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Mild infection induced by
low-dose LPS does not impair
follicular development and is
beneficial to pregnancy in mice
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The reproductive tract is susceptible to infection by a variety of bacteria,
which can impair ovarian and uterine function. However, there is little known
about whether mild infection can harm follicle development and embryo
implantation. Here our results showed that the immune response to a mild
infection simulated by low-dose LPS induced inflammatory factor IL-1b
expression and decreased MMP2 expression involved in embryo implantation.
LPS treatment also inhibited the ovulation process and reduced litter weight.
Despite the immune response and the disturbed ovulation induced by
treatment with low-dose LPS, the overall result was beneficial to mouse
pregnancy. This research provides the necessary foundation for exploring the
effects of mild bacterial infection on ovarian and uterine function in mammals.
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1. Introduction

The microbial community, metabolites and immune system coordinately regulate
homeostasis and function in the reproductive tract (1). The reproductive tract of female
animals is exposed to the external environment during the parturition period and is
susceptible to bacteria. Trueperella spp., Acinetobacter spp., Fusobacteria spp., Proteus
spp., Prevotella spp., and Peptostreptococcus spp., exist in the uterus and can cause
metritis, endometritis and pyometra, which can inhibit embryo growth, and cause
premature birth or miscarriage (2, 3).

Lipopolysaccharide (LPS), a component of Gram-negative bacterial cell walls,
triggers an immune response by binding to the TLR4 receptor on the cell
surface, activating myeloid differentiation factor (MyD88)-dependent and independent
pathways, and inducing the secretion of inflammatory factors such as interleukin-1 beta
(IL-1B), IL-10, and TNF-a (4). Hence, LPS can be used to simulate Gram-negative
bacterial infection by inducing an appropriate immune response. Previous studies have
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confirmed that LPS could disturb follicular development (5),
ovulation, embryonic development (6) and implantation, which
can result in premature birth and miscarriage (7-9). However,
although it is well known that inflammation triggered by LPS
or bacterial infection contributes to reproductive disorders in
mammals, we still know very little about the effect of the immune
response on ovarian and uterine function, especially in mild
infection. Mild infection refers to the condition in which the
pathogen invading the body has weak virulence or the body
possesses strong immunity (10, 11), so that an immune response
is triggered, but the body shows no severe clinical symptoms
(12). Therefore, in this study, we simulated mild infection
with a low dose of LPS to determine its effects on follicular
development, ovulation and uterine function.

2. Materials and methods
2.1. Animals

All experiments used 12-week-old ICR mice (Dashuo Co.
Chengdu, China) that were housed in individual ventilated
cages (IVC) under controlled 12-h light:12-h darkness) and
temperature (18-24°C) conditions and provided with free
access to water and food. The study and the animal treatment
procedures were reviewed and approved by the Animal Ethical
and Welfare Committee (AEWC) of Sichuan Agricultural
University (No. DKYB20081003).

2.2. Experimental design

Female ICR mice (110) were randomly divided into a
control and an LPS group. Mice in the LPS group were injected
with 50 pg/kg/d LPS ip. for 5 days (8, 9), while control
mice were injected with saline. The daily physical data on the
animals during the experiment was recorded. Ovaries were
collected after 15 h estrus synchronization for H&E staining and
qRT-PCR. Cumulus-oocyte complexes (COCs) were collected
from oviducts at 12h after hCG treatment, and the number
of MII oocytes was counted. In the next stage, female and
male mice were caged together and successful mating was
demonstrated by the presence of a vaginal plug on the following
day. We counted the number of implantations and collected
uterine horn samples during five days of gestation. Litter weight
and size were recorded after parturition (Figure 1).

2.3. Food intake, weight, and rectal
temperature measurement
For the mice injected with LPS or saline, the food

consumption and body weight were recorded, along with the
rectal temperature utilizing a soft tip electronic thermometer.
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2.4. qQRT-PCR

Total RNA was extracted from ovaries and uterine tissue
using Trizol reagent (Invivogen, Shanghai, China) following the
manufacturer’s protocol (13). Relative mRNA expression levels
(Table 1) were determined using the Takara PrimeScriptTM RT
reagent kit with gDNA Eraser (Takara, Dalian, China), and the
c¢DNAs were run on a Bio-Rad CFX-96 thermocycler (Bio-Rad,
CA, USA). The primers used and the product size are shown
in Table 1. The relative expression levels were calculated by the
2~ AACT ethod and the cytoskeletal protein, B- actin, was
included as endogenous control to normalize the data.

