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ABSTRACT
Context: Plastics can break down into millions of microplastic (MPs, < 5mm) particles in the soil and
ocean. These MPs can then affect the function of the reproductive system. There is currently no effective
solution to this problem aside from traditional Chinese medicine. We have previously used Yishen
Tongluo formula (YSTL) to treat sperm DNA damage caused by some toxic substances.
Objective: To investigate the mechanism underlying the repair of mouse sperm DNA fragmentation
caused by polystyrene microplastics by YSTL.
Materials and methods: An animal model of polystyrene microplastic (PS-MP)-induced sperm DNA dam-
age was replicated by gavage of SPF ICR (CD1) mice PS-MPs at 1mg/d and treated with YSTL at 11.89,
23.78 and 47.56 g/kg, respectively, for 60 days. The Sperm DNA fragmentation index (DFI) of each group
was detected and compared. The target genes of YSTL identified by transcriptomic and proteomic analy-
ses were validated by qRT-PCR and western blotting.
Results: The DFI of the PS group (20.66%) was significantly higher than that of the control group
(4.23%). The medium and high doses of the YSTL group (12.8% and 11.31%) exhibited a significant repair-
ing effect. The most enriched pathway was PI3K/Akt. TBL1X, SPARC, hnRNP0, Map7D1, Eps8 and Mrpl27
were screened and SPARC was validated.
Discussion and conclusions: The precise mechanism by which YSTL inhibits PD-MPs DNA damage may
be associated with the PI3K/Akt pathway and SPARC. It provides a new direction for using traditional
Chinese medicine to prevent and repair reproductive system injury caused by MPs.
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Introduction

Plastic products have become commonplace since their introduc-
tion in the 1950s. Plastic has become a threat to human existence
because it requires hundreds of years to decompose (Guzzetti
et al. 2018). Worldwide, landfill disposal is the most common
method of plastic disposal, but this process does not properly
break down the material. Because of the physical and chemical
features of plastics, plastics that are discarded in landfills degrade
into microplastics (MPs), which have a diameter of 5mm and
can reach both the soil and the ocean. Aquatic organisms such
as fish and crustaceans ingest MPs via the food chain (Jambeck
et al. 2015). MPs have been discovered in the human stool
(Huang et al. 2021). Due to their small size and the various toxic
compounds, additives and chemicals found within them, MPs
have the potential to inflict mechanical damage to the intestine,
reduce fertility, influence the organismal growth rates and exert
long-term negative consequences on ecosystems (Horton et al.
2020; Prata et al. 2020).

MPs have been reported to have adverse effects on marine
and terrestrial mammals (Sharma and Chatterjee 2017; Xu et al.
2020; Yong et al. 2020), particularly within the digestive system
(Jin et al. 2019; Li et al. 2020). In recent years, an increasing
number of studies have shown that MPs also affect the repro-
ductive system (Xie et al. 2020; Jin et al. 2021). However, no
solution for the reproductive toxicity caused by MPs has been
found.

Yishen Tongluo formula (YSTL) consists of Cuscuta chinensis
Lam (Convolvulaceae), Epimedium brevicornu Maxim
(Berberidaceae), Rehmannia glutinosa Oliver (Scrophulariaceae),
Salvia miltiorrhiza Bunge (Labiatae), Astragalus membranaceus
Moench (Leguminosae), Cyathula officinalis K.C. Kuan
(Amaranthaceae) and Whitmania pigra Whitman (Haemopidae)
in a ratio of 20:20:10:30:20:10:6. YSTL has been successfully uti-
lized in clinical practice to treat oligoasthenozoospermia (Chen
et al. 2020; Zhang et al. 2020; Chen et al. 2021). YSTL was also
shown to reduce sperm DNA fragmentation index (DFI) in our
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previous studies (Chen et al. 2020) and prevent DNA abnormal
methylation in sperm (Sun et al. 2019).

In this study, we replicated the sperm DNA damage caused
by polystyrene microplastics (PS-MPs) in a mouse model. We
then observed the effect of intervention with YSTL on the DFI
of the model mice. Finally, we used transcriptomic and prote-
omic analyses, followed by qRT-PCR and western blotting, to
investigate the mechanism by which YSTL repairs sperm DNA
damage.

