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INTRODUCTION 
 

Infertility is a common disease and affects more than 

15% of reproductive age couples [1]. Diminished 

ovarian reserve (DOR) is found in approximately 10% 

of infertile women [2, 3]. Ovarian reserve means the 

number and quality of oocytes that are produced by 

ovaries both in the follicular phase of the natural 

menstrual cycle and following injection of follicle 

stimulating hormone (FSH) in the assisted reproductive 

technology (ART) protocol [2, 4, 5]. Patients with DOR 

are always associated with increased miscarriage rates  

 

and aneuploidy rates [6, 7]. Currently the cause of DOR 

is unknown, and there is a lack of an efficient treatment 

in the present standard fertility protocol [8–10]. Many 

research groups have focused on the transcriptomes 

between oocytes and ovarian granulosa cells (GCs) [11–

14]. They have reported that follicular atresia during the 

progression of DOR is primarily induced by apoptosis 

of GCs, so our research focus on GCs apoptosis. 

 

Sigma-1 receptor, a non-opioid transmembrane protein, 

is mostly located on mitochondrial membranes and the 

endoplasmic reticulum (ER), and is expressed in a 
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ABSTRACT 
 

Sigma non-opioid intracellular receptor 1 (sigma-1 receptor), a non-opioid transmembrane protein, is located on 
cellular mitochondrial membranes and endoplasmic reticulum. Current research has demonstrated that sigma-1 
receptor is related to human degenerative diseases. This study is focused on the effects of sigma-1 receptor on the 
pathophysiological process of diminished ovarian reserve (DOR) and granulosa cells (GCs) apoptosis. Sigma-1 
receptor concentration in follicular fluid (FF) and serum were negatively correlated with basal follicle-stimulating 
hormone (FSH) and positively correlated with anti-mullerian hormone (AMH), antral follicle count (AFC). Sigma-1 
receptor reduction in GCs was accompanied by endoplasmic reticulum stress (ERS)-mediated apoptosis in women 
with DOR. Plasmid transfection was used to establish SIGMAR1-overexpressed and SIGMAR1-knockdown human 
granulosa-like tumor (KGN) cell and thapsigargin (TG) was used to induce ERS KGN cells. We found that KGN cells 
treated with endogenous sigma-1 receptor ligand dehydroepiandrosterone (DHEA) and sigma-1 receptor agonist 
PRE-084 showed similar biological effects to SIGMAR1-overexpressed KGN cells and opposite effects to SIGMAR1-
knockdown KGN cells. DHEA may improve DOR patients' pregnancy outcomes by upregulating sigma-1 receptor 
and downregulating ERS-mediated apoptotic genes in GCs. Thus, sigma-1 receptor may be a potential ovarian 
reserve biomarker, and ligand-mediated sigma-1 receptor activation could be a future approach for DOR therapy. 
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broad range of tissues [15–18]. It has also been reported 

the it could be detected in extracellular fluid [19]. As a 

molecular chaperone, sigma-1 receptor has multiple 

cellular functions and is involved in a series of diseases 

[20–22]. Studies have confirmed that sigma-1 receptor 

is an endoplasmic reticulum stress (ERS)-associated 

membrane chaperone protein [23–25]. Recent studies 

have demonstrated that sigma-1 receptor is a 

degenerative disease-related protein via protein-protein 

interactions. Stimulation of sigma-1 receptor showed a 

neuroprotective effects in Parkinson’s disease, 

Alzheimer’s disease, amyotrophic lateral sclerosis, and 

stroke [26–32]. Vilner et al. first reported that sigma-1 

receptor is highly expressed in several types of cancer 

cells at the proliferation stage [33]. Some in vivo and in 

vitro studies indicated that sigma-1 receptor induced by 

ligands or over-expression of the sigma-1 receptor 

protects cell against apoptosis [31, 32, 34, 35]. 

Compared to other organs, the ovary is very sensitive to 

aging [36, 37]. We hypothesized that sigma-1 receptor 

may participate in the pathological process of DOR. 

The first part of our study investigated the expression of 

sigma-1 receptor in the follicular fluid (FF), serum and 

GCs of women with DOR. Considering that GCs 

apoptosis plays a major role in the progression of DOR, 

we also examined several ERS-mediated apoptosis 

target genes to explore the possible molecular 

mechanisms. In 2000, Casson et al. [38] first reported 

that dehydroepiandrosterone (DHEA) supplementation 

has a series of beneficial effects on ovarian function in 

patients with DOR; other studies [39, 40] have 

confirmed its validity. Numerous studies have 

demonstrated that DHEA is an endogenous ligand of 

sigma-1 receptor [41–44]. In the latter part, human 

granulosa-like tumor (KGN) cells were chosen as the 

study object. We established SIGMAR1-overexpressed 

and SIGMAR1-knockdown and ERS KGN cell lines, 

and aimed to verify if DHEA play a similar role like 

sigma-1 receptor agonist PRE-084 in ovarian GCs’ 

apoptosis by sigma-1 receptor activation. 

 

RESULTS 
 

Sigma-1 receptor expression in the ovaries of women 

of childbearing age  

 

Sigma-1 receptor was expressed in human ovarian  

tissue (Figure 1A–1E). Ovarian cortex showed  

intense immunostaining (Figure 1A, 1B). Intense 

immunostaining was observed in ovarian granulosa cells 

and theca cells of growing follicle (Figure 1A, 1C). 

Granulosa cells of mature follicle also showed intense 

staining (Figure 1D). Positive immunostaining was 

observed in the cytoplasm, in luteinized GCs there  

was very intense staining. Sigma-1 receptor also 

appeared in ovarian stroma cells with low immune 

staining (Figure 1E), the results are consistent with the 

Protein-Atlas database results. 

 

Clinical characteristics of women with DOR  
 

Oocytes and GCs were obtained from 130 women (46 

women with DOR and 84 women with normal ovarian 

reserve (NOR) undergoing in-vitro fertilization (IVF) 

cycles. Patients’ clinical characteristics are shown  

in Supplementary Table 1. In comparison with women 

with NOR, patients with DOR had higher mean 

maternal age, duration of infertility, number of IVF 

cycles, basal FSH levels, and initiating dosage  

of gonadotropin (P<0.05). In addition, these patients 

had significantly lower serum anti-mullerian hormone 

(AMH) levels, antral follicular count (AFC), retrieved 

oocytes, and available embryos (P<0.05) (Sup-

plementary Table 1). 

 

Sigma-1 receptor protein level was decreased in the 

serum, FF, and GCs of women with DOR  
 

The result of flow cytometry (FCM) showed that  

DOR patients’ GCs had much lower sigma-1 receptor 

protein levels than women with NOR (P = 0.031) 

(Supplementary Table 2, Figure 2A). Serum and FF 

sigma-1 receptor protein levels of patients are listed in 

Supplementary Table 3. Sigma-1 receptor concentrations 

in serum and FF of women with DOR were much lower 

than in those with NOR (P<0.01) (Figure 2B). There 

were negative correlations of sigma-1 receptor 

concentration in FF and serum with basal FSH and 

maternal age (all P<0.01) (Table 1). Sigma-1 receptor 

levels in FF and serum were positively correlated with 

serum AMH, AFC, retrieved oocytes, and available 

embryos (all P<0.01) (Table 1). 

 

The increase of apoptosis rate in the GCs of patients 

with DOR was accompanied by the increase of ERS-

mediated and apoptosis-related gene expression  

 

FCM showed that in GCs the early apoptosis rate, late 

apoptosis rate, and total apoptosis rate in patients with 

DOR were significantly higher than those in women 

with NOR, respectively (all P < 0.05) (Supplementary 

Table 4 and Figure 3A). Real time quantitative 

polymerase chain reaction (qRT-PCR) assays showed 

that mRNA levels of the ERS-mediated genes BIP, 

CHOP, ATF4, ATF6 and proapoptosis gene BAX 

were increased in the GCs of women with DOR (all 

P<0.05), and the expression of sigma-1 receptor and 

apoptosis-related BCL-2, ratio of BCL-2/BAX were 

decreased (all P<0.05). However, JNK, caspase 12 in 

GCs did not show any statistical differences between 

the 2 groups (P>0.05) (Supplementary Table 5 and 

Figure 3B). 
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Figure 1. Sigma-1 Receptor Expression in Ovary Tissue. Ovarian cortex in women of childbearing age (A, ×200) (C, ×400) showed 
intense immunostaining. Intense immunostaining was observed inovarian granulosa cells and theca cells of growing follicle (B, ×400). 
Granulosa cells of mature follicle also showed intense staining (D, ×200). Low immunostaining was observed in human ovarian stromal cells 
(E, ×400). 
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DHEA supplementation improved clinical outcomes 

for patients with DOR 

 

Clinical data obtained from 89 patients with DOR (31 

women with DHEA supplementation and 58 women 

with control treatment) are shown in Supplementary 

Table 6. No significant differences appeared between 

the two groups, including maternal age, duration of 

infertility, IVF cycles, infertility type (primary or 

secondary infertility), BMI, AFCs, basal FSH and LH 

levels, serum AMH level, the use of gonadotrophin, and 

endometrial thickness. Administration of DHEA 

increased patients’ available embryos and decreased 

cancelation rates of IVF cycles (P<0.05). Retrieved 

oocytes, available embryos, embryos transferred, the 

rate of high quality embryos, clinical pregnancy, 

abortion, and ectopic pregnancy showed no statistical 

differences between the two groups (P > 0.05) 

(Supplementary Table 6). Compared with control 

treatment patients, there was a slight increase of GCs’

 

 
 

Figure 2. Sigma-1 Receptor Protein Expression in GCs, serum, and FF from patients with DOR. (A) FCM sorting of sigma-1 
receptor protein in patient GCs, low sigma-1 receptor protein level in DOR patients’ GCs. (B) Low sigma-1 receptor level in DOR patients’ 
serum and FF. ** P<0.01. 
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Table 1. Significant correlations exist between sigma-1 receptor concentration in FF and serum and ovarian reserve 
markers (n=130). 

 bFSH AMH AGE AFC 
No. of oocyte 

retrieved 

No. of available 

embryos 

R = -0.664 R = 0.590 R = -0.556 R = 0.546 R = 0.529 R = 0.536 

P = 0.000** P = 0.000** P = 0.000** P = 0.000** P = 0.000** P = 0.000** 

R = -0.685 R = 0.682 R = -0.550 R = 0.531 R = 0.609 R = 0.604 

P = 0.000** P = 0.000** P = 0.000** P = 0.000** P = 0.000** P = 0.000** 

**<0.01. 
 

 

 

Figure 3. Apoptotic rate and ERS, mRNA levels of apoptosis-related genes in GCs from patients with DOR. (A) Apoptosis index in 
patient GCs. (B) The mRNA expression of ERS and apoptosis-related genes was increased in patient GCs. *P<0.05; **P<0.01. 
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sigma-1 receptor protein levels in DOR patients with 

DHEA supplementation, but no statistical difference 

between two groups (P = 0.052) (Supplementary Table 

7 and Figure 4A). FCM showed that GCs’ early 

apoptosis rate, and total apoptosis rate in DOR patients 

with DHEA supplementation were significantly lower 

than control group, respectively (all P < 0.05) 

(Supplementary Table 8 and Figure 4B). 

