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Abstract 

Background Phytohormones have garnered considerable interest as potential modulators of the gut-bone axis. 
Denosumab (Deno), a widely utilized therapeutic agent for postmenopausal osteoporosis, has not been previously 
investigated for its effects on gut health. The objective of this study was to assess the efficacy of isoflavones (SI), 
naringin (Nar), and Deno in the management of postmenopausal osteoporosis by targeting the gut-bone axis.

Methods The postmenopausal osteoporosis model in mice was established via bilateral oophorectomy. 
Subsequently, mice in the Deno group received subcutaneous injections of Deno at a dosage of 10 mg/kg, 
administered twice weekly. In contrast, mice in the SI and Nar groups were subjected to oral gavage with 200 mg/
kg/day of SI and Nar, respectively. The treatment period for all groups lasted for 8 weeks. Upon the conclusion 
of the experiment, a thorough evaluation of the effects of SI, Nar, and Deno on bone and gut health in mice 
was conducted through immunological, pathological, imaging, and multi-omics methodologies.

Results Deno, SI, and Nar significantly alleviated the physical symptoms in postmenopausal mice. However, only SI 
and Nar significantly modulated the gut microbiota. Akkermansia was significantly enriched after the gavage 
of SI and Nar. Akkermansia has the capacity to not only augment bone mass and alleviate strength deterioration 
via extracellular vesicles, but it also influences bone metabolism by diminishing inflammation and modulating lipid 
metabolism. Notably, no significant changes in the gut microbiota were observed in the Deno group, which may be 
attributed to the differences in the method of administration, as Deno was administered via subcutaneous injection 
rather than gavage.

Conclusion SI and Nar may influence the gut–bone axis through Akkermansia and have the potential of alternative 
treatment options for postmenopausal osteoporosis. Although the gut microbiota is not significantly affected 
by the subcutaneous administration of Deno, the long-term management of postmenopausal osteoporosis 
and the exploration of various management models warrant additional scrutiny. Furthermore, this study has yet to 
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Introduction
Osteoporosis is a widespread bone disease primarily 
attributed to estrogen deficiency, characterized by 
reduced bone mass and the deterioration of bone 
ultrastructure, resulting in bone fragility [1]. This 
condition is a major risk factor for fractures in women 
over the age of 50 [2, 3]. Postmenopausal bone loss 
arises from an imbalance between bone formation 
and resorption, driven by increased bone remodeling 
activity [4]. Additionally, postmenopausal obesity as 
well as the increase in autoimmune diseases can also 
increase the risk of developing osteoporosis [5]. Estrogen 
therapy is commonly prescribed for the treatment and 
prevention of osteoporosis. However, given the potential 
adverse effects associated with long-term estrogen 
supplementation, there is a concerted effort to explore 
and develop phytohormones as alternative therapeutic 
options [2].

Phytohormones can interact with microbes acting as 
estrogen agonists to prevent bone loss after menopause 

[6, 7]. In particular, flavonoids have shown great 
potential in treating postmenopausal osteoporosis [8, 
9]. Moreover, soy products and supplements enriched 
with isoflavones have gained popularity as substitutes 
for estrogen replacement therapy [10]. Consistent 
consumption of soy isoflavones, a type of flavonoid 
compound, has been shown to reduce conditions 
influenced by estrogen levels and can partially mitigate 
the onset of osteoporosis in postmenopausal women [11, 
12]. Furthermore, daily supplementation with soy protein 
has been demonstrated to positively influence bone 
metabolism [13]. Naringin (Nar), another flavonoid with 
estrogenic properties, has been studied for its effects 
on bone health [14]. Specifically, Nar supplementation 
in ovariectomized rats with osteoporosis has been 
demonstrated to enhance bone metabolism and improve 
the structures of cortical bone and bone trabecula [15]. 
In postmenopausal women, the consumption of Nar can 
significantly improve arterial stiffness [16]. Additionally, 
Nar has been shown to improve blood lipid status in 

establish a dose–response relationship, indicating that further research is essential to clarify the regulatory effects 
of varying doses of SI and Nar on postmenopausal osteoporosis especially the modulation of gut microbiota.
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patients with obesity and exhibit therapeutic effects 
against bronchopneumonia [17].

The gut–bone relationship is receiving increasing 
attention in the field of skeletal wellness. The gut 
microbiota has the capacity to affect bone homeostasis 
by altering host metabolism, immune responses, and 
hormone production [18]. Notably, alterations in the 
gut microbiome have been associated with reductions 
in both bone density and mass [19], with a marked 
decrease in bone mineral content observed following 
total gastrectomy [20]. Furthermore, dysbiosis of the gut 
microbiota impairs the intestinal absorption of calcium, 
which in turn influences osteoclast activity and bone 
structure [21].

Dietary supplements have the potential to influence 
the balance of gut microecology [22]. Certain 
phytohormones have been shown to exert remarkable 
estrogenic effects through their interactions with gut 
microbiota [23–26]. Previous studies indicate that ICR 
mice are often used to develop the mouse model for 
postmenopausal osteoporosis [27–29]. Additionally, 
it has been reported that SI and Nar play a role in 
regulating gut microbiota, safeguarding the intestinal 
tract, and enhancing host health [23–26]. Denosumab 
(Deno), an anti-RANKL monoclonal antibody, is an 
effective treatment for postmenopausal osteoporosis, as 
it inhibits the development and activity of osteoclasts 
while promoting increased bone density [3]. However, 
the effects of Deno on the gut microbiota in osteoporotic 
mice remain to be investigated. Therefore, the primary 
aim of the present study is to compare the effects of SI 
and Nar with those of Deno on postmenopausal ICR 
mice with osteoporosis and elucidate the mechanism 
associated with the bone‒intestinal axis effect.

