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ABSTRACT

Background and objective
Palmitic acid (PA), the most common saturated free fatty acid (FFA) in food, is related to obesity-related 
male infertility. The possible mechanism is PA-mediated inhibition of testosterone secretion. Endoplasmic 
reticulum (ER) oxidoreductin-1alpha (ERO1α), an oxidase that is localized in the ER, plays an essential 
role in maintaining ER homeostasis and is related to hormone secretion. However, the role and underlying 
mechanisms of ERO1α in PA-mediated inhibition of testosterone secretion have not been reported. 
Material and methods
Murine Leydig tumor cell line 1 (MLTC-1) cells were treated with different doses of PA. Cell viability, 
testosterone secretion, and ERO1α expression were measured by the Cell Counting Kit 8 (CCK-8) assay, 
enzyme-linked immunesorbent assay (ELISA), and Western blotting, respectively. Moreover, the expres-
sion of ER stress marker proteins (glucose-regulated protein 78 [GRP78] and CCAAT/enhancer-binding 
protein homologous protein [CHOP]) was also measured after treatment. Subsequently, the expression 
ofERO1α was knocked down, and cell viability, testosterone secretion, and ER stress were measured after 
treatment with the PA or the ER stress agonist thapsigargin (TG, an ER stress inducer). Also, testosterone 
secretion was measured by ELISA when ER stress was inhibited by 4-phenylbutyric acid (4-PBA, an ER 
stress inhibitor).
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Results
PA treatment reduced cell viability, induced ERO1α expression, and enhanced the expression of the ER 
stress marker GRP78 and CHOP, while ERO1α knockdown inhibits ER stress marker expression, promotes 
testosterone secretion, and enhances cell viability in PA-treated MLTC-1 cells. In addition, ERO1α knock-
down rescued the TG-induced the decrease in testosterone secretion and cell viability.
Conclusions
These findings suggest that PA inhibits testosterone secretion via ER stress and that ERO1α knockdown 
ameliorates PA-induced decreases in testosterone via ER stress in testicular Leydig cells. Our results indi-
cate the necessity of exploring the potential applications of ERO1α as a target gene for restoring fertility in 
obese men.

Keywords: endoplasmic reticulum oxidoreduclin-1 alpha; endoplasmic reticulum stress; palmitic acid; 
testicular Leydig cells; testosterone

INTRODUCTION

Obesity is a serious social problem because 
overweight is often accompanied by the occurrence 
of various diseases, including infertility, especially 
in males.1 The possible reason for obesity-induced 
male infertility is that saturated free fatty acids 
(FFAs) inhibit testosterone secretion.2 Testosterone, 
which is mainly synthesized and secreted by Leydig 
cells and is generally induced in response to exog-
enous human chorionic gonadotropin (hCG), is 
recognized as an important indicator of male fer-
tility, as testosterone plays essential roles in sper-
matogenesis, male sexual differentiation, and male 
secondary sex characteristics.3–5 Palmitic acid (PA), 
the most common type of FFA, has been shown to 
induce cell apoptosis and decrease testosterone lev-
els in Leydig cells via endoplasmic reticulum (ER) 
stress.2,6

The ER is the major component of the endo-
membrane system of eukaryotic cells and has differ-
ent functions that influence the biogenesis, folding 
and trafficking of secretory and membrane proteins. 
ER stress or impaired ER homeostasis usually 
triggers the unfolded protein response, apoptosis, 
autophagy, and even cell death.7–9 In recent years, 
there has been growing evidence suggesting that ER 
stress is closely associated with obesity and there-
fore with obesity-induced male infertility.10,11

Endoplasmic reticulum oxidoreductin-1 alpha 
(ERO1α), an oxidase that is localized in the ER, plays 
an important role in maintaining redox homeostasis 
in the ER and forming disulfide bonds in secreted 
and surface proteins.12 Previous studies have shown 
that ERO1α is related to hormone secretion and ER 
stress. However, the role of ERO1α in PA-mediated 
inhibition of testosterone secretion has not been 
elucidated. In this study, we studied the role and 
mechanisms of ERO1α in PA-mediated inhibition of 
testosterone secretion in testicular Leydig cells.

