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The lower incidence of metabolic diseases of women than men and the increasing morbidity
of metabolic disorders ofmenopausal women indicated that hormones produced by ovaries
may affect homeostasis of glucose and lipid metabolism, but the underlying mechanisms
remainunclear. Toexplore the functionsofovarieson regulatingglucoseand lipidmetabolism
in females, 8 weeks old C57BL/6 mice were preformed ovariectomy and administrated with
normal food diet (NFD) or high fat diet (HFD). Six weeks after ovariectomy, blood biochemical
indexes were tested and the morphology and histology of livers were checked. The
expression levels of genes related to glucose and lipid metabolism in liver were detected
through transcriptome analysis, qPCR and western blot assays. 16S rDNA sequence was
conducted to analyze the gut microbiota of mice with ovariectomy and different diets. The
serum total cholesterol (TC)was significantly increased in ovariectomized (OVX)mice fedwith
NFD (OVXN), and serum low density lipoprotein-cholesterol (LDL-C) was significantly
increased in both OVXN mice and OVX mice fed with HFD (OVXH). The excessive
glycogen storage was found in livers of 37.5% mice from OVXN group, and lipid
accumulation was detected in livers of the other 62.5% OVXN mice. The OVXN group was
further divided into OVXN-Gly andOVXN-TG subgroups depending on histological results of
the liver. Lipid drops in livers of OVXH mice were more and larger than other groups. The
expression level of genes related with lipogenesis was significantly increased and the
expression level of genes related with b-oxidation was significantly downregulated in the
liver of OVXN mice. Ovariectomy also caused the dysbiosis of intestinal flora of OVXN and
OVXH mice. These results demonstrated that hormones generated by ovaries played
important roles in regulating hepatic glucose and lipid metabolism and communicating with
the gut microbiota in females.
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INTRODUCTION

The prevalence of glucose and lipid metabolic disorders is
increasing worldwide (1, 2) and metabolic diseases are more
prevalent in men than in age-matched women (3–5). Female
hormones have been considered to play important roles in
regulating glucose homeostasis and lipid metabolism in
humans and mice (6). It has been reported that estradiol (E2)
increased insulin secretion in humans (7). E2 also could protect
pancreatic b-cells through improving oxidative stress,
lipotoxicity, amyloid polypeptide toxicity and apoptosis in
rodent models of type1 and type 2 diabetes mellitus (8).
Several studies have confirmed that estrogen deficiency would
increase metabolic dysfunctions, including obesity, type 2
diabetes and the metabolic syndrome, even certain cancers
(9–11). Estrogen is generated by the ovaries and it has been
reported that lower E2 levels caused by ovaries aging were related
to 47% higher risk of developing diabetes in women during the
early menopausal transition (12). Recent study demonstrated
that cardiovascular disease (CVD) became the leading cause of
death among women of United States because of early
menopause and diminished ovarian reserve (13). Towfighi
et al. (14) reported that the prevalence of myocardial infarction
(MI) was increasing among midlife women. It has been
confirmed that menopause was one of risk factors for glucose
and lipid metabolic disorders, including type 2 diabetes,
metabolic syndrome and CDV (15). Nowadays, the elderly
population was increasing faster than the total population all
over the world (16), and it would be very important to pay
attention to the health of elderly women. Ovariectomized
rodents are very useful animal models to study geriatric
diseases. For example, ovariectomy is a frequently used
technique to induce osteoporosis in rodent models (17–19).
Rodrigues et al. (20) found that physical exercise could alter
the morphology of the liver of ovariectomized Ldlr-/- mice. It was
also reported that the lemon balm extract could improve the
NAFLD and obesi ty in ovariectomized mice (21) .
Ovariectomized mice showed impaired glucose tolerance and
elevated body fat, which could not be mitigated by exercise
training (22). Kim et al. (21) also reported the obesity and
nonalcoholic fatty liver disease (NALFD) phenotype in
ovariectomized female mice. These studies indicated that
ovaries had important functions in maintaining the
homeostasis of glucose and lipid metabolism, and it would be
very meaningful to elucidate the molecular mechanisms of
ovaries on regulating metabolism in females.

The liver was essential to regulate glucose and lipid
metabolism (23, 24), and the pathological state of liver was
related with the abnormality of metabolism (25). Several
studies have demonstrated that ectopic accumulation of lipid
within liver could specifically cause hepatic insulin resistance in
humans and rodents (26–29). Jackson et al. (30) found the
increase of the monounsaturated fatty acid composition of
hepatic triglyceride in the liver of ovariectomized mice.
Oliveira et al. (31) also reported that the liver of the long-term
estrogen deficiency of ovariectomized mice showed considerable
accretions of the lipid contents. In human beings, it seemed that
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the prevalence of NAFLD was higher in postmenopausal women
than in premenopausal women, and NAFLD added extra
morbidity to postmenopausal women, possibly via increasing
the risk of T2DM and cardiovascular disease (32). Recently,
Quinn et al. (33) reported that estrogen deficiency could cause
NAFLD through a glucocorticoid receptor (GR) signaling
pathway independent of hepatic ERa, but they had not
introduced the function of estrogen on hepatocytes through
ERa yet. However, more than 1,000 genes showed the sex-bias
in their expression in human liver (34), which indicated that
estrogen might have important functions in regulating the
expression of genes in liver. ChIP assay results confirmed that
at least 43 genes related with lipid metabolism were
transcriptionally regulated by ERa in the liver of mice (35).
These studies have revealed that ovaries played important roles
in regulating glucose and lipid metabolism in liver, but the
underlying mechanisms of hepatic metabolic disorders with
menopause in females still needs further study.

Gut microbiota was one of the important regulators of host
metabolism, and host and gut microbiota could interact with
each other (36). However, few studies focused on the interactions
between ovaries and gut microbiota. Fuhrman et al. (37) reported
that the diversity and composition of the fecal microbiota were
associated with the urinary estrogens and estrogen metabolites in
postmenopausal women, and women with elevated urinary ratio
of hydroxylated estrogen metabolites to parent estrogen showed
a more diverse gut microbiome. Cox-York et al. (38) found that
the number of the Bacteroidetes phylum and microbial diversity
in ovariectomized rats of low intrinsic aerobic capacity were
significantly increased compared with the Sham rats. Using
ovariectomized mice, Choi et al. (39) found that the gut
microbiome in mice of menopausal obesity was similar to that
of obesity mice induced by high fat diet (HFD), but still having its
own specific bacteria. These works have demonstrated that there
were multiple interactions between ovaries and gut microbiota,
and the molecular mechanism of these interactions needs to
be explored.

