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Abstract

Endoplasmic reticulum stress (ERS), which is a novel pathway of regulating cellular apoptosis and the function of ERS during
corpus luteum (CL) regression, is explored. Early-luteal stage (day 2), mid-luteal stage (day 7), and late-luteal stage (day 14 and 20)
were induced, and the apoptosis of luteal cells was detected by a terminal 2'-deoxyuridine 5'-triphosphate nick-end labeling
(TUNEL) assay. The apoptotic cells were increased with the regression of CL, especially during the late-luteal stage. The ERS
markers glucose-regulated protein 78 (Grp78), CCAAT/enhancer-binding protein homologous protein (CHOP), X-box binding
protein | (XBPI), activating transcription factor 60 (ATF6a), eukaryotic initiation factor 2o (elF2a), inositol-requiring protein |o
(IREl o), caspase 12, and apoptosis marker caspase 3 were analyzed by real-time polymerase chain reaction (PCR) and immuno-
histochemistry, in agreement with the results of the TUNEL assay; the expression levels of CHOP, caspase 12, and caspase 3 were
increased during the process of CL regression. Luteal cells were isolated and cultured in vitro, and the apoptosis of luteal cells was
induced by prostaglandin F2a. The ERS was attenuated by the ERS inhibitor tauroursodeoxycholic acid, and the apoptotic rate was
analyzed by flow cytometry. The ERS markers Grp78, CHOP, XBPls, ATF6q, elF2a, IREla, caspase 12, and apoptotic execute
marker caspase 3 were analyzed by real-time PCR and immunofluorescence, and the results suggested that the expression of
CHOP, caspase 12, and caspase 3 were increased, and there was increased apoptosis of luteal cells. But the expression of
IREIo/XBPIs and elF2a was not detected. Taken together, the ERS is involved in the CL regression of rats through the CHOP
and caspase |2 pathway.
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Endoplasmic reticulum stress (ERS) is a novel pathway of
cellular apoptosis and generally occurs in secretory cell

Introduction

The corpus luteum (CL) is a temporary, rthythmic endocrine

gland that develops after ovulation from the ruptured folli-
cle during the luteal phase. Progesterone is produced by the
CL. Progesterone is indispensable for the establishment and
maintenance of intrauterine pregnancies in mammals.'”
Several studies revealed that the function and fate of the
CL are mediated by a number of factors, including steroids,
growth factors, gonadotropins, prostaglandins, cytokines,
and peptide hormones,® but the accurate controlling
mechanism of regression of the CL is unknown. Previous
studies suggested that cellular apoptosis was involved in the
regression of CL,> and apoptosis was detected in many
species during spontaneous and induced CL regression,
including cows,®” rats,*'® sheep,'' and humans.'* Previous
studies suggested that the death receptor- and mitochondria-
mediated apoptotic systems have been shown to be active in
regression of the CL.'*"'

types.'® 78-kDa Glucose-regulated protein (Grp78) is an endo-
plasmic reticulum chaperone, with multiple functional roles in
protein processing and provision of cellular protection.'’
Although the ERS is initiated and the increased Grp78 is relo-
calized from the endoplasmic reticulum (ER), the signaling
regulator Grp78 is used as a monitor of ERS.'®
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In the early stages, ERS is alleviated by the unfold protein
response (UPR). The following 3 signal transduction pathways
are involved in the UPR: protein kinase RNA-like ER kinase
(PERK), inositol-requiring enzyme-1/X-box-binding protein
(IRE1/XBP-1), and activating transcription factor 6 (ATF6).
If the ERS is not mitigated through the UPR, persistent and
severe ERS results in cellular apoptosis. The apoptosis was ini-
tiated by upregulating the ERS-associated proapoptotic marker
CCAAT/enhancer-binding protein (C/EBP) homologous protein
(CHOP/GADD153), by the ER-associated caspase 12 pathway
and by activation of the c-Jun NH2-terminal kinase (JNK)-
dependent pathway.'*>! To date, the accurate signal pathway
of ERS-mediated apoptosis was still fully understood. Previ-
ous study suggested that the apoptotic response is mediated
through activation of CHOP primarily by signaling of the
activating transcription factor 6o (ATF6a) and the PERK/
eukaryotic initiation factor 2o (eIF20)/ATF4.* Indeed,
CHOP was target gene of 3 UPR signal pathways® and proa-
poptosis during ERS response.?*

Tauroursodeoxycholic acid (TUDCA) is an endogenous
hydrophilic bile acid with multiple properties,” and recent
studies have shown that TUDCA functions as chemical chaper-
one and helps attenuate ERS.%¢

Previous studies suggested that ERS was involved in sev-
eral important reproductive process, including development
of preimplantation embryo,*’>" follicle atresia,>>** embryonic
implantation,*® decidualization,”® and placentation.’®*!
Whether ERS is involved in the regression of the CL is
unknown. Therefore, in this study, the function of ERS in
regression of the CL is analyzed.

