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Roles of ERK1/2 and PI3K/AKT signaling pathways
in mitochondria-mediated apoptosis in testes of
hypothyroid rats
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The absence of the thyroid hormone (TH) could impair testicular function, but its mechanism is still rudi-

mentary. This study aims to explore the roles of estrogen receptor (ER α, β) and G protein-coupled recep-

tor 30 (GPR30), extracellular signal regulated kinase (ERK1/2) and phosphoinositide 3-kinase (PI3K)/

protein kinase B (AKT) signaling pathways in apoptosis in testes of hypothyroidism rats. Male Wistar rats

were randomly divided into control (C), low-(L) and high-hypothyroidism (H) groups [1 mL per 100 g BW

per day normal saline, 0.001% and 0.1% propylthiouracil (PTU), respectively] by intragastrical gavage for

60 days. The levels of triiodothyronine (T3), thyroxine (T4) and thyroid stimulating hormone (TSH) in serum

were measured. Expressions of ERα, ERβ and GPR30, pathway related protein expressions of ERK1/2 and

PI3 K/AKT and apoptosis were detected in testicular homogenates. The results showed that T3 and T4
levels were decreased, and the TSH level was increased significantly in the H group. Protein expressions

of ERα, ERβ and GPR30 decreased significantly in the H group. Significantly decreased protein expressions

of p-ERK1/2, p-PI3K p85, p-AKT Ser473, Ras, p-Raf-1 Ser259, p-Raf-1 Ser338 and cyclin D1 in L and H

groups as well PI3K p85, p-AKT and Thr308 in the H group were observed. Moreover, there was a signifi-

cant increase in the Bad protein expression in L and H groups. In addition, there was a significant increase

in the expression of Bax/Bcl-2, caspase 9 and cleaved caspase 3 and a significant decrease in the total

caspase 3 protein expression in the H group. These results suggested that ERK1/2 and PI3K/AKT signaling

pathways could be suppressed by hypothyroidism via inhibiting the expressions of ERs and could finally

induce apoptosis in testes.

Introduction

Thyroid hormone (TH) plays an important role in the hypotha-
lamo-hypophyseal testicular axis, and influences the sexual
and spermatogenic function in men.1 As a physiological
modulator, TH mediates the process of oxidative stress caused
by reactive oxygen species (ROS).2 A deficiency of TH induces
hypothyroidism and oxidative stress, and finally leads to testi-
cular dysfunction and infertility.3,4

Research has reported that persistent hypothyroidism could
downregulate the bioavailability of 17β-estradiol (E2).

5 It is well
established that E2 influences male spermatogenesis, sexual
behavior and reproductive function, and the change in E2

expression might impair male fertility.6 In our previous study,
we found that a significantly elevated E2 serum level changed
the sperm quality in testes of hypothyroidism rats.7 However,
the possible mechanisms for E2’s influence on male fertility in
hypothyroidism remain uncertain. Human and animal models
have demonstrated that estrogen receptors (ERs), including
estrogen receptor alpha (ERα) and beta (ERβ), mediate the bio-
logical effects of estrogen (particularly E2).

8 It is well known
that E2 interacts with ERα and ERβ to exert genomic (nuclear)
effects.9 In addition to these established transcriptional
effects, a transmembrane intracellular estrogen receptor,
termed G-protein-coupled receptor 30 (GPR30), as well as ERs
have been proved to be able to mediate the non-genomic
effects of E2.

9 After binding to ERs and GPR30, E2 activates
multiple signaling pathways, influences cell proliferation,
differentiation, survival and spermatogenesis, and induces
apoptosis.8,9 It is well known that mitochondria are not only
the major physiological source and the crucial targets of ROS,
but also one of the major targets for the direct actions of
steroid hormones and hormone receptors.10–12 Moreover, the
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ATP production, mitochondrial membrane potential and the
regulation of calcium concentrations in mitochondria could be
regulated by E2, and the ER-dependent mechanisms are the
major ways by which E2 exerts action.13,14 The loss of ERs and
GPR30 induces mitochondrial dysfunction by activating rapid
survival signaling pathways and causes adverse effects on ster-
oidogenesis and spermatogenesis.15–18 Studies have reported
that extracellular signal regulated kinase (ERK1/2) and phos-
phoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling
pathways as well as the expressions of ERs and GPR30 could
be affected by E2.

