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Introduction

During menopause, women suffer from abnormal health

conditions due to a lack of female hormones. Women in

menopausal transition show various symptoms that

although not severe, affect daily life, including hot flashes,

cold sweats, and insomnia [1]. The lack of female hormones

also causes bone loss and is the leading cause of osteoporosis

[2-4]. The risk of Alzheimer’s disease is also known to

increase during menopausal transition [5, 6].

Obesity is another problem that women face during

menopausal transition. During menopause, the lack of

estrogen results in an increase in body weight. Animal

experiments using ovariectomized rats have shown that

the increase in body weight is due to estrogen deprivation

[7]. This phenomenon has also been confirmed in humans.

Decreased estradiol levels have been found to induce an

increase in the level of follicle-stimulating hormone, resulting

in increased abdominal subcutaneous fat [8]. There are

many hypotheses about the causes of menopausal obesity.

The most widely known mechanism is that estrogen affects

the expression of the leptin gene. Upon ovariectomy, the

expression of the ob gene, which encodes leptin, decreases

and the concentration of leptin decreases in the blood [7, 9].

Increase in visceral fat during transition to menopause also

causes the metabolic syndrome [10]. Cardiovascular diseases,
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During menopausal transition, the imbalance of estrogen causes body weight gain. Although

gut microbiome dysbiosis has been reported in postmenopausal obesity, it is not clear whether

there is any difference in the microbiome profile between dietary-induced obesity and

postmenopausal obesity. Therefore, in this study, we analyzed intestinal samples from

ovariectomized mice and compared them with those of mice with high-fat diet-induced

obesity. To further evaluate the presence of menopause-specific bacteria-gene interactions, we

also analyzed the liver transcriptome. Investigation of the 16S rRNA V3-V4 region amplicon

sequence profile revealed that menopausal obesity and dietary obesity resulted in similar gut

microbiome structures. However, Bifidobacterium animalis was exclusively observed in the

ovariectomized mice, which indicated that menopausal obesity resulted in a different

intestinal microbiome than dietary obesity. Additionally, several bacterial taxa (Dorea species,

Akkermansia muciniphila, and Desulfovibrio species) were found when the ovariectomized mice

were treated with a high-fat diet. A significant correlation between the above-mentioned

menopause-specific bacteria and the genes for female hormone metabolism was also observed,

suggesting the possibility of bacteria-gene interactions in menopausal obesity. Our findings

revealed the characteristics of the intestinal microbiome in menopausal obesity in the mouse

model, which is very similar to the dietary obesity microbiome but having its own diagnostic

bacteria.
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high blood pressure, type 2 diabetes mellitus, and various

cancers have also been reported to be caused by menopausal

obesity [11-15]. 

Hormone replacement therapy (HRT) is widely used to

prevent various chronic diseases caused by menopause

and to relieve postmenopausal symptoms in a short period.

Estrogen or progesterone, and recently, androgen and

progestin, depending on the situation, are used for HRT

[16]. HRT alleviates the symptoms of menopause in a short

time and is effective in preventing osteoporotic fractures

and dementia. However, HRT has side effects that cause

cardiovascular diseases such as stroke and thromboembolism,

and long-term HRT increases the risk of cholecystitis and

breast cancer [16]. Therefore, there is an urgent need for

alternative therapies; one of the alternative theories that

has been proposed involves the use of intestinal bacteria,

for example in the form of probiotics.

Existing microbiome studies in postmenopausal women

have been focused on vaginal bacteria. During menopause,

the vaginal environment changes greatly in terms of

humidity and pH, which in turn changes the composition

of the vaginal microbiota [17-19]. Similar changes in the

microbiome depending on the postmenopausal status have

also been reported in the urine and feces [20, 21]. This

microbiome dysbiosis in postmenopausal women also

conversely affects the regulation of systemic estrogen

hormones. Multifaceted studies on the gut microbiome and

estrogen levels during menopause have revealed that

the estrobolome, the estrogen metabolism-related genes

possessed by the microbiome, plays an important role in

estrogen circulation [22, 23]. The order Clostridiales and

the genus Bacteroides have also been reported to be correlated

with the urinary estrogens level in postmenopausal women

[20]. Moreover, over a hundred intestinal bacteria in

postmenopausal women with obesity have been found to

be correlated with metabolic risk markers, including insulin

resistance, inflammation, and lipid metabolism [24].