KGN cells treated with DHEA and PRE-084  

showed similar biological effects to KGN cells 

overexpressing SIGMAR1 and opposite effects to 

SIGMAR1-knockdown KGN cells 
 

The mRNA level of sigma-1 receptor was significantly 

overexpressed in pcDNA3.1(+)-SIGMAR1 KGN cells, 

compared to control cells (P = 0.000). Sigma-1 receptor 

 

 
 

Figure 4. Sigma-1 Receptor Protein Expression and apoptosis rates in GCs from DOR patients with DHEA 
supplementation. (A) The sigma-1 receptor protein levels in DHEA supplementation patient GCs. (B) Apoptosis index in DHEA 
supplementation patient GCs. 
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mRNA expression was significantly inhibited by 

SIGMAR1 shRNA KGN cells (P = 0.014) 

(Supplementary Table 9 and Figure 5A). Compared to 

the control group, KGN cells treated with DHEA and 

classical sigma-1 receptor agonist PRE-084 had much 

higher levels of sigma-1 receptor, but only the 

difference in PRE-084-treated cells was significant 

(P<0.05) (Supplementary Table 9 and Figure 5A). Then, 
 

 
 

Figure 5. KGN cells treated with DHEA- and sigma-1 receptor ligands revealed similar biological effects to SIGMAR1-
overexpressed cells and opposite effects to SIGMAR1-knockdown KGN cells. (A) Sigma-1 receptor mRNA levels in differently 
treated KGN cells. SIGMAR1-overexpressed and SIGMAR1-knockdown KGN cells were constructed successfully. (B) The mRNA levels of ERS 
and apoptosis-related genes in differently treated KGN cells. *P<0.05. 
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we detected the expression levels of 8 apoptosis-related 

and ERS-mediated genes by qRT-PCR, including JNK, 

caspase12, BIP, ATF4, ATF6, CHOP, BCL-2, and 

BAX. Compared with control cells, ATF4 and CHOP 

levels were decreased and the BCL-2/BAX ratio was 

increased in DHEA- and PRE-084-treated KGN cells 

(P<0.05). In SIGMAR1-overexpressed KGN cells, 

ATF4, ATF6 and CHOP were decreased while the 

BCL-2/BAX ratio was increased (P<0.05). We found 

that BIP, ATF6, CHOP, and BAX were increased while 

the BCL-2/BAX ratio was decreased in SIGMAR1-

knockdown KGN cells. With regard to JNK and 

caspase12 mRNA levels there was no significant 

statistical difference among differently treated KGN 

cells. (P<0.05) (Supplementary Table 9 and Figure 5B). 

 

The decrease of apoptosis rates in thapsigargin(TG)-

induced ERS KGN cells treated with PRE-

084/DHEA was accompanied by the decrease of 

ERS-mediated and apoptosis-related gene expression  

 

Considering of MTT assay and qRT-PCR results, an 

increase of TG concentration was accompanied by a 

decrease in KGN cell viability. Compared to the control 

group, KGN cells treated with 0.5µM TG had lower cell 

viability (P<0.05), KGN cells treated with equal to or 

greater than 1µM TG had much lower cell viability 

(P<0.01) (Supplementary Table 10). qRT-PCR assays 

showed that ERS-mediated gene CHOP, BIP and 

apoptosis-related gene BCL-2, BAX expression levels 

had no significant difference between 0.5µM TG-

induced KGN cells and control group. KGN cells treated 

with equal to or greater than 1µM had much higher 

CHOP, BIP mRNA levels and lower BCL-2 mRNA 

levels, BCL-2/BAX ratios (Supplementary Table 11). 

We choose optimal concentration of 1µM TG for the 

subsequent experiments. Flow cytometry showed that 

early stage apoptotic rate and total apoptotic rate were 

increased significantly in KGN cells treated with TG 

(P<0.05). qRT-PCR assays showed that mRNA levels of 

the ERS-mediated genes BIP, CHOP, JNK, caspase12, 

ATF4, ATF6 were increased in KGN cells treated with 

TG (all P<0.05). Compared with TG-induced KGN cells, 

both early stage and total apoptotic rates were decreased 

significantly in TG-PRE-084-treated and TG-DHEA-

treated KGN cells (P<0.05) (Supplementary Table 12 

and Figure 6A), sigma-1 receptor protein  

levels in TG-PRE-084/DHEA-treated KGN cells were 

increased (P<0.05) (Supplementary Table 13 and Figure 

6B), and the expression of apoptosis-related BCL-

2/BAX ratios were increased while ERS-mediated genes 

BIP, CHOP, ATF4, ATF6 mRNA levels were decreased 

in TG-PRE-084/DHEA-treated KGN cells, BCL-2 

mRNA level was increased in TG-PRE-084-treated 

KGN cells (all P<0.05) (Supplementary Table 14 and 

Figure 6C). 

DISCUSSION 
 

Sigma-1 receptor expression and ovarian aging 

 

Sigma-1 receptor is a ligand-operated transmembrane 

chaperone protein that plays a definite neuroprotective 

effect in several neural degenerative diseases [26–32], 

and there are reports in the literature that sigma-1 

receptor activation promotes nerve cell differentiation in 

the brain. To some extent, sigma-1 receptor was 

considered to be an anti-aging and anti-apoptotic 

protein [45, 46]. The ovary is an organ sensitive to 

senescence, and its reserve is closely related to age [36, 

37]. As far as we know, the connection between sigma-

1 receptor and reproductive system diseases has not 

been reported. The current study investigated sigma-1 

receptor expression levels in women’s ovaries, FF, 

serum, and GCs. We found that sigma-1 receptor was 

widely expressed in human ovarian tissue. The protein 

expression levels in FF, serum, and GCs of patients 

with DOR were decreased. Our results suggested that 

sigma-1 receptor expression might be associated with 

ovarian aging. 
 

Sigma-1 receptor might be a complement to 

traditional ovarian reserve biomarkers 
 

Patients with DOR present a challenge in the 

reproductive medical field with poor reproductive 

treatment outcomes [47]. Ovarian reserve biomarkers are 

always considered vital markers of pregnancy outcome. 

Evaluating ovarian reserve is a key step in the ART 

process [48], serum levels of FSH in the early follicular 

phase remain the most useful parameter in clinical 

practice [49]. The majority of studies found that serum 

AMH level reflects the primordial follicle pool, and it 

seems to be the most valuable biochemical marker for 

predicting diminished ovarian reserve in the early stages 

[50–53]. In this study, we found that the sigma-1 receptor 

level of FF and serum were negatively correlated with 

basal FSH and positively correlated with AMH. Patients 

with low sigma-1 receptor levels in FF and serum were 

always associated with ovarian reserve dysfunction. 

From our results, we concluded that sigma-1 receptor is 

possibly a potential predictor of ovarian function and 

pregnancy outcome. The application of sigma-1 receptor 

ligand could be a new research direction in DOR study. 
 

Sigma-1 receptor is involved in GCs apoptosis and 

ERS-mediated CHOP apoptosis pathway 
 

In our study, decreased sigma-1 receptor expression is 

accompanied by increased apoptosis rate in the GCs of 

women with DOR. Other previous research has found 

that GCs apoptosis during follicular atresia affects  

the follicular microenvironment and leads to oocyte 
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apoptosis [54]. Until now, apoptotic intracellular 

signaling pathways of GCs remained to be determined 

[48, 49, 55–58]. Earlier research found that GCs 

apoptosis was predominantly mediated by the cell-

death ligand/receptor-dependent pathway [59]. Recent 

studies have paid more attention to ERS-mediated 

apoptotic pathways [60–63]. The ER is an important 

subcellular compartment involved in mitochondrion-

dependent apoptosis [64, 65], and ERS is a complicated 

adaptive reaction caused by certain stimulus [65]. 

When ERS is too excessive, ER homeostasis fails, then 

cell apoptotic response occurs [66]. The sigma-1 

receptor is a ligand-regulated membrane chaperone 

protein associated with ERS [67]. Overexpressed 

sigma-1 receptor counteracts the ERS response and 

regulates cell survival [68]. The protein BIP is a major 
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Figure 6. The decrease of apoptosis rates in thapsigargin(TG)-induced ERS KGN cells treated with PRE-084/DHEA was 
accompanied by the decrease of ERS-related and apoptosis-related gene expression. (A) Apoptosis index in KGN cells treated with 
different drugs. (B) Flow cytometry sorting of sigma-1 receptor protein in KGN cells treated with different drugs. (C) The mRNA expression of 
ERS and apoptosis-related genes in KGN cells treated with different drugs. *P<0.05. 

 

chaperone protein [69, 70]. Normally, sigma-1 receptor 

combined with BIP and forming a complex at the 

mitochondrial-associated membrane (MAM). During 

the ERS process, sigma-1 receptor dissociates from 

BIP, consequently activates BIP function. ERS always 

activates three branches: protein kinase R-like ER 

kinase (PERK) pathway, the activating transcription 

factor 6 (ATF6) pathway, and the inositol-requiring 

enzyme 1 (IRE1) pathway [71, 72]. Following extensive 

ERS, cell apoptosis is initiated by transcription factor 

CCAAT/enhancer-binding protein (C/EBP)-homo-

logous protein (CHOP), caspase 12, or the c-Jun NH 2-

terminal kinase (JNK)-dependent pathway activation 

[71, 73–76]. The three apoptotic pathway functions 

overlap in many cell types [71, 76]. Lin et al. reported 

that apoptosis is increased in cultured GCs of goat 

ovaries through the ERS-mediated CHOP pathway [60]. 

Meunier and Hayashi found that under cellular stress 

conditions, sigma-1 receptor ligands increase the 

expression of the anti-apoptotic gene BCL-2 [77]. Our 

results showed that decreased sigma-1 receptor 

expression was accompanied by an increase in the 

expression levels of apoptosis-related BAX and ERS-

mediated BIP in the GCs of patients with DOR. By 

detecting mRNA levels of ERS-mediated apoptosis 

pathway downstream molecules, we found that JNK 

and caspase12 were more highly expressed in the GCs 

of DOR patients, but the differences were not 
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statistically significant. In addition, mRNA levels of 

ATF4, ATF6, and CHOP were significantly higher than 

in the GCs of women with DOR. Therefore, we believe 

that sigma-1 receptor activation is mainly involved in 

the ERS-mediated ATF4/ATF6-CHOP apoptosis 

pathway during the progression of DOR. 

 

Supplementation with DHEA may improve the 

pregnancy outcome of patients with DOR via up-

regulation of sigma-1 receptor 
 

In the last several decades, several studies explored the 

relationship between DHEA and neurodegenerative 

diseases [78–80]. It was found that age-dependent DHEA 

reduction can cause a series of age-related degenerative 

diseases, including Alzheimer’s disease and Parkinson 

disease [81, 82], and DHEA as a sigma-1 receptor ligand 

became a therapeutic candidate in degenerative diseases 

[44, 83]. DHEA is the first intervention used in the 

treatment of DOR [55]. Nowadays, DHEA is routinely 

applied in DOR clinical practice [39, 40]. Several 

publications have confirmed that DHEA supplementation 

can improve the ovarian response of gonadotropin 

stimulation and increases oocyte yield, embryo number, 

and clinical pregnancy rate [10, 84–87]. Our current 

study also confirmed the drug's benefit. Some studies 

have found that DHEA supplementation seems to 

improve DOR patients’ ovarian reserve, and appears to 

function by acting on the androgen receptors that  

are expressed on the granulosa cells and ovarian stroma 

[9, 88]. Considering that DHEA has multi-biological 

functions, our work tried to explain its possible 

mechanism from a non-specific sigma-1 receptor ligand 

aspect. After more than 2 months regular DHEA 

supplementation, the sigma-1 receptor protein of DOR 

patients’ GCs had a slight increase. KGN cells treated 

with DHEA revealed similar biological effects to KGN 

cells treated with classic sigma-1 receptor agonist PRE-

084 and KGN cells overexpressing SIGMAR1, while 

opposite effects were observed in SIGMAR1 knockdown 

KGN cells. We also found that DHEA supplementation 

could improve TG-treated KGN cells’ sigma-1 receptor 

protein level. This indirectly demonstrated that the 

receptor and ligand interactions between sigma-1 

receptor and DHEA, and DHEA might affect GCs 

apoptosis and ERS by upregulating sigma-1 receptor 

expression level. 

