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This study is to verify the effect of asthma on sperm quality and explore its potential underlying mechanism. We randomly
categorized the Sprague-Dawley (SD) rats into control (Group C) and asthma model (Group M) groups. Rats in the asthma
model group were induced allergic asthma by intraperitoneal injection of ovalbumin solution. We evaluated the sperm motility
and sperm concentration. The expression of the Interleukin-6 (IL6), phosphorylation-signal transducer and activator of
transcription 3 (p-Stat3), and hypoxia-inducible factor-la (HIF-1a) proteins and mRNAs in the testicular tissue was detected by
western blotting and RT-qPCR. Compared with group C, sperm concentration and sperm motility in group M rats were
significantly decreased (P < 0.05). Meanwhile, compared with group C, the expression levels of IL6, Stat3, and HIF-1a proteins
and mRNAs in group M rats were significantly increased (P <0.05). Asthma can regulate the HIF-1 signaling pathway,
promoting the expression of IL6, Stat3, and HIF-1a protein and mRNAs, so as to promote sperm apoptosis and ultimately

causing male infertility.

1. Introduction

Asthma is a chronic inflammatory respiratory disease with
high morbidity and mortality. At present, about 10% people
are affected by asthma and the incidence rate is still rising [1,
2]. Asthma can lead to airway edema, inflammation, fibrosis,
airway obstruction, reduced ventilation, and damage to alve-
olar capillaries. These conditions can cause pulmonary ven-
tilation or ventilation disorders, resulting in insufficient
oxygen supply to lung tissue [3]. Hypoxia is mediated by
HIF, which has two subunits of HIF-la/2a and 18 [4].
HIF-1« is a transcription factor that plays a crucial role in
regulating the inflammatory and metabolic genes of mam-
malian cells. Recent research results show that HIF-1« is
the key regulator of asthma inflammation [5]. Asthma can
activate HIF-1 signaling pathway in vivo, which can pro-

mote inflammation and induce the activation of genes
related to airway remodeling [6]. Hypoxia response and sig-
nificant increase of HIF-1 can be observed in mouse models
of acute asthma and chronic asthma, resulting in increased
inflammatory cell infiltration, fibrosis, and airway remodel-
ing [7].

Infertility has always been a problem of concern.
According to the statistics of the World Health Organiza-
tion, 50-80 million couples in the world are troubled by
infertility, about 20%-30% of which are caused by male fac-
tors [8, 9]. The pathogenesis of male infertility is complex.
Studies have found that the epididymal tissue under hypoxia
will lead to the overexpression of HIF-1a, which will affect
the maturation and capacitation of sperm in the epididymis
[10, 11]. And in the state of hypoxia, the testicular tempera-
ture will increase, morphology change, intercellular space
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increase, spermatogenic epithelium shrink, and the number
of sperm decrease significantly [12-14].

Therefore, we hypothesized that hypoxia caused by
asthma activates HIF-1 signaling pathway, which affects
sperm quality and leads to male infertility. The aim of this
study is to use bioinformatics analysis and animal experi-
ments to predict and verify the molecular pathways and
targets of asthma-induced male infertility. We followed the
methods of Wang et al. [15]. The research idea is shown in
Figure 1.

2. Methods and Materials

2.1. Molecular Target Recognition. Using asthma and infertil-
ity as key words, we used the GeneCards database (https://
www.genecards.org/) [16] to obtain the related targets of
the two diseases. The targets of asthma and male infertility
were overlapped, and the intersection target was taken as
the potential target for further analysis.

2.2. Analysis of Protein-Protein Interaction (PPI) Network.
We used the STRING database (https://STRING-db.org/)
[17] to determine possible PPI between potential action tar-
gets, the protein species is set as “homo sapiens.” In order to
improve the reliability of the data, the PPI network of poten-
tial targets was obtained by taking the combined score >0.4
as the screening standard.

2.3. Network Construction and Analysis. Cytoscape version
3.8.0 (https://cytoscape.org/) [18] was used to construct an
asthma-male infertility-target network and PPI network.
After network construction, we used cytoHubba, a plug-in
of Cytoscape, to further analyze the PPI network to identify
the key targets [19].

