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Transcriptome analysis reveals the mechanism
of Rhodiola polysaccharide affecting the
proliferation of porcine Leydig cells under
hypoxia
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Abstract

Hypoxia can affect the function of the male reproductive system and reduce fertility. Rhodiola polysaccharide
(RDP) is the active ingredient of Rhodiola rosea L. and has a positive effect on reproductive cells. However, the
mechanism of the effect of RDP on the proliferation of cells under hypoxia is still unclear. The experiment selected
porcine Leydig cells (PLCs) as the test object and divided them into three groups: normal group, hypoxia group,
and hypoxia + RDP-treated group. Cell viability was detected using CCK8 assay. RNA-Seq technology was used to
identify the key genes that influence the effect of RDP on PLCs under hypoxia conditions and to determine their
regulatory pathways. Transcriptome sequencing of PLCs from the N and H groups identified 6,794 differentially
expressed genes (DEGs), including 3,329 up-regulated genes and 3,465 down-regulated genes. These DEGs were
significantly enriched in the cell cycle signaling pathway, indicating that hypoxia mainly affects the cell cycle and
inhibits cell proliferation. Furthermore, comparison of the transcriptomes between the H and HR group revealed
285 DEGs, including 137 up-regulated and 148 down-regulated, most of DEGs were found to be enriched in
oxidative phosphorylation pathways. RDP inhibits PLCs apoptosis and promotes cell proliferation by up-regulating
the expression of CXCL2, JUNB and VCAMT of the TNF signaling pathway, and VEGFA, SGK2 and SPP1 of the PI3K/AKT
signaling pathway. These genes deserve further study as candidate for understanding the role of RDP in alleviating
the hypoxia stress.
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Introduction

Oxygen is essential for all animals’ life, and hypoxia, a
prominent feature of plateau environments, poses sig-
nificant challenges to for introduced livestock [1]. The
lack of oxygen supply will make the body produce a lot
of ROS and redox system imbalance, leading to animal
physiological dysfunction [2-3]. The simulated hypoxic
conditions in vitro may cause damage to testicular repro-
ductive function in rats by inducing germ cell apoptosis
[4]. Leydig cells are one of the important reproductive
cells, and their normal growth is crucial to male fertility
and reproductive health [5]. Hypoxia can lead to reduced
viability of Leydig cells [6]. Therefore, there is an urgent
need to explore or discover drugs that can protect repro-
ductive function in hypoxia conditions.

Chinese herbal medicine is rich in resources and ingre-
dients [7]. Rhodiola rosea L., as one of the traditional
Tibetan medicines, has been proven to play an anti-
hypoxia role by alleviating oxidative stress, inhibiting
the expression of inflammatory factors, and inhibiting
cell apoptosis [8-9]. The active component RDP (Rho-
diola polysaccharide) is known to promote cellular prolif-
eration [10-12]. At the same time, previous studies have
found that adding RDP to the culture can significantly
improve the cell viability of porcine Leydig cells (PLCs)
under hypoxia [13]. Based on these findings, we hypoth-
esized that RDP could protect Leydig cells from hypoxia-
induced damage through specific molecular pathways.
The primary objective of this research is to elucidate the
mechanisms through which RDP alleviates hypoxia stress
in Leydig cells by conducting transcriptome sequenc-
ing and identifying relevant candidate genes involved in
these pathways.

Results

Effect of RDP on cell viability from PLCs under hypoxia
Figure 1 showed that the cell viability of H group was sig-
nificantly reduced compared to that in N group (p <0.05).
Conversely, HR group cell viability was significantly
higher than that of H group (p <0.05), close to the level of
N group (p>0.05).

Different letters indicate significant difference
(p<0.05), while the same letters indicate no significant
difference (p>0.05). N: normal group; H: hypoxia group;
HR: hypoxia + RDP group.

Quality analysis of RNA-Seq data

Following sequencing on the Illumina platform, the ini-
tial reads varied from 41,118,714 to 51,529,512 (Table 1).
As can be seen from the table, the GC content in each
group is higher than 51%, and the Q30 is above 93%, indi-
cating that the sequencing quality is good and can be
used for subsequent analysis.
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Sequencing data comparison and analysis

The clean reads were aligned with the pig reference
genome to generate the mapped reads (Table 2). The
total number of reads across all 9 samples exceeded
41,000,000. The overall mapping rate was greater than
93%, with the proportion of multiple mappings ranging
from 2 to 4%, and the unique mapping rate approximately
90%.