 

Sigma-1 receptor ligands might decrease GCs 

apoptosis by the ERS-CHOP pathway 
 

TG is a classic ERS inducer, which could activate CHOP, 

caspase 12 and JNK three cell apoptosis pathway, as 

shown in TG-treated KGN cells’ qRT-PCR results. Our 

results showed traditional sigma-1 receptor agonist PRE-

084 and DHEA showed anti-apoptotic actions in TG-

treated KGN cells through downregulation of ERS-

mediated gene. Since sigma-1 receptor does not have 

traditional receptor properties, defined receptor 

antagonist or agonist activity could always be inaccurate 

[23]. Sigma-1 receptor activation by ligands may lead to 

protein conformational changes, leading to the 

dissociation of sigma-1 receptor from BIP and affecting 

the biological action of counterpart proteins. We detected 

that sigma-1 receptor activation causes the ERS key 

protein, CHOP, to decrease and influences the balance 

between anti-apoptotic gene BCL-2 and pro-apoptotic 

gene BAX. This could cause modulation of cell 

proliferation and apoptosis.  

 

The decrease of apoptosis rates was accompanied by 

the increase of sigma-1 receptor protein levels 
 

After more than 2 months regular DHEA supplementation, 

the increase of sigma-1 receptor protein level in DOR 

patients’ GCs was accompanied by decrease of apoptosis 

rates. Our study revealed that sigma-1 receptor ligands 

and plasmid administration affected the expression of 

BIP, CHOP, ATF4, and ATF6, which suggested that 

sigma-1 receptor activation is closely related to the 

CHOP apoptotic pathway. Sigma-1 ligand could be a 

new treatment to prevent the DOR process. 

 

To summarize briefly, sigma-1 receptor may be a 

potential ovarian reserve biomarker. DHEA may improve 

DOR patients' pregnancy outcomes by upregulating 

sigma-1 receptor and downregulating ERS-mediated 

apoptotic genes in GCs. We believe that sigma-1 receptor 

ligand-based therapies will require us to further 

investigate the molecular mechanisms that govern sigma-

1 receptor’s regulation in cellular stress and homeostasis. 

Thus ligand-mediated sigma-1 receptor activation could 

be a future approach for DOR therapy. Downstream 

molecules targeted by sigma-1 receptor will be our future 

focus. 

 

MATERIALS AND METHODS 
 

Eligibility criteria 
 

Immunohistochemistry part eligibility criteria 

Exclusion criteria were chromosomal abnormalities, 

autoimmune diseases, ovarian surgery, history of cancer, 

polycystic ovary syndrome (PCOS), or chemoradiotherapy. 

 

Patient eligibility criteria 
Patients receiving first IVF cycles between May 2016 and 

October 2016 in the Reproductive Medical Center of the 

People’s Hospital of Zhengzhou University were enrolled 

in the study, without excluding patients whose infertility 

was caused by male factors. The following situations led 

to exclusion (patients with NOR): (1) PCOS, as 
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diagnosed by the Rotterdam criteria [89]; (2) ovarian 

oophorectomy; (3) ovarian cystectomy; (4) receiving 

traditional Chinese medicine treatment or acupuncture 

with adjuvant therapy; (5) receiving cytotoxic drugs or 

pelvic irradiation for malignancy; (6) aged more than 38 

years; (7) serum AMH below 2.0 ng/mL; (8) basal serum 

FSH > 10 mIU/mL on Day 2-4 of the menstrual cycle; (9) 

low basal AFC < 6 on Day 2-4 of the menstrual cycle; 

(10) DHEA supplementation during the ART process. 

Patients with DOR had to meet the above exclusion 

criteria 1-5, 10 and inclusion criteria: basal serum FSH > 

10 mIU/mL or serum AMH < 1.17ng/ml. To control the 

heterogeneity, only patients received gonadotropin-

releasing hormone antagonist (GnRH-ant) ovarian 

stimulation protocol could be included. 

 

DHEA supplementation part eligibility criteria 
Patients underwent oocyte retrieval at the reproductive 

center in the People’s Hospital of Zhengzhou University 

between December 2017 and May 2018 were enrolled 

in the study. The inclusion and exclusion criteria for 

patients with DOR were as line 254 described. 

 

Immunohistochemistry 
 

Human ovarian histological sections were obtained 

from archived wax blocks in the department of 

pathology in the affiliated second hospital of 

Zhengzhou. According immunohistochemistry part 

eligibility criteria, only 9 archived ovarian wax blocks 

were included. Routine immunohistochemical staining 

techniques were used in human ovary sections (primary 

antibody: anti-OPRS1 antibody (Abcam, USA, ab89655, 

1:200, incubated 12 hours, 4°C). A streptavidin–biotin 

(SP) immunohistochemistry kit (Solarbio, China; 

SP0041) was used to visualize the antibody binding to 

the tissues. Negative control sections were incubated 

with PBS instead of the primary antibody. All slides 

were observed with a digital microscope ECLIPSE 

TS100 (Nikon, Japan). Positive reaction was nucleus or 

cytoplasm appeared to be brown. 

 

Clinical characteristics collection 
 

According patient eligibility criteria on line 245, there 

were 130 women (46 women with DOR and 84 women 

with NOR) could be included. Each patients’ general 

clinical characteristics and oocyte retrieval cycle were 

recorded. 

 

In DHEA supplementation part, in total 89 patients (31 

women in DHEA supplementation group and 58 women 

in control group). All patients’ general clinical 

characteristics and first oocyte retrieval cycle were 

recorded. All patients were followed up for more than 7 

months after embryo transfer. 

Collection of serum, FF, and ovarian GCs 
 

Serum was collected in vacutainer with yellow cap from 

patients at their 3rd day of menstrual cycle, then 

immediately separated by centrifugation (10 min, 

×3500/rpm) All patients underwent controlled ovarian 

hyperstimulation with GnRH-ant protocol as usually 

done in our center. After oocyte retrieval, the first 

aspirated follicle was used for enzyme-linked 

immunosorbent assay (ELISA) testing. The residual FF 

was collected for separation of GCs with lymphocyte 

separation solution (TBD, LTS1077, China) (10 min, 

×1800/rpm). The first aspirated follicle was also 

immediately separated by centrifugation (10 min, 

×1500/rpm). Patients’ serum and FF sigma-1 receptor 

protein concentrations were measured by ELISA kit 

(Mlbio, ml01637941, China, 1:5 dilution).  

 

Flow cytometry 
 

Determination of cells’ protein level: After cell fixation 

and penetration, cells were incubated with the OPRS1 

Antibody (N-term) (Abgent, AP2747A-400, China, 1:25 

dilution) and Fluorescein (FITC)-conjugated affinipure 

goat anti-rabbit IgG(H + L) (Jackson Immunoresearch, 

USA, 1:25 dilution). Apoptotic cells were detected by 

FITC annexin V apoptosis detection kit I (BD 

pharmingen, 556547, USA). Then cells were assessed by 

FACSCalibur (BD Biosciences, USA). 

 

Construction of SIGMAR1 knockdown or 

overexpressing KGN cell lines  
 

SIGMAR1 short hairpin RNA pGPU6/GFP/Neo-shNC 

plasmid and SIGMAR1 pcDNA3.1(+) plasmid were 

constructed by GenePharma (China). Empty vectors were 

used as negative control. Transfection was performed 

using the manufacturer's protocols for Lipofectamine® 

2000 (Invitrogen, Carlsbad, CA). The efficiency of 

knockdown or overexpression was assessed at the mRNA 

level by qRT-PCR.  

 

Construction of TG-induced ERS KGN cell lines 
 

The KGN cell line was kindly provided by Professor Mu 

Y (Chinese PLA general hospital, China), and its 

biological characteristics have been described in the 

reference [90]. KGN cells were maintained in Dulbecco's 

Modified Eagle's Medium/Nutrient Mixture F12 Ham's 

Liquid media (DMEM/F12, HyClone, GE Healthcare 

Life Sciences, Sweden) supplemented with 10% fetal calf 

serum (Sijiqing, Tianhang Biology, 3011-8611, China), 

Penicillin-Streptomycin Solution (Solarbio, P1400, China) 

(1:100 dilution) incubated at 37°C, 5% CO2 (Thermo 

Fisher Scientific, 3111, USA). The KGN cells were 

seeded on 96-well plates (5×103cells/well). The cells 
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were treated with various dosages of TG (1, 2, and 4 µM, 

Sigma-Aldrich, USA) for 48 hours and cells treated  

with PBS were used as controls. Cell viability was 

detected by 3-(4,5-dimethyl-2-thiazolyl) -2,5 -diphenyl-

2-H -tetrazolium bromide (MTT) assays. According to 

MTT assay and ERS-mediated genes mRNA levels, we 

choose 1µM TG concentration for the subsequent 

experiments. KGN cell lines were cultured under normal 

condition, after replacing the entire medium with fresh 

medium, followed by incubation in DMEM/F12 with 

1µM TG; PBS were used as control. The incubation time 

of the drug treatment was 48 hours. 

 

KGN cell culture and DHEA/PRE-084 

supplementation 
 

KGN cell lines were cultured under normal or TG-

treated condition, after replacing entire medium with 

fresh medium, followed by incubation in DMEM/F12 

with DHEA solution (10μmol/L, MedChem Express, 

China) [50, 91–93] or PRE084 solution (10μmol/L, 

MedChem Express, China) [94]; PBS were used as 

controls. The incubation time of the drug treatment was 

48 hours. 

 

RNA extraction and qRT-PCR 
 

Total RNA was extracted from GCs and KGN cells 

using Trizol (Ambin RNA, 15596-026, USA) and 

UNIQ-10 column total RNA extraction purification kit 

(Sangon biotech, SK1322, China). We used Thermo 

Scientific Reverted first strand cDNA synthesis Kit 

(Thermo, 00257208, USA) to synthesize cDNA. qRT-

PCR assays were carried out by using ABI 7500 PCR 

Instrument (Applied Biosystems® 7500 Real-Time PCR, 

USA) in 20 μl reaction mixture containing 10 μl 

FastStart Universal SYBR Green Master (ROX) (Roche, 

Germany); 2.0 μl cDNA as template, with 0.2μl of each 

primer at 300nM and 7.6 μl of nuclease-free water. All 

primer synthesis was completed by Beijing 

DINGGUOCH ANGSHENG biotechnology company. 

Detailed information concerning primer sequences is 

shown in Supplementary Table 8. Results were 

quantified using Ct values (delta-delta Ct) method [95].  

 

DHEA supplementation in patients with DOR 
 

It was a non-randomized concurrent control trial. The 

inclusion and exclusion criteria for patients with DOR 

were as previously described. 89 patients were divided 

into the DHEA supplementation group and control 

group according to patient preference. DHEA 

supplementation received a supplementation of DHEA 

25 mg (GNC LiveWell, Pittsburgh, PA, US) three times 

per day [55, 86], more than 2 months in the ovarian 

stimulation process. No special treatment was given to 

the control patients. Because of several patients’ 

endometrial receptive were not suitable for embryo 

transfer, 41 women (14 women in the DHEA 

supplementation group and 27 women in the control 

group) underwent cleavage stage embryo transfers (ET) 

finally, each patient transferred less than 2 embryos. 

 

Statistical analysis  
 

All cell experiments were performed in triplicate in 

different three times, so each quantitative data had 9 

values. Statistical analysis of all data was performed 

using SPSS 19.0 statistical software (IBM Corp, USA). 

All values are given as group means ± SD, significance 

was set at p < 0.05. 

 

Ethical statement 
 

All procedures were approved by Zhengzhou University 

ethics committee. All participating women gave signed 

informed consent. 

 

AUTHOR CONTRIBUTIONS 
 

J.Q.C. supervised the entire research, including the 

design conception, procedures, and completion. S.D.Z. 

recruited the patients. All laboratory procedures were 

achieved by L.L.J. L.L.J. and J.K.X. were responsible 

for the collection of data. L.L.J. drafted the article. D.J.F. 

and D.W. participated in the interpretation of the study 

data. C.L.Z and J.Q.C. reviewed and discussed the 

evidence. The final version was approved by all the 

authors. 

