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Abstract. Tissue inhibitor of metalloproteinase 1 (TIMP1) is associated with animal reproductive processes,
such as follicular growth, ovulation, luteinization, and embryo development in mammals. The purposes of this
study were to explore the expression and localization of TIMP1 in the ovarian tissues and determine the effect
of TIMP1 on the function of granulosa cells and the association of TIMP1 with lambing-related genes of the
goats. Immunohistochemical analysis showed that TIMP1 protein was strongly expressed by granulosa cells.
Enzyme-linked immunosorbent assay (ELISA) results showed that TIMP1 overexpression promoted the secre-
tion of estradiol of granulosa cells after 12, 24, and 48 h of transfection. Moreover, in vitro experiments indicated
that TIMP1 had the ability to promote the cell proliferation and elevate the transcriptional levels of four genes
associated with goat prolificacy, including BMPR-1B, BMP15, GDF9, and FSHB, in granulosa cells. In conclu-
sion, TIMP1 could be an important molecule in regulating reproductive performance of the goats by affecting
estrogen secretion and cell proliferation, as well as the expression of lambing-related genes of granulosa cells in
the goats.

1 Introduction

The reproductive performance is an important trait that af-
fects the economic benefits of the goat industry. Lambing
number is a critical indicator of reproductive traits and jointly
controlled by multiple factors (Yotov et al., 2016). As a cru-
cial organ in the reproductive system of female mammals,
the ovary directly mediates the growth and maturation of
oocytes. The estrogen derived from the ovary has a major
impact on the fertility of goats (Zhang et al., 2015). The
ovary mainly regulates the growth and development of fol-
licle on its cortex, directly affecting lambing performance
(Cui et al., 2009). The follicle is the most basic functional
unit of ovarian tissue, and the growth and development of
follicles are the keys to the reproduction of an animal. A
complete follicle is composed of oocytes, the outer layer of
granulosa cells, and the membrane. Follicles mainly rely on

ovarian granulosa cells to provide nutrition and connect with
oocytes to carry out information transmission. The recruit-
ment and development of follicles, maturation and ovulation
of oocytes, embryo formation, and other activities are key
factors affecting reproductive traits (Anhamparuthy et al.,
2009). Follicular development mainly involves the develop-
ment of oocytes, granulosa cells, and follicular membranes,
and granulosa cells play an important role in this process.
Granulosa cells participate in the maintenance of oocyte mei-
otic arrest, global suppression of oocyte transcriptional ac-
tivity, and the induction of oocyte meiotic and cytoplasmic
maturation (Su et al., 2009). Granulosa cells provide neces-
sary cytokines and hormones for the growth and development
of oocytes. The proliferation and differentiation of granu-
losa cells play a crucial role in various ovarian functions, and
complex autocrine and paracrine regulatory mechanisms are
involved (Lu et al., 2005). Studies have found that granulosa
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cells of cattle, goats, and other animals mainly provide nutri-
ents to oocytes through oocyte maturation inhibitors (OMIs).
In short, the proliferation and differentiation of granulosa
cells play an important role in the complete process of follic-
ular development. The growth and development of follicles
and oocytes are also inseparable from the support of ovarian
granulosa cells. Therefore, the study of the function of gran-
ulosa cells contributes to the understanding of follicle devel-
opment. It is also necessary to explore follicle development
and the mechanism of multiple lambing in goats.

Matrix metalloproteinase inhibitors (TIMPs) are endoge-
nous inhibitors of metalloproteinase activity (Eckfeld et al.,
2019). These molecules were initially shown to play an im-
portant role in regulating the activity of matrix metallopro-
teinases and inhibiting the transformation of extracellular
matrix (Arpino et al., 2015), including the regulation of cell
proliferation, differentiation, apoptosis, etc., and play a vi-
tal role in the homeostasis of the extracellular matrix. Four
members of the mammalian TIMP family are expressed in
most cells, tissues, and body fluids (Zhang et al., 2019), es-
pecially in reproductive organs (Stilley et al., 2010). Stud-
ies have found that the TIMP1 gene regulates the repro-
ductive cycle in mice, mainly acting on ovaries and uteri
(Nothnick, 2000). Furthermore, TIMP1 deletion has been
reported to lead to reproductive cycle disturbance and fer-
tility decline in mice (Nothnick, 2003). In the ovary, the
TIMP1 gene plays a crucial role in remodeling the extracel-
lular matrix (ECM) associated with ovulation, luteinization,
and degeneration (Curry et al., 2001; Goldman et al., 2004).
More importantly, TIMP1 is also thought to be a regulator
of steroid production (Nothnick et al., 2004). In sheep, the
TIMP1 gene determined embryo implantation (Hampton et
al., 1995). Moreover, TIMP1 could increase the proliferation
of oviduct epithelial cells in goats (Peng et al., 2015a). There-
fore, the function of TIMP1 as an inhibitor of matrix metallo-
proteinases is not limited, and its important role in animal re-
production has also gradually attracted attention, which can
provide new ideas for improving animal reproductive perfor-
mance.