19–23 Furthermore, a crosstalk regulation
between ERK1/2 and PI3K/AKT signaling pathways has been
found. The expression of ERK1/2 could be affected directly by
PI3K or by AKT through Raf-1 Ser259.24,25 Additionally, Ras, as
the common upstream of both signaling pathways, directly
regulates the expression of ERK1/2 and PI3K/AKT signaling
pathways.26

Moreover, ERK1/2 and PI3K/AKT signaling pathways play
crucial roles in the cell cycle progression during the G1/S tran-
sition, and their activation or inhibition could promote or
arrest the cell cycle progression.27,28 Cell cycle is an important
regulator involved in the processes of cell proliferation, growth
and survival. In our previous study, a changed cell cycle and
an increased apoptotic level were observed in hypothyroidism
rats.7 Cyclin D1, as one of the important proteins in the cell
cycle, could drive the transition from the G1 phase to the S
phase of the cell cycle and promote cell proliferation.29

In addition, the activation of ERK1/2 and PI3K/AKT
signaling pathways induce the upregulation of Bcl-2 protein,
which is a vital protein involved in the mitochondria
apoptotic pathway.30 Furthermore, the release of cytochrome c,
which is the biomarker of mitochondrial dysfunction, is
under the regulation of Bcl-2 family proteins including pro-
apoptotic proteins (such as Bax and Bad) and anti-apoptotic
proteins (such as Bcl-2).31,32 Subsequently, caspase 9 and
caspase 3, which are indicators of apoptosis could be acti-
vated.33 However, the roles of ERK1/2 and PI3K/AKT signaling
pathways in apoptosis in testes of hypothyroidism rats are still
unclear.

PTU (propylthiouracil) is used for treating hyperthyroid
conditions.7 PTU can decrease the conversion of peripheral
T4 to T3 and reduce the serum T3 concentration.
Hence, it is usually applied to chemically induce a hypothyroid
state.34

In our previous research, we found that the oxidative stress,
arrested cell cycle and increased apoptosis in testes of
hypothyroidism rats as well as all the changes mentioned
above might be mediated by activating p38 mitogen-activated
protein kinase (p38 MAPK) and c-Jun NH2-terminal kinases
(JNK) signaling pathways.7 In the present study, the hypo-
thyroid rat-model induced by PTU was established to further
explore the mRNA and protein expressions of ERs and GPR30,
pathway related protein expressions of ERK1/2, PI3K/AKT and
mitochondria-mediated apoptosis in testes to better under-
stand the potential molecular mechanism of testicular dys-
function in hypothyroidism rats.

Materials and methods
Chemicals and reagents

PTU was obtained from Shanghai Chaohui Pharmaceutical
Co., Ltd (Shanghai, China). Radioimmunoprecipitation assay
(RIPA) buffer, phenyl methane sulfonyl fluoride (PMSF) and
phosphatase inhibitors were obtained from Solarbio Sciences
and Technology Co., Ltd (Beijing, China). Antibodies against
ERα, ERβ, GPR30, Ras, ERK1/2, cyclin D1, Bax, Bcl-2, caspase 9
and caspase 3 were provided by Abcam Biotechnology
(Cambridge, USA). Antibodies against Raf-1, p-Raf-1 Ser259,
p-Raf-1 Ser338, p-ERK1/2, PI3K p85, p-PI3K p85, AKT, p-AKT
Ser473, p-AKT Thr308, Bad and cytochrome c were provided by
cell signaling technology (Boston, USA). β-Actin was chosen as
the endogenous standard and purchased from Zhongshan
Golden Bridge Biotech (Beijing, China). Peroxidase-conjugated
secondary antibodies were purchased from Elabscience
Biotechnology Co., Ltd (Wuhan, China). Bicinchoninic acid
(BCA) and the enhanced chemiluminescence (ECL) reagent
were provided by Thermo Scientific Biotechnology
(Massachusetts, USA). TRIzol reagent was obtained from Life
Technologies (Massachusetts, USA).