2.4. Enrichment Analysis of GO Function and KEGG
Pathway. We introduced the common targets of asthma
and male infertility into the functional annotation tool of
the “Database for Annotation, Visualization and Integrated
Discovery” (DAVID, https://david.ncifcrf.gov/, v.6.8) [20]
for gene ontology (GO) enrichment analysis and described
the function of target genes. Using the DAVID database
for “Kyoto Encyclopedia of genes and genomes” (KEGG)
pathway enrichment analysis, the biological processes and
key signaling pathways of male infertility caused by asthma
were obtained [21].

2.5. Experimental Animals. 20 specific pathogen-free (SPF)
grade male SD rats (4-5 weeks old; 200-220g) were pur-
chased from Speyford (Beijing) Biotechnology Co., Ltd.
(License Number: SCXK Beijing 2016-0002; Beijing, China).
Rats were raised in the SPF animal feeding room of Beijing
University of Chinese medicine, with indoor humidity of
60% and temperature of 24°C. The animals were fed with
deionized water and solid feed for 7 days. The experimental
animal ethics committee of Beijing University of Chinese
Medicine approved the experimental scheme (No. BUCM-
4-201991053064).
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2.6. Drugs and Reagents. Drugs and reagents used included
the following: Ovalbumin (Sigma, A5503; MO, USA); Alu-
minjum hydroxide gel (Pierce, 77161; SH, CN); BCA protein
quantitative kit (Chinese British Institute of Biotechnology,
SI1-5700; BJ, CN); ¢-DNA Kit (Thermo, #1622; MA, USA);
IL6 antibody (Bioss, bs-6309R; Woburn, MA, USA); p-
Stat3 antibody (Bioss, bs-1658R; Woburn, MA, USA);
HIF-1a antibody (Bioss, bs-20398R; Woburn, MA, USA);
Compression atomizer (Omron, NE-C900; DL, CN); and
Stainless steel cell sieve (Puyi Biotechnology, PY-0643;
SH, CN).

2.7. Construction and Grouping of Asthma Model. After 7
days of normal feeding, 6 rats were selected as the blank con-
trol group according to the random number table method,
and the other 14 rats were modeled. For the first 3 weeks,
the blank control group was intraperitoneally injected with
1 m sterile normal saline every day. On days 0, 7, and 14,
the rats in the asthma model group were injected with 1 ml
containing 100 mg ovalbumin (OVA) and 10 mg aluminium
hydroxide gel via the peritoneal route. From the 22nd day,
the rats in the blank control group inhaled sterile saline
through a compression atomizer at a rate of 0.2 ml/min for
30 min, while rats in the asthma model group were adminis-
tered 1% OVA through atomization at a rate of 0.2 ml/min
over a course of 30 min. Both groups underwent surgery
once a day for 3 weeks. After 3 weeks, we assessed the rats
in the asthma model group in terms of their behavior, pres-
ence of upright fur, shortness of breath, nose scratching, and
incontinence, as described in previous studies [22]. At the
same time, the pathological sections of rat lung were
observed for model evaluation. Finally, 10 of the 14 rats were
successfully modeled. Then, 6 asthma model rats were ran-
domly selected as the model group (group M, n=6), and
the previous 6 normal rats were regarded as the blank con-
trol group (group C, n=6).

2.8. Analysis of Semen Quality. Rats in each group were
weighed and anesthetized using sodium pentobarbital
(50 mg/kg via intraperitoneal injection). Next, the testicular
and epididymal tissues were removed, weighed, and trans-
ferred into EP tubes containing normal saline. Epididymides
were removed, weighed, and transferred to preheated nor-
mal saline (0.9%). We put the comminuted epididymal
tissue in the abovementioned 0.9% normal saline and incu-
bated it in a 37°C water bath for 5min. A stainless steel cell
sieve was used to repeatedly filter the sperm mixture. Next,
the sediment was removed and 1ml of sperm fixative was
added and agitated to enhance mixing. Subsequently, the
spermatozoa were counted using a cell counting plate. The
observation methods were according to the standard of the
World Health Organization: a total of 200 sperm from 10
visual fields were randomly selected, of which the forward
swimming sperm was forward motile sperm, and the in situ
motile sperm was nonforward motile sperm. Dividing the
number of the above sperm by 200, the percentage of for-
ward motile sperm and nonforward motile sperm was
obtained, which was the total sperm motility. The 10 fields
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FIGURE 1: Overall process based on biological network research and animal experiments.

TaBLE 1: The primer sequences for RT-qPCR.