Materials and Methods

Animal Treatment

Immature female rats were obtained from the Experimental
Animal Center of Ningxia Medical University. The rats were
housed in a controlled temperature and humidity environment
with a 12-hour light—dark cycle, and they were fed a standard
diet. The rats had access to food and water ad libitum, and all
procedures were approved by the Animal Care and Use com-
mittee at Ningxia Medical University.

Immature (26-day-old) female rats were superovulated by
an intraperitoneal (ip) injection of 50 IU Pregnant Mare
Serum Gonadotrophin (PMSG), (Sansheng pharmaceutical
Co, Ltd, Ningbo, China). After 48 hours, the rats were injected
with 50 IU of Human Chorionic Gonadotropin (HCG) (San-
sheng pharmaceutical Co, Ltd) ip to induce ovulation and pseu-
dopregnancy. The rats were killed by cervical dislocation, and
the ovaries were excised on days 2, 7, 14, and 20 after hCG
administration, 10 rats in each group. These time points rep-
resent the early-luteal stage (day 2), mid-luteal stage (day
7), and late-luteal stage (day 14 and 20).>** The CLs dis-
sected under microscope from left ovaries were used
for RNA extraction, and the right ovaries were used for
immunohistochemistry.

Real-Time Polymerase Chain Reaction

Total RNA was extracted using the Trizol reagent (TaKaRa,
Dalian, China) according to the manufacturer’s instructions,
and the purity of the RNA was verified according to previous
description.”> The complementary DNA was reverse tran-
scribed using the PrimeScipt RT reagent kit (TaKaRa) accord-
ing to the manufacturer’s instructions.

Real-time polymerase chain reaction (PCR) was carried
out using an ABI 7500 fast machine and 7500 Software
v2.0.5 (7500 Fast Real-Time PCR System, ABI, Grand Island,
NY). The mouse GAPDH gene, which was used as the refer-
ence gene, was amplified in parallel with the target gene to
allow for gene expression normalization, and the 2—"* Ct
was used for quantification. The detection of real-time PCR
products was performed using the SYBR Premix Ex Taq II
(TaKaRa) following the manufacturer’s instructions. Each
PCR reaction was performed in a 20.0 uL reaction mixture
containing 10.0 pL of 2 x SYBR Premix Ex Taq II, 2.0 of
pL cDNA (the equivalent of 20 ng total RNA) as the template,
0.8 uL of each primer at 10 pmol/L, and 6.4 pL of nuclease-
free water. The PCR cycling conditions comprised 1 cycle at
95°C for 30 seconds, followed by 40 cycles at 95°C for 5 sec-
onds, and at 60°C for 30 seconds. The experiments were per-
formed in triplicate for each data point, and the mean of all the
values was used for the final analysis. The primers are shown
in Table 1.

Immunohistochemistry

The mouse ovaries were collected and immediately fixed
with 4% paraformaldehyde for 24 hours. The preparation
of the paraffin-embedded ovaries was performed according
to the standard procedure, and the embedded ovaries were
cut into 6-um sections. The sections were dehydrated at
37°C overnight. The antigen heating recovery with a mixed
liquid of 0.1mol/L citric acid, 0.1 molL natrium citricum,
and distilled water (9:41:450) was performed for 20 minutes
at 96°C to 98°C, and the solution was cooled for 20 minutes
at room temperature. The immunohistochemistry (IHC)
experiments were performed using the Histostain-Plus Kit
(Beijing 4A Biotech Co, Ltd, China), and the process was
performed according to the manufacturer’s instructions. The
sections were treated with 0.3% H,0O,-methanol for 10 min-
utes to block the endogenous peroxidase activity and
washed in 0.01 mol/L phosphate-buffered saline (PBS) 3
times. Nonspecific binding was blocked in 10% normal goat
serum in PBS for 1 hour. The sections were incubated with
an anti-Grp78 rabbit polyclonal antibody (sc-13968, 200 pg/
mL, Santa Cruz Biotechnology Inc, Dallas, Texas), an anti-
CHOP mouse polyclonal antibody (sc-7351, 200 pg/mL,
Santa Cruz Biotechnology Inc), an anti-ATF6a rabbit poly-
clonal antibody (sc-22799, 200 pg/mL, Santa Cruz Biotech-
nology Inc), an anticaspase 12 rabbit polyclonal antibody
(sc-5627, 200 pg/mL, Santa Cruz Biotechnology Inc, Little-
ton, Colorado), anti-p(ser724) IREa (nb100-2323, 1:100
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Table I. Primer Sequences Used for Real-Time Quantitative PCR.

