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Abstract
Endoplasmic reticulum (ER) stress generally occurs in secretory cell types. It has been

reported that Leydig cells, which produce testosterone in response to human chorionic

gonadotropin (hCG), express key steroidogenic enzymes for the regulation of testosterone

synthesis. In this study, we analyzed whether hCG induces ER stress via three unfolded

protein response (UPR) pathways in mouse Leydig tumor (mLTC-1) cells and the testis.

Treatment with hCG induced ER stress in mLTC-1 cells via the ATF6, IRE1a/XBP1, and

eIF2a/GADD34/ATF4 UPR pathways, and transient expression of 50 kDa protein activating

transcription factor 6 (p50ATF6) reduced the expression level of steroidogenic 3b-hydroxy-

steroid dehydrogenase O5-O4-isomerase (3b-HSD) enzyme. In an in vivo model, high-level

hCG treatment induced expression of p50ATF6 while that of steroidogenic enzymes,

especially 3b-HSD, 17a-hydroxylase/C17–20 lyase (CYP17), and 17b-hydrozysteroid

dehydrogenase (17b-HSD), was reduced. Expression levels of steroidogenic enzymes were

restored by the ER stress inhibitor tauroursodeoxycholic acid (TUDCA). Furthermore,

lentivirus-mediated transient expression of p50ATF6 reduced the expression level of 3b-HSD

in the testis. Protein expression levels of phospho-JNK, CHOP, and cleaved caspases-12 and -3

as markers of ER stress-mediated apoptosis markedly increased in response to high-level hCG

treatment in mLTC-1 cells and the testis. Based on transmission electron microscopy and H&E

staining of the testis, it was shown that abnormal ER morphology and destruction of
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testicular histology induced by high-level hCG treatment were reversed by the addition of

TUDCA. These findings suggest that hCG-induced ER stress plays important roles in

steroidogenic enzyme expression via modulation of the ATF6 pathway as well as

ER stress-mediated apoptosis in Leydig cells.
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Introduction
Leydig cells, which are located between the seminiferous

tubules of the testis, synthesize and secrete the hormone

testosterone. Testosterone plays an important role in

spermatogenesis (Haider 2004). It is well known that

synthesis of testosterone is induced by LH, which is

produced by the anterior pituitary gland, or human

chorionic gonadotropin (hCG), which is secreted by the

placenta. Both LH and hCG are heterodimeric glyco-

protein hormones, and their molecular structures are

almost identical. Further, LH and hCG bind to the same

LH receptor and elicit identical biological responses.

Accordingly, exogenous hCG has been used clinically to

induce testosterone production in males (Ascoli et al.

2002, Keay et al. 2004).

Upon treatment with LH/hCG, intracellular levels of

cAMP increase, promoting the transfer of cholesterol to

the inner mitochondrial membrane through STAR protein.

Following this, cholesterol is converted into pregnenolone

via cytochrome P450 cholesterol side chain cleavage

enzymes (P450scc/CYP11A1). Pregnenolone then moves

out of the mitochondria and enters into the smooth

endoplasmic reticulum (ER), where it is converted

into progesterone by 3b-hydroxysteroid dehydrogenase

O5-O4-isomerase (3b-HSD). Progesterone is subsequently

metabolized to testosterone by 17a-hydroxylase/C17–20

lyase (CYP17) and 17b-hydrozysteroid dehydrogenase

(17b-HSD). Importantly, to produce testosterone, steroido-

genic enzymes such as those mentioned earlier are needed.

It has been demonstrated that 3b-HSD and CYP17 are

present exclusively in Leydig cells of mouse testis (Allen et

al. 2004, Payne & Hales 2004). Moreover, adult Leydig cells

display increased expression of steroidogenic enzymes,

especially 3b-HSD and CYP17, as well as increased

testosterone synthesis compared with immature Leydig

cells (Chen et al. 2009). Thus, the ER of Leydig cells is

involved in the synthesis of steroidogenic enzymes.

In eukaryotic cells, the ER plays an important role in

the synthesis and folding of secretory and membrane

proteins as it contains numerous chaperones and catalysts.

Overload of ER functions, including excessive protein
synthesis, Ca2C homeostasis, and accumulation of

unfolded and/or misfolded proteins in the ER lumen,

results in ER stress through activation of the unfolded

protein response (UPR). The UPR serves to alleviate ER

stress, rescue ER homeostasis, and prevent cell death

through the induction of ER chaperone expression,

reduction of protein synthesis, and degradation of

unfolded and/or misfolded proteins using three ER-loca-

lized transmembrane proteins: inositol-requiring protein-1

(IRE1 (ERN1)), protein kinase RNA (PKR)-like ER kinase

(PERK), and activating transcription factor-6 (ATF6)

(Schroder & Kaufman 2005).

Under ER stress conditions, the endoribonuclease

IRE1 mediates unconventional splicing of X-box binding

protein (Xbp1) mRNA into sXbp1 mRNA, which is then

translated into a functional transcriptional activator

(Yoshida et al. 2001). IRE1 also induces pro-apoptotic Jun

N-terminal kinase (JNK) signaling under ER stress con-

ditions (Urano et al. 2000). In addition, PERK phosphor-

ylates the a-subunit of eukaryotic translation initiation

factor-2 (eIF2a; Shi et al. 1998). Phosphorylation of eIF2a

leads to reduced protein translation as well as induction of

ATF4 and pro-apoptotic CCAAT/enhancer-binding

protein homologous protein (CHOP) expression (Jiang &

Wek 2005). Furthermore, under ER stress, ATF6 trans-

locates into the cis-Golgi compartment, where it is cleaved

by site-1 and site-2 proteases (Ye et al. 2000). The active

form of ATF6 (p50ATF6) then moves into the nucleus,

where it acts as a transcription factor (Haze et al. 1999).

Therefore, all three UPR pathways contribute to the

induction of cell apoptosis, or ER stress-associated cell

death, under conditions of excessive ER stress.

CHOP, JNK, and caspase-12 have been implicated in

apoptotic signaling in response to ER stress. In mice,

procaspase-12 is localized to the cytoplasmic side of the ER

and is cleaved and activated specifically upon ER stress

(Nakagawa & Yuan 2000, Nakagawa et al. 2000, Lai et al.

2007). Generally, professional secretory cells possess a

well-developed ER structure, which is required for the

vigorous synthesis of proteins. Thus, ER stress is mainly
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studied in active secretory cells (Do et al. 2009, Malhi &

Kaufman 2011, Kim et al. 2012). Leydig cells of the testis

are another type of endocrine secretory cells characterized

by heavy testosterone synthesis and secretion upon

LH/hCG stimulation. Specifically, LH/hCG stimulation

of Leydig cells increases steroidogenic enzyme expression,

which is continuously necessary for the biosynthesis of

testosterone in Leydig cells. Therefore, it can be

hypothesized that the UPR may play a significant role in

regulating steroidogenic enzyme expression upon hCG

stimulation in Leydig cells.

In a clinical setting, hCG hormone is prescribed to

increase natural testosterone production for the treatment

of male sexual dysfunction and age-related testicular

impairment (Namiki 1996, Depenbusch et al. 2002).

