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Abstract
Dihydrotestosterone (DHT) is a main androgen in the human body. Previous reports have shown that
DHT can affect the proliferation, apoptosis and estrogen and progesterone secretion of ovarian
granulosa cells (GCs). An imbalance in DHT secretion leads to GC dysfunction and follicular development
disorder.

Therefore, exploring the in�uence of DHT on GCs is necessary. The purpose of this study was to analyze
the effect of DHT on GCs through label-free quantitative proteomics (LFQP). After primary cultured rat
GCs were treated with DHT (10-8 mol/L), the effect of DHT on GCs was analyzed by LFQP, and some of
the differentially expressed proteins (DEPs) were veri�ed by western blotting.

A total of 6124.0 proteins were identi�ed, of which 4496.0 were quanti�able. Compared with the control
group, 28 proteins were upregulated and 10 were downregulated after DHT intervention. The subcellular
localization of DEPs indicates that DHT is involved in the proliferation, migration, molding and
metabolism of GCs. Gene Ontology (GO) revealed that DHT downregulated the oxygen transport capacity
and oxygen-binding protein of GCs. Orthologous Groups of proteins (COG/KOG) showed that DHT had an
important effect on the survival, growth and apoptosis of GCs. Kyoto Encyclopedia of Genes and
Genomes (KEGG) revealed that DHT promotes metabolism, amino acid degradation, chemical
carcinogenesis, platelet activation and vasoconstriction in GCs. The western blot results were consistent
with the proteomics results. Mark3 and Mre11a are DEPs that were upregulated, and Fth1 and Nqo1 were
downregulated, which indicated that DHT could promote the proliferation of GCs.

This study comprehensively analyzes the impact of DHT on GCs through LFQP and provides clues for
further research.

1 Introduction
Dihydrotestosterone (DHT) is the reductive metabolite of testosterone (T), which is mainly transformed by
T in tissues [1]

Its presence in some tissues (such as the ovaries) is necessary for the development and function of the
whole organ [2, 3].

The ovarian androgens are mainly androstenedione and T; androgen is the source of estrogen in the
body, and granulosa cells (GCs) can aromatize T into estrogen [4]. Unlike T, DHT cannot be aromatized
into estrogen [5], but it can increase the activity of aromatase in GCs [6]. During follicular development,
ovarian membranous interstitial cells produce T under the action of luteinizing hormone (LH), which is
then transformed into DHT by 5α reductase, is transferred to GCs, and plays a role through
androgen receptors (ARs) in GCs, stromal cells and oocytes [7, 8].
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The growth of GCs is the main factor determining follicular development and ovarian function. GCs
also play an important role in steroid secretion. These steroids are essential to the function and normal
development of many organs [9, 10].

The role of DHT in normal follicular development is mainly mediated by AR [11, 12]. AR is mainly located
in GCs [13]. When AR de�ciency leads to a decrease in the effect of DHT on follicles and GCs, mouse
ovaries produce more atretic follicles, and the growth of follicles and GCs is slower [14-16]. When DHT
was deleted by the androgen antagonist �utamide [17], the proliferation of adult porcine follicles
increased, and apoptosis decreased [18-20]. In newborn pig ovaries, an excess or de�ciency of androgen
will lead to accelerated initial follicular recruitment, leading to premature ovarian failure, and androgen
excess will reduce the percentage of oocytes, increase the number of primary follicles, and increase germ
cell apoptosis [21]. The above data indicate that normal DHT utility plays an important role in
maintaining the normal growth of GCs and follicles.

There have been many reports about the effect of DHT on GCs. DHT can regulate the proliferation and
apoptosis of GCs and steroid secretion in many ways, thus affecting the development of follicles.

DHT can negatively regulate the proliferation of GCs, including inducing GC death due to overstress
of the endoplasmic reticulum [22] and inducing chronic in�ammation by stimulating the ovary [23].
Additionally, DHT can inhibit the proliferation of rat GCs stimulated by FSH by inhibiting the
ERK signaling pathway [24] and inhibit the proliferation of GCs by blocking the cell cycle [25].

In contrast, other studies have found that DHT can regulate the proliferation of GCs in many ways and
directly promote the growth and development of follicles and the proliferation of GCs in vitro [26]. DHT
can promote the proliferation of porcine GCs by promoting mitosis [27], increase the proliferation of GCs
in rhesus monkey follicles [28], and promote the proliferation of GCs induced by FSH [29].

DHT can also affect the hormone synthesis and secretion of GCs [30], inhibit the endogenous BMP signal
in rat GCs in vitro and increase the production of progesterone by GCs [31]. DHT has a signi�cant
inhibitory effect on the estrogen secretion of ovarian GCs through the androgen receptor (AR) pathway
[32].

