
Page 1/17

Establishment and Mechanism Study of a Primary
Ovarian Insu�ciency Mouse Model using
Lipopolysaccharide
Si-Ji Lv 

Tongji University School of Medicine
Shu-Hui Hou 

Tongji University School of Medicine
Lei Gan 

Tongji University School of Medicine
Jing Sun  (  sunjing61867@tongji.edu.cn )

Tongji University School of Medicine

Research

Keywords: primary ovarian insu�ciency, lipopolysaccharides, Cyclophosphamide, In�ammation, NF-
kappa B

Posted Date: June 1st, 2021

DOI: https://doi.org/10.21203/rs.3.rs-545549/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Analytical Cellular Pathology on November
16th, 2021. See the published version at https://doi.org/10.1155/2021/1781532.

https://doi.org/10.21203/rs.3.rs-545549/v1
mailto:sunjing61867@tongji.edu.cn
https://doi.org/10.21203/rs.3.rs-545549/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/1781532


Page 2/17

Abstract
Background: This study aimed to establish a lipopolysaccharide (LPS)-induced primary ovarian
insu�ciency (POI) mouse model and to investigate the underlying mechanism.

Methods: C57BL/6N female mice were intraperitoneally injected with low-dose LPS (0.5 mg/kg) once
daily for 14 days, high-dose LPS (2.5 mg/kg) twice weekly for 2 weeks, and cyclophosphamide (CTX; 150
mg/kg) once weekly for 2 weeks. Ovarian function was assessed by measuring the length of the estrous
cycle, the number of primordial follicles, and the levels of serum pituitary/ovarian hormones. Expression
and production of interleukin 1β (IL-1β) were determined to evaluate ovarian in�ammation.
Histopathological examination was performed to examine ovarian �brosis. TUNEL assay was carried out
to evaluate granulosa cell apoptosis. Western blotting was performed to measure the levels of
in�ammation-, �brosis-, and apoptosis-related proteins in mouse ovaries.

Results: Like CTX, both low- and high-dose LPS administration signi�cantly impaired ovarian functions in
mice, as evidenced by extended lengths of estrous cycles, reduced counts of primordial follicles, and
alterations in the levels of serum hormones. Also, LPS administration promoted granulosa cell apoptosis
and ovarian �brosis in mice. However, LPS but not CTX signi�cantly promoted IL-1β expression and
production in mice. Moreover, LPS treatment but not CTX signi�cantly enhanced TLR, p-p65, p65, and
MyD88 protein expression in mouse ovaries, suggesting that LPS differs from CTX in triggering ovarian
in�ammation. In general, continuous low-dose LPS stimulation was less potent than high-dose LPS
stimulation in the above-mentioned effects.

Conclusions: LPS induces ovarian in�ammation, �brosis, and granulosa cell apoptosis and can be used
to establish a POI model in mice. 

Background
Primary ovarian insu�ciency (POI) is de�ned as the cessation of ovarian function before age 40 years,
with an incidence of approximately 1% by age 40 and 0.1% by age 30. Patients with POI present
menorrhoea, along with insu�cient sex steroids such as estradiol (E2) and an increased follicle
stimulating hormone (FSH) serum level (1). The etiologies of POI include genetic abnormalities (such as
Turner syndrome and X-monosomy), autoimmunity, impaired metabolism (such as 17-OH de�ciency and
classic galactosaemia), exposure to radiation or chemotherapy, infections, as well as environmental
pollutants and toxins(2–6). Since POI is a main cause of infertility in females (7, 8), a better
understanding of its pathogenesis is necessary for the development of effective therapeutic strategies.

Owing to the similarity of the estrous cycles between female mice and humans, many studies have used
POI mouse models to investigate the pathogenesis of POI and to develop therapeutic approaches(9–11).
Chemotherapeutic drugs, like cyclophosphamide (CTX) and cisplatin, have been widely used to establish
POI animal models due to their irreversible cytotoxicity toward ovaries, including destroying oocytes and
arousing follicular depletion (12–14). Although chemotherapy is one of the potential etiologies for POI,
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chemotherapeutic agent-induced POI may not simulate the pathophysiological condition of POI resulting
from genetic, autoimmune, metabolic, and infectious factors (15). Thus, it is necessary to establish an
animal model that simulates the complex pathogenic mechanisms underlying POI development.