 

ACKNOWLEDGMENTS 
 

We thank Professor Yiming Mu for donating the KGN 

cell line and Professor Jun Ma for providing laboratory 

support during the project. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 

 

REFERENCES 
 

1. Iliodromiti S, Nelson SM. Biomarkers of ovarian 
reserve. Biomark Med. 2013; 7:147–58. 

 https://doi.org/10.2217/bmm.12.97 PMID:23387496 

2. Committee on Gynecologic Practice. Committee 
opinion no. 618: ovarian reserve testing. Obstet 
Gynecol. 2015; 125:268–73. 

 https://doi.org/10.1097/01.AOG.0000459864.68372.ec 
 PMID:25560143 

https://doi.org/10.2217/bmm.12.97
https://www.ncbi.nlm.nih.gov/pubmed/23387496
https://doi.org/10.1097/01.AOG.0000459864.68372.ec
https://www.ncbi.nlm.nih.gov/pubmed/25560143


 

www.aging-us.com 9054 AGING 

3. Greene AD, Patounakis G, Segars JH. Genetic 
associations with diminished ovarian reserve: a 
systematic review of the literature. J Assist Reprod 
Genet. 2014; 31:935–46. 

 https://doi.org/10.1007/s10815-014-0257-5 
 PMID:24840722 

4. Practice Committee of the American Society for 
Reproductive Medicine. Testing and interpreting 
measures of ovarian reserve: a committee opinion. 
Fertil Steril. 2015; 103:e9–17. 

 https://doi.org/10.1016/j.fertnstert.2014.12.093 
 PMID:25585505 

5. Tal R, Seifer DB. Ovarian reserve testing: a user’s guide. 
Am J Obstet Gynecol. 2017; 217:129–40. 

 https://doi.org/10.1016/j.ajog.2017.02.027 
 PMID:28235465 

6. Pal L, Santoro N. Age-related decline in fertility. 
Endocrinol Metab Clin North Am. 2003; 32:669–88. 

 https://doi.org/10.1016/S0889-8529(03)00046-X 
 PMID:14560893 

7. te Velde ER, Pearson PL. The variability of female 
reproductive ageing. Hum Reprod Update. 2002; 
8:141–54. 

 https://doi.org/10.1093/humupd/8.2.141 
 PMID:12099629 

8. Narkwichean A, Maalouf W, Baumgarten M, 
Polanski L, Raine-Fenning N, Campbell B, 
Jayaprakasan K. Efficacy of Dehydroepiandrosterone 
(DHEA) to overcome the effect of ovarian ageing 
(DITTO): A proof of principle double blinded 
randomized placebo controlled trial. Eur J Obstet 
Gynecol Reprod Biol. 2017; 218:39–48. 

 https://doi.org/10.1016/j.ejogrb.2017.09.006 
 PMID:28934714 

9. Olgan S, Humaidan P. GnRH antagonist and letrozole 
co-treatment in diminished ovarian reserve patients: a 
proof-of-concept study. Reprod Biol. 2017; 17:105–10. 

 https://doi.org/10.1016/j.repbio.2017.01.006 
 PMID:28173995 

10. Qin JC, Fan L, Qin AP. The effect of 
dehydroepiandrosterone (DHEA) supplementation on 
women with diminished ovarian reserve (DOR) in IVF 
cycle: Evidence from a meta-analysis. J Gynecol Obstet 
Hum Reprod. 2017; 46:1–7. 

 https://doi.org/10.1016/j.jgyn.2016.01.002 
 PMID:28403950 

11. Adriaenssens T, Wathlet S, Segers I, Verheyen G, De 
Vos A, Van der Elst J, Coucke W, Devroey P, Smitz J. 
Cumulus cell gene expression is associated with oocyte 
developmental quality and influenced by patient and 
treatment characteristics. Hum Reprod. 2010; 
25:1259–70. 

 https://doi.org/10.1093/humrep/deq049 
 PMID:20228394 

12. Albertini DF, Combelles CM, Benecchi E, Carabatsos 
MJ. Cellular basis for paracrine regulation of ovarian 
follicle development. Reproduction. 2001; 121:647–53. 

 https://doi.org/10.1530/rep.0.1210647 
 PMID:11427152 

13. Feuerstein P, Cadoret V, Dalbies-Tran R, Guerif F, 
Bidault R, Royere D. Gene expression in human 
cumulus cells: one approach to oocyte competence. 
Hum Reprod. 2007; 22:3069–77. 

 https://doi.org/10.1093/humrep/dem336 
 PMID:17951581 

14. Feuerstein P, Puard V, Chevalier C, Teusan R, Cadoret 
V, Guerif F, Houlgatte R, Royere D. Genomic 
assessment of human cumulus cell marker genes as 
predictors of oocyte developmental competence: 
impact of various experimental factors. PLoS One. 
2012; 7:e40449. 

 https://doi.org/10.1371/journal.pone.0040449 
 PMID:22848380 

15. Gundlach AL, Largent BL, Snyder SH. Autoradiographic 
localization of sigma receptor binding sites in guinea 
pig and rat central nervous system with (+)3H-3-(3-
hydroxyphenyl)-N-(1-propyl)piperidine. J Neurosci. 
1986; 6:1757–70. 

 https://doi.org/10.1523/JNEUROSCI.06-06-01757.1986 
 PMID:3012017 

16. Hanner M, Moebius FF, Flandorfer A, Knaus HG, 
Striessnig J, Kempner E, Glossmann H. Purification, 
molecular cloning, and expression of the mammalian 
sigma1-binding site. Proc Natl Acad Sci USA. 1996; 
93:8072–77. 

 https://doi.org/10.1073/pnas.93.15.8072 
 PMID:8755605 

17. Hellewell SB, Bruce A, Feinstein G, Orringer J, Williams 
W, Bowen WD. Rat liver and kidney contain high 
densities of sigma 1 and sigma 2 receptors: 
characterization by ligand binding and photoaffinity 
labeling. Eur J Pharmacol. 1994; 268:9–18. 

 https://doi.org/10.1016/0922-4106(94)90115-5 
 PMID:7925616 

18. Wolfe SA Jr, Culp SG, De Souza EB. Sigma-receptors in 
endocrine organs: identification, characterization, and 
autoradiographic localization in rat pituitary, adrenal, 
testis, and ovary. Endocrinology. 1989; 124:1160–72. 

 https://doi.org/10.1210/endo-124-3-1160 
 PMID:2537173 

19. Shimizu H, Takebayashi M, Tani M, Tanaka H, 
Yamagata B, Kurosawa K, Yamada H, Hachisu M, 
Hisaoka-Nakashima K, Okada-Tsuchioka M, Mimura M, 
Iwanami A. Sigma-1 receptor concentration in plasma 

https://doi.org/10.1007/s10815-014-0257-5
https://www.ncbi.nlm.nih.gov/pubmed/24840722
https://doi.org/10.1016/j.fertnstert.2014.12.093
https://www.ncbi.nlm.nih.gov/pubmed/25585505
https://doi.org/10.1016/j.ajog.2017.02.027
https://www.ncbi.nlm.nih.gov/pubmed/28235465
https://doi.org/10.1016/S0889-8529%2803%2900046-X
https://www.ncbi.nlm.nih.gov/pubmed/14560893
https://doi.org/10.1093/humupd/8.2.141
https://www.ncbi.nlm.nih.gov/pubmed/12099629
https://doi.org/10.1016/j.ejogrb.2017.09.006
https://www.ncbi.nlm.nih.gov/pubmed/28934714
https://doi.org/10.1016/j.repbio.2017.01.006
https://www.ncbi.nlm.nih.gov/pubmed/28173995
https://doi.org/10.1016/j.jgyn.2016.01.002
https://www.ncbi.nlm.nih.gov/pubmed/28403950
https://doi.org/10.1093/humrep/deq049
https://www.ncbi.nlm.nih.gov/pubmed/20228394
https://doi.org/10.1530/rep.0.1210647
https://www.ncbi.nlm.nih.gov/pubmed/11427152
https://doi.org/10.1093/humrep/dem336
https://www.ncbi.nlm.nih.gov/pubmed/17951581
https://doi.org/10.1371/journal.pone.0040449
https://www.ncbi.nlm.nih.gov/pubmed/22848380
https://doi.org/10.1523/JNEUROSCI.06-06-01757.1986
https://www.ncbi.nlm.nih.gov/pubmed/3012017
https://doi.org/10.1073/pnas.93.15.8072
https://www.ncbi.nlm.nih.gov/pubmed/8755605
https://doi.org/10.1016/0922-4106%2894%2990115-5
https://www.ncbi.nlm.nih.gov/pubmed/7925616
https://doi.org/10.1210/endo-124-3-1160
https://www.ncbi.nlm.nih.gov/pubmed/2537173


 

www.aging-us.com 9055 AGING 

of patients with late-life depression: a preliminary 
study. Neuropsychiatr Dis Treat. 2013; 9:1867–72. 

 https://doi.org/10.2147/NDT.S53386  
PMID:24353420 

20. Bhuiyan MS, Tagashira H, Fukunaga K. Sigma-1 
receptor stimulation with fluvoxamine activates Akt-
eNOS signaling in the thoracic aorta of ovariectomized 
rats with abdominal aortic banding. Eur J Pharmacol. 
2011; 650:621–28. 

 https://doi.org/10.1016/j.ejphar.2010.10.055 
 PMID:21044620 

21. Brent PJ, Pang GT. Sigma binding site ligands inhibit cell 
proliferation in mammary and colon carcinoma cell 
lines and melanoma cells in culture. Eur J Pharmacol. 
1995; 278:151–60. 

 https://doi.org/10.1016/0014-2999(95)00115-2 
 PMID:7671999 

22. Su TP, London ED, Jaffe JH. Steroid binding at sigma 
receptors suggests a link between endocrine, nervous, 
and immune systems. Science. 1988; 240:219–21. 

 https://doi.org/10.1126/science.2832949 
 PMID:2832949 

23. Schrock JM, Spino CM, Longen CG, Stabler SM, Marino 
JC, Pasternak GW, Kim FJ. Sequential cytoprotective 
responses to Sigma1 ligand-induced endoplasmic 
reticulum stress. Mol Pharmacol. 2013; 84:751–62. 

 https://doi.org/10.1124/mol.113.087809 
 PMID:24006496 

24. Omi T, Tanimukai H, Kanayama D, Sakagami Y, Tagami 
S, Okochi M, Morihara T, Sato M, Yanagida K, Kitasyoji 
A, Hara H, Imaizumi K, Maurice T, et al. Fluvoxamine 
alleviates ER stress via induction of Sigma-1 receptor. 
Cell Death Dis. 2014; 5:e1332. 

 https://doi.org/10.1038/cddis.2014.301 
 PMID:25032855 

25. Hayashi T, Hayashi E, Fujimoto M, Sprong H, Su  
TP. The lifetime of UDP-galactose:ceramide 
galactosyltransferase is controlled by a distinct 
endoplasmic reticulum-associated degradation (ERAD) 
regulated by sigma-1 receptor chaperones. J Biol 
Chem. 2012; 287:43156–69. 

 https://doi.org/10.1074/jbc.M112.380444 
 PMID:23105111 

26. Ajmo CT Jr, Vernon DO, Collier L, Pennypacker KR, 
Cuevas J. Sigma receptor activation reduces infarct size 
at 24 hours after permanent middle cerebral artery 
occlusion in rats. Curr Neurovasc Res. 2006; 3:89–98. 

 https://doi.org/10.2174/156720206776875849 
 PMID:16719792 

27. Behensky AA, Yasny IE, Shuster AM, Seredenin SB, 
Petrov AV, Cuevas J. Stimulation of sigma receptors 
with afobazole blocks activation of microglia and 

reduces toxicity caused by amyloid-β25-35. J 
Pharmacol Exp Ther. 2013; 347:458–67. 

 https://doi.org/10.1124/jpet.113.208348 
 PMID:24006337 

28. Francardo V, Bez F, Wieloch T, Nissbrandt H, Ruscher K, 
Cenci MA. Pharmacological stimulation of sigma-1 
receptors has neurorestorative effects in experimental 
parkinsonism. Brain. 2014; 137:1998–2014. 

 https://doi.org/10.1093/brain/awu107 
 PMID:24755275 

29. Hyrskyluoto A, Pulli I, Törnqvist K, Ho TH, Korhonen L, 
Lindholm D. Sigma-1 receptor agonist PRE084 is 
protective against mutant huntingtin-induced cell 
degeneration: involvement of calpastatin and the NF-
κB pathway. Cell Death Dis. 2013; 4:e646. 

 https://doi.org/10.1038/cddis.2013.170 
 PMID:23703391 

30. Nguyen L, Kaushal N, Robson MJ, Matsumoto RR. 
Sigma receptors as potential therapeutic targets for 
neuroprotection. Eur J Pharmacol. 2014; 743:42–47. 

 https://doi.org/10.1016/j.ejphar.2014.09.022 
 PMID:25261035 

31. Smith SB, Duplantier J, Dun Y, Mysona B, Roon P, 
Martin PM, Ganapathy V. In vivo protection against 
retinal neurodegeneration by sigma receptor 1 ligand 
(+)-pentazocine. Invest Ophthalmol Vis Sci. 2008; 
49:4154–61. 

 https://doi.org/10.1167/iovs.08-1824 PMID:18469181 

32. Spruce BA, Campbell LA, McTavish N, Cooper MA, 
Appleyard MV, O’Neill M, Howie J, Samson J, Watt S, 
Murray K, McLean D, Leslie NR, Safrany ST, et al. Small 
molecule antagonists of the sigma-1 receptor cause 
selective release of the death program in tumor and 
self-reliant cells and inhibit tumor growth in vitro and 
in vivo. Cancer Res. 2004; 64:4875–86. 

 https://doi.org/10.1158/0008-5472.CAN-03-3180 
 PMID:15256458 

33. Vilner BJ, John CS, Bowen WD. Sigma-1 and sigma-2 
receptors are expressed in a wide variety of human 
and rodent tumor cell lines. Cancer Res. 1995; 
55:408–13. 