Methods
Animals and reagents
Thirty-five female mice, aged 8  weeks, were obtained 
from Shanghai Slack Laboratory Animal Co., Ltd. 
These mice were specific pathogen-free (SPF) and 
belonged to the Institute of Cancer Research (ICR) 
strain [28]. SI (CAS:574-12-9) and Nar (CAS: 67604-
48-2) were purchased from Aladdin. Enzyme-linked 
immunosorbent assay (ELISA) kits used to detect the 
serum levels of estradiol (E2), interleukin-6 (IL-6), type 1 
collagen C-terminal peptide (CTX-1), propeptide of type 
I procollagen (PINP), and bone gla-containing protein 
(BGP) were purchased from Nanjing Jiancheng Co., Ltd.

Experimental animal model construction
The mice were anesthetized with 3% isoflurane, 
followed by disinfection of their skin with 10% 
povidone iodine. Two incisions were subsequently 

made, penetrating both the skin and musculature of the 
dorsal region. Subsequently, 28 mice were sutured after 
bilateral oophorectomy, while 7 mice were designated 
as the sham operation (SO) group (n = 7) and were 
sutured without oophorectomy. Postoperatively, all 
mice received intramuscular injections of 50,000 
U/D penicillin for a duration of three days. Twenty-
eight days following the surgery, the ovariectomized 
mice were divided into four distinct groups: the 
ovariectomized (OVX) group (n = 7), the denosumab 
treatment (Deno) group (n = 7), the soy isoflavone 
(SI) treatment group (n = 7), and the naringenin 
(Nar) treatment group (n = 7). Mice recovered 
within 13  weeks after surgery, during which they had 
unrestricted access to food and water. By the end of 
the 13th week, administration of Deno, genistein, 
and hesperidin commenced. Deno, a widely utilized 
clinical medication, was administered at a dosage of 
60  mg biannually. The equivalent dosage for mice was 
calculated based on body surface area, resulting in a 
dosage of 20.13699 mg/kg. Additionally, in accordance 
with previous literature [4], a subcutaneous dosage 
of 10  mg/kg was administered twice weekly to the 
Deno group. For the SI and Nar groups, the effective 
and safe dosages of soy isoflavone and naringenin 
were identified to range from 75 to 300  mg/kg/d, 
demonstrating a dose-dependent effect. Based on prior 
research conducted in our laboratory on flavonoid 
compounds, a dosage of 200 mg/kg/d was selected for 
oral gavage (dissolved in 1 ml physiological saline). All 
treatments last for 8  weeks. During the experiment, 
the mice were provided unrestricted access to food and 
sterile water. The mice were provided with standard 
maintenance feed from Jiangsu Xietong Biological Co., 
Ltd. The SPF-rated animal facility was maintained at a 
temperature range of 22–24 °C and a humidity level of 
50–60%.

Sample collection
After eight weeks of intervention, the mice were 
anesthetized using 3% isoflurane, after which blood 
samples were collected from the abdominal aorta. Prior 
to anesthesia, the body weight of the mice was recorded, 
and subsequent to the excision, the weights of the liver, 
spleen, and adipose tissue were measured. The lengths of 
the colon, cecum, ileum, and jejunum were documented. 
The ileal segment was preserved in a solution suitable 
for electron microscopy, while the colon and its contents 
were stored at − 80  °C. Both femurs from each mouse 
were immersed in 4% paraformaldehyde and maintained 
at 4  °C. Fecal samples were collected from the mice the 
day before euthanasia and were also preserved at − 80 °C.
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Preparation of bone imaging indices and pathological 
sections
A small animal dual energy instrument (iNSiGHT VET 
DXA, OsteoSys, Korea) was used to measure the bone 
mineral density (BMD) of the right femur through 
in  vivo computed tomography (CT) imaging of the 
small animal. The left femur samples were preserved 
in 4% paraformaldehyde fixative (Wuhan Seville 
Biotechnology Co., Ltd., Wuhan, China). Following 
preservation, the tissue was trimmed, dehydrated, 
nested, and sliced two days later. Sections of bone tissue 
were subjected to hematoxylin and TRAP (tartrate-
resistant acid phosphatase) staining techniques (Wuhan 
Seville Biotechnology Co., Ltd., Wuhan, China) and 
then imprinted with neutral resin (Wuhan Seville 
Biotechnology Co., Ltd.). Microscopy images were 
captured using a microscope (Nikon Eclipse C1, Nikon 
Limited) at a magnification of 200×. The quantification 
of osteoclasts within each section was conducted with 
Image 6.0.

Determination of blood indices
Serum levels of E2, IL-6, CTX-1, BGP, and PINP levels 
were measured using ELISA kits. Blood concentrations 
of total cholesterol (CHO), triglyceride (TG), low-density 
lipoprotein (LDL), high-density lipoprotein (HDL), and 
other biochemical indicators were detected with an 
automatic biochemical instrument from Wuhan Xeville 
Company (Chemray240, Wuhan, China).