Primer Forward Reverse

IL6 5'-CTCACGCACCGATGTCT-3’ 5 -AGGCTGTGGGCTCAATC-3’
Stat3 5'-GGAGGAGGCATTCGGAAAG-3' 5 - TCGTTGGTGTCACACAGAT-3’
HIF-1a 5'-ACAAGCCACCTGAGGAGAGG-3' 5 TGGCTGCATCTCGAGACTTT-3’
B-Actin 5'-GCACTCTTCCAGCCTTCCTT-3’ 5/ - AATGCCAGGGTACATGGTGG-3'

were randomly chosen and the number of sperm in 10 large
squares was counted. The mean value was given as 10%/ml.

2.9. Hematoxylin and Eosin (HE) Staining and Johnsen Score
Test. Testicular tissue was fixed in 4% formaldehyde [23],
dehydrated with gradient ethanol, embedded in paraffin,
and then cut along the horizontal axis to create sections of
4um thickness. The tissue was treated with ethanol and
xylene for 3 min, washed with tap water, and then treated
with eosin for 2min. After dehydration and drying, the
tissue was observed under a light microscope. Ten seminifer-
ous tubules were selected under the light microscope, and
the development of rat seminiferous epithelial cells was eval-
uated according to the Johnsen 10-level scoring method. The
scoring criteria are as follows: 1 point, no cells; 2 points,
Sertoli cells only; 3 points, only spermatogonia, no sper-
matogenic cells; 4 points, 5 spermatocytes; 5 points, more
than 5 spermatocytes; 6 points, 1 to 5 sperm cells; 7 points,
more than 5 sperm cells, but no differentiation; 8 points,
the presence of advanced sperm cells; 9 points, 1 to 5 sperm
cells; and 10 points, more than 5 sperm cells.

2.10. Western Blotting. The testicular tissue was collected
and weighed. Then, RIPA strong lysate was added to it and

the sample was homogenized on an ice bath, followed by
centrifugation, separation of the supernatant, and determi-
nation of the total protein content by using the BCA
method. The separation and thickening gel were prepared,
sample on the protein, after the completion of the sample,
the glass plate was placed in the electrophoresis tank, and
gel electrophoresis was carried out at a constant pressure
of 80 V. After the bromophenol blue dissipated from the sep-
aration gel, the protein was transferred onto the PVDF film.
Then, 5% skim milk powder was sealed at 1 h at room tem-
perature, and the strip was cut based on the molecular
weight of the target protein, followed by overnight treatment
at 4°C with a single antibody (diluted at 1:1000), and the
following day, the strips were rinsed in TBST solution thrice,
before treatment with the secondary antibody at room tem-
perature for 4h (1:1000 dilution), washed thrice with TBST,
and developed by chemiluminescence. The band gray value
was quantified by the Image-Pro Plus software to calculate
the relative expression of the protein.

2.11. RT-qPCR. The testicular tissue was added to a mortar,
to which a small amount of liquid nitrogen was added,
followed by quick grinding 3 times. After grinding, add
1 ml TRIzol reagent was introduced and the total RNA was
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FIGURE 2: (a) Intersection of targets of asthma and male infertility. (b) Asthma-male infertility-target network built by Cytoscape (3.7.1). (c)
PPI network built by Cytoscape (3.7.1). (d) PPI network processed by Cytoscape (3.7.1) plug-in (cytoHubba).

TaBLE 2: Top 10 key targets.

Rank Target name Score
1 Tumor necrosis factor (TNF) 65
2 Albumin (ALB) 63
3 Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) 59
3 Interleukin 6 (IL6) 59
5 Insulin (INS) 58
6 Vascular endothelial growth factor A (VEGFA) 57
7 Interleukin 1 beta (IL1B) 55
8 Epidermal growth factor receptor (EGFR) 51
9 Interleukin 10 (IL10) 50
10 C-X-C motif chemokine ligand 8 (CXCLS8) 48

isolated from the tissue. After the content was qualified, the
RNA was converted to cDNA based on the reverse transcrip-
tion kit operational requirements, and then, the target gene
product was amplified under the following conditions: pre-
denaturation at 95°C for 15min, denaturation at 95°C for
10s, annealing, and extension at 60°C for 30s, 40 cycles.
After the reaction, the CT value to 2”“*** was calculated.
The relative gene expression was analyzed via the CT for-
mula. 3-Actin gene was employed as endogenous reference.
The sequence of primers is listed in Table 1.