Target gene

GenBank Accession No.

Primer Sequence

Product Size, bp

Annealing Temperature, °C

XBPIs NM_001271731.1 F:5'-GGTCTGCTGAGTCCGCAGCAGG-3' 232 60
R:5'-GAAAGGGAGGCTGGTAAGGAAC-3’

ATFéa NM_001107196.1 F: 5-GGG AGT GAG CTG CAG GTG TA-3’ 137 60
R: 5-TTA TGG GTG GTA GCT GGT AA-3

elF2a NM_019356.1 F:5'-GCTTGCTATGGTTACGAAGGC-3’ 120 60
R:5-CATCACATACCTGGGTGGAG-3’

IREl o NM_001191926.1 F: 5-CGA GCC ATG AGGAAT AAG AG-3' 109 60
R: 5-GGA AAC GTG ATG TGA AGT AG-3¥

Grp78 NM_013083.2 F:5-AGAAACTCCGGCGTGAGGTAGA-3’ 176 60
R:5-TTTCTGGACAGGTTTCATGGTAG-3'

CHOP NM_024134.2 F: 5-AGCTGGAAGCCTGGTATGAGGA-3’ 134 60
R: 5-AGCTAGGGATGCAGGGTCAA-3’

Caspase 12 NM_130422.1 F:5-CTGGCCCTCATCATCTGCAACAA-3’ 173 60
R: 5-CGGCCAGCAAACTTCATTAAT-3’

Caspase 3 NM_012922.2 F: 5-ACTGGAAAGCCGAAACTCTTC-3’ 8l 60
R: 5-AGTTCCACTGTCTGTCTCAATA-3’

GAPDH NM_017008.4 F: 5-GGCATCGTGGAAGGGCTC-3’ 156 60

R: 5-GACCTTGCCCACAGCCTT-3’

Abbreviations: PCR, polymerase chain reaction; XBPI, X-box binding protein |; ATFéa, activating transcription factor 6a; elF20, eukaryotic initiation factor 20;
IRE | a,, inositol-requiring protein lo; Grp78, glucose-regulated protein 78; CHOP, CCAAT/enhancer-binding protein homologous protein.

dilution; Novus Biologicals, Colorado), and an antiactive
caspase 3 rabbit polyclonal antibody (ab2302, 1:100 dilu-
tion, United Kingdom) at 37°C (60 minutes). The sections
were then washed in 0.01 mol/L PBS 3 times and incubated
(30 minutes) with a biotinylated goat antirabbit or goat anti-
mouse secondary antibody at 37°C. The slides were rinsed,
incubated in streptavidin-horseradish peroxidase for 10 min-
utes at 37°C, rinsed again, and incubated (5-10 minutes) in
3,3’-diaminobenzidine tetrahydrochloride chromogen as the
substrate. After a final rinse with ddH,O, the sections were
counterstained with hematoxylin, ethanol dehydrated, and
mounted using neutral balsam.