METHODS

Cells, vectors, and reagents 
Murine Leydig tumor cell line 1 cells were pro-

vided by Zhi Chen, PhD, Qiannan Normal University 
for Nationalities, PR China. HEK293T cells were 
a gift from professor Yan-ming Zhang, Northwest 
A&F University, PR China. The over- expression 
lentivector pCDH-CMV-MCS-EF1-GreenPuro 
(CD513B-1) (SBI), the knockdown lentivector 
pCDH-U6-MCS-EF1-GreenPuro (SBI), and pack-
aging plasmids (pGag/Pol, pRev, and pVSV-G) 
were obtained from En-qi Du, PhD, Northwest A&F 
University, PR China. Fetal bovine serum (FBS), 
Dulbecco’s modified Eagle’s medium (DMEM), 
advanced DMEM and RPMI 1640 medium were 
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concentration of 500 nM for use in the subsequent 
experiment. MLTC-1 cells (up to 70–80% conflu-
ence) were divided into seven groups, of which six 
groups were treated with 100–400 μM PA, 400 μM 
PA + shNC (MOI=10) + 6 µg/mL polybrene, 400 
μM PA + shERO1α (MOI=10) + 6 µg/mL poly-
brene, 400 μM PA + 500 nM 4-PBA, 500 nM TG + 
shNC (MOI=10) + 6 µg/mL polybrene, and 500 nM 
TG+ shERO1α (MOI=10) + 6 µg/mL polybrene. 
After incubation for 24 h, 3 IU/mL hCG was added 
to each group, followed by incubation for another 
12 h. Finally, the cells and supernatants were col-
lected and used to measure cell viability, testoster-
one  levels, and the protein expression levels of the 
ER stress markers GRP78 and CHOP.

Lentivector construction and lentivirus 
production

Recombinant lentiviruses expressing short hairpin 
RNAs (shRNAs) targeting murine ERO1α were con-
structed according to the procedures described in our 
previous study.13 Briefly, the shRNA targeting murine 
ERO1α (Accession No.NM_015774.3)and a negative 
control shRNA were cloned into the knockdown len-
tivector pCDH-U6-MCS-EF1-GreenPuro to generate 
the shERO1α and shNC plasmids, respectively, using 
the primer pairs listed in Table 1. When the HEK293T 
cells reached 70–80% confluence, they were cotrans-
fected with the recombinant plasmids and packag-
ing plasmids (pGag/Pol, pRev, and pVSV-G) using 
TurboFect transfection reagent. After transfection for 
16 h,the supernatants were removed and replaced with 
fresh advanced DMEM supplemented with 2% FBS 
and an appropriate concentration of cholesterol, yolk 
lecithin, and chemically defined lipid concentrate as 
previously described. After incubation for another 48 h, 
the supernatants containing lentiviruses were harvested 
for subsequent experiments. To confirm the validity of 
the constructed lentivectors, polymerase chain reac-
tion (PCR) was performed by using the primer pair 
U6-F:5′-TTCTTGGGTAGTTTGCAGTT-3′/U6-R:5′-
CGGAGCCAGTACACGACA-3′ as described in our 
recent study.14