Materials and methods

Animals

We obtained 40 male SPF ICR (CD1) mice from Henan Skbex
Biotechnology Co., Ltd. (Anyang, China, licence number:
SCXK(YU)2020-0005) with a body weight of 30–40 g. The mice
were weighed and numbered and then grouped into five groups
randomly using a random digit table generated by SPSS 26.0
software. We obtained approval from the Ethics Committee of
the Traditional Chinese Medicine Hospital (TCM) of Henan
Province for experimental and surgical procedures (Approval
No.: PZ-HNSZYY-2020-020). During the research, the animals
were housed in the individually ventilated cage (IVC) system of
the central laboratory at the Henan Hospital of TCM (Licence
No.: SYXK (Henan) 2011-0002). The conditions in the IVC sys-
tem were 21–25 �C, 38–60% humidity, 22 air exchanges/h and a
12 h light/dark cycle. One week of adaptation feeding was per-
mitted before the formal experiment began. Animals were fed
with standard animal feed and purified water.

Materials

Polystyrene microspheres (90 nm, 2.5%) were purchased from
J&K Scientific Ltd. The pharmacy at the Henan Province
Hospital of Traditional Chinese Medicine (HPHTCM) supplied
the seven herbal medicines that compose YSTL. These herbal
medicines were then decocted into a concentration mixture
equivalent to 3 g of crude herbal medicine per millilitre. YSTL
was kept refrigerated at 4 �C until use. Table 1 shows the
Chinese and scientific names and doses of all the Chinese herbal
ingredients. All the herb names have been checked at
International Plant Names Index (IPNI, https://www.ipni.org/)
and W3Tropicos web-based databases (https://www.tropicos.
org/).

PS-MP-induced sperm DNA damage model

As described in the literature (Jin et al. 2021), we used intragas-
tric administration of PS-MPs in a preliminary experiment to
establish a model of sperm DNA damage in mice. After 30 days

of intragastric administration of 100 lL PS-MPs (10mg/mL),
minimal sperm DNA damage was observed, with no significant
difference compared to the control. Thus, we extended the mod-
elling period to 60 days, at which point we found that the sperm
DFI of the PS-MP-treated mice increased remarkably in com-
parison with that of the controls. Based on this pilot experiment,
we used continuous PS-MP exposure at 1mg/d for 60 days to
construct our mouse sperm DNA damage model.

Experimental design

Following the adaptation phase, the mice were randomly divided
into five groups (n¼ 8). Control group members were continu-
ously administered normal saline. The four experimental groups
were established as follows: PS group (PS-MPs at 1mg/d),
YSTLL group (PS-MPs at 1mg/dþYSTL at 11.89 g/kg), YSTLM
group (PS-MPs at 1mg/dþYSTL at 23.78 g/kg) and YSTLH
group (PS-MPs at 1mg/dþYSTL at 47.56 g/kg). YSTL and PS-
MPs were administered orally (intragastric) once per day for 60
days (comparable to two spermatogenesis and maturation cycles
in mice). YSTL dose was calculated with the body surface area
method (Nair and Jacob 2016). Calculation formula: Mice:
23.78 g/kg ¼ 12.3�Human: (YSTL 116 g� 60 kg). A laparotomy
was performed to remove the testes and epididymis after the last
treatment. After anaesthesia with an intraperitoneal injection of
sodium pentobarbital (50mg/kg) (Wang et al. 2019), the mice
were weighed, and their testicles and epididymis were removed
and then sacrificed by cervical dislocation. After the epididymis
was removed, the blood was flushed with sterile normal saline,
and the epididymal tail was severed under a microscope. The
sperms were completely discharged after shocking for 1–3min in
1mL of normal saline, and the solution became very turbid. The
retrieved sperms were frozen at �80 �C for DFI determination.
The testicles were frozen in liquid nitrogen and stored at �80 �C
until transcriptomic and proteomic analyses were performed.