Apoptosis/Terminal Transferase 2'-deoxyuridine 5'-
triphosphate Nick End Labeling Assay

The paraffin-embedded sections were treated with dimethyl-
benzene for 5 minutes twice, hydrated with gradient alcohol
for 5 minutes (100%, 100%, 95%, 85%, 70%, and 50%),
washed in PBS for 5 minutes 3 times, treated with 4% (v/
v) paraformaldehyde for 15 minutes, washed with PBS for
5 minutes twice, treated with proteinase K for 10 minutes,
washed in PBS for 5 minutes twice, treated with 4% (v/v)
paraformaldehyde for 5 minutes, and washed in PBS for 5
minutes twice. Apoptotic cells were detected by the TUNEL
(TdT mediated dUTP nick-end labeling) method according
to the kit’s instruction (Promega Corp, Madison, Wiscon-
sin). Briefly, 100 pL of equilibrium buffer was added to the
sections at room temperature for 10 minutes. The equili-
brium buffer was discarded, and 50 pL of rTdT was added.
The sections were incubated at 37°C for 60 minutes. After
incubation, the reaction was terminated with 2 x SSC at
room temperature for 15 minutes. The sections were washed

with PBS for 5 minutes 3 times, and the nuclei were counter-
stained with propidium iodide (PI) for 5 minutes and washed
with PBS for 5 minutes 3 times. The fluorescence of the
sections was photographed by fluorescence microscopy.

Isolation and culture of luteal cell

Luteal cells were isolated from rat ovaries on day 7 of pseu-
dopregnancy according to a previous description with minor
modifications.” Briefly, the CLs were digested with 0.25%
trypsin-EDTA at 37°C for 10 minutes. The reaction was termi-
nated with Dulbecco Modified Eagle Medium: Nutrient Mixture
F-12 (DMEM/F12) supplemented with 10% fetal bovine serum
(FBS) and filtered through a 200-mm Falcon nylon mesh
(NO.RA442, Shanghai Sangon Biotech Co, Ltd, Shanghai,
China) to remove debris. The filtrate was moved into a 1.5-mL
centrifuge tube and centrifuged at 1000 rpm for 5 minutes. The
supernatant was discarded, and the precipitate was washed with
0.01 mol/L PBS and then washed with DMEM/F 12 supplemented
with 10% FBS twice. The collected cells were seeded ata concen-
tration of 1 x 10° cells/mL in culture dishes and incubated at 37°C
with 5% CO, in DMEM/F12 supplemented with 10% FBS, 100
U/mL penicillin/mL, and 100 mg/mL streptomycin (Gibco BRL,
Grand Island). After 72 hours of incubation, the medium and unat-
tached cells were removed, and the cells divided into the follow-
ing 4 groups: (1) addition of basic serum-free medium (DMEM/
F12) for serum starvation; (2) addition of DMEM/F12 medium
with 100 pmol/L prostaglandin F2o (PGF2a; 100 pmol/L;
Ningbo Sansheng Co., Ltd. Ningbo, China) to induce CL regres-
sion; (3) addition of DMEM/F12 medium with 10 mmol/L
TUDCA for attenuating the ERS and cell death; (4) addition of
DMEM/F12 medium with 100 pmol/L PGF2a plus 10 mmol/L
TUDCA. After 24 hours, the cells were collected for real-time
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Figure |. The detection of cellular apoptosis by TUNEL during the CL regression. Very few apoptotic luteal cells were found in the early-luteal
stage, and the number gradually increased in the mid-luteal stage; the number was remarkably increased in the late-luteal stage. a, The early-
luteal stage (2 d); b, the mid-luteal stage (7 d); c, the late-luteal stage (14 d); and d, the late-luteal stage (20 d). Scale bar: a, b, ¢, and d:
200 um. TUNEL indicates terminal 2'-deoxyuridine 5'-triphosphate nick-end labeling; CL, corpus luteum; d, day.

PCR, confocal laser scanning microscopy (CLSM), and flow cyto-
metry detection.

Confocal Laser Scanning Microscopy

The apoptotic luteal cells were detected through colocalization
of the ERS-related apoptotic marker CHOP and caspase 12 by a
CLSM. The process of CLSM was performed according to a
previous description.>® Briefly, the luteal cells were cultured
in the CLSM culture dishes and divided into 4 groups. After
24 hours of treatment, the luteal cells were immediately fixed
in 4% paraformaldehyde for 20 minutes. After fixation, the
apoptotic luteal cells were washed in 0.01 mol/L PBS for
3 minutes and blocked in 10% normal goat serum for 30 min-
utes. After blocking, the cells were incubated overnight with a
mouse anti-CHOP polyclonal antibody, a rabbit anticaspase 12
polyclonal antibody at 4°C, and washed with PBS for 5 minutes
3 times. The cells were incubated with fluorescein-conjugated
AffiniPure Goat Anti-Rabbit IgG (Green, ZF-0311, ZSGB-
BIO, Beijing, China) and rhodamine (tetramethylrhodamine

isothiocyanate)-conjugated AffiniPure Goat Anti-mouse IgG
(Red, ZF-0313, ZSGB-BIO, Beijing, China). The cells were
washed with PBS for 5 minutes 3 times, and the nuclei were
counterstained with 4',6-diamidino-2-phenylindole for 5 min-
utes at room temperature. The cells were washed with PBS for
5 minutes 3 times, and the culture dishes were transferred into
CLSM and photographed.

