
Int J Clin Exp Med 2019;12(7):8415-8426
www.ijcem.com /ISSN:1940-5901/IJCEM0056303

Original Article
Effects of different follicle-stimulating  
hormone (FSH)/luteinizing hormone (LH) ratios on  
follicular development and steroidogenesis in mice

Ya-Fang Li1, Lei Guo2, Song Quan3, Xiang-Hong Ou2

1Department of Obstetrics & Gynecology, Air Force Hospital of Southern Theater, Guangzhou 510602, People’s 
Republic of China; 2Reproductive Medicine Center, The 2nd Hospital of Guangdong Province, Guangzhou 510317, 
People’s Republic of China; 3Reproductive Medicine Center, Department of Obstetrics & Gynecology, Nanfang 
Hospital, Southern Medical University, Guangzhou 510515, People’s Republic of China

Received April 26, 2017; Accepted May 7, 2019; Epub July 15, 2019; Published July 30, 2019

Abstract: Objective: The aim of the current study was to investigate the effects of different follicle-stimulating hor-
mone (FSH)/luteinizing hormone (LH) ratios on follicular growth and hormone secretion. Materials and methods: 
Immature mice were treated with pregnant mare serum gonadotrophin (PMSG) + human chorionic gonadotropin 
(hCG), as well as different FSH/LH ratios and hCG. Morphological changes and expression levels of fertility-related 
genes in the ovaries were examined. Results: Treatment with hCG (8 hours) significantly promoted follicular devel-
opment in the 1:1 FSH/LH (F/L) group. However, atretic follicles and luteinization were observed in the 1:2 group 
(F/2L). Moreover, mRNA levels of steroidogenesis-related (LHCGR, STARD1, SULT1E1, and CYP11A1), oocyte mat-
uration-related (AREG, BTC, and EREG), and cumulus expansion-related (HAS2, PTGS2, TNFAIP6, and PTX3) genes 
were significantly upregulated in PMSG and F/L groups at 4 hours and 8 hours after hCG treatment. Expression 
levels, however, were obviously inhibited in the F/2L group. Conclusion: An appropriate ratio (1:1) of FSH/LH can 
effectively induce steroidogenesis and follicular development.
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Introduction 

Ovarian folliculogenesis is strictly controlled by 
two hormones, follicle-stimulating hormone 
(FSH) and luteinizing hormone (LH). These are 
secreted from the anterior pituitary gland under 
the control of pulses of gonadotropin-releasing 
hormone (GnRH) from the hypothalamus [1, 2]. 
FSH and LH act synergistically to mediate fol-
licular development, oocyte maturation, ovula-
tion, corpus luteum formation, and secretion of 
steroid hormones [1, 2]. During ovarian follicu-
logenesis, the response of follicles to FSH and 
LH varies in different developmental stages. 
Previous studies have established that follicu-
lar growth from the primordial stage to the pre-
antral stage is independent of gonadotrophic 
stimulation, while antral follicular growth to the 
preovulatory stage requires tonic stimulation by 
FSH, which plays a key role in the selection and 
establishment of the dominant follicle [2, 3]. In 

the late follicular phase, the dominant follicle 
becomes more dependent on LH, playing a cen-
tral role in oocyte meiotic maturation, cumulus 
cell expansion, ovulation, and luteinization [4, 
5]. It has been proven that FSH/LH-controlled 
folliculogenesis is regulated by some of the 
most powerful intraovarian regulators, includ-
ing transforming growth factor (TGF)-β/SMAD, 
WNT/FZD/β-catenin, and RAS/ERK1/2 signal-
ing pathways, as well as FOXO/FOXL2 transcrip-
tion factors [6, 7]. Moreover, many ovary-relat-
ed clinical syndromes, including premature 
ovarian failure, polycystic ovarian syndrome, 
ovarian hyperstimulation syndrome, ovulation 
defects, and poor oocyte quality, have been 
closely associated with disruption of these fine-
ly-controlled intraovarian regulators [7].

Regulation of follicular development by intra-
ovarian regulators and transcription factors has 
been highly associated with specific expression 
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of target genes in granulosa cells and thecal 
cells [6, 8]. LH acts as a major endocrine factor 
for androgen synthesis, upregulating expres-
sion of LH receptor (LHCGR) and steroidogenic 
factors, such as steroidogenic acute regulatory 
protein (STAR) and cholesterol side-chain cleav-
age (CYP11A1) in theca cells [9]. SULT1E1 is a 
key enzyme that catalyzes estradiol to estradiol 
sulfate. This can cause increased secretion of 
estradiol [10]. Targeted disruption of SULT1E1 
leads to impaired ovulation and cumulus expan-
sion [11]. Conti et al. reported that LH can 
induce expression of EGF-like factors amphi-
regulin (AREG), betacellulin (BTC), and epiregu-
lin (EREG) in granulosa cells, in a protein kinase 
A-dependent manner [12]. Moreover, these fac-
tors bind their cognate receptors on granulosa 
cells and cumulus cells, activate RAS signaling 
pathways, and induce expression of down-
stream target genes, including hyaluronan syn-
thase 2 (HAS2), prostaglandin-endoperoxide 
synthase 2 (PTGS2), and tumor necrosis factor-
α-induced protein 6 (TNFAIP6) [13]. 

