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 The maintenance and regression of corpus luteum are regulated by prostaglandin F2α, 
but the role of prostaglandin D2 (PGD2) has not been thoroughly investigated. Its 
synthesis involves the key enzyme, hematopoietic prostaglandin D synthase 
(HPGDS) that mediates PGD2 production in different cell types. The aim of this study 
was to investigate the biological role of endogenous PGD2 on luteal cells in Hu sheep 
via HPGDS overexpression. For this purpose, luteal cells obtained from luteal tissue 
of 5 healthy adult Hu sheep at the mid-luteal phase immediately after slaughter were 
isolated via mechanical dissociation, enzymatic digestion, and Percoll density 
gradient centrifugation, cryopreserved in liquid nitrogen, and retrieved for subsequent 
experiments. Subsequently, quantitative real-time PCR (qRT-PCR) was used to 
confirm the efficiency of HPGDS overexpression. ELISA, qRT-PCR and Western 
blot (WB) were utilized to detect key indicators of luteal function and structural 
regression. Immunofluorescence was used to localize the PGD2 receptors. Analytical 
results of lentiviral construction showed that HPGDS lentiviral plasmids were 
constructed, packaged in 293T cells, with MOI of 160 determined as optimal for 
luteal cell infection. HPGDS overexpression reduced P4 concentration and StAR 
expression (P<0.01), showing impaired luteal endocrine function. Meanwhile, it 
increased BAX mRNA and protein and BAX/BCL-2 protein ratio (P<0.01), 
indicating enhanced luteal cell apoptosis. Moreover, HPGDS overexpression raised 
ROS concentration (P<0.01), upregulated mRNA levels of ATP6V1B1, SLCO2A1, 
PRKCE, and DP1 (P<0.01), while downregulating mRNA level of CREB (P<0.01), 
with enhanced DP1 fluorescence intensity. These findings indicate that HPGDS 
overexpression impairs progesterone secretion and promotes luteal cell apoptosis, 
suggesting that PGD2 negatively regulates CL lifespan in small ruminants through 
HPGDS-related pathways. 
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INTRODUCTION 

 
In mammals, the corpus luteum (CL) is a transient 

endocrine gland that develops from ovarian granulosa and 
theca cells remaining in the follicle after ovulation. It 
secretes progesterone (P4), necessary for controlling the 
reproductive cycle, fertility and pregnancy maintenance 
(de Souza et al., 2024). Disruption of CL formation or 
regression during the normal estrous cycle can directly 
affect estrous cyclicity, adversely affecting reproductive 
efficiency of the female (Wiltbank et al., 2018). Therefore, 
the CL is a key component in reproductive control of 

mammals, and its formation and timely regression is a 
prerequisite for successful reproduction. 

Hormonal regulation is involved in the reproductive 
cycle through autocrine and paracrine mechanisms, with 
important roles played by prostaglandins (PGs), a family of 
structurally related eicosanoids (Berisha et al., 2018). 
Among members of this family, PGE2 and PGF2α are 
particularly important and have been extensively studied in 
reproductive biology (Berisha et al., 2018; Tippenhauer et 
al., 2021; Tavakolikazerooni et al., 2025). Generally, 
PGF2α is the key PG that causes luteal regression 
(Tavakolikazerooni et al., 2025), whereas PGE2 is 
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necessary to maintain CL (Pate and Hughes, 2023). When 
PGE2 secretion reaches peak levels in pregnant mammals, 
it suppresses the transformation of PGH2 to PGF2α (Ochoa 
et al., 2018, Satoh et al., 2021; Pate and Hughes, 2023), 
significantly lowering uterine PGF2α and thus enhancing 
CL growth and fetal development during gestation (Ochoa 
et al., 2018). The balance between PGE2 and PGF2α is 
necessary for a successful pregnancy, as it maintains CL 
stability and ensures P4 production. This regulatory system 
weakens near parturition, causing pregnancy-maintaining 
CL to regress (Ochoa et al., 2018; Pate and Hughes, 2023). 
Due to PGE2 depletion, PGH2 conversion enhances PGF2α 
production, which facilitates functional (depleting P4 level) 
and structural (weakening CL structure and volume loss) 
regression in postpartum and cyclic females, eventually 
triggering a new reproductive cycle.  