Multiple mechanisms are involved in the development of POI, including ovarian in�ammation, granulosa
cell apoptosis, and ovarian �brosis(16–18). A recent study has demonstrated that intraperitoneal (i.p.)
administration of 0.5 mg/kg lipopolysaccharide (LPS) once daily for 6 days markedly reduces the sizes
of the ovaries and uteri while increasing the number of preantral and atypical follicles of C57BL/6J mice.
In addition, LPS treatment promotes protein expression of proin�ammatory mediators in mouse ovaries,
such as interleukin 1β (IL-1β), IL-18, toll-Like Receptor 4 (TLR4), and NOD-Like Receptor Family Pyrin
Domain-Containing 3 (NLRP3). Moreover, NLRP3 activation facilitates ovarian �brosis and granulosa cell
pyroptotic death. These �ndings suggest that LPS treatment may cause POI and induce in�ammation,
granulosa cell death, and �brosis in mouse ovaries (19). Thus, we hypothesized that LPS treatment can
be applied to generate a POI animal model to investigate the development of POI and to �nd new
therapeutic strategies.

To test our hypothesis, we treated C57BL/6N mice with low-dose LPS (0.5 mg/kg) for 14 consecutive
days, high-dose LPS (2.5 mg/kg) twice weekly for 2 weeks, and CTX (150 mg/kg) once weekly for 2
weeks via i.p. injection to induce POI. We evaluated the effects of low- and high-dose LPS on ovarian
function, in�ammation, �brosis, and granulosa cell apoptosis by comparing with those of CTX
stimulation. Our results suggest LPS stimulation as a new method to establish a POI mouse model.

Results

LPS stimulation impairs ovarian function in mice.
To investigate whether LPS treatment could induce POI in mice, we examined estrous cycle length,
primordial follicle counts, and pituitary/ovarian hormone serum levels in response to different doses of
LPS. As shown in Fig. 1A, like CTX, both low- and high-dose LPS administration signi�cantly extended the
lengths of estrous cycles in mice compared with control. Although less potent than CTX, both low- and
high-dose LPS administration remarkably reduced the counts of primordial follicles in mice compared
with control (Fig. 1B). Furthermore, both high-dose LPS and CTX administration substantially reduced
AMH and E2 serum levels while elevating FSH serum levels in mice. Low-dose LPS was less potent than
high-dose LPS in reducing AMH and E2 serum levels and did not change FSH serum levels in mice
(Fig. 1C). These changes are consistent with the characteristics of POI(1), suggesting that a 2-week
stimulation with high-dose LPS twice weekly or low-dose LPS once daily induces POI in mice. 

LPS stimulation induces ovarian in�ammation in mice.
LPS is a potent in�ammation trigger, and in�ammation facilitates the development of POI(16, 22, 23).
Figure 2A and 2B demonstrate that high- and low-dose LPS but not CTX signi�cantly promoted IL-1β
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expression and production in mice, suggesting that LPS but not CTX induces ovarian in�ammation in
mice. 

LPS stimulation induces ovarian �brosis in mice.
CTX stimulation causes ovarian �brosis in mice(24). Masson staining revealed that like CTX, high-dose
but not low-dose LPS resulted in signi�cantly increased collagen deposition in mouse ovaries (Fig. 3A).
qRT-PCR demonstrated that high-dose but not low-dose LPS treatment signi�cantly upregulated Col1A1
mRNA expression in mouse ovaries (Fig. 3B). IHC staining showed that like CTX, both high- and low-dose
LPS stimulation enhanced α-SMA protein expression in mouse ovaries (Fig. 3C). Consistently, WB result
showed that low-dose LPS, high-dose LPS, and CTX upregulated protein expression of Col1A1and α-SMA
(Fig. 3D). These �ndings suggest that like CTX, LPS induces interstitial �brosis in mouse ovaries. 