According to the features of follicular develop-
ment, human menopausal gonadotropin (hMG) 
has traditionally been used to stimulate follicu-
logenesis in the treatment of infertility and in 
assisted-reproductive technology. Moreover, 
hMG is actually a mixture of hormones, includ-
ing FSH, LH, and human chorionic gonadotropin 
(hCG), as well as other biologically active con-
taminants, such as growth factors, binding pro-
teins, and prion proteins [4, 14]. Technological 
advances have led to the ability to produce 
recombinant human FSH (r-hFSH) and LH 
(r-hLH). However, the function of r-hLH in differ-
ent stimulation protocols remains controver-
sial. Epidemiological studies have demonstrat-
ed that high serum LH concentrations are cor-
related with infertility, both in women with nor-
mal menstrual cycles [15] and in those with 
polycystic ovarian syndrome [16]. Elevated lev-
els of LH have been associated with lower fertil-
ization and pregnancy rates, as well as higher 
miscarriage rates [15, 17]. However, increasing 
evidence suggests that the combined treat-
ment of r-hFSH and r-hLH significantly increas-
es oocyte and embryo quality, as well as fertil-
ization and implantation rates, compared with 
r-hFSH treatment alone [18, 19]. Moreover, 
recent studies have demonstrated that the 
beneficial effects of LH supplementation are 

more apparent in poor ovarian responders, in 
whom more oocytes are retrieved. The clinical 
pregnancy rate is higher in women receiving 
r-hFSH/r-hLH, compared with women receiving 
r-hFSH alone [20, 21]. Recent evidence sug-
gests that the presence of a suitable FSH/LH 
ratio may provide beneficial effects on follicular 
growth and the secretion of steroid hormones 
in assisted reproductive technology. However, 
the effects of different FSH/LH ratios on follicu-
lar development, secretion of steroid hor-
mones, and other reproductive functions have 
not been thoroughly studied. Thus, related 
molecular mechanisms remain unclear.

The aim of the current study was to investigate 
the effects of different FSH/LH ratios regarding 
morphological changes in follicular develop-
ment in mouse ovaries. This study further 
investigated mRNA expression levels of genes 
related to follicular development (AREG, EREG, 
BTC, PTGS2, HAS2, TNFAIP6, and PTX3) and 
steroidogenesis (LHCGR, STARD1, SULT1E1, 
and CYP11A1) in the ovaries after treatment 
with different ratios of FSH/LH.

Materials and methods

Animals and reagents

Sexually immature (18-20 days old) outbred 
strain Kunming female mice (weighing 9-11.0 
g) were obtained from the Laboratory Animal 
Center of Southern Medical University. They 
were kept for 3 days under controlled tempera-
ture (24-26°C) and light conditions (12-hour 
light and 12-h dark cycle), with food and water 
available ad libitum. These animal experiments 
were carried out in accordance with Principles 
and Guidelines for the Use of Laboratory 
Animals and approved by the Animal Care 
Committee of Southern Medical University.

Pregnant mare serum gonadotrophin (PMSG) 
was purchased from Ningbo Sansheng Ph- 
armaceutical Co., Ltd. (Ningbo, Zhejiang Pro- 
vince, China). Recombinant human FSH was 
purchased from Organon (Oss, Netherlands), 
while recombinant human LH was purchased 
from EMD Serono (Rockland, MA). TRIzol Re- 
agent was obtained from Invitrogen (Life 
Technologies, Grand Island, NY). The cDNA syn-
thesis kit was purchased from Takara China 
(Dalian, Liaoning Province, China). The Ultra- 
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SYBR Mixture (With High ROX) was purchased 
from CW Biotechnology Inc. (Beijing, China).