Maintaining a durable pharmacological effect in vivo

requires that a patient visit the hospital in short intervals

in order to receive i.m. injections two or three times per

week (Okabe et al. 2000). However, the side effects of such

treatments have not been extensively evaluated. Interest-

ingly, although Leydig cells produce and secrete testoster-

one in response to LH/hCG, repetitive hCG injection into

mice has been shown to elicit a similar or lower

testosterone level than that of control (Neaves 1978).

Repeated hCG treatment raises H2O2 levels, induces

apoptosis of Leydig and germ cells, and decreases

testosterone release in rat testis (Gautam et al. 2007,

Aggarwal et al. 2009, 2010, 2012). These observations

showed that repeated and/or excessive hCG treatment

seems to heavily damage steroidogenesis in Leydig cells.

However, functional changes in the ER during steroido-

genic enzyme expression in Leydig cells have not been

demonstrated upon prolonged hCG treatment.

Therefore, in this study, we examined whether hCG

induces ER stress through three UPR pathways (IRE1, PERK,

and ATF6) as well as whether excess hCG treatment induces

ER stress-mediated apoptosis in mouse Leydig tumor

cells (mLTC-1) and mouse testis. We also investigated

the role hCG-induced ER stress plays in steroidogenic

enzyme expression as well as whether the ATF6 pathway

of the UPR regulates hCG-stimulated steroidogenic

enzyme expression in mLTC-1 cells and mouse testis.
Materials and methods

Chemicals

hCG was purchased from Intervet (Chorulon, Milton Keynes,

Buckinghamshire, UK). 8-Bromo-cAMP (8-Br-cAMPs), brefel-

din A(BFA), andthapsigargin (Tg)werepurchased from Sigma.
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JME-12-0195 Printed in Great Britain
Tunicamycin (Tm) and tauroursodeoxycholic acid (TUDCA)

were purchased from Calbiochem (La Jolla, CA, USA).
Cell culture and in vitro transient transfection

The mLTC-1 mouse Leydig tumor cell line was purchased

from the American Type Culture Collection (ATCC,

Manassas, VA, USA). Cells were cultured in 5% CO2 at

37 8C in RPMI 1640 (Wellgene, Daegu, Korea) supple-

mented with 1% penicillin/streptomycin (Invitrogen) and

10% fetal bovine serum (Hyclone, Thermo Scientific, Inc.,

Pittsburgh, PA, USA) (Rebois 1982, Manna et al. 2002).

Transfections were carried out using Effectene (Qiagen,

Inc.) transfection reagent according to the manufacturer’s

specifications. Cells were sub-cultured at a density of

2.5!105 cells/well in six-well plates and transfected with

the appropriate indicated amounts of expression plasmids

for ATF4, p50ATF6, and spliced XBP1 (a gift from PhD

Inkye Lee) (Seo et al. 2008). At 48 h following transfection,

cells were pre-treated with serum-free medium for 12 h

and treated with 5 IU/ml hCG.
Transfection of siRNA for ATF6

Two predesigned potential Atf6 siRNAs were chemically

synthesized by Bioneers (Seoul, Korea), deprotected,

and annealed. mLTC-1 cells were transfected with Atf6

siRNA (100 nM) and control siRNA (100 nM) using

Lipofectamine RNAiMAX according to the manufacturer’s

instructions. Treatment with hCG was performed at

48 h after siRNA transfection. Sequences of Atf6 and

non-specific control siRNAs were as follows: mouse Atf6

siRNA, #1: CGA GAG UCU GCU UGC CAG U (sense), #2:

CUG AAC UAU GGG CCC AUG A (sense); non-specific

control siRNA, CCU ACG CCA CCA CUU UGG U (sense).
Cell viability by MTT assay and apoptosis analysis

Viability of mLTC-1 cells was determined by 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assay (Mosmann 1983) using an Ultrospec 2100-pro

spectrophotometer (Amersham Biosciences) at 570 nm.

Percent viability was calculated according to the formula:

(OD of hCG treated sample/OD of control)!100, as a

reference. Apoptotic cells were identified based on charac-

teristic bright blue fluorescence of nuclei that appears when

condensed or fragmented chromatin is present (Newhouse

et al. 2004). To visualize nuclear morphology, cells were

fixed in methanol and stained with 1 mg/ml of the DNA

dye Hoechst 33258 (Bisbenzimide, Sigma).
Published by Bioscientifica Ltd.
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Western blot analysis

Lysates of mLTC-1 cells and total testis tissue were

prepared in ice-cold PRO-PREP buffer (iNtRON Bio-

technology, Inc., Daejeon, Korea). Proteins were separated

on 12% SDS–polyacrylamide gels and then transferred to

NitroBind nitrocellulose (Osmonics, Inc., Westborough,

MA, USA). The membrane was blocked by blocking

buffer and incubated with the following antibodies:

anti-Grp78/BiP, anti-phospho-eIF2a, anti-SAPK/JNK,

anti-phospho-SAPK/JNK, anti-caspase-3, anti-CHOP (Cell

Signaling, Beverly, MA, USA), anti-p90ATF6 (Millipore,

Bedford, MA, USA), anti-p50ATF6 (obtained from PhD

InKyu Lee), anti-phopho-IRE1a (Abcam, Cambridge, MA,

USA), anti-GADD34, anti-CREB2, anti-caspase-12, and

anti-3b-HSD (Santa Cruz Biotechnology). Following

incubation, membranes were washed and incubated with

anti-goat, anti-rabbit, and anti-mouse IgG conjugated

with HRP for 1 h at room temperature. After the removal

of excess antibodies by washing, specific binding was

detected using an ECL kit (Abfrontier, Seoul, Korea).

Anti-b-actin antibody (Abfrontier) was used as a loading

control. Band intensities were analyzed using Multi Gauge

version 3.0 software (Fuji, Tokyo, Japan).
RNA extraction, RT-PCR, and splicing of Xbp1 mRNA

analysis

Total RNA was isolated from both mLTC-1 cells and testis

tissue using TRI solution (Bio Science Technology,

Gyeongsan, Korea) according to the manufacturer’s

instructions. The cDNA was synthesized using 1 mg of

each total RNA and AccuPower RT-PCR Premix (Bioneer,

Seoul, Korea). PCR was carried out using AccuPower PCR

Premix (Bioneer) containing specific primers for ER stress

markers and steroidogenic enzymes (Supplementary

Table 1, see section on supplementary data given at the

end of this article). Conditions for the PCRs were as

follows: 95 8C for 5 min, 95 8C for 30 s, 55–65 8C for 30 s,

72 8C for 30 s, and 72 8C for 5 min for 25–35 cycles.