Therefore, to prove that TIMP1 expression is associated
with goat reproductive traits, we determined TIMP1 expres-
sion and localization in goat ovarian tissue. In addition, the
effect of TIMP1 overexpression on granulosa cell prolifera-
tion, hormone secretion, and little size trait-related genes was
assessed.

2 Materials and methods

2.1 Ethics statement

The animal handling procedures in this study adhered to the
Animal Welfare Guidelines of the Animal Protection and Use
Committee of Guizhou University, Guiyang, China (approval
no. EGZU-2017T010). All animal handling procedures were
performed to ensure minimal suffering.

2.2 Animals and tissue collection

The experimental animals came from Fuxing Animal Hus-
bandry Co., Ltd., in Xishui County, Guizhou Province.
Six healthy (2–3 years old) Qianbei Ma goats (does)
with an average weight of 32± 0.08 kg were chosen.
Ovarian tissue was collected, washed with 75 % alcohol
three times, and stored in a PBS solution containing 1 %
penicillin / streptomycin for cell isolation.

2.3 Cell culture and identification

Granulosa cells were collected from the ovaries of Qian-
bei Ma goats by using the follicle isolation method. Briefly,
a 10-gauge needle was first used to puncture the 3–5 mm
follicles to allow the follicular fluid to flow into DMEM-
F/12 (Thermo Fisher Scientific, Massachusetts, USA). Sub-
sequently, the DMEM-F/12 containing follicular fluid was
transferred to a 10 mL centrifuge tube and centrifuged at
1000 rpm for 5 min. The supernatant was discarded, and
DMEM-F/12 containing 10 % fetal bovine serum and 1 %
antibiotics (100 IU mL−1 penicillin+ 50 mg mL−1 strepto-
mycin) was added to the bottom of the tube and further mixed
by pipetting. The cell suspension was then transferred to a
cell culture flask and incubated in a 37 ◦C cell incubator for
48 h until cell adherence reached 80 %–90 %. Immunofluo-
rescence staining was used to identify the purity of the iso-
lated and cultured ovarian granulosa cells.

2.4 Immunohistochemistry

Immunohistochemistry was performed according to a previ-
ously described protocol (Monte et al., 2019). Briefly, the
ovaries were fixed with 4 % paraformaldehyde for 24 h and
then embedded in paraffin. Paraffin sections (5 µm) were at-
tached to microscope slides, heated at 65 ◦C for 2 h, deparaf-
finized in xylene, and then rehydrated in a graded series of
ethanol. For antigen retrieval, these sections were boiled in
0.1 M citrate buffer (pH 6.0) in a microwave oven for 15 min
and then cooled to 37 ◦C. After PBS washes, endogenous
peroxidase activity was blocked by incubating the sections
in 3 % hydrogen peroxide for 15 min. The sections were in-
cubated in blocking buffer (5 % BSA in PBS) for 15 min
at 37 ◦C to block nonspecific binding and then incubated
overnight at 4 ◦C with anti-TIMP1 polyclonal antibody (1 :
200, Bioss, bs-0415R, Beijing, China). After PBS washes,
the sections were incubated with a biotinylated secondary
antibody for 2 h (37 ◦C) and HRP–streptavidin for 15 min be-
fore visualization with 3,3-diaminobenzidine tetrahydrochlo-
ride (DAB). For negative controls, the primary antibodies
were replaced with PBS. Digital images were captured us-
ing a microscope.
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2.5 RNA extraction and real-time PCR

Total RNA was extracted from goat ovary and goat granu-
losa cells using TRIzol reagent (Solarbio, Beijing, China).
Subsequently, first-strand cDNA synthesis was carried out
according to the instructions of the HiFiScript cDNA Synthe-
sis Kit (CWBIO, Beijing, China), and the reaction products
were stored in a freezer at −20 ◦C.