Animal treatment and sampling

A total of 90 female Kunming mice, 21-23 days 
of age, were randomly divided into five groups, 
including three experimental groups (n = 21), 
one PMSG control group (n = 21), and one blank 
control group (n = 6). Mice in experimental and 
PMSG control groups received different ovarian 
hyperstimulation protocols. Doses of PMSG 
and FSH were determined by previous studies, 
with minor modifications [22, 23]. Mice in the 
experimental groups were intraperitoneally 
injected with: 1) A total of 10 IU of FSH (F group); 
2) A total of 10 IU of FSH + 10 IU of LH (group 
F/L); and 3) A total of 10 IU of FSH + 20 IU of LH 
(group F/2L). Mice in the PMSG control group 
were intraperitoneally injected with 5 IU of 
PMSG, once at the beginning of treatment. 
Details concerning timing and dosing for all 
groups are listed in Table 1. Mice in the blank 
control group were not treated. Forty-eight 
hours after the first gonadotropin (Gn) treat-
ment, mice in all experimental groups and the 
PMSG control group were injected with 5 IU of 
hCG. The blank control mice were only injected 
with the same volume of normal saline at the 
beginning of treatment. PMSG, FSH, LH, and 
hCG were diluted with 5 IU/0.1 mL of water.

For collection of ovarian samples for reverse 
transcription polymerase chain reaction (RT- 
PCR), mice (n = 3) in the experimental and 

blank control group. All ovarian specimens were 
fixed in 10% formaldehyde for 24 hours at 4°C 
and embedded in paraffin, according to stan-
dard protocol.

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from ovarian speci-
mens, at different time points, by homogenizing 
in cold TRIzol Reagent on ice, precipitating in 
isopropanol, and dissolving in diethylpyrocar-
bonate-treated water. RNA quantity and purity 
levels were evaluated by optical density ratios 
(260/280 and 260/230) and measured in a 
NanoDropTM 2000c spectrophotometer (Ther- 
mo Scientific, Tewksbury, MA). RNA integrity 
was determined using an Agilent 2100 
Bioanalyzer® (Agilent Technologies), according 
to manufacturer instructions.

Before reverse transcription, total RNA was 
digested with DNase I to remove genomic DNA. 
Next, 1 μg of RNA was transcribed using a cDNA 
synthesis kit, according to manufacturer in- 
structions. As negative controls for reverse 
transcription, samples without RNA or without 
reverse transcriptase were prepared in parallel. 
PCR was carried out using an ABI Prism 7500 
instrument (Applied Biosystems) with the fol-
lowing parameters: Denaturation at 95°C for 
10 minutes, followed by 40 cycles of 95°C for 
30 seconds, and 60°C for 30 seconds. Specific 
primers for all genes are listed in Table 2. All 
PCRs were performed in a final volume of 20 
μL, containing 10 μL of UltraSYBR mixture, 3 μL 

Table 1. Details of timing and dosing in the different groups

Group Reagent
Day 1 Day 2 Day 3

9 AM 9 PM 9 AM 9 PM 9 AM
Blank control group Saline 0.1 mL 0 0 0 0
PMSG control group PMSG 5.0 IU 0 0 0

hCG 5.0 IU
F group FSH 3.5 IU 2.5 IU 2.5 IU 1.5 IU

hCG 5.0 IU
F/L group FSH 3.5 IU 2.5 IU 2.5 IU 1.5 IU

LH 3.5 IU 2.5 IU 2.5 IU 1.5 IU
hCG 5.0 IU

F/2L group FSH 3.5 IU 2.5 IU 2.5 IU 1.5 IU
LH 7.0 IU 5.0 IU 5.0 IU 3.0 IU

hCG 5.0 IU
Note: PMSG, FSH, LH, and hCG were diluted with 5 IU/0.1 mL of water and injected 
intraperitoneally into mice at the different time points.

PMSG control groups were 
sacrificed at 44 hours after 
the first Gn treatment, as well 
as at 4, 8, 14, and 48 hours 
after hCG treatment. Mice in 
the blank control group were 
sacrificed at 44 hours after 
saline injections. All ovarian 
specimens were stored in a 
freezer at -80°C until RNA iso-
lation. For collection of ovari-
an samples for hematoxylin 
and eosin (HE) staining, the 
ovaries (n = 3) were collected 
at 8 hours and 48 hours after 
hCG treatment in experimen-
tal and PMSG groups. They 
were collected at 44 hours 
after saline injections in the 
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of cDNA (1:5 dilution), 0.3 μL of each primer, 
and an appropriate amount of water. Serving as 
negative controls for PCR, samples without 
first-strand cDNA were used. β-actin genes 
were used as an endogenous control. Data was 
analyzed using the comparative cycle threshold 
(ΔCt) method, in which Ct is the cycle threshold 
and ΔCt  =  Ctgene of interest - Cttβ-actin. All reactions 
were performed in triplicate for each gene.