purchased from Gibco (Carlsbad, USA). Trizol, 
PrimeScript RT reagent Kit with gDNA Eraser and 
SYBR Premix Ex Taq II (Tli RNaseH Plus) were 
purchased from TaKaRa (Dalian, China). Dimethyl 
sulfoxide (DMSO), PA, hCG, bovine serum albu-
min (BSA), TG, 4-PBA, Polybrene, cholesterol, and 
yolk lecithin were procured from Sigma-Aldrich 
(St Louis, USA). TurboFect Transfection Reagent, 
enhanced chemiluminescence (ECL) reagent, and 
PageRuler Prestained Protein Ladder were pro-
cured from Thermo Scientific (Waltham, USA). 
Phenylmethylsulfonyl fluoride (PMSF), Total 
Protein Extraction Kit, and bicinchoninic acid 
(BCA) Protein Assay Kit and Phosphate Buffer 
solution (PBS) were purchased from Beyotime 
Biotechnology Co., Ltd. (Beijing, China). The tes-
tosterone ELISA Kit was purchased from Ji Yin 
Mei (Wuhan, China). Cell Counting Kit 8 (CCK-8) 
was purchased from Beijing Zoman Biotechnology 
Co., Ltd. (Beijing, China). Mouse anti-GAPDH, 
anti-CHOP, anti-GRP78 monoclonal antibody, 
and horseradish peroxidase (HRP)-conjugated 
goat anti-mouse IgG antibody were purchased 
from Abcam (Cambridge, UK). Mouse anti-
ERO1α monoclonal antibody was purchased from 
Abnova Biotechnology Co., Ltd. (Taiwan, China). 
Chemically Defined Lipid Concentrate was pur-
chased from Invitrogen (Carlsbad, USA).

PA preparation
First, 20 mM PA in 0.01 M NaOH was incu-

bated at 70°C for 30 min. Then, the fatty acid soaps 
were complexed with 5% fatty acid-free BSA in 
PBS in a 1:3 volume ratio to produce a 5 mM PA 
stock solution, which was then stored at −20°C. 
Before use, the stock solution was further diluted in 
a culture medium.

Cell culture and treatment
Murine Leydig tumor cell line 1 cells were 

cultured in RPMI 1640 medium supplemented with 
10% FBS at 37°C in a 5% CO2 incubator. DMSO 
was used to prepare TG, which was diluted to a final 
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group was measured by using a microplate reader, 
and all experiments were performed in triplicate.

Real-time quantitative RT-PCR
To measure the transcription levels of the 

ERO1α gene in different shRNA-treated MLTC-1 
cells, real-time quantitative RT-PCR was performed 
as described in our previous study.15 Briefly, total cell 
RNA was isolated using TRIzol. After reverse tran-
scription with a PrimeScript RT reagent kit, the gen-
erated cDNA was used as a template for quantitative 
real-time PCR using SYBR Premix Ex Taq II (Tli 
RNaseH Plus) on a QuantStudio™ 6 and 7 Flex Real-
Time PCR system (Thermo Scientific, USA) accord-
ing to the manufacturer’s recommendations. Finally, 
the relative expression level of the ERO1α gene was 
analyzed by using the 2-delta-delta Ct formula, with 
murine glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) as an internal control, as described in a 
previous study.16 The primer pairs used for real-time 
quantitative RT-PCR are listed in Table 2.

Western blot analysis
To evaluate the protein expression levels 

of ERO1α, GAPDH, and the ER stress markers 

Measurement of cell viability
To determine the cytotoxicity induced by the 

various treatments, CCK-8 assays were used to mea-
sure the cell viability in the experimental groups. 
Briefly, MLTC-1 cells were cultured in 96-well cul-
ture dishes at adensity of 3 × 104 cells/well. After 
treatment, the cells were incubated for 24 h, 10 μL 
of CCK-8 solution was added, and the cells were 
incubated for another 2 h. Finally, the absorbance 
of each group was measured by using a microplate 
reader (VarioskanTM LUX, Thermo Scientific, USA) 
at 405 nm, and all experiments were performed 
three times independently.