Identification of metabolites within intestinal contents
The GC-2010 Plus gas chromatograph (Shimadzu 
Corporation, Kyoto, Japan) was utilized to quantify the 
short-chain fatty acids (SCFAs) in the colonic contents of 
the mice, following a methodology previously established 
[30]. In brief, a 10% fecal homogenate was prepared and 
subjected to centrifugation, after which the supernatant 
was collected and filtered. The filtrate was subsequently 
acidified at − 80  °C for 24 h. The content of acetic acid, 
propionic acid, butyric acid, valeric acid, isobutyric 
acid, and isovaleric acid in the feces samples were then 
analyzed.

Intestinal ultrastructure analysis
Tissue blocks, each with a volume of 1  mm3, were 
excised from the ileum of each mouse and immersed 
in a fixation solution suitable for electron microscopy, 
contained within an EP tube. This solution consisted of 
2.5% glutaraldehyde dissolved in 0.1 M phosphate buffer. 
Post fixation, the tissues were embedded in paraffin and 
sectioned using a microtome. Images were then acquired 
using an HT7800 transmission electron microscope 

(manufactured by HITACHI, Japan) at magnification 
of × 700 and × 1500.

16S rRNA sequencing and transcriptome sequencing
The microbial composition of mouse feces was analyzed 
by Lianchuan Biological Co., Ltd. (Hangzhou, Zhejiang). 
Genomic DNA was extracted from cecal fecal samples 
using the QIAamp DNA Fecal Mini Kit (Qiagen 51504) 
and subsequently sequenced. The V3-V4 hypervariable 
region of the 16S rDNA gene was amplified through PCR 
utilizing the primers 341F: 5′-CCT ACG GGNGGC WGC 
AG-3′ and 806R: 5′-GGA CTA CHVGGG TAT CTAAT-
3′, with each sample assigned a unique eight-base 
barcode. The obtained amplicon was excised from the 
2% agarose gel and subsequently purified following the 
protocol of the AxyPrep DNA Gel Extraction Kit (Axygen 
Biosciences, USA) in accordance with the kit’s protocol. 
The quantity of the purified amplicon was then assessed 
using the Quantifluoro-st reagent (Promega, USA). The 
amplified DNA fragment, after purification, underwent 
equimolar clustering and was sequenced on both ends 
using a 2 × 250  bp protocol on the Illumina sequencing 
system, adhering to the established standard procedures.

The colons of the mice were excised and preserved at 
− 80 °C for the purpose of total RNA extraction, following 
the protocols outlined in the RNA sample preparation kit 
(Illumina, San Diego, CA, USA). The integrity and total 
quantity of the RNA were assessed using bioanalyzers. 
Subsequently, RNA sequencing was conducted by 
Mingke Biotechnology Co., Ltd. (Hangzhou, China).

Data analysis
Statistical analyses were performed utilizing GraphPad 
8.0, and the data are presented as the means ± standard 
deviation (SD). The Shapiro–Wilk test and Levene’s 
test for normality and homogeneity of variance were 
conducted using the R package ‘car’. More than 85% 
of the datasets adhered to the criteria for normal 
distribution and met the assumption of homogeneity 
of variance. In recognition of the inherent biological 
variability in experimental studies, all data points were 
retained, including outliers, to provide a complete 
representation of findings. For the statistical analysis, 
one-way ANOVA were was selected to evaluate the 
significance of differences among treatment groups. 
Subsequent to identifying significant differences, the 
Student–Newman–Keuls post-hoc test was performed to 
facilitate pairwise comparisons between each group. The 
Spearman correlation coefficient was used for correlation 
analysis. The bacterial diversity and species composition 
results were analyzed using Qiime2 and R 4.2.1. P < 0.05 
was considered statistically significant.
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Results
Impact of phytohormones and denosumab on bone 
improvement and body weight in ovariectomized mice
CT imaging of the bone microarchitecture demonstrated 
a significant reduction in cancellous bone density in 
the OVX group compared to the SO group. In contrast, 
the cancellous bone in the Deno, SI, and Nar groups 
exhibited a more compact structure (Fig.  1Aa). The 

BMD in the OVX group was notably lower than that in 
the SO group (P < 0.0001, Fig. 1Aa, Ab, and B), whereas 
the BMD in the Deno, SI, and Nar groups was notably 
greater than that in the OVX group (P < 0.0001). Besides, 
using the R packages lsr and pwr, the effect size for the 
BMD indicators was calculated, and a power analysis 
yielded a value of 0.828, indicating that the sample size 
in each group is sufficient to support the reliability of 
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Fig. 1 CT images of the distal femoral region (Aa) and the cancellous bone at the distal end of the femur (Ab) of mice from each group and images 
of pathological sections (Ac). B Bone mineral density (BMD) measurements. C Osteoclast number. D Body weight. All the data are expressed 
as the means ± SD. n = 5–7, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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the results. Moreover, mice in the OVX group exhibited 
a significantly higher number of osteoclasts and greater 
body weights compared to those in the SO group 
(P < 0.05, P < 0.0001; Fig.  1Ac, C, and D), whereas those 
in the Deno, SI and Nar groups displayed a significantly 
lower number of osteoclasts and body weights compared 
to the OVX group did (P < 0.01; Fig. 1D).

However, no significant differences were observed in 
the liver indices, spleen indices, and overall fat content 
among the various groups. It is important to highlight 
that the fat index in the SI group exhibited a marked 
reduction in comparison to the other four groups 
(P < 0.01; Fig. S1).

The results of this study demonstrate that treatment 
with SI, Nar, or Deno resulted in a significant increase 
in BMD, alongside a reduction in body weight and 
osteoclast count in ovariectomized mice. Besides, 
when compared to Deno, both SI and Nar exhibited 
more pronounced effects on BMD, osteoclast count, 
body weight, and fat index, with the SI group showing 
particularly notable improvements.