Detection of Apoptotic Rate of Luteal Cells

To detect the apoptotic rate of the luteal cells in the 4 experi-
mental groups, the Annexin V-fluorescein isothiocyanate
(FITC) Assay Kit (BB-4101-50t, Bestbio, Shanghai, China)
was used according to the manufacturer’s instructions.
Briefly, the luteal cells were washed twice with cold PBS, and
the PBS was gently removed from the cell pellet. The cells
were resuspended in 500 pL of binding buffer with 5 pL
annexin V-FITC and 5 pL of propidium iodide added. The
cells were gently vortexed and incubated for 15 minutes in the
dark. Detection by flow cytometry (EPICS Altra, Beckman
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Figure 2. ERS and apoptotic molecules in induced CL regression by real-time PCR The expression levels of Grp78, CHOP, and ATF6a were
increased from the early-luteal stage and peaked in the late-luteal stage on day 14, but the levels were decreased on day 20. The apoptotic
marker caspase |2 and apoptotic execution marker caspase 3 were increased from the early-luteal stage and peaked in the late-luteal stage
on day 20. A, Grp78, (B) CHOP, (C) ATFé6a, (D) caspase 12, and (E) caspase 3. The different letters (a, b, ¢, and d) indicate significant differences,
and the same letters indicate no difference. ERS indicates endoplasmic reticulum stress; CL, corpus luteum; PCR, polymerase chain reaction;
Grp78, glucose-regulated protein 78; CHOP, CCAAT/enhancer-binding protein homologous protein; ATF6a, activating transcription factor 6.

Coulter Cytomics Altra, Brea, California) was performed
within 1 hour. The apoptotic cells were determined by count-
ing the percentage of AnnexinV-FITC"/PI" and AnnexinV-
FITC*/PI" cells.

Statistical Analysis

All experiments were replicated at least 3 times for each group,
and the data were presented as the means + standard error of
the mean. The data were analyzed with 1-way analysis of var-
iance followed by post hoc test performed by Fisher least

significant difference test with SPSS software (Version 13.0;
SPSS, Inc., Chicago, Illinois). Differences were considered sig-
nificant when P < .05.

Results

The Detection of Apoptotic Luteal Cells During CL
Regression by TUNEL

The apoptotic luteal cells during the early-luteal stage, mid-luteal
stage, and late-luteal stage were analyzed by TUNEL, and the
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Figure 3. Examination of ERS and apoptotic molecules in cultured luteal cells in vitro by real-time PCR. The expression of Grp78, CHOP,
ATF6a, caspase 12, and caspase-3 was examined and found to be significantly increased in the luteal cells treated with PGF2c, and expression
of these molecules was significantly decreased in the luteal cells treated with TUDCA compared to the control group and the group treated with
TUDCA plus PGF2a. A, Grp78, (B) CHOP, (C) ATFéq, (D) caspase 12, and (E) caspase 3. The different letters (a, b, ¢, and d) indicate significant
differences, and the same letters indicate no difference. ERS indicates endoplasmic reticulum stress; PCR, polymerase chain reaction; Grp78,
glucose-regulated protein 78; CHOP, CCAAT/enhancer-binding protein homologous protein; ATF6q, activating transcription factor 6a; PGF2a,

prostaglandin F2a; TUDCA, tauroursodeoxycholic acid.

results suggested that there were very few apoptotic luteal cells in
the early-luteal stage (Figure 1A). The apoptotic luteal cells gra-
dually increased in the midluteal stage (Figure 1B) and were
remarkably increased in the late-luteal stage (Figure 1C and D).