Animals and treatment

Male Wistar rats (6 weeks,35 240–270 g) were obtained from the
Center for Experimental Animals at Gansu University of Chinese
Medicine (Gansu, China) with the National Animal Use License
number of SCXK (Gan 2015-0002), and acclimated to the labora-
tory conditions for 1 week before the experiment. The experi-
mental rats were housed in plastic cages maintained in an air-
conditioned animal room (temperature: 20 ± 2 °C, relative
humidity: 60 ± 10%) with a 12 h/12 h light/dark cycle and
received a standard chow diet with ad libitum access to tap water.

Then, the experimental rats were randomly divided into
control (C), low dose (L) and high dose (H) groups, and were
administered with 1 mL per 100 g BW per day normal saline,
0.001% and 0.1% PTU, respectively, by intragastrical gavage
for 60 days.7,36 The body weights of the rats were measured
every three days.

All experiments and treatments were approved by the
Institutional Animal Ethical Clearance (IAEC) of Lanzhou
University (ethical clearance number: IRB160218-1). All efforts
were made to minimize the number of rats used in the study
and reduce their suffering.

Sample preparation and hormone estimations

All rats were sacrificed after 60 days by cervical dislocation fol-
lowing a standard protocol and ethical procedures. Blood
samples were rapidly obtained by cardiac puncture, and serum
was obtained by centrifugation at 1204g for 10 min. After pre-
treatment of the serum sample according to the manufac-
turer’s instructions, T3, T4 and TSH were analyzed in the
γ-immuno counter by the method of radioimmunoassay.7 The
bilateral testes were removed, washed with cold PBS, weighed
and prepared for testicular homogenization to measure the
mRNA and protein expressions.
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RNA isolation and real time RT-PCR analysis

The mRNA expressions of ERα, ERβ and GPR30 were determined
by real-time reverse-transcription polymerase chain reaction (real
time RT-PCR) to quantify the relative expression levels of mRNA.
Briefly, total RNA was extracted from approximately 95 mg of
testis tissue using TRIzol reagent according to the manufacturer’s
protocol. Then, 1.5 μg of total RNA was reverse-transcribed with a
PrimeScript™ RT Master Mix cDNA Synthesis Kit.

According to the manufacturer’s instructions, real time
PCR was performed using a SYBR® Premix Ex Tap™ II Kit in
iQ™ 5 Real-Time PCR Detection System (Bio-Rad, USA) under
the conditions of heating at 95 °C for 30 s, 50 cycles of dena-
turing at 95 °C for 5 s, annealing at 55–60 °C for 30 s and
extension of annealing at 72 °C for 30 s. β-Actin was used as
the internal reference, and the relative expression levels of
mRNA were analyzed using the Pfaffl method.37 The primer
sequences are shown in Table 1 and the relative mRNA
expression of the target genes is expressed as a fold change
compared with the control group.

Western blotting

Approximately 100 mg of testis tissue was homogenized in 1.0 mL
RIPA buffer containing 10 μL protease inhibitor and 10 μL phos-
phatase inhibitor, followed by centrifugation at 14 000g at 4 °C for
5 min. Protein concentrations were quantified with the BCA kit.
The protein samples were denatured at 100 °C for 10 min after
mixing with 5× sodium dodecyl sulfate (SDS) buffer.