Sperm chromatin structure assay (SCSA)

In the HPHTCM Reproductive Laboratory, we performed a
modified sperm chromatin structure assay (SCSA), as described
below (Evenson 2016). The sperm suspension was briefly
defrosted, mixed with 800mL of cold TNE buffer and then
strained through a 100m nylon sieve. Using the same buffer, the
sperm concentration in the filtered sperm suspension was diluted
to 2–3� 106/mL. An acid detergent solution (200 lL) was depos-
ited in a FACS tube, and 100lL of the sperm suspension was
added. The spermatozoa were stained with acridine orange stain-
ing solution (600 lL) after exactly 30 s. Flow cytometry (BD
AccuriTM C5) was performed for each sample to assess and gate
out 5000 sperm. Utilizing AccuriTM C6 plus software (BD), we

Table 1. Herbal ingredients and doses in YSTL.

Chinese name Latin binomials Authority Family Officinal part Dose

Tu-Si-Zi Cuscuta chinensis Lamarck, 1786 Convolvulaceae Seed 20 g
Yin-Yang-Huo Epimedium brevicornu Maxim, 1889 Berberidaceae Leaf 20 g
Shu-Di-Huang Rehmannia glutinosa Oliver, 1889 Scrophulariaceae Rootstock 10 g
Dan-Shen Salvia miltiorrhiza Bunge, 1833 Labiatae Root 30 g
Huang-Qi Astragalus membranaceus Moench, 1794 Leguminosae Root 20 g
Chuan-Niu-Xi Cyathula officinalis K.C.Kuan, 1976 Amaranthaceae Root 10 g
Shui-Zhi Whitmania pigra Whitman, 1884 Haemopidae Whole 6 g
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computed the percentage of (red) single-stranded to (green) dou-
ble-stranded fluorescence (% DFI).

Transcriptomic analysis

RNA extraction, library preparation and sequencing
After 60 days of the interventions, nine mice (three from each
group) were chosen at random for transcriptomic analysis. Total
RNA was isolated with TRIzol reagent (Life, cat. 265709, CA,
USA) according to the kit instructions. The quality of the
extracted RNA was confirmed using an Agilent 2100 Bioanalyzer
Platform (Agilent, cat. G2939AA, CA, USA) and RNase-free
agarose gel electrophoresis, A Ribo-Zero Magnetic Kit
(Epicenter, USA) was used to eliminate aggregated prokaryotic
mRNA and aggregated eukaryotic mRNA. By using arbitrary pri-
mers, aggregated mRNA fractions were split into short segments
and converted into cDNA; second-strand cDNA was generated
with dNTPs, DNA polymerase I and RNase H. Purifying the
cDNA segments using the QIAQuick PCR isolation kit (Qiagen,
Netherlands), followed by end repair, base introduction and liga-
tion with Illumina sequencing adapters. The ligated products
were sequenced using an Illumina NovaSeq 6000 (Wang et al.
2009).

Analysis of differentially expressed genes (DEGs) and trend
analysis
DESeq2 (Love et al. 2014) software was employed for the analysis
of differentially expressed genes across two groups (two samples
were analysed with edgeR 20). We considered DEGs with an
FDR (false discovery rate) of 0.05 and an absolute fold change of
2 as putative genes impacted by YSTL activity, and a trend ana-
lysis was performed on the screened DEGs. To normalize the
expression information of every sample to 0, log2 (v1/v0) and
log2 (v2/v0), and STEM (Short Time-series Expression Miner)
software (Ernst and Bar-Joseph 2006) was used to stratify three
groups of eight profiles with distinct expression patterns; pat-
terns with a p� 0.05 in the cluster analysis were deemed signifi-
cantly distinct. The DEGs of Profiles 2 and 5 in the plots were
then subjected to a Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis. With
FDR (Benjamini and Hochberg 1995)-correction, GO keywords
or pathways that have a p value of 0.05 and a Q-value of 0.05
were considered to be significantly abundant.