 PMID:7812973 

34. Wang L, Eldred JA, Sidaway P, Sanderson J, Smith AJ, 
Bowater RP, Reddan JR, Wormstone IM. Sigma 1 
receptor stimulation protects against oxidative damage 
through suppression of the ER stress responses in the 
human lens. Mech Ageing Dev. 2012; 133:665–74. 

 https://doi.org/10.1016/j.mad.2012.09.005 
 PMID:23041531 

35. Zhang Y, Shi Y, Qiao L, Sun Y, Ding W, Zhang H, Li N, 
Chen D. Sigma-1 receptor agonists provide 
neuroprotection against gp120 via a change in bcl-2 

https://doi.org/10.2147/NDT.S53386
https://www.ncbi.nlm.nih.gov/pubmed/24353420
https://doi.org/10.1016/j.ejphar.2010.10.055
https://www.ncbi.nlm.nih.gov/pubmed/21044620
https://doi.org/10.1016/0014-2999%2895%2900115-2
https://www.ncbi.nlm.nih.gov/pubmed/7671999
https://doi.org/10.1126/science.2832949
https://www.ncbi.nlm.nih.gov/pubmed/2832949
https://doi.org/10.1124/mol.113.087809
https://www.ncbi.nlm.nih.gov/pubmed/24006496
https://doi.org/10.1038/cddis.2014.301
https://www.ncbi.nlm.nih.gov/pubmed/25032855
https://doi.org/10.1074/jbc.M112.380444
https://www.ncbi.nlm.nih.gov/pubmed/23105111
https://doi.org/10.2174/156720206776875849
https://www.ncbi.nlm.nih.gov/pubmed/16719792
https://doi.org/10.1124/jpet.113.208348
https://www.ncbi.nlm.nih.gov/pubmed/24006337
https://doi.org/10.1093/brain/awu107
https://www.ncbi.nlm.nih.gov/pubmed/24755275
https://doi.org/10.1038/cddis.2013.170
https://www.ncbi.nlm.nih.gov/pubmed/23703391
https://doi.org/10.1016/j.ejphar.2014.09.022
https://www.ncbi.nlm.nih.gov/pubmed/25261035
https://doi.org/10.1167/iovs.08-1824
https://www.ncbi.nlm.nih.gov/pubmed/18469181
https://doi.org/10.1158/0008-5472.CAN-03-3180
https://www.ncbi.nlm.nih.gov/pubmed/15256458
https://www.ncbi.nlm.nih.gov/pubmed/7812973
https://doi.org/10.1016/j.mad.2012.09.005
https://www.ncbi.nlm.nih.gov/pubmed/23041531


 

www.aging-us.com 9056 AGING 

expression in mouse neuronal cultures. Brain Res. 
2012; 1431:13–22. 

 https://doi.org/10.1016/j.brainres.2011.10.053 
 PMID:22133307 

36. Fernandois D, Cruz G, Na EK, Lara HE, Paredes AH. 
Kisspeptin level in the aging ovary is regulated by the 
sympathetic nervous system. J Endocrinol. 2017; 
232:97–105. 

 https://doi.org/10.1530/JOE-16-0181  
PMID:27856623 

37. Wellons MF, Matthews JJ, Kim C. Ovarian aging in 
women with diabetes: an overview. Maturitas. 2017; 
96:109–13. 

 https://doi.org/10.1016/j.maturitas.2016.11.019 
 PMID:28041589 

38. Casson PR, Lindsay MS, Pisarska MD, Carson SA,  
Buster JE. Dehydroepiandrosterone supplementation 
augments ovarian stimulation in poor responders: a 
case series. Hum Reprod. 2000; 15:2129–32. 

 https://doi.org/10.1093/humrep/15.10.2129 
 PMID:11006185 

39. Lin LT, Cheng JT, Wang PH, Li CJ, Tsui KH. 
Dehydroepiandrosterone as a potential agent to slow 
down ovarian aging. J Obstet Gynaecol Res. 2017; 
43:1855–62. 

 https://doi.org/10.1111/jog.13456 
 PMID:28892223 

40. Tsui KH, Lin LT, Chang R, Huang BS, Cheng JT, Wang PH. 
Effects of dehydroepiandrosterone supplementation 
on women with poor ovarian response: A preliminary 
report and review. Taiwan J Obstet Gynecol. 2015; 
54:131–36. 

 https://doi.org/10.1016/j.tjog.2014.07.007 
 PMID:25951716 

41. Hosszu A, Antal Z, Lenart L, Hodrea J, Koszegi S, Balogh 
DB, Banki NF, Wagner L, Denes A, Hamar P, Degrell P, 
Vannay A, Szabo AJ, Fekete A. σ1-Receptor Agonism 
Protects against Renal Ischemia-Reperfusion Injury. J 
Am Soc Nephrol. 2017; 28:152–65. 

 https://doi.org/10.1681/ASN.2015070772 
 PMID:27056295 

42. Nakano M, Osada K, Misonoo A, Fujiwara K, Takahashi 
M, Ogawa Y, Haga T, Kanai S, Tanaka D, Sasuga Y, 
Yanagida T, Asakura M, Yamaguchi N. Fluvoxamine and 
sigma-1 receptor agonists dehydroepiandrosterone 
(DHEA)-sulfate induces the Ser473-phosphorylation of 
Akt-1 in PC12 cells. Life Sci. 2010; 86:309–14. 

 https://doi.org/10.1016/j.lfs.2009.11.017 
 PMID:19995565 

43. Su TC, Lin SH, Lee PT, Yeh SH, Hsieh TH, Chou SY, Su TP, 
Hung JJ, Chang WC, Lee YC, Chuang JY. The sigma-1 
receptor-zinc finger protein 179 pathway protects 

against hydrogen peroxide-induced cell injury. 
Neuropharmacology. 2016; 105:1–9. 

 https://doi.org/10.1016/j.neuropharm.2016.01.015 
 PMID:26792191 

44. Yabuki Y, Shinoda Y, Izumi H, Ikuno T, Shioda N, 
Fukunaga K. Dehydroepiandrosterone administration 
improves memory deficits following transient brain 
ischemia through sigma-1 receptor stimulation. Brain 
Res. 2015; 1622:102–13. 

 https://doi.org/10.1016/j.brainres.2015.05.006 
 PMID:26119915 

45. Hayashi T, Su TP. An update on the development of 
drugs for neuropsychiatric disorders: focusing on the 
sigma 1 receptor ligand. Expert Opin Ther Targets. 
2008; 12:45–58. 

 https://doi.org/10.1517/14728222.12.1.45 
 PMID:18076369 

46. Phan VL, Miyamoto Y, Nabeshima T, Maurice T. Age-
related expression of sigma1 receptors and 
antidepressant efficacy of a selective agonist in the 
senescence-accelerated (SAM) mouse. J Neurosci Res. 
2005; 79:561–72. 

 https://doi.org/10.1002/jnr.20390 PMID:15635598 

47. Yun BH, Kim G, Park SH, Noe EB, Seo SK, Cho S, Choi YS, 
Lee BS. In vitro fertilization outcome in women with 
diminished ovarian reserve. Obstet Gynecol Sci. 2017; 
60:46–52. 

 https://doi.org/10.5468/ogs.2017.60.1.46 
 PMID:28217671 

48. Steiner AZ, Pritchard D, Stanczyk FZ, Kesner JS, 
Meadows JW, Herring AH, Baird DD, and Association 
Between Biomarkers of Ovarian Reserve and Infertility 
Among Older Women of Reproductive Age. Association 
Between Biomarkers of Ovarian Reserve and Infertility 
Among Older Women of Reproductive Age. JAMA. 
2017; 318:1367–76. 

 https://doi.org/10.1001/jama.2017.14588 
 PMID:29049585 

49. Scott RT, Toner JP, Muasher SJ, Oehninger S, Robinson 
S, Rosenwaks Z. Follicle-stimulating hormone levels on 
cycle day 3 are predictive of in vitro fertilization 
outcome. Fertil Steril. 1989; 51:651–54. 

 https://doi.org/10.1016/S0015-0282(16)60615-5 
 PMID:2494082 

50. Al-Azemi M, Killick SR, Duffy S, Pye C, Refaat B, Hill N, 
Ledger W. Multi-marker assessment of ovarian reserve 
predicts oocyte yield after ovulation induction. Hum 
Reprod. 2011; 26:414–22. 

 https://doi.org/10.1093/humrep/deq339 
 PMID:21147822 

51. Daney de Marcillac F, Pinton A, Guillaume A, Sagot P, 
Pirrello O, Rongieres C. What are the likely IVF/ICSI 

https://doi.org/10.1016/j.brainres.2011.10.053
https://www.ncbi.nlm.nih.gov/pubmed/22133307
https://doi.org/10.1530/JOE-16-0181
https://www.ncbi.nlm.nih.gov/pubmed/27856623
https://doi.org/10.1016/j.maturitas.2016.11.019
https://www.ncbi.nlm.nih.gov/pubmed/28041589
https://doi.org/10.1093/humrep/15.10.2129
https://www.ncbi.nlm.nih.gov/pubmed/11006185
https://doi.org/10.1111/jog.13456
https://www.ncbi.nlm.nih.gov/pubmed/28892223
https://doi.org/10.1016/j.tjog.2014.07.007
https://www.ncbi.nlm.nih.gov/pubmed/25951716
https://doi.org/10.1681/ASN.2015070772
https://www.ncbi.nlm.nih.gov/pubmed/27056295
https://doi.org/10.1016/j.lfs.2009.11.017
https://www.ncbi.nlm.nih.gov/pubmed/19995565
https://doi.org/10.1016/j.neuropharm.2016.01.015
https://www.ncbi.nlm.nih.gov/pubmed/26792191
https://doi.org/10.1016/j.brainres.2015.05.006
https://www.ncbi.nlm.nih.gov/pubmed/26119915
https://doi.org/10.1517/14728222.12.1.45
https://www.ncbi.nlm.nih.gov/pubmed/18076369
https://doi.org/10.1002/jnr.20390
https://www.ncbi.nlm.nih.gov/pubmed/15635598
https://doi.org/10.5468/ogs.2017.60.1.46
https://www.ncbi.nlm.nih.gov/pubmed/28217671
https://doi.org/10.1001/jama.2017.14588
https://www.ncbi.nlm.nih.gov/pubmed/29049585
https://doi.org/10.1016/S0015-0282%2816%2960615-5
https://www.ncbi.nlm.nih.gov/pubmed/2494082
https://doi.org/10.1093/humrep/deq339
https://www.ncbi.nlm.nih.gov/pubmed/21147822