Estimation of testosteronelevels
To explore the effects ofPA, TG, 4-PBA, and 

ERO1α on testosterone secretion, ELISA was uti-
lized to determine the expression level of testoster-
one. Briefly, MLTC-1 cells were exposed to different 
treatments and incubated for 24 h, followed by coin-
cubation with 3 IU/mL hCG for 12 h. Finally, the 
culture supernatants were harvested and testoster-
one concentrations were measured with the testos-
terone ELISA kit according to the manufacturer’s 
instructions. The absorbanceat 450 nm of each 

TABLE 1 Short Hairpin RNA (shRNA) Inserts.

shRNA Sequence (Loop in bold letters and Interference sequence in underscore characters) (5′–3′)
shERO1α-1F GATCCGGACGACTGTACCTGTGATGTCAAGAGACATCACAGGTACAGTCGTCCTTTTTG
shERO1α-1R AATTCAAAAAGGACGACTGTACCTGTGATGTCTCTTGACATCACAGGTACAGTCGTCCG
shERO1α-2F GATCCGGAGGATATGGAGTGTCATCTCAAGAGAGATGACACTCCATATCCTCCTTTTTG
shERO1α-2R AATTCAAAAAGGAGGATATGGAGTGTCATCTCTCTTGAGATGACACTCCATATCCTCCG
shERO1α-3F GATCCGCAGCGCTTTGATGGGATTCTCAAGAGAGAATCCCATCAAAGCGCTGCTTTTTG
shERO1α-3R AATTCAAAAAGCAGCGCTTTGATGGGATTCTCTCTTGAGAATCCCATCAAAGCGCTGCG
shNC-F GATCCGCTTAAACGCATAGTAGGACTCAAGAGAGTCCTACTATGCGTTTAAGCTTTTTG
shNC-R AATTCAAAAAGCTTAAACGCATAGTAGGACTCTCTTGAGTCCTACTATGCGTTTAAGCG

TABLE 2 Sequences of Primer Pairs Used for Real-Time Quantitative RT-PCR.

Gene Forward primer (5’-3’) Reverse primer (5’-3’) Product(bp) Accession No.
ERO1α GACTGTGCCGTCAAACCCTG CGCTCAGCTTGCTCACATTC 113 NM_015774.3
GAPDH GGAGTCTACTGGTGTCTTC GCTGACAATCTTGAGTGAGTT 157 NM_008084.3
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by densitometry using ImageJ software (National 
Institutes of Health, USA) according to the manu-
facturer’s instructions.

Statistical analysis
All data are presented as mean ± the standard 

deviations (SD) of three independent experiments. 
Statistical comparisons were analyzed using a 
Student’s t-test, and P < 0.05 was considered statis-
tically significant with “*”, P < 0.01 was regarded as 
significant with “**”, and P < 0.001 was regarded as 
highly significant with “***”.

RESULTS

Expression of ERO1α is induced by PA
After different treatments with increas-

ing concentrations of PA (100–400 μM), which 
were based on a previous report,2 the expression 
levels of ERO1α and GAPDH in MLTC-1 cells 

GRP78 and CHOP, an immunoblotting analysis 
was performed as previously described with some 
modifications.17 Briefly, cells were harvested, and 
total proteins were extracted using RIPA lysis 
 buffer. The protein concentration was determined 
with a BCA protein assay kit, and equal amounts 
of protein (30 µg) were separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto 0.45-μm 
polyvinylidene fluoride (PVDF) membranes. 
After being blocked with 5% skimmed milk for 
2 h at room temperature, the membranes were 
then incubated with the relevant primary antibod-
ies overnight at 4°C, followed by incubation with 
HRP-conjugated secondary antibodies for 2 h at 
room temperature. Finally, the immunoreactive 
bands were visualized with ECL reagents by using 
a gel imaging system (Bio-Rad, USA). The cellu-
lar protein GAPDH served as an internal control, 
and the amount of target protein was calculated 
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FIGURE 1 Palmitic acid induces the expression of ERO1α in MLTC-1 cells. (A, B) Protein levels of 
ERO1α in MLTC-1 cells that were subjected to different concentrations of PA (100–400 μM). (C, D) Protein 
levels of ERO1α in MLTC-1 cells treated with PA (400 μM) at 0 h, 6 h, 12 h, and 24 h. The expression levels 
of ERO1α in different groups are presented as the relative ratio of ERO1α to GAPDH and are shown in the 
bar graphs. P < 0.05 was considered statistically significant and is indicated by “*”, P < 0.01 was regarded 
as significant and is indicated by “**”, and P < 0.001 was regarded as highly significant and is indicated 
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Lentivirus-mediated ERO1α knockdown in 
MLTC-1 cells is effective