In the present study, the molecular mechanisms of ovaries on
regulating the hepatic glucose and lipid metabolism and
interacting with gut microbiota were studied by using
ovariectomized mice administrated with normal food diet
(NFD) or HFD, providing new insights about the relationship
between female hormones and metabolism related diseases.
MATERIALS AND METHODS

Mice
All animal experimental procedures were reviewed and approved
by the Committee of Laboratory Animal Care and Use of
Guangdong Pharmaceutical University (Guangzhou, China). A
total of 60 female C57BL/6 mice (7 weeks old) purchased from
Hunan Lex Jingda Laboratory Animal Co., Ltd. (Changsha,
Hunan Province, China), were housed in a SPF (specific
pathogen-free) animal facility, 60-65% humidity, 12hr light-
dark cycle, at 25°C, with free access to water and food. After
one week of acclimatization, 49 mice were selected and divided
June 2021 | Volume 12 | Article 708838
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into 4 groups according to the body weight, with the similar
average body weight of each group. After that, two groups of
mice were undergone ovariectomy and another two control
groups were treated with sham operation. One week after
operation, one group of ovariectomized mice were
administrated with HFD (Research Diets, Inc., D12492, 26.2%
protein, 26.3% carbohydrate, 34.9% fat) (OVXH group, n=13),
another group of ovariectomized mice were continued to be
treated with NFD (BEIJING KEAO XILI FEED CO., LTD., 2212,
23.07% protein, 65.08% carbohydrate, 11.85% fat) (OVXN
group, n=11). The sham operated control mice were also
divided into 2 groups, treated with NFD (SN group, n=12) and
HFD (SH group, n=13) respectively (Figure 1A). The body
weight of the mice was measured once a week. After 6 weeks
of operation, the blood and liver tissues were collected for
biochemical, histological and transcriptional tests; and stool
samples were harvested in the last week of the experimental
process and were frozen in −80˚C. The mice which were used in
the present study had been summarized in Table S1.
Assays of the Blood Biochemical Profile
The concentrations of estradiol (E2), total cholesterol (TC),
triglyceride (TG), high density lipoprotein-cholesterol (HDL-
C), low density lipoprotein-cholesterol (LDL-C), alanine
aminotransferase (ALT), aspartate aminotransferase (AST) in
serum, and fasting plasm glucose (FPG) were measured
according to the manufacturer’s protocols for each kit. The
determination kit for E2 (CSB-E05109m, Wuhan, China) was
purchased from CUSABIO BIOTECH CO. Ltd, and
determination kits for TC (A111-1-1, Nanjing, China), TG
(A110-1-1, Nanjing, China), HDL-C (A112-1-1, Nanjing,
China), LDL-C (A113-1-1, Nanjing, China), ALT (C009-2-1,
Nanjing, China), AST (C010-2-1, Nanjing, China), and FPG
(F006-1-1, Nanjing, China) were purchased from Nanjing
Jiancheng Bioengineering Institute.
Histological Staining
Mouse liver tissues were fixed in 4% paraformaldehyde at 4°C
overnight for histological staining. For hematoxylin and eosin
(H&E) staining, 4-µm-thick paraffin sections were stained with
hematoxylin (H9627-100G, Sigma-Aldrich) for 3 min and
followed with eosin (E4009-25G, Sigma-Aldrich) for 20 sec at
room temperature. For oil-red O staining, 7-µm-thick frozen
sections were stained with oil-red O (O0625, Sigma-Aldrich) for
10 min at room temperature. The periodic acid Schiff (PAS) kit
(G1281, Solarbio, Beijing, China) was used for PAS staining, 4-
µm-thick paraffin sections were stained with periodic acid for
8 min, then Schiff regent for 15min, and followed with
hematoxylin (H9627-100G) for 3min at room temperature.
The images were captured with a PerkinElmer Automated
Quantitative Pathology System (PerkinElmer, Inc.).
Transcriptome Analysis
Liver tissues of mice were quickly frozen in liquid nitrogen and
then stored at −80°C. RNA extraction, library construction,
Frontiers in Endocrinology | www.frontiersin.org 3
sequencing, and the transcriptome analysis were conducted by
Gene Denovo Biotechnology Company (Guangzhou, China).
The procedures were simply described here. Total RNA of
each tissue was extracted using Trizol reagent kit (15596-018,
Invitrogen), and the RNA quality was assessed through an
Agilent 2100 Bioanalyzer (Agilent Technologies) and then
checked using RNase free agarose gel electrophoresis. After the
extraction, eukaryotic mRNAs were enriched via Oligo (dT)
beads. Enriched mRNAs were fragmented in the fragmentation
buffer, and then were reverse transcribed into cDNA using
random primers. The cDNA fragments were purified via
AMPure XP beads (A63880, Beckman), subsequently end
repaired, poly (A) added, and then ligated to Illumina
sequencing adapters. The ligation products were size separated
through agarose gel electrophoresis, then PCR amplified, and
finally sequenced via Illumina HiSeq2500. Reads were filtered
through fastp (version 0.18.0). Differential expression analysis
was performed via DESeq2 software. Differentially expressed
mRNAs were considered with the parameter of false discovery
rate (FDR) less than 0.05 and the absolute fold change≥2.

To perform Gene Ontology (GO) analysis on differentially
expressed genes (DEGs), all DEGs were mapped to GO terms
(the basic unit of GO) in the Gene Ontology database (http://
www.geneontology.org/), gene numbers were calculated for
every term, significantly enriched GO terms in DEGs
comparing to the genome background were defined by
hypergeometric test. The calculated p-value were gone through
FDR Correction, taking FDR ≤ 0.05 as a threshold. GO terms
meeting this condition were defined as significantly enriched GO
terms in DEGs.

Kyoto Encyclopedia of Genes and Genomes (KEGG) is the
major public pathway-related database to analyze identified
significantly enriched metabolic pathways or signal
transduction pathways in DEGs comparing with the whole
genome background. The calculating formula is the same as
that in GO analysis. The calculated p-value was gone through
FDR Correction, taking FDR ≤ 0.05 as a threshold. Pathways
meeting this condition were defined as significantly enriched
pathways in DEGs.

Quantitative Reverse Transcription-
Polymerase Chain Reaction
Total RNA was extracted from each liver tissue of mice by Trizol
reagent (T9108, Takara Bio, Inc.), and then was subjected to
reverse transcription through the PrimeScript™ RT Reagent kit
(RR047A, Takara Bio, Inc.) at 37°C for 15 min and then 85°C for
5 sec. qPCR was performed using the SYBR Premix Ex Taq kit
(RR820A, Takara Bio, Inc.) with the LightCycler 480II System
(Roche, Inc.). The processes of cycling were: 95°C for 30 sec; and
then followed by 40 cycles of 95°C for 5 sec, 60°C for 20 sec and
65°C for 15 sec. GAPDH was used as internal reference. All
primers used for qPCR were listed in Table S2.