Effects of phytohormones and denosumab on the blood 
indices of ovariectomized mice
Based on well-established imaging techniques, identified 
pathologies, and blood markers of bone metabolism 
[31, 32]. The results of the ELISA revealed a significant 
reduction in serum estradiol (E2) levels in the 
ovariectomized (OVX) group compared to the SO group 
(P < 0.0001, Fig. 2A). Furthermore, the concentrations of 
BGP and PINP were decreased, although these changes 
were not statistically significant (Fig.  2D, E). Treatment 
with Deno, SI, and Nar resulted in increased levels of E2, 
BGP, and PINP. Additionally, the serum concentration 
of CTX-1 was significantly enriched in the OVX group 
compared with the SO group (P < 0.05, Fig.  2C), while 
it was significantly reduced in the Deno, SI, and Nar 
groups relative to the OVX group (P < 0.01). Moreover, 
although the IL-6 levels were higher in the OVX group 
compared to the other groups, this difference did not 
reach statistical significance.

In comparison to the SO group, the levels of CHO, 
TG, and LDL level in blood were significantly increased 
(P < 0.05, Fig.  2F, G, and H). Conversely, the Deno and 
Nar groups exhibited a significant reduction solely in 
cholesterol levels, while the SI group demonstrated a 
significant decrease in both cholesterol and triglyceride 
levels. Notably, there was no significant difference in 
HDL between the OVX group and other groups.

Collectively, these results suggest that SI, Nar, and 
Deno markedly elevated the levels of E2, BGP, and PINP 
in ovariectomized mice, while concurrently reducing the 
concentrations of CTX-1 and CHO content. In particular, 

the SI group also demonstrated a significant reduction in 
triglyceride levels.

Effects of phytohormones and denosumab on SCFAs
The composition of the intestinal metabolites in each 
experimental group was illustrated in Fig. 3A, with acetic 
acid constituting the predominant component in all 
groups. The total acid content did not significantly differ 
among the groups (Fig. S2). Compared to the SO group, 
the Deno group had no significant effect on the levels of 
acetic acid and propionic acid in the intestinal tract of 
mice (Fig.  3B, C). Interestingly, compared with the SO 
and OVX groups, the proportion of acetic acid increased 
significantly after treatment with Deno or SI (P < 0.05), 
while the proportion of propionic acid was significantly 
reduced (P < 0.05). However, the significantly reduced 
isovaleric acid content in the OVX group did not recover 
following any treatment (P < 0.05; Fig. 3D). Additionally, 
the proportions of isobutyric acid and valeric acid in the 
OVX group have no significant difference with any other 
group (Fig. 3E, F). Besides, the treatment of Deno, SI and 
Nar all restore the significant increase of butyric acid in 
the OVX group (P < 0.05; Fig. 3G).

Hence, SI, Nar, and Deno each increased the proportion 
of acetic acid, decreased the level of propionic acid, and 
reinstated the significant increase of butyric acid in the 
OVX group.

Effects of phytohormones and denosumab on intestinal 
microbial
The rarefaction curves demonstrated that both the 
sequencing depth and uniformity were sufficient 
(Fig. S3). The Chao1 index and Shannon index did 
not significantly differ among the groups (Fig.  4A, 
C). In contrast, the Simpson index in the SI group 
was significantly lower than that in the SO, OVX, and 
Deno groups (P < 0.05, Fig.  4B). There were significant 
differences in the composition of intestinal flora 
among the groups (Fig. 4D, E, Fig. S4A). Furthermore, 
ANOSIM analysis showed significant differences 
between the SI or Nar groups and the OVX and SO 
groups (P = 0.001; Fig. S4B–D). At the genus level, 
103 operational taxonomic units (OTUs) were found 
to coexist, with the diversity of the Nar group being 
distinctly different from that of the other groups 
(Fig. S4E). Consequently, the Nar exhibited a more 
pronounced impact on bacterial abundance and 
diversity, displaying a species distribution similar 
to that of the SI group. Moreover, Deno did not 
significantly alter bacterial diversity. The composition 
of phylum and genus in each group is shown in Fig. 4F 
and G, respectively. At the phylum level, the abundance 
of Verrucomicrobia in the SI and Nar groups was 
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increased, while the abundance of Bacteroidetes 
decreased relative to that in the other groups (Fig. 4F). 
At the genus level, SI and Nar groups significantly 
enhanced the abundance of Akkermansia (P < 0.05; Fig. 
S5). Moreover, Akkermanisa was identified as the most 
critical genus on the basis of the random forest analysis 
(P < 0.05; Fig. S4F).