Another PG family member, prostaglandin D2 (PGD2), 
has received attention in recent years. The PGD2 is widely 
distributed in mammalian tissues and participates in 
physiological processes, including inflammatory responses 
(Gong et al., 2023), sleep promotion (Ahmad et al., 2019), 
nociception (Li et al., 2021) and chronic asthma (Ullah et 
al., 2024). In reproduction, studies have shown that PGD2 
can induce vascular relaxation and thereby increase blood 
flow in the utero-ovarian vascular system (Bonnin et al., 
1999; Charpigny et al., 1999), suggesting that PGD2 
enhances PGF2α delivery to the CL. This augmented blood 
circulation can enhance the luteolytic action of PGF2α, 
resulting in accelerated and complete CL regression 
(Neglia et al., 2012). This synergistic effect of PGD2 in CL 
regression is not well understood and needs additional 
experimental support. 

In mammals, the primary synthase of PGD2 is the 
sigma class glutathione transferase, hematopoietic 
prostaglandin D synthase (HPGDS). The aim of this study 
was to investigate the role of PGD2 in regulating the 
lifespan of ovine luteal cells by means of HPGDS 
overexpression. This is expected to provide new insights 
into the biological effects of PGD2 in reproduction, thereby 
laying a solid foundation for refining the molecular 
network mechanism through which the members of the PG 
family regulate CL regression. 
 

MATERIALS AND METHODS 
 

Cell culture: Experiments relating to this study were 
conducted at the Key Laboratory of Herbivorous Livestock 
(Southwest University) and the Institute of Herbivorous 
Livestock (Chongqing Academy of Animal Sciences), 
China, during the period from September to November, 
2023. The 293T cells stably express the SV40 large T 
antigen, which facilitates efficient replication of episomal 
vectors containing the SV40 origin of replication (e.g., 
lentiviral vectors) (Abaandou et al., 2021), and are 
therefore widely used in lentivirus packaging. These cells 
were supplied by Fenghui Biotechnology Co., Ltd., China. 
These 293T cells were thawed rapidly at 37°C, centrifuged 
(1000rpm, 5min), resuspended in DMEM/F12, and 
cultured in a 37°C CO₂ incubator. 

For the isolation of large luteal cells (LLC), CLs were 
obtained from the ovaries of 5 healthy adult Hu sheep at 
the mid-luteal phase (6-9 days post-ovulation), where 
ovaries were collected immediately after slaughter, 

transported to the laboratory in sterile phosphate-buffered 
saline (PBS), and dissected to isolate CL tissues. Minced 
CL fragments were enzymatically digested into a single-
cell suspension, purified via trypsin-induced differential 
centrifugation and Percoll density gradient centrifugation 
(final purity >90%), and verified by immunocytochemical 
staining for synaptophysin and 3β-hydroxysteroid 
dehydrogenase (Yang et al., 2023). At this point, these 
LLC were revived, cultured in DMEM/F12 with 10% FBS 
at 37°C, 5% CO₂. They were then seeded in 96-well plates 
(100μL/well, 24, 48 and 72h were set as experimental 
groups, each inoculated with cells, 5 replicates/group) 
with a blank control (medium only). At 24, 48 and 72h 
post-revival, 10μL CCK-8 was added; absorbance at 
450nm was measured after 2h, and cell viability was 
calculated (Han et al., 2022). Experiments were 
conducted in triplicate. 
 
Viral vectors and packaging and harvesting of 
lentiviruses: HPGDS cDNA was cloned into the pLV-
CMV vector to construct recombinant plasmid pLV-CMV-
HPGDS. For plasmid identification, the recombinant 
construct was double-digested with EcoRI and BamHI, and 
the products were analyzed by 1% agarose gel 
electrophoresis. Plasmids displaying the expected 
restriction profiles were submitted to Tsingke Biotech Co., 
Ltd (Beijing, China) for sequencing, and the resulting data 
were verified using DNAMAN software. Cultures of 
confirmed positive clones were then scaled up and stored 
as glycerol stocks at -80°C. The 293T cells (80-90% 
confluent) were transfected with pLV-CMV (empty) or 
pLV-CMV-HPGDS. Culture medium was centrifuged 
(4°C, 4000rpm, 10min), supernatant was re-centrifuged 
(20,000rpm, 30min), the pellet was resuspended in 
phosphate buffered saline (PBS, 1mL), and re-centrifuged 
(10,000rpm, 10min); final supernatant was stored at -80°C 
(Chen et al., 2018; Chen et al., 2024). The viral titers 
(TU/mL) were determined via 10-fold serial dilution in 
293T cells (1×10⁴/well), with fluorescence observed after 
24h, using the following formula:  
 
Titer (TU/mL) = Cells × fluorescence(%) × 10/virus 
volume (μL). 
 