2.5. H&E staining

The ovary and uterine tissues were collected and fixed
with 4% paraformaldehyde for 72h at room temperature.
After dehydration, the tissues were embedded, cut into
4 um-thick
and eosin (H&E). All images were obtained under an

sections, and stained with hematoxylin
epifluorescence microscope (Olympus BX53, Tokyo, Japan).
Pathological changes were observed and scored in ovarian
and uterine tissues following published guidelines (14), antral
follicles were counted and uterine physiological features

were evaluated.

2.6. Statistical analysis

All data were reported as mean =+ standard error. Statistical
analysis was performed using SPSS (v.22.0, IBM, Chicago,
IL, USA). Data of control and LPS groups were analyzed by
Student’s unpaired t test. The percentage of pregnant mice
was compared between the two groups using the Fisher’s
exact test and P < 0.05 was considered statistically significant.
Figures showing images for comparison were constructed with
GraphPad Prism 8.0 software.

3. Results

3.1. Low-dose LPS induces mild infection
and affects physical features and immune
response in mice

We investigated whether repeated low-level injection of LPS
affected the inflammatory response of mice, and found that
mouse behavior and activity were normal, and no diarrhea was
present. We measured food consumption, body weight, and
rectal temperature. Unsurprisingly, the results showed that the
average temperature was slightly above normal on day 3 and
day 5 of LPS treatment (P < 0.01, Figure 2A), while food intake
and body weight was significantly lower on days 1-3 compared
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FIGURE 1

Flowchart of experimental design. LPS treatment was 50 g/kg/d i.p. for 5 days in the LPS group.

TABLE 1 Primer information and product size for qRT-PCR.

Gene symbol Primer (5'-3') Product Accession

Size (nt) number

IL-1B F-TCATTGTGGCTGTGGAGAAGC 164 NM_008361.4

R:AATGGGAACGTCACACACCAG

BMP4 F-TCGTTACCTCAAGGGAGTGG 160 NM-007554.3

R:GGCGACGGCAGTTCTTATTC

GDF9 F:CAGTCCACCTGGAGGCCTTTA 125 NM_008110.2

R:GAGCGGATGGCTTTCTGCCCT

MMP2 F:CCAACTACGATGATGAC 233 NM_008610.3
R:ACCAGTGTCAGTATCAG
MMP9 F:GCCGACTTTTGTGGTCTTCC 80 NM_013599.5

R:GGTACAAGTATGCCTCTGCCA

TIMP2 F:CACGCTTAGCATCACCCAGA 77 NM_011594.3

R:GACAGCGAGTGATCTTGCAC

PRa F:GCCTGGACAAAGAAGCACTG 114 NM_016783.4

R:CGTGATGATACTTGAAAGTAGACTG

B-ACTIN F: CCACCATGTACCCAGGCATT 253 NM_007393.5

R: AGGGTGTAAAACGCAGCTCA

Tm: melting temperature was 60°C; IL-1f, interleukin-1 beta; BMP4, bone morphogenetic protein 4; GDF9, growth differentiation factor 9; MMP2, matrix metallopeptidase 2; MMP9,
matrix metallopeptidase 9; TIMP2, tissue inhibitor of metalloproteinase 2; PRa, progesterone receptor a.

to control mice (P < 0.05, Figures 2B, C). As an indicator of 3.2. Mild infection impairs the ovulation

immune response we measured the relative expression level process, but does not affect follicular
of IL-18 by qRT-PCR and showed that IL-13 mRNA level development

was significantly increased in ovary (P < 0.01, Figure 2D) and

uterine tissues (P < 0.05, Figure 2E). These results suggest that To determine whether mild infection affected development
low-dose LPS induced a mild infection, with some changes in of antral follicles, ovarian structure was analyzed. The results
physiological status but no severe symptoms. showed no significant difference in the number of antral
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FIGURE 2
Low-dose LPS disturbs physiological features and induces an immune response in mice. (A) Rectal temperature during LPS injection (n = 24). (B)
Food intake during LPS treatment (n = 24). (C) Weight during LPS injection (n = 24). (D, E) Relative IL-18 mRNA expression in ovary (n = 9) and
uterus (n = 12).

follicles between control and LPS groups (Figures 3A, B). The
expression of growth differentiation factor 9 (GDF9) and bone
morphogenetic protein 4 (BMP4), which play crucial roles in
primary follicular development, were not altered (P > 0.05,
Figure 3C) after LPS treatment. However, LPS did significantly
decrease the ovulation rate (P < 0.05, Figures 3D, E). Overall,
the mild infection had a detrimental influence on ovulation stage

but not follicle development.