2.12. Statistical Analysis. All data analyses employed SPSS 26.0.
Continuous data are presented as mean + standard deviation.
For data with normal distribution, a ¢-test was employed, and
for data with not normal distribution, the nonparametric test
was employed. P < 0.05 was deemed as significant.

3. Results

3.1. Target Collection, Construction of PPI Network, and
Topology Analysis. After collection, the 500 male infertility-

related targets and the 500 asthma-related targets were
obtained from GeneCards. Then, 81 overlapping targets
were obtained after taking their intersection (Figure 2(a)).
Next, the asthma-male infertility-target network is shown
in Figure 2(b). And a PPI analysis was performed on these over-
lapping targets through the STRING database; we confirmed
that all targets were associated with both asthma and male infer-
tility and used Cytoscape to build a network (Figure 2(c)).
According to the cytoHubba analysis, the top 10 targets were
regarded as key targets (Table 2 and Figure 2(d)).

3.2. Pathway Enrichment Analysis Using the DAVID
Database. Using DAVID v6.8, 28 targets were enriched
and analyzed. We found that there were 412 biological pro-
cesses, 43 cell components, 47 molecular functions, and 65
signal pathways. According to the P values, the analysis
results of the top 5 biological functions and pathways were
selected for display (Figures 3(a) and 3(b)).

3.3. Validation of the Asthma Model. The rats in the asthma
model group exhibited anxiety, upright fur, shortness of
breath, obvious abdominal breathing, nose scratching, and
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FIGURE 3: (a) GO enrichment analysis: the length of the bar is related to the number of enriched genes. (b) KEGG enrichment analysis: x axis
represents rich factor, y axis represents name, node size is related to count, and node color is related to P value.

incontinence. None of the control rats exhibited any of these
symptoms. HE staining showed that the airway structure of
normal rats was basically normal, almost without inflamma-
tory cell infiltration. In the model group, the airway wall of
lung tissue was proliferated, there is a large number of
inflammatory cell infiltration, airway epithelial structure
was disordered, and small airway lumen was narrow
(Figure 4(a)); Masson staining showed that the collagen

deposition in the airway submucosa of the model group
was higher than that of the normal group (Figure 4(b)).

3.4. Body Weight of Rats and Wet Weight of Testis and
Epididymis. The body weight and wet weight of epididymis
in group M were lower than that in group C (P <0.05),
but there was no significant difference in testicular wet
weight between group M and group C (P > 0.05) (Table 3).



BioMed Research International

(a)

(®)

FIGURE 4: (a) HE staining of lung tissue in two groups. (b) Masson staining of lung tissue in two groups.

TaBLE 3: Body weight of rats and wet weight of testis and
epididymis. g, n=6,x £ s.

Grou Body weight Wet weight Wet weight of
P of rats of testis epididymis

Group C 263.83 £6.09 3.12+0.12 1.08 £ 0.03

Group M 223.47 £9.46" 3.02+0.14 0.96 +0.02"

Note: Differences with P <0.05 were considered statistically significant.
*P <0.05 vs. Group C.

TaBLE 4: The sperm concentration and sperm motility of rats from
the C, M groups.106/ml, %, n=6,X*s.

Group Sperm concentration Sperm motility
Group C 44.29 +£5.50 59.68 +4.84
Group M 14.20 + 1.65" 16.92 +2.99"
Note:  Differences with P<0.05 were considered statistically

significant.* P < 0.05 vs. Group C.

3.5. Analysis of Semen Quality. The sperm concentration in
group C was significantly higher than that in group M
(P <0.05). Furthermore, the sperm motility of group C was
significantly higher than that of group M (P < 0.05, Table 4).

3.6. HE Staining of Testicular Tissue and Spermatogenic Cell
Development Score. The seminiferous tubules in group C rats
were normally structured and orderly arranged, and a
large number of normal sperm and spermatogenic cells
of all levels could be seen in the lumen. The cell structure
in each layer was complete, orderly, clear, and with no obvi-
ous morphological abnormality (Figure 5(a)). In group M,
the seminiferous tubules were abnormally structured and
irregularly arranged. The lumen of the seminiferous tubules
was contracted, the epithelium was degenerated partially.
Moreover, the proportion of abnormal sperm increased sig-
nificantly. The number of spermatozoa was significantly less
(Figure 5(a)). Moreover, compared with group C, the devel-
opment score of spermatogenic cells in group M was signifi-
cantly lower (P < 0.05). The results are shown in Table 5.