The Detection of ERS-Related and Apoptotic Execution
Molecules by Real-Time PCR

The ERS markers Grp78, CHOP, XBPls, ATF6a, elF2aq,
IREla, caspase 12, and apoptotic execution marker caspase 3
were checked by real-time PCR. The results suggested that

Grp78 and CHOP increased from the early luteal stage and
peaked in the late-luteal stage on day 14 and decreased on day
20; ATF60. decreased in the early luteal stage on day 7 compared
with day 2, but peaked in the late-luteal stage on day 14 and
decreased on day 20. The apoptotic marker caspase 12 and apop-
totic execution marker caspase 3 increased from the early-luteal
stage and peaked in the late-luteal stage on day 20 (Figure 2).
The results from the in vitro cultured and treated luteal cells sug-
gested that the expression of Grp78, CHOP, ATF6q, caspase 12,
and caspase 3 was detectable and significantly increased in the
luteal cells treated with PGF2a and significantly decreased in the
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Figure 4. The analysis of ERS molecule Grp78 by IHC Grp78 was mainly localized in the cytoplasm. Consistent with the results of the real-time
PCR, the protein expression of Grp78 was examined, and the peaks of Grp78 emerged in the late-luteal stage on day |4; the levels decreased on
day 20. a and e: early-luteal stage (2 d); b and f: mid-luteal stage (7 d); c and g: late-luteal stage (14 d); d and h: late-luteal stage (20 d). The picture
in the upper right corner of h indicates the enlargement. Scale bar: a, b, ¢, and d: 50 pum; e, f, g, and h: 100 pm. ERS indicates endoplasmic reti-
culum; Grp78, glucose-regulated protein 78; IHC, immunohistochemistry; Grp78, glucose-regulated protein 78; PCR, polymerase chain reac-

tion; d, day.

Figure 5. The analysis of ERS-associated proapoptotic molecular CHOP by IHC. The CHOP protein was detected in the cytoplasm and the
nucleus. Consistent with the results of the real-time PCR, the protein expression of CHOP was examined, and the peaks of CHOP emerged in
the late-luteal stage on day 14; the levels decreased on day 20. a and e: early-luteal stage (2 d); b and f: mid-luteal stage (7 d); c and g: late-luteal
stage (14 d); d and h: late-luteal stage (20 d). The picture in the upper right corner of h indicates the enlargement. Scale bar: a, b, c and, d: 50 um;
e, f, g and h: 100 um. ERS indicates endoplasmic reticulum; CHOP, CCAAT/enhancer-binding protein homologous protein; IHC, immunohis-

tochemistry; PCR, polymerase chain reaction; d, day.
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Figure 6. The analysis of ERS molecules ATF6a by IHC. The ATFéa protein was detected in the cytoplasm and the nucleus. Consistent with
the results of the real-time PCR, the protein expression of ATF6a was examined, and the peaks of ATF6a emerged in the late-luteal stage
on day 14; the levels decreased on day 20. a and e: early-luteal stage (2 d); b and f: mid-luteal stage (7 d); c and g: late-luteal stage (14 d); d and
h: late-luteal stage (20 d). The picture in the upper right corner of h indicates the enlargement. Scale bar: a, b, ¢, and d: 50 um; e, f, g, and h:
100 um. ERS indicates endoplasmic reticulum; ATFéa, activating transcription factor 6c; IHC, immunohistochemistry; PCR, polymerase chain
reaction; d, day.

Figure 7. The analysis of ERS-associated apoptotic molecular caspase 12 by IHC. The caspase-12 protein was detected in the cytoplasm and the
nucleus. Consistent with the results of the real-time PCR, the caspase-12 protein was weakly detected in the early-luteal stage and mid-luteal
stage and remarkably increased in the late-luteal stage; the levels peaked on day 20. a and e: early-luteal stage (2 d); b and f: mid-luteal stage (7 d);
cand g: late-luteal stage (14 d); d and h: late-luteal stage (20 d). The picture in the upper right corner of h indicates the enlargement. Scale bar: a,
b, ¢, and d: 50 pm; e, f, g, and h: 100 pm. ERS indicates endoplasmic reticulum; IHC, immunohistochemistry; PCR, polymerase chain reaction; d,
day.
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Figure 8. The analysis of apoptotic execute molecular active caspase 3 by IHC. Active caspase 3 was mainly localized in the nucleus. Consistent
with the results of the real-time PCR, the active caspase-3 protein was weakly detected in the early-luteal stage and mid-luteal stage and remark-
ably increased in the late-luteal stage; the levels peaked on day 20. a and e: early-luteal stage (2 d); b and f: mid-luteal stage (7 d); c and g: late-luteal
stage (14 d); d and h: late-luteal stage (20 d). The picture in the upper right corner of h indicates the enlargement. Scale bar: a, b, ¢, and d: 50 um;
e, f, g, and h: 100 pm. IHC indicates immunohistochemistry; PCR, polymerase chain reaction; d, day.