An abnormal increase or decrease in DHT can result in ovarian dysfunction and many ovarian diseases.
For example, an increase in DHT can induce the formation of polycystic ovary syndrome (PCOS). High
DHT is also one of the diagnostic criteria of PCOS [33, 34]. DHT can block the growth inhibitor of
malignant and nonmalignant ovarian epithelial cells [35, 36] and activate the G protein signal cascade
[37], which leads to the occurrence of epithelial ovarian cancer. High DHT can also lead to chronic low-
grade in�ammation of the ovary, leading to ovarian dysfunction and �brosis [23]. Knockout of AR
reduced the effect of DHT on follicles and led to premature ovarian failure and a signi�cant decrease
in the estrous cycle and fertility in female mice [14, 16].
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Although DHT has a very important and complex effect on the function of ovarian GCs and the
occurrence of ovarian diseases, the mechanism of DHT on ovarian GCs is not very clear, so it is
necessary to conduct further study. In this study, label-free quantitative proteomics (LFQP) [38] was used
to study the effects of DHT on primary cultured GCs and analyze the changes in differentially
expressed proteins (DEPs) and cellular signaling pathways. LFQP can be used to study the whole
spectrum of protein changes under speci�c physiological conditions. It is a new protein quantitative
technique and the main method used in this study. The corresponding proteins can be quanti�ed by
comparing the signal intensity of the corresponding peptides in two samples (DHT and control groups)
by liquid chromatography-mass spectrometry (LC-MS). LFQP was used to understand the DEPs, their
cellular localization and the signaling pathways regulated by DHT in GCs, and then we carried out
bioinformatics analysis based on LEQP to reveal the effects of DHT on GCs.

Finally, four DEPs, namely, Mark3 (microtubule a�nity-regulating kinase 3), Fth1 (ferritin heavy chain),
Nqo1 (NAD(P)H dehydrogenase [quinone] 1) and Mre11a (double-strand break repair protein MRE11),
were selected for western blotting, and their effects on ovarian GCs regulated by DHT were analyzed.

2 Materials And Methods
2.1 Materials and animals

2.1.1 Experimental animals

Female SD rats (grade SPF) at 21 days of age were provided by the Experimental Animal Center of
Ningxia Medical University (Animal Certi�cate No.: SCXK (Ning) 2020-0001). This experiment was
conducted in strict accordance with the guidelines of the Ethical Review of Experimental Animal Welfare
issued by the State Administration of Quality Supervision, Inspection and Quarantine of
the People’s Republic of China and the State Standardization Administration of China.

2.1.2 The main materials and reagents are listed in the following table
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Materials and Reagents Company

DHT (5α-Dihydrotestosterone-D3) Sigma, USA

PMSG (pregnant mare serum gonadotropin) Prospec-Tany, USA

DMEM/F-12 culture medium BI, USA

Fetal bovine serum BI, USA

Penicillin streptomycin BI, USA

Whole protein extraction kit KeyGEN, China

BCA kit KeyGEN, China

PBS HyClone, USA

Dithiothreitol Sigma, USA

Iodoacetamide Sigma, USA

Urea Sigma, USA

Trypsin Promega, USA

Formic acid Sigma, USA

Acetonitrile Fisher Chemical, USA

8-12% SDS-PAGE Gel Keygen, China

PVDF membrane Millipore, USA

Rabbit pAb Mark3 Abclonal, China

Rabbit pAb Mre11a Abclonal, China

Rabbit pAb Fth1 Abclonal, China

Rabbit pAb Nqo1 Abclonal, China

Rabbit pAb β-Actin Abclonal, China

HRP Goat Anti-Rabbit IgG Abclonal, China

Luminous �uid Thermo, USA

 

2.1.3 Software used for analysis
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Analysis Software/method Version/URL

Mass
spectrometry
data analysis

MaxQuant v.1.5.2.8 http://www.maxquant.org/

GO comment InterProScan v.5.14-53.0 http://www.ebi.ac.uk/interpro/

KEGG comment KAAS

KEGG Mapper

v.2.0 http://www.genome.jp/kaas-bin/kaas_main

V2.5 http://www.kegg.jp/kegg/mapper.html

Enrichment
analysis

Perl module v.1.31
https://metacpan.org/pod/Text::NSP::Measures::2D::Fisher

Subcellular
localization

Wolfpsort v.0.2 http://www.genscript.com/psot/wolfpsort.html

3 Experimental Method
3.1 Primary rat granulosa cell culture and DHT intervention

The 21-day-old SD female rats were injected intraperitoneally with PMSG (10 IU/), and the animals were
killed by cervical vertebra dislocation 36 hours later. The ovaries were removed, and the GCs were cultured
in DMEM/F12 complete medium for 48 hours. The GCs were divided into the DHT group and control
group. The DHT group was treated with DHT (10-8 mol/L) for 3 hours, and the control group was treated
with the same amount of DMEM/F12 complete medium.