For determination of the mRNA abundance of the TIMP1,
BMPR-1B, BMP15, GDF9, and FSHB genes, a SYBR dye-
based real-time quantitative PCR method was used (GenStar,
Beijing, China). The primer details are listed in Table S1.
RT-PCR was carried out in a CFX 9600 real-time PCR in-
strument (Bio-Rad, USA), and a three-step method was used
(95 ◦C, 2 min, 95 ◦C, 15 s, 55 ◦C, 30 s, 72 ◦C, 30 s). Gene ex-
pression was detected in granulosa cells. Three replicates and
negative controls were used each experiment. β-Actin was
used for normalization. After the reactions, the data were cal-
culated by the 211-CT relative quantitative method (Livak et
al., 2001).

2.6 Cloning and vector construction

The TIMP1 coding sequence was amplified from the ovary
by using Taq MasterMix (CWBIO, Beijing, China) and then
inserted into a pEGFP-N3 expression vector (self repository)
by using a T4 DNA Ligation Kit (Sangon Biotech, Shang-
hai, China). The primers used are listed in Table S1. The
PCR conditions were as follows: 95 ◦C for 5 min followed by
35 cycles at 95 ◦C for 30 s, 55 ◦C for 45 s, and 72 ◦C for 30 s
and a final extension of 72 ◦C for 7 min. The obtained ampli-
con (624 bp) was then excised with the restriction enzymes
EcoR I and BamH I (TaKaRa, Dalian, China) for cloning into
the pEGFP-N3 vector. The recombinant vector was called
pEGFP-N3-TIMP1.

2.7 Cell transfection

Ovarian granulosa cells were seeded in six-well plates.
When the cells grew to approximately 90 % confluence, they
were cultured in antibiotic-free media containing 10 % fetal
bovine serum and transfected with Lipofectamine™ 3000CD
Reagent (Thermo Fisher Scientific, Massachusetts, USA).
The recombinant plasmid pEGFP-N3-TIMP1 was mixed
with liposomes, dropped in a crisscross pattern into the cell
culture plate, and incubated in a 37◦ and 5 % CO2 incubator
for 24 h.

2.8 Western blotting

Cells were lysed in RIPA buffer containing PMSF (Bey-
otime Biotechnology, Shanghai, China) for total protein ex-
traction. The concentration was determined by BCA assays.
The lysates were separated in a 12 % SDS-PAGE gel and then
transferred onto a polyvinylidene fluoride membrane (Merck
Millipore). After blocking, the membrane was incubated

overnight at 4 ◦C with primary antibodies, namely, anti-
TIMP1 (1 : 1000, Bioss, bs-0145R, Beijing, China) and anti-
GAPDH (1 : 5000, Affinity Biosciences, AF7021, USA).
The membrane was then incubated with an HRP-conjugated
secondary antibody for 2 h at 37 ◦C. HRP was subsequently
detected by an enhanced chemiluminescence detection sys-
tem (BeyoECL Star, Beyotime Biotechnology, P0018 A,
Shanghai, China). After the test, ImageJ software was used
to calculate the gray value.

2.9 ELISA

After 12, 24, and 48 h of transfection, the culture medium
was collected to detect estradiol and progesterone. Cell-
free supernatants were assembled and used to evaluate
estradiol (E2) and progesterone (P4) production with an
enzyme-linked immunosorbent assay (ELISA) kit (Mei-
Mian, Jiangsu, China). Based on the kit specifications, the
absorbance at 450 nm with 50 µL supernatants was deter-
mined using a microplate reader (Thermo Fisher Scientific,
Massachusetts, USA). The corresponding concentrations of
the samples were calculated using the equation from the lin-
ear regression of the obtained standard curve.

2.10 Cell proliferation assay

A Cell Counting Kit-8 (CCK-8) assay was carried out
according to the manufacturer’s instructions (Beyotime
Biotechnology, Shanghai, China). Granulosa cells were
transfected with pEGFP-N3-TIMP1 and seeded in 96-well
plates. Further, the vessel was incubated for increasing du-
rations (6, 12, 24, 48 h) before 10 µL of the CCK-8 solution
was added per well for 3 h. The OD value was then measured
at an absorbance of 450 nm wavelength using a microplate
reader (Thermo Fisher Scientific, Massachusetts, USA).