Optimal multiplicity of infection (MOI) selection and 
lentivirus transfection: Large luteal cells (1×10⁵/mL) in 
96-well plates were infected with MOIs 40-240 (Table 1). 
After 24h, medium was replaced; and the fluorescence was 
examined at 72h. The MOI with >80% infection efficiency 
and high viability was selected. Large luteal cells in 6-well 
plates (70% confluent) were divided into blank control (BC, 
without virus), empty vector (pLV-CMV lentivirus), and 
HPGDS (pLV-CMV-HPGDS lentivirus) groups, with four 
replicates per group. Virus was added per optimal MOI. At 
72h, fluorescence was observed, and HPGDS expression 
was analyzed by qRT-PCR, as described earlier (Wang et 
al., 2022). 
 
Progesterone level detection: Progesterone level in 
culture medium was measured via ELISA. The lower limit 
of detection was 0.05ng/mL; intra-assay CV was ≤10%, 
and inter-assay CV was ≤12% (Jiangsu Jingmei 
Biotechnology Co., Ltd, China; Zhu et al., 2025). 
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Table 1: Volume of virus liquid added to the plates at different 
multiplicity of infection (MOI) values per well 
Number 
of cells 

MOI 
value 

pLV-CMV-
HPGDS virus 
titer (TU/mL) 

Volume of pLV-
CMV-HPGDS 
virus liquid (μL) 

pLV-CMV 
virus titer 
(TU/mL) 

Volume of pLV-
CMV virus 
liquid(μL) 

1×104 40 1.4× 108 2.8 1.0× 108 4.0 
1×104 80 1.4× 108 5.6 1.0× 108 8.0 
1×104 120 1.4× 108 8.6 1.0× 108 12.0 
1×104 160 1.4× 108 11.4 1.0× 108 16.0 
1×104 200 1.4× 108 14.3 1.0× 108 20.0 
1×104 240 1.4× 108 17.1 1.0× 108 24.0 
Note: The amount of virus added per well (μL) = MOI × number of 
cells/virus titer (TU/mL) ×1000 
 
qRT-PCR and Western blot: Total RNA was extracted 
via TRIzol reagent (Thermo Fisher Scientific, Cat. 
15596026), with quality verified by 1% agarose gel 
electrophoresis and NanoDrop analysis (A260/280=1.8-
2.0). Next, the validated RNA was used to synthesize 
cDNA via PrimeScript™ RT Master Mix (Takara 
Biomedical Technology Co., Ltd., Cat. RR036A). qRT-
PCR was run on a QuantStudio 6 Flex Real-Time system 
(Thermo Fisher Scientific, USA) with TB Green® Premix 
Ex Taq™ (Takara Biomedical Technology Co., Ltd., Cat. 
RR820A). 10μL reaction mixture contained 5μL 2 Premix, 
0.4μL each primer (10μM), 1μL cDNA, 0.2μL 50 ROX 
Reference Dye, and 3.0μL nuclease-free water. Cycling 
conditions were: 95°C (30s) pre-denaturation, 40 cycles of 
95°C (5s) and 60°C (30s), as described earlier (Fang et al., 
2022). Each sample had 3 biological and 3 technical 
replicates. Primer information is shown in Table 2. Proteins 
from LLC were extracted via RIPA, quantified by BCA, 
separated by SDS-PAGE, and transferred to PVDF 
membranes. Membranes were then probed with 
BAX/BCL-2/β-actin primary antibodies (4°C overnight), 
and then with HRP-conjugated secondary antibody. Bands 
were visualized via ECL and quantified with Quantity One 
(Wang et al., 2025).   
 
Table 2: QRT-PCR primers used in the study 
Gene 
name 

Product 
size (bp) 

Primer sequences（5'-3'） GenBank accession 
No. 