For analysis of XBP1 splicing, PCR was carried out using

2! PCR Premix (Enzynomics, Seoul, Korea) containing

specific primers (Supplementary Table 1). The PCR

products were digested by Pst1 for 90 min at 37 8C. Each

reaction mixture was electrophoresed on 2% agarose gel.
Testosterone assay by EIA

To measure testosterone levels, mLTC-1 cell culture

media were collected after respective cell treatments in
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JME-12-0195 Printed in Great Britain
serum-free culture medium, and blood was collected from

the orbital sinus of an ICR male mouse after respective

administration. Medium and serum were separated by

centrifugation at 12 000 g for 15 min at 4 8C and then

stored at K70 8C until testosterone assays. Testosterone

production was assessed using a testosterone enzyme

immunoassay (EIA) kit (Enzo Life Sciences, Inc., Plymouth

Meeting, PA, USA) according to the manufacturer’s

instructions. Testosterone concentration of each sample

was calculated using the standard graph and expressed

in ng/ml.
Administration of hCG, Tm, and TUDCA in male mice

Male ICR mice (10 weeks of age) were purchased from

Hyochang Bio-Science (Daegu, Korea) and maintained in

accordance with the institutional guidelines of the

Institutional Animal Care and Use Committee of the

Korea Research Institute of Bioscience and Biotechnology

(KRIBB, Daejeon, South Korea). ICR mice were adminis-

tered hCG (0.05 and 0.5 IU/g BW) and Tm (0.2 and

1.0 mg/g BW) by i.p. injection once per day for the

indicated periods. TUDCA as an ER stress inhibitor was

administered two times per day in two doses (250 mg/kg at

0800 and 2000 h, total of 500 mg/kg per day). Control was

administered by i.p. injection with saline.
Construction of lentiviral vector (LV) and LV-mediated

gene transfer into testis in vivo

Full-length p50Atf6 cDNA fragment from p50ATF6 vector

was amplified by PCR. The purified fragment was inserted

into pLenti 6.3/V5-DEST (Invitrogen) by following the

manufacturer’s instructions. Finally, pLV-p50ATF 6 vector

was constructed. pLV-Turbo-GFP as a positive control was

purchased from Sigma. Lentiviruses were packaged in

HEK293T cells and titrated by ELISA for viral capsid

protein (p24), as described previously (Kim et al. 2010).

Thus, highly concentrated lentiviruses were injected into

ICR mouse testis by following a previously reported

method (Kim et al. 2010). Testes were injected with

20 ml of LV (7 ng of p24s/ml) by gentle syringe pressure

using sharpened glass microcapillary pipettes.
Hematoxylin and eosin staining and transmission electron

microscopy

Testes of male ICR mice after respective administration

were analyzed by hematoxylin and eosin (H&E) staining as

well as transmission electron microscopy (TEM). First,
Published by Bioscientifica Ltd.
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testes isolated from mice were fixed with 4% formalin

(Sigma) overnight, embedded in paraffin, and processed

into sections of 5 mm thickness. The sections were then

subjected to H&E staining in order to examine morpho-

logical features using standard methods. For TEM,

the testes were fixed with 4% glutaraldehyde in

0.1 M phosphate buffer (pH 7.4). Fixed testes were then

postfixed in 1% osmium tetroxide in 0.1 M cacodylate

buffer for 1 h at 4 8C. Following this, testes were washed

briefly in 0.1 M cacodylate buffer, dehydrated through a

graded ethanol series, infiltrated using propylene oxide

and EPON epoxy resin (Structure Probe, West Chester,

PA, USA), and finally embedded in Beam capsules.

Polymerization of the testes was then carried out at 60 8C

for 48 h. Thin sections were cut with a diamond knife on

an ULTRACUT UCT ultramicrotome (Leica, Vienna,

Austria) and mounted on formvar-coated slot grids.

Unstained sections were observed under a Tecnai G2 Spirit

Twin transmission electron microscope (FEI Company,

Hillsboro, OR, USA).
Statistical analysis

Data are presented as meanGS.E.M. of three or more

independent experiments. For group comparisons, one-

way ANOVA followed by Dunnett’s multiple comparison

tests were performed using the Prism software package

version 4.0 for statistical data analysis (GraphPad Software,

Inc., La Jolla, CA, USA). Differences are considered

significant at P!0.05.
Results

hCG induces apoptotic cell death in mLTC-1 cells

To demonstrate whether hCG stimulation leads to death of

mLTC-1 cells, we first treated mLTC-1 cells with different

doses (0, 0.5, 5, and 25 IU/ml) of hCG for various times

(6, 12, and 24 h). We further analyzed cell viability by MTT

assay. No significant change in cell viability was observed

at 0.5 IU/ml hCG, whereas there was a significant decrease

in cell viability at 5 IU/ml hCG and higher (Fig. 1A). The

viability of mLTC-1 cells significantly decreased in a

dose- and time-dependent manner. Specifically, cell

viabilities were w79.3 and 66.2% after treatment with

5 IU/ml hCG for 12 and 24 h respectively (Fig. 1B).

Furthermore, nuclear condensation of cells was

observed under a fluorescence microscope by Heochest

33258 staining following 5 IU/ml hCG treatment for

12 and 24 h (Fig. 1C). According to this result, mLTC-1
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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cells displayed apoptotic features such as condensed nuclei

after treatment with 5 IU/ml hCG for 24 h. The number of

apoptotic mLTC-1 cells significantly increased upon 24 h

hCG exposure compared with that of control (Fig. 1D).

These results indicate that prolonged exposure to a high

dose of hCG induced death of mLTC-1 cells via apoptosis.
hCG induces ER stress-mediated apoptosis in mLTC-1 cells

Disruption of ER homeostasis by stress induces expression

of CHOP, phospho-JNK, and cleaved caspase-12, which

mediates apoptotic signals. In turn, activated caspase-12

localized on the cytoplasmic side of the ER cleaves

procaspase-9 into active caspase-9, which further cleaves

and activates caspase-3, resulting in apoptosis (Morishima

et al. 2002).

Therefore, to confirm whether hCG induces ER stress-

mediated apoptosis in mLTC-1 cells, we treated with 5 and

25 IU/ml hCG as well as 2 mg/ml Tm (ER stress inducer) for

12, 18, and 24 h respectively. Then, GRP78/BIP (HSPA5)

protein as a major ER stress sensor (Schroder & Kaufman

2005) along with CHOP, phospho-JNK, cleaved caspase-

12, and cleaved caspase-3 as ER stress-mediated apoptosis

markers were analyzed by western blot analysis. As shown

in Fig. 2A and B, hCG and Tm treatment significantly

induced expression of GRP78/BIP protein compared with

that of control (0 IU/ml hCG). Levels of CHOP and cleaved

caspase-12 significantly increased in a time-dependent

manner upon 5 IU/ml hCG treatment (left panel, Fig. 2B),

whereas 25 IU/ml hCG resulted in increases in CHOP and

cleaved caspase-12 levels until 18 h, followed by decreases

(right panel, Fig. 2B). Interestingly, whereas phospho-JNK

levels increased markedly at 12 h, that of cleaved caspase-3

as an apoptosis marker significantly increased at 18 and

24 h after hCG treatment (Fig. 2A). This result was

consistent with hCG-induced cell death via apoptosis

(Fig. 1). These results indicate that hCG-induced cell death

was the result of ER stress-mediated apoptosis.
hCG treatment in mLTC-1 cells leads to activation of

unfolding protein response signaling

The UPR is a cellular stress response related to the ER.