LPS stimulation promotes granulosa cell apoptosis in
mouse ovaries.
Then, we examined cell apoptosis in mouse ovaries exposed to LPS treatment. As shown in Fig. 4A,
TUNEL-positive granulosa cells were present in the ovaries of LPS- and CTX-treated mice. Moreover, LPS
or CTX treatment signi�cantly enhanced BAX both mRNA and protein expression while attenuating BCL-2
expression in mouse ovaries (Fig. 4B and 4C). These results suggest that like CTX, LPS treatment
promotes granulosa cell apoptosis in mouse ovaries. 

LPS activates TLR4/MyD88/NF-κB signaling in mouse
ovaries.
Activation of LPS/TLR4/MyD88/NF-κB signaling promotes in�ammation(25–27). Western blot analysis
showed that compared with control, both low- and high-dose LPS treatments signi�cantly enhanced TLR,
p-p65, p65, and MyD88 protein expression in mouse ovaries, whereas CTX treatment attenuated the
expression of these proteins (Fig. 5). Taken together, these data suggest that both LPS and CTX promotes
ovarian �brosis and granulosa cell apoptosis and that LPS differs from CTX in inducing ovarian
in�ammation.

Discussion
CTX causes POI due to ovarian cytotoxicity and is widely used to establish POI mouse models(24, 28).
Although CTX has been shown to induce cortical �brosis and follicle cell apoptosis that contribute to
primordial follicle loss in POI mice(24), CTX stimulation is barely associated with in�ammation that is a
critical contributor to the etiology of POI(23). Here, we aimed to investigate whether the in�ammation
trigger LPS could induce POI in mice and to investigate the underlying mechanism. We demonstrated that
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a 2-week stimulation with 2.5 mg/kg LPS twice weekly or 0.5 mg/kg LPS once daily induced POI in mice.
Like CTX stimulation, LPS stimulation resulted in �brosis and granulosa cell apoptosis in mouse ovaries.
Importantly, LPS but not CTX induced ovarian in�ammation in the POI mouse model, as evidenced by
enhanced IL-1β expression and production as well as the activation of TLR/MyD88/NF-κB signaling in
LPS-treated mice. These data suggest that in addition to ovarian �brosis and follicle apoptosis, LPS also
induces ovarian in�ammation that is not achieved by CTX stimulation.

Brom�eld et al. have reported that uterus or mammary gland infections with gram-negative bacteria
cause infertility in cattle and that LPS exposure reduces the number of primordial follicles in the bovine
ovarian cortex in vitro(29), suggesting that LPS may be used to establish POI animal models. By
assessing the indicators of ovarian function, we found that like CTX, both low- and high-dose LPS
administration resulted in signi�cantly extended lengths of estrous cycles, decreased counts of
primordial follicles, reduced levels of serum AMH and E2, as well as elevated levels of serum FSH in LPS-
treated mice, consistent with the characteristics of POI (1). It appeared that low-dose LPS was less potent
than high-dose LPS regarding these effects. These data suggest that we successfully establish an LPS-
induced POI mouse model and that high-dose LPS stimulation outperforms continuous low-dose LPS
stimulation in inducing POI in mice. Wang et al. have treated C57BL/6N mice with 0.5 mg/kg LPS once
daily for 6 days or 5 mg/kg LPS once daily for 2 days and found that lose-dose LPS outperforms high-
dose LPS in elevating the counts of preantral and atypical follicles and reducing the sizes of the ovaries
and uteri(19). The different results between two studies are related to different LPS concentrations and
treatment durations.

In�ammation contributes to the development of POI(22, 23). Patients with POI have signi�cantly
increased systemic in�ammation indicator neutrophil-lymphocyte ratio (NLR) compared with healthy
controls. The levels of serum FSH positively correlate with those of NLR in patients with POI(23). The
anti-in�ammatory drug can alleviate radiation-induced POI in rats by elevating AMH levels while reducing
ovarian in�ammation via inhibition of NF-κB provoked in�ammatory cytokines(30). We found that LPS
stimulation resulted in signi�cantly enhanced IL-1β mRNA expression and secretion in mice compared
with control. Consistently, Brom�eld et al. have found that IL-1β, IL-6, and IL-8 are accumulated in bovine
ovarian cortex culture supernatants in an LPS concentration-dependent manner(29). Wang et al. have
shown that serum IL-1β levels are dramatically enhanced in high-dose LPS treated mice. Moreover, both
low- and high-dose LPS treatments elevate serum IL-6 levels and enhance IL-1β and IL-18 protein
expression in mouse ovaries(19). These �ndings collectively indicate that LPS induces ovarian
in�ammation.