Proteomic analysis

DIA proteome analysis
The samples were lysed in lysis buffer, which consisted of a
cocktail of 2% SDS, 1mg/mL protease inhibitor and 7M urea, to
isolate the total protein quantification (He et al. 2019). The pro-
teins were digested with serial-grade modified trypsin (Promega,
WI) at a substrate to enzyme ratio of 50:1 weight-to-weight over
16 h at 37 �C. The resulting peptide mixture was then redissolved
in aqueous ammonium formate at a concentration of 20mM and
a pH of 10.0. For high-pH separation, a reversed-phase XBridge
C18 column (4.6mm � 250mm, 5lm) (Waters Corporation,
USA) was utilized. The peptides were redissolved in 30 lL of an
aqueous solution containing 0.1% formic acid and then identified
using an Orbitrap Fusion Lumos and an EASY-nLC 1200
(Thermo Fisher Scientific, MA, USA). The raw data received
were processed and analysed on the Spectronaut X platform

(Biognosys AG, Switzerland) using the default parameters to
obtain information regarding protein expression.

Differentially expressed proteins (DEPs) and trend analysis
GO and KEGG pathway enrichment analyses were performed for
Profiles 2 and 5 as described above, and a trend analysis was
conducted on the DEPs identified among the three groups.

Nine-quadrant map analysis

We constructed nine-quadrant maps to screen out genes and
proteins that have comparable expression features by using the R
(v3.5.1) software to analyse the changes in gene and protein
expression in the transcriptome and the proteome (Wang et al.
2020). The nine-quadrant map was analysed quantitatively and
enriched for genes in each region. Two (three and seven) of
these quadrants showed the same expression trends for genes
and proteins, and attention was focussed on both.

qRT–PCR and Western blot validation

qRT–PCR was adopted to verify the RNA-seq data generated
from the RNA preparations described above. NovoStartVR SYBR
High-Sensitivity qPCR SuperMix was used in the cDNA synthe-
sis process on a LightCycler 480 RT-PCR apparatus manufac-
tured by Roche in Switzerland (NovoProtein, China). All primer
sequences are listed in Table 2. Three independent cDNA prepa-
rations were used for each reaction. The qPCR primers were
evaluated by gel electrophoresis and thermal gradients. The
2�~~Ct method was utilized to assess relative expression.

Western blots were conducted to confirm the aforementioned
proteomics results. Testicular tissues were homogenized in RIPA
buffer containing protease inhibitors, and the protein concentra-
tion was determined using the BCA technique. Proteins were
fractionated on 7.5% PAGE gels before being transferred to NC
membranes. Next, we blocked the membranes with 5% Tris-buf-
fered saline (TBST)-skim milk for 2 h at RT, followed by rinsing
with TBST. After overnight incubation with primary antibodies
at 4 �C, membranes were incubated with the corresponding sec-
ondary antibodies for 1 h at RT. Enhanced chemiluminescence
reagents were used to visualize the protein bands, and ImageJ
was used to quantify the protein intensities. The data are shown
as the mean ± standard deviation, and a two-tailed Student’s
t-test with a significance level of p< 0.05 was utilized to compare
groups.

Table 2. Primer sequences.

Gene Primer sequence

Mouse-TBL1X-F GCCCGATGTGGTACAGACAA
Mouse-TBL1X-R CACGGTGGCTTCTCCATTCT
Mouse-SPARC-F TGGGAGAATTTGAGGACGGTG
Mouse-SPARC-R AAACTCGCCAATGGGAGCA
Mouse-HNRNPA0-F TGGTGAACCCCCAGACGA
Mouse-HNRNPA0-R TCTTCACCTTGGCGTGCG
Mouse-MAP7D1-F CCCTGAAGACTGCCACGAAT
Mouse-MAP7D1-R CTCTTGGCTTCTGAGGACGG
Mouse-EPS8-F GCTCCAGTGGGTATGGAGTC
Mouse-EPS8-R AGGTGGTCAAGTGTTCCACG
Mouse-MRPL27-F TTGGTGGGAAATCACGAGGC
Mouse-MRPL27-R GTAGCGGACTATCCCCTCCT
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Results

YSTL repairs PS-MP-induced sperm DNA damage in mice

The sperm DFI of mice treated with PS-MP was significantly
greater than that of control animals (20.66% vs. 4.23%, p¼ 0.000;
Figure 1). Relative to the PS group, the DFI of the YSTLM
(12.8%, p¼ 0.018) and YSTLH (11.31%, p¼ 0.005) groups
showed a remarkable decrease. There was no significant differ-
ence in DFI between the YSTLM group and the YSTLH group.
Transcriptional and proteomic analyses were performed on three
mice from each of the three groups (control, PS, and YSTLM) to
support the DFI results.