Western Blot
Liver tissues were lysed in Radio-Immunoprecipitation Assay
lysis buffer (MA0151, Dalian Meilun Biotechnology co., Ltd.,
June 2021 | Volume 12 | Article 708838
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Dalian, China), and then centrifuged at 13,680 x g, 4°C, 30 min,
and then the supernatant was harvested. Protein concentration
was measured via BCA kit (P0011, Beyotime, Shanghai, China).
After that, equal amounts of protein (30 mg) were separate via the
SDS-PAGE, and subsequently transferred to the PVDF
membrane. The PVDF membrane was blocked with 5%
skimmed milk (0040895, Biosharp, Hefei, China) in TBST
buffer for 1 hour at room temperature, then incubated with
primary antibodies in 4°C for overnight, and then incubated with
HRP (horseradish peroxidase)-labeled secondary antibodies, the
signals were detected using enhanced chemiluminescence
reagent. The primary antibodies included: rabbit anti-GAPDH
(1:2,500; ab9485; Abcam), rabbit anti-CD36 (1:1000; ab133625;
Abcam), mouse anti-HNF4a (1:5,000; ab41898; Abcam), rabbit
anti-HMGCR (1:1,000; ab174830; Abcam), mouse anti-SCD1
(1:1,000; ab19862; Abcam), rabbit anti-FASN (1:1,000; #3180;
CST). Secondary antibodies included HRP-goat anti-rabbit IgG
(1:5,000; os0701; Earthox Life Sciences) and HRP-donkey anti-
mouse IgG (1:2,000; ab150105; Abcam). The quantification of
WB bands was analyzed through the Lane 1d software (version
5.1.0.0; SageCreation).

16S rDNA Gene Analysis
Fecal samples of mice were quickly frozen in liquid nitrogen and
then stored at −80°C. Fecal bacterial DNA extraction, 16S rDNA
gene PCR amplification, sequencing, and analysis were
performed by Gene Denovo Biotechnology Company
(Guangzhou, China). The experimental procedures were
conducted as previously introduced (40, 41). Fecal DNA was
amplified via primers which flank the V3-V4 regions of bacterial
16S rDNA gene (42). The product of PCR amplification was
harvested by gel cutting and quantified using Life Invitrogen
Qubit 3.0 fluorometer. Then the purified PCR products were
mixed in equal amount, added sequencing adaptors to construct
the libraries. The raw tags were conducted under filtering
conditions to get high-quality clean tags. Sequences were
assigned to operational taxonomic units (OTUs) through the
Uparse software (version 9.2.64_i86linux32; http://www.drive5.
com/uparse) with a 97% threshold of pairwise identity. The OTU
abundance information was normalized by the relative
abundance which is to compute the OTU ratio in a sample or
group to avoid the errors in the process of PCR and sequencing.
The analysis was conducted at each taxonomical level (Phylum,
Class, Order, Family, and Genus) separately. Subsequent analysis
of function prediction, alpha diversity and beta diversity were all
conducted based on the output normalized data.

The relative abundance was always used in differential taxa
abundance analysis. Differential taxa abundance analysis
between two groups was calculated by Welch’s t-test and
Wilcoxon rank test in R package (version 2.5.3). Differential
taxa abundance analysis among more than two groups was
computed by Tukey’s HSD test and Kruskal.test in R package
(version 2.5.3).

For the downstream analysis of 16S rDNA sequencing
analysis, alpha diversity index was calculated in QIIME
(version 1.9.1). OTU rarefaction curve were plotted in R
Frontiers in Endocrinology | www.frontiersin.org 4
project ggplot2 package (version 2.2.1). Alpha diversity index
comparison between groups was calculated by Welch’s t-test and
Wilcoxon rank test in R Project Vegan package (version 2.5.3).
Alpha diversity index comparison among groups was computed
by Tukey’s HSD test and Kruskal.test in R Project Vegan package
(version 2.5.3).

For beta diversity analysis, sequence alignment was
performed using Muscle (version 3.8.31) and phylogenetic tree
was constructed using FastTree (version 2.1), then weighted and
unweighted unifrac distance matrix were generated by GuniFrac
package (version 1.0) in R project. Jaccard and bray-curtis
distance matrix calculated in R Project Vegan package (version
2.5.3). PCA (principal component analysis) was performed in R
Project Vegan package (version 2.5.3). Multivariate statistical
techniques including PCoA (principal coordinates analysis) and
NMDS (non-metric multi-dimensional scaling) of (Un)
weighted unifrac, jaccard and bray-curtis distances were
generated in R Project Vegan package (version 2.5.3) and
plotted in R project ggplot2 package (version 2.2.1). Statistical
analysis of Welch’s t-test, Wilcoxon rank test, Tukey’s HSD test,
Kruskal.test, Adonis (also called Permanova) and Anosim test
was calculated in R Project Vegan package (version 2.5.3).

For function prediction on microbial communities, the
KEGG pathway analysis of the OTUs was inferred using
Tax4Fun (version 1.0). Microbiome phenotypes of bacteria
were classified using BugBase. FAPROTAX database
(Functional Annotation of Prokaryotic Taxa) and associated
software (version 1.0) were used for generating the ecological
functional profiles of bacteria. Analysis of function difference
between groups was calculated by Welch’s t-test, Wilcoxon rank
test and Kruskal.test, Tukey’s HSD test in R Project Vegan
package (version 2.5.3).

Statistical Analysis
Statistical differences were determined by the SPSS software
(version 25.0; IBM Corp.). Mean ± SE was used to express
data. One-way ANOVA was conducted between two groups,
and Two-way ANOVA was used when more than two groups
were compared. P-value <0.05 was considered to be significant.
RESULTS

Ovariectomy Increased Body Weight
and Serum Concentration of LDL-C
of Female Mice
To investigate the function of ovaries in regulating glucose and
lipid metabolism in females, C57BL/6 female mice underwent
ovariectomy at the age of 8 weeks (Figure 1A). The body weight
of ovariectomized (OVX) mice was increased more quickly than
that of the sham operated control mice; the body weight of mice
from OVXH group started to be significantly higher than that of
SH group after one week of operation, and the difference between
OVXN and SN groups became statistically significant at 6 weeks
after operation (Figure 1B), although there was no significant
June 2021 | Volume 12 | Article 708838
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difference of the food intake among the mice of four groups
(Figure S1A). The concentration of estradiol (E2) in the serum
of ovariectomized mice was significantly reduced compared with
the SN and SH groups (Figure 1C), which indicated that the
Frontiers in Endocrinology | www.frontiersin.org 5
ovariectomized operation was successful. The serum TC of the
OVXN mice was significantly increased compared with the SN
group (Figure 1D), and the serum LDL-C of both OVXN and
OVXH groups was also significantly increased compared with
A

B C

D

FIGURE 1 | The effect of ovariectomy on the body weight and blood biochemical indexes of mice with NFD or HFD. (A) The overview of the experimental design.
(B) The body weight curves within 6weeks after operation of mice from the SN, OVXN, SH and OVXH groups. (C, D) The concentration of estradiol (E2), TC, HDL-C,
and LDL-C in the serum of mice from the SN, OVXN, SH and OVXH groups at six weeks after operation. One-way ANOVA was used to compare the difference
between two groups; and *P < 0.05 compared with the SN group, ##P < 0.01, ###P < 0.001 compared with the SH group. Two-way ANOVA was performed to
compare the difference among more than two groups; a-d, meaning significant difference among groups. SN, sham operated control mice fed with normal food diet;
OVXN, ovariectomized mice fed with normal food diet; SH, sham operated control mice fed with high fat diet; OVXH, ovariectomized mice fed with high fat diet.
June 2021 | Volume 12 | Article 708838
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the sham groups (Figure 1D). The concentration of serum LDL-
C in the SH group was significantly higher than that of SN group,
although the TC concentration in the serum was no significant
difference between these two groups (Figure 1D); and the LDL-C
concentration in the serum of OVXH group was also
significantly increased compared with the OVXN group
(Figure 1D). The concentration of the fasting plasm glucose
(FPG) was increased in the mice of OVXN, SH, and OVXH
groups, but not significant (Figure S1B). However, the
concentration of ALT and AST in the serum of ovariectomized
mice was not affected (Figures S1D, E). These results
demonstrated that both ovariectomy and HFD could induce
the increase of the serum LDL-C in females, however the increase
of the body weight of female mice was only caused by
ovariectomy within six weeks after operation.