Figure 9. The analysis of ERS molecules IREla by IHC. Consistent with the results of the real-time PCR, the protein expression of IRE-1 was
not detected during all stages by IHC. a and e: early-luteal stage (2 d); b and f: mid-luteal stage (7 d); c and g: late-luteal stage (14 d); d and h: late-
luteal stage (20 d). The picture in the upper right corner of h indicates the enlargement. Scale bar: a, b, ¢, and d: 50 um; e, f, g, and h: 100 um. ERS
indicates endoplasmic reticulum; IRE|a, inositol-requiring protein |o; IHC, immunohistochemistry; PCR, polymerase chain reaction; d, day.
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Figure 10. The colocalization of ERS-associated apoptotic protein CHOP and caspase |12 by CLSM. The CHOP and caspase |2 protein were
examined in early apoptosis and late apoptosis. The CHOP and caspase |12 proteins were translocated from the cytoplasm into the nucleus. A:
control group; B: PGF2a-treated group; C: TUDCA-treated group; E: PGF2a+ TUDCA-treated group. Scale bar: a, b, ¢, and d: 100 um. ERS
indicates endoplasmic reticulum; CHOP, CCAAT/enhancer-binding protein homologous protein; CLSM, confocal laser scanning microscopy;

PGF2q, prostaglandin F2a; TUDCA, tauroursodeoxycholic acid.

luteal cells treated with TUDCA compared with the control group
and the group treated with TUDCA plus PGF2a (Figure 3).
The expression of elF2a, IRE1la, and XBP1s was not detected.

Analysis of the ERS-Related and Apoptotic Execution
Molecules by IHC

The protein expression and localization of Grp78, CHOP,
ATF6a, IRE-1, caspase 12, and active caspase 3 were exam-
ined by IHC, and it was observed that Grp78 was mainly loca-
lized in the cytoplasm, and CHOP, ATF6a, and caspasel2
proteins were detected in the cytoplasm and nucleus. Active
caspase 3 was mainly localized in the nucleus. Consistent with
the results of the real-time PCR, the protein expression of
Grp78 (Figure 4), CHOP (Figure 5), ATF6a (Figure 6), and

caspase-12 (Figure 7) was detected, and the peak of Grp78 was
found in the late-luteal stage on day 14; the level decreased on
day 20. Levels of CHOP, ATF6a, and caspase-12 were remark-
ably increased in the late-luteal stage on days 14 and 20. The
active caspase 3 (Figure 8) protein was barely detectable in
the early-luteal stage and mid-luteal stage and remarkably
increased in the late-luteal stage; the level peaked on day 20.
In accordance with the results of the real-time PCR, the IRE-1
(Figure 9) protein was not found during the early-luteal stage,
mid-luteal stage, or late-luteal stage.

The Analysis of Luteal Cell Apoptosis

Apoptosis in the 4 groups of luteal cell was examined by CLSM
through colocalization of the RES-related proapoptotic protein
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Figure 11. The analysis of luteal cell apoptosis by flow cytometry.
The apoptotic rate of the group treated with PGF2a was significantly
higher than that of the other groups. The apoptotic rate of the group
treated with TUDCA was significantly lower than that of the other
groups. The different letters indicate significant differences, and the
same letters indicate no difference. PGF2a indicates prostaglandin
F20; TUDCA, tauroursodeoxycholic acid.

CHOP and the apoptotic protein caspase 12; the evaluative cri-
teria of early apoptosis and late apoptosis were according a pre-
vious description.®® The results suggested that the CHOP and
caspase-12 proteins were all found in early apoptosis and late
apoptosis. The CHOP and caspase-12 proteins were translocated
from the cytoplasm into the nucleus during late apoptosis (Figure
10). The apoptotic rate of the luteal cells was examined by flow
cytometry, and the results suggested that the apoptotic rate of the
group treated with PGF2a was significantly higher than the other
groups, but the apoptotic rate of the group treated with TUDCA
was significantly lower than the other groups (Figure 11).