Protein samples (20 μg) and 2.5 μL rainbow prestained
protein marker (10–170 kDa) were separated for western blot
using SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Initially, 6%–15% SDS-PAGE was used to separate the target
proteins according to their molecular weights. Then, the proteins
samples were transferred to polyvinylidene membranes (PVDF)
in a transfer buffer, and the membranes were blocked for
2 hours at room temperature in Tris-saline-Tween 20 buffer
(TBST) containing 5% bovine serum albumin (BSA).
Subsequently, the membranes were incubated overnight at 4 °C
with primary antibodies. The primary antibodies were all diluted
in TBST containing 5% BSA. The dilution ratio of anti-ERα, ERβ,
PI3K p85, p-PI3K p85, AKT, Raf-1, p-Raf-1 ser259, p-Raf-1 ser338,
ERK1/2, p-ERK1/2, Bad, Bax, Bcl-2, cytochrome c, caspase 9 and
caspase 3 was 1 : 1000. The dilution ratio of anti-GPR30, p-AKT
Thr308 and p-AKT Ser473 was 1 : 500. The dilution ratio of anti-
cyclin D1 was 1 : 5000. After rinsing in TBST for three 10 min-

periods, the membranes were incubated with secondary anti-
mouse or anti-rabbit IgG antibodies diluted in TBST (1 : 4000
dilution) for 2 h at room temperature. Finally, the membranes
were exposed in a Molecular Imager ChemiDoc XRS System (Bio-
Rad, USA) after rinsing in TBST for three 10 min-periods and
incubating with the enhanced chemiluminescence reagent. The
intensity of each chemiluminescent band was quantified using
Image ProPlus 6.0 software (Media Cybernetics, USA).

Statistical analysis

All the data were analyzed using SPSS 22.0 software (Chicago,
USA) and presented as the mean ± standard deviation (SD).
Comparisons among multiple groups were performed with the
one-way analysis of variance (ANOVA). The significant differ-
ence between two groups was judged according to the least sig-
nificant difference (LSD) test. Differences were considered to
be significant when p < 0.05.

Results
The influence of hypothyroidism on serum hormone levels

To confirm whether the hypothyroidism model was estab-
lished successfully by PTU, the serum levels of T3, T4 and TSH
were detected. The results showed that T3 and T4 levels
decreased significantly, and the TSH level increased signifi-
cantly in the H group compared with those in C and L groups
(p < 0.05, Table 2), suggesting that PTU induced a hypothyroid
state in the H group.

Influence of hypothyroidism on the mRNA and protein
expressions of ERα, ERβ and GPR30

The mRNA and protein levels of ERα, ERβ and GPR30 in testes
were examined to verify whether they were affected by

Table 2 The influence of hypothyroidism on serum hormone levels

Groups T3 (nmol L−1) T4 (nmol L−1) TSH (μIU mL−1)

C 0.86 ± 0.08 45.56 ± 1.52 0.18 ± 0.06
L 0.79 ± 0.06 39.02 ± 1.33 0.27 ± 0.05
H 0.39 ± 0.01*# 15.47 ± 1.21*# 0.65 ± 0.09*#

Data are expressed as mean ± SD (n = 5). Data having different
superscripts are significantly different from the C group when *p <
0.05 and the L group when #p < 0.05.

Table 1 Primer sequences and theoretical amplification length

Genes Orientation Primer sequences (5′ to 3′) Product size (bp)

β-Actin Forward GGAGATTACTGCCCTGGCTCCTA 136
Reverse GACTCATCGTACTCCTGCTTGCTG

ERα Forward TTGCTCCTAACTTGCTCTTGG 225
Reverse GGACTCGGTGGATGTGGT

ERβ Forward GTACCATAGACAAGAACCGGCGTA 120
Reverse ATCCGCACTATACGGTACCCACA

GPR30 Forward AGGCTGTATGTGGCGCAGAA 84
Reverse GCTGTCTGGTATGACTGCCTTGA
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hypothyroidism (Fig. 1). There were no significant differences
in the mRNA expressions of ERα, ERβ and GPR30 in L and H
groups (p > 0.05), while there was a significant decrease in the
expressions of ERα, ERβ and GPR30 proteins in the H group
compared with those in the C group (p < 0.05). These results
showed that the decline in the expressions of ERα, ERβ and
GPR30 proteins might be induced by hypothyroidism.