3.2 Protein sample preparation

After DHT intervention, the culture medium was discarded, and the cells were washed with PBS three
times. All the cells were scraped off with a cell scraper and centrifuged (1000 rpm/5 min). After removing
the supernatant, 4 volumes of lytic buffer were added, the samples were ultrasonicated, centrifuged at
12,000 g at 4°C for 10 min, and the cell fragments were removed. The supernatant was transferred to a
new centrifuge tube, the protein concentration was determined by a BCA kit, and then the protein was
stored in a freezer at -80°C. Pearson’s correlation coe�cient and principal component analysis (PCA)
statistical methods were used to evaluate the consistency of repeated samples.

3.3 Liquid chromatography-mass spectrometry analysis

The peptides obtained after trypsin cleavage were dissolved in liquid chromatographic mobile phase A
(0.1% (v/w) formic acid aqueous solution) and then separated by a NanoElute ultrahigh-performance
liquid phase system. The liquid phase gradient setting was as follows: 0-70 min, 6%~22% B; 70-84 min,
22%~32% B; 84-87 min, 32%~80% B; 87-90 min, 80% B. The �owrate was maintained at 300 nL/min. The
peptides were separated by ultra-high-performance liquid chromatography, injected into a capillary ion
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source for ionization and then analyzed by tims-TOF Pro mass spectrometry. When the ion source voltage
was set to 1.4 kV, the parent ion and its secondary fragments of the peptide were detected and analyzed
by TOF. The scanning range of secondary mass spectrometry was set to 100-1700 ml z. The data
acquisition mode used was parallel cumulative serial fragmentation (PASEF) mode. A �rst-order mass
spectrum was collected after 10 cycles of PASEF mode to collect the second-order spectrum with the
charge number of the parent ion in the range of 0-5. The dynamic exclusion time of tandem mass
spectrometry scanning was set to 24 seconds to avoid repeated scanning of the parent ion.

3.4 Database search

The secondary mass spectrometry data were retrieved by MaxQuant (v1.6.6.0). The search parameter
settings were as follows: the database was Rattus_norvegicus_10116_PR (29,947 sequences), an anti-
database was added to calculate the false positive rate (FDR), caused by random matching, and a
common contamination database was added to the database to eliminate the in�uence of contaminated
proteins in the identi�cation results; the enzyme digestion mode was set to Trypsin/P; and the number of
missing sites was set to 2. The mass error tolerance of the primary parent ion of the �rst search and main
search was set to 40 ppm, and the mass error tolerance of the secondary fragment ion of 40 ppm was
0.02 Da. The alkylation of cysteine was set as a �xed modi�cation, and variable modi�cations were set
as methionine oxidation and N-terminal acetylation of the protein. The FDR of protein identi�cation and
PSM identi�cation was set to 1%.

3.5 Bioinformatics analysis

Gene Ontology (GO) analysis mainly includes three aspects: cell composition (CC), molecular function
(MF), and biological process (BP). The UniProt-GOA database was searched for proteomic annotation,
and the enrichment of DEPs in MF and BP was further analyzed. The proteins in eukaryotic cells were
located on various intracellular elements, and we used wolfpsort software to analyze the subcellular
localization of DEPs. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to
analyze and classify the regulated signaling pathways. Through database comparison analysis, the
DEPs were classi�ed by COG/KOG (Clusters of Orthologous Groups of proteins) function statistics.
Eukaryotes are generally called the KOG database.

3.6 Western blot

The concentration of the protein samples was determined by the BAC method. Eight-microliter protein
samples were extracted and electrophoretically separated on an 8-12% SDS-PAGE gel and then
transferred to PVDF membranes. After the membrane was transferred, it was sealed in 5% skim milk
solution for 2 hours and incubated with rabbit pAb Mark3, Nqo1, Mre11a and Fth1 (all diluted at 1:1000)
overnight at 4°C. After that, the corresponding secondary antibodies were incubated (diluted according to
1Suzhou 5000) for 1 hour, and then the luminescent solution was added for exposure. The relative
protein gray value was analyzed by densitometry using ImageJ software.
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3.7 Statistical analysis

For the DEP screening, the relative quantitative value of each sample was taken as log2 (to make the data
accord with the normal distribution), and the t-test method was used to calculate the P value, which was
statistically signi�cant when the P value was less than 0.05. A change in differential expression of more
than 1.5 was regarded as the threshold of signi�cant upregulation, and a change of less than 0.67 was
regarded as the threshold of signi�cant downregulation. For the bioinformatics analysis, Fisher’s exact
test was used to detect the enrichment of DEPs in all identi�ed proteins, and P < 0.05 was considered to
be statistically signi�cant. For the western blotting analysis, SPSS 22.0 statistical software was used for
analysis, and a t-test was used to calculate the P value between groups. When P < 0.05, there was a
signi�cant difference between the two groups.

4 Result
4.1 Label-free quantitative proteomic analysis

A total of 383,904 secondary spectra were obtained in this study. The number of available secondary
spectra was 308,609, and the utilization rate of spectra was 80.4%. A total of 50,913 peptides were
identi�ed by spectral analysis, of which 46,646 were speci�c peptides. A total of 6124 proteins were
identi�ed, of which 4496 could be quantitatively analyzed (Table 1).