Morphological analysis

Paraffin sections, 4-µm thick, were made and 
deparaffinized. H&E staining was performed 
using conventional procedure. H&E-stained 
sections were recorded with a SPOT digital 
camera system (Diagnostic Instruments, Inc., 
Sterling Heights, MI). All digital images were 
processed with Adobe PhotoShop (Version 7.0; 
Adobe, San Jose, CA).

Statistical analysis

SPSS 17.0 statistical package was used for 
data analysis. Relative mRNA expression levels 

are shown as mean ± standard deviation. 
Comparisons of gene expression levels within 
individual time points were conducting with 
one-way analysis of variance. Using a set of 
two-sided tests, P < 0.05 indicates statistical 
significance.

Results

Effects of different FSH/LH ratios on follicular 
development at 8 hours after hCG injections

To evaluate follicular development at 8 hours 
after hCG injections in the different groups, his-
tological changes in the ovaries were compared 
using H&E staining. In the blank control group, 
follicles at different stages, from primary to 
mature, were observed. However, the number 
of mature follicles was few (Figure 1A). Ovary 
histology in the PMSG group was unique. Some 
mature follicles were present in the ovaries, but 
the ratio of antral follicles was quite low (Figure 
1B). The ratio of antral follicles in all three FSH-
treated groups was obviously more than that in 
the blank control group. Moreover, the propor-

Table 2. Gene-specific primers used in quantitative real-time PCR
Gene Primer sequences Annealing Tm (°C) Cycles Size (bp)
LHCGR F: 5’ -AATCGTAATCCCAGCCACTG-3’ 60 40 271

R: 5’ -TGCCCTCCAAAGAAAAATTC-3’
STARD1 F: 5’ -CACACATTTTGGGGAGATGC-3’ 60 40 193

R: 5’ -GAACTCTATCTGGGTCTGCGATA-3’
CYP11A1 F: 5’ -GTCTTACACAGACGCATCAAGC-3’ 60 40 194

R: 5’ -ACACTGGTGTGGAACATCTGG-3’
SULT1E1 F: 5’ -TCCGTGGAGTTCTAATGGACAAACG-3’ 60 40 175

R: 5’ -GTCTTCGTTTCTGCACTCCAAATAAG-3’
AREG F: 5’ -TTTATCTTCACACATCTCTTTATGTACAG-3’ 60 40 210

R: 5’ -GAGGCTTCGACAAGAAAACG-3’
EREG F: 5’ -GTCCCCTGAGGTCACTCTCTC-3’ 60 40 197

R: 5’ -ACACTGGTCTGCGATGTGAG-3’
BTC F: 5’ -CTCCCTCCTGCATCTGTGAG-3’ 60 40 121

R: 5’ -CTCTTGAATATCTTCACTTATGGGAG-3’
PTGS2 F: 5’ -TGTACAAGCAGTGGCAAAGG-3’ 60 40 230

R: 5’ -CCCCAAAGATAGCATCTGGA-3’
HAS2 F: 5’ -GTTGGAGGTGTTGGAGGAGA-3’ 60 40 155

R: 5’ -ATTCCCAGAGGACCGCTTAT-3’
TNFAIP6 F: 5’ -TTCCATGTCTGTGCTGCTGGATGG-3’ 60 40 328

R: 5’ -AGCCTGGATCATGTTCAAGGTCAAA-3’
PTX3 F: 5’ -GTGGGTGGAAAGGAGAACAA-3’ 60 40 190

R: 5’ -GGCCAATCTGTAGGAGTCCA-3’
β-actin F: 5’ -GCTCGTCGTCGACAACGGCTC-3’ 60 40 353

R: 5’ -CAAACATGATCTGGGTCATCTTCT-3’
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tion of mature follicles in the F/L group was 
obviously more than that in F and F/2L groups 
(Figure 1C-E). Cumulus granulosa cells in the 
F/L group were fully expanded (Figure 1D), 
while expansion of cumulus cells in the F group 
was not obvious. Only a few apoptotic mural 
granulosa cells were observed (Figure 1C). 
Interestingly, in ovaries from the F/2L group, 
the oocytes or corona radiata disappeared in 
some follicles and the granulosa cells were 
loosely arranged. Apoptotic granulosa cells, 
atresic follicles, and levels of luteinization were 
observed (Figure 1E).

To examine the effects of different FSH/LH 
ratios on expression of steroidogenesis-related 
genes, the current study detected mRNA 
expression of LHCGR, STARD1, CYP11A1, and 
SULT1E1 in the ovaries after treatment with dif-
ferent ratios of FSH/LH. Levels of mRNA expres-
sion of LHCGR, STARD1, CYP11A1, and 
SULT1E1 were very low in blank control mice 
(Figure 3A-D). Levels were high in LHCGR. 
Moreover, mRNA expression was detected from 
44 hours after the first Gn injection to 8 hours 
after the hCG injection in the other four groups. 
Expression was gradually reduced (Figure 3A). 

