
Liu et al. Nutrition & Metabolism            (2023) 20:6  
https://doi.org/10.1186/s12986-023-00726-3

RESEARCH

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Nutrition & Metabolism

Chondroitin sulfate alleviates osteoporosis 
caused by calcium deficiency by regulating lipid 
metabolism
Tianshu Liu1,4†, Hai Yu2,4†, Shuai Wang5, Huimin Li3,7, Xinyiran Du6 and Xiaodong He3,4* 

Abstract 

The use of non-drug intervention for calcium deficiency has attracted attention in recent years. Although calcium 
carbonate is the preferred raw material for calcium supplementation, there are few reports on the mechanism of the 
combined action of chondroitin sulfate and calcium to alleviate osteoporosis from the perspective of gut microbiota 
and metabolomics. In this study, a rat model of osteoporosis was established by feeding a low-calcium diet. The 
intestinal microbiota abundance, fecal and plasma metabolite expression levels of rats fed a basal diet, a low-calcium 
diet, a low-calcium diet plus calcium carbonate, and a low-calcium diet plus chondroitin sulfate were compared. The 
results showed that compared with the low calcium group, the calcium content and bone mineral density of femur 
were significantly increased in the calcium carbonate and chondroitin sulfate groups. 16 S rRNA sequencing and 
metabolomics analysis showed that chondroitin sulfate intervention could reduce short-chain fatty acid synthesis 
of intestinal flora, slow down inflammatory response, inhibit osteoclast differentiation, promote calcium absorption 
and antioxidant mechanism, and alleviate osteoporosis in low-calcium feeding rats. Correlation analysis showed that 
the selected intestinal flora was significantly correlated with metabolites enriched in feces and plasma. This study 
provides scientific evidence of the potential impact of chondroitin sulfate as a dietary supplement for patients with 
osteoporosis.
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Introduction
In 1994, the World Health Organization proposed the 
concept of osteoporosis as a “progressive systemic 
skeletal disease characterized by low bone mass and 
microarchitectural deterioration of bone tissue, with a 
consequent increase in bone fragility and susceptibility 
to fracture” [1]. Osteoporosis in middle-aged and older 
adults is a global public health problem, especially in 
developing countries; therefore, it has attracted attention 
worldwide [2]. Decreased intestinal calcium absorption, 
insufficient dietary calcium intake, and chronic low-
grade inflammation have been identified as risk factors 
for osteoporosis [3, 4]. Although the adverse sequelae of 
osteoporotic fractures are well documented and many 
effective treatment options are available [5], the treat-
ment of osteoporosis often involves the use of medica-
tions, and adverse reactions associated with drug therapy 
have been a major challenge related to treatment goals. 
Therefore, the use of non-pharmacological interventions, 
including adequate nutrition and dietary supplements, 
rather than therapeutic strategies, for the treatment of 
osteoporosis has attracted much interest. To date, the 
focus has been on rapid bone loss in the postmenopausal 
period, which is mainly affected by estrogen deficiency, 
which masks the effects of calcium. The strong depend-
ence of the effect of the calcium preparation used is often 
forgotten [6]. Research on HRT-free therapy has shown 
that calcium is the simplest and cheapest strategy to treat 
and prevent osteoporosis [7].

Calcium supplements are generally divided into two 
groups based on the nature of their chelating counterbal-
ance ions with organic calcium supplements, including 
negatively charged organic molecules such as malate, cit-
rate, fumarate and gluconate, and inorganic calcium sup-
plements relying on inorganic chelating molecules such 
as carbonates, phosphates and chlorides [8]. Calcium 
carbonate and calcium citrate are the most common 
forms of calcium supplements [9]. Owing to its relatively 
high elemental calcium content (40%) and low price, cal-
cium carbonate is recognized as the most cost-effective 
calcium source in China and abroad, and is the preferred 
raw material for calcium supplements [10]. Calcium sup-
plementation may be an effective treatment for osteopo-
rosis. However, calcium supplements alone are ineffective 
in preventing osteoporosis and can even increase the risk 
of fractures [11].

The combination of calcium supplements and vitamin 
D is considered the traditional strategy for osteoporosis 
treatment. But this method usually requires larger doses 
of calcium supplementation, which is less effective [12].

Chondroitin sulfates (CS) are a class of sulfated gly-
cosaminoglycans, which are linear polysaccharides com-
posed of repeated disaccharide units comprising uronic 

acid and N-acetylhexosamine [13]. In addition to being 
an anti-inflammatory molecule, CS also has antioxidant 
and lipid peroxidation inhibitory properties [14]. Animal 
studies have shown that chondroitin sulfate combined 
with probiotics can effectively inhibit the development 
of oxidative stress in experimental osteoarthritis rats and 
prevent the disorder of oxido-antioxidant balance [15]. In 
the United States, CS is approved as a dietary supplement 
for osteoarthritis, whereas in Europe and some other 
countries, it is used as a symptomatic slow-acting agent 
[16]. Previous studies have confirmed that the two sulfate 
groups of CS from different chains can interact with sin-
gle calcium ions, induce the influx of calcium ions that 
may be involved in cell proliferation, and have a prolifera-
tive effect on chondrocytes, and the combination of CS 
and calcium is related to the calcification of cartilage [17]. 
However, there are very limited studies on the effects of 
the combined action of CS and calcium on osteoporosis.