HPGDS 221 F: GGCTGGAAAAACAGAACTTGA 
R: AGTCTGCCCAAGTTACAGAGTC 

XM_004009700.6 

StAR 115 F: CCACACTCTACGAGGAGAT 
R: CAGGTGAGTTTGGTCCTTG 

XM_060406892.1 

BCL-2 152 F: TTCGCCGAGATGTCCAG 
R: ACGCTCTCCACACACATGAC 

XM_012103831.5 

BAX 158 F: CTACTTTGCCAGCAAACTGG 
R: TCCCAAAGTAGGAGAGGA 

XM_027978593.3 

CREB 163 F: CTGGGGTTGTTATGGCGTCT 
R: AGCACTGCCACTCTGTTCTC 

XM_015093513.4 

SLCO2A1 165 F: CGCCCCTGTACATCTCCATC 
R: ACCACCAGGCTCCTATCCAT 

NM_001038021.1 

PRKCE 62 F: CTCATTGCTGGTGCTGAGTC 
R: CGATCTTCCTCAGACGGTGA 

XM_060412213.1 

ATP6V1B1 96 F: CTCAGCGGAGTGGGCAAGTG 
R: AGGTGGTCTTCTGGGCATCAATC 

XM_004006053.6 

CRTH2 182 F: GCTGCGGCCCACAAGGTCT 
R: AGGGCCGTCTGGCGCGAGT 

XM_042237708.1 

DP1 115 F: TTCAGCACAGCAACAAGCT 
R: ATCTTACCATCTCCACCAA 

XM_027971746.3 

β-actin 104 F: CCAAGGCCAACCGTGAGAAG 
R: GCCAGAGGCGTACAGGGACA 

NM_001009784.3 

Note: F: Forward primer; R: Reverse primer. 
 
Immunofluorescence detection: Large luteal cells were 
fixed (4% paraformaldehyde), permeabilized (0.25% 
Triton X-100), blocked (1% BSA), and incubated with 
PGD2 receptor 1 (DP1) and receptor 2 (CRTH2; 

chemoattractant receptor-homologous molecule expressed 
on Th2 cells) primary antibodies (4°C overnight). FITC-
conjugated secondary antibodies and 4’,6-diamidino-2-
phenylindole (DAPI) were applied; finally, fluorescence 
intensity was analyzed via Image J. 
 
Statistical analysis: QRT-PCR data were analyzed using 
2-ΔΔCt, and cell viability data were analyzed using optical 
density (OD) values (Tan et al., 2020). Statistical analyses 
were performed using SPSS 22.0 software. One-way 
analysis of variance (ANOVA) with appropriate post-hoc 
tests was used for intergroup comparisons. P<0.01 was 
denoted with **(highly significant difference) and P<0.05 
was denoted with *(significant difference). 
 

RESULTS 
 

Enzyme digestion and sequencing confirmation of 
recombinant vectors and lentivirus packaging: Fig. 1A 
shows the agarose gel electrophoresis results of the pLV-
CMV-HPGDS plasmid digested with EcoRI and BamHI. 
Two distinct bands were observed: one approximately at 
8814 bp (corresponding to pLV-CMV vector), and another 
around 600 bp (corresponding to HPGDS insert), which 
matched the expected fragment sizes. Fig. 1B presents the 
sequencing alignment between the inserted HPGDS gene 
in pLV-CMV-HPGDS and the NCBI reference sequence, 
confirming 100% sequence accuracy. Fig. 1C and D 
display the bright-field images of 293T cells transfected 
with pLV-CMV and pLV-CMV-HPGDS, respectively, 
while Fig. 1E and F show corresponding fluorescence 
images. Fluorescence signals in both transfection groups 
confirm efficient transfection and successful packaging of 
the lentiviral vectors. 
 
Lentiviral titer: The viral titers of pLV-CMV and pLV-
CMV-HPGDS lentiviruses were assessed via limiting 
dilution, followed by infection of 293T cells. Infection 
efficiency was evaluated using inverted fluorescence 
microscopy. Fig. 2A shows bright-field and fluorescence 
images of the pLV-CMV-HPGDS group, while Fig. 2B 
reflects bright-field and fluorescence images of the pLV-
CMV group. The fluorescence intensity indicated that both 
lentiviruses achieved a titer of approximately 
1.4×108TU/mL, demonstrating high-quality viral 
preparations suitable for subsequent experiments. 
 