After the construction of the lentivectors, 
PCR was conducted to amplify the inserted 
 shRNAs. As shown in Figure 3A, the DNA bands 
from each recombinant lentivector were all slightly 
(approximately 60 base pairs) higher than those of 
the mock lentivector, indicating that the lentivec-
tors expressing shRNAs targeting ERO1α were 
successfully constructed. After infection with 
the different lentiviruses, the mRNA and protein 
expression levels of ERO1α were measured by 
using real-time quantitative RT-PCR and Western 
blotting, respectively. As indicated in Figure 3B, 
the infection efficiency was greater than 70%, 
which was sufficient for the present experiment. 
The RT-PCR and Western blot results revealed 
that knockdown of ERO1α in the shERO1α-2 group 
significantly decreased the expression of ERO1α 

were measured by Western blotting. As shown in 
Figure 1A, PA markedly induced ERO1α expression 
in a dose- dependent manner. To further explore the 
effects of PA on ERO1α expression, the expression 
levels of ERO1α and GAPDHin PA-treated MLTC-1 
cells were measured again at different time points. 
As indicated in Figure 1B, PA (400 μM) also sig-
nificantly enhanced ERO1α expression in a time- 
dependent manner.

PA reduces cell viability, inhibits testosterone 
secretion, and induces ER stress in MLTC-1 cells

As indicated in Figure 2A–E, PA (100–
400 μM) significantly decreased cell viability 
and markedly promoted the protein expression of 
GRP78 and CHOP, which was similar to the find-
ings of a previous study.2 The results suggested that 
PA-induced inhibition of testosterone secretion was 
likely associated with ER stress in MLTC-1 cells.
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FIGURE 2 Palmitic acid reduces cell viability, inhibits testosterone secretion, and induces ER stress in 
MLTC-1 cells. (A) Cell viability was measured by CCK-8 assays. (B) Testosterone levels were determined 
via ELISA. (C, D) Protein levels of GRP78 in MLTC-1 cells treated with PA (100–400 μM) for 24 h. (C, E) 
Protein levels of CHOP in MLTC-1 cells treated with PA (100–400 μM) for24 h. The data are presented 
as the mean ± SD.P < 0.05 was considered statistically significant and is indicated by “*”, P < 0.01 was 
regarded as significant and is indicated by “**”, and P < 0.001 was regarded as highly significant and is 
indicated by “***”.
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ERO1α knockdown ameliorates TG-induced cyto-
toxicity, ER stress, and inhibition of testosterone 
secretion in MLTC-1 cells

TG, an ER stress inducer, is usually utilized to 
activate ER stress during various experiments. Here, 
we usedTG as a substitute for PA to replicate the cell 
microenvironment in which PA is added. As shown 
in Figure 5A−E, knockdown of ERO1α antagonized 
the TG-induced decreases in cell viability and tes-
tosterone secretion and the upregulation of GRP78 
and CHOP protein expression.

4-PBA attenuates PA-induced inhibition of testos-
terone secretion in MLTC-1 cells

4-Phenylbutyric acid acts as an ER stress 
inhibitor by aiding in protein folding at the molec-
ular level and preventing misfolded protein aggre-
gation. A previous study showed that 4-PBA 
could attenuate PA-induced cytotoxicity and ER 

mRNA (Figure 3C) and protein (Figure 3D, E) 
compared with that of the shNC, shERO1α-2, and 
shERO1α-3 groups.