Transcriptomic trend analysis of DEGs

In the first step, we identified 1388 DEGs for each group
through pairwise comparisons of the total mRNA expression in
each group. Then we conducted a trend analysis of these DEGs
and classified the DEGs into eight trend types according to the
differences in the patterns of the DEGs across the three groups
(Figure 2(A)). Profile 2 included 281 DEGs that were downregu-
lated as a result of PS-MP exposure and upregulated in response
to YSTL intervention (p> 0.05, Figure 2(B,C). Profile 5 con-
tained 210 DEGs that were upregulated following exposure to
PS-MP and downregulated following YSTL administration
(p> 0.05, Figure 2(B,D)).

GO and KEGG analyses of transcriptomic trends for profiles
2 and 5

According to the GO analysis, Profiles 2 and 5 share a high
degree of similarity across the 3 groups. In the BP group, the
six GO terms with the highest number of genes, including both
profiles, were associated with cellular mechanisms (GO:
0009987), single-organism process (GO: 0044699), metabolic
process (GO: 0008152), response to stimulus (GO: 0050896),
biological regulation (GO: 0065007) and signalling (GO:
0023052). In the CC category, the same top four GO terms that
accounted for the greatest number of genes in both groups,
namely, membrane (GO: 0016020), cell (GO: 0005623), cell part
(GO: 0044464) and organelle (GO: 0043226). Binding (GO:
0005488) and catalytic activity (GO: 0003824) were the top two
MF GO keywords with the highest gene counts in both analyses
(Figure 3).

KEGG pathway analysis was also conducted for Profiles 2 and
5. The PI3K-Akt signalling cascade (ko04151), Rap1 signalling
cascade (ko04015), lipolysis modulation in adipocytes (ko04923),
cGMP-PKG signalling pathway (ko04022), and cytokine-cytokine
receptor interaction (ko04060) were the 5 pathways with the
smallest p and Q-values in Profile 2 (Figure 4(A)). For Profile 5,
the five pathways with the smallest p and Q-values were the
PI3K-Akt signalling pathway (ko04151), regulation of the actin
cytoskeleton (ko04810), ECM-receptor interaction (ko04512),
leukocyte transendothelial migration (ko04670) and phenylalan-
ine metabolism (ko00360) (Figure 4(B)).

Figure 1. Sperm chromatin structure assay (SCSA) results. SCSA of sperm cells collected from the cauda epididymis (caudal sperm) in mice after exposure to PS-MPs.
A–E: Flow cytometry results (DFI) (A: Control, B: PS, C: YSTLL, D: YSTLM and E: YSTLH). F: Histogram of flow cytometry results. Data are presented as the mean± SE.
The asterisks show significant differences between the PS group and the other three groups (��p< 0.01, �p< 0.05).
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Proteomic trend analysis of DEPs

Using criteria similar to those listed above, 80 DEPs were
selected for trend analysis. The DEPs were divided into eight dif-
ferent trend types, designated 0 through 7 (Figure 5(A)). Among
these groups, we focussed on Profiles 2 and 5. In Profile 2, 12
DEPs showed downregulated expression as a result of PS-MP
exposure and the opposite trend when YSTL was applied
(p> 0.05, Figure 5(B,C)). In Profile 5, 1 DEP was upregulated
following exposure to PS-MP and downregulated following YSTL
administration (p> 0.05, Figure 5(B,D)). Due to the small num-
ber of DEPs enriched in the proteome, GO and KEGG pathway
analyses could not be performed.

Nine-quadrant diagram screening of YSTL target genes and
proteins

The transcriptome and proteome of the control group were com-
pared with those of the PS group (Figure 6(A)) and that of the
YSTL group (Figure 6(B)). DEG patterns that matched the rele-
vant protein were clustered in the third and seventh quadrants
of the nine-quadrant layout. Upregulated mRNAs and proteins
were found in the third quadrant, whereas downregulated
mRNAs and proteins were found in the seventh quadrant. ana-
lysis of the third- and seventh-quadrant genes indicated that the
mRNA and protein levels were increased in the PS group and
restored to normal levels in the YSTL group (Aass, Aldh1a7,
GSTA3, Bhmt and Svs1). We identified the genes that were
downregulated by PS-MPs and those that were recovered by the

YSTL by comparing the seventh quadrant (Figure 6(A)) and
third quadrant genes (Figure 6(B)).