MOI for lentiviral infection in luteal cells: CCK-8 assay 
results showed the relative OD values of LLC at 24, 48 and 
72h post-resuscitation as 0.31±0.03, 0.56±0.05, and 
0.87±0.06, respectively, showing a time-dependent 
increase (Fig. 3A). Cells exhibited detectable metabolic 
activity as early as 24h post-resuscitation, and this activity 
significantly increased at 48h compared to 24h (P<0.01), 
with the highest activity at 72h, indicating good viability of 
resuscitated luteal cells. Subsequently, luteal cells were 
infected with pLV-CMV and pLV-CMV-HPGDS at 
different titers to determine the optimal MOI. Results 
showed that infection efficiency remained relatively low 
when the MOI was between 40 and 120, whereas it reached 
a peak when the MOI was raised to 160 (Fig. 3B). Thus, an 
MOI of 160 was found to be the optimal for luteal cell 
infection. 
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Fig. 1: Double enzyme digestion agarose gel electrophoresis, sequencing and packaging of pLV-CMV-HPGDS lentivirus overexpression vector. A): 
double enzyme digestion; B): DNA sequencing; C): pLV-CMV white light image; D): pLV-CMV-HPGDS white light image; E): pLV-CMV green 
fluorescence image; F): pLV-CMV-HPGDS green fluorescence image. Scale bar=100µm. 
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HPGDS overexpression efficiency in luteal cells: Using 
the optimal MOI, luteal cells were infected with lentivirus 
and divided into three specific groups: blank control (BC, 
no virus), pLV-CMV (empty vector lentivirus), and pLV-
CMV-HPGDS (recombinant vector lentivirus). Fig. 4A-C 
confirm successful transfection of both lentiviruses into 
luteal cells. The qRT-PCR analysis showed that HPGDS 
expression in the pLV-CMV-HPGDS group was 
significantly upregulated compared to the BC and pLV-
CMV groups (P<0.01; Fig. 4D), confirming successful 
HPGDS overexpression in luteal cells. 
 
Changes in expression levels of key indicators involved 
in CL functional and structural regression: Compared 
to the BC group and EVC groups, the HPGDS 
overexpression group showed a highly significant decrease 
in P4 concentration in luteal cells (P<0.01; Fig. 5A). 

Similarly, the relative expression of StAR (a key protein in 
P4 synthesis) was highly significantly downregulated in the 
HPGDS overexpression group compared to BC group and 
EVC groups (P<0.01; Fig. 5B). After HPGDS 
overexpression, qRT-PCR results showed that pro-
apoptotic factor BAX mRNA was highly significantly 
upregulated compared to BC and EVC groups (P<0.01; 
Fig. 5C), while anti-apoptotic factor BCL-2 mRNA 
showed non-significant change (Fig. 5D). The WB analysis 
further confirmed a highly significant upregulation of BAX 
protein in the HPGDS overexpression group compared to 
BC group and EVC groups (P<0.01; Fig. 5E and F), with 
no change in BCL-2 protein (Fig. 5E and G). Notably, the 
BAX/BCL-2 ratio was significantly increased in the 
HPGDS overexpression group compared to BC group and 
EVC groups (P<0.01; Fig. 5H), indicating a tendency 
towards apoptosis in HPGDS-overexpressing luteal cells.

 

 
 
Fig. 2: 293T cells infected with different titers of pLV-CMV-HPGDS and pLV-CMV lentivirus (100×). A): pLV-CMV-HPGDS; B): pLV-CMV. 
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Fig. 3: Cellular viability and the effect of pLV-CMV and pLV-CMV-HPGDS on luteal cells infection at different MOI values. A): the viability of luteal cells 
assessed by the CCK-8 assay. Different capital letters indicate highly significant differences between groups (P<0.01). B): Lentivirus transfection efficiency 
of luteal cells observed by fluorescence microscope (100×). The positive transfected cells are shown in green fluorescence. 
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Fig. 4: Results of HPGDS gene overexpression in luteal cells at the optimal MOI value; Lentivirus transfection efficiency of luteal cells observed by 
fluorescence microscope (100×). A): blank control group (without virus), B): pLV-CMV group (empty vector lentivirus), C): pLV-CMV-HPGDS group 
(recombinant vector lentivirus), and D: Relative mRNA expression of HPGDS in the above three groups, as determined by qRT-PCR. Note: Blank 
control group is abbreviated as BC. **Significant differences (P<0.01). 
 