Figure 1. Morphological changes at 8 hours after hCG injection in the differ-
ent groups. Representative images of ovary histology in the blank control (A), 
PMSG (B), F (C), F/L (D), and F/2L (E) groups are shown using H&E staining. 
The scale bar is equal to 100 µm for low magnification (left) and 20 µm for 
high magnification (right), respectively.

Effects of different FSH/LH 
ratios on follicular develop-
ment at 48 hours after hCG 
injections

This study further compared 
histological changes at 48 
hours after hCG injections in 
the ovaries using H&E stain-
ing. No corpus lutea were 
found in the ovaries of the 
blank control group (Figure 
1A), while the numbers and 
sizes of the corpus lutea in the 
PMSG group were obviously 
greater than those of other 
groups (Figure 2A). In all three 
FSH-treated groups, mature 
follicles were observed. Luteal 
cells exhibited condensed 
nuclei, less cytoplasm, and an 
obvious gap between cells, 
compared with the PMSG 
group (Figure 2A-D). Intere- 
stingly, the number of corpus 
lutea was gradually reduced, 
along with the addition of 
increasing amounts of r-hLH 
(Figure 2B-D). 

Effects of different FSH/LH 
ratios on mRNA expression of 
LHCGR, STARD1, SULT1E1, 
and CYP11A1

Previous studies have shown 
that LHCGR and steroidogenic 
factors, such as STAR and 
CYP11A1, play a key role in 
androgen synthesis [9]. SUL- 
T1E1 is known to catalyze the 
sulfoconjugation and deacti-
vation of estrogens [10, 24]. 
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At 44 hours after the first Gn injection, expres-
sion of LHCGR mRNA in PMSG and F/L groups 
was significantly higher than that in F and F/2L 
groups (P < 0.05, Figure 3A). LHCGR mRNA 
expression was similar in the PMSG and three 
FSH-treated groups at 4 hours and 8 hours 
after hCG injections (Figure 3A). Interestingly, 
LHCGR mRNA expression in the three FSH-
treated groups was significantly higher than 
that in the PMSG group at 14 hours after hCG 
injections. However, expression in the PMSG 
group at 48 hours after hCG injections was sig-
nificantly higher than that in the three FSH-
treated groups (P < 0.05, Figure 3A). High 
STARD1 mRNA expression was detected in 
PMSG and the three FSH-treated groups at 4 
hours and 8 hours after hCG injections. 
However, expression was significantly different 

first Gn injection, CYP11A1 mRNA expression in 
the three FSH-treated groups was gradually 
increased with the addition of increasing 
amounts of r-hLH. At 48 hours after hCG injec-
tions, expression in the PMSG group was sig-
nificantly higher than that in the three FSH-
treated groups (P < 0.05, Figure 3D).

Effects of different FSH/LH ratios on mRNA 
expression of AREG, EREG, and BTC

To determine the effects of different FSH/LH 
ratios on follicular development, the currents 
study assessed expression of oocyte matura-
tion-related genes, such as AREG, EREG, and 
BTC. It was observed that mRNA expression of 
AREG, EREG, and BTC was weak in the blank 
control group at 44 hours after Gn injections. 

Figure 2. Morphological changes at 48 hours after hCG injection in the dif-
ferent groups. Representative images of ovary histology in the PMSG (A), F 
(B), F/L (C), and F/2L (D) groups are shown using H&E staining. The scale 
bar is equal to 100 µm for low magnification (left) and 20 µm for high mag-
nification (right), respectively.