Influence of hypothyroidism on the protein expression of
ERK1/2 signaling pathway

To verify the role of ERK1/2 signaling pathway in testes, the
relative protein expressions of ERK1/2 and phosphorylated
ERK1/2 (p-ERK1/2) were analyzed (Fig. 2). Compared with the
C group, ERK1/2 protein expression was not changed signifi-
cantly (p > 0.05), while p-ERK1/2 protein expression was

decreased significantly in L and H groups (p < 0.05),
suggesting that ERK1/2 might have been inhibited.

Influence of hypothyroidism on the protein expression of
PI3K/AKT signaling pathway

In order to determine whether the PI3K/AKT signaling
pathway was suppressed in testes, the protein expression of
PI3K p85, phosphorylated PI3K p85 (p-PI3K p85), total AKT,
phosphorylated AKT Thr308 and Ser473 (p-AKT Thr308 and
p-AKT Ser473) was detected (Fig. 3). There was no significant
difference in the total AKT protein expression between L and
H groups compared with that of the C group (p > 0.05).
Moreover, decreased PI3K p85 and p-AKT Thr308 protein
expressions in the H group and decreased p-PI3K p85 and
p-AKT Ser473 protein expressions in L and H groups were

Fig. 1 Influence of hypothyroidism on mRNA and protein expression of
ERα, ERβ and GPR30. (A) mRNA expression levels (B) protein expression
levels and (C) semiquantitative analysis of ERα, ERβ and GPR30, n =
5. Significant difference from the C group, *p < 0.05.

Fig. 2 Influence of hypothyroidism on the protein expression of ERK1/2
signaling pathway. (A) Protein expression levels and (B) semiquantitative
analysis of ERK1/2 and p-ERK1/2, n = 5. (C) The protein ratio of p-ERK1/
2 to ERK1/2, n = 5. Significant difference from the C group, *p < 0.05.
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observed when compared with those in the C group (p < 0.05),
hinting that PI3K/AKT might have been suppressed.

Influence of hypothyroidism on the protein expression of Ras
and Raf-1

To explore the crosstalk between ERK1/2 and PI3K/AKT signal-
ing pathways in testes, the protein expression of Ras, Raf-1,
and phosphorylated Raf-1 Ser259 and Raf-1 Ser338 (p-Raf-1
Ser259 and p-Raf-1 Ser338) was detected. As shown in Fig. 4,
the protein expression of Ras, p-Raf-1 Ser259, and p-Raf-1
Ser338 was significantly decreased in L and H groups when
compared with that in the C group (p < 0.05). These results
indicated that the downregulated Ras might have induced the
inhibition of p-Raf-1 Ser338 and p-ERK.

Influence of hypothyroidism on the protein expression of
cyclin D1

To confirm whether the cell cycle was arrested by ERK1/2 and
PI3K/AKT signaling pathways, cyclin D1 protein expression was
detected in testes. As shown in Fig. 5, there was a downregu-
lated protein expression of cyclin D1 in L and H groups when
compared with that in the C group (p < 0.05). This result
implied that the cell cycle might have been arrested.

Influence of hypothyroidism on the protein expression of
mitochondria-mediated apoptosis

In order to verify whether the mitochondria-mediated apopto-
sis was activated by ERK1/2 and PI3K/AKT signaling pathways,
the protein expression of Bad, Bax, Bcl-2, cytochrome c,
caspase 9 and caspase 3 was detected. As shown in Fig. 6, Bad
protein expression was significantly upregulated in L and H
groups when compared with that in the C group (p < 0.05).
Moreover, the ratio of Bax/Bcl-2 and the protein expression of
cytochrome c, caspase 9 and cleaved caspase 3 increased sig-
nificantly, and the total caspase 3 protein expression decreased
significantly in the H group when compared with the C group
(p < 0.05). These results indicated that the mitochondria-
mediated apoptosis might have been activated.