Although there have been many studies on the microbiome

profile of animal models and humans, it is not known

whether postmenopausal weight gain induces the same

changes in the gut microbiome as dietary-induced obesity

does. Therefore, the objective of this study was to investigate

the effect of menopausal body weight gain on the gut

microbiome in an ovariectomized animal model in controlled

experiments. To this end, we analyzed the gut microbiome

of ovariectomized mice and compared it with that of mice

with high-fat diet-induced obesity. In addition, we analyzed

the transcriptome from liver samples to identify genes

correlated with intestinal bacteria that specifically changed

during menopause. 

Materials and Methods

Animals and Experimental Design

Sham-operated or ovariectomized female mice (ICR) were

purchased from Orient (Korea). Ovariectomy involved the surgical

removal of the fallopian tubes and ovaries through a midline

incision. Sham operation was a fake surgical intervention through

the midline incision through the skin and muscle. The sham

operation or ovariectomy was performed 2 weeks prior to arrival

(at 8 weeks of age). The mice (10 weeks old) were caged

individually to minimize cage-dependent bias on the microbiome.

The mice were kept under controlled environmental conditions

(22 ± 2°C, 50–60% humidity, 12-h light/dark cycle) in the Animal

Care Facility at the National Institute of Agricultural Sciences

(Korea). After 1 week of acclimatization, the mice were divided

into four groups: SHAM (sham-operated mice; n = 3), OVX

(ovariectomized mice; n = 5), SHAM-HF (sham-operated mice

given a high-fat diet; n = 3), and OVX-HF (ovariectomized mice

given a high-fat diet; n = 5). The low-fat diet groups (SHAM and

OVX) were fed with Normal Chow diet (+40 RMM) purchased

from Central Laboratory Animal, Inc. (Korea). The high-fat diet

groups (SHAM-HF, OVX-HF) were fed with rodent diet with 60%

Kcal fat (Research Diet, D12492). The feeding was maintained for

12 consecutive weeks. At the end of the experiments, the mice

were fasted 12 h prior to sacrifice. The mice were anesthetized

with CO2 and sacrificed by exsanguination. The blood, large

intestine (cecum and colon), and liver were sampled and

immediately frozen in liquid nitrogen and stored at -86°C until

further analysis. The study protocols were approved by the

IACUC of National Institute of Agricultural Sciences (Approval

No. NAAS-1506).

Biochemical Assays for Obesity-Related Indices

Total triglyceride (Abcam, UK), total cholesterol (Abcam), and

high-density lipoprotein (HDL)-cholesterol (Abcam) in the blood

were measured using an ELISA kit (Abcam) according to the

manufacturer’s instructions. Low-density lipoprotein (LDL)-

cholesterol, atherogenic index (AI), and cardiac risk factor (CRF)

were calculated according to Fridewald’s method using the

following equations:

LDL-cholesterol = total cholesterol - (HDL-cholesterol + 

                                     triglyceride/5)

AI = (total cholesterol - HDL-cholesterol)/HDL-cholesterol

CRF = total cholesterol/HDL-cholesterol

Gut Microbiome Analyses

The contents of the large intestine were homogenized in sterile

PBS solution using a micropestle. The homogenized sample was

then filtered using a syringe filter (5 μm; MilliPore, USA) to
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remove the host cells. For metagenomic DNA extraction, 200 μl of

the filtrate was applied to the FastDNA Spin Kit for Soil (MP

Biomedicals, USA). The 16S rRNA hypervariable regions V3-V4

were amplified following the 16S Metagenomic Sequencing

Library Preparation guide provided by Illumina (USA). The gene-

specific forward primer (5’-TCGTCGGCAGCGTCAGATGTGTAT

AAGAGACAG-CCTACGGGNGGCWGCAG; with the underline

indicating the Illumina overhang adapter sequence) and reverse

primer (5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-

GACTACHVGGGTATCTAATCC) were used for 1st stage PCR to

amplify the 16S rRNA gene. To add dual indices and Illumina

sequencing adapters to the 1st stage amplicons, 2nd stage PCR was

performed using the Nextera XT Index Kit (Illumina). The

prepared libraries were then pooled and sequenced using the

MiSeq sequencer with 2 × 250-bp paired-end option (Illumina).