Validation of the expression of screened YSTL target genes
and proteins

Western blotting and qRT-PCR were used to verify the expres-
sion patterns of the nine-quadrant screening genes (TBL1X,
SPARC, hnRNP0, Map7D1, Eps8 and Mrpl27) (Figure 7). qRT-
PCR was conducted on three separate samples from each group
(n¼ 3/group). The transcriptional level showed similar expres-
sion trends for TBL1X, SPARC and Mrpl27 based on RNA-seq
data. The levels of hnRNP0, Map7D1 and Eps8 did not recover
in the YSTL group, contrary to the RNA-seq results. We also
analysed the same samples using western blots and found that
SPARC and Mrpl27 showed similar expression trends to those
observed using DIA. SPARC was expressed at a lower level in
the PS group than in the control group (p> 0.05) and at a sig-
nificantly increased level in the YSTL group compared to the PS
group (p¼ 0.011). No protein band was observed in our western
blot for TBL1X, possibly due to problems with the antibody.

Discussion

At present, plastic pollution has reached an critical level. Deep in
the Pacific Ocean, between California and Hawaii, there is an
island of plastic waste six times the size of the UK that has been
dubbed the ‘eighth continent’ or the ‘Great Pacific Waste Patch’
(Lebreton et al. 2018). Over the past 60 years, the garbage patch

Figure 2. Trend analysis of DEGs. A: Trend pattern diagram based on the trend normalization of the gene expression data. The black line represents the trend line. B:
Histogram of the number of genes exhibiting each trend and associated p values. The height of the column represents the number of genes, and the colour of the
column represents the p value. C and D: Trend charts for Profiles 2 and 5, respectively. Each line in the figure represents a gene. The abscissa indicates the number
of samples, and the ordinate indicates log2(V(i)/V(0)), i.e., the log2 value of the ratio of the expression amount of sample (i) to the expression amount of the first
sample.
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has been growing in size. Simultaneously, a 7–11 km long belt of
plastic deposits was discovered in the Mariana Trench, the deep-
est point of the world’s oceans (Peng et al. 2018). The oceans
will contain more plastic than fish (in terms of weight) by 2050,
according to the United Nations Environment Programme
(UNEP 2016).

However, to date, modern medicine has no good solution for
the decline in sperm quality caused by MPs. Currently, MP
removal treatments address only the MPs in sewage (Cristaldi
et al. 2020). Although most wastewater treatment plants have an
MP removal efficiency of more than 90%, millions of MP par-
ticles are still released into the aquatic environment every day
and may enter the human body through certain aquatic
organisms.

Globally, approximately 15% of individuals of child-bearing
age experience infertility, and infertility increases in incidence
every year, with nearly half of cases being caused by male factors
(Inhorn and Patrizio 2015). The quality of human sperm has
declined gradually as a result of modernization. For instance, the
average number of sperm in sample ejaculates decreased from
113� 106/mL in 1940 to 66� 106/mL in 1990 (Carlsen et al.
1992). The World Health Organization (WHO) has published 6
editions of the Lab Manual for the Investigation and Processing
of Human Semen. The normal sperm count in semen has
decreased from 60� 106/mL (the first edition) (WHO 1980) to
15� 106/mL (the fifth edition) (WHO 2010). Sperm concentra-
tions have dropped to one-eighth of what they were 70 years ago,
and sperm quality has also dropped significantly. Other factors

Figure 3. Histogram of GO enrichment and classification of DEGs. The abscissa indicates the second-level GO term, the ordinate indicates the number of genes anno-
tated with the term, and different colours represent different types of GO terms. A: Profile 2; B: Profile 5.
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Figure 4. KEGG enrichment bubble diagram of DEGs. The top 20 pathways with the lowest Q-value and p value are plotted. The vertical axis indicates the pathway,
the abaxial axis indicates the enrichment factor (divided by the number of different genes in the pathway), the size represents the number of DEGs, and the intensity
of the red colour indicates the (lower) the Q-value. A: Profile 2; B: Profile 5.