Differentially expressed genes analysis

Differentially expressed genes (DEGs) were identi-
fied through digital gene expression tags. The analysis
revealed that 6,794 DEGs (Fig. 2A and Supplementary
Table 1), 7,799 DEGs (Fig. 2B and Supplementary Table
2), and 285 DEGs (Fig. 2C and Supplementary Table 3)
were detected in the PLCs for the comparisons H vs. N,
HR vs. N, and HR vs. H, respectively (with FC>1.2 and
FDR<0.02). Notably, the number of DEGs between the
N group and the H group was significantly higher com-
pared to the comparison between the H group and the
HR group (Fig. 2D).

Functional analysis of DEGs in PLCs under different oxygen
conditions

To further investigate the role of these DEGs under
hypoxia conditions, we conducted GO and KEGG anal-
yses to assess their functional implications. The GO
annotation results revealed that 6,794 DEGs in the H
vs. N comparison were significantly enriched in 9 cellu-
lar components (CC) and 11 molecular functions (MFs).
Key functions identified include nucleotide binding (GO:
0000166), nucleoside phosphate binding (GO: 1901265),
and small molecule binding (GO: 0036094) (Fig. 3A
and Supplementary Table 4). Furthermore, the DEGs
were mapped to 332 pathways, with 59 showing signifi-
cant enrichment (p<0.05). Notable enriched pathways
included the cell cycle (ssc04110) and DNA replication
(ssc03030), among others (Fig. 3B and Supplementary
Table 5).

Functional analysis of DEGs in PLCs by RDP under hypoxia

To further explore the impact of DEGs on RDP in PLCs
under hypoxia conditions, a KEGG pathway enrichment
analysis and GO functional annotation were performed
on 285 DEGs. GO enrichment analysis revealed that
these DEGs were primarily involved in processes such as
epithelial cell proliferation (GO: 0010631), tissue migra-
tion (GO: 0090130), and epithelium migration (GO:
0090132) (Fig. 4A and Supplementary Table 6). KEGG
pathway enrichment for the DEGs in the HR vs. H com-
parison identified 241 pathways (Fig. 4B and Supplemen-
tary Table 7), with the Prion disease pathway showing the
most significant enrichment (p<0.01). Additionally, the
TNF signaling pathway and PI3K-Akt signaling pathway,
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Fig. 1 Effect of RDP on cell viability in PLCs under hypoxia
Table 1 Statistics of MRNA sequencing data
Sample Raw Reads Clean Reads Error rate(%) Q20(%) Q30(%) GC content(%)
N_1 51,529,512 50,628,908 0.03 97.71 93.69 52.05
N_2 41,118,714 40,000,220 0.03 9745 93.06 51.15
N_3 48,005,902 47,146,328 0.03 9746 93.1 5291
H_1 44,616,296 43,793,886 0.03 97.63 93,5 5227
H_2 46,067,774 45,222,724 0.03 97.81 93.96 5271
H_3 50,402,852 49,643,294 0.03 97.52 932 53.51
HR_1 49,326,384 48,554,300 0.03 97.93 94.17 53.02
HR_2 42,845,080 41,637,802 0.03 97.7 93.73 5261
HR_3 46,982,818 46,013,430 0.02 97.98 94.33 5347
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Table 2 mRNA sequence alignment results
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Sample Total reads Total mapped Multiple mapped Unique mapped

N_1 50,628,908 48,041,121(94.89%) 1,474,900(2.91%) 46,566,221(91.98%)
N_2 40,000,220 37,570,412(93.93%) 1,175,485(2.94%) 36,394,927(90.99%)
N_3 47,146,328 44,809,710(95.04%) 1,414,098(3.0%) 43,395,612(92.04%)
H_1 43,793,886 1,336,968(94.39%) 1,284,480(2.93%) 40,052,488(91.46%)
H_2 45,222,724 42,780,896(94.6%) 1,353,602(2.99%) 41,427,294(91.61%)
H_3 49,643,294 47,102,859(94.88%) 1,506,148(3.03%) 45,596,711(91.85%)
HR_1 48,554,300 ,114,069(94.97%) 1,473,098(3.03%) 44,640,971(91.94%)
HR_2 41,637,802 39,468,067(94.79%) 1,295,059(3.11%) ,173,008(91.68%)
HR_3 46,013,430 43,457,092(94.44%) 1,597,458(3.47%) 1,859,634(90.97%)

both associated with cell proliferation and apoptosis,
were notably enriched among the DEGs.

gRT-PCR verification results

The qRT-PCR was performed in order to verify the
results from transcriptome sequencing for 5 DEGs. The
qRT-PCR results of five genes are shown in Fig. 5 and the
expression of target genes between the three groups was
consistent with the RNA-seq results, indicative of the
reliability of the transcriptome sequencing results.