Differences of phytohormones and denosumab 
on the intestinal bacterial composition
The representative flora for each group were determined 
using a cutoff of LDA > 3, P < 0.05 cutoff (Fig.  5A-B, 
S6). Compared with the SO group, the OVX group 
decreased Dubosiella, Parasutterella, millionella, 
DTU014_unclassified, Defluviitaleaceae_UCG_011, 
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and Christensenellaceae_R_7_group, and significantly 
increased Robinsoniella, Desulfovibrionaceae_
unclassified, Gastranaerophilales_unclassified, 
GCA_900066575, Clostridium, Odoribacter, 
Helicobacter, Rikenella. Ruminococcaceae_UCG_014, 
Clostridiales. Treat with Deno reduced Absiella and 
Alloprevotella. SI and Nar both increased Akkermansia, 
and Clostridium_sensu_stricto_1, decreased Absiella, 

Bacteroides, and Parabacteroides in OVX mice, 
while SI also increased Candidatus_Saccharimonas, 
decreased Aneroplasma, Peptococcaceae_unclassified, 
GCA_900066575, Ruminiclostridium_5, Negativibacillus, 
Eubacterium_nodatum_group, Candidatus_Arthromitus, 
Marvinbryantia, Anaerovorax, Acidiferrobacteraceae_
unclassified, and Lactobacillus, and Nar also 
increased Ruminiclostridium_9, Ruminiclostridium, 
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Intestinimonas, Acetatifactor, Oscillibacter, Anaerovorax, 
Oscillospira, Kineothrix, Eubacterium_oxidoreducens_g
roup, Family_XIII_UCG _001, Rumiinococcaceae_UCG 
_010, and Bilophila, decreased Sphingopyxis, 
Ruminococcaceae_UCG _014, Alloprevotella, and 
Alistipes.

Indicated flora analysis and correlation 
between the intestinal flora and osteoporosis phenotype
Correlation analysis between bone markers and other 
disease phenotypes (Fig.  6D) revealed that body weight 
and TG, CHO, LDL, and HDL levels were significantly 
negatively correlated with BMD (P < 0.05). The serum E2 
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Fig. 4 Diversity and composition of intestinal microbiota in ovariectomized mice. A Chao1 index; B Shannon index; C Simpson index; D Principal 
coordinate analysis (PCA). E Principal coordinate analysis (PCoA); F Bacterial composition at the phylum level; G Bacterial composition at the genus 
level. All data were mapped and analyzed using QIIME2, and R 4.2.1. n = 7, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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content was negatively correlated with CTX-1 (P < 0.01). 
Serum PINP was positively correlated with E2 (P < 0.05), 
whereas HDL was negatively correlated with IL-6 and 
body weight. Moreover, the serum BGP was positively 
correlated with E2 (P < 0.05), and HDL was negatively 
correlated with body weight (P < 0.05). Hence, improved 
lipid metabolism and body weight might have promoted 
increased BMD, whereas improved E2 levels might 
reduce CTX-1 abundance and increase the PINP and 
BGP contents. Additionally, a decrease in IL-6 might 
promote an increase in PINP.

We conducted a comparative analysis of the 
aforementioned phenotypic outcomes in relation to 
the intestinal microbiota and α diversity. Our findings 
indicated a significant negative correlation between 
mouse body weight and the presence of Akkermansia 
(P < 0.05; Fig. 6E), while a significant positive correlation 
was observed between Akkermansia and the Simpson 
index (P < 0.05). Additionally, BMD was positively 
correlated with Akkermansia (P < 0.1), whereas CTX-1 
was negatively correlated with Alistipes (P < 0.05) 
(Fig.  6F). Furthermore, redundancy analysis (RDA) 

results further revealed that BMD, BGP, PINP, and 
Akkermansia were positively correlated, whereas body 
weight and the levels of CTX-1, E2, and Akkermansia 
were negatively correlated (Fig. 6G).

Effects of phytohormones and denosumab on gene 
expression
In the OVX group, 283 genes were upregulated and 
170 were downregulated compared with the SO group 
(Fig. S7A). In contrast, the Deno group showed an 
upregulation of 171 genes and a downregulation of 
125 genes relative to the OVX group (Fig. S7B). The SI 
group displayed an equal number of upregulated and 
downregulated genes, with 54 genes in each category (Fig. 
S7C). Furthermore, the Nar group revealed a substantial 
upregulation of 296 genes and a downregulation of 445 
genes in comparison to the OVX group (Fig. S7D).

A GO enrichment analysis was conducted for various 
groups. As shown in Fig. 7A, the OVX group exhibited 
the most significant increase in calmodulin fixation, 
and the downward regulation of caffeine oxidase 
activity was more significant than that in the SO group. 

Fig. 5 Clodagram and Linear Discriminant Analysis (LDA) score of the statistically significant microbial groups in the four groups (A–D). All data 
were mapped and analyzed using R 4.2.1. n = 7. A—OVX (Ovariectomy) vs. SO (Sham Operation); B—Deno (Denosumab) vs. OVX; C—SI (Isoflavone) 
vs. OVX; D—Nar (Naringin) vs. OVX
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Compared with the OVX group, the most altered 
enrichment in the Deno group was the inflammatory 
response, and the most obvious difference was the 
shift in the actin‒myosin filaments (Fig.  7B). In the SI 
group, actin filament-based movement was the most 
significantly increased, and monooxygenase activity was 
the most significantly decreased relative to that in the 
OVX group (Fig. 7C). Compared with that in the OVX 
group, the gene whose expression was significantly 

upregulated in the Nar group was blood circulation, 
and the gene whose expression was significantly 
downregulated was short-chain fatty acid catabolism 
(Fig. 7D).