Table 1. MS/MS spectrum database search analysis summary

MS/MS spectrum database search analysis summary

Total
spectrum

Matched
spectrum

Peptides Unique
peptides

Identi�ed
proteins

Quanti�able
proteins

383,904 308,609 50,913 46,646 6124 4496

4.1.1 Differentially expressed proteins

A total of 38 differential proteins were detected, of which 28 were upregulated and 10 were
downregulated (Table 2). In Fig. 1a, the horizontal axis is the logarithmic value of the protein relative
quantitative value after log2 logarithmic conversion, and the vertical axis is the logarithmic value of the p-
value after log10 logarithmic conversion. In Fig. 1b, the red pillar indicates the
signi�cantly upregulated proteins, and the blue pillar indicates the signi�cantly downregulated proteins.

Table 2. Basic information of DEPs

According to the results in Table 2, through the search and analysis of the UniProt database, compared
with the control group, the proteins related to ATP binding and ATP synthesis and metabolism in the DHT
intervention group were signi�cantly upregulated, in which Mylk, Dclk1, Mtco2, ATP5mg, ATP5mg, and
Ass1 were upregulated. There were signi�cant differences in the expression of proteins related to cell
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Protein
accession

Protein description DHT/control
ratio

Regulation
type

Gene name Subcellular
localization

A0A0A0MY00 Short-/branched-
chain-speci�c acyl-
CoA dehydrogenase,
mitochondrial

1.502 Up Acadsb mitochondria

A0A0G2K0Q7 Myosin light chain
kinase

1.627 Up Mylk cytoplasm

A0A0G2KB92 Serine/threonine-
protein kinase
DCLK1

2.049 Up Dclk1 cytoplasm

D3ZBN0 Histone H1.5 2.002 Up Hist1h1b nucleus

D3ZKK3 Consortin, connexin
sorting protein

1.52 Up Cnst cytoplasm

D4A3K5 Histone H1.1 2.498 Up Hist1h1a nucleus

D4A7G9 Similar to
chromosome 1 open
reading frame 50

1.557 Up RGD1564804 cytoplasm

D4AAL4 Adhesion G protein-
coupled receptor L3

1.72 Up Adgrl3 plasma
membrane

F1LSW7 60S ribosomal
protein L14

1.881 Up Rpl14 mitochondria

F1M0V4 THO complex 2 1.523 Up Thoc2 cytoplasm

F1M836 Nonspeci�c
serine/threonine
protein kinase

1.64 Up Mark3 nucleus

G3V781 Double-strand break
repair protein

1.708 Up Mre11a cytoplasm

G3V827 Cysteine conjugate-
beta lyase 1,
isoform CRA_a

1.661 Up Kyat1 mitochondria

O88496 Vitamin K-
dependent gamma-
carboxylase

1.533 Up Ggcx nucleus

P00406 Cytochrome c
oxidase subunit 2

1.545 Up Mtco2 plasma
membrane

P05942 Protein S100-A4 1.96 Up S100a4 extracellular

P07687 Epoxide hydrolase 1 1.875 Up Ephx1 endoplasmic
reticulum

P09034 Argininosuccinate 1.655 Up Ass1 cytoplasm
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synthase