at different time points among 
different groups (Figure 3B). 
At 44 hours after the first  
Gn injection, STARD1 mRNA 
expression in the F/2L group 
was significantly higher than 
that in the other groups (P < 
0.05). Expression in the F 
group was significantly lower 
than that in the other groups 
(P < 0.05, Figure 3B). Inte- 
restingly, expression of ST- 
ARD1 mRNA in the PMSG 
group was significantly higher 
than that in the other groups 
at 4 hours and 48 hours after 
hCG injection. Expression was 
gradually reduced with the 
addition of increasing am- 
ounts of r-hLH at 4 hours after 
hCG injection (P < 0.05, Figure 
3B). High SULT1E1 mRNA 
expression was detected in 
PMSG and F groups at 4 hours 
and 8 hours after hCG injec-
tion. Expression was gradually 
reduced with the addition of 
increasing amounts of r-hLH 
at 4 hours, 8 hours, and 14 
hours after hCG injections (P < 
0.05, Figure 3C). Compared 
with LHCGR, STARD1, and 
SULT1E1, differences in CYP- 
11A1 mRNA expression levels 
among the four groups were 
minor at most of the time 
points. At 44 hours after the 
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However, expression was abruptly upregulated 
at 4 hours after hCG injections in the PMSG, 
F/L, and F/2L groups, then gradually de- 
creased until 48 hours after hCG injections 
(Figure 4A-C). Furthermore, AREG mRNA 
expression in the F/L group was significantly 
higher than that in PMSG and F groups at 4 
hours and 8 hours after hCG injections (P < 
0.05, Figure 4A). Expression of EREG mRNA in 
the F/L group was significantly higher than that 
in the other groups at 4 hours, 8 hours (not for 
the PMSG group), and 14 hours after hCG injec-
tions (P < 0.05, Figure 4B). BTC mRNA expres-
sion in the F/L group was significantly higher 
than that in the PMSG (8 hours), F (4 hours, 8 
hours, and 14 hours), and F/2L (4 hours and 8 
hours) groups (P < 0.05, Figure 4C).

Effects of different FSH/LH ratios on mRNA ex-
pression of PTGS2, HAS2, TNFAIP6, and PTX3

It has been demonstrated that expression of 
PTGS2, HAS2, TNFAIP6, and PTX3 is closely 
associated with the developmental compe-
tence of antral follicles [25]. Thus, the current 
study examined the effects of different FSH/LH 
ratios on expression of these four cumulus-
expansion-related genes. Similar to expression 
patterns of the abovementioned steroidogene-
sis- and cumulus expansion-related genes, 
mRNA expression of PTGS2, HAS2, TNFAIP6, 
and PTX3 was also weak in the blank control 
group. However, expression was dramatically 
elevated at 4 hours and 8 hours after hCG 
injections in the PMSG, F, and F/2L groups 

Figure 3. Levels of mRNA expression of steroidogenesis-related genes in the ovaries at different time points. Levels 
of mRNA expression of LHCGR (A), STARD1 (B), SULT1A1 (C), and CYP11A1 (D) in the different groups and at differ-
ent time points were detected by semi-quantitative RT-PCR. Relative expression of LHCGR, STARD1, SULT1A1, and 
CYP11A1 mRNA was determined by normalization to β-actin: 44 h-Gn: 44 h after Gn injection; 4 (8, 14, 48) h-hCG: 4 
(8, 14, 48) hours after hCG injections (same abbreviations are used in Figures 4, 5). Differences in gene expression 
within an individual time point were analyzed with one-way ANOVA. *, P < 0.05, compared to the PMSG group; ∆, P 
< 0.05, compared to the F/L group; Ф, P < 0.05, compared to the F/2L group; n = 3 at all time-points.
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Figure 4. Levels of mRNA expression of oocyte maturation-related genes in the ovaries at different time points. 
Levels of mRNA expression of AREG (A), EREG (B), and BTC (C) in the different groups and at different time points, 
as examined by semi-quantitative RT-PCR. Relative expression of AREG, EREG, and BTC mRNA was determined by 
normalization to β-actin. Differences in gene expression within an individual time point were analyzed with one-way 
ANOVA. *, P < 0.05, compared to the PMSG group; ∆, P < 0.05, compared to the F/L group; Ф, P < 0.05, compared 
to the F/2L group; n = 3 at all time-points.

Figure 5. Levels of mRNA expression of cumulus expansion-related genes in the ovaries at different time points. 
Levels of mRNA expression of PTGS2 (A), HAS2 (B), TNFAIP6 (C), and PTX3 (D) in the different groups and at differ-
ent time points, as detected by semi-quantitative RT-PCR. Relative expression of PTGS2, HAS2, TNFAIP6, and PTX3 
mRNA was determined by normalization to β-actin. The difference in gene expression within an individual time point 
was analyzed with one-way ANOVA. *, P < 0.05, compared to the PMSG group; ∆, P < 0.05, compared to the F/L 
group; Ф, P < 0.05, compared to the F/2L group; n = 3 at all time-points.

(Figure 5A-D). More importantly, mRNA expres-
sion of PTGS2, HAS2, TNFAIP6, and PTX3 in the 
F/L group was significantly higher at 4 hours 

and 8 hours after hCG injections than that in 
the other groups (P < 0.05, Figure 5A-D). 
Expression in the PMSG group was significantly 
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higher at 4 hours and 8 hours after hCG injec-
tions than that in the F and F/2L (not for HAS2 
at 8 hours) groups (P < 0.05, Figure 5A-D).