LPS activates TLR4/NF-κB signaling to trigger in�ammation(27, 31). Wang et al. have demonstrated that
LPS treatment activates NF-κB signaling and promotes cell apoptosis of bovine ovarian granulosa cells,
as evidenced by signi�cantly increased p-p65 and caspase3 proteins levels as well as BAX/Bcl-2
ratios(32). Our Western blot analysis revealed that LPS stimulation signi�cantly enhanced protein
expression of TLR4, MyD88, BAX, and core components of NF-κB signaling while attenuating Bcl-2
expression in mouse ovaries, further con�rming LPS promotes NF-κB signaling and cell apoptosis in
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mouse ovaries. Importantly, the alterations in in�ammation-related protein expression were negligible in
CTX-treated mice, suggesting that LPS but not CTX triggers ovarian in�ammation in mice. Furthermore,
LPS treatment exhibited similar or more potent effects on the upregulation of Col1A1 and α-SMA protein
expression, suggesting that LPS is at least comparable to CTX in inducing ovarian �brosis.

Conclusions
In conclusion, we successfully established an LPS-induced POI mouse model and demonstrated that LPS
stimulation not only induced �brosis and granulosa cell apoptosis but also triggered in�ammation that is
not achieved by CTX stimulation in mouse ovaries. These results suggest LPS stimulation as a new
strategy to establish POI mouse models for the investigation of the complex etiology of POI.

Methods

Animals
This study was approved by the Ethics Committee of Tongji University (#TJBG03621101; Shanghai,
China) and carried out following the Guide for the Care and Use of Laboratory Animals of Tongji
University. A total of 40 C57BL/6N female mice (6–8-week old; Beijing Vital River Laboratory Animal
Technology, China) were maintained at the Animal Research Center of Tongji University under a 12/12-h
light/dark cycle with free access to water and food.

POI mouse model
Mice were randomly assigned to control, low-dose LPS, high-dose LPS, and CTX groups (n = 10/group).
To induce POI, mice were administered 0.5 mg/kg LPS (L2630; Sigma-Aldrich, St. Louis, MO, USA) once
daily for 14 days, 2.5 mg/kg LPS twice weekly for 2 weeks, or 150 mg/kg CTX (C0768; Sigma-Aldrich)
once weekly for 2 weeks via i.p. injection. At 2 weeks after treatment, mice were anesthetized with 1%
sodium pentobarbital via i.p. injection, followed by blood sample collection through cardiac puncture.
After cervical dislocation, the ovaries were immediately collected and �xed with 4% paraformaldehyde or
stored at − 80°C until use.

Monitoring the estrous cycle
The vaginal epithelial cells were collected daily by vaginal lavage to monitor the estrous cycle. Cells were
observed using a light microscope (Eclipse E100; Nikon, Japan) under the bright �eld. Images were
acquired at 10× magni�cation using a Nikon DS-U3 imaging system. Representative cell morphologies at
corresponding cycle phases are shown in Supplementary Fig. 1.