As shown in Fig. 7E, we conducted an analysis of the 
30 genes exhibiting the highest levels of expression 
within each group. Among them, the genes Cyp2c55, 
Sst, Fabp4, Pla2g4c, Cyp2c65, and Cfd were significantly 
better regulated in the OVX group (P < 0.0001), while 

Fig. 6 Flora analysis and correlation between the intestinal flora and the osteoporosis phenotype. A Correlation analysis between bone 
metabolism and other related indices. B, C Correlation analysis between bone-related indices and the intestinal microbiome. D Redundancy 
Analysis (RDA) of the gut microbiome and bone-related indices. All data were mapped and analyzed using R 4.2.1. n = 7
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Fig. 7 Changes in intestinal gene expression. A–D Gene Ontology (GO) enrichment of differentially expressed genes among the study groups. 
A—OVX (Ovariectomy) vs. SO (Sham Operation); B—Deno (Denosumab) vs. OVX; C—SI (Isoflavone) vs. OVX; D—Nar (Naringin) vs. OVX. E Heatmap 
of significantly differentially expressed genes in the different study groups. F Correlation analysis between target genes and associated indicators. 
The red box in panel ’E’ indicates genes related to our research. All the data were mapped and analyzed using R 4.2.1. n = 5
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they were markedly significantly underregulated in the 
Deno, SI, and Nar groups (P < 0.0001).

As shown in Fig.  7F, a correlation analysis was 
conducted to examine the relationships between target 
genes and associated indicators. The genes Cyp2c55, 
Pla2g4c, Cfd, Fabp4, Cyp2c65, and Sst were positively 
correlated with body weight, TG, CHO, fat content, LDL, 
and IL-6 and negatively correlated with E2. Notably, 
body weight showed a strong correlation with these 
six genes (P < 0.05). Additionally, E2 was significantly 
related to Cyp2c55, Pla2g4c, Cfd, and Fabp4 (P < 0.05). 
Furthermore, HDL and TG were significantly associated 
with Cyp2c65 (P < 0.05).

Effects of phytohormones and denosumab on the ileum 
ultrastructure and intestinal segment length
The length of the intestinal segments was found to be 
significantly longer in the SI and Nar groups compared 
to the SO and Deno groups, particularly in the ileum and 
jejunum (P < 0.05; Fig.  8A, B). No significant differences 
in the lengths of the colon or cecum were observed 
among the study groups. Hence, SI and Nar increased the 

intestinal segment length more significantly than SO and 
Deno did, especially the ileum and jejunum lengths.

At × 7,000magnification, the density of ileum villi in 
the OVX group was significantly lower compared to 
the SO, Deno, SI, and Nar groups (Fig.  8C). At × 1500 
magnification, the gaps at the tight junctions in the OVX 
group were notably wider than those observed in the SO 
group. In contrast, the tight junctions in the SI and Nar 
groups were significantly narrower and more compact 
than those in the OVX group, while the gaps in the Deno 
group than those in the OVX group. Hence, SI and Nar 
confer protective effects on the ultrastructure of the 
ileum, whereas Deno does not have similar effects.

Discussion
In this study, we conducted a comparative analysis 
of the effects of SI and Nar in relation to Deno on 
postmenopausal mice with osteoporosis, while also 
elucidating a mechanism linked to the bone–intestinal 
axis. Our findings demonstrated that SI, Nar, and Deno 
significantly increased hormone levels and enhanced 
the overall health of osteoporotic mice. SI and Nar 

Fig. 8 Gut-related indicators. A Total length of intestine, B Intestinal segment length. C Ileal ultrastructure. Tight junctions are indicated with red 
arrows, whereas the red box indicates the villi. All the data are expressed as mean ± SD. n = 7, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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showed comparable therapeutic effects to Deno with 
respect to serum estradiol levels and the expression of 
osteoporosis biomarkers, including BMD, eoclast count, 
CTX-1, BGP, and PINP. Above all, based on the well-
established imaging, pathology, and blood markers of 
bone metabolism [31, 32], our study suggest that, similar 
to the first-line drug Deno, SI and Nar can effectively 
replenish hormone levels and improve bone health in 
postmenopausal osteoporotic mice.

Deno, SI, and Nar promote bone health by regulating 
body weight, fat mass index, blood lipid levels, and 
inflammatory markers. In the present study, SI and Nar 
reduced the weight gain associated with ovariectomy, 
which was accompanied by a decrease in the abdominal 
fat content, while simultaneously enhancing blood 
lipid profiles and reducing inflammatory factors. It is 
important to note that weight gain in isolation does 
not inherently lead to a reduction in BMD; however, 
weight gain accompanied by increased fat mass and 
hyperlipidemia may contribute to diminished BMD 
[33]. The established relationship between blood 
lipids and inflammation is well-documented, yet the 
connection between blood lipids and bone health 
remains contentious [34, 35]. Dyslipidemia, particularly 
alterations in CHO, TG, and LDL contents, has been 
shown to mediate the systemic inflammatory response, 
leading to reduced bone mass and elevated risk of 
fractures [34, 35]. Furthermore, fat accumulation can 
disrupt bone homeostasis and increase fracture risk, 
while decreased blood lipids can regulate osteoclast 
activity [36]. Interestingly, Nar exhibited a better 
ameliorative effect than SI did in increasing HDL. 
However, the existing literature on the association 
between HDL and BMD is ambiguous, with some studies 
reporting both negative and positive correlations [37, 
38]. In the present study, HDL was negatively correlated 
with BMD but significantly positively correlated with 
PINP and BGP, suggesting that an increase in HDL may 
have beneficial effects on bone metabolism. In summary, 
these findings indicate that SI and Nar promote bone 
health by reducing body weight, which is associated with 
hyperlipidemia and high fat content.