Changes in the expression of key indicators related to 
HPGDS product transport and biological effects: In the 
HPGDS overexpression group, ROS concentration was 
significantly higher (P<0.01; Fig. 6A), and ATP energy 
metabolic factor ATP6V1B1 mRNA was significantly 
upregulated (P<0.01; Fig. 6B), while transcriptional 
regulator CREB mRNA was significantly downregulated 
(Fig. 6C), than in the EVC and BC groups. Additionally, 
the PGD2 transporter SLCO2A1 mRNA (P<0.01; Fig. 6D) 
and multi-pathway regulatory hub PRKCE mRNA were 
also significantly upregulated in the HPGDS 
overexpression group (P<0.01; Fig. 6E). Among PGD2 
receptor genes, DP1 mRNA was also highly significantly 
upregulated (P<0.01; Fig. 6F), while CRTH2 mRNA was 
significantly downregulated (P<0.05; Fig. 6G) in the 
HPGDS overexpression group compared to EVC and BC 
groups. 
 
Localization and distribution of DP1 and CRTH2 
receptors in luteal cells via immunofluorescence: After 

infecting luteal cells with pLV-CMV and pLV-CMV-
HPGDS, immunofluorescence was used to detect PGD2 
receptor localization. The results demonstrated that DP1 
receptor was predominantly localized in the nucleus and on 
the cell membrane, while CRTH2 receptor was localized in 
the cytoplasm and on the cell membrane. Fluorescence 
observation showed that DP1 receptor fluorescence was 
slightly brighter in the HPGDS overexpression group than 
in the BC and EVC groups (Fig. 7A); subsequent 
quantification of fluorescence intensity via ImageJ 
software further confirmed that its intensity in this group 
was extremely significantly higher than that in both the BC 
and EVC groups (P<0.01; Fig. 7C). By contrast, no obvious 
difference in CRTH2 receptor fluorescence intensity was 
observed between the HPGDS overexpression group, the 
BC group and the EVC group (Fig. 7B); subsequent 
quantification of fluorescence intensity values using 
ImageJ software also showed non-significant difference in 
CRTH2 receptor fluorescence intensity among three 
groups (Fig. 7D). 
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Fig. 5: Changes in the endocrine indicators and expression of apoptosis-related genes in luteal cells (A-D, F-G). E): BAX and BCL-2 protein expressions 
measured by Western Blot. H): The ratio of relative BAX to BCL-2 protein expressions analyzed using Image J software. **Significant differences 
(P<0.01). Experimental groups: blank control group (without virus, abbreviated as BC), empty control group (pLV-CMV lentivirus, abbreviated as EVC), 
and experimental group (pLV-CMV-HPGDS lentivirus, abbreviated as HPGDS overexpression). 



Pak Vet J, 2026, 46(2): 299-311. 
 

307 

 
 
Fig. 6: Changes in the expression of key indicators in the process of material transport and biological effects showing: Concentration of ROS (A), and 
relative expressions of ATP6V1B1 mRNA (B), CREB mRNA (C), SLCO2A1 mRNA (D), PRKCE mRNA (E), DP1 mRNA (F), and CRTH2 mRNA (G). 
*Significant differences (P<0.05); **Significant differences (P<0.01). Experimental groups: blank control group (without virus, abbreviated as BC), empty 
control group (pLV-CMV lentivirus, abbreviated as EVC), and experimental (pLV-CMV- HPGDS lentivirus, abbreviated as HPGDS overexpression). 
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Fig. 7: Localization and distribution of DP1/CRTH2 receptors in luteal cells. A): DP1, and B): CRTH2 immunofluorescence microscopy of the luteal 
cells. Blue ¼ cell nuclei stained with DAPI; green ¼ PARP1 staining. C): Relative expression levels of DP1, and D): Relative expression levels of CRTH2. 
**Significant differences (P<0.01). Experimental groups: blank control group (without virus, abbreviated as BC), empty control group (pLV-CMV 
lentivirus, abbreviated as EVC), and experimental group (pLV-CMV-HPGDS lentivirus, abbreviated as HPGDS overexpression). 
 