Discussion

It has been well-documented that FSH acts on 
granulosa cells to stimulate follicular develop-
ment and the aromatization of androgens for 
estradiol synthesis, while LH interacts with 
theca cells for androgen production and estro-
gen synthesis [1, 4]. In traditional assisted 
reproductive technology, hMG, FSH, and LH are 
commonly used to induce follicular growth. 
However, the bioactivities of FSH and LH are 
not stable. This results in an uncertain ratio of 
FSH/LH regarding the induction of follicular 
growth. The production of r-hFSH and r-hLH pro-
vides more flexibility for different ovarian hyper-
stimulation protocols in in vitro fertilization 
(IVF) clinics. It has been concluded that low 
endogenous LH can reduce the secretion of 
androgens in theca cells and the recruitment of 
antral follicles, while a high level of LH may 
cause follicular atresia and luteinization and 
oocyte and embryonic dysplasia, as well as dis-
orders in steroid synthesis [17, 26]. Moreover, 
some recent studies have demonstrated that 
women receiving r-hFSH/r-hLH during con-
trolled ovarian stimulation showed higher 
implantation and pregnancy rates, as well as 
an increased number of retrieved and fertilized 
oocytes, compared with those treated with 
r-hFSH alone [27, 28]. However, the protocol of 
mild stimulation by clomiphene citrate in IVF 
clinics not only increases FSH levels at the early 
stages of follicular development, but also in- 
creases serum LH levels. This causes reduced 
pregnancy rates and increased miscarriage 
rates [17]. Therefore, it is necessary to deter-
mine the optimal FSH/LH ratio for follicular 
growth and development competence of 
oocytes and embryos.

The current study explored the effects of differ-
ent FSH/LH ratios on follicular development in 
mice. PMSG has both FSH and LH activity. It 
stimulates follicular development, ovulation, 
and corpus luteum formation [29]. It has been 
reported that 5 IU of PMSG is sufficient for 
stimulation of follicular development in mice 
[23]. Therefore, the current study used 5 IU of 
PMSG as a control for FSH/LH treatment. Since 
most follicles in the ovaries of 21-23-day-old 

Kunming mice are secondary or antral follicles, 
this age of mice is commonly used to receive 
Gn treatment for superovulation experiments. 
Based on knowledge of follicular development 
and morphological changes in the ovaries of 
mice upon Gn and hCG treatment, ovarian sam-
ples were collected from 44 hours after the first 
Gn injection, as well as at 4 hours, 8 hours, 14 
hours, and 48 hours after hCG injections. 
According to histological results via H&E stain-
ing, at 8 hours after hCG injections, many 
mature follicles were observed in the PMSG 
and F/L groups. Moreover, the numbers of 
mature follicles and degrees of cumulus expan-
sion in the F/L group were obviously greater 
than those in the PMSG group. These data indi-
cate that the protocol in the F/L group was the 
best treatment for hyperstimulation of follicular 
development. In contrast, very few mature folli-
cles were found in the blank control and F 
groups (no r-hLH). These findings suggest that 
the appropriate dose of LH in different ovarian 
hyperstimulation protocols will contribute to fol-
licular development in premature mice. 
Interestingly, in ovaries from the F/2L group, 
the oocytes or corona radiata disappeared in 
some follicles. Granulosa cells were loosely 
arranged and atresic follicles were observed. 
These results also support that a high level of 
LH may cause oocyte dysplasia, follicular atre-
sia, and luteinization. Furthermore, at 48 hours 
after hCG injections, an increased number and 
size of the corpus lutea in the PMSG group was 
observed, compared with FSH-treated groups. 
The number and size of the corpus lutea in the 
three FSH-treated groups was gradually 
reduced, along with the addition of increasing 
amounts of r-hLH. These findings suggest that 
a high level of LH can accelerate luteal regres-
sion [30, 31]. 