3.3. Effect of mild infection on embryo
implantation and reproductive rate

To determine if mild infection inhibited embryo
implantation, we counted the implantation sites 5 days
after observing vaginal plugs (Figure 4A). Results showed a
significant difference in pregnancy rate between control and LPS
groups (P < 0.001, Figure 4B), but no difference in the average
number of embryo implantation sites (P > 0.05, Figure 4C) and
tissue structure of endometrium (Figure 4D). We measured
relative mRNA expression of matrix metallopeptidase 2
(MMP2), matrix metallopeptidase 9 (MMP9) and tissue
inhibitors of metalloproteinase 2 (TIMP2), an inhibitor of
MMP2, and found that MMP2 expression was significantly
decreased (P < 0.05, Figure 4E) in the LPS group, but MMP9
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and TIMP2 expression showed no difference (Figure 4E).
We also measured the mRNA expression of PRa, and found
no difference between the groups (Figure 4E). To determine
whether mild infection disturbed the final reproductive
performance, we recorded the litter size and weight. Mild
infection had no influence on litter size (P > 0.05, Figure 4G),
but litter weight was significantly lower (P < 0.05, Figures 4F,
H). Thus, mild infection had a positive effect on the pregnancy
rate, although relative gene expression, and litter weight were

significantly decreased.

4. Discussion

The reproductive tract is susceptible to infection by
Gram-negative which
mammalian reproduction. Mild infection refers to the
condition where an infection with a pathogenic microorganism

bacteria, can seriously damage

induces an immune response, but produces no severe clinical
symptoms. In the present study, the novel result suggested
the mild infection or low-level immune response is beneficial
to pregnancy.

In mice, we determined the dosage regimen through relevant
references and preliminary experiments, we wanted to establish
a low-level infection that lasted a few days, so finally we
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decided to use 50 pg/kg/d LPS to induce mild infection. At
first, our results were similar to those in Arsenault’s study,
which showed that food intake and body weight of female mice
decreased after LPS injection (15), and meanwhile, mice did
not show diarrhea, depression and other abnormal behaviors.
In addition, IL-1B, an important indicator of inflammation,
was also significantly increased in ovaries and uterus after
LPS injection. Taken together, these results indicated that mild
infection was established through repeated low-level injection
of LPS.

Studies have shown that BMP4 and GDF9 play a crucial
role in the initiation of primordial follicular development and
the growth of primary follicles, respectively (16, 17). Previous
research has shown that LPS can disturb the primordial follicle
pool, promote primordial follicle development, and accelerate
follicular atresia (5). Some studies showed that LPS activated
the NF-kB signal pathway, then inhibited the secretion of
estrogen in mouse granulosa cells, and further decreased antral
follicles and ovulation (18). LPS at high levels in the follicular
fluid inhibited steroid production, further affecting dominant
follicle development (19, 20). However, our results showed
that the number of antral follicles did not change after low-
level treatment with LPS, and differences in expression levels
of BMP4 and GDF9 mRNA were not significant. That effect
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may be due to insufficient stimulation by low levels of LPS
or the development of tolerance to LPS in mice. Similarly,
chronic inflammation induced by LPS had no detrimental
effect on follicle development, or the size of dominant follicles
and estrogen and progesterone levels in dairy cows (21). Our
experiment and the chronic inflammation studies imply that
low-dose LPS doesn’t impair on follicle development and the
genes related to follicle growth. However, LPS disturbed GnRH
and LH secretion by the hypothalamic-pituitary-ovarian axis,
and the endocrine disorders could further impair ovulation
(22). Our results also showed a significant decrease in ovulation
rate. Therefore, the mild infection or the chronic inflammation
might only impaired ovulation, but did not affect antral
follicular development.