Discussion

Research shows that hypoxia accelerates the formation of
reactive oxygen species (ROS) in cells, leading to poten-
tial cell damage and inhibiting cell proliferation [14—15].
Study results demonstrate that the cell viability of PLCs
cultured under hypoxia is significantly lower than that of
cells cultured under normal conditions, suggesting that
hypoxia inhibits cell proliferation. KEGG analysis showed
that the differentially expressed genes (DEGs) were
enriched in pathways related to the cell cycle, DNA repli-
cation, and cell senescence. The KEGG pathway most sig-
nificantly enriched by DEGs was the cell cycle pathway.
The regulation of cell cycle is a highly complex process
involving multiple signaling pathways and cytokines [16].
Under normal physiological conditions, precise control
of the cell cycle is essential for maintaining tissue homeo-
stasis and facilitating damage repair [17]. However, when
this signaling pathway is mutated or dysregulated, cell
proliferation is inhibited, leading to reduced cell viabil-
ity [18]. Hypoxia usually modulates key cell cycle-related
genes, such as cyclins, cyclin-dependent kinases (CDKs),
and cell cycle-dependent kinase inhibitors, by altering
multiple intracellular signaling pathways [19-20]. These
genes play key roles in different stages of the cell cycle,
ensuring the smooth transition of cells from the G1 phase
to the S phase, G2 phase, and M phase, to ensure that
cells enter and pass through different cell cycle stages at
the appropriate time, thus maintaining normal cell prolif-
eration [21-22]. In this study, hypoxia regulated various
stages of the cell cycle by altering the expression of cell
cycle-related genes, thereby inhibiting cell proliferation.

Specifically, hypoxia affects cell cycle progression by
down-regulating the expression of cell division cyclins
(CCNB1, CCNA2, CCNB2, CCNE2, CCND1, CCNEI,
CCNB3, CCND2), inhibiting the activity of CDKs (CDK1,
CDK2, CDK4, CDK®6), and upregulating the expression
of cell cycle-dependent kinase inhibitors (CDKNIC,
CDKN2C, CDKN2B), thus affecting cell vitality.

RDP, a major bioactive ingredient extracted from Rho-
diola rosea L., exhibits significant antioxidant and anti-
inflammatory properties [23]. In this study, we found
that RDP protects the viability of PLCs under hypoxia
conditions through modulation of key cellular processes
including energy metabolism, proliferation, and sur-
vival under oxidative stress. To explore the underlying
molecular mechanisms, we identified 285 differentially
expressed genes (DEGs) between the hypoxia (H) and
hypoxia+RDP (HR) groups. Our analysis revealed that
RDP exerts its protective effects primarily through two
major signaling pathways: the TNF/NF-kB pathway and
the PIBK/AKT pathway. These signaling pathways are
closely related to cell proliferation and apoptosis [24—
26]. Among the identified DEGs, VCAMI (vascular cell
adhesion molecule 1), JUNB (Recombinant Jun B Proto
Oncogene) and CXCL2 (CXC Chemokine Ligand 2) were
significantly up-regulated in the HR group and enriched
in both TNF signaling and NF-kappa B signaling path-
ways. VCAM]I, an important adhesion molecule, facili-
tates cell interactions and co-localization [27-28]. JUINB,
a component of the Activator Protein-1 (AP-1) tran-
scription factor, promotes cell proliferation and inhibits
apoptosis [29-30]. CXCL2, a chemokine, stimulates pro-
liferation primarily through AKT activation [31]. The up-
regulation of these genes suggests their involvement in
RDP-mediated cell proliferation and survival.

Furthermore, we found that RDP significantly modu-
lates the PIBK/AKT signaling pathway, which is crucial
for cell growth, proliferation and survival [32-33]. Key
downstream effector molecules of this pathway, includ-
ing VEGFA, SGK2, and SPPI, were notably up-regulated
in the HR group. VEGFEA promotes cell survival, inhib-
its apoptosis, and supports cell proliferation through its
receptor signaling pathway, particularly via PI3K/Akt
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Fig. 2 Differentially expressed genes analysis
(A-C) Analysis of the volcano plot of DEGs. Upregulated genes are shown in red, down-regulated genes are own in green, and genes with no significant

difference in expression are indicated in blue, significance was indicated by p <0.05. (D) DEGs statistics in the each group.
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Fig. 3 Functional analysis of DEGs in PLCs under different oxygen conditions
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(A) GO enrichment analysis of DEGs was performed, with colors representing varying p-value levels, transitioning from red (low) to green (high). The circle
size reflects the number of DEGs, ranging from small (fewer) to large (more). A larger rich factor indicates a higher degree of GO enrichment. (B) KEGG
enrichment analysis of DEGs was carried out, where the x-axis represents the enrichment count. The circle size corresponds to the number of enriched
genes, and the color denotes the enrichment level. Higher enrichment scores, associated with lower P values, suggest a significant enrichment of dif-
ferentially expressed genes in the relevant pathways. Similar methods were applied for subsequent analyses.
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Fig. 4 Functional analysis of DEGs in PLCs by RDP under hypoxia