When the UPR is perturbed or insufficient to deal with

current stress conditions, apoptotic cell death is initiated

(Lai et al. 2007). Therefore, to investigate whether

hCG-induced ER stress is mediated through UPR signaling

in mLTC-1 cells, we examined the expression levels of

phospho-eIF2a/GADD34/ATF4, phospho-IRE1/phospho-

JNK/sXBP1, and p90ATF6/p50ATF6 by western blot
Published by Bioscientifica Ltd.
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Figure 1

hCG induces cell death via apoptosis in mLTC-1 cells. (A) Cell viability

analysis of mLTC-1 cells treated with 0.5, 5, and 25 IU/ml hCG for the

indicated times. mLTC-1 cells were incubated in a dose- and time-

dependent manner with hCG, and cell viability was analyzed by MTT assay.

(B) mLTC-1 cells were incubated with 5 IU/ml hCG for the indicated times (0,

3, 6, 12, 24, and 36 h). Cell viability analysis of cells treated with 5 IU/ml hCG

for different incubation times. (C) Nuclear condensation of mLTC-1 cells in

the presence of 5 IU/ml hCG for 12 and 24 h, followed by visualization

under a fluorescence microscope after Heochst 33258 staining for 10 min.

White arrows indicate condensed nuclei as a marker of apoptotic cells.

Scale bar: 30 mm. (D) Rate of apoptotic mLTC-1 cell death with/without

5 IU/ml hCG treatment for 12 and 24 h was determined by Heochst 33258

staining and analyzed by counting condensed nuclei in mLTC-1 cells. Data

in the bar graph represent meanGS.E.M. of four independent measure-

ments. *P!0.05; **P!0.01, compared with control.
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analysis in order to confirm the activation of three UPR

pathways (PERK, IRE1, and ATF6). First of all, expression

of the major ER stress marker GRP78/BIP protein

dramatically increased at 3 h upon 5 IU/ml hCG treat-

ment, followed by a gradual decrease in a time-dependent

manner (upper panel, Fig. 3A).

For one UPR pathway, it has been reported that eIF2a

is phosphorylated by PERK in response to ER stress, leading

to attenuation of translation initiation and protein

synthesis (Shi et al. 1998). Surprisingly, the level of

phospho-eIF2a protein rapidly decreased after hCG

treatment and then gradually increased (Fig. 3A). This

result demonstrates that eIF2a was possibly phosphory-

lated in unstimulated mLTC-1 cells while its phosphoryl-

ation was reduced upon hCG-stimulated optimal

expression of steroidogenic enzymes in Leydig cells.

Upon phosphorylation of eIF2a in response to ER stress,
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JME-12-0195 Printed in Great Britain
it has been reported that growth arrest and DNA damage-

inducible protein (GADD34 (PPP1R15A)) positively

dephosphorylates eIF2a, thereby inducing recovery from

shutoff of protein synthesis (Kojima et al. 2003).

Expression of GADD34 increased by 9 h following hCG

treatment and decreased thereafter (Fig. 3A). This result

suggests that GADD34 expression maintained homeo-

stasis of hCG-induced steroidogenic enzyme expression in

mLTC-1 cells. Further, ATF4 expression consistently

increased after hCG treatment (Fig. 3A).

In addition, the expression of phospho-IRE1 protein,

another ER stress indicator, dramatically increased by

3 h following hCG treatment, similar to that of

GRP78/BIP, whereas the level of phospho-JNK increased

until 9 h and decreased thereafter (Fig. 3A). During ER

stress, mRNA encoding transcription factor Xbp1 is spliced

by the endoribonuclease IRE1. Subsequently, the spliced
Published by Bioscientifica Ltd.
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Figure 2

hCG induces ER stress-mediated apoptosis in mLTC-1 cells. (A) Western blot

analysis of 3b-HSD, Grp78/BiP, procaspase-12, cleaved caspase-12, pro-

caspase-3, cleaved caspase-3, CHOP, phospho-JNK, JNK, and b-actin proteins

in mLTC-1 cells treated with hCG (0, 5, and 25 IU/ml) and Tm (2 mg/ml) for

12, 18, and 24 h after pre-incubation with serum-free medium for 12 h.

(B) 3b-HSD, GRP78/BIP, cleaved caspase-12, and CHOP proteins were

quantified and normalized to b-actin for western blot analysis. Graphs

present the indicated periods for treatment with 5 IU/ml hCG (left panel)

and 25 IU/ml hCG (right panel). Data in the bar graph represent meanGS.E.M.

of three independent measurements. *P!0.05; **P!0.01, compared

with control.
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Xbp1 (sXbp1) mRNA is translated into a functional

transcriptional activator (Yoshida et al. 2001). To investi-

gate whether hCG-induced phospho-IRE1 expression pro-

motes alternative sXBP1 splicing in mLTC-1 cells, we used

RT-PCR to detect alternative sXbp1 mRNA transcript. We

detected a time-dependent increase in the level

of alternative sXbp1 mRNA transcript in response to

hCG-increased phospho-IRE1 levels (Fig. 3B).

As a third ER stress indicator, we investigated

the expression levels of both p90ATF6 and p50ATF6.

Protein expression levels of 90 kDa ATF6 (p90ATF6)
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JME-12-0195 Printed in Great Britain
and active 50 kDa ATF6 (p50ATF6) significantly

decreased and increased respectively in mLTC-1 cells in a

time-dependent manner in response to hCG treatment

(upper and lower panels, Fig. 3A). As shown in Fig. 3A,

expression of CHOP gradually increased early in a time-

dependent manner following hCG treatment, whereas it

significantly increased by 24 h. Further, expression of

CHOP was induced by both ATF4 and p50ATF6. These

results show that hCG treatment induced ER stress via the

ATF6, IRE1a/XBP1, and elf2a/GADD34/ATF4 pathways in

mLTC-1 cells. We also detected that cAMP as an
Published by Bioscientifica Ltd.

http://jme.endocrinology-journals.org/
http://dx.doi.org/10.1530/JME-12-0195


5 IU/ml hCG

0 3 9 12 246
Time(h)A C

D

B

p90 ATF6

Grp78/BiP

β-Actin

1.25
p90 ATF6 p50 ATF6

1.00

0.75

0.50

0.25

0.00
0

** **
**

**

**

**

**

***

3 6 9 12 24 Time (h)

Time (h)

5 IU/ml hCG

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

R
el

at
iv

e 
3β

-H
SD

 e
xp

re
ss

io
n

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n

p-eIF2α

p-JNK

p50 ATF6

ATF4

p-IRE1

CHOP

GADD34

GRP78/BIP

sXBP-1
uXBP-1

0

5 IU/ml hCG

3 6 9 12 24
Time (h)

E
R

 s
tr

es
s

m
ar

ke
r

GAPDH

Gapdh

1.25 3β-HSD protein

*

*

*
**

3β-Hsd mRNA

1.00

0.75

0.50

0.25

0.00

1.00

0.75
****

**

**** **
**

**

**

**

**

**

*
0.50

0.25

0.00
0 3 6 9 12 24 Time (h)