2.11 Statistical analysis

All data were analyzed by SPSS 19.0 and are presented as
the mean±SEM of three or five independent experiments.
GraphPad Prism 5 software was used for plotting, Student’s
t test or one-way analysis of variance was used, and then,
the least significant difference (LSD) was determined for
postmortem multiple comparisons to compare the mean dif-
ferences between two or more groups. Significance was ac-
cepted at the level of P<0.05 (∗ P<0.05, ∗∗ P<0.01).

3 Results

3.1 Localization of TIMP1 in ovarian tissue

Immunohistochemistry was used to analyze the expression
and localization of TIMP1 in ovarian tissues. As shown in
Fig. S1, granulosa cells with brown colors were positive for
TIMP1 expression, and granulosa cells with blue colors were
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negative controls. The results showed that TIMP1 was over-
expressed in granulosa cells with brown colors, indicating
that TIMP1 had a specific physiological role in ovarian gran-
ulosa cells.

3.2 Identification of ovarian granulosa cells

FSHR was expressed explicitly in granular cells. Therefore,
FSHR can be used to identify ovarian granulosa cells. Im-
munofluorescence of isolated cultured granulosa cells of the
ovary showed that the nuclei of all cells were blue colors
(Fig. S2a). FSHR-positive cells were red colors (Fig. S2b).
The cells in (a) and (b) completely overlapped (Fig. S2c), in-
dicating that the cultured primary cells were ovarian granu-
losa cells of Qianbei Ma goats, with high purity, which could
meet the requirements of subsequent tests.

3.3 Cloning and vector construction

The CDS region of the TIMP1 gene was cloned, as shown in
Fig. S3a, and the fragment length was consistent with the ex-
pected fragment size of 624 bp. The TIMP1 gene of Qianbei
Ma goats had a high degree of homology with NCBI (Gen-
Bank ID: NM_001314350.1)-logged goat sequences, with
homology reaching 100 %. As shown in Fig. S3b, the re-
combinant plasmid pEGFP-N3-TIMP1 was double digested
with the restriction enzymes EcoR I and BamH I to obtain
two bands of approximately 4701 and 624 bp, indicating that
the recombinant plasmid was successfully constructed.

3.4 TIMP1 overexpression

The recombinant plasmid pEGFP-N3-TIMP1 was trans-
fected into ovarian granulosa cells. After 24 h, the expres-
sion of the green fluorescent protein was observed under
an inverted fluorescence microscope. The cells transfected
with the recombinant plasmid exhibited apparent green flu-
orescence (Fig. S4). After TIMP1 was overexpressed, the
RT-qPCR results showed that the mRNA abundance of the
TIMP1 transfection group was substantially higher than that
of the blank group (P<0.01). The protein level also in-
creased in the TIMP1 transfection group (P<0.01). This
finding shows that the TIMP1 overexpression vector was suc-
cessfully transfected.

3.5 Effects of the TIMP1 gene on estradiol and
progesterone secretion in granulosa cells

Detection of estradiol and progesterone was after 12, 24, and
48 h of transfection of pEGFP-N3-TIMP1 plasmid. TIMP1
overexpression gradually promoted the secretion of estradiol
by granulosa cells at 12, 24, and 48 h (Fig. S5). However,
TIMP1 overexpression had no significant effect on the pro-
duction of progesterone (Fig. S5).

3.6 TIMP1 promotes the proliferation of granulosa cells

Figure S5 shows that TIMP1 overexpression promotes the
proliferation of granulosa cells compared with that of the
blank control group at 12 and 24 h suggesting that TIMP1
can promote the proliferation of granulosa cells.