Ovariectomy Affected the Hepatic Glucose
and Lipid Metabolism of Mice
Since the liver is an importantorgan to regulate the concentrationof
LDL-C in the blood (43, 44), the morphology and histology of the
liver ofovariectomizedmicewere checked.Thehistologyof the liver
of mice from the SN, OVXN, SH and OVXH groups was tested via
H&E staining, and the results showed that there were lipid drops
accumulated in all the livers of mice from the SH and OVXH
groups, but only 62.5% (5/8) of livers from mice of OVXN groups
had lipid drops accumulation; moreover, the results of oil red O
staining confirmed the accumulation of lipid drops in these livers,
and the lipid drops inOVXHmicewasmore and larger than that of
other groups (Figure 2A). The other 37.5% livers (3/8) of OVXN
mice had increased cytoplasmic vacuolation, suggesting the
increase of hepatic glycogen storage, and the sections of these
livers showed dramatically increased PAS signal checked by PAS
staining (Figure 2A), which was usually used to detect
polysaccharides including glycogen (41, 45). These histological
results demonstrated that the glucose and lipid metabolism was
abnormal in the livers of ovariectomizedmice and NAFLD ismore
easily to be induced by HFD in ovariectomized mice than in sham
operated mice. According to the accumulation of glycogen or
triglyceride (TG), the OVXN mice were further divided into the
OVXN-Gly and OVXN-TG sub-groups (Figure 2A).

The morphology of livers from OVXN-TG mice was similar
to that of the sham mice (Figure 2B). However, livers from
OVXN-Gly group were larger than the SN group, and the liver
weight and liver index of OVXN-Gly mice were significantly
higher than that of the other three groups (Figure 2C). The liver
weight and liver index of mice from OVXN-TG group were
lower than that of OVXN-Gly group, but both the liver weight
and the liver index of OVXN-TG mice were significantly higher
than the OVXH group (Figure 2C).

Ovariectomy Caused Abnormal Expression
of Genes Related With Glucose And Lipid
Metabolism in the Liver of Mice
In order to study the molecular mechanism of regulating the
hepatic glucose and lipid metabolism by ovaries, the
Frontiers in Endocrinology | www.frontiersin.org 6
transcriptome analysis of the liver from the ovariectomized
and control mice was performed (SRA: PRJNA699121), and
differentially expressed genes were selected with the parameter of
FDR< 0.05 and the absolute fold change≥2. There were 385
upregulated and 220 downregulated genes in the OVXN-Gly
group compared with the SN group (Figures S2A, B). There
were 131 upregulated and 84 downregulated genes in the OVXH
group compared with the SH group (Figures S2A, C). There
were 289 upregulated and 365 downregulated genes in OVXN-
Gly group compared with the OVXN-TG group (Figures S2A, D).
There were only 8 upregulated and 4 downregulated genes in the
OVXN-TG group compared with the SN group (Figures S2A, E).
The correlation of one of the samples in SN group with the other
two samples was lower but still above 0.95 (Figure S3A), and there
was no great separation of PCA between SN and OVXN-TG
samples (Figure S3B); so the number of differentially expressed
genes between SN and OVXN-TG was low. However, if the
parameters for selection were set to P value<0.05 and the absolute
fold change≥2, there were 155 upregulated and 49 downregulated
genes in the OVXN-TG group compared with the SN group
(Figure S4). Differently expressed genes of SN vs SH, OVXN-Gly
vsOVXH, OVXN-TG vsOVXH groups were shown in Figure S5A
and Figures S6A, B, respectively. Lists of differentially expressed
genes for each comparison have been provided in Tables S3–S10.

Results of qPCR assay confirmed that the expression of
Cyp3a41a, which was specially expressed in liver of female
mice (46) , was s ignificant ly downregulated in the
ovariectomized mice compared with the sham operated control
mice (Figure 3A), and the mRNA level in the liver of SH group
was significantly higher than the SN group (Figure 3A). Cyp4a10
and Cyp4a14, which were female-predominantly expressed in
liver of mice (47), were significantly downregulated in the
OVXN-Gly group compared with the SN group, but the
expression of Cyp4a10 and Cyp4a14 were significantly
upregulated in the OVXN-TG group compared with the
OVXN-Gly group (Figure 3A). Many differentially expressed
genes from transcriptome assay were related with glucose and
lipid metabolism, and their relative expression levels in the liver
were further checked using qPCR (Figures 3A–E). The
expression of Perilipin2, which usually localized on the surface
of lipid drops, was increased in the OVXN-TG group compared
with the SN group but the increase was not significant
(Figure 3B). However, it was significantly downregulated in
the OVXN-Gly group compared with SN and OVXN-TG
groups (Figure 3B). The expression of genes involved in fatty
acid and triacylglycerol synthesis, such as Fasn, Acly, Acca1,
Elovl6 and Chrebp, was significantly increased in the OVXN-Gly
group compared with the SN group, while their expression levels
were significantly downregulated in the OVXN-TG group
compared with the OVXN-Gly group (Figure 3B). The
expression levels of PPARa and its target gene Acadm were
decreased in the OVXN-Gly group compared with SN group, but
the reduction of them was not significant (Figure 3C). However,
the expression levels of other PPARa target genes including
Acox1, Cyp4a10, Cyp4a14 and Cyp4a31 were all significantly
reduced in the OVXN-Gly group compared with SN mice
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(Figures 3A, C). These results indicated that the activity of
PPARa might be affected in the liver of OVXN-Gly mice. The
expression levels of genes related with cholesterol metabolism,
such as HMGCR, SREBP1, and SREBP2, were also significantly
increased in the liver of OVXN-Gly group compared with the SN
group, but their expression levels were not significantly altered in
the OVXN-TG group compared to SN mice (Figure 3D). The
expression level of G6PC, which was related to glucose
metabolism, was significantly upregulated both in the OVXN-
Gly and the OVXN-TG groups compared with the SN group
(Figure 3E). The mRNA level of PYGL was also significantly
higher in the liver of OVNN-Gly mice than that of SN mice
Frontiers in Endocrinology | www.frontiersin.org 7
(Figure 3E). The alteration of the expression of these genes
confirmed the results of transcriptome analysis, and the
comparison of the fold-change in RNA-seq and qPCR
validation analysis was listed in Table S11. The changes of the
expression levels of FASN, CD36, HMGCR, SCD1 and HNF4a
proteins were similar with their mRNA levels in the liver of
mice (Figure 3F).