Figure 5. Trend analysis of DEPs. A: Trend pattern diagram based on trend normalization of the protein data. The black line represents the trend line. B: Histogram
of the number of proteins exhibiting each trend and associated p values. The height of the column indicates the number of proteins, and the colour of the column
indicates the p value. C and D: Trend charts for Profiles 2 and 5, respectively. Each line in the figure represents a protein. The abscissa indicates the number of sam-
ples, and the ordinate is log2(V(i)/V(0)), i.e., the log2 value of the ratio of the expression level in the sample (i) to the expression level in the first sample.
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may have been involved. Regardless, plastic pollution is one of
the world’s most complex challenges.

At present, semen analysis is the main lab test used for assess-
ing the quality of male sperm. However, research has shown that
at least 50% of infertility patients have normal semen analysis
results (Le et al. 2019). Even though sperm morphology can be
only roughly obtained from semen examination, this approach
cannot be used to evaluate sperm DNA, which is crucial since it
influences an embryo’s health. Given that half of the chromo-
somes in a fertilized egg originate from the sperm, the genetic
information delivered by sperm is essential for offspring health.
Key genes controlling human growth, development, and repro-
duction are encoded in the genetic material supplied by the
sperm, particularly those for the reproductive system develop-
ment of male offspring (Casanovas et al. 2019).

Sperm DFI serves as an indicator of sperm DNA integrity.
Studies have found that the DFI of infertility patients is signifi-
cantly higher than that of the general population (Esteves et al.
2017). The DFI of men in couples with a history of recurrent
abortion was also significantly higher than that of men in cou-
ples without a history of related abortion, although their semen
analysis results were normal (McQueen et al. 2019). The litera-
ture shows that when the DFI > 27%, the successful pregnancy
rate significantly decreases, resulting in infertility or miscarriage
(Corona et al. 2019). These results indicate that sperm DFI is
vital for a healthy pregnancy. DFI is also commonly utilized for
male fertility assessment in clinical practice. Abnormal DFI can
be caused by many factors, but two of the most important are
exposure to hazardous compounds and patient age. (Zeqiraj
et al. 2018).

MP exposure has been found to increase sperm DFI in rats
(Amereh et al. 2020). We replicated this model in a pilot experi-
ment in mice and found that the effect took longer to manifest,
possibly because the spermatogenesis cycle of rats is significantly

longer than that of mice. Therefore, we created a mouse model
of PS-MP-induced DNA damage to observe the influence of
TCM on DNA damage. This model is efficient and economical
and worth replicating.

Some everyday vegetables have antioxidant properties, and
extracts of broccoli and caraway have been shown to protect
sperm DNA integrity from damage caused by cold temperatures
(Raeeszadeh et al. 2021, 2022). Similar to these vegetables, herbs
in YSTL have similar effects. Our previous studies found that
YSTL protects sperm DNA from some toxic substances, such as
benzo(a)pyrene and Tripterygium glycosides. Unexplained male
infertility may be caused by MPs, which was also analysed in our
recent study (Zhang et al. 2022), and this study found that YSTL
could be tried to treat these patients.

Several herbal extracts in YSTL have been reported to protect
sperm DNA from some physical and chemical damage. Cuscuta
chinensis flavonoids can reduce the methylation levels of ERa
and H19/Igf2 genes by inhibiting the expression of DNA methyl-
transferase (DNMTs), thereby reducing the levels of adult male
reproductive hormones and receptors, and ultimately alleviating
the negative effects of BPA on testicular development in male
mice (Wei et al. 2020). Epimedium brevicornu flavonoids effect-
ively reduced oxidative DNA damage in ageing rat testis through
a p53-dependent pathway (Zhao et al. 2017). The addition of
astragalus polysaccharides to the semen freezer extender pre-
vented DNA damage caused by low temperature (Zhao et al.
2020).