Histopathological examination
The ovary tissue samples were �xed in 4% paraformaldehyde overnight, dehydrated, para�n-embedded,
and sliced into 4-µm-thick sections. After dewaxing and rehydration, the sections were subjected to
hematoxylin & eosin (H&E), immunohistochemical (IHC), or Masson staining following standard
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methods. H&E staining was performed to count primordial follicles as previously described(20). For each
mouse, the primordial follicles in three consecutive sections were counted. For IHC staining, the sections
were immersed in sodium citrate solution (0.01 M) for 20–30 min for antigen retrieval, followed by
incubation with 3% hydrogen peroxide to quench the endogenous peroxidase. Then, the section was
blocked with 3% bovine serum albumin (BSA) for 30 min at room temperature, followed by an overnight
incubation with primary anti-α-smooth muscle actin (α-SMA) antibody (Servicebio, Wuhan, Hubei, China)
at 4 ºC and phosphate buffered saline (PBS) rinses. After an incubation with the secondary antibody for
50 min at room temperature, the section was stained using a DAB detection kit (DAKO, Agilent
Technologies, Santa Clara, CA, USA). Images were acquired using an XSP-C204 microscope (COIC,
Chongqing, China). The results were assessed by two independent pathologists in a blinded manner. The
intensity of the staining was scored as previously described(21). For Masson staining, the collagen �bers
in ovarian tissue samples were stained using a Masson staining kit (Guge Biotechnology, Wuhan, Hubei,
China). The blue-stained collagen �bers were observed using an optical microscopy (DS-U3; Nikon,
Japan) at magni�cation 10×. The Masson-positive area was quanti�ed using Image J v1.8.0 (NIH,
Bethesda, MD, USA).

TUNEL assay
Ovarian granulosa cell apoptosis was examined using a TUNEL assay kit (Servicebio). Brie�y,
depara�nized sections were incubated with 20 mg/mL proteinase K (Guge Biotechnology) at 37°C for 20
min, followed by incubation with permeabilization buffer at room temperature for 20 min. After a 10-min
equilibration at room temperature, sections were incubated with terminal deoxynucleotidyl transferase
and deoxyuridine triphosphate at 37°C for 2 h in a moist chamber. Images were acquired using a Nikon
Eclipse Ti-SR microscope.

Enzyme-linked immunosorbent assay (ELISA)
The serum levels of anti-Müllerian hormone (AMH), E2, FSH, and IL-1β were measured using the
corresponding ELISA kit (Elabscience, Wuhan, Hubei, China) following the manufacturer’s protocols.

Quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from ovarian tissue samples using Trizol (RNAiso Plus; Takara, Japan). cDNA
was synthesized using a PrimeScript™ RT reagent kit (Takara). Ampli�cation was performed using TB
Green® Premix EX TaqTM II (Takara) and gene-speci�c primers (Table 1; Sangon, Shanghai, China) on a
qRT-PCR device (QuantStudio5, Thermo Fisher Scienti�c, Waltham, MA, USA). The relative mRNA levels of
the genes were quanti�ed using the 2−ΔΔCT method and normalized to GAPDH mRNA level.
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Table 1
Primers for quantitative real-time PCR.

Gene Forward (5'–3') Reverse (5'–3')

GAPDH GACTGGATAAGCAGGGCGG CCCAATACGGCCAAATCCGT

IL-1β GAAATGCCACCTTTTGACAGTG CTGGATGCTCTCATCAGGACA

COL1A1 TGACCTTCCTGCGCCTAATG AAGTTCCGGTGTGACTCGTG

BAX GGCCTTTTTGCTACAGGGTTTC CAGCTTCTTGGTGGACGCAT

BCL-2 GCTGGGTAGGTGCATGTCTG CAGGGGAGCAAAGCTACAAACT

Western blot analysis
The ground ovarian tissue samples were lysed using RIPA buffer (Biotechwell, Shanghai, China). Total
proteins were isolated by centrifuging the lysates at 12,000 rpm for 5 min. Protein concentrations were
measured using a bicinchoninic acid kit (Biotechwell). The proteins were separated using gel
electrophoresis and then transferred to a polyvinylidene �uoride membrane. The membrane was blocked
using 5% BSA for 2 h at room temperature, followed by an overnight incubation with anti-TLR (1:1000;
Cell Signaling Technology, Danvers, MA, USA), anti-Bcl-2 (1:1000; A�nity, Scoresby, Victoria, Australia),
anti-collagen type I alpha 1 chain (Col1A1; 1:1000; A�nity), anti-α-SMA (1:1500; Servicebi), anti-BAX
(1:1500; ImmunoWay Biotechnology, Plano, TX, USA), anti-P-P65 (1:1000; ImmunoWay Biotechnology),
anti-MyD88 (1:1000; ImmunoWay Biotechnolog), anti-P65 (1:1000; A�nity), or anti-GAPDH (1:2000;
Biotechwell) at 4°C. After a 2-h incubation with a secondary antibody (1:2000; Jackson Immuno, West
Grove, PA, USA) at room temperature, the protein bands were developed using an enhanced
chemiluminescence kit (Biotechwell).