Discussion

In this study, a significant decrease in T3 and T4, and an
increase in TSH levels were detected in the H group. These
results showed that a PTU-induced hypothyroidism model has
been established in the H group. This finding was consistent
with the other previous studies, including our study.7,34

Fig. 3 Influence of hypothyroidism on the protein expression of PI3K/AKT signaling pathway. (A), (D) Protein expression levels and (B), (E) semi-
quantitative analysis of PI3K p85, p-PI3K p85, AKT, p-AKT Thr308 and p-AKT Ser473, n = 5. (C), (F) The protein ratios of p-PI3K p85/PI3K p85,
p-AKT Thr308/AKT and p-AKT Ser473/AKT, n = 5. Significant difference from the C group, *p < 0.05.
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E2 is a typical steroid hormone associated with reproductive
functions and male infertility, and could be affected by
hypothyroidism.5,8,38 Some studies have indicated that an elev-
ated E2 level induced a diminished expression of ERα, which
led to spermatogenesis injury and male infertility.38 Other
studies have also reported that testicular toxicity might be
influenced by ERβ, and downregulated ERβ could promote cell
apoptosis.39,40 Moreover, Sbert-Roig et al.41 demonstrated that E2
stimulated the mitochondrial oxidative capacity and reduced
the cardiac oxidative stress through GPR30 in rat cardiac
muscle. In addition, GPR30 could mimic the effects of E2 in
enhancing the mitochondrial function while GPR30 inhibitor
would weaken these effects. In our previous study, an
increased E2 level has been observed in hypothyroidism rats,7

which was consistent with the study of Campo et al.42 In the
present study, decreased protein expression of ERs and GPR30
was observed, whereas there was no significant difference in
the mRNA expression. However, Campo et al.42 found that the

mRNA expression of ERα decreased and the mRNA expression
of ERβ as well as the protein expression of ERα increased in
female rats. In their study, mammary tissue was used to extract
RNA and protein, and S16 and total protein (Ponceau) were
selected as the reference gene and the protein, respectively.
β-Actin, which is commonly considered as a constitutive
protein and used as the loading control for western blot, was
strongly affected in tissue remodeling events following a
strongly increased protein expression in the hypothyroidism
group.42 In this study, β-actin was chosen as the reference gene
and the protein, and there were no significant differences
among all groups. This might be because the different sexes,
tissues, reference genes and the proteins of the rats led to the
differences between the results in these two studies. Moreover,
Alarid et al.43 reported that TH prevented degradation of ERα
protein induced by E2 while not influencing the mRNA
expression; the results of the present study were consistent
with that report. These results indicated that hypothyroidism
might only induce the degradation of ERs and GPR30 proteins
while not affecting the mRNA expression of ERs and GPR30 in
testes of hypothyroidism rats.

ERK1/2 and PI3K/AKT signaling pathways are involved in
the regulation of proliferation, differentiation, metabolism
and apoptosis in response to diverse extracellular signals,
including hormones, growth factors, and cytokines.44,45

Moreover, ERK1/2 and PI3K/AKT signaling pathways could be
triggered by E2 via binding to ERs and GPR30.9 However, the

Fig. 4 Influence of hypothyroidism on the protein expression of Ras
and Raf-1. (A) Protein expression levels and (B) semiquantitative analysis
of Ras, Raf-1, p-Raf-1 Ser259 and p-Raf-1 Ser338, n = 5. (C) The protein
ratios of p-Raf-1 Ser259/Raf-1 and p-Raf-1 Ser338/Raf-1, n =
5. Significant difference from the C group, *p < 0.05.