The GO classification results showed that metabolic process
was significantly affected by the ovariectomy in mice fed with
NFD or HFD (Figures 4A–C, 5A, S5B, S6C, and D). The
results of KEGG assignments demonstrated that there were 11
pathways, including “Fatty acid degradation”, “Metabolic
A

B

C

FIGURE 2 | The histology and morphology of livers from ovariectomized and control mice with NFD or HFD. (A) Images of liver sections of H&E, PAS, and Oil Red
O staining of mice from the SN, OVXN, SH and OVXH groups at six weeks after operation. (B) The morphology of livers of mice from the SN, OVXN, SH and OVXH
groups after 6 weeks of operation. (C) Two-way ANOVA was performed to compare the weight and the weight index of the liver of mice from the SN, OVXN, SH
and OVXH groups at six weeks after operation. a-d, meaning significant difference among groups. Scale bar, 50 mm. SN, sham operated control mice fed with
normal food diet; OVXN-Gly, ovariectomized mice fed with normal food diet and glycogen accumulated in its liver; OVXN-TG, ovariectomized mice fed with normal
food diet and triglyceride accumulated in its liver; SH, sham operated control mice fed with high fat diet; OVXH, ovariectomized mice fed with high fat diet.
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FIGURE 3 | Testing differentially expressed genes in the transcriptomic profile of livers from ovariectomized and control mice with NFD or HFD via qPCR and
Western blot. (A) Expression analysis of female-predominant genes, (B) genes related with lipogenesis, (C) PPARa and its target genes, (D) cholesterol and (E)
glucose metabolism in the liver of mice from the SN, OVXN-Gly, OVXN-TG, SH and OVXH groups checked by qPCR. (F) The protein expression level analysis of
FASN, CD36, HMGCR, SCD1 and PPARa in the liver of mice from the SN, OVXN-Gly, OVXN-TG, SH and OVXH groups checked by Western blot. One-way ANOVA
was used to compare the difference between two group; and *P < 0.05, **P < 0.01, ***P < 0.001 compared with the SN group, ##P < 0.01, ###P < 0.001 compared
with the SH group, &P < 0.05, &&P < 0.01, &&&P < 0.001 compared with the OVXN-Gly group. Two-way ANOVA was performed to compare the difference among
more than 2 groups; a-e, meaning significant difference among groups. SN, sham operated control mice fed with normal food diet; OVXN-Gly, ovariectomized mice
fed with normal food diet and glycogen accumulated in its liver; OVXN-TG, ovariectomized mice fed with normal food diet and triglyceride accumulated in its liver;
SH, sham operated control mice fed with high fat diet; OVXH, ovariectomized mice fed with high fat diet.
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FIGURE 4 | Enriched molecular functions and biological pathways of the differentially expressed genes in the liver of the ovariectomized and control mice fed with
NFD. (A–C) GO classification of the source genes of the differentially expressed mRANs in the SN vs. OVXN-Gly, SN vs. OVXN-TG and OVXN-Gly vs. OVXN-TG
groups respectively. (D–F) KEGG assignments of the source genes of the differentially expressed mRANs in the SN vs. OVXN-Gly, OVXN-Gly vs. OVXN-TG and SN
vs. OVXN-TG groups respectively. SN, sham operated control mice fed with normal food diet; OVXN-Gly, ovariectomized mice fed with normal food diet and
glycogen accumulated in its liver; OVXN-TG, ovariectomized mice fed with normal food diet and triglyceride accumulated in its liver.
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A

B

FIGURE 5 | GO classification and KEGG assignments to enrich molecular functions and biological pathways of the differentially expressed genes in the liver of the
ovariectomized and control mice fed with HFD. (A) GO classification of the source genes of the differentially expressed mRANs in the SH and OVXH groups.
(B) KEGG assignments of the source genes of the differentially expressed mRANs in the SH and OVXH groups. SH, sham operated control mice fed with high fat
diet; OVXH, ovariectomized mice fed with high fat diet.
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pathways”, “PPAR signaling pathway”, “Fatty acid metabolism”,
“Steroid biosynthesis”, “Peroxisome”, “Biosynthesis of
unsaturated fatty acids”, “Terpenoid backbone biosynthesis”,
“Fatty acid elongation”, “Retinol metabolism “and “Chemical
carcinogenesis”, significantly altered between the SN vs. OVXN-
Gly groups (Figure 4D) or the SH vs. OVXH groups (Figure 5B).
The pathways of “Circadian rhythm”, “Insulin resistance”,
“Glycolysis/Gluconeogenesis” and “Insulin signal pathway”
were also altered in mice of the OVXN-TG group compared
with the SN group (Figure 4F). These results illustrated that
hepatic metabolic pathways, especially fatty acid metabolism and
PPAR signaling pathway, were significantly affected by ovariectomy
inmice. The results of KEGG assignments forOVXN-Gly vs. OVXN-
TG groups, SN vs. SH groups, OVXN-Gly vs. OVXH groups and
OVXN-TG vs. OVXH groups were shown in Figures 4E, S5C, S6E,
and F, respectively.

Ovariectomy Altered the Composition of
Gut Microbiota in Mice
Since the gut microbiota had very important roles in regulating
the hepatic metabolism (48, 49), in the present study, the 16S
rDNA genes of the gut microbiota from the ovariectomized and
control mice were sequenced (https://www.ncbi.nlm.nih.gov/sra/
PRJNA699121). The Shannon rarefaction curves of 4 groups all
reached the saturation plateau (Figure S7A), demonstrating
enough sequence coverage of fecal samples to describe the
composition of gut microbiota. The principal coordinates
analysis (PCoA) illustrated that the samples from the 4 groups
could be distinguished clearly (Figure S7B). The Venn diagram
showed that there were 256 common OTUs in the four groups of
mice, and there were 183, 113, 661 and 205 OTUs specific to the
mice of the SN, OVXN, SH and OVXH groups, respectively
(Figure S7C).

All the sequences were classified from phylum to species
levels, and the taxonomic compositions of the bacterial phylum
of the SN, OVXN, SH and OVXH groups were shown in
Figure 6A. On the phylum level, compared with the SN group,
the SH group had higher Firmicutes, Verrucomicrobia, and
Proteobacteria, but lower Bacteroidetes (Figures 6A, B). For
OVX mice the abundances of Firmicutes and Proteobacteria
were significantly higher, whereas the abundance of
Bacteroidetes and Verrucomicrobia was significantly lower in
the OVXH group compared with the OVXN group
(Figures 6A, B). These results were similar to other reports
that HFD could increase Firmicutes and Proteobacteria and
decrease Bacteroidetes (50, 51). The Verrucomicrobia and
Actinobacteria were significantly increased in the OVXN group
compared with the SN group (Figure 6C), and the Proteobacteria
and Patescibacteria were significantly decreased in the OVXN
group compared with the SN group (Figure 6C). In mice fed
with HFD, the relative abundance of Firmicutes was significantly
increased in the OVXH group, whereas the relative abundance of
Verrucomicrobia was significantly decreased compared with the
SH group (Figure 6D). The Shannon index of a diversity showed
that the bacterial diversity of the OVXN group was reduced
compared with the SN group, however, the bacterial diversity of
Frontiers in Endocrinology | www.frontiersin.org 11
the OVXH group was the highest in the four groups (Figure 6E).
These results demonstrated that both ovariectomy and HFD
could affect the composition of gut microbiota and Firmicutes
was induced to increase more easily by HFD in ovariectomized
mice than in shammice. The taxonomic compositions of the four
groups on class and family levels were presented in Figures
S8A, B.