5 IU/ml hCG

0 3 6 9

5 IU/ml hCG
Star Cyp11a1 Cyp17 17β-Hsd

12 24

Star

Cypllal

3β-Hsd

CYP17

17β-Hsd

St
er

oi
do

ge
ni

c 
en

zy
m

es3β-HSD

0

5 IU/ml hCG

3 6 9 12 24
Time (h)

Figure 3

hCG treatment leads to activation of the unfolding protein response

signaling in mLTC-1 cells. (A) Western blot analysis of GRP78/BIP, p90ATF6,

p50ATF6, phospho-IRE1, phospho-JNK, phospho-eIF2a, GADD34, ATF4,

CHOP, and b-actin proteins in mLTC-1 cells treated with hCG in a time-

dependent manner. mLTC-1 cells were incubated with 5 IU/ml hCG for the

indicated times (upper panel). Graph shows that p90ATF6 and p50ATF6

proteins were quantified and normalized to b-actin for western blot

analysis (bottom panel). Data in the bar graph represent meanGS.E.M. of

three independent measurements. *P!0.05; **P!0.01, compared with 0 h.

(B) RT-PCR analysis of GRP78/BIP, spliced XBP1 (sXBP1), and unspliced XBP1

(uXBP1) as ER stress markers, and Gapdh mRNA as a control in mLTC-1 cells

treated with 5 IU/ml hCG for the indicated times. (C) Western blot analysis

of 3b-HSD protein and RT-PCR analysis of Star, Cyp11a1, 3b-hsd, Cyp17, and

17b-hsd mRNA as steroidogenic enzymes in mLTC-1 cells treated with

5 IU/ml hCG for the indicated times. (D) Graph shows that the 3b-HSD

protein level was quantified and normalized to b-actin for western blot

analysis. The 3b-hsd mRNA level was quantified and normalized to GAPDH

for RT-PCR analysis in mLTC-1 cells treated with 5 IU/ml hCG for the

indicated times (upper panel). Graph shows that Star, Cyp11a1, Cyp17, and

17b-hsd mRNA levels were quantified and normalized to GAPDH for RT-PCR

analysis (bottom panel). Data in the bar graph represent meanGS.E.M. of

three independent measurements. *P!0.05; **P!0.01, compared with 0 h.
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intracellular second messenger of hCG stimulation led to

the activation of UPR signaling via Grp78/BiP, ATF6, and

XBP1 in mLTC-1 cells (Supplementary Figure 1, see section

on supplementary data given at the end of this article).

We next investigated whether steroidogenic enzyme

expression is affected by time of the hCG treatment. The

protein level of 3b-HSD as well as mRNA levels of 3b-HSD

(HSD3B6), CYP17 (CYP17A1), and 17b-HSD (HSD17B1)
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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increased initially in response to hCG treatment, after

which they gradually decreased (Fig. 3C and D). After

24 h of hCG treatment, mRNA levels of steroidogenic

enzymes (Star, Cyp11a1, 3b-Hsd, Cyp17, and 17b-Hsd)

markedly decreased in mLTC-1 cells (Fig. 3C and D).

Furthermore, mRNA levels of steroidogenic enzymes

markedly decreased in a time-dependent manner in cells

treated with Tm, Tg, or BFA, which are ER stress inducers
Published by Bioscientifica Ltd.

http://jme.endocrinology-journals.org/cgi/content/full/JME-12-0195/DC1
http://jme.endocrinology-journals.org/
http://dx.doi.org/10.1530/JME-12-0195


Jo
u
rn
a
l
o
f
M
o
le
cu

la
r
E
n
d
o
cr
in
o
lo
g
y

Research S-J PARK, T-S KIM and others hCG-induced ER stress-mediated
apoptosis

50 :2 159
(Nakagawa et al. 2000; Supplementary Figure 2, see section

on supplementary data given at the end of this article).

These results indicate that hCG treatment led to activation

of UPR signaling for the maintenance of ER homeostasis

upon hCG-stimulated optimal expression of steroidogenic

enzymes, which is necessary for the biosynthesis of

testosterone. However, prolonged hCG stimulation

resulted in severe ER stress as well as reduced steroidogenic

enzyme expression. Therefore, it was demonstrated that

prolonged hCG stimulation reduced protein and mRNA

expression levels of steroidogenic enzymes in mLTC-1 cells.
p50ATF6 mainly inhibits hCG-stimulated steroidogenic

enzyme 3b-HSD expression in mLTC-1 cells

Although we confirmed the involvement of the three

signaling pathways of the UPR (IRE1, PERK, and ATF6)

in steroidogenic enzyme expression following hCG
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Figure 4

p50ATF6 inhibits hCG-stimulated steroidogenic enzyme expression.

(A) Western blot analysis of 3b-HSD protein as a marker of steroidogenic

enzymes in mLTC-1 cells transfected separately with 0.5 and 1 mg sXBP1,

ATF4, and p50ATF6 vectors (upper panel). Graph shows that 3b-HSD

proteins were quantified and normalized to b-actin for western blot

analysis (bottom panel). Data in the bar graph represent meanGS.E.M. of

three independent measurements. **P!0.01, compared with control

(mock). (B) mLTC-1 cells were transfected with two different siATF6
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treatment, it is still unclear which of the three different

UPR signaling pathways is most responsible. Therefore, as

p50ATF6, ATF4, and sXBP1 were shown to be key

transcription factors in the ER stress response, we

determined which of these most downregulates 3b-HSD

expression as a major steroidogenic enzyme during

testosterone production in response to hCG treatment.

For this, mLTC-1 cells were transfected with sXBP1,

ATF4, and p50ATF6 expression vectors, after which the

levels of sXBP1, ATF4, and p50ATF6 were confirmed in

mLTC-1 cells by western blot or RT-PCR analysis (Supple-

mentary Figure 3, see section on supplementary data given

at the end of this article). The protein level of 3b-HSD

profoundly decreased in cells transfected with p50ATF6

upon hCG treatment compared with those transfected with

mock or other vectors (upper and lower panels, Fig. 4A).

To further confirm that the ATF6 pathway mediates

suppression of 3b-HSD gene expression, we downregulated
p50ATF6
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siATF6

(#1 and #2) and siCon (as siRNA control), followed by treatment with

5 IU/ml hCG for 2 h. p50ATF6, 3b-HSD, and b-actin protein as a control

were analyzed by western blot analysis (upper panel). Graph shows that

p50ATF6 and 3b-HSD proteins were quantified and normalized to b-actin

for western blot analysis (bottom panel). Data in the bar graph represent

meanGS.E.M. of three independent measurements. *P!0.05; **P!0.01,

compared with only 5 IU/ml hCG treatment.
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endogenous Atf6 expression by transfecting mLTC-1 cells

with two types of siRNA-Atf6, followed by incubation in

hCG-containing media. Transfection of the two siRNA-

Atf6 (#1 and #2) markedly reduced the hCG-induced

increase in p50ATF expression. Further, the protein level

of 3b-HSD was significantly higher in cells treated with

siRNA-Atf6 and hCG compared with those treated with

control siRNA and hCG (upper and lower panels, Fig. 4B).