Discussion

Apoptosis of the luteal cells has been examined during sponta-
neous and induced CL regression in several animal species,®'?
and the death receptor- and mitochondria-mediated apoptotic
pathways are involved in the apoptosis of luteal cells.”>!5 A
previous study suggested that hormonal-induced pseudopreg-
nant rat ovaries were used as the model for regression of the
CL, and a pseudopregnant CL could only be maintained for a
certain number of days, after which spontaneous regression
occurs.

Our results suggested that apoptosis of the luteal cells occurs
in CL regression, and the number of apoptotic luteal cells was
remarkably increased during the late-luteal stage. To study the
effect of ERS on regression, the ERS marker molecule and
apoptotic molecules were examined, and the ERS- and UPR-
related molecules Grp78, CHOP, ATF6a, and caspase 12 were
detected and changed during regression of CL. The levels were
especially increased in the late-luteal stage of regression. The
apoptotic execution molecule active caspase 3 was remarkably
increased in the late-luteal stage of regression and the level
peaked on day 20. In agreement with the messenger RNA lev-
els, the expression levels of Grp78, CHOP, ATF6a, and
caspase-12 proteins were found to be remarkably increased in

the late-luteal stage of regression. The apoptotic execution
molecule active caspase 3 was mainly detected in the late-
luteal stage of regression and was localized in the nucleus.
IRE1la, xbpls, and elF2a were not detected, and these results
suggest that the apoptosis of luteal cells was mediated by ERS
through the ATF60-CHOP and caspase-12 pathways. Several
studies have shown that the ATF6a-CHOP pathway existed
in cellular apoptosis.”>** Caspase 12 mediates ERS-specific
apoptosis** and is activated in the ERS-induced apoptosis.*’
The apoptotic execution molecular caspase 3 is the downstream
target of ERS-induced apoptosis.*® The mechanism of follicle
atresia is the apoptosis of granulosa cells, and our previous
study suggested that ERS is involved in follicle atresia and the
apoptosis of granulosa cells.>** The regression of the CL and
the apoptosis of luteal cells might be regulated by ERS. Indeed,
our results further suggested by previous data and which study
revealed that the ERS-mediated apoptotic pathway might be
involved in the bovine CL regression during estrous cycle.'®
Indeed, CHOP was detected in bovine and rat’s CL regression;
in addition, the phospho-JNK signaling pathway was also
detected in the bovine CL regression, combined with our result
that caspase 12 is involved in rat’s CL regression. All results
suggested that the ERS-mediated apoptosis pathway might be
involved in the CL regression through CHOP, pJNK, and
caspase-12 signaling pathways.

To confirm this suggestion, apoptosis of luteal cells was
induced in vitro, and the ERS molecules were examined. The
expression levels of the ERS-related proapoptotic molecules
CHOP and caspase 12 were increased in the group with PGF2a.
and decreased in the group with TUDCA. The apoptotic execu-
tion marker active caspase 3 was increased in the group with
PGF2o0 and decreased in the group with TUDCA. Apoptosis
of the luteal cells was detected by flow cytometry, and the
apoptotic rate was significantly higher in the group with PGF2a
than in the other groups and significantly lower in the group
with TUDCA than in the other groups. CHOP and caspase 12
were translocated from the cytoplasm to the nucleus during the
late stage of apoptosis. The translocation of CHOP and caspase
12 has been detected in several studies.*”** These findings sug-
gested that ERS is involved in the regression of the CL and the
apoptosis of luteal cells. Type II programmed cell death autop-
hagy is a novel cellular death pathway, and apoptosis is type I
programmed cell death. A previous study reported that autop-
hagy is involved in the regression of CL and related to the
apoptosis of luteal cells.® A previous study suggested that the
increased expression of bax promotes cellular apoptosis and
bcl2 inhibits cellular apoptosis, and the ratio of bax to bcl2 is
a critical determinant of apoptotic cell death.’®>' In accord
with the results from previous studies,® the expression levels
of bax and bcl2 were examined, and the results suggested that
bax increased but bcl2 decreased with increased apoptosis dur-
ing induced regression of the CL. The apoptosis of regression
of the CL is regulated by complicated pathways, and these
pathways might be interlinked with each other. Endoplasmic
reticulum stress is involved in the regression of the CL through
the CHOP pathway and caspase 12.
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