The transduction protein (b)-like 1X-linked (TBL1X) gene is
strongly associated with infertility (Fabian-Jessing et al. 2018).
Although its exact mechanism is not well understood, it is dir-
ectly related to testosterone concentration, spermatogenesis and
sperm motility (Pacheco et al. 2020). Our results also showed
that TBL1X mRNA expression decreased after PS-MP exposure
and increased after YSTL intervention.

Figure 6. Nine-quadrant diagrams. A: Control vs. PS, B: PS vs. YSTL. The horizontal axis is the multiple of transcriptome difference (log2), and the vertical axis is the
multiple of protein difference (log2). Each dot represents a gene/protein; red dots represent consistent or opposing trends, green dots represent cases with differen-
tially gene but not differential protein expression, and blue dots represent cases with differential protein but not differential gene expression. (cases in which the dif-
ference multiple is reached but the p value is not are shown in grey).
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SPARC, a multifunctional secretory glycoprotein, belongs to
the stromal cell protein family and is closely associated with
invasion and bone metastasis in certain tumours, such as pros-
tate cancer (Edwards 2012). However, SPARC also plays a sig-
nificant role in the maturation, stabilization and repair of
neuromuscular connections after injury (Brayman et al. 2021).
The main phenotypic characteristics of Sparc-deficient mice are
defects in the amount and morphology of fibrin collagen, and
they show inactivated fibrotic responses in many different tissue
environments (Bradshaw 2016). Here, SPARC was downregu-
lated in the PS group and recovered after YSTL intervention,
suggesting that the increase in DFI caused by YSTL repair fol-
lowing PS-MP exposure was caused by SPARC-mediated fibre
repair.

Ribonucleoproteins (hnRNPs) are essential for nucleic acid
metabolism and the control of a wide variety of cellular func-
tions. Cancers of the lung, pancreas and stomach have all been
linked to abnormal hnRNP expression (Romero-Garcia et al.
2014). Although an association between hnRNP0 and sperm
DNA damage has not been reported, hnRNP0 is involved in the

repair process after cellular DNA damage (Reinhardt et al. 2010).
Upregulation of this gene after PS-MP exposure and its recovery
after YSTL intervention was also observed, although the differen-
ces in expression were not significant.

Map7D1 is a relatively newly identified gene that has been
less well studied. It is closely associated with lymph node metas-
tasis in some tumours such as breast cancer (Wu et al. 2021)
and acral melanoma (Lim and Lee 2021). In our study, MAP7D1
protein expression increased after PS exposure and recovered
after YSTL intervention, suggesting that MPs can cause repro-
ductive toxicity and tissue carcinogenesis.

Eps8 is an important actin-binding protein that has a signifi-
cant function in maintaining the stability of the blood-testis bar-
rier (BTB) (Wei et al. 2021). Consistent with the literature, we
also found that Eps8 was downregulated in mice after PS-MP
exposure, but this downregulation was not significant. This may
be because the modelling dose we used (1mg/d) was much lower
than the 20mg/kg used in other studies. No significant changes
in Eps8 were observed after YSTL intervention, indicating that
YSTL does not protect sperm DNA through the BTB.

Figure 7. qRT–PCR and western blot verification. The expression levels of TBL1X, SPARC, hnRNP0, Map7D1, Eps8 and Mrpl27, which were screened from the nine-
quadrant diagrams, were verified by qRT–PCR and western blot. A-F: qRT–PCR. G: Western blot. H: Relative protein expression. Mean± SD, n ¼ 3 for qRT–PCR and
western blot. Compared with the PS group, �p< 0.05, ��p< 0.01.
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Currently, there are few studies on Mrpl27, which is mainly
involved in mitochondrial translation and extension, respiratory
electron transport, ATP synthesis and mitochondrial intima tis-
sue (Zhuang et al. 2021).

This study has some limitations. Due to limited financial sup-
port, only three cases from each group underwent omics detec-
tion, qRT-PCR and western blot validation, resulting in discrete
data. In the future research, the sample size should be increased
(more than five cases in each group).

Conclusions

A sperm DNA damage model was established in mice by 60
days of exposure to PS-MPs. PS-MPs can damage sperm DNA,
but YSTL can alleviate this damage. The specific mechanism may
be associated with the PI3K/Akt pathway and SPARC.
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