These results demonstrate that hCG-induced ER stress

via the ATF6 pathway alleviated expression of the

steroidogenic enzyme 3b-HSD in vitro.
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Figure 5

hCG induces ER stress-mediated apoptosis and abnormal morphology of ER,

mitochondria in vivo. (A) Western blot analysis of 3b-HSD, ER stress-associated

proteins (GRP78/BIP, procaspase-12, cleaved caspase-12, procaspase-3,

cleaved caspase-3, CHOP, phosphor-JNK, JNK), and b-actin proteins in the

testes of ICR mice administered hCG (0.05 and 0.5 IU/g BW) and Tm (0.2 and

1.0 mg/g BW) once per day for 3 days. TUDCA was applied intraperitoneally to

mice treated with hCG (0.5 IU/g BW) at the same time points (250 mg/kg at

0900 and 2000 h, total 500 mg/kg per day). Controls were administered saline

by i.p. injection. (B) (a, b and c) H&E staining of the testis section of mice

treated with saline (a), hCG 0.5 IU/g BW; (b), and followed by addition of

TUDCA (total 500 mg/kg/day; (c). a0, b0 and c0, TEM images of Leydig cells in

testis treated with saline, hCG, and TUDCA. White arrow indicates

fragmentation of ER lumen. Asterisks indicate severe loss of cristae and

rarefaction of the mitochondrial matrix. N, nuclear. scale bar, 200 mm

(a,b and c); 1 mm (a0,b0 and c0).
High-level hCG treatment induces ER stress-mediated

apoptosis and damage to testicular histology, ER

structure, andmitochondria in Leydig cells of mouse testis

in vivo

To determine whether hCG induces ER stress-mediated

apoptosis in the testis in vivo, we administered hCG

(0.05 and 0.5 IU/g BW) or Tm (0.2 and 1.0 g/g BW) as an

ER stress inducer to mice once per day for 3 days. First of

all, we confirmed that 3b-HSD protein expression was

upregulated upon low-level administration of hCG

(0.05 IU/g BW) and downregulated in testes administered

a high level of hCG (0.5 IU/g BW) and Tm (1.0 g/g BW)

(Fig. 5A). Moreover, high-level administration of hCG to

mice significantly induced the expression of cleaved

caspases-12 and -3, CHOP, and phospho-JNK compared

with control mice, but levels were restored by addition of

TUDCA, an ER stress inhibitor (Fig. 5A). TUDCA is an

endogenous bile acid that can be safely used as a

hepatoprotective agent in humans having cholestatic

liver diseases, and it alleviates ER stress in cells and

whole animals by blocking calcium-mediated apoptotic

pathways. TUDCA is also a chemical chaperone that can

modulate ER function by protecting against UPR

induction and ER stress-induced apoptosis (Xie et al.

2002, Ozcan et al. 2006). These results strongly demon-

strate that high-level hCG administration caused ER

stress-induced apoptosis in Leydig cells of mouse testis.

Moreover, it has been reported that Tm-mediated ER

stress induces histological damage to tissues as well as the

ultrastructure of cell organs (Xie et al. 2002). In this study,

we analyzed the histology of the testis along with the

ultrastructure of the ER and mitochondria in Leydig cells

following administration of hCG and Tm with/without

TUDCA. Histological analysis by H&E staining showed

that testicular histology following low-level adminis-

tration of hCG (0.05 IU/g BW) was not significantly

affected compared with that of control (Fig. 5B vs
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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Supplementary Figure 4A, see section on supplementary

data given at the end of this article), whereas high-level

administration of hCG (0. 5 IU/g BW) damaged the

interstitial space of seminiferous tubules as well as the

inside of seminiferous tubules (Fig. 5B). The interstitial

damage induced by high-level hCG treatment was similar

to that observed upon Tm treatment (Supplementary

Figure 4B). Further, disorders of the interstitial space

induced by hCG and Tm treatment were protected against

by TUDCA (Fig. 5B and Supplementary Figure 4C, respect-

ively). On the other hand, TEM examination of the ER and

mitochondrial ultrastructure in Leydig cells showed that

low-level administration of hCG (0.05 IU/g BW) caused

stacking of the ER (black arrow) around the nucleus

compared with control cells (Fig. 5B vs Supplementary

Figure 4a). However, disarranged fragments of the ER

(white arrow), severe loss of cristae, and rarefaction of the

mitochondrial matrix (asterisks) were observed in Leydig

cells administered a high level of hCG (0. 5 IU/g BW)

(Fig. 5B). Additionally, damage to the ER and mito-

chondria in Leydig cells induced by a high level of hCG

was also attained by Tm treatment (Supplementary

Figure 4b). Abnormal morphologies of the ER and

mitochondria induced by high-level hCG and Tm treat-

ment were slightly recovered by the addition of TUDCA

(Fig. 5B and Supplementary Figure 4c). These results

indicate that high-level hCG treatment induced

damage to the testicular histology, ER morphology, and

mitochondria of Leydig cells of mouse testis.
Administration of hCG upregulates p50ATF6 expression

and downregulates steroidogenic enzymes in Leydig cells

of the testis in vivo

To determine whether hCG induces ER stress and reduces

steroidogenic enzyme expression in Leydig cells in vivo,

various dosages of hCG were administered to male mice by

i.p. injection. As expected, 3b-HSD and p50ATF6 were

down- and upregulated respectively in the testis upon hCG

or Tm treatment (Fig. 6A). In addition, expression of

p50ATF6 protein in testes of mice treated with hCG or Tm

decreased upon addition of TUDCA (Fig. 6A). On the other

hand, TUDCA treatment recovered the reduced expression

of 3b-HSD protein upon hCG (0.5 IU/g BW per day) or Tm

treatment (1.0 mg/g BW) after 3 days (Fig. 6A and B).

Interestingly, the mRNA levels of Star, Cyp11a1, 3b-Hsd,

and Cyp17 as well as the protein level of 3b-HSD

dramatically increased in the testis upon low-level admin-

istration of hCG (0.05 IU/g BW per day) for 3 or 6 days

compared with mice treated with saline control (Fig. 6A
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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and B). However, testes displayed markedly lower mRNA

expression of steroidogenic enzymes, especially 3b-Hsd,

Cyp17, and17b-Hsd, upon high-level hCG (0.5 IU/g BW per

day) treatment for 1 or 3 days compared with low-level hCG

(0.05 IU/g BW per day) treatment (Fig. 6A and B). Further,

addition of TUDCA combined with high-level hCG treat-

ment recovered the mRNA expression of 3b-Hsd,Cyp17, and

17b-Hsd compared with high-level hCG treatment alone

(Fig. 6A and B). However, there was no rescue effect of

steroidogenic enzyme expression observed upon Tm

treatment due to the high toxicity of Tm in Leydig cells.