P15865 Histone H1.4 1.599 Up Hist1h1e nucleus

P62083 40S ribosomal
protein S7

1.895 Up Rps7 cytoplasm

Q6PDU7 ATP synthase
subunit g,
mitochondrial

1.52 Up Atp5mg mitochondria

Q6Q7Y5 Guanine nucleotide-
binding protein
subunit alpha-13

1.528 Up Gna13 extracellular

Q6QLN3 Ribosome
biogenesis protein
NOP53

1.624 Up Nop53 nucleus

Q8R4A1 ERO1-like protein
alpha

1.824 Up Ero1a extracellular

Q91ZW6 Trimethyllysine
dioxygenase,
mitochondrial

1.517 Up Tmlhe mitochondria

Q9R1N3 Sodium bicarbonate
cotransporter 3

1.963 Up Slc4a7 plasma
membrane

Q9R1T1 Barrier-to-
autointegration
factor

1.513 Up Banf1 extracellular

Q9WVK7 Hydroxyacyl-
coenzyme A
dehydrogenase,
mitochondrial

1.526 Up Hadh mitochondria

Protein
accession

Protein description DHT/control
ratio

Regulation
type

Gene name Subcellular
localization

A0A0G2JSV6 Globin c2 0.513 Down Hba-a2 cytoplasm

D4A352 Myelin regulatory
factor

0.644 Down Myrf cytoplasm

P02091 Hemoglobin subunit
beta-1

0.542 Down Hbb cytoplasm

P05982 NAD(P)H
dehydrogenase
[quinone] 1

0.606 Down Nqo1 cytoplasm

P56741 Myosin-binding
protein C, cardiac-
type

0.527 Down Mybpc3 mitochondria

P62859 40S ribosomal
protein S28

0.656 Down Rps28 mitochondria
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P68370 Tubulin alpha-1A
chain

0.492 Down Tuba1a cytoskeleton

Q66HI5 Ferritin 0.599 Down Fth1 cytoplasm

Q8R4R9 Protein phosphatase
1 regulatory subunit
14C

0.619 Down Ppp1r14c cytoplasm

Q925G0 RNA-binding protein
3

0.611 Down Rbm3 nucleus

growth, apoptosis and migration, in which Hist1h1b, Thoc2, Mrak3, Gna13, Mre11a, and Nop53 were
upregulated and Nqo1 was downregulated. The differential expression of proteins related to RNA binding
was signi�cant, including upregulation of Rps7 and Rp114; downregulation of Rps28 and Rbm3;
upregulation of Hist1h1a, Hist1h1e, and Banf1; and downregulation of Myrf among proteins related to
DNA binding. The protein Ppp1r14c related to protein phosphorylation was upregulated, and Cnst was
downregulated. Adgrl3 and Gna13, which regulate G protein-coupled receptors, were upregulated. The
proteins Ero1a, Tm1he, and Ggcx, which are related to oxygen binding and oxidoreductase activity, were
upregulated, and Hba-a2 and Hbb were downregulated. Kyat1, which is involved in biosynthesis and
amino acid biosynthesis metabolism, was upregulated, and Ephx1, which is involved in intracellular
aromatic compound metabolism, was upregulated. Fth1, which is related to intracellular iron
homeostasis and iron transport, was downregulated. Slc4a7, which is related to ion balance, was
upregulated.

4.2 Bioinformatics analysis

4.2.1 GO analysis

As shown in Fig. 2, these proteins are mainly involved in cell (23 upregulated [up] and 10 downregulated
[down]), organelle (21 up, 7 down), membrane (12 up, 1 down), macromolecular complex (10 up, 5 down),
membrane-enclosed lumen (10 up, 1 down), extracellular region (7 up, 4 down), cell junction (3 up), and
other (1 up) in CC (Fig. 2a). For MF (Fig. 2b), they have a variety of activities, such as binding (23 up, 9
down), catalytic activity (14 up, 2 down), transporter activity (3 up, 2 down), structural molecule activity (2
up, 3 down), signal transducer activity (2 up), molecular transducer activity (1 up), electron carrier activity
(1 up), nucleic acid binding transcript (1 down), molecular function regulator (1 down), and antioxidant
activity (1 down). In addition, these proteins are involved in complex BPs (Fig. 2c), including cellular
process (23 up, 7 down), metabolic process (18 up, 3 down), biological regulation (13 up, 6 down), single-
organism process (18 up, 6 down), multicellular organismal process (11 up, 2 down), response to
stimulus (10 up, 2 down), developmental process (10 up, 3 down), cellular component organization (9 up,
5 down), localization (6 up, 3 down), signaling (4 up), other (5 up), and biological adhesion (1 down).
There were generally more upregulated proteins among CC, MF, and BP than downregulated proteins.

4.2.2 Subcellular localization of DEPs
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We performed statistics on the subcellular structure localization of DEPs. In Table 3, 8 proteins
were upregulated in the cytoplasm, 6 proteins were downregulated in the cytoplasm, and 6 proteins
were upregulated and only 1 protein was downregulated in the nucleus. In mitochondria, 6 proteins
were upregulated and 2 proteins were downregulated. Four proteins in the extracellular matrix, three
proteins in the plasma membrane, one protein in the endoplasmic reticulum and one protein
in the cytoskeleton were upregulated. Fig. 2d shows the differential localization of DEPs in each
subcellular structure after DHT intervention.

Table 3. Subcellular localization of DEPs; the percentage is the percentage of DEPs in that subcellular
localization among all identi�ed DEPs

UP-Subcell Number of proteins Percentage

Cytoplasm 8 28.57%

Nucleus 6 21.43%

Mitochondria 6 21.43%

Extracellular 4 14.29%

Plasma membrane 3 10.71%

Endoplasmic reticulum 1 3.57%

DOWN-Subcell Number of proteins Percentage

Cytoplasm 6 60%

Mitochondria 2 20%

Nucleus 1 10%

Cytoskeleton 1 10%

4.2.3 COG/KOG function classi�cation

Through database comparison analysis, the DEPs were classi�ed by COG/KOG function statistics. The
upregulated proteins in COG/KOGA analysis in Fig. 3a were mainly concentrated in chromatin structure
and dynamics (4); lipid transport and metabolism (3); energy production and conversion (2); amino acid
transport and metabolism (2); translation ribosomal structure and biogenesis (2); replication
recombination and repair (2); general function prediction only (4); signal transduction mechanisms (1);
intracellular tra�cking, secretion, and vesicular transport (1); transcription (1);         posttranslational
modi�cation, protein turnover, and chaperones (1); inorganic ion transport and metabolism (1); and cell
cycle control, cell division, and chromosome partitioning (1).

