurine and hypotau-
rine: their effects on motility, capacitation and the acrosome 
reaction of hamster sperm in vitro and their presence in sperm 
and reproductive tract fluids of several mammals*. Dev Growth 
Differ 22(3):483–494

Nagata S, Golstein P (1995) The Fas death factor. Science 
267(5203):1449–1456

Phaneuf S, Leeuwenburgh C (2002) Cytochrome c release from 
mitochondria in the aging heart: a possible mechanism for 
apoptosis with age. Am J Physiol Regul Integr Comp Physiol 
282(2):R423–R430

Pollack M, Leeuwenburgh C (2001) Apoptosis and aging role 
of the mitochondria. J Gerontol Series A Biol Sci Med Sci 
56(11):B475–B482

Prasad A, Pant N, Srivastava S, Kumar R, Srivastava S (1995) Effect 
of dermal application of hexachlorocyclohexane (HCH) on male 
reproductive system of rat. Hum Exp Toxicol 14(6):484–488

Redmond HP, Wang JH, Bouchier-Hayes D (1996) Taurine attenu-
ates nitric oxide—and reactive oxygen intermediate—dependent 
hepatocyte injury. Arch Surg 131(12):1280–1288



1558 J. Yang et al.

1 3

Samanta L, Roy A, Chainy G (1999) Changes in rat testicular anti-
oxidant defence profile as a function of age and its impairment 
by hexachlorocyclohexane during critical stages of maturation. 
Andrologia 31(2):83–90

Sastre J, Pallardó FV, Viña J (2000) Mitochondrial oxidative 
stress plays a key role in aging and apoptosis. IUBMB Life 
49(5):427–435

Schaffer S, Takahashi K, Azuma J (2000) Role of osmoregulation in 
the actions of taurine. Amino Acids 19(3–4):527–546

Schiavi RC, Rehman J (1995) Sexuality and aging. The Urologic clin-
ics of North America 22(4):711–726

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by 
the comparative CT method. Nat Protoc 3(6):1101–1108

Sharpe R, Maddocks S, Millar M, Kerr J, Saunders P, McKinnell 
C (1992) Testosterone and Spermatogenesis Identification of 
Stage-Specific, Androgen-Regulated Proteins Secreted by Adult 
Rat Seminiferous Tubules. J Androl 13(2):172–184

Shi YR, Gao L, Wang SH, Bu DF, Zhang BH, Jiang HF, Pang YZ, 
Tang CS (2003) Inhibition of taurine transport by high concen-
tration of glucose in cultured rat cardiomyocytes. Metabolism 
52(7):827–833

Sinha N, Narayan R, Saxena D (1997) Effect of endosulfan on the 
testis of growing rats. Bulletin of environmental contamination 
and toxicology 58(1):79–86

Steiner R, Bremner W, Clifton D, Dorsa D (1984) Reduced pulsatile 
luteinizing hormone and testosterone secretion with aging in the 
male rat. Biol Reprod 31(2):251–258

Sturman JA (1986) Nutritional Taurine and Central Nervous System 
Development. Ann N Y Acad Sci 477(1):196–213

Timbrell JA, Seabra V, Waterfield CJ (1995) The in vivo and in vitro 
protective properties of taurine. General Pharmacology: The Vas-
cular System 26(3):453–462

Troen BR (2003) The biology of aging. Mt Sinai J Med 70(1):3–22
Tsounapi P, Saito M, Dimitriadis F, Koukos S, Shimizu S, Satoh K, 

Takenaka A, Sofikitis N (2012) Antioxidant treatment with edar-
avone or taurine ameliorates diabetes-induced testicular dysfunc-
tion in the rat. Mol Cell Biochem 369(1–2):195–204

Türk G, Sönmez M, Aydin M, Yüce A, Gür S, Yüksel M, Aksu EH, 
Aksoy H (2008) Effects of pomegranate juice consumption on 
sperm quality, spermatogenic cell density, antioxidant activity 
and testosterone level in male rats. Clin Nutr 27(2):289–296

Wang J, Silva JP, Gustafsson CM, Rustin P, Larsson N-G (2001) 
Increased in vivo apoptosis in cells lacking mitochondrial DNA 
gene expression. Proc Natl Acad Sci 98(7):4038–4043

Warner HR (1999) Apoptosis: a two-edged sword in aging. Ann N Y 
Acad Sci 887(1):1–11

Yalçınkaya S, Ünlüçerçi Y, Giriş M, Olgaç V, Doğru-Abbasoğlu S, 
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