 

www.aging-us.com 9057 AGING 

outcomes if there is a discrepancy between serum 
AMH and FSH levels? A multicenter retrospective 
study. J Gynecol Obstet Hum Reprod. 2017; 46:629–35. 

 https://doi.org/10.1016/j.jogoh.2017.08.001 
 PMID:28843783 

52. Garavaglia E, Sala C, Taccagni G, Traglia M, Barbieri C, 
Ferrari S, Candiani M, Panina-Bordignon P, Toniolo D. 
Fertility Preservation in Endometriosis Patients: Anti-
Müllerian Hormone Is a Reliable Marker of the Ovarian 
Follicle Density. Front Surg. 2017; 4:40. 

 https://doi.org/10.3389/fsurg.2017.00040 
 PMID:28791295 

53. Zheng H, Chen S, Du H, Ling J, Wu Y, Liu H, Liu J. 
Ovarian response prediction in controlled ovarian 
stimulation for IVF using anti-Müllerian hormone in 
Chinese women: A retrospective cohort study. 
Medicine (Baltimore). 2017; 96:e6495. 

 https://doi.org/10.1097/MD.0000000000006495 
 PMID:28353597 

54. Hatzirodos N, Hummitzsch K, Irving-Rodgers HF, 
Harland ML, Morris SE, Rodgers RJ. Transcriptome 
profiling of granulosa cells from bovine ovarian follicles 
during atresia. BMC Genomics. 2014; 15:40. 

 https://doi.org/10.1186/1471-2164-15-40 
 PMID:24438529 

55. Gleicher N, Weghofer A, Barad DH. Defining ovarian 
reserve to better understand ovarian aging. Reprod 
Biol Endocrinol. 2011; 9:23. 

 https://doi.org/10.1186/1477-7827-9-23 
 PMID:21299886 

56. Asselin E, Xiao CW, Wang YF, Tsang BK. Mammalian 
follicular development and atresia: role of apoptosis. 
Biol Signals Recept. 2000; 9:87–95. 

 https://doi.org/10.1159/000014627 
 PMID:10810203 

57. Manabe N, Goto Y, Matsuda-Minehata F, Inoue N, 
Maeda A, Sakamaki K, Miyano T. Regulation 
mechanism of selective atresia in porcine follicles: 
regulation of granulosa cell apoptosis during atresia. J 
Reprod Dev. 2004; 50:493–514. 

 https://doi.org/10.1262/jrd.50.493 
 PMID:15514456 

58. Matsuda-Minehata F, Inoue N, Goto Y, Manabe N. 
The regulation of ovarian granulosa cell death by pro- 
and anti-apoptotic molecules. J Reprod Dev. 2006; 
52:695–705. 

 https://doi.org/10.1262/jrd.18069 PMID:16926526 

59. Sai T, Goto Y, Yoshioka R, Maeda A, Matsuda F, 
Sugimoto M, Wongpanit K, Jin HZ, Li JY, Manabe N. Bid 
and Bax are involved in granulosa cell apoptosis during 
follicular atresia in porcine ovaries. J Reprod Dev. 2011; 
57:421–27. 

 https://doi.org/10.1262/jrd.11-007H 
 PMID:21441714 

60. Lin P, Yang Y, Li X, Chen F, Cui C, Hu L, Li Q, Liu W, Jin Y. 
Endoplasmic reticulum stress is involved in granulosa 
cell apoptosis during follicular atresia in goat ovaries. 
Mol Reprod Dev. 2012; 79:423–32. 

 https://doi.org/10.1002/mrd.22045 
 PMID:22532439 

61. Yang D, Jiang T, Lin P, Chen H, Wang L, Wang N, Zhao F, 
Wang A, Jin Y. Knock-down of apoptosis inducing factor 
gene protects endoplasmic reticulum stress-mediated 
goat granulosa cell apoptosis. Theriogenology. 2017; 
88:89–97. 

 https://doi.org/10.1016/j.theriogenology.2016.10.001 
 PMID:27865417 

62. Yang D, Wang L, Lin P, Jiang T, Wang N, Zhao F, Chen H, 
Tang K, Zhou D, Wang A, Jin Y. An immortalized 
steroidogenic goat granulosa cell line as a model 
system to study the effect of the endoplasmic 
reticulum (ER)-stress response on steroidogenesis. J 
Reprod Dev. 2017; 63:27–36. 

 https://doi.org/10.1262/jrd.2016-111 PMID:27746409 

63. Zeng Y, Sun H, Li Y, Shao M, Han P, Yu X, He L, Xu Y, Li S. 
Exposure to triptolide affects follicle development in 
NIH mice: Role of endoplasmic reticulum stress in 
granulosa cell apoptosis. Hum Exp Toxicol. 2017; 
36:82–92. 

 https://doi.org/10.1177/0960327116638725 
 PMID:27022166 

64. Nelson SM. Biomarkers of ovarian response: current 
and future applications. Fertil Steril. 2013; 99:963–69. 

 https://doi.org/10.1016/j.fertnstert.2012.11.051 
 PMID:23312225 

65. Rao RV, Poksay KS, Castro-Obregon S, Schilling B, Row 
RH, del Rio G, Gibson BW, Ellerby HM, Bredesen DE. 
Molecular components of a cell death pathway 
activated by endoplasmic reticulum stress. J Biol Chem. 
2004; 279:177–87. 

 https://doi.org/10.1074/jbc.M304490200 
 PMID:14561754 

66. Alemu TW, Pandey HO, Salilew Wondim D, 
Gebremedhn S, Neuhof C, Tholen E, Holker M, 
Schellander K, Tesfaye D. Oxidative and endoplasmic 
reticulum stress defense mechanisms of bovine 
granulosa cells exposed to heat stress. Theriogenology. 
2018; 110:130–41. 

 https://doi.org/10.1016/j.theriogenology.2017.12.042 
 PMID:29396041 

67. Eisele YS, Monteiro C, Fearns C, Encalada SE, Wiseman 
RL, Powers ET, Kelly JW. Targeting protein aggregation 
for the treatment of degenerative diseases. Nat Rev 
Drug Discov. 2015; 14:759–80. 

https://doi.org/10.1016/j.jogoh.2017.08.001
https://www.ncbi.nlm.nih.gov/pubmed/28843783
https://doi.org/10.3389/fsurg.2017.00040
https://www.ncbi.nlm.nih.gov/pubmed/28791295
https://doi.org/10.1097/MD.0000000000006495
https://www.ncbi.nlm.nih.gov/pubmed/28353597
https://doi.org/10.1186/1471-2164-15-40
https://www.ncbi.nlm.nih.gov/pubmed/24438529
https://doi.org/10.1186/1477-7827-9-23
https://www.ncbi.nlm.nih.gov/pubmed/21299886
https://doi.org/10.1159/000014627
https://www.ncbi.nlm.nih.gov/pubmed/10810203
https://doi.org/10.1262/jrd.50.493
https://www.ncbi.nlm.nih.gov/pubmed/15514456
https://doi.org/10.1262/jrd.18069
https://www.ncbi.nlm.nih.gov/pubmed/16926526
https://doi.org/10.1262/jrd.11-007H
https://www.ncbi.nlm.nih.gov/pubmed/21441714
https://doi.org/10.1002/mrd.22045
https://www.ncbi.nlm.nih.gov/pubmed/22532439
https://doi.org/10.1016/j.theriogenology.2016.10.001
https://www.ncbi.nlm.nih.gov/pubmed/27865417
https://doi.org/10.1262/jrd.2016-111
https://www.ncbi.nlm.nih.gov/pubmed/27746409
https://doi.org/10.1177/0960327116638725
https://www.ncbi.nlm.nih.gov/pubmed/27022166
https://doi.org/10.1016/j.fertnstert.2012.11.051
https://www.ncbi.nlm.nih.gov/pubmed/23312225
https://doi.org/10.1074/jbc.M304490200
https://www.ncbi.nlm.nih.gov/pubmed/14561754
https://doi.org/10.1016/j.theriogenology.2017.12.042
https://www.ncbi.nlm.nih.gov/pubmed/29396041


 

www.aging-us.com 9058 AGING 

 https://doi.org/10.1038/nrd4593 
 PMID:26338154 

68. Hayashi T, Su TP. Sigma-1 receptor chaperones at the 
ER-mitochondrion interface regulate Ca(2+) signaling 
and cell survival. Cell. 2007; 131:596–610. 

 https://doi.org/10.1016/j.cell.2007.08.036 
 PMID:17981125 

69. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron 
D. Dynamic interaction of BiP and ER stress transducers 
in the unfolded-protein response. Nat Cell Biol. 2000; 
2:326–32. 

 https://doi.org/10.1038/35014014  
PMID:10854322 

70. Ortega-Roldan JL, Ossa F, Schnell JR. Characterization 
of the human sigma-1 receptor chaperone domain 
structure and binding immunoglobulin protein (BiP) 
interactions. J Biol Chem. 2013; 288:21448–57. 

 https://doi.org/10.1074/jbc.M113.450379 
 PMID:23760505 

71. Martinon F, Glimcher LH. Regulation of innate 
immunity by signaling pathways emerging from the 
endoplasmic reticulum. Curr Opin Immunol. 2011; 
23:35–40. 

 https://doi.org/10.1016/j.coi.2010.10.016 
 PMID:21094031 

72. Liu Y, Jiang ZY, Zhou YL, Qiu HH, Wang G, Luo Y, Liu JB, 
Liu XW, Bu WQ, Song J, Cui L, Jia XB, Feng L. β-elemene 
regulates endoplasmic reticulum stress to induce the 
apoptosis of NSCLC cells through PERK/IRE1α/ATF6 
pathway. Biomed Pharmacother. 2017; 93:490–97. 

 https://doi.org/10.1016/j.biopha.2017.06.073 
 PMID:28672279 

73. Xue Q, Li C, Chen J, Guo H, Li D, Wu X. The Protective 
effect of the endoplasmic reticulum stress-related 
factors BiP/GRP78 and CHOP/Gadd153 on noise-
induced hearing loss in guinea pigs. Noise Health. 
2016; 18:247–55. 

 https://doi.org/10.4103/1463-1741.192481 
 PMID:27762253 

74. Ma Y, Brewer JW, Diehl JA, Hendershot LM. Two 
distinct stress signaling pathways converge upon the 
CHOP promoter during the mammalian unfolded 
protein response. J Mol Biol. 2002; 318:1351–65. 

 https://doi.org/10.1016/S0022-2836(02)00234-6 
 PMID:12083523 

75. Zhang Q, Liu J, Chen S, Liu J, Liu L, Liu G, Wang F, 
Jiang W, Zhang C, Wang S, Yuan X. Caspase-12 is 
involved in stretch-induced apoptosis mediated 
endoplasmic reticulum stress. Apoptosis. 2016; 
21:432–42. 

 https://doi.org/10.1007/s10495-016-1217-6 
 PMID:26801321 

76. Yang Y, Sun M, Shan Y, Zheng X, Ma H, Ma W,  
Wang Z, Pei X, Wang Y. Endoplasmic reticulum 
stress-mediated apoptotic pathway is involved in 
corpus luteum regression in rats. Reprod Sci. 2015; 
22:572–84. 

 https://doi.org/10.1177/1933719114553445 
 PMID:25332219 

77. Meunier J, Hayashi T. Sigma-1 receptors regulate Bcl-2 
expression by reactive oxygen species-dependent 
transcriptional regulation of nuclear factor kappaB. J 
Pharmacol Exp Ther. 2010; 332:388–97. 

 https://doi.org/10.1124/jpet.109.160960 
 PMID:19855099 

78. Bastianetto S, Ramassamy C, Poirier J, Quirion R. 
Dehydroepiandrosterone (DHEA) protects 
hippocampal cells from oxidative stress-induced 
damage. Brain Res Mol Brain Res. 1999; 66:35–41. 

 https://doi.org/10.1016/S0169-328X(99)00002-9 
 PMID:10095075 

79. Birkenhäger-Gillesse EG, Derksen J, Lagaay AM. 
Dehydroepiandrosterone sulphate (DHEAS) in the 
oldest old, aged 85 and over. Ann N Y Acad Sci. 1994; 
719:543–52. 

 https://doi.org/10.1111/j.1749-6632.1994.tb56858.x 
 PMID:8010622 

80. Vieira-Marques C, Arbo BD, Cozer AG, Hoefel AL, 
Cecconello AL, Zanini P, Niches G, Kucharski LC, Ribeiro 
MF. Sex-specific effects of dehydroepiandrosterone 
(DHEA) on glucose metabolism in the CNS. J Steroid 
Biochem Mol Biol. 2017; 171:1–10. 

 https://doi.org/10.1016/j.jsbmb.2016.11.014 
 PMID:27871979 

81. Aldred S, Mecocci P. Decreased dehydroepian-
drosterone (DHEA) and dehydroepiandrosterone sulfate 
(DHEAS) concentrations in plasma of Alzheimer’s 
disease (AD) patients. Arch Gerontol Geriatr. 2010; 
51:e16–18. 

 https://doi.org/10.1016/j.archger.2009.07.001 
 PMID:19665809 

82. Lois K, Kassi E, Prokopiou M, Chrousos GP. Adrenal 
Androgens and Aging. South Dartmouth (MA): 
MDText.com, Inc. 2000. 