The downregulation proteins are mainly involved in energy production and conversion (1), translation
ribosomal structure and biogenesis (1), general function prediction only (1), function unknown (1),
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cytoskeleton (1) and inorganic ion transport and metabolism (1). 

4.2.4 Functional enrichment analysis of MF/BP

As shown in Table 4, the most obvious MFs of upregulated DEPs were chromatin DNA binding, vitamin
binding and hydrogen ion transmembrane transporter, while the downregulated molecular functions were
mainly oxygen transporter activity and oxygen binding, heme binding, tetrapyrrole binding, and iron ion
binding. The most obvious BP functions of upregulated DEPs were protein-DNA complex assembly,
nucleosome organization, chromatin assembly or disassembly, DNA packaging, DNA conformation
change, response to corticosteroid, monovalent inorganic cation transport, response to steroid hormone,
cellular ion homeostasis, ion transmembrane transport, and cation transport. The most obvious BPs of
downregulated DEPs were oxygen transport, gas transport, and response to estradiol.

Table 4. Functional enrichment analysis of DEPs and the number and degree (log2-fold enrichment)
of regulated DEPs



Page 14/28

Functional enrichment Number of proteins log2-fold enrichment

UP-Molecular function  
 

 
 

Chromatin DNA binding 4 3.9

Vitamin binding 2 3.4

Hydrogen ion transmembrane transporter 2 3.2

Protein C-terminus binding 2 2.4

Carbohydrate binding 2 2.2

Cofactor binding 4 1.9

Ion transmembrane transporter activity 4 1.8

Oxidoreductase activity 6 1.5

DOWN-Molecular function  
 

 
 

Oxygen transporter activity 2 6.8

Oxygen binding 2 6.7

Heme binding 2 5.2

Tetrapyrrole binding 2 5.1

Iron ion binding 4 5.1

Structural molecule activity 4 2.7

UP-Biological processes  
 

 
 

Protein-DNA complex assembly 3 3.8

Nucleosome organization 3 3.7

Chromatin assembly or disassembly 3 3.6

DNA packaging 3 3.55

DNA conformation change 4 3.25

Response to corticosteroid 3 3.2

Monovalent inorganic cation transport 3 2.8

Response to steroid hormone 3 2.5

Cellular ion homeostasis 3 2.4

Cation transmembrane transport 3 2.35
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Ion transmembrane transport 4 2.25

Cation transport 4 2.2

Down-Biological processes  
 

 
 

Oxygen transport 2 6.8

Gas transport 2 6.8

Response to estradiol 2 4.2

 

4.2.5 Enrichment analysis of KEGG signaling pathways

Table 5 shows the KEGG signaling pathways regulated by GCs after DHT intervention. Key regulatory
protein indicates the key protein through which DHT acts on the regulated signaling pathway. The
upregulated signaling pathways were mainly tryptophan metabolism; selenocompound metabolism;
chemical carcinogenesis; fatty acid degradation; lysine degradation; vascular smooth muscle contraction;
valine, leucine and isoleucine degradation; platelet activation; and the cGMP-PKG signaling pathway. The
downregulated signaling pathways were mainly African trypanosomiasis and malaria. Fig. 3b shows the
up- and downregulated signaling pathways, as well as the level of regulation.

Table 5. Enrichment analysis of KEGG signaling pathways and enrichment levels (log2-
fold enrichment), key regulatory proteins, and protein de�nitions
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KEGG pathway Key
regulatory
protein

Protein de�nition log2-fold
enrichment

UP-regulated proteins      

Tryptophan metabolism CCBL

 

fadB

kynurenine-oxoglutarate
transaminase,

enoyl-CoA hydratase

4.4

Selenocompound
metabolism

CCBL kynurenine-oxoglutarate
transaminase

4.4

Chemical carcinogenesis EPHX1

 

CCBL

microsomal epoxide hydrolase,

kynurenine-oxoglutarate
transaminase

3.8

Fatty acid degradation HADH

fadE
1. hydroxyacyl-CoA

dehydrogenase,

acyl-CoA dehydrogenase

3.5

Lysine degradation TMLHE

HADH

trimethyllysine dioxygenase,

3-hydroxyacyl-CoA dehydrogenase

3.4

Vascular smooth muscle
contraction

GNA12

 

MYLK

guanine nucleotide-binding protein
subunit alpha-12

myosin-light-chain kinase

3.2

Valine, leucine and
isoleucine degradation

ACADSB short-chain 2-methylacyl-CoA
dehydrogenase

3.2

Platelet activation GNA13

 

MYLK

guanine nucleotide-binding protein
subunit alpha-13

myosin-light-chain kinase

2.6

cGMP-PKG signaling
pathway

GNA12

 

MYLK

guanine nucleotide-binding protein
subunit alpha-12

myosin-light-chain kinase

2.5

Down-regulated proteins      

African trypanosomiasis HBA hemoglobin subunit alpha 6.3

Malaria HBA hemoglobin subunit alpha 5.8
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4.3 Western blot

We selected four proteins (Mre11a, Mark3, Fth1, and Noq1) that were more differentially expressed in the
LFQP (more than 1.5 and less than 0.67 as the threshold for a signi�cant difference) for western blotting
experiments (Fig. 4). In GCs, Mark3 and Mre11a were signi�cantly upregulated after DHT intervention,
while Fth1 and Noq1 decreased signi�cantly after DHT intervention. The results were consistent with that
of the LFQP, which proved its accuracy.