The sequence data have been deposited in the NCBI Short Read

Archive under the accession number SRX3195509. The resultant

sequencing reads were analyzed using the QIIME pipeline [25]

and Greengenes 16S database 13_8 [26]. USEARCH 7 [27] was

used for quality filtering of singletons and ref-based chimera

checking. As a result, 13,000–61,000 reads were obtained from the

individual samples. To equalize the sequencing depth among

samples, random subsampling of 10,000 reads for each sample

was conducted. All the data presented in this study were

calculated from this subset data. The beta-diversity of the

microbiome was calculated using Fast UniFrac interface [28] and

visualized using principal coordinate analysis (PCoA). The

Unifrac distance-based inter- and intra-dissimilarity depending

on experimental groups was determined using the ANOSIM test.

The differences in taxa abundance, depending on categorical

metadata, were evaluated using Hotelling’s t-test (p-value ≤ 0.05)

and LEfSe analyses (LDA score ≥ 2.50) [29]. The taxa identified at

the species level based on the Greengene database were further

evaluated using the EzTaxon-e database [30].

Mouse Gene Expression Analyses

RNA was extracted from the liver tissue using an RNeasy Lipid

Tissue Mini Kit (Qiagen, Germany). RNA labeling and hybridization

were performed using the Agilent One-Color Microarray-Based

Gene Expression Analysis protocol (ver. 6.5; Agilent Technologies,

USA). The prepared hybridization solution was then dispensed

into a gasket slide and assembled for the Agilent SurePrint G3

Mouse GE 8X60K, V2 Microarrays (Agilent); the slides were then

incubated for 17 h at 65°C. The hybridized array was immediately

scanned using an Agilent Microarray Scanner D (Agilent) and

analyzed using Agilent Feature Extraction Software ver. 11.0.1.1.

The selected expression value was logarithmically transformed

and normalized using the quantile method. Statistical significance

of the expression data was determined using fold change. Gene-

enrichment and functional annotation analysis were performed

using gene ontology [31] and KEGG pathway analysis [32]. 

Microbiome-Gene Interaction Analyses

Correlation coefficients between intestinal bacteria and host

genes were determined. For this, differentially expressed genes

with >2-fold change and bacterial taxa showing differential

abundance depending on metadata with a p-value < 0.05 were

selected. Pearson correlation coefficients were calculated between

pairs of expression level and bacterial abundance (%). Permutation

was performed 1,000 times, and the p value was corrected using

the Benjamin method using the R program [33], and gene-

bacterial pairs with p-values < 0.05 were selected. The microbe-

host interaction in the SHAM-HF and OVX groups were selected

and found to be enriched in the KEGG pathway. The correlation

was visualized using Cytoscape [34]. 

Results

Phenotypic Difference between Ovariectomy-Induced and

Diet-Induced Obesity

The obesity-related indices measured in this study revealed

phenotypic similarities between the ovariectomized and

high-fat diet groups. The final body weight and amount of

adipose tissue in mice in the OVX, SHAM-HF, and OVX-HF

groups were significantly increased relative to the SHAM

group (Table 1). The highest weight gain was observed in

the OVX-HF group, followed by the SHAM-HF and OVX

Table 1. Obesity-related indices showing effects of ovariectomy and/or high-fat (HF) diet on the mouse phenotype.

Final body 

weight (g)

Total white fat mass 

(g/100 g body 

weight)

Triglyceride

(mg/dl)

Total cholesterol 

(mg/dl)

HDL-cholesterol

(mg/dl)