DISCUSSION 
 

In the present study, the pLV-CMV-HPGDS lentiviral 
overexpression vector was constructed, and its successful 
establishment was confirmed by double enzyme digestion 
electrophoresis, which yielded fragments of the expected 
length of the empty plasmid and HPGDS. In the meantime, 
lentiviral particles with high-titer were obtained through 
the packaging of 293T cells (Moreira et al., 2021). It was 
found that lentiviral packaging achieved success in 293T 
cells, as seen in EGFP-derived green fluorescence, and 
aligned with previous findings (Mao et al., 2015). Later, 
lentiviruses were diluted using the limiting dilution. The 
infection of the 293T cells demonstrated that the titer of the 
pLV-CMV-HPGDS was 1.4×108 TU/ml, and it was enough 
to obtain the high-titer particles to transduce target cells 
(particularly primary cells) effectively. Multiplicity of 
infection (MOI) is described as the number of virus 
particles in relation to the targeted cells (Rüdiger et al., 
2019). Because the MOI values differ when receiving a 
primary cell infection, it is important to define the best MOI 
(Kalidasan et al., 2021). In this experiment, the lentivirus 
was inoculated on the luteal cells at a series of MOI (40, 
80, 120, 160, 200, 240), and the best MOI was determined 
as 160, which is in line with the value given by Moon et al. 
(2000) during a primary cell infection.  

Lentiviral vectors enable efficient introduction of 
target genes into cells for stable expression (Mao et al., 
2015; He et al., 2021; Kalidasan et al., 2021). To evaluate 
the infection efficacy of the pLV-CMV-HPGDS lentiviral 
vector in primary luteal cells, the optimal MOI (160) was 
selected in this study for further investigations. Inverted 
fluorescence microscopy confirmed that luteal cells were 
successfully infected with pLV-CMV and pLV-CMV-
HPGDS lentiviruses. Meanwhile, qRT-PCR results 
showed that HPGDS expression was significantly 
upregulated in the pLV-CMV-HPGDS group compared to 
controls, further confirming that the target gene HPGDS 
was efficiently overexpressed in primary luteal cells. As a 
key enzyme in the synthesis of PGD2, most HPGDS studies 
focus on diseases such as allergic inflammation (Sio et al., 
2023), atopic dermatitis (Nagata et al., 2021), food 
allergies, and gastrointestinal allergies (Wen et al., 2016). 
However, according to Michimata et al. (2002), HPGDS is 
widely expressed in female reproductive tissues 
(trophoblast layer, uterine epithelium, ovaries), suggesting 
its possible regulatory role in mammalian reproduction. 

Corpus luteum is a crucial structure within the 
reproductive system of female animals, undergoing 
periodic changes and regulating mammalian reproduction 
(Wiltbank et al., 2018; de Souza et al., 2024). Luteal 
function changes are often accompanied by P4 level 
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changes. In this experiment, a marked decrease in the 
concentration of P4 in the luteal cells was observed 
following the expression of HPGDS. At the same time, the 
expression of StAR, an important enzyme of the P4 
synthesis, was also significantly down-regulated. These 
findings indicate that PGD2 could control luteal activity 
similar to that of PGF2α, namely decreasing P4 by inhibiting 
StAR, thus causing luteal regression (Piotrowska-Tomala 
et al., 2021; Tavakolikazerooni et al., 2025). Regression of 
CL includes both functional and structural components. 
Reduced levels of P4 can stimulate the processes of luteal 
cell apoptosis, which consequently causes structural 
regression (Ogawa et al., 2023). It is worth mentioning that 
the apoptosis of luteal cells is controlled by the BCL-2 
family, and its onset is largely defined by the BAX/BCL-2 
ratio (Sozen et al., 2024; Wu et al., 2024). In the current 
research, BAX expression was evidently increased 
following the overexpression of HPGDS, without any 
fluctuations in BCL-2. However, in this case, it is necessary 
to add that the ratio of BAX/BCL-2 was significantly 
raised. These findings suggest that PGD2 causes structural 
regression through the BAX/BCL-2 apoptosis pathway 
once functional regression has occurred, which is 
equivalent to the PGF2α-dominated regulatory network 
(Piotrowska-Tomala et al., 2021; Hojo et al., 2022).  