In this study, compared with the OVX group, there 
was an increase in the proportions of Muribaculaceae_
unclassified, Lactobacillus, Bifidobacterium, and 
Dubosiella in the Deno group, alongside a decrease in 
Alistipes. Muribaculaceae, Lactobacillus, and Dubosiella 
have been shown to promote bone health in mice with 
osteoporosis [39–42]. In ovariectomized rats, bone 
loss was improved by an increase in Bifidobacterium 
and a decrease in Alistipes [43]. Moreover, the 
reduction in Alistipes decreased the content of 
CTX-1, a biomarker indicative of bone resorption. 

Furthermore, the increased abundances of Akkermansia, 
Muribaculaceae, Bifidobacterium, and Dubosiella have 
been linked to elevated levels of acetic acid [42, 44–46]. 
Given the requirement for Deno to be administered 
subcutaneously, we hypothesize that Deno may not 
exert a direct influence on the intestinal microbiota. 
Nonetheless, the observed alterations in certain bacterial 
populations suggest that the potential role of Deno 
in modulating intestinal flora, particularly following 
prolonged administration or through alternative routes 
of administration, warrants further investigation.

Different with the Deno, research has demonstrated 
that SI and Nar can reverse the imbalance of the gut 
microbiota associated with conditions prevalent among 
women, including estrogen deficiency, obesity, and 
polycystic ovary syndrome. These interventions have 
been shown to enhance the abundance of beneficial 
bacterial populations while diminishing the prevalence 
of pathogenic bacteria [24, 25, 47–49]. According to the 
bacterial distribution, we found that the bacterial clusters 
formed in the Nar and SI groups exhibited significant 
differences compared to those in the other groups. 
Notably, Akkermansia was significantly enriched in both 
the SI and Nar groups.

Akkermansia shows great potential in the treatment 
strategy of osteoporosis [50]. This bacterium is a crucial 
constituent of the gut microbiota and is the only species 
identified within the phylum Verrucomicrobia in the 
mammalian intestine [51]. The altered gut microbiota 
composition in ovariectomized mice following the 
intestinal microbial transplantation is associated with 
an increase in the abundance of Akkermansia [52]. A 
research investigation examining the association between 
osteoporosis and gut microbiota within the population 
of Henan Province, China, revealed that Akkermansia 
exhibited a negative correlation with markers indicative 
of bone resorption, while demonstrating a positive 
correlation with markers associated with bone formation 
and 25-OH-D3 [53]. Research indicates that the 
replenishment of Akkermansia can rectify the disruption 
of bone metabolism resulting from ovariectomy. 
Extracellular vesicles secreted by Akkermansia have the 
capacity to infiltrate bone tissue, where they directly 
facilitate the osteogenic differentiation of bone marrow 
mesenchymal stem cells while simultaneously inhibiting 
the differentiation of osteoclasts from bone marrow 
mononuclear cells/macrophages. This dual action 
promotes bone formation and suppresses osteoclastic 
resorption, thereby mitigating the deterioration of bone 
microstructure and the reduction in bone mass and 
strength associated with estrogen deficiency [54].

Studies have shown that Akkermansia can enhance 
bone formation and facilitate fracture healing by 
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decreasing intestinal permeability and inflammation [55] 
Akkermansia has been demonstrated to lower levels of 
systemic inflammation [56–58]. Especially, Akkermansia 
can alleviate periodontal inflammation and periodontal 
bone destruction in mice [59]. The proportion of acetic 
acid was found to be increased in the Deno, SI, and 
Nar groups in our study. The increased abundance of 
Akkermansia is reportedly associated with the increase of 
acetic acid [44]. Acetate positively influences host energy 
metabolism by stimulating the secretion of intestinal 
hormones, reducing systemic lipolysis, lowering systemic 
levels of pro-inflammatory cytokines, and increasing 
energy expenditure and fat oxidation [60, 61]. In a study 
conducted on the colon of goats, Tao et al. observed that 
the widening of gaps in tight junctions compromises the 
integrity of colonic epithelial tissue [62]. Akkermansia 
has been shown to facilitate the regeneration of intestinal 
epithelial cells, improve the enterocyte apoptosis, and 
maintain intestinal homeostasis [57, 63]. Atrophy of the 
intestinal villi and muscle layer may lead to intestinal 
obstruction, whereas increased density of intestinal 
villi enhances intestinal peristalsis and promotes 
colon health [64]. All treatments administered post-
ovariectomy contributed to the amelioration of villus 
atrophy and the expansion of tight junction gaps within 
the intestinal lining. Collectively, these findings suggest 
that Akkermansia promotes bone health directly or 
indirectly via metabolism, body weight, lipid profiles, 
and inflammatory processes. Additionally, its role in 
providing intestinal protection and elevating acetic 
acid levels may facilitate improved intestinal motility 
in castrated mice, leading to weight reduction, which is 
advantageous for bone health.