ERO1α knockdown ameliorates PA-induced cyto-
toxicity, ER stress, and inhibition of testosterone 
secretion in MLTC-1 cells

Murine Leydig tumor cell line 1 cells were 
treated with PA (400 μM) and infected with lenti-
viruses expressing shERO1α-2, and the cell viabil-
ity, testosterone level, and expression of ER stress 
marker proteins (GRP78 and CHOP) were eval-
uated by CCK-8, ELISA, and Western blot anal-
yses, respectively. As shown in Figure 4A–B, the 
PA-induced decreases in cell viability and testos-
terone secretion were partly restored in response to 
knockdown of ERO1α in MLTC-1 cells. A similar 
recovery was also observed in GRP78 and CHOP 
protein expression (Figure 4C−E).
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levels were detected by ELISA. (C, D) Western blot showing GRP78 expression and its relative expression 
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stress in MLTC-1 cells,2 but the effect of 4-PBA 
on PA-induced inhibition of testosterone secretion 
in MLTC-1 cells is still unclear. Here, we demon-
strated that 4-PBA could significantly attenuate 
PA-induced inhibition of testosterone secretion in 
MLTC-1 cells (Figure 6).

DISCUSSION

Since the occurrence of reduced testosterone 
levels, increased E2 levels and reduced fertility asso-
ciated with increased weight in men has been recog-
nized in recent years,18–20 the underlying mechanisms 
of obesity-induced male infertility have drawn pub-
lic attention,21 and many studies focusing on finding 
promising therapeutic agents to treat obesity- related 
male infertility have been reported.2,22–24 A previous 

study reported that PA-induced cell apoptosis via the 
activation of ER stress in MLTC-1 cells and inhibiting 
ER stress protected against PA-induced Leydig cell 
injury and testosterone decrease, suggesting that PA 
is one of the causes of obesity-related male infertility.2

Endoplasmic reticulum oxidoreductin-1 alpha 
plays a key role in maintaining redox homeostasis in 
the ER and is related to hormone secretion and ER 
stress.25–27 In this study, we explored the role of ERO1α 
in PA-mediated inhibition of testosterone secretion. 
The results showed that PA induced the expression 
of ERO1α in a dose- and time-dependent manner, 
enhanced the protein expression of ER stressmarkers, 
and reduced cell viability and testosterone produc-
tion, suggesting that PA-induced inhibition of testos-
terone secretion may be associated with ER stress. 
To further explore the relationship between ER stress 
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FIGURE 5 ERO1α knockdown attenuates TG-induced ER stress and the inhibition of cell viabil-
ity and testosterone secretion in MLTC-1 cells. (A) Cell viability was analyzed using the CCK-8 assay. 
(B) Testosterone levels were measured by ELISA. (C, E) The relative expression level of GRP78 to GAPDH 
is presented. (C, D) The relative expression level of CHOP to GAPDH is shown. The data are presented as 
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SD. P < 0.05 was considered statistically significant 
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as as highly significant and is indicated by “***”.

significantly reduced compared with that in the mock 
group, while the PA-induced decrease in testosterone 
secretion was markedly attenuated in the presence 
of 4-PBA. These results suggested that PA-induced 
inhibition of testosterone secretion occurred through 
ER stress in MLTC-1 cells.

Considering the important role of ERO1α in the 
formation of disulfide bonds within secreted proteins 
at the post translational level, the results in Figure 1 
show that PA can induce the expression of ERO1α in 
MLTC-1 cells; therefore, we hypothesize that ERO1α 
may have some impact on testosterone secretion. To 
confirm this hypothesis, we constructed recombinant 
lentiviruses to interfere with the ERO1α protein expres-
sion and infected MLTC-1 cells that had been treated 
with PA; the results indicated that cell viability and tes-
tosterone secretionin PA-treated MLTC-1 cells were 
significantly improved, while the protein expression 
levels of GRP78 and CHOP were markedly decreased, 
suggesting that knockdown of ERO1α antagonized 
PA-induced inhibition of cell survival and testo sterone 

and testosterone secretion, the ER stress inducer TG 
and inhibitor 4-PBA were used as positive and nega-
tive controls, respectively, and the results showed that 
testosterone secretion in the TG-treated group was 
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