Nevertheless, luteal cell structural regression is 
frequently mediated by endogenous signals, which include 
mitochondrial, nuclear, and cell membrane pathways. 
Mitochondria play an important role in intracellular 
oxidative metabolism and form the major site of ATP 
production. They are involved in the regulation of cell 
death pathways, in addition to being considered important 
cellular powerhouses (Plewes et al., 2020). Reactive 
oxygen species (ROS) are major signaling molecules 
produced during mitochondrial oxidative metabolism. 
Uncontrolled ROS may cause oxidation of proteins, lipid 
peroxidation, as well as DNA, which eventually leads to 
cell death through apoptosis (Villalpando-Rodriguez and 
Gibson, 2021). The oxidative stress shifts the balance 
towards cell death, particularly in cells that already have a 
history of apoptosis, like regressing luteal cells (Hojo et al., 
2022). Recent research has shown that apoptosis is an 
active process that depends on intracellular ATP 
consumption (Wang et al., 2024), and ATP is necessary to 
initiate the apoptosis. Our current findings revealed that the 
level of intracellular ROS of luteal cells was markedly 
elevated following the overexpression of HPGDS. 
Meanwhile, ATP6V1B1, which participates in the 
transport of H⁺ and change of energy into ATP, was also 
markedly upregulated (Han et al., 2023). These results also 
suggest that PGD2, in addition to inducing oxidative stress, 
controls energy metabolism in luteal cells, which in turn 
could stimulate the process of cell apoptosis and hasten the 
process of structural regression of CL. The main location 
of gene transcription is the nucleus and is critical in the 
synthesis and processing of mRNA (Das et al., 2021). A 
vital nuclear transcription factor CREB was also highly 
suppressed in the luteal cells following HPGDS 
transcription. This pattern was similar to the patterns of 
expression of StAR and BCL-2. It seems that PGD2 could 
coordinate CREB to influence the luteal cell functioning 
and structure, therefore triggering cascades of downstream 
regulating mechanisms (Chowdhury et al., 2023). 

Maximized suppression of these aspects further points to a 
possible action that the PGD2 stimulates the luteal cell 
regression by modifying nuclear transcriptional activity.  

Cell membranes function as central platforms for 
signal transmission and substance transport, which are 
essential for activating signaling factors and mediating 
receptor-dependent signal transduction. For instance, 
protein kinase C (PRKC), a key signaling component, 
requires translocation from the cytoplasm to the membrane 
for activation (Hassan et al., 2021), subsequently triggering 
multiple downstream pathways. Among PRKC subtypes, 
only PRKCE is upregulated during CL regression (Zorrilla 
et al., 2009). Additionally, cell membranes widely express 
PG transporters and their family receptors. The SLCO2A1 
functions as a key PG transporter that regulates the 
distribution of local and systemic PGs (Nakanishi et al., 
2021). DP1 and CRTH2 constitute the dual-receptor 
system for PGD2, which modulates the fate of target cells. 
Our results showed that PRKCE and SLCO2A1 were 
obviously upregulated in luteal cells after HPGDS 
overexpression. However, in the PGD2 dual-receptor 
system, only DP1 exhibited a striking upregulation. 
Similarly, immunofluorescence result also showed that 
DP1 fluorescence intensity was significantly enhanced 
after HPGDS overexpression. These results indicate that 
PGD2 may be transported by SLCO2A1 and then 
preferentially bind to DP1. Ultimately, it may engage in the 
aforementioned multi-pathway regulation through PRKCE 
activation (García-Solaesa et al., 2014).  

Overall, the findings of this study are consistent with 
earlier reports on PGF2α (Shirasuna et al., 2012). 
Specifically, PGD2 regulates luteal cells via both the 
PKC/PRKCE-P4 pathway and the PKC/PRKCE-apoptosis 
pathway (Mcguire et al., 1994), ultimately initiating 
functional regression and structural extinction of luteal cells. 
Although the present study has delineated the intracellular 
effects of HPGDS overexpression at the cellular level, the 
lack of quantitative data on PGD₂ concentrations has 
precluded a comprehensive mechanistic interpretation of 
these observations. This limitation, however, highlights a 
critical avenue for future research, and we aim to 
systematically elucidate the regulatory mechanism through 
which PGD₂ modulates CL lifespan in the future. 
 
Conclusions: In summary, after HPGDS overexpression, 
PGD2 might preferentially binds to the DP1 receptor and 
converts extracellular signals into intracellular signals via 
the PKC/PRKCE pathway. Initially, the nuclear 
transcription factor CREB is downregulated, which 
concurrently reduces StAR expression. The reduced StAR 
expression lowers P4 levels, thereby initiating functional 
regression of luteal cells. Subsequently, the mitochondrial 
apoptosis pathway is activated by an increased BAX/BCL-
2 ratio, effectively shifting the balance toward cell death. 
Meanwhile, intracellular rise of ROS levels further 
accelerates the BAX-mediated apoptosis pathway and 
disrupts the ATP-ADP balance by altering the 
mitochondrial H⁺ concentration gradient, thus promoting 
structural regression of luteal cells. Ultimately, these 
combined effects lead to luteal cell extinction. 
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