LDL-cholesterola

(mg/dl)
AI b CRF c

SHAM 29.96 ± 2.13#   0.962 ± 0.473#   45.3 ± 13.6   65.5 ± 23.3 45.7 ± 5.0 30.9 ± 5.1 0.434 1.434

OVX 41.44 ± 1.52*   6.559 ± 0.967* 52.6 ± 7.7   82.2 ± 13.7 49.7 ± 5.7 45.1 ± 9.1 0.655 1.655

SHAM-HF   53.13 ± 3.88*,# 10.33 ± 2.07* 56.6 ± 5.3 105.7 ± 25.3 39.8 ± 2.6    78.0 ± 4.4*,# 1.658*,# 2.658*,#

OVX-HF   57.54 ± 3.84*,#   11.94 ± 1.69*,#   68.7 ± 10.4 128.6 ± 26.6 44.7 ± 3.6      95.7 ± 12.3*,# 1.880*,# 2.880*,#

Data are presented as the mean ± standard error; *p < 0.05 vs. SHAM group; #p < 0.05 vs. OVX group.
aLDL-cholesterol = [total cholesterol - (HDL-cholesterol – triglyceride / 5)].
bAI (atherogenic index) = (total cholesterol - HDL-cholesterol) / HDL-cholesterol.
cCRF (cardiac risk factor) = total cholesterol / HDL-cholesterol.
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groups. The OVX, OVX-HF, and SHAM-HF groups tended

to have increased triglyceride, total cholesterol, and LDL-

cholesterol levels, AI, and CRF and decreased HDL-

cholesterol levels compared with the control group (SHAM),

but these differences were not statistically significant in

some cases. The LDL-cholesterol levels, AI, and CRF were

significantly increased in the high-fat diet-treated groups

(SHAM-HF and OVX-HF). 

Decreased Gut Microbiome Diversity by Ovariectomy

Bacterial counts and diversity in the experimental groups

were lower than those in the control group (SHAM) (Fig. S1).

In both the SHAM-HF and OVX groups, the number of

observed OTUs and Shannon diversity were decreased.

However, in the OVX-HF group, those numbers recovered

to levels close to those of the control group. 

Ovariectomy and High-Fat Diet Resulted in Similar

Microbiome Structures

The experimental treatments had a large impact on the

bacterial community structure. The similarities in the

microbiome among samples were estimated based on

weighted UniFrac distance, and the results of PCoA showed

that the overall bacterial communities of the experimental

groups were clearly differentiated from the control group

(ANOSIM statistic R = 0.4509, p-value = 0.001) (Fig. 1).

Remarkably, the differences in the microbiome caused by

ovariectomy (red spots) were very similar to those caused

by the high-fat diet (blue spots) (ANOSIM p > 0.05). The

distribution areas of the two experimental groups were

superimposed in the middle part. The overall bacterial

community in the OVX-HF group (purple spots) showed a

similar profile with the other two experimental groups

(ANOSIM p > 0.3), but showed a larger variation width than

the SHAM-HF and OVX groups (Wilcox t-test p = 0.005).

Bifidobacterium Species Were Exclusively Detected in the

Ovariectomized Mice 

Seven bacterial phyla were detected in the mice in the

control and experimental groups (Fig. 2). In the control

group, the dominant bacterial group was the phylum

Bacteroidetes. In the OVX and SHAM-HF groups, the phylum

Firmicutes was dominant and the phylum Actinobacteria

showed increased abundance. At the phylum level, changes

in the microbiome induced by ovariectomy were not

different from those induced by the high-fat diet. However,

the OVX-HF group showed differences compared with the

other groups with increased abundance of Verrucomicrobia

and Proteobacteria species. 

Forty-one genus-level taxa were detected from the gut

samples of the mice (Table S1). In the control group,

Bacteroidales S24-7 and Bacteroides species were abundant.

In the SHAM-HF group, Lactobacillus and Clostridiales

OTUs were dominant. In the OVX group, Lactobacillus was

dominant and the abundance of Akkermansia species was

increased in the OVX-HF group. 

Bacterial taxa showing differences between groups were

identified by LEfse analyses and statistical evaluation

(Fig. 3). The gut microbiome of the mice in the SHAM

group was characterized by the exclusive presence of four

bacteria: Prevotella species (LDA = 4.07, p-value = 0.036),

Bacteroides acidifaciens (LDA = 4.05, p-value = 0.036), Bacteroidales

S24-7 (LDA = 4.69, p-value = 0.036), and Rikenellaceae species

Fig. 2. Composition of the gut microbiome of mice at the

bacterial phylum level.

Fig. 1. Differences in the microbiome between samples

quantified using the weighted UniFrac distance and principal

coordinate analysis. 
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(LDA = 3.70, p-value = 0.025). The abundance of these bacteria

was decreased in the experimental groups in this study.