83. Li Z, Zhou R, Cui S, Xie G, Cai W, Sokabe M,  
Chen L. Dehydroepiandrosterone sulfate prevents 
ischemia-induced impairment of long-term 
potentiation in rat hippocampal CA1 by up-regulating 
tyrosine phosphorylation of NMDA receptor. 
Neuropharmacology. 2006; 51:958–66. 

 https://doi.org/10.1016/j.neuropharm.2006.06.007 
 PMID:16895729 

84. Barad D, Brill H, Gleicher N. Update on the use of 
dehydroepiandrosterone supplementation among 

https://doi.org/10.1038/nrd4593
https://www.ncbi.nlm.nih.gov/pubmed/26338154
https://doi.org/10.1016/j.cell.2007.08.036
https://www.ncbi.nlm.nih.gov/pubmed/17981125
https://doi.org/10.1038/35014014
https://www.ncbi.nlm.nih.gov/pubmed/10854322
https://doi.org/10.1074/jbc.M113.450379
https://www.ncbi.nlm.nih.gov/pubmed/23760505
https://doi.org/10.1016/j.coi.2010.10.016
https://www.ncbi.nlm.nih.gov/pubmed/21094031
https://doi.org/10.1016/j.biopha.2017.06.073
https://www.ncbi.nlm.nih.gov/pubmed/28672279
https://doi.org/10.4103/1463-1741.192481
https://www.ncbi.nlm.nih.gov/pubmed/27762253
https://doi.org/10.1016/S0022-2836%2802%2900234-6
https://www.ncbi.nlm.nih.gov/pubmed/12083523
https://doi.org/10.1007/s10495-016-1217-6
https://www.ncbi.nlm.nih.gov/pubmed/26801321
https://doi.org/10.1177/1933719114553445
https://www.ncbi.nlm.nih.gov/pubmed/25332219
https://doi.org/10.1124/jpet.109.160960
https://www.ncbi.nlm.nih.gov/pubmed/19855099
https://doi.org/10.1016/S0169-328X%2899%2900002-9
https://www.ncbi.nlm.nih.gov/pubmed/10095075
https://doi.org/10.1111/j.1749-6632.1994.tb56858.x
https://www.ncbi.nlm.nih.gov/pubmed/8010622
https://doi.org/10.1016/j.jsbmb.2016.11.014
https://www.ncbi.nlm.nih.gov/pubmed/27871979
https://doi.org/10.1016/j.archger.2009.07.001
https://www.ncbi.nlm.nih.gov/pubmed/19665809
https://doi.org/10.1016/j.neuropharm.2006.06.007
https://www.ncbi.nlm.nih.gov/pubmed/16895729


 

www.aging-us.com 9059 AGING 

women with diminished ovarian function. J Assist 
Reprod Genet. 2007; 24:629–34. 

 https://doi.org/10.1007/s10815-007-9178-x 
 PMID:18071895 

85. Barad D, Gleicher N. Effect of dehydroepiandrosterone 
on oocyte and embryo yields, embryo grade and cell 
number in IVF. Hum Reprod. 2006; 21:2845–49. 

 https://doi.org/10.1093/humrep/del254 
 PMID:16997936 

86. Barad DH, Gleicher N. Increased oocyte production 
after treatment with dehydroepiandrosterone. Fertil 
Steril. 2005; 84:756. 

 https://doi.org/10.1016/j.fertnstert.2005.02.049 
 PMID:16169414 

87. Li J, Yuan H, Chen Y, Wu H, Wu H, Li L. A meta- 
analysis of dehydroepiandrosterone supplementation  
among women with diminished ovarian reserve 
undergoing in vitro fertilization or intracytoplasmic 
sperm injection. Int J Gynaecol Obstet. 2015; 
131:240–45. 

 https://doi.org/10.1016/j.ijgo.2015.06.028 
 PMID:26421833 

88. Fouany MR, Sharara FI. Is there a role for DHEA 
supplementation in women with diminished ovarian 
reserve? J Assist Reprod Genet. 2013; 30:1239–44. 

 https://doi.org/10.1007/s10815-013-0018-x 
 PMID:23737215 

89. Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus 
Workshop Group. Revised 2003 consensus on 
diagnostic criteria and long-term health risks related 
to polycystic ovary syndrome. Fertil Steril. 2004; 
81:19–25. 

 https://doi.org/10.1016/j.fertnstert.2003.10.004 
 PMID:14711538 

90. Nishi Y, Yanase T, Mu Y, Oba K, Ichino I, Saito M, 
Nomura M, Mukasa C, Okabe T, Goto K, Takayanagi R, 
Kashimura Y, Haji M, Nawata H. Establishment and 
characterization of a steroidogenic human granulosa-
like tumor cell line, KGN, that expresses functional 
follicle-stimulating hormone receptor. Endocrinology. 
2001; 142:437–45. 

 https://doi.org/10.1210/endo.142.1.7862 
 PMID:11145608 

91. Canning MO, Grotenhuis K, de Wit HJ, Drexhage HA. 
Opposing effects of dehydroepiandrosterone and 
dexamethasone on the generation of monocyte-
derived dendritic cells. Eur J Endocrinol. 2000; 
143:687–95. 

 https://doi.org/10.1530/eje.0.1430687 
 PMID:11078994 

92. Charalampopoulos I, Alexaki VI, Lazaridis I, Dermitzaki 
E, Avlonitis N, Tsatsanis C, Calogeropoulou T, Margioris 
AN, Castanas E, Gravanis A. G protein-associated, 
specific membrane binding sites mediate the 
neuroprotective effect of dehydroepiandrosterone. 
FASEB J. 2006; 20:577–79. 

 https://doi.org/10.1096/fj.05-5078fje 
 PMID:16407456 

93. Gallo M, Aragno M, Gatto V, Tamagno E, Brignardello 
E, Manti R, Danni O, Boccuzzi G. Protective effect of 
dehydroepiandrosterone against lipid peroxidation in 
a human liver cell line. Eur J Endocrinol. 1999; 
141:35–39. 

 https://doi.org/10.1530/eje.0.1410035 
 PMID:10407220 

94. Guzmán-Lenis MS, Navarro X, Casas C. Selective  
sigma receptor agonist 2-(4-morpholinethyl)1-
phenylcyclohexanecarboxylate (PRE084) promotes 
neuroprotection and neurite elongation through 
protein kinase C (PKC) signaling on motoneurons. 
Neuroscience. 2009; 162:31–38. 

 https://doi.org/10.1016/j.neuroscience.2009.03.067 
 PMID:19345724 

95. Yang Z, Li Q, Yao S, Zhang G, Xue R, Li G, Wang Y, Wang 
S, Wu R, Gao H. Down-Regulation of miR-19a as a 
Biomarker for Early Detection of Silicosis. Anat Rec 
(Hoboken). 2016; 299:1300–07. 

 https://doi.org/10.1002/ar.23381 
 PMID:27312312 

  

https://doi.org/10.1007/s10815-007-9178-x
https://www.ncbi.nlm.nih.gov/pubmed/18071895
https://doi.org/10.1093/humrep/del254
https://www.ncbi.nlm.nih.gov/pubmed/16997936
https://doi.org/10.1016/j.fertnstert.2005.02.049
https://www.ncbi.nlm.nih.gov/pubmed/16169414
https://doi.org/10.1016/j.ijgo.2015.06.028
https://www.ncbi.nlm.nih.gov/pubmed/26421833
https://doi.org/10.1007/s10815-013-0018-x
https://www.ncbi.nlm.nih.gov/pubmed/23737215
https://doi.org/10.1016/j.fertnstert.2003.10.004
https://www.ncbi.nlm.nih.gov/pubmed/14711538
https://doi.org/10.1210/endo.142.1.7862
https://www.ncbi.nlm.nih.gov/pubmed/11145608
https://doi.org/10.1530/eje.0.1430687
https://www.ncbi.nlm.nih.gov/pubmed/11078994
https://doi.org/10.1096/fj.05-5078fje
https://www.ncbi.nlm.nih.gov/pubmed/16407456
https://doi.org/10.1530/eje.0.1410035
https://www.ncbi.nlm.nih.gov/pubmed/10407220
https://doi.org/10.1016/j.neuroscience.2009.03.067
https://www.ncbi.nlm.nih.gov/pubmed/19345724
https://doi.org/10.1002/ar.23381
https://www.ncbi.nlm.nih.gov/pubmed/27312312


 

www.aging-us.com 9060 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Tables 
 

Supplementary Table 1. Different clinical characteristics between women with DOR and NOR ( ± )x s . 

 
Normal ovarian reserve 

(NOR) (n = 84) 

Diminished ovarian 

reserve (DOR) (n = 46) 
P 

Age of patients (year) 30.48±3.19 36.83±5.46 0.000** 

Duration of infertility (year) 3.20±1.70 6.41±2.88 0.000** 

Past NO. of IVF cycles 1.20±0.55 1.61±0.91 0.001** 

Body mass index (BMI) 23.35±3.45 22.74±2.50 0.254 

Antral follicular count (AFC) 12.21±4.73 4.22±1.66 0.000** 

D3 FSH (IU/l) 5.54±1.38 10.38±4.69 0.000** 

D3 LH (mIU/ml) 5.67±3.83 5.99±4.22 0.400 

Serum AMH (ng/ml) 6.41±2.62 1.30±0.97 0.000** 

Dosage of gonadotropin initiating (IU) 167.26±54.29 237.50±36.80 0.000** 

Total dose of gonadotropin (IU) 1643.75±797.64 1932.07±987.21 0.073 

Duraion of gonadotropin stimulation (days) 7.86±3.01 8.02±3.56 0.674 

Endometrial thickness on ET day(mm) 10.45±1.75 10.17±1.81 0.346 

No. of oocyte retrieved 11.89±6.23 4.11±2.83 0.000** 

No. of available embryos 5.68±3.81 1.74±1.64 0.000** 

**<0.01. 
 

Supplementary Table 2. Low sigma-1 receptor protein in GCs of women with DOR ( ± )x s . 

 
Normal ovarian reserve (NOR) 

group (n = 3) 

Diminished ovarian reserve (DOR) 

group (n = 3) 
P 

The level of sigma-1 

receptor in GCs 
183.01±15.07 107.81±21.94 0.006* 

*<0.05. 
 

Supplementary Table 3. Low sigma-1 receptor concentration in FF and serum of women with DOR ( ± )x s . 

 
Normal ovarian reserve 

(NOR) (n = 84) 

Diminished ovarian reserve 

(DOR) (n = 46) 
P 

The level of serum sigma-1 receptor (pg/ml) 158.65±18.29 129.17±29.48 0.000** 

The level of FF sigma-1 receptor (pg/ml) 164.76±16.38 130.90±18.88 0.000** 

**<0.01. 
 

Supplementary Table 4. High apoptosis index in GCs of women with DOR ( ± )x s . 