Morphological changes during ovarian folliculo-
genesis are associated with the activation of 
some signaling pathways, such as TGF-β/
SMAD, WNT/FZD/β-catenin, RAS/ERK1/2, and 
FOXO/FOXL2, as well as induced expression of 
their target genes [6, 7]. Many studies have 
demonstrated that different ovarian hyperstim-
ulation protocols can change the expression 
patterns of genes related to steroidogenesis, 
oocyte maturation, and cumulus expansion, 
ultimately affecting clinical outcomes [32, 33]. 
It has been demonstrated that LHCGR plays an 
important role in the proliferation of granulosa 
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cells, steroid synthesis, ovulation, and cumulus 
expansion [34]. PMSG and FSH treatment can 
induce expression of LHCGR at later stages of 
follicular development, while a LH surge can 
induce downregulation of LHCGR mRNA expres-
sion [35]. The current study observed that 
PMSG and FSH treatment significantly upregu-
lated LHCGR mRNA expression, which was 
gradually reduced after hCG injections. Mo- 
reover, an appropriate amount of LH (in the 
PMSG and F/L groups) showed better induction 
of LHCGR mRNA expression, but a high level of 
LH (the F/2L group) might inhibit LHCGR mRNA 
expression due to its detrimental effects on fol-
licular growth. The STAR protein plays a key role 
in steroid synthesis. Its expression in granulosa 
cells is induced by hCG [36]. Ronen-Fuhrmann 
et al. reported that PMSG causes a rapid rise in 
STAR mRNA and protein expression in rat ova-
ries and that hCG elicits a second peak in STAR 
transcripts within 8 hours of hormone injec-
tions [37]. In accord with previous findings, 
PMSG and hCG treatment significantly induced 
STARD1 mRNA expression at 4 hours and 8 
hours after hCG administration. Interestingly, 
LH induced STARD1 mRNA expression, in a 
concentration-dependent manner, before hCG 
treatment (44 hours after Gn injection), while a 
high level of LH may temporarily (at 4 hours 
after hCG injection) suppress hCG-induced 
STARD1 mRNA expression. SULT1E1-encoded 
estrogen sulfotransferase catalyzes sulfation 
of estrogen, resulting in its inactivation [10]. 
Moreover, hCG caused abrupt upregulation of 
SULT1E1 mRNA at 4 hours and 8 hours in the 
PMSG and F groups, while these effects were 
mostly neutralized by the addition of r-hLH. This 
suggests the deregulation of steroid synthesis 
after the addition of a high level of LH. Segers 
et al. observed that hMG, rFSH, and LH/hCG 
treatments caused the upregulation of CY- 
P11A1 mRNA expression [33]. Current results 
are consistent with these findings, as CYP11A1 
mRNA expression was significantly elevated 
after LH/hCG treatment. However, CYP11A1 
mRNA expression was low in the F group at 44 
hours after Gn injections, suggesting that 
r-hFSH has a minor effect on CYP11A1 mRNA 
expression.

It has been demonstrated that LH can induce 
expression of AREG, BTC, and EREG in human 
granulosa cells [38]. The current study found 

that mRNA expression of AREG, BTC, and EREG 
was promptly elevated at 4 hours after hCG 
injections, while expression was low in all 
groups at 44 hours after Gn treatment and in 
the F group at 4 hours after hCG injections. 
Moreover, the highest expression of AREG, 
BTC, and EREG mRNA was observed in the F/L 
group at most of the time points. Current data 
indicates that hCG and an appropriate amount 
of LH synergistically contribute to inducing 
AREG, BTC, and EREG mRNA expression. 
Evidence of high AREG, BTC, and EREG mRNA 
expression levels helps to explain better follicu-
lar development in the F/L group, compared 
with the other groups. A previous study demon-
strated that EGF-like factors, AREG, BTC, and 
EREG, can induce expression of HAS2, PTGS2, 
and TNFAIP6 through activation of RAS signal-
ing pathways.13 Consistent with previous find-
ings, current results found that expression pat-
terns of HAS2, PTGS2, TNFAIP6, and PTX3 
mRNA were very similar to those of AREG, BTC, 
and EREG mRNA, showing abrupt upregulation 
at 4 hours after hCG treatment and low expres-
sion at 44 hours after Gn injections in the F 
group at all time points, as well as its highest 
expression in the F/G group at most of the time 
points. Furthermore, expression of HAS2, 
PTGS2, TNFAIP6, and PTX3 mRNA in the F/2L 
group was significantly lower than that in the 
F/L group. This may have been caused by fol-
licular atresia and early luteinization, due to 
high levels of LH. Compared to the other groups, 
the highest expression of cumulus expansion-
related genes, such as HAS2, PTGS2, TNFAIP6, 
and PTX3, was consistent with better cumulus 
expansion in the F/L group. Additionally, weak 
expression of all detected genes was observed 
in the blank group. This is associated with the 
status of follicular development in ovaries from 
immature mice.

In conclusion, current results suggest that an 
appropriate ratio (1:1) of FSH/LH can success-
fully induce follicular development, comparable 
and even better than the conventional PMSG 
protocol. These results are supported by the 
upregulation of steroidogenesis-related (LH- 
CGR, STARD1, SULT1E1, and CYP11A1), oocyte 
maturation-related (AREG, BTC, and EREG), 
and cumulus expansion-related (HAS2, PTGS2, 
TNFAIP6, and PTX3) genes in the ovaries from 
PMSG and F/L groups after hCG treatment. 
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Current data suggests that the addition of an 
appropriate amount of LH in ovarian hyperstim-
ulation is beneficial for follicular development.
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