According to the results of the LEFse analysis, 20 bacterial taxa
differed in abundance between the SN and SH groups, with 11
bacterial taxa distinctive for the SN group, and 9 bacterial taxa
distinctive for the SH group (Figures S8C, D). There were 43
bacterial taxa differed in abundance between the OVXN and the
OVXH groups, with 15 bacterial taxa distinctive for the OVXN
group, including Burkholderales_bacterium_YL45 and
Parasutterella, 28 bacterial taxa distinctive for the OVXH group,
including Lachnospiraceae, Lachnospiraceae_bacterium_615 and
Lachnospiraceae_bacterium_28_4 (Figures S8E, F). There were 3
bacterial taxa differed in abundance between the SN and OVXN
groups (Figures S9A, B); Lactobacillus_murinus and
Rs_E47_termite_group were biomarkers for the SN group, and
Burkholderales_bacterium_YL45 was predominant in the OVXN
group (Figures S9A, B). Lachnospiraceae and Parasutterella were
biomarkers for the OVXH group compared with the SH group
(Figures S9C, D).

The KEGG pathway analysis was used to predict the
functional profiles of the altered gut microbiota. Based on the
alteration of the composition of gut microbiota, 12 pathways
were predicted to be significantly affected between the SN group
and the OVXN group (Figures 7A, B), including “Membrane
Transport”, “Signal Transduction”, “Nucleotide Metabolism”,
“Translation”, “Replication and Repair”, “Transcription”,
“Environmental Adaptation”, “Nervous System”, “Cancers”,
“Immune Diseases”, “Excretory System” and “Substance
Dependence”. For the SH group and OVXH group, 3 pathways
were predicted to be significantly affected, including
“Metabolism of Cofactors and Vitamins”, “Excretory System”
and “Circulatory System” (Figures 7A, C). The results of
KEGG signaling pathway analysis for the SN vs SH groups and
OVXN vs OVXH groups were shown in Figures S10A,
B, respectively.
DISCUSSION

Herein, ovariectomized mice fed with NFD or HFD were used to
study the functions of ovaries in regulating hepatic glucose and
lipid metabolism and gut microbiota. The body weight and the
serum content of LDL-C were both significantly increased after
ovariectomy. The storage of glycogen or TG was also increased in
the liver of ovariectomized mice. The results of transcriptome
analysis showed that the expression level of many genes related
with glucose and lipid metabolism was changed in the liver of
ovariectomized mice. The expression of genes related with fatty
acid and triacylglycerol synthesis, genes related with cholesterol
metabolism, and PPARa and its targeted genes were confirmed
through qPCR and WB assays. The composition of the gut
June 2021 | Volume 12 | Article 708838
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microbiota in mice was also changed by ovariectomy and HFD.
In summary, ovariectomy broke the homeostasis of hepatic
metabolism and altered the composition of gut microbiota in
mice fed with NFD or HFD.
Frontiers in Endocrinology | www.frontiersin.org 12
LDL-C was one of the major risk factors of the cardiovascular
disease (CVD) (52). So, the increase of plasma TC in the
OVXN mice and the increase of serum LDL-C in both
the OVXN and the OVXH mice (Figure 1D) indicated the
A

B

C

D E

FIGURE 6 | Relative abundance of the gut microbiota of the ovariectomized and control mice with NFD or HFD. (A) Relative abundance of gut microbiota at phylum
levels of the SN, OVXN, SH and OVXH groups. Different colors were used to demonstrate each flora. (B) Different abundance of gut microbiota at phylum levels of
SN vs. SH and OVXN vs. OVXH groups respectively. (C) Different abundance of gut microbiota at phylum levels between the SN and OVXN groups. (D) Different
abundance of gut microbiota at phylum levels between the SH and OVXH groups. (E) The Shannon index of a diversity of the gut microbiota from the SN, OVXN,
SH and OVXH groups. SN, sham operated control mice fed with normal food diet; SH, sham operated control mice fed with high fat diet; OVXH, ovariectomized
mice fed with high fat diet; OVXN, ovariectomized mice fed with normal food diet.
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increase of risk factors of CVD in the ovariectomized mice.
Hence, the ovariectomized mice used in the present study
would be useful for the discovery of new drugs to reduce the
serum TC and LDL-C concentration in midlife and
elderly females.

There was no significant change of the serum concentration
of fasting glucose, TG, HDL-C, ALT and AST in ovariectomized
mice compared with the sham operation control mice in the
Frontiers in Endocrinology | www.frontiersin.org 13
present study, the reason may be because the effect of
ovariectomy and HFD on these biochemical indexes was still
slight within 6 weeks. It has been reported that the plasma TC
and LDL-C were increased in the aging humans and rodents
since their physiological function in eliminating cholesterol and
LDL-C decreased (53). We speculated that the increase of TC in
the OVXN mice and the increase of LDL-C in both the OVXN
and the OVXH mice was also caused by the decrease of the
A

B

C

FIGURE 7 | KEGG enrichment analysis of the altered signaling pathways based on the relative abundance of the gut microbiota of the ovariectomized and control
mice with NFD or HFD. (A) Heatmap of top 20 signaling pathways in the SN, OVXN, SH and OVXH groups. (B) Presentation of the altered KEGG pathways in the
SN and OVXN groups. (C) Presentation of the altered KEGG pathways in the SH and OVXH groups (bar plots on the left side displayed the meant proportion of
each KEGG pathway. Dot plots on the right side showed the differences in mean proportions between the two indicated groups using q-values). KEGG, Kyoto
Encyclopedia of Genes and Genomes; SN, sham operated control mice fed with normal food diet; OVXN, ovariectomized mice fed with normal food diet; SH, sham
operated control mice fed with high fat diet; OVXH, ovariectomized mice fed with high fat diet.
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physiological function in eliminating them. The situation of
normal fasting glucose and normal TG concentration in serum
of hypercholesterolemia patients have also been reported
previously (54–57). It indicated that ovaries might have very
important functions in eliminating TC and LDL-C in females.
So, low cholesterol containing diet was recommended for the
menopausal women, and the moderate dose of drugs which
reduce serum LDL-C should be used for cases with
serious symptoms.