3.7 TIMP1 enhances the BMPR-1B, BMP15, GDF9,
and FSHB mRNA abundance

RT-qPCR were conducted to determine the effect of TIMP1
on the mRNA abundance of goat lambing trait-related genes,
such as BMPR-1B, BMP15, GDF9, and FSHB. The results
showed that the BMPR-1B mRNA abundance in the TIMP1
overexpression group was substantially higher than that in
the blank control group (P<0.01), and the mRNA abundance
of BMP15, GDF9, and FSHB in the TIMP1 overexpression
group was significantly higher than that in the blank control
group (P<0.05). The results showed that the expression of
the candidate genes BMPR-IB, BMP15, GDF9, and FSHB
for goat proliferation could be affected by changing the con-
tent of TIMP1 in granulosa cells (Fig. S7).

4 Discussion

The TIMP1 gene belongs to the TIMP family. This gene
plays an important regulatory role in the processes of many
mammalian cells, including several processes related to uter-
ine physiology, such as angiogenesis, cell differentiation, and
embryo development (Pokharel et al., 2020). In the ovary,
TIMP1 is a critical gene involved in ovulation, luteinization,
and degeneration. Many studies have proven that TIMP1
plays a vital role in follicular development, ovulation, and
luteal development in mammals and is closely related to an-
imal reproductive traits. However, there is a lack of research
on the Qianbei Ma goat. In this study, the immunohistochem-
istry results of TIMP1 expression in the ovarian granulosa
cells of Qianbei Ma goats were consistent with a previous
study (Peng et al., 2015b). It was speculated that the high ex-
pression of TIMP1 might have a particular influence on the
proliferation and apoptosis of granulosa cells and the secre-
tion of steroid hormones. However, the specific mechanism
of how this expression regulates lambing traits is still unclear.

The ovary plays a vital role in the reproductive process
of animals. This organ can secrete gonadal hormones related
to reproductive estrus, follicular development, and ovulation
(Kim et al., 2005). TIMP1 is mainly expressed in granu-
losa cells of follicles. An et al. (2012) used RT-qPCR to
detect the differential expression of the TIMP1 gene in the
ovarian tissues of monotocous and polytocous goats, indi-
cating that the TIMP1 gene was closely related to the mul-
tiple lamb traits of goats. In this study, granulosa cells from
the ovaries of Qianbei Ma goats were successfully isolated
and cultured, and the eukaryotic expression vector pEGFP-
N3-TIMP1 was successfully constructed and transfected into
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granulosa cells. Studies have shown that the estrogen sig-
naling pathway can regulate the proliferation of granulosa
cells by regulating the distribution of the cell cycle (Wada
et al., 2002). With the continuous development of follicles,
the volume of granulosa cells increases, and granulosa cells
synthesize and secrete various factors, which have different
effects on the development and atresia of follicles. When fol-
licles ovulate, oocytes are discharged, and after ovulation,
follicles differentiate into luteal tissues through the process
of luteinization. When granulosa cells undergo luteinization,
their morphology and function change, leading to the syn-
thesis and secretion of large amounts of progesterone (Wang
et al., 2019). Therefore, granulosa cells, as one of the cru-
cial components of follicular development, can be used as the
primary medium of oocytes to provide energy, and their mor-
phological changes, proliferation, differentiation, cell apop-
tosis, cycle, and steroid hormone secretion may be involved
in the regulation of the growth and development of follicles
and oocytes. Que et al. (2018) found that estradiol could in-
crease the expression of the TIMP1 gene in rat hepatic stel-
late cells and promote cell proliferation. In this study, TIMP1
overexpression promoted the secretion of estradiol by ovar-
ian granulosa at 12, 24, and 48 h, and the production of estra-
diol gradually increased with time. Many studies have shown
that the TIMP1 gene, as a paracrine factor or autocrine factor,
may be activated through intracellular pathways, such as the
ERK signaling pathway, to promote cell proliferation and in-
hibit cell apoptosis. For example, Dong et al. (2016) showed
that the TIMP1 gene could promote the activation and pro-
liferation of fibroblasts through the ERK signaling pathway.
In this study, the CCK-8 test was used to detect the effect
of overexpression of the TIMP1 gene on the proliferation
of ovarian granulosa cells of Qianbei Ma goats. The results
showed that the overexpression of the TIMP1 gene promoted
the proliferation of ovarian granulosa cells compared with
that of the blank group. In addition, the TIMP1 gene can pro-
mote the proliferation of goat oviduct epithelial cells (Peng
et al., 2015a). Therefore, combined with the results of this
study, it was preliminarily proven that TIMP1 gene overex-
pression could promote the proliferation of ovarian granulosa
cells, and the specific mechanism needs to be further studied.