Next, we investigated testosterone production in sera

of mice administered hCG (0.05 and 0.5 IU/g BW) and Tm

(0.2 and 1.0 mg/g BW) once per day for 3 days. The

testosterone level decreased in the testis upon high-level

administration of hCG (0.5 IU/g BW per day) compared

with control (Fig. 6C). This result was similar with the

protein level of 3b-HSD and mRNA levels of steroidogenic

enzymes (Fig. 6A, B and C). Further, addition of TUDCA

restored the serum level of testosterone following hCG

treatment (Fig. 6C). These results indicate that high-level

administration of hCG induced ER stress, which down-

regulated the expression of specific steroidogenic enzymes

and decreased testosterone biosynthesis eventually in

Leydig cells of the testis.
p50ATF6 reduces the expression of steroidogenic enzymes

in mouse testis

To confirm whether hCG-induced ER stress via the ATF6

pathway reduces the expression of steroidogenic enzymes

in vivo, we overexpressed the p50Atf6 gene in ICR mouse

testis using LV-mediated gene transfer. Our previous

research has demonstrated LV-mediated gene transfer

into testis tissue, as the foreign gene was strongly

expressed in Leydig cells (Kim et al. 2010). The testes of

an ICR mouse were injected with LV-Turbor GFP or

LV-p50ATF6 by microinjection, after which the injected

testes with LVs were analyzed for steroidogenic enzyme

expression. As shown in Fig. 7A, p50ATF6 protein was

highly expressed in the testes injected with pLV-p50ATF6

compared with normal testes or those injected with

LV-Turbor GFP. However, the level of Cyp11a1, Cyp17,

17b-Hsd, and 3b-hsd mRNAs as well as that of 3-HSD

protein significantly decreased in testes injected with

LV-p50ATF6 compared with normal testis or those

injected with LV-Turbor GFP (Fig. 7A and B). These results

demonstrate that hCG-induced ER stress via the ATF6

pathway reduced the steroidogenic enzyme, especially

3b-HSD expression, in vivo.
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Figure 6

Administration of hCG upregulates p50ATF6 expression and down-

regulates steroidogenic enzymes in Leydig cells of the testis in vivo.

(A) Western blot analysis of GRP78/BIP, 3b-HSD, p50ATF6, and b-actin

proteins along with RT-PCR analysis of sXBP1 mRNA as an ER stress marker

as well as Star, Cyp11a1, 3b-hsd, Cyp17, and 17b-hsd mRNA as steroidogenic

enzyme markers in testes treated with hCG, Tm, and TUDCA at the

indicated concentrations and for the indicated periods. Mice were

administered i.p. injection of hCG (0.05 and 0.5 IU/g BW) and tumicamycin

(Tm, 0.2 and 1.0 mg/g BW) once per day. TUDCA as an ER stress inhibitor was

applied by i.p. injection at the same time points (250 mg/kg at 0900 and

2000 h, total 500 mg/kg per day). Control was administrated saline by i.p.

injection. (B) Graph shows that the 3b-HSD protein level was quantified and

normalized to b-actin for western blot analysis. The 3b-hsd mRNA level was

quantified and normalized to GAPDH for RT-PCR analysis in testes treated

with hCG, Tm, and TUDCA at the indicated concentrations and for the

indicated times (left panel). Graph shows that Star, Cyp11a1, Cyp17, and

17b-hsd mRNA levels were quantified and normalized to b-actin for RT-PCR

analysis (right panel). Data in the bar graph represent meanGS.E.M of three

independent measurements. *P!0.05; **P!0.01, compared with control

(saline). (C) Testosterone analysis in serum of ICR mice administered hCG

(0.05 and 0.5 IU/g BW) and Tm (0.2 and 1.0 mg/g BW) once per day for

3 days. Serum was analyzed with a testosterone EIA kit. Data in the bar

graph represent meanGS.E.M. of three independent measurements.

*P!0.05; **P!0.01.
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Discussion

In males, hCG is used as a source of LH activity to

stimulate testosterone production and secretion by Leydig

cells of the testis. As such, hCG is used clinically to

increase the body’s plasma testosterone level (Depenbusch

et al. 2002). In addition, hCG is used to stimulate testes of

men who suffer from hypogonadotropic hypogonadism,

cryptorchidism, or sexual dysfunction due to a lack of

sufficient testosterone (Namiki 1996, Gautam et al. 2007).

However, the side effects of excess hCG stimulation

associated with overloaded ER function have never been
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JME-12-0195 Printed in Great Britain
reported. In this study, we demonstrated for the first time

in detail that hCG-induced ER stress plays an important

role in steroidogenic enzyme expression through the

activation of UPR pathways, and excess hCG exposure

induces ER stress-mediated apoptosis in mLTC-1 cells and

mouse testis.

It is well known that UPR signaling plays an important

role in the maturation of secretory cell types, including

antibody-producing plasma cells, collagen-secreting osteo-

blasts, and insulin-secreting pancreatic b-cells. As such, UPR

signaling has been shown to regulate the production of
Published by Bioscientifica Ltd.
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Figure 7

p50ATF6 reduces steroidogenic enzyme expression in mouse testis in vivo.

(A) Lentiviral vector for p50ATF6, Turbor GFP, and saline (as control)

injected into the testes. Four days after injection, mRNA and protein levels

of the indicated genes in the testes were prepared and analyzed by RT-PCR

and western blotting (WB). (B) 3b-HSD and p50ATF6 proteins were

quantified and normalized to b-actin for western blot analysis. Data in the

bar graph represent meanGS.E.M. of three independent measurements.

**P!0.01, compared with control.
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specific proteins under homeostatic regulation (Wu &

Kaufman 2006). As Leydig cells require continuous

steroidogenic enzyme synthesis for the production of

testosterone, UPR signaling also occurs upon hCG-

stimulated steroidogenic enzyme expression in Leydig cells.
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JME-12-0195 Printed in Great Britain
The expression of Grp78/Bip as a trigger of the UPR

remarkably increased at 3 h after 5 IU/ml hCG treatment

in Leydig cells (Fig. 3A upper panel). In addition, the

altered expression pattern of 3b-HSD protein was in

agreement with that of GRP78/BIP (Fig. 3A and C). As

shown in Fig. 5A, Grp78/Bip expression already increased

in untreated control mouse testes under physiological

regulation (or basal level or hormonal regulation).

These observations suggest that the ER of Leydig cells

generated adaptive signaling pathways, such as the UPR,

in order to maintain steroidogenic enzyme expression.

Therefore, this study demonstrated for the first time that

hCG induces the UPR through ATF6, IRE1a/XBP1, and

elf2a/GADD34/ATF4 in Leydig cells (Fig. 3A and B).

When b-cells are exposed to conditions that induce

mild ER stress, the ER can facilitate stress mitigation and

restore protein homeostasis. It has been shown that IRE1a

and PERK are the primary transducers for regulating

insulin production under these conditions, thus promot-

ing activation of the UPR pro-survival pathway (Fonseca

et al. 2011). However, prolonged ER stress-induced

activation of ATF6 has been shown to impair cAMP-

stimulated hepatic gluconeogenesis in the liver (Seo et al.