(A) GO enrichment analysis of DEGs. (B) KEGG enrichment analysis of DEGs

activation [34]. SGK2 promotes cell proliferation, espe-
cially during stress responses and metabolic processes
[35]. SPP1 (osteopontin), a protein with multiple bio-
logical functions, promotes the proliferation of angio-
genic progenitor cells through the PI3K/AKT signaling
pathway [36]. The dual modulation of TNF and PI3K/
AKT pathways by RDP creates a synergistic effect that
enhances the protective properties of PLCs. This interac-
tion is particularly evident in energy metabolism, where
RDP not only upregulates signaling molecules but also
supports their functional integration through feedback
mechanisms. For instance, increased ATP levels, result-
ing from enhanced oxidative phosphorylation, can fur-
ther stabilize and activate downstream targets within
both pathways.

The synergistic effects of RDP on TNF and PI3K/AKT
pathways are primarily mediated through enhanced

mitochondrial function and energy metabolism. RDP
upregulates key components of the electron transport
chain, including ATP5I, CYTB, and COX complexes,
leading to increased ATP production through oxida-
tive phosphorylation. This enhanced energy status, in
turn, facilitates the activation and stabilization of down-
stream effectors in both signaling pathways. Extensive
research has established that mitochondrial Complexes
I and III serve as primary ROS generation sites, exhibit-
ing heightened vulnerability to oxidative damage [37].
Within Complex III, CYTB (cytochrome b) functions as
the predominant source of mitochondrial ROS [38], with
its upregulation demonstrating significant ROS-suppres-
sive effects [39]. The electron transport chain component
cytochrome c oxidase (COX1/COX2) catalyzes the ter-
minal electron transfer reaction, facilitating cytochrome
¢ oxidation and oxygen reduction to water [40]. Notably,
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(A) gqRT-PCR results between N and H group. (B) gRT-PCR results between H and HR group

COX2 inhibition confers enhanced mitochondrial oxi-
dative stress resistance while attenuating inflammatory
responses [41]. ATPSI, an essential membrane subunit
of ATP synthase (Complex V), plays a critical role in oxi-
dative phosphorylation and maintenance of mitochon-
drial homeostasis [42]. Notably, the increased ATP5I

expression and subsequent ATP production provide the
energetic foundation for cellular protective mechanisms,
while the modulation of CYTB and COX expression helps
maintain redox homeostasis by regulating ROS produc-
tion. This coordinated regulation of energy metabolism
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and signaling pathways underlies RDP’s protective effects
on PLCs under oxidative stress.

Based on these findings, we conclude that RDP inhibits
PLCs apoptosis and promotes cell proliferation primarily
through up-regulating gene expression within the PI3K/
AKT and TNF signaling pathways. The comprehensive
modulation of these pathways provides a robust protec-
tive mechanism for PLCs under oxidative stress.

Conclusions

Hypoxia primarily inhibits cell proliferation by affecting
signaling pathways such as cell cycle. RDP inhibits PLCs
apoptosis and promotes cell proliferation by upregulat-
ing the expression of CXCL2, JUNB and VCAMI of the
TNF signaling pathway, and VEGFA, SGK2 and SPPI
of the PI3K/AKT signaling pathway. This study offers
a transcriptomic reference for RDP’s protective role
against hypoxia-induced inflammatory damage in PLCs
and establishes a foundation for identifying relevant
biomarkers.