Fig. 5 Influence of hypothyroidism on the protein expression of cyclin
D1. (A) Protein expression level and (B) semiquantitative analysis of
cyclin D1, n = 5. Significant difference from the C group, *p < 0.05.
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particular ER subtypes that exert the function in sperm survi-
val signaling are still unclear.22,46 Zhang et al.19 found that
ERK1/2 could be activated by the E2 treatment in human pros-
tate stromal cells, and this effect was weakened by the absence
of ERα but not GPR30. Kim et al.21 reported that ERβ could
influence the ERK1/2 signaling pathway and downstream
signals; the presence of ERβ increased the ERK1/2 expression,
while the absence of ERβ exerted the opposite function. In
addition, Lucas et al.47 also proved that even when the
expression of ERα and ERβ was downregulated, the short-term
treatment of E2 and GPR30 agonist could rapidly activate
ERK1/2. In testes of congenital hypothyroidism rats, it has
been demonstrated that the ERK1/2 signaling pathway was
suppressed.48,49 Similarly, our results showed that hypo-
thyroidism could decrease the protein expression of p-ERK1/2
while maintaining total protein expression, hinting that
ERK1/2 signaling pathway might have been inactivated.
According to the studies mentioned above, we speculated that
the suppression of ERK1/2 might have been induced by the
inhibition of ERs and GPR30 in testes of hypothyroidism rats.

ERα and ERβ could interact with the regulatory subunit of
PI3K p85, and the absence of ERα and ERβ reduced the PI3K
p85 expression, followed by the suppressed activation of down-
stream kinase AKT.22 AKT activation involves the phosphoryl-
ation of two residues: threonine 308 (Thr308) and serine 473
(Ser473).50 Stabile et al. proved that E2 induced the AKT activity
via ERβ, and the decreased ERβ protein expression could
suppress the p-AKT Ser473 activity in germ cells.51 Another
study also indicated that GPR30 mediated the nontranscrip-
tional effect of E2 via PI3K/AKT signaling pathway, while down-
regulated GPR30 decreased the phosphorylation of AKT and

directly reduced the cell proliferation without binding to PI3K
in endometrial cancer cells.23 In the present study, we demon-
strated that hypothyroidism inhibited the protein expression
of p-PI3K p85, p-Akt Thr308 and p-Akt Ser473. This also
suggested that the reason for the inhibited PI3K/AKT signaling
pathway might be the decrease in expression of ERs and
GPR30 in testes of hypothyroidism rats.

According to a previous report, there are crosstalks at
different stages between Raf/ERK1/2 and PI3K/AKT signaling
pathways.24 Downregulated AKT suppresses the expression of
the inhibitory phosphorylation site of Raf-1 at Ser259,
increases the expression of its stimulatory phosphorylation
site at Ser338, and finally activates ERK1/2.24,25,52 In this study,
decreased protein expression of p-AKT Thr308, p-AKT Ser473
and p-Raf-1 Ser259 was found, which indicates that both AKT
and p-Raf-1 Ser259 were inactivated in testes of hypothyroid-
ism rats. The current results were consistent with those
obtained in previous studies mentioned above. However, the
protein expression of p-Raf-1 Ser338 and ERK1/2 was inhib-
ited. The reason might be that the expression of ERK1/2 could
be directly mediated by Ras or PI3K protein.22,53–55

First, both Raf/ERK1/2 and PI3K/AKT signaling pathways
are Ras-effector signaling pathways, and activated Ras could
induce the phosphorylation of ERK1/2 and PI3K.26 Raf/ERK1/2
signaling pathway was identified to be the first Ras-effector sig-
naling pathway.26 Raf-1 could bind to the effective region of
Ras to exert the function. Then, the phosphorylation status of
Raf-1 could promote the phosphorylation of MEK and sub-
sequently activate ERK1/2.26 A study has shown that the inhi-
bition of Ras blocked the expression of Raf-1 and finally
decreased the expression of phosphorylated ERK1/2.56 Illario

Fig. 6 Influence of hypothyroidism on the protein expressions of mitochondria-mediated apoptosis. (A), (C) Protein expression levels and (B), (D)
semiquantitative analysis of Bad, Bax, Bcl-2, cytochrome c, caspase 9, cleaved caspase 3 and caspase 3, n = 5. Significant difference from the C
group, *p < 0.05.
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et al. also reported that Ras/Raf-1/Mek signal was needed by
ERK1/2, and the activated Ras could promote the phosphoryl-
ation of ERK in thyroid cells.57 Moreover, ERK1/2 could be
directly inhibited by the downregulation of PI3K p85.22 In the
present study, protein expression of Ras and PI3K p85 were
both inhibited. Therefore, we speculated that the expression of
p-Raf-1 Ser338 and ERK1/2 might have been directly sup-
pressed by the downregulation of Ras and PI3K. However, the
exact mechanism requires further study.