3.7. Expression of IL6, Stat3, p-Stat3, and HIF-1« in Testicular
Tissue Was Detected by Western Blotting. After 4 weeks of
successful modeling, the protein expressions of IL6, Stat3,
p-Stat3, and HIF-1« in group M were significantly lower than
those in group C (P < 0.05) (Figures 5(b) and 5(c)).

3.8. mRNA Expression of IL6, Stat3, and HIF-la in
Testicular Tissue Was Detected by RT-gPCR. Compared
with group C, the mRNA expression levels of IL6, Stat3,
and HIF-la in group M were significantly increased
(P <0.05) (Figure 5(d)).

4. Discussion

Our experimental results are consistent with the original
hypothesis. The hypoxic environment caused by asthma acti-
vates HIF-1 signaling pathway, which affects sperm quality
and leads to male infertility. At present, there are few studies
on male infertility caused by asthma, and its potential mech-
anism is not clear. Here, we propose possible mechanism
hypotheses through bioinformatics and animal experiments.

In this study, we found that the sperm concentration and
sperm motility in group M were significantly lower than that
in group C. In addition, HE staining showed that the lumen
of seminiferous tubules in the testis of asthma model group
was contracted, and the proportion of abnormal sperm and
spermatogenic cells increased significantly. These results
provide direct evidence that asthma may lead to male
infertility.

Through the pathway enrichment analysis of network
pharmacology, we found that HIF-1 signaling pathway is
the key pathway of infertility caused by asthma. Hypoxia
can induce a series of physiological and pathological reac-
tions, such as accelerating energy metabolism and cell apo-
ptosis, promoting angiogenesis and remodeling, these
reactions are mainly mediated by HIF-1 [24]. Research
shows that IL6 and Stat3 are HIF-la important upstream
signal genes [25], and IL-6/Stat3/HIF-1« signaling pathway
plays an important role in many diseases. IL-6 plays a role
by binding to IL-6 receptor (IL-6R). After the two combine
to form a complex, they contact with signal transduction
membrane protein gp130, the receptor dimerization occurs,
and the IL-6 signal transduction pathway is activated. The
downstream Stat3 can be further activated by activating
JAK2, and the activated Stat3 can block hypoxia induced
HIF-1a degrading or promote its synthesis, so as to improve
HIF-1a expression level [26, 27].

IL6 is a multiactive cytokine, which can promote the
proliferation and differentiation of a variety of cells. It is
found that Th17 cells play an important role in inducing
chronic airway inflammation. IL6 can promote the differen-
tiation and proliferation of Th17 cells and aggravate airway
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FIGURE 5: (a) Analyses of testicular tissue in mice using HE staining. (b) Electrophoretogram of three proteins (IL6, Stat3, p-Stat3, and HIF-
la) in rats from the C, M groups. (c) The expression levels of three proteins (IL6, Stat3, p-Stat3, and HIF-1«) in rats from the C, M groups
determined using western blotting. (d) The mRNA expression levels of three proteins (IL6, Stat3, and HIF-1«) in rats from the C, M groups
determined using RT-qPCR. Values are the mean + SEM (#n = 6 animals per group). The ¢-test was used. Group M was compared with group

C, * represents P < 0.05, ** represents P < 0.01.

TABLE 5: Spermatogenic cell development scores of rats in each
group. n=06, X .

Group Johnsen score
Group C 9.67+0.58
Group M 6.33+£0.57"

Note: Differences with P <0.05 were considered statistically significant.
*P <0.05 vs. Group C.

inflammatory response by inhibiting macrophages [28, 29].
Moreover, IL6 plays an important role in the male reproduc-
tive system because it can reduce sperm penetration, antiox-
idant activity, reduce sperm parameters, and cause long-
term inflammation of the male reproductive system [30].
Stat3 is a cytokine-activated transcription factor, and its acti-
vation plays a key role in regulating inflammatory response.
Once stimulated, it leads to the phosphorylation of Stat3
Tyr705 site and is then transferred to the nucleus, thus tran-
scriptionally regulating the production of cytokine response