Growth factors play an important role in the develop-
ment and maintenance of follicles. Bone morphogenetic
protein receptor 1B (BMPR-1B), bone morphogenetic pro-
tein 15 (BMP15), growth differentiation factor 9 (GDF9),
and follicle-stimulating hormone β subunit (FSHB) are es-
sential genes related to goat reproduction (Ghoreishi et al.,
2019; Lan et al., 2003; Qi et al., 2019; Zi et al., 2020),
and they are necessary growth factors in the ovary to initi-
ate follicle development and regulate ovulation (Kumar et
al., 2007). BMPR-1B affects the differentiation of granu-
losa cells and follicle development and can promote ovu-
lation (Davis et al., 2005). In this study, overexpression of
the TIMP1 gene significantly increased the BMPR-1B mRNA
abundance. Pramod et al. (2013) found that the mRNA abun-

dance of the BMP15 gene in the ovaries of Jintang black
goats with multiple lambs was higher than that of Tibetan
goats with single lambs, indicating that the BMP15 gene
in the ovaries was related to the multilamb traits of Jintang
black goats. Similarly, Cui et al. (2009) also found in a com-
parative study of single Yunling black goats and multilamb
Boer goats that the expression level of the BMP15 gene in
the ovary of Boer goats was significantly higher than that of
Yunling black goats. This study found that TIMP1 overex-
pression could dramatically increase the mRNA abundance
of the BMP15 gene in ovarian granulosa cells. It was specu-
lated that the TIMP1 gene may indirectly increase the lamb
number of Qianbei Ma goats by increasing the expression of
the BMP15 gene. GDF9 affects the fertility of sheep (Kona et
al., 2016). This molecule is mainly secreted by oocytes and
plays an important role in regulating the growth and differen-
tiation of follicles and the development of embryos. Studies
have shown that the expression of the GDF9 gene in follicles
of high-yielding Hu sheep is significantly higher than that of
low-yielding Hu sheep (Xu et al., 2010). Pramod et al. (2013)
found that the mRNA abundance of BMP15 and GDF9 genes
in follicles of multilamb Black Bengal goats was signifi-
cantly higher than those of single-lamb Sirohi goats, suggest-
ing that the differential expression of these two genes was
an important basis for multilamb traits. Follicular stimulat-
ing hormone (FSH) and luteinizing hormone (LH) are gly-
coprotein gonadotropins, which are the core hormones con-
trolling mammalian reproduction. These hormones are syn-
thesized and secreted by anterior pituitary basophilic cells.
Zi et al. (2013) reported that the mRNA abundance of the
FSHB gene in the pituitary gland of high-fertility Lezhi black
goats during estrus was significantly higher than that of low-
fertility Tibetan goats. In this study, the constructed pEGFP-
N3-TIMP1 eukaryotic expression vector was transfected into
ovarian granulosa cells. RT-qPCR detection showed that
the mRNA abundance of the GDF9 and FSHB genes in
the TIMP1-overexpressing genomic cells was significantly
higher than that in the blank control group. Hence, our re-
sults indicated that TIMP1 may regulate the Qianbei Ma
goat lambing trait indirectly by increasing the Qianbei Ma
goat ovarian granulosa cells that secrete estrogen, promot-
ing cell proliferation, and indirectly improving the lambing
trait-related gene expression, but whether it can affect the re-
productive performance of goats at other levels needs further
investigation.

5 Conclusions

In summary, TIMP1 was highly expressed in the granulosa
cells of the ovary of Qianbei Ma goats, and TIMP1 over-
expression promoted estradiol secretion and ovarian granu-
losa cell proliferation. Furthermore, TIMP1 overexpression
increased the expression of BMPR-1B, BMP15, GDF9, and
FSHB in ovarian granulosa cells. Our results provide a theo-
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retical basis and experimental evidence for TIMP1 functions
in goat ovarian development.

Appendix A: Abbreviations

TIMP1 tissue inhibitor of metalloproteinase 1
FSHR follicle stimulating hormone receptor
DAPI 4′,6-diamidino-2-phenylindole
BMPR-1B bone morphogenetic protein receptor 1B
BMP15 bone morphogenetic protein 15
GDF9 growth differentiation factor 9
FSHB follicle-stimulating hormone β subunit
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