According to a previous report, E2 stimulates the growth via
a mechanism that involves the induction of the G1 to S phase
transition.47 This induction is associated with the expression
of cyclin D1, which is a vital cyclin-dependent kinase in the
cell cycle.29,47 Moreover, a study has evidenced that cyclin D1
was regulated by several upstream signaling pathways, includ-
ing ERK1/2 and PI3K/AKT signaling pathways.58 Sirianni
et al.59 found that cyclin D1 expression could be upregulated
by ERs via activating the ERK1/2 signaling pathway, whereas
GPR30 only activated the ERK1/2 signaling pathway without
affecting the expression of cyclin D1. Villanueva et al.60

reported that the activated ERK1/2 was dispensable for the
induction of cyclin D1 at G1 phase. In addition, the inhibition
of ERK1/2 suppresses the expression of cyclin D1.61 Moreover,
the expression of cyclin D1 could be repressed by a downregu-
lated PI3K/AKT signaling pathway and then, cell proliferation
would be inhibited.62 In our previous study, an increase in
ratio of G0/G1 and decrease in ratio of S and G2/M have been
observed, suggesting that the cell cycle was arrested.7 In this
study, the result showed that the protein expression of cyclin
D1 was inhibited, hinting that the cell cycle arrest might have
been caused by the suppression of ERK1/2 and PI3K/AKT sig-
naling pathways.

Mitochondria are the target of sexual hormones to exert
function, where sexual hormones could modulate the pro-
grammed cell death.63 In addition, it is well known that the
mitochondria-mediated apoptosis pathway is regulated by the
Bcl-2 protein family.64 Among the Bcl-2 proteins’ family, Bad
and Bax promote apoptosis, whereas Bcl-2 inhibits apoptosis.
The imbalanced ratios of anti- and pro-apoptotic Bcl-2 proteins
family could affect the release of cytochrome c from mito-
chondria and the activation of apoptotic proteins caspase 9
and caspase 3,65 and would finally impair the stabilization of
mitochondrial homeostasis and induce apoptosis.58 ERK1/2
and PI3K/AKT signaling pathways play important roles in the
mitochondria-mediated apoptosis pathway and mediate the
expression of Bcl-2 proteins family.28,65 Studies have found
that mitochondria-mediated cellular apoptosis could be
induced by the inhibition of ERK1/2 and AKT signaling path-
ways; the up-regulation of the pro-apoptotic protein Bad, an
increase in the Bax/Bcl-2 ratio, and the activation of caspase 9
and caspase 3 had been observed in the apoptosis process.58,66

Similarly, the increase in ratio of Bax/Bcl-2 together with the
upregulations of Bad, cytochrome c, caspase 9, cleaved caspase 3,
and decreased total caspase 3 were observed in this study.
Moreover, a significant increase in testicular cell apoptosis was
observed in the hypothyroidism group in our previous study.7

All the results suggested that the mitochondria-mediated
apoptosis pathway could be activated by suppressing the
expression of ERK1/2 and PI3K/AKT signaling pathways in
testes of hypothyroidism rats.

In summary, the results of this study indicated that
hypothyroidism could lead to testicular dysfunction, and the
possible molecular mechanisms are the changes in ERs and
GPR30 expression, suppression of ERK1/2 and PI3K/AKT sig-
naling pathways and cyclin D1, and the induction of the mito-
chondria-mediated apoptosis pathway. Further molecular
mechanisms involved in these processes need to be deter-
mined in the future.
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