2010) along with insulin synthesis in pancreatic b-cells

(Seo et al. 2008). Therefore, we examined which of the

three different UPR signaling pathways is related to the

impairment of steroidogenic enzyme expression. For this,

we identified which of the three UPR transcription factors

(p50ATF6, ATF4, and sXBP1) mediates downregulation of

3b-HSD expression upon hCG treatment in Leydig cells. As

a result, transient expression of p50ATF6 mainly down-

regulated the level of 3b-HSD protein in mLTC-1 cells

(Fig. 4A, Supplementary Figure 3). In addition, as shown in

Fig. 7, 3b-HSD protein and steroidogenic enzyme mRNA

levels significantly decreased in mouse testes micro-

injected with LV-p50ATF6 compared with normal testes

(control) or those microinjected with LV-Turbo GFP.

These results suggest that hCG-induced ER stress inhibited

the expression of steroidogenic enzymes through the ATF6

pathway in Leydig cells. Although the mechanism of

repression of 3b-HSD and steroidogenic enzyme

expression by p50ATF6 remains unclear, ATF6 may be

activated by hCG-induced intracellular cAMP in Leydig

cells. A previous study reported that ER stress influences

hepatic gluconeogenesis, through the inhibition of cAMP-

mediated activation of CREB activity induced by ATF6

(Seo et al. 2010). Inhibition of PKC, PKA, and phospho-

lipase C has been shown to significantly reduce steroid

production as well as phosphorylation of CREB protein in

Leydig tumor cell lines (Jo et al. 2005). Therefore, there is a
Published by Bioscientifica Ltd.
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possibility that the ATF6 pathway plays an important role

in the regulation of 3b-HSD expression through inhibition

of CREB activity. However, additional studies are needed

to elucidate the mechanism by which the ATF6 pathway

acts on CREB to regulate steroidogenic enzyme expression.

Although the UPR mediates physiological regulation

or homeostasis of the ER, it can also mediate apoptotic

signaling pathways under excessive ER stress (Fonseca et al.

2011). Specifically, ATF6, IRE1, and PERK, which are three

UPR signaling factors, serve as mediators of ER stress-

mediated apoptosis (Szegezdi et al. 2006, Lai et al. 2007).

CHOP, p-JNK, and caspase-3 are activated by PERK/ATF6,

IRE1a/TRAF2/ASK1, and caspase-12 respectively, resulting

in cell apoptosis (Lai et al. 2007). Here, we demonstrated

that hCG dramatically induced phospho-JNK, cleaved

caspase-12, and CHOP protein expression at 12 h follow-

ing hCG treatment (Fig. 2A). Further, cleaved caspase-3 as

a mitochondrial-mediated apoptotic molecule was upre-

gulated at 24 h after hCG treatment (Fig. 2B). In vivo, testes

of mice treated with hCG displayed upregulation of

phospho-JNK, cleaved caspase-12, CHOP, and cleaved

caspase-3 expression. Interestingly, these increased levels

of apoptotic molecules in the testis following hCG

treatment were reduced by the addition of TUDCA

(Fig. 5A). Consequently, the reduced expression of

steroidogenic enzymes in the testis and subsequent

decrease in the serum testosterone levels following hCG

treatment were restored by TUDCA (Fig. 6).

Furthermore, ER stress has been shown to induce

apoptotic morphological features, such as swelling of the

ER lumen, dissociation of ribosomes from the rough ER,

nuclear fragmentation, disordered mitochondria, and

abnormal and/or destruction of tissue by histological

analysis (Hitomi et al. 2004). Further, it has been reported

that ER stress-mediated damage to cell or tissue

morphology can be rescued by chemical chaperones

such as TUDCA (Seyhun et al. 2011). Thus, damage to

the ER and mitochondria induced by ER stress-mediated

apoptosis in response to high-level administration of hCG

in vivo resulted in fragmentation of the ER and mito-

chondria in Leydig cells along with abnormal histology of

the testis, although this was reversed by TUDCA (Fig. 5B).

Damage to the mitochondria by hCG treatment could be

explained by apoptotic cross talk between the ER and

mitochondria via regulation of BCL2 protein by both JNK

and CHOP (Szegezdi et al. 2006, Lai et al. 2007). Therefore,

prolonged hCG treatment might have induced ER stress-

mediated apoptosis as well as mitochondrial apoptosis.

We will attempt to identify the exact mitochondrial

apoptosis pathway in a further study.
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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Through H&E staining analysis, we demonstrated that

high-level administration of hCG (0. 5 IU/g BW) damaged

both the interstitial space and the inside of seminiferous

tubules (Fig. 5B). These results indicate that high-level

hCG treatment induces damage to Leydig cells as well as

germ cells. Based on our results, repeated and/or excessive

hCG clinical treatment seems to induce ER stress and

downregulate steroidogenic enzyme expression through

the ATF6 pathway of UPR signaling in Leydig cells. The

lasting pharmacological effects of high-dose hCG seems to

induce ER stress-mediated apoptosis and reduce testoster-

one production in Leydig cells of the testes. Therefore,

there is a possibility that high-level hCG treatment

impairs steroidogenesis as well as spermatogenesis.

A 50% reduction in testis size was reported in a

transgenic mouse model overexpressing both hCGa and

b subunits (Matzuk et al. 2003), which can be explained by

ER stress-mediated apoptosis. Previous studies have

demonstrated that the steroidogenic capacity of aged

Leydig cells is reduced by about 50% due to ROS derived

from the mitochondrial electron transport chain, steroido-

genesis, and/or macrophages (Allen et al. 2004, Chen et al.

2009). Testosterone production by Leydig cells occurs over

the lifetime of a normal adult man, and this process may

be accompanied by continuous ER stress in the testis.

Based on the results of this study, prolonged ER stress

induced by long-term expression of steroidogenic

enzymes, which is necessary for the production of

testosterone, promotes apoptosis, resulting in a gradual

decline of testosterone in aged Leydig cells. In our

experiment, mice treated with a high level of hCG

displayed ER stress-mediated apoptosis in their testes

(Fig. 5) as well as low plasma testosterone levels (Fig. 6)

compared with control mice, although this was reversed

by addition of TUDCA (Figs 5 and 6). Therefore, it can be

concluded that TUDCA enhances the adaptive capacity of

the ER and acts as a potent steroidogenic factor with

potential applicability to the treatment of disrupted

Leydig cells.

In conclusion, this study demonstrated, for the first

time, the role of ER stress in steroidogenic enzyme

expression in Leydig cells. Further, hCG-induced ER stress

via the ATF6 pathway plays an important role in the

expression of steroidogenic enzymes, especially 3b-HSD.

High or prolonged hCG treatment induces ER stress-

mediated apoptosis, which promotes a progressive decline

in testosterone and steroidogenic enzyme production in

Leydig cells of the testis. In addition, TUDCA as a chemical

chaperone and ER stress inhibitor can rescue hCG-induced
Published by Bioscientifica Ltd.
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ER stress-mediated apoptosis as well as restore production

of steroidogenic enzyme and testosterone.
Supplementary data

This is linked to the online version of the paper at http://dx.doi.org/10.1530/

JME-12-0195.
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