The proportion of Lactobacillus species was significantly

increased in all the treatment groups compared with that in

the SHAM control group. The SHAM-HF group was

characterized by an increase in Lactobacillus (LDA = 4.84,

p-value = 0.043) and Ruminococcus (LDA = 4.08, p-value =

0.039) abundance. The OVX group showed increased

abundance of Lactobacillus species (LDA = 4.68, p-value =

0.049) and the exclusive presence of Bifidobacterium animalis

(LDA = 3.36, p-value = 0.043). The OVX-HF group was

characterized by increased abundance of Lactobacillus (LDA

= 4.68, p-value = 0.05), Dorea (LDA = 3.56, p-value = 0.024),

Akkermansia muciniphila (LDA = 4.37, p-value = 0.043), and

Desulfovibrio species (LDA = 4.12, p-value = 0.05). 

Ovariectomy Induced Differential Gene Expression 

Gene expression in the liver tissue was significantly

different in the OVX group compared with the SHAM

control group (Fig. 4). The result of the enrichment map

test using KEGG pathways showed that 177 metabolic

pathways differed in the OVX group compared with that in

the SHAM control group. In particular, the gene expression

of estrogen signaling pathways differed significantly in the

OVX group compared with the SHAM control group.

However, the estrogen signaling pathways were not

different in the OVX-HF group compared with the SHAM-

HF group.

Fig. 3. Relative abundance of different bacterial taxa showing differences between different experimental groups. 

The solid black lines represent the medians, and the circles are outliers. Bars denote the minimum and maximum values excluding the outliers.

Fig. 4. Top 20 KEGG pathways enriched in the four groups. 

The statistical significance was calculated using the modified Fisher’s

exact test.
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Microbiome-Host Interaction in the Ovariectomized Mice

The microbiome-host interaction in the ovariectomized

mice was compared with that of mice on high-fat diet-fed

(Fig. 5). With regard to the high-fat diet-related gene

expression, Ruminococcus, Dorea species, and A. muciniphila

showed broad correlations with genes of the metabolic

pathway, MAPK signaling pathway, AMPK signaling

pathway, and FoxO signaling pathway. With regard to

ovariectomy-related gene expression, Lactobacillus species

showed broad interaction with host metabolism, including

metabolic pathways, antibiotic biosynthesis pathways,

FoxO signaling pathway, glycerophospholipid metabolism

pathway, and steroid hormone biosynthesis pathway.

Akkermansia muciniphila was related to Pik3ca and Lgf1, which

belong to the estrogen signaling pathway and ovarian

steroidogenesis pathway, and to Cyp26b1, Nnmt, Pnpla3,

and Ptgds, all of which are involved in metabolic pathways.

In contrast, Bifidobacterium animalis and Desulfovibrio species

showed narrow interaction with host female hormone

metabolism. B. animalis was related to Hspa8, Dnajb2, and

Camk1d, which belong to the estrogen signaling pathway,

sterol biosynthetic pathway, and oxytocin signaling pathway.

Desulfovibrio species showed single pairwise relationship

with Cfp, the gene coding a component of the innate immune

system. 

Discussion

A 15–23% increase in body weight observed in

ovariectomized animals has been reported previously [35,

36], and the same level of weight gain was also confirmed

in the ovariectomized mice in this study. The overall change

in the microbiome profile depending on ovariectomy was

also consistent with these previous reports. The decrease in

the abundance of phylum Bacteroidetes (from 78% to 2%)

and increase in the abundance of phylum Firmicutes (from

20% to 90%) observed in this study were also consistent

with the changes observed in previous studies. At a lower

taxonomic level, we observed a decrease in the abundance

of Ruminococcaceae, Rikenellaceae, Clostridia, Bacteroidales

S24-7, Bacteroides, and Prevotella species and an increase in

the abundance of Lactobacillus species, which was also in

line with a previous report [35]. However, the details of the

microbiome changes observed in our study were different

from those observed in previous studies. Several bacterial

taxa such as Moryella, Sporobacter, Barnesiella, Eggerthella,

Porphyromonadaceae, and Oscillospira, which have been

reported to show differential abundance upon ovariectomy

[35], were not detected or showed no significant differences

(between OVX and SHAM groups) in our study. 