In the present study, glycogen was found to be accumulated in
the liver of around one third of ovariectomized mice fed with
NFD, and the other mice in this group showed lipid
accumulation in the liver. However, large lipid drops appeared
in the liver of all the ovariectomized mice fed with HFD.
Abnormal accumulation of glycogen and lipid could lead to
liver damage (58), and long-term accumulation of them even
might cause hepatocellular carcinoma (HCC) or hepatocellular
adenoma (HCA) in patients with glycogen storage disease (GSD)
(59, 60). Allende DS et al. (61) reported that excess glycogen
accumulation in liver caused greater hepatocellular injury than
that of lipid accumulation in humans, and it might be the
important reason why the liver weight and liver index in the
OVXN-Gly mice were higher than those in the OVXN-TG mice
in the present study (Figure 2C). Ahmed-Sorour et al. (62)
reported that the glycogen deposition in liver, uterus, skeletal and
cardiac muscle was reduced in female mice after 16 weeks of
ovariectomy. In the present study, the excessive glycogen
deposition was found in the liver of female mice after 6 weeks
of ovariectomy. It might be the difference between the short-term
and long-term effect of ovariectomy. Recent study demonstrated
that ovariectomy promoted glucocorticoid (GC) hypersensitivity
in the liver of mice, and hepatic glucocorticoid receptor (GR)
pathway was a driver of steatosis in ovariectomized females (33).
Kuo et al. (63) reported that GC could increase glycogen storage
in liver via inducing the activity of glycogen synthase. We
speculated that GC promoted the glycogen deposition in the
liver of mice within the short-term of ovariectomy, and the
excessive glycogen was converted to lipid in the liver of
ovariectomized mice, because the expression levels of genes
related with lipogenesis, such as Fasn, Acca1 and Elovl6, were
significantly upregulated in the OVXN-Gly group compared
with other groups in the present study (Figure 3B). Quinn
et al. (33) found the fatty livers of OVX mice after 3 months of
the operation. However, in the current research, the liver tissues
were collected only after 6 weeks of the operation. At the time
point of 6 weeks, the conversion from accumulated glycogen to
lipids in hepatocytes was still not completed in a small part of
mice from the OVXN group, although most of mice in OVXN
group showed lipids accumulated in hepatocytes at this stage.
Hence, two different histological results were found in the
OVXN group of the present study. HFD might accelerate the
conversion of glycogen to lipids, so there were only excessive
lipid drops were detected in the liver of the OVXH
mice (Figure 2A).

The expression of Cyp3a41a mRNA was almost lost in the
liver of ovariectomized mice (Figure 3A). Cyp3a41a was one of
Frontiers in Endocrinology | www.frontiersin.org 14
the female-specific members of the CYP3A gene subfamily in the
mouse liver, and estradiol could induce its expression in the liver
of adult female mice (46). The loss of Cyp3a41a mRNA might be
caused by the reduction of estradiol and other hormones mainly
produced by ovaries in the circulation of ovariectomized mice.
The results of transcriptome and qPCR indicated that
ovariectomy caused the alteration of the expression of many
genes related with glucose and lipid metabolism in the liver.
Since the expression of estrogen receptor (ER) b was
undetectable in the mouse liver (33), ERa was the most
important pathway through which estrogen regulated the
expression of genes in liver. Gao et al. (35) found that many
ERa binding sites were enriched in the promoters of genes
involved in glucose and lipid metabolism, including Ptgds,
Acox1, Acox2, Cpt1a, Pck1, Mapk14, Ppara and Pgc-1.
PPARa was one of the key transcriptional factors in hepatic b-
oxidation (64). In the present study, although the mRNA level of
PPARa was not significantly reduced, the expression levels of its
target genes including Cyp4a10, Cyp4a14 and Cyp4a31 were
significantly downregulated in the OVXN-Gly group
(Figures 3A, C), it might be caused by the reduction of the
activity of PPARa. The reduction of the activity of PPARa
might be one of the reasons of the disorders of glucose and
lipid metabolism in the liver of ovariectomized mice.

Results of 16S rDNA analysis indicated that the composition
of gut microbiota was altered after ovariectomy of mice fed with
NFD or HFD. Ovariectomy significantly increased the Firmicutes
in the gut of ovariectomized mice fed with HFD compared with
the sham control mice fed with HFD. Since high relative
abundance of Firmicutes was related to glucose and lipid
metabolic disorders in human and rodents (65, 66), it might
indicate that ovariectomy exacerbated obesity caused by HFD.
Recent study demonstrated that depletion of Treg cells could
increase the relative abundance of Firmicutes in the gut of mice
(67). So, we guess that ovariectomy would affect the immune
homeostasis of the intestinal mucosa, especially for individuals
with HFD. The results of LEFse analysis confirmed that
Lachnospiraceae was predominant in the OVXH group
compared with the SH and OVXN groups. Kameyama et al.
(68) reported that one Lachnospiraceae bacterium (strain
AJ110941) could induce obesity and diabetes in ob/ob mice.
Different taxa of Lachnospiraceae were related with different
extra- and intra-intestinal diseases (69). It also indicated that
ovariectomy exacerbated metabolic disorders and other diseases
which were associated with HFD. So, prebiotics or probiotics
were suggested for menopausal women, especially for midlife
and elder women with HFD, to improve the hepatic glucose and
lipid metabolic disorders.

In conclusion, ovariectomy caused the increase of serum
LDL-C, excessive storage of glycogen and lipids in hepatocytes
and also altered the gut microbiota in female mice (Figure 8).
The present study demonstrated the important functions of
hormones generated by female ovaries on keeping the
homeostasis of glucose and lipid metabolism. These hormones
might regulate the hepatic glucose and lipid metabolism through
multiple pathways directly or indirectly. The excessive
June 2021 | Volume 12 | Article 708838

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Lei et al. Ovaries Regulate Metabolism and Microbiota
accumulated glycogen in the liver of ovariectomized mice was
first found in the current research, and it might be one of the
mechanisms of female liver injuries caused by ovaries aging.
Analyzing the hepatic metabolism of ovariectomized mice at
different time points after operation and the transplantation of
gut microbiota between ovariectomized and sham operated mice
Frontiers in Endocrinology | www.frontiersin.org 15
will be conducted in our future research to uncover the detailed
mechanism of ovary generated hormones on regulating the
homeostasis of glucose and lipid metabolism in females.
Ovariectomized mice would be helpful to develop drugs for
prevention and treatment of hepatic glucose and lipid metabolic
disorders of menopausal women.
FIGURE 8 | Ovariectomy impaired hepatic glucose and lipid homeostasis and altered the gut microbiota in mice. Ovariectomy caused the increase of serum LDL-C
and excessive storage of glycogen and lipids in hepatocytes and also altered the gut microbiota in female mice fed with NFD or HFD. Ovariectomy could promote
the glycogen deposition in hepatocytes within the short term after operation, and then the excessive glycogen was converted to lipid; high fat diet might accelerate
the conversion of glycogen to lipids in the hepatocytes of ovariectomized mice. NFD, normal food diet; HFD, high fat diet.
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Supplementary Figure 1 | The average food intake and the serum
concentrations of glucose, TG, ALT and AST of mice with NFD or HFD. (A) The
average daily food intake within 6weeks after operation of mice from the SN, OVXN,
SH and OVXH groups. (B–E) The concentration of fasting plasm glucose (FPG), TG,
ALT, and AST in the serum of mice from the SN, OVXN, SH and OVXH groups at six
weeks after operation. SN, sham operated control mice fed with normal food diet;
OVXN, ovariectomized mice fed with normal food diet; SH, sham operated control
mice fed with high fat diet; OVXH, ovariectomized mice fed with high fat diet.