Chronic endometritis triggering by Gram-negative bacteria
is often seen as the reason for implantation failure and
early embryo loss. LPS has a detrimental effect on embryo
implantation (7, 23), but some studies pointed out that a low
level of LPS was beneficial for implantation because the process
is similar to an immune response (24). Interleukins regulate
the proliferation and maturation of natural killer cells, and T
and B cell function, inhibit the secretion of immune tolerance-
related antibodies to support the trophoblast invasion, decidua
formation, embryo attachment to the endometrium, spiral
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FIGURE 4
Mild infection increased the pregnancy rate in mice. (A) Representative images of the uterus at 5 days gestation. (B) Number of pregnant mice at
5 days gestation (control : LPS = 18: 19). (C) Number of implantation sites (control: LPS = 6: 12). Average no. of implantation sites =
number of ’mﬁf;f;’ﬁgigfjg’:;;’i‘ﬁg uherine hom (D) Representative H&E images of uterus at 5 days gestation. (E) Relative mRNA expression of MMP2,
MMP9, TIMP2, PRa in uterine tissues (n = 12). (F) Representative images of pups delivered by saline-treated controls and LPS-treated animals.
(G, H) showed the average number of pups and litter weight delivered by control and LPS group (control: LPS = 12: 10). * p < 0.05; ***p < 0.001.

arterial remodeling and placenta formation during embryo
implantation (25). Our results showed a significant increase in
IL-1P expression levels after LPS-treatment, and the percentage
of pregnant mice also increased. At the same time, we
observed that there was no significant loss of implantation
sites after LPS-treatment, which supports the hypothesis that
mild infection benefits embryo implantation and improves
pregnancy rate. However, high IL levels are likely to cause
cytotoxicity, damage the immune microenvironment in the
endometrium, trigger immune rejection, and ultimately cause
pregnancy failure and miscarriage (26-28).

MMPs and TIMPs are critical for embryo invasion during
the window of implantation (29). Abnormal expression of
MMP2 and MMP9 results in vasodilation, and placental and
uterine dilation dysfunction (30). Decreasing MMP2 and MMP9
impairs spiral artery remodeling and causes initial pathological
symptom of preeclampsia during early gestation. Vasoactive
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factors are released by increasing MMP2 and MMP9, which
further increases the risk of hypertension during late gestation
(31). Previous research demonstrated that IL-1f activated
MMP9 expression and further regulated embryo invasion
(32). MMP9 downregulated IL-1b expression (33). Overall, the
expression levels of MMP2 and MMP9 can reflect embryo
implantation to a certain extent. Our experiments showed that
LPS decreased the MMP2 expression level. Other studies showed
that increasing MMP9 and the MMP2/TIMP 2 ratio increased
the risk of miscarriage (34). In addition, the progesterone
receptor (PR) plays an important role in the establishment
of endometrial receptivity during the implantation window
(35), implantation, decidualization, and glandular development
via paracrine secretion (36). LPS can significantly reduce the
expression of PR during the ‘window’ period (37). Aisemberg’s
experiments indicated that LPS decreased PR protein level (38),
however, our results showed that low levels of LPS did not
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affect PRa expression, and the reason may be that low levels
of LPS were not sufficient to impair embryo implantation, or
because the uterus became tolerant to multiple treatments with
low dose LPS during implantation. Taken together, although
LPS did induce an immune response, mild infection had no
apparent negative effect on embryo implantation and appeared
to be beneficial for pregnancy. The effect and specific mechanism
of different degrees of inflammatory infection on embryo
implantation need to be further studied.

Previous studies showed that LPS resulted in premature
birth and decreased the litter size (12). However, our results
showed mild infection with LPS did not cause miscarriage or
decrease the litter size. While litter weight was significantly
decreased, this may be because the intrauterine growth of
embryos was hindered in late gestation. Therefore, mild
infection slightly disturbed the intrauterine growth of fetal in the
process of pregnancy but not the pregnancy rate.

Based on these previous and our studies imply different
levels of immune response induced by different degrees
of infection or inflammation have different effects on the
reproductive function of female animals at different stages.
Therefore, it is necessary to further study the effects of different
degrees of inflammation on female genital tract at different
reproductive stages.

4. Conclusions

Mild infection established by low levels of LPS disturbed
certain physiological aspects and induced an immune response
without severe clinical symptoms in mice. However, mild
infection affected ovulation and the litter size, but did not
impair the follicle development and implantation. In future,
more research is essential to further clarify the mechanism of
mild infection on the ovary and uterine function.
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