5 Discussion
DHT, the reductive metabolite of T, is a more effective androgen in CGs than T and plays an important
role in the development of CGs and the secretion of steroids, but there a comprehensive understanding
of DHT is lacking. In this study, LFQP was used to analyze the effect of DHT on primary cultured CGs of
rat ovaries. A total of 38 proteins were found to have changed, including 28 upregulated and
10 downregulated proteins. Among them, Mylk, Dclk1, Mtco2, ATP5mg,
Hist1h1e, and Ass1 were all upregulated after DHT intervention, indicating that the functions of ATP
binding and anabolism were signi�cantly enhanced after DHT treatment of CGs. The upregulation of
Hist1h1b, Thoc2, Mrak3, Gna13, Mre11a, and Nop53 and downregulation of Nqo1 suggest that DHT is
related to the growth, apoptosis and migration of GCs, wherein Hist1h1b, Thoc2, and Mrak3 can promote
cell proliferation; Mre11a, and Nqo1 participate in the negative regulation of apoptosis; Gna13 affects cell
differentiation, migration and formation; and Nop53 participates in the regulation of apoptosis
and the cell cycle.

RGD1564804, Banf1, Hadh, and S100a4 were upregulated, and Myrf, Mybpc3, and Tuba1a were
downregulated, indicating that DHT plays an important role in the binding function of the same protein in
GCs. Rps7 and Rp114 were upregulated, and Rps28 and Rbm3 were downregulated, suggesting that DHT
is involved in the regulation of RNA binding in GCs. Hist1h1a, Hist1h1e, and Banf1 were upregulated, and
Myrf was downregulated, showing the effect of DHT on DNA binding in GCs through different pathways.
Ppp1r14c was upregulated, and Cnst was downregulated, which revealed the effect of DHT on protein
phosphorylation in GCs. Adgrl3 and Gna13 were upregulated, indicating that DHT could promote G
protein-coupled receptors in GCs. Ero1a, Tm1he, and Ggcx were upregulated, and Hba-a2 and Hbb were
downregulated, indicating that DHT affected oxygen binding and oxidoreductase activity in GCs. Kyat1
was upregulated, suggesting that DHT is involved in amino acid biosynthesis and metabolism in GCs.
Ephx1 was upregulated, which emphasized that DHT could promote the metabolism of aromatic
compounds in GCs. Fth1 was downregulated, suggesting that DHT is related to iron ion homeostasis and
iron ion transport in GCs. The upregulation of Slc4a7 shows that DHT has a certain effect on the ion
balance in GCs.

5.1 Gene Ontology (GO) functional enrichment analysis of MF and BP

GO is a basic bioinformatics network that can de�ne and describe the function of proteins.
Bioinformatics analysis revealed the GO terms of regulated proteins based on MF, BP and CC. The main
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distribution of DEPs among MF, BP, and CC was predicted.

Here, we focused on the analysis of MF and BP. According to the experimental data in Table 3, the oxygen
transport and oxygen binding functions of MF and BP decreased signi�cantly. It has been reported that
hypoxia can cause tissue in�ammation, apoptosis and cell necrosis [22]. Therefore, we speculate that the
signi�cant decrease in oxygen transport capacity and oxygen-binding protein of GCs caused by DHT
intervention may be one of the mechanisms of ovarian tissue damage and infertility caused by DHT.

5.2 Subcellular localization of DEPs

The nucleus is the regulatory center of cellular metabolism and heredity and controls the heredity, growth
and development of cells. After GCs were treated with DHT, the DEPs in the
nucleus were signi�cantly upregulated, indicating that DHT had a signi�cant effect on the growth and
development of GCs.

The main function of mitochondria is to provide energy for cells and to control cell growth and apoptosis.
The extracellular matrix is involved in controlling cell growth, shape, migration and metabolic activity.
After DHT treatment of GCs, the proteins in the mitochondria and extracellular matrix were upregulated,
suggesting that DHT is involved in the proliferation, migration, molding, and metabolism of GCs.

5.3 COG/KOG function classi�cation

The Prokaryotic/Eukaryotic Orthologous Groups (COG/KOG) database covers the phylogenetic
relationship of proteins encoded by the whole genome of prokaryotes and eukaryotes.