genes and cytokines [31]. Activation of Stat3 can also pro-
mote the production of Th2 and Thl7 cytokines promote
inflammatory response, and aggravate asthma [32]. Studies
show that Stat3 protein can regulate the differentiation and
proliferation of spermatogonial stem cells during mamma-
lian spermatogenesis and can affect the apoptosis process
of spermatogonia and spermatocytes at all levels (including
primary and secondary spermatocytes) [33, 34]. In the path-
ogenesis of asthma, with the activation of IL6 and Stat3 pro-
teins, HIF-1a protein expression increases under the IL-6/
Stat3/HIF-1a signaling pathway, which then promotes the
apoptosis of spermatogenic cells, affecting sperm quality
[35]. Our experimental results showed that the expression
of IL6, Stat3, and HIF-la increased significantly in the
asthma model group, and the sperm concentration and total
sperm viability decreased significantly in the model group,
which proved that asthma could increase the expression of
IL6, Stat3, and HIF-la protein, promote the apoptosis of
spermatogenic cells, and lead to infertility.
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The relationship between asthma and male infertility is
rarely discussed in the literature. Therefore, this study
adopts a new method to explain the basic mechanism of
male infertility caused by asthma through biological network
analysis and experimental verification in rat model, in order
to provide some guidance for clinical treatment in the future.
Of course, our article also has shortcomings. For example,
we did not measure sex hormones in rats. It has been found
that hypoxia caused by asthma can also lead to endocrine
dysfunction and affect sperm motility [36]. Moreover, we
lack cell experimental verification of low/overexpression of
HIF-1 and further detection of apoptotic factors. In the
future research, we will optimize the experimental scheme
and further explore the causes of spermatogenesis dysfunc-
tion caused by asthma, so as to provide new theories and
schemes for clinical diagnosis and treatment.

5. Conclusion

This study shows that asthma can regulate the HIF-1 signal-
ing pathway, promoting the expression of IL6, Stat3, and
HIF-1a protein and mRNAs, so as to promote sperm apo-
ptosis and ultimately causing male infertility.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Conflicts of Interest

The authors declare that there is no conflict of interest.

Authors’ Contributions

Jun-long Feng, Yuan Tang, and Zhen Yang contributed
equally to this work.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China (grant number: 81774320).

References

[1] P.Li,J. Wang, F. Guo, B. Zheng, and X. Zhang, “A novel inhib-
itory role of microRNA-224 in particulate matter 2.5-induced
asthmatic mice by inhibiting TLR2,” Journal of Cellular and
Molecular Medicine, vol. 24, no. 5, pp. 3040-3052, 2020.

[2] J. Zhang, P. D. Paré, and A. J. Sandford, “Recent advances in
asthma genetics,” Respiratory Research, vol. 9, no. 1, p. 4, 2008.

[3] A. Gheware, L. Panda, K. Khanna et al., “Adhatoda vasicares-
cues the hypoxia-dependent severe asthma symptoms and
mitochondrial dysfunction,” American Journal of Physiology-
Lung cellular and molecular physiology, vol. 320, no. 5,
pp. L757-1769, 2021.

[4] A.P.Laddha and Y. A. Kulkarni, “VEGF and FGF-2: promis-
ing targets for the treatment of respiratory disorders,” Respira-
tory Medicine, vol. 156, pp. 33-46, 2019.

[5] C. Dewitz, E. McEachern, S. Shin et al., “Hypoxia-inducible
factor-1a inhibition modulates airway hyperresponsiveness

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

and nitric oxide levels in a BALB/c mouse model of asthma,”
Clinical Immunology, vol. 176, pp. 94-99, 2017.

K.J. Baek, J. Y. Cho, P. Rosenthal, L. E. C. Alexander, V. Nizet,
and D. H. Broide, “Hypoxia potentiates allergen induction of
HIF-1a, chemokines, airway inflammation, TGF-f1, and air-
way remodeling in a mouse model,” Clinical Immunology,
vol. 147, no. 1, pp. 27-37, 2013.

T. Ahmad, M. Kumar, U. Mabalirajan et al, “Hypoxia
response in asthma,” American Journal of Respiratory Cell
and Molecular Biology, vol. 47, no. 1, pp. 1-10, 2012.

N. Kumar and A. K. Singh, “Trends of male factor infertility,
an important cause of infertility: a review of literature,” Journal
of Human Reproductive Sciences, vol. 8, no. 4, pp. 191-196,
2015.

A. Agarwal, A. Mulgund, A. Hamada, and M. R. Chyatte, “A
unique view on male infertility around the globe,” Reproduc-
tive Biology and Endocrinology, vol. 13, no. 1, p. 37, 2015.

J. D. Lee, S. Y. Jeng, and T. H. Lee, “Increased expression of
hypoxia-inducible factor-1a in the internal spermatic vein of
patients with varicocele,” The Journal of Urology, vol. 175,
no. 3, pp. 1045-1048, 2006.