Statistical analysis
Data were presented as the mean ± standard error of the mean. Statistical analysis was carried out using
the SPSS software (V18.0; IBM, Armonk, NY, USA). Intergroup differences were compared using one-way
analysis of variance. Statistical signi�cance was analyzed using the Student’s t-test. A P value less than
0.05 was considered statistically signi�cant.

Abbreviations
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α-SMA anti-α-smooth muscle actin

BSA bovine serum albumin

ELISA Enzyme-linked immunosorbent assay

FSH follicle stimulating hormone

H&E hematoxylin & eosin

IHC immunohistochemical

LPS lipopolysaccharide

NLR neutrophil-lymphocyte ratio

NLRP3 NOD-Like Receptor Family Pyrin Domain-Containing 3

PBS phosphate buffered saline

POI primary ovarian insu�ciency

qRT-PCR Quantitative real-time PCR

TLR4 toll-Like Receptor 4
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Figure 1

Lipopolysaccharide (LPS) induced ovarian dysfunction in mice. C57BL/6N female mice (6 to 8-week-old)
were administered control, low-dose LPS (0.5 mg/kg once daily), high-dose LPS (2.5 mg/kg twice weekly),
or cyclophosphamide (CTX; 150 mg/kg once weekly) for 2 weeks via intraperitoneal injection. (A) The
lengths of estrous cycles were determined by daily observations of vaginal epithelial cell cytology. (B)
Hematoxylin & eosin staining was performed to count primordial follicles (black arrow). Scale bar:
100μm. (C) Enzyme-linked immunosorbent assay (ELISA) was conducted to measure serum levels of
AMH, E2, and FSH at 2 weeks after treatment. Data are expressed as the mean ± standard error of the
mean (SEM). **P < 0.01, ***P < 0.001; ns, non-signi�cant; n = 10. AMH: anti-Müllerian hormone; E2:
estradiol; FSH: follicle stimulating hormone.
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Figure 2

LPS stimulation promoted interleukin 1β (IL-1β) expression and production in mice. Mice were sacri�ced
at 2 weeks after LPS or CTX treatment. (A) Quantitative real-time PCR (qRT-PCR) was conducted to
measure IL-1β mRNA expression in mouse ovary tissue samples. (B) ELISA was conducted to measure IL-
1β serum levels in mice. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01; ns, non-signi�cant,
n = 10.
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Figure 3

LPS stimulation induced ovarian �brosis in mice. (A) Masson staining was performed to detect collagen
deposition in mouse ovaries. Representative images are shown. Scale bar: 100μm. (B) qRT-PCR was
performed to measure Col1A1 mRNA expression in mouse ovaries. (C) Immunohistochemical staining
was carried out to detect α-SMA expression in mouse ovaries. Representative images are shown. Scale
bar: 100μm. (D) Western blot analysis was carried out to measure Col1A1 and α-SMA protein expression
in mouse ovaries. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01; ***P < 0.001, n = 10.
Col1A1: type I procollagen; α-SMA: α-smooth muscle actin.
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Figure 4

LPS stimulation induced granulosa cell apoptosis in mouse ovaries. (A) TUNEL assay was performed to
examine granulosa cell apoptosis. Representative images are shown, blue represents nuclear, green
represents apoptosis granule. Magni�cation 10×. (B) qRT-PCR and (C) Western blot analysis was
performed to measure mRNA and protein expression of BAX and BCL2 in mouse ovaries. Data are
expressed as the mean ± SEM. *P < 0.05, **P < 0.01; ns, non-signi�cant; n = 10.
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Figure 5

The expression of in�ammationrelated proteins. Western blot analysis was performed to measure protein
expression of TLR, MyD88, P-P65, P-65, or GAPDH in mouse ovaries. Data are expressed as the mean ±
SEM. ***P < 0.001, ns, non-signi�cant.
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