Additionally, we found that the high-fat diet increased

the proportion of phylum Firmicutes (from 20% to 85%)

and decreased the proportion of phylum Bacteroidetes

(from 78% to 6%), which were consistent with the reports

of previous animal and human studies [37-39]. At a

lower taxonomic level, a decrease in the abundance of

Ruminococcaceae, Rikenellaceae, Lachnospiraceae, Bacteroides,

and Prevotella species and an increase in the abundance of

Lactobacillus species were observed in the SHAM-HF group

in our study; this result was also in line with previous

reports [40, 41]. The OVX-HF group showed a similar

microbiome composition as the OVX group except for the

presence of a few different taxa. 

We expected the differential expression of estrogen

signaling pathways in OVX treatment. This was observed

as expected in the comparison of the OVX with the SHAM

Fig. 5. Bacteria-gene expression network of ovariectomized

mice compared with that of high-fat diet-fed mice. 

Red circles correspond to bacteria; green circles correspond to

differentially expressed genes of KEGG maps; yellow lines indicate

bacteria-gene correlation in the high-fat diet-fed mice; red lines

indicate bacteria-gene correlation in the ovariectomized mice; solid

lines indicate positive correlation; dashed lines indicate negative

l i
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groups. However, the differential expression was not

observed in the comparison of OVX-HF with SHAM-HF.

The number of differential metabolic processes between

SHAM_HF and OVX_HF was also low, at 17 pathways

compared with the 177 pathways in the OVX versus the

SHAM groups. This phenomenon was in line with the

microbiome data. The overall bacterial profiles showed a

significant difference in the comparison of OVX with SHAM,

but the bacterial profiles of SHAM_HF and OVX_HF were

similar.

Bifidobacterium animalis, an ovariectomy-specific bacterium,

showed strong correlations with three genes—Hspa8 (heat

shock cognate Hsc73 protein), Dnajb2 (DnaJ homolog

superfamily B member 2), and Camk1d (calcium/calmodulin-

dependent protein kinase ID). The expression of Hspa8,

which is known to be related with ovarian hormones [42],

was found to be elevated in the OVX mice and showed

positive correlation with an increase in the abundance

of B. animalis. Dnajb2, a protein involved in the sterol

biosynthetic process, also showed increased expression

accordingly. In contrast, the expression of Camk1d, a protein

involved in the onset of breast cancer and the oxytocin

signaling pathway, was decreased in the OVX group,

showing a negative correlation with the abundance of

B. animalis. The gene-bacterial correlation observed here

suggests a possible role of B. animalis in female hormone

regulation; however, further studies are required to confirm

this possibility. 

Furthermore, Desulfovibrio, Dorea, and A. muciniphila

species showed a correlation with both high-fat diet and

ovariectomy (OVX-HF group). Desulfovibrio abundance was

found to be positively correlated with Cfp (complement

factor properdin), a component of the innate immune

system that has been reported to show upregulation upon

ovariectomy [43]. Furthermore, A. muciniphila abundance

showed a negative correlation with two genes, Pik3ca

(phosphatidylinositol 3-kinase catalytic alpha polypeptide)

and Lfg1 (insulin-like growth factor 1), but more correlation

was observed with metabolic pathway genes (Cyp26b1,

Nnmt, Pnpla3, and Ptgds) whose expression is related to a

high-fat diet than with genes related to ovariectomy. With

regard to Dorea species, although their proportion increased

in the OVX-HD group, the gene-bacterial correlation was

for genes of the metabolic pathways. Considering the data

available about the relief function of A. muciniphila in

metabolic dysfunctions [44, 45], the increase in the abundance

of A. muciniphila and Dorea species in this group is likely

due to the high-fat diet than due to the ovariectomy.

Comprehensively speaking, the overall microbiome

trend was similar in both dietary-induced obesity and

postmenopausal obesity, but B. animalis was found to exist

exclusively in postmenopausal obesity. Several other

bacteria, including Dorea, A. muciniphila, and Desulfovibrio

species, showed an additional increase in their abundance

observed in the OVX-HF group relative to that in the OVX

group; that is, a high-fat diet further enhanced the

ovariectomy-induced increase in the abundance of these

species. However, with regard to bacteria-gene interactions,

only B. animalis appeared to be specifically correlated with

female estrogen metabolism. The results of this study

indicate that menopausal obesity is characterized by

marker species that differ from those of diet-induced

obesity, and that these marker species show correlation

with female hormone metabolism genes.
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