Materials and methods

Cell culture

PLCs were sourced from Otwo Biotech Inc. (Guangzhou,
China). The cells were cultured in DMEM-F12 medium
containing 10% fetal bovine serum (FBS; GIBCO, Shang-
hai, China) and 1% penicillin (100 units/mL)/streptomy-
cin (100 mg/mL) at 37 °C in a 5% CO, atmosphere, with
medium changes every 24 h. Once the cells reached 80%
confluence, they were trypsinized using 0.25% trypsin
(Solarbio, Beijing, China) for passaging or further experi-
mentation. The cells were assigned to three groups: the
normal group (N), hypoxia group (H), and hypoxia + RDP
group (HR). The N group was cultured under normal
conditions without exposure to hypoxia or RDP treat-
ment (Xi'an Qingzhi Biotechnology Co., Ltd., Xian,
China). To induce hypoxia, the cells were placed in a
Modular Incubator Chamber (Embrient Inc., USA) and
exposed to a gas mixture of 1% oxygen (O,), 5% carbon
dioxide (CO,), and 94% nitrogen (N,) for 18 h. The HR
group received RDP treatment (12.5 pug-mL™') for 18 h
prior to hypoxia exposure [13].

CCKS8 assay

For the Cell Counting Kit-8 (CCK8) assay (Biosharp,
China), PLCs were plated in 96-well plates, with 1,500
cells per well. The cells were assigned to three groups:
N group, H group, and HR group. Absorbance readings
were taken at 450 nm using a microplate reader for each
well to assess cell viability.

RNA-seq
The culture medium was discarded from the plate, and
the cells were washed twice with PBS. RNA was then
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Table 3 Primer information
Name Sequence (5'-3') Length
ATP5] F: GCCGCTATTCCGCCCTGTTC 149

R: TTCTGCCAGTTCTCGCTCAATGC
ATP6 F: CACTAGCCCACTTTCTACCACAAGG 139

R: AATAGGTGCCCTGCTGTAATGTTGG
Ccox2 F: CGGAACCCTACTTGGCGATGATC 135

R: GCTCCGATTATTAGCGGTACGAGTC
CYTB F: CATTCTGAGGAGCTACGGTCATCAC 143

R: TGGCAGGATAAAGTGAAAGGCGAAG
NDUFB1 F: GGTTCACCGCTGCCCTTGG 89

R: TGGTCACGCACAATCTGAAGTACG
B-actin F: GATCTGGCACCACACCTTCTACAAC 107

R: TCATCTTCTCACGGTTGGCTTTGG

extracted from the cells using RNAiso Plus reagent
(Takara Bio USA, Inc., USA). After isolating the total
RNA, representative RNA samples were subjected to
quality control (QC) and the RNA Integrity Number
(RIN) score was assessed using an Agilent 2100 Bioana-
lyzer [43].

Transcriptome library preparation and sequencing
were conducted on an Illumina NovaSeq 6000 system
(Novogene Bioinformatics Technology Co., Ltd., Bei-
jing, China). The raw sequencing data underwent quality
control, including filtering out low-quality reads, check-
ing for sequencing errors, and analyzing the GC content
distribution.

Differential expression analysis

The criteria for screening DEGs were set as P-value <0.05
and|log2 Fold change| = 1 [44]. GO enrichment analysis
was performed on the genes in the identified gene set
using Goatools (https://github.com/tanghaibao/GOato
ols). A P-value (FDR)<0.05 indicated significant enrich
ment of GO functions. The log2 Fold change represents
the ratio of gene expression levels between the treatment
and control groups, processed by the shrinkage model in
the difference analysis software, followed by taking the
log base 2. For KEGG enrichment analysis, the R package
“clusterProfiler” (v4.2.1, https://www.r-project.org) was
used to create a script for gene set analysis, with calcula-
tion and visualization methods aligned with those used
in GO enrichment analysis.

Real-time fluorescence quantitative validation

To verify the sequencing results and data analysis, qRT-
PCR was performed on five selected DEGs from PLCs,
with B-actin serving as the reference gene. Primers for
both the reference gene and DEGs were designed and
synthesized based on NCBI sequence information by
Sangon Biotechnology Co., Ltd (Shanghai, China), with
details provided in Table 3. Total RNA was extracted
from the PLCs samples using RNAiso Plus reagent, and
the RNA concentration and purity were assessed using
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a NanoDrop One (Thermo Fisher Scientific, Waltham,
MA, United States). Reverse transcription and amplifi-
cation were carried out using the TaKaRa PrimeScript™
RT reagent Kit with gDNA Eraser (Perfect Real Time)
(Takara Bio USA, Inc., USA). Thermo Fisher 7500 Fast
Real-Time PCR system was used for real-time quan-
titative PCR measurement (Thermo Fisher Scientific,
Waltham, MA, USA). The relative gene expression and
fold change were calculated using the 2724 method.

Data analysis

One-way ANOVA was performed using SPSS 26.0 statis-
tical software, and multiple comparisons were performed
using the LSD method, and p<0.05 indicates significant
difference, and p > 0.05 indicates no significant difference.
Graph drawing and statistical analysis were performed
with GraphPad Prism v.8.0.
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