Supplementary Figure 2 | Transcriptome analysis of the liver from
ovariectomized and control mice with NFD or HFD. (A) Statistics of differentially
expressed genes in the liver of mice compared between every group of SN, OVXN-
Gly, OVXN-TG, SH and OVXH. (B) Heatmap and volcano pot showed differentially
expressed genes in the liver of mice from the SN and OVXN-Gly groups. (C)
Heatmap and volcano pot showed differentially expressed genes in the liver of mice
from the SH and OVXH groups. (D) Heatmap and volcano pot showed differentially
expressed genes in the liver of mice from the OVXN-Gly and OVXN-TG groups. (E)
Heatmap and volcano pot showed differentially expressed genes in the liver of mice
from the SN and OVXN-TG groups. SN, sham operated control mice fed with
normal food diet; OVXN-Gly, ovariectomized mice fed with normal food diet and
glycogen accumulated in its liver; OVXN-TG, ovariectomized mice fed with normal
food diet and triglyceride accumulated in its liver; SH, sham operated control mice
fed with high fat diet; OVXH, ovariectomized mice fed with high fat diet.

Supplementary Figure 3 | Relationship analysis of liver tissues of the
ovariectomized and control mice with NFD or HFD for transcriptional sequences. (A)
Heatmap demonstrated the relationship of liver tissues of the SN, OVXN, SH and
OVXH groups. (B) PCA analysis of the relationship of liver tissues of the SN, OVXN,
SH and OVXH groups. SN, sham operated control mice fed with normal food diet;
OVXN, ovariectomized mice fed with normal food diet; SH, sham operated control
mice fed with high fat diet; OVXH, ovariectomized mice fed with high fat diet.

Supplementary Figure 4 | Transcriptome analysis showing differentially
expressed genes of the liver tissues from the SN and OVXN-TG mice. (A) Statistics
of differentially expressed genes in the liver of the SN and OVXN-TG groups.
(B) Volcano pot showed differentially expressed genes in liver of the SN and
OVXN-TG groups. SN, sham operated control mice fed with normal food diet;
OVXN-TG, ovariectomized mice fed with normal food diet and triglyceride
accumulated in its liver.

Supplementary Figure 5 | Enriched molecular functions and biological pathways
of the differentially expressed genes in the liver tissues of the SN and SH groups. (A)
Heatmap and volcano pot showed differentially expressed genes in liver of the SN
and SH groups. (B) GO classification of the source genes of the differentially
expressed mRANs in the liver of the SN and SH groups. (C) KEGG assignments of
the differentially expressed mRNAs in the liver of the SN and SH groups. SN, sham
operated control mice fed with normal food diet; SH, sham operated control mice
fed with high fat diet.

Supplementary Figure 6 | Enriched molecular functions and biological pathways
of the differentially expressed genes in the liver tissues of the OVXN and OVXH
groups. (A) Heatmap and volcano pot showed differentially expressed genes in liver
of the OVXN-Gly and OVXH groups. (B) Heatmap and volcano pot showed
differentially expressed genes in liver of the OVXN-TG and OVXH groups. (C, D) GO
classification of the source genes of the differentially expressed mRNAs in the liver of
the OVXN-Gly vs. OVXH and OVXN-TG vs. OVXH respectively. (E, F) KEGG
assignments of the differentially expressed mRNAs in the liver of the OVXN-Gly vs.
OVXH and OVXN-TG vs. OVXH groups, respectively. OVXN-Gly, ovariectomized
mice fed with normal food diet and glycogen accumulated in its liver; OVXN-TG,
ovariectomized mice fed with normal food diet and triglyceride accumulated in its
liver; OVXH, ovariectomized mice fed with high fat diet.

Supplementary Figure 7 | Overview of 16S rDNA genes of the gut microbiota of
the ovariectomized and control mice with NFD or HFD. (A) Shannon rarefaction
curves for the SN, OVXN, SH, and OVXH groups. (B) PCoA analysis of the gut
microbiota of the SN, OVXN, SH and OVXH groups. (C) Venn diagram showed the
number of the OTUs of the SN, OVXN, SH and OVXH groups. SN, sham operated
control mice fed with normal food diet; OVXN, ovariectomized mice fed with normal
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food diet; SH, sham operated control mice fed with high fat diet; OVXH,
ovariectomized mice fed with high fat diet; OTU, operational taxonomic units; PCoA,
principal co-ordinates analysis.

Supplementary Figure 8 | Relative abundance of the gut microbiota of the SN,
OVXN, SH and OVXH groups. (A, B) Relative abundance of gut microbiota at class
and family levels of the SN, OVXN, SH and OVXH groups. Different colors were used
to demonstrate each flora. (C, D) LDA scores and cladogram illustrated the
predominant abundant taxons of the SN and SH groups. Red represented the
bacteria distinctive for the SH group and green represented the bacteria distinctive
for the SN group. (E, F) LDA scores and cladogram illustrated the predominant
abundant taxons of the OVXN and OVXH groups. Red represented the bacteria
distinctive for the OVXH group and green represented the bacteria distinctive for the
OVXN group. SN, sham operated control mice fed with normal food diet; OVXN,
ovariectomized mice fed with normal food diet; SH, sham operated control mice fed
with high fat diet; OVXH, ovariectomized mice fed with high fat diet; LDA, Linear
Discriminant Analysis.

Supplementary Figure 9 | LEFse analysis indicated bacterial taxa difference in
abundance of gut microbiota of the ovariectomized and control mice with NFD
Frontiers in Endocrinology | www.frontiersin.org 17
or HFD. (A, B) LDA scores and cladogram illustrated the predominant abundant
taxons of the SN and OVXN groups. Red represented the bacteria distinctive for the
OVXN group and green represented the bacteria distinctive for the SN group. (C, D)
LDA scores and cladogram illustrated the predominant abundant taxons of the SH
and OVXH groups. Red represented the bacteria distinctive for the OVXH group
and green represented the bacteria distinctive for the SH group. SN, sham operated
control mice fed with normal food diet; OVXN, ovariectomized mice fed with normal
food diet; SH, sham operated control mice fed with high fat diet; OVXH,
ovariectomized mice fed with high fat diet; LDA, Linear Discriminant Analysis.

Supplementary Figure 10 | KEGG enrichment analysis of the altered signaling
pathways based on the relative abundance of the gut microbiota of the SN, OVXN,
SH, OVXH groups. (A) Presentation of the altered KEGG pathways in the SN and
SH groups. (B) Presentation of the altered KEGG pathways in the OVXN and OVXH
groups (bar plots on the left side displayed the mean proportion of each KEGG
pathway. Dot plots on the right side showed the differences in mean proportions
between the two indicated groups using q-values). KEGG, Kyoto Encyclopedia of
Genes and Genomes; SN, sham operated control mice fed with normal food diet;
OVXN, ovariectomized mice fed with normal food diet; SH, sham operated control
mice fed with high fat diet; OVXH, ovariectomized mice fed with high fat diet.
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