M. A. Palladino, J. D. Powell, N. Korah, and L. Hermo,
“Expression and localization of hypoxia-inducible factor-1
subunits in the adult rat epididymisl,” Biology of Reproduc-
tion, vol. 70, no. 4, pp- 1121-1130, 2004.

J. G. Farias, E. Bustos-Obregén, R. Orellana, J. L. Bucarey,
E. Quiroz, and J. G. Reyes, “Effects of chronic hypobaric hyp-
oxia on testis histology and round spermatid oxidative metab-
olism,” Andrologia, vol. 37, no. 1, pp. 47-52, 2005.

J. G. Farias, E. Bustos-Obregén, and J. G. Reyes, “Increase in
testicular temperature and vascularization induced by hypoba-
ric hypoxia in rats,” Journal of Andrology, vol. 26, no. 6,
pp. 693-697, 2005.

M. Gasco, J. Rubio, A. Chung, L. Villegas, and G. F. Gonzales,
“Effect of high altitude exposure on spermatogenesis and epi-
didymal sperm count in male rats,” Andrologia, vol. 35,
no. 6, pp. 368-374, 2003.

J. S. Wang, X. F. Gong, J. L. Feng et al., “Explore the effects of
pulmonary fibrosis on sperm quality and the role of the PI3K/
Akt pathway based on rat model,” Andrologia, vol. 54, no. 3,
article e14348, 2022.

N. Rappaport, S. Fishilevich, R. Nudel et al., “Rational confed-
eration of genes and diseases: NGS interpretation via Gene-
Cards, MalaCards and VarElect,” Biomedical Engineering
Online, vol. 16, no. S1, p. 72, 2017.

D. SzKlarczyk, J. H. Morris, H. Cook et al., “The STRING data-
base in 2017: quality-controlled protein-protein association
networks, made broadly accessible,” Nucleic Acids Research,
vol. 45, no. D1, pp. D362-D368, 2017.

P. Shannon, A. Markiel, O. Ozier et al., “Cytoscape: a software
environment for integrated models of biomolecular interac-
tion networks,” Genome Research, vol. 13, no. 11, pp. 2498-
2504, 2003.

C. H. Chin, S. H. Chen, H. H. Wu, C. W. Ho, M. T. Ko, and
C. Y. Lin, “cytoHubba: identifying hub objects and sub-
networks from complex interactome,” BMC Systems Biology,
vol. 8, no. $4, 2014.

W. D. Huang, B. T. Sherman, and R. A. Lempicki, “Systematic
and integrative analysis of large gene lists using DAVID bioin-
formatics resources,” Nature Protocols, vol. 4, no. 1, pp. 44-57,
2009.



10

(21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

R. L. Zhao and Y. M. He, “Network pharmacology analysis of
the anti-cancer pharmacological mechanisms of _Ganoderma
lucidum_ extract with experimental support using Hepal-6-
bearing C57 BL/6 mice,” Journal of Ethnopharmacology,
vol. 210, pp. 287-295, 2018.

X. Wang, Y. Gao, Q. Yang, X. Fang, and Z. Li, “Pingchuanning
decoction attenuates airway inflammation by suppressing
autophagy via phosphatidylinositol 3-kinase/protein kinase
B/mammalian target of rapamycin signaling pathway in rat
models of asthma,” Journal of Cellular Biochemistry, vol. 120,
no. 3, pp. 3833-3844, 2019.

L. Li, B. Chen, T. An et al., “BaZiBuShen alleviates altered tes-
ticular morphology and spermatogenesis and modulates Sirt6/
P53 and Sirt6/NF-xB pathways in aging mice induced by D-
galactose and NaNO,,” Journal of Ethnopharmacology,
vol. 271, p. 113810, 2021.

P. H. Maxwell, C. W. Pugh, and P. J. Ratcliffe, “Activation of
the HIF pathway in cancer,” Current Opinion in Genetics &
Development, vol. 11, no. 3, pp. 293-299, 2001.

T. Qian, J. Hong, L. Wang et al.,, “Regulation of CD11b by
HIF-1a and the STAT3 signaling pathway contributes to the
immunosuppressive function of B cells in inflammatory
bowel disease,” Molecular Immunology, vol. 111, pp. 162—
171, 2019.