The proteins that make up COG are assumed to be from an ancestral protein, including orthologs or
paralogs. Eukaryotes are found in the KOG databases. Through database comparison and analysis,
we classi�ed DEPs into COG/KOG functions. Fig. 3a reveals in detail that DHT intervention in GCs has an
important effect on the function, survival, growth and development and apoptosis of GCs.

5.4 KEGG signaling pathway analysis

In this study, 11 different signaling pathways were detected in which chemical carcinogenesis was
upregulated, indicating that DHT has a carcinogenic effect on GCs. The upregulation of tryptophan
metabolism is more obvious. Tryptophan can participate in the renewal of plasma protein in animals and
can promote the role of ribo�avin but can also contribute to the synthesis of nicotinic acid and heme. The
promoting effect of DHT on tryptophan metabolism after intervention with GCs suggests that DHT may
contribute to the synthesis of heme. The upregulation of platelet activation channels means that DHT
can promote platelet activation. The upregulation of the vascular smooth muscle contraction pathway
suggests that DHT may have a certain effect on vasoconstriction.

5.5 Western blot and DEP analysis
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To further understand the speci�c effects of DHT on GCs and to evaluate the accuracy of the LFQP, we
screened four differential proteins (Mark3, Nqo1, Mre11a, and Fth1) by western blot analysis according to
the degree of differential expression of DEPs after intervention with DHT. After analysis,
DEPs promoted cell proliferation after being regulated by DHT, and the occurrence of ovarian cancer and
granulosa cell tumors was related to the proliferation of GCs.

Mre11a (double-strand break repair protein) was upregulated by DHT (Fig. 4a). Mre11a is a component of
the MRN complex, which promotes cell proliferation through homologous recombination to repair DNA
double strand breaks and negatively regulate apoptosis. Mre11a can resist the replication pressure
induced by anticancer genes and promote the growth of cancer cells [39]. DHT can induce the occurrence
of ovarian cancer [35, 40, 41]. After DHT intervention, mre11a in GCs was signi�cantly upregulated, which
may be one of the mechanisms of ovarian cancer caused by DHT.

Mark3 (microtubule a�nity-regulating kinase 3) can inhibit the kinase activity of STK 3/MST 2 toward
LATS 1 by antagonizing the phosphorylation of LATS 1 and DLG 5, which negatively regulates the
HIPPO signaling pathway [42]. The role of the Hippo signaling pathway is mainly negative regulation of
cell growth, and inhibition of the Hippo signaling pathway can promote cell proliferation. DHT
obviously upregulated Mark3 (Fig. 4b) and enhanced the inhibitory effect of Mark3 on the Hippo
signaling pathway. The nuclear localization of the YAP protein downstream
of the Hippo signaling pathway increases correspondingly (activated: nonphosphorylated), and increased
nuclear localization of YAP can promote the growth of ovary and granulosa cells, which leads to
granulosa cell tumors and ovarian cancer [43-46].

Fth1 DHT signi�cantly downregulated Fth1 (ferritin heavy chain) (Fig. 4c). The role of Fth1 is mainly to
store iron in a soluble, nontoxic and readily available form, which is very important for the steady state of
iron [47]. Previous studies have found that there is a signi�cant decrease in Fth1 in the GCs of female
patients with infertility [48]. FTH1 can negatively regulate cell proliferation, and the cell migration and
proliferation ability is signi�cantly enhance with inhibition of FTH1 [49], while ovarian cancer and
granulosa cell tumors can also enhance cell proliferation [50, 51]. Therefore, the signi�cant inhibition of
Fth1 after DHT intervention in GCs may be related to the occurrence of granulosa cell tumors and ovarian
cancer.

Nqo1 After DHT intervention in GCs, Nqo1 (NAD(P)H dehydrogenase [quinone] 1) decreased signi�cantly
(Fig. 4d). Nqo1 is a quinone reductase, an intracellular enzyme that detoxi�es quinones, is a key
component of the antioxidant defense system and can protect cells from oxidative stress [52]. Previous
studies have reported that NQO1 gene knockout accelerates cell proliferation and tumorigenesis [52, 53].
Therefore, the inhibitory effect of DHT on Nqo1 may promote the proliferation of GCs and the occurrence
of ovarian cancer, which provides ideas for future research and the treatment of ovarian cancer and
granulosa cell tumors.

6 Conclusion
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The effects of DHT on GCs were comprehensively studied by LFQP, and the possible effects of some
DEPs regulated by DHT on ovarian diseases and female infertility were analyzed in detail. The purpose of
this study was to provide ideas for further research on the effect of DHT on GCs, ovarian diseases and
female infertility.
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Figure 1

The volcanic distribution map of DEPs (a) and the number of DEPs (b), P 0.05

Figure 2
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GO analysis results. A, B, and C are CC, MF, and BP, respectively. D is the subcellular localization of DEPs

Figure 3

is the COG/KOG function classi�cation shows the enrichment analysis of the KEGG signaling pathways
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Figure 4

Western blot results and gray value analysis of Mre11a (a), Mark3 (b), Fth1 (c), and Noq1 (d)