The expression of intestinal genes exhibited 
comparability following treatment with soy isoflavone, 
naringin, or Deno. Notably, the Nar intervention resulted 
in a more pronounced upregulation or downregulation 
of genes in ovariectomized mice compared to Deno or 
soy isoflavone. The increase in calmodulin binding after 
ovariectomy represents an increase in the intracellular 
calcium ion concentration, which could initiate various 
physiological mechanisms, such as muscle contraction, 
neurotransmitter release, hormone secretion, and 
apoptosis [65]. The reduction of Fibroxyl in the OVX 
group can help stimulate fibroblasts, improve muscle 
function, mitigate fall risk, and thus improve bone 
mass [66]. In the Deno group, genes associated with 
the inflammatory response were upregulated, while 
those related to actin-myosin filament sliding were 
downregulated. A study on kidney disease indicated that 
actin endocytosis was enriched among downregulated 
proteins in affected patients, whereas proteins associated 
with inflammatory diseases were enriched among 

upregulated proteins [67]. Furthermore, genes associated 
with actin filament-based movement were upregulated in 
the SI group, potentially correlating with the level of E2 
[68]. The downregulation of monooxygenase expression 
in the SI group indicated increased anti-inflammatory 
and antioxidative activities [69]. In contrast, genes related 
to the SCFA catabolic process were downregulated 
in the Nar group. The reduced enrichment of SCFAs 
did not significantly alter the total acid content but 
resulted in an increased proportion of acetic acid. Given 
the extensive number of genes associated with GO 
enrichment, providing a precise explanation of the effects 
of GO enrichment poses challenges. Consequently, we 
proceeded to analyze the genes with high expression 
levels.

In terms of the genes that were differentially expressed, 
Cyp2c55 and Cyp2c65, the main target genes of the PXR-
dependent biological pathways involved in microbiota 
depletion, were increased in ovariectomized mice but 
decreased following Deno, SI, and Nar replacement, 
which was consistent with the serum E2 levels [70]. 
The deletion of Sst was found to modify the structure 
of the bacterial community, elevate potassium ion 
concentrations, decrease sodium ion concentrations, 
and contribute to the maintenance of tissue stability 
[71]. These results were corroborated by transmission 
electron microscopy analyses of colonic tissues from 
ovariectomized mice. Moreover, Sst has been shown 
to locally inhibit the proliferation and differentiation 
of chondrocytes and bone osteoprogenitor cells. 
FABP4 regulates the development and metabolism of 
inflammation, resists atherosclerosis, and improves 
insulin sensitivity [72]. The gene Pla2g4C has been 
positively associated with hepatitis and is implicated in 
the accumulation of hepatic fat, which correlates with an 
increase in inflammatory factors following ovariectomy 
and their subsequent reduction post-intervention 
[73]. Finally, CFD is a serine protein kinase known to 
stimulate adipose tissue secretion, aligning with observed 
changes in blood lipid levels, body weight, and visceral 
fat index [74]. Based on these findings, we propose 
that intestinal gene expression in ovariectomized mice 
remains relatively consistent following treatment with 
SI, Nar, or Deno. Furthermore, the effects on the gut in 
ovariectomized mice are likely related to the regulation 
of gut E2, lipid metabolism, and inflammation-related 
genes.

Phytohormones demonstrate a dose-dependent 
response in the management of various diseases. In 
women aged 65 and older, both low doses (≤ 80  mg/d) 
and high doses (> 80  mg/d) of SI were associated with 
a decrease in TG levels; however, only high doses were 
found to elevate HDL levels [75]. A separate meta-analysis 
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indicated that SI administered at doses below 90  mg/d 
was more effective in enhancing bone markers, including 
osteoprotegerin, pyridinoline, and C-telopeptides, in 
overweight and obese populations  [76]. However, SI 
at doses exceeding 84  mg/d was shown to significantly 
lower IL-6 levels  [77]. Furthermore, in female Golden 
Syrian hamsters, the cholesterol-lowering effects of 
isoflavones were amplified with increasing dosages. 
Similarly, naringenin exhibited a dose-dependent 
influence on glucose and lipid metabolism in diabetic 
patients [78,  79]   and demonstrated inhibitory effects 
on tumor development. This study did not incorporate 
dose-gradient experiments, thus raising the question of 
whether a dose–response relationship exists for these 
two phytohormones in the treatment of osteoporosis in 
women, which warrants further exploration. Additionally, 
the regulatory effects of prebiotics on gut microbiota 
are also characterized by dose dependency [80, 81]. The 
current study leaves the potential effects of varying doses 
of SI and Nar on gut microbiota unclear, highlighting 
the necessity for further refinement and in-depth 
investigation in this area.

Conclusions and limitations
Our findings indicate that, similar to the first-line 
medication Deno, SI and Nar can effectively enhance 
hormone levels and promote bone and intestinal 
health in postmenopausal osteoporosis mice, which 
may be mediated by gut microbiota. Both plant 
hormones significantly increased the abundance of 
Akkermansia bacteria in the mouse gut. Akkermansia 
has been shown to improve the loss of bone mass 
and strength associated with estrogen shortage by 
blocking the formation of osteoclasts from bone 
marrow monocytes/macrophages and directly 
promoting osteogenic differentiation of bone marrow 
mesenchymal stem cells through extracellular vesicles. 
In addition, Akkermansia can also promote intestinal 
and bone health by reducing systemic inflammation 
and regulating lipid metabolism. The alterations in 
intestinal gene expression confirm this, as Deno, 
SI, and Nar all reduced the elevated levels of lipid 
metabolism (Cyp2c55, Cyp2c65, Pla2g4C FABP4) and 
inflammation-related genes (Pla2g4C, FABP4, CFD), 
as well as bone remodeling-related genes (Sst) in 
the OVX group. It is noteworthy that Deno may not 
be able to directly modulate the gut microbiota due 
to the mode of administration. However, long-term 
administration and different modes of administration 
warrant further investigation. Furthermore, this 
research has yet to determine a dose–response 
relationship, and further investigation is necessary 

to elucidate the regulatory effects of varying doses of 
SI and Nar on postmenopausal osteoporosis, and it 
is important to examine whether the modulation of 
the gut microbiota by phytohormones differs across 
various dosages.
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