Q. Fu, P. Liu, X. Sun et al.,, “Ribonucleic acid interference
knockdown of IL-6 enhances the efficacy of cisplatin in laryn-
geal cancer stem cells by down-regulating the IL-6/STAT3/
HIF1 pathway,” Cancer Cell International, vol. 17, no. 1,
p. 79, 2017.

C. L. Nilsson, R. Dillon, A. Devakumar et al., “Quantitative
phosphoproteomic analysis of the STAT3/IL-6/HIF1« signal-
ing network: an initial study in GSCI11 glioblastoma stem
cells,” Journal of Proteome Research, vol. 9, no. 1, pp. 430-
443, 2010.

P. Miao, M. S. Lu, and D. Q. Zhang, “New progress in the study
of the relationship between IL-6/IL-6 receptor and rheumatoid
arthritis,” Journal of Immunology, vol. 27, pp. 355-360, 2011.

A. Kimura and T. Kishimoto, “IL-6: regulator of Treg/Th17
balance,” European Journal of Immunology, vol. 40, no. 7,
pp. 18301835, 2010.

H. Potashnik, M. A. Elhija, E. Lunenfeld et al., “Interleukin-6
expression during normal maturation of the mouse testis,”
European Cytokine Network, vol. 16, no. 2, pp. 161-165, 2005.

C. Y. Loh, A. Arya, A. F. Naema, W. F. Wong, G. Sethi, and
C. Y. Looi, “Signal transducer and activator of transcription
(STATS) proteins in cancer and inflammation: functions and
therapeutic implication,” Frontiers in Oncology, vol. 9, p. 48,
2019.

H. Lim, M. Cho, G. Choi, H. Na, and Y. Chung, “Dynamic
control of Th2 cell responses by STAT3 during allergic lung
inflammation in mice,” International Immunopharmacology,
vol. 28, no. 2, pp. 846-853, 2015.

G. Huang, M. Yuan, J. Zhang et al., “IL-6 mediates differentia-
tion disorder during spermatogenesis in obesity- associated
inflammation by affecting the expression of Zfp637 through
the SOCS3/STAT3 pathway,” Scientific Reports, vol. 6, no. 1,
2016.

A. V. Kaucher, M. J. Oatley, and J. M. Oatley, “NEUROGS3 is a
critical downstream effector for STAT3-regulated differentia-
tion of mammalian stem and progenitor spermatogonial,”
Biology of Reproduction, vol. 86, no. 5, p. 164, 2012.

(35]

(36]

BioMed Research International

H. Wang, Y. Sun, L. Wang et al., “Hypoxia-induced apoptosis
in the bilateral testes of rats with left-sided varicocele: a new
way to think about the varicocele,” Journal of Andrology,
vol. 31, no. 3, pp- 299-305, 2010.

S. Sun, Y. Chen, and R. Hu, “Aquatic hypoxia disturbs oriental
river prawn (Macrobrachium nipponense) testicular develop-
ment: A cross-generational study,” Environmental Pollution,
vol. 266, Part 3, p. 115093, 2020.



	Explore the Effect of Asthma Regulating HIF-1 Pathway on Sperm Quality Based on Rat Model
	1. Introduction
	2. Methods and Materials
	2.1. Molecular Target Recognition
	2.2. Analysis of Protein-Protein Interaction (PPI) Network
	2.3. Network Construction and Analysis
	2.4. Enrichment Analysis of GO Function and KEGG Pathway
	2.5. Experimental Animals
	2.6. Drugs and Reagents
	2.7. Construction and Grouping of Asthma Model
	2.8. Analysis of Semen Quality
	2.9. Hematoxylin and Eosin (HE) Staining and Johnsen Score Test
	2.10. Western Blotting
	2.11. RT-qPCR
	2.12. Statistical Analysis

	3. Results
	3.1. Target Collection, Construction of PPI Network, and Topology Analysis
	3.2. Pathway Enrichment Analysis Using the DAVID Database
	3.3. Validation of the Asthma Model
	3.4. Body Weight of Rats and Wet Weight of Testis and Epididymis
	3.5. Analysis of Semen Quality
	3.6. HE Staining of Testicular Tissue and Spermatogenic Cell Development Score
	3.7. Expression of IL6, Stat3, p-Stat3, and HIF-1α in Testicular Tissue Was Detected by Western Blotting
	3.8. mRNA Expression of IL6, Stat3, and HIF-1α in Testicular Tissue Was Detected by RT-qPCR

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