 GCs of NOR group (n = 3) GCs of DOR group (n = 3) P 

Early stage apoptotic rate (%) 10.42±1.46 21.21±1.75 0.001** 

Late stage apoptotic rate (%) 17.95±0.35 22.44±2.32 0.030* 

Total Early apoptotic rate (%) 28.37±1.16 43.65±2.00 0.000** 

*<0.05; **<0.01. 
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Supplementary Table 5. The mRNA expression of apoptosis- and ERS-related genes in GCs of women with DOR 
( ± )x s . 

 GCs of NOR group (n = 3) GCs of DOR group (n = 3) P 

Sigma-1 receptor 0.93±0.34 0.61±0.19 0.026* 

BIP 0.87±0.33 1.29±0.46 0.041* 

JNK 0.95±0.30 1.06±0.18 0.383 

caspase-12 0.97±0.26 1.24±0.20 0.223 

CHOP 1.18±0.34 1.72±0.49 0.038* 

ATF4 1.03±0.27 2.19±0.09 0.002** 

ATF6 1.17± 0.34 1.93 ± 0.51 0.002** 

BCL-2 1.03±0.21 0.79±0.16 0.015* 

BAX 0.99±0.16 1.40±0.12 0.034* 

BCL-2/BAX(%) 96.28±13.16 64.12±12.53 0.000** 

*<0.05, **<0.01. 
 

Supplementary Table 6. Clinical outcomes in women with DOR with and without DHEA supplementation ( ± )x s . 

 control women (n = 58) DHEA administration women (n = 31) P 

Age of patients (year) 36.00±5.88 36.32±5.75 0.941 

Duration of infertility (year) 6.12±2.90 7.23±2.90 0.106 

Past NO. of IVF cycles 1.53±0.84 1.61±0.95 0.924 

Primary/secondary infertility 24/34 16/15 0.355 

Body mass index (BMI) 23.62±3.10 22.78±2.06 0.181 

Antral follicular count (AFC) 3.81±1.65 4.13±1.94 0.593 

D3 FSH (IU/l) 9.70±3.25 10.79±4.58 0.408 

D3 LH (mIU/ml) 4.91±2.28 4.24±1.78 0.238 

Serum AMH (ng/ml) 1.09±0.83 0.86±0.60 0.221 

Total dose of Gn (IU) 1712.93±666.12 1683.06±688.19 0.843 

Duraion of Gn stimulation (days) 7.76±3.33 6.97±2.94 0.653 

Endometrial thickness on ET day(mm) 9.75±1.69 9.66±2.11 0.384 

No. of oocyte retrieved  3.41±1.85 4.23±1.89 0.098 

No. of available embryo 1.64±1.43 2.29±1.30 0.044* 

High quality embryo rate (%) 50.52 (48/95) 45.07 (32/71) 0.486 

No. of embryo transferred 1.57±0.50 1.69±0.608 0.573 

Cycle cancelation rate (%) 36.21 (21/58) 16.13 (5/31) 0.047* 

Clinical pregnancy rate (%) 29.63 (8/27) 35.71 (5/14) 0.691 

Abortion rate (%) 25.00 (2/8) 20.00 (1/5) 1.000 

Ectopic pregnant rate (%) 12.50 (1/8) 0.00 (0/5) 1.000 

*<0.05. 
 

Supplementary Table 7. Sigma-1 receptor protein levels in women with DOR with and without DHEA 
supplementation ( ± )x s . 

 Control women (n = 3) DHEA administration women (n = 3) P 

The level of sigma-1 

receptor in GCs 

98.37±15.86 135.03±16.85 0.052 
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Supplementary Table 8. Low apoptosis index in women with DOR with DHEA supplementation ( ± )x s . 

 Control women (n = 3) DHEA administration women (n = 3) P 

Early stage apoptotic rate (%) 21.34±1.76 17.50±1.31 0.002** 

Late stage apoptotic rate (%) 23.91±1.61 21.41±1.04 0.088 

Total Early apoptotic rate (%) 45.25±3.20 38.91±2.23 0.048* 

*<0.05; **<0.01. 
 

Supplementary Table 9. The mRNA expression in differently treated KGN cells ( ± )x s . 

 
No drug group 

(n = 3) 

DHEA treated 

group (n = 3) 

RPE-084 

treated group 

(n = 3) 

pcDNA3.1(+) 

group (n = 3) 

pcDNA3.1(+) 

SIGMAR1 

group (n = 3) 

NC shRNA 

group (n = 3) 

SIGMAR1 

shRNA group 

(n = 3) 

P 

sigma-1 

receptor 

0.99±0.37 1.26±0.34 1.83±0.56 0.96±0.04 268.22±23.28 1.05±0.09 0.50±0.16 0.040# 

0.000 

0.014† 

BIP 1.06±0.45 0.89±0.35 0.85±0.64 1.02±0.24 0.89±0.16 0.99±0.28 2.53±0.74 0.016† 

JNK 0.98±0.28 0.91±0.23 0.65±0.24 1.02±0.06 1.02±0.13 0.99±0.08 1.22±0.29 >0.05 

caspase-12 1.02±0.08 0.76±0.19 0.89±0.44 0.99±0.02 0.97±0.06 1.06±0.37 1.65±0.52 >0.05 

CHOP 1.00±0.24 0.71±0.23 0.51±0.05 1.00±0.10 0.77±0.15 1.00±0.28 1.44±0.28 0.045* 

0.017# 

0.048 

0.007† 

ATF4 0.97±0.09 0.65±0.06 0.74±0.10 0.99±0.03 0.73±0.09 1.08±0.17 1.36±0.09 0.007* 

0.045# 

0.009 

ATF6 0.89±0.23 0.66±0.15 0.72±0.11 1.00±0.07 0.59±0.24 0.97±0.14 2.47±0.71 0.048 

0.022† 

BCL-2 1.00±0.32 1.65±0.52 1.23±0.36 1.00±0.04 1.44±0.57 1.07±0.27 1.12±0.22 >0.05 

BAX 1.00±0.11 0.73±0.29 0.79±0.24 1.00±0.07 0.81±0.24 0.99±0.02 1.86±0.22 0.017† 

BCL-2/ 

BAX(%) 

98.16±21.65 234.19±34.41 157.59±8.90 100.04±3.44 173.73±1.61 108.32±25.83 60.64±12.33 0.000* 

0.012# 

0.001 

0.003 

* No drug group VS. DHEA treated group, P<0.05; 
# No drug group VS. RPE084 treated group, P<0.05; 
 pcDNA3.1(+) group VS. pcDNA3.1(+) SIGMAR1 group, 
† NC shRNA group VS. SIGMAR1 shRNA group, P<0.05. 
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Supplementary Table 10. MTT assay results for KGN cells treated with different concentrations of TG ( ± )x s . 

TG(umol/L) 0 (n = 3) 0.25 (n = 3) 0.5 (n = 3) 1 (n = 3) 2 (n = 3) 4 (n = 3) P 

Cell viability (%) 100.00±1.59 97.00±1.44 95.68±0.83 77.17±2.06 72.90±1.96 70.75±3.47 0.072* 

0.014# 

0.000 

0.000† 

0.000 卍 

* 0.25µmol/L TG group VS. control group; 
# 0.5µmol/L TG group VS. control group; 
 1µmol/L TG group VS. control group; 
† 2µmol/L TG group VS. control group; 
卍 4µmol/L TG group VS. control group; 

 

Supplementary Table 11. The ERS-related genes mRNA expression in TG- treated KGN cells ( ± )x s  (each group n 

= 3). 

TG(umol/L) 0 (n = 3) 0.5 (n = 3) 1 (n = 3) 2 (n = 3) 4 (n = 3) P 

BIP 1.00±0.07 0.94±0.07 1.36±0.216 1.29±0.15 1.2459±0.26123 0.406* 

0.049# 

0.034 

0.187† 

CHOP 1.00±0.05 0.96±0.06 1.26±0.05 1.30±0.16 1.28±0.16 0.490* 

0.003# 

0.038 

0.039† 

BCL-2 1.02±0.05 0.98±0.08 0.82±0.04 0.78±0.06 0.75±0.02 0.534* 

0.009# 

0.008 

0.002† 

BAX 0.99±0.05 0.91±0.06 1.18±0.19 0.99±0.15 0.96±0.11 0.135* 

0.165# 

0.926 

0.656† 

BCL-

2/BAX(%) 

102.23±4.80 108.46±15.83 70.89±14.20 79.99±7.27 78.95±10.15 0.550* 

0.022# 

0.012 

0.023† 

* 0.5µmol/L TG group VS. control group; 
# 1µmol/L TG group VS. control group; 
 2µmol/L TG group VS. control group; 
† 4µmol/L TG group VS. control group, P<0.05; 
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Supplementary Table 12. The apoptosis index in differently treated KGN cells ( ± )x s  (each group n = 3). 

 
Control gruop 

(n = 3) 

TG-induced 

group (n = 3) 

TG+PRE-084 

group (n = 3) 

TG +DHEA group 

(n = 3) 
P 

Early stage apoptotic rate (%) 6.21±1.17 27.84±2.60 14.13±1.37 16.45±2.75 0.000* 

0.001# 

0.006 

Late stage apoptotic rate (%) 13..23±1.19 17.34±3.19 15.76±1.04 15.62±1.44 >0.05 

Total Early apoptotic rate 

(%) 

19.44±1.80 45.18±5.60 29.89±2.01 32.07±4.09 0.002* 

0.011# 

0.031 

* TG-induced group VS.control group, P<0.05; 
# TG-induced group VS.TG+PRE-084 group, P<0.05; 
 TG-induced group VS. TG+DHEA group, P<0.05. 
 

Supplementary Table 13. Sigma-1 receptor protein levels in differently treated KGN cells ( ± )x s  (each group n = 3). 

 
Control group  

(n = 3) 

TG-induced group 

(n = 3) 

TG+PRE-084 

group (n = 3) 

TG +DHEA group 

(n = 3) 
P 

The level of sigma-1 

receptor  

403.74±72.19 317.31±55.55 577.82±130.95 449.91±52.78 0.034* 

0.040# 

* TG-induced group VS.TG+PRE-084 group, P<0.05; 
# TG-induced group VS. TG+DHEA group, P<0.05. 
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Supplementary Table 14. The mRNA expression in KGN cells treated with different drugs ( ± )x s  (each group n = 3). 

 
Control group  

(n = 3) 

TG-induced group  

(n = 3) 

TG+PRE-084 group  

(n = 3) 

TG +DHEA group  

(n = 3) 
P 

Sigma-1 

receptor 

1.26±0.27 0.96±0.21 1.50±0.14 1.30±0.12 0.021# 

BIP 0.70±0.14 1.05±0.16 0.75±0.09 0.7623±0.07 0.049* 

0.046# 

0.046 

CHOP 0.71±0.14 0.99±0.04 0.76±0.10 0.76±0.11 0.029* 

0.021# 

0.025 

BCL-2 1.17±0.09 0.99±0.05 1.12±0.03 1.05±0.10 0.034* 

0.016# 

BAX 0.75±0.07 0.97±0.16 0.77±0.07 0.71±0.10 >0.05 

BCL-2/ 

BAX(%) 

157.28±25.42 103.72±20.77 147.20±15.13 148.70±14.51 0.048* 

0.043# 

0.037 

JNK 0.81±0.06 1.00±0.10 0.90±0.18 0.88±0.03 0.038* 

caspase-12 0.86±0.04 1.01±0.08 0.83±0.11 0.86±0.07 0.039* 

ATF4 0.88±0.03 0.98±0.09 0.77±0.07 0.73±0.12 0.012* 

0.034# 

0.041 

ATF6 0.74±0.05 0.96±0.12 0.71±0.05 0.85±0.05 0.045* 

0.029# 

* TG-induced group VS.control group, P<0.05; 
# TG-induced group VS.TG+PRE-084 group, P<0.05; 
 TG-induced group VS. TG+DHEA group, P<0.05. 