Recently, the role of intestinal flora in metabolic dis-
eases has been widely investigated. Several human dis-
eases are linked to the dysregulation or imbalance in the 
microbial communities [18]. Evidence indicates that bone 
health may be regulated by the gut microbiome [19]. 
Intestinal flora is closely related to bone health. The exist-
ence of brain-bone, gut-bone, and brain-gut connections, 
referred to as the brain-gut-bone axis, may be one of the 
important regulatory factors affecting bone homeostasis 
through the regulation of its own metabolites, affecting 
host metabolism, transforming drug metabolism, and 
regulating intestinal barrier function [20, 21]. Adverse 
changes in the gut microbiome, such as dysbiosis, can 
lead to metabolic syndrome and inflammation, two 
important components of osteoarthritis progression [22]. 
Animal studies have also revealed that the gut microbi-
ome regulates bone mass by altering the immune status 
and intestinal calcium uptake and influencing osteoclast-
mediated bone resorption [23].

Metabolomics is a science that studies the changes in 
all metabolites in biological systems in response to exter-
nal stimuli. Substrates and small molecule metabolites 
(< 1500  Da) of various metabolic pathways of products 
are assessed in specific physiological periods through 
qualitative and quantitative analysis and integration of 
information [24]. Plasma metabolomics characterizes 
all small molecule metabolites in the plasma, and fecal 
metabolites are closely related to intestinal microbiota 
activity [25]. However, the application of metabolomics 
in osteoporosis is just the beginning [26]. Based on the 
abundance of metabolites and cellular signaling mole-
cules, particularly short-chain fatty acids, such as butyric 
acid which is produced by the gut microbiota, it is rea-
sonable to consider that these imbalances may be related 
and should be investigated [27].
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In this study, using fecal and plasma metabolomics to 
assess gut microbes, we compared the outcomes of CS 
and calcium carbonate intervention in an osteoporotic 
rat model. Our aim was to better understand the role of 
CS in improving osteoporosis and its underlying mecha-
nisms, which may provide a new approach for the remis-
sion of osteoporosis caused by calcium deficiency.

Material and methods
Chondroitin sulfate reagent
Chondroitin sulfate was purchased from ORIHIRO LTD., 
Japan. Samples are white tablets. The recommended dose 
for humans is 4.2 g/60 kg. Each 2.5 g contains 17 mg of 
calcium and 10 mg of magnesium.

Animal experiment and design
Weaned female Wistar rats weighing 60–75  g, and of 
SPF grade at approximately four weeks of birth were 
selected. The rats were provided by Jinan Pengyue 
Experimental Animal Breeding Co., Ltd under experi-
mental animal production license no. SCXK (Lu) 
20190003 and experimental animal use license no. 
SYXK (Lu) 20150015. The rats were house in an envi-
ronment with an ambient temperature of 22 ± 2 °C and 
relative humidity at 50% ± 10%. After adaptive feed-
ing, rats were fasted for 12  h, weighed, and randomly 
divided into normal control group, low calcium control 
group, calcium carbonate control group, and Chon-
droitin sulfate group according to body weight, with 10 
rats in each group. The normal group was fed a basal 
diet and deionized water, and the other groups were 
fed a low-calcium basal diet and deionized water. Oral 
intragastric was administered at 1  mL/100  g bw. The 
recommended intake of Chondroitin sulfate is 4200 mg 
per person per day, based on 60 kg weight per person, 
equivalent to 70  mg/kg.bw per day. The oral dose of 
Chondroitin sulfate was determined to be 30 times the 
recommended dose of human body, that is, the daily 
dosage of rats in each group was 2100  mg/kg.bw. In 
the calcium carbonate group, calcium carbonate was 
525  mg/kg body weight (40% calcium content), and 
the concentration of calcium carbonate solution was 
52.5 mg/mL. The normal control group and the low cal-
cium control group were gavaged with the same volume 
of deionized water instead of the test solution. Bone 
mineral density (BMD) function was tested after three 
months of continuous administration. This experi-
ment was approved by Shandong University Preven-
tive Medicine Animal Experiment Ethics Committee, 
and the study’s protocols adhere to the ethics and wel-
fare requirements of the National Institutes of Health 
(NIH).

The low calcium base feed formula is listed in Table 1.

Femur gravimetric determination
The rats were euthanized after three months. The right 
femur was removed and dried in an oven at 105 °C until 
constant weight was obtained. The backbone was also 
weighed.

Bone densitometry
The right femur was dried to constant weight, and 
BMD was measured at the midpoint of femur and distal 
end of femur using the xR-600 dual-energy X-ray BMD 
instrument (NORLAND).

Determination of bone calcium
The right femur was dried to constant weight, placed in 
a crucible, charred in an electric furnace, and ash com-
busted in a muffle furnace at 550 °C. The calcium con-
tent of femur was determined by EDTA titration.

DNA extraction and 16S rRNA amplification and sequencing
The genomic DNA of the samples was extracted using 
the cetyltrimethylammonium bromide (CTAB) method, 
and the purity and concentration of DNA were tested by 
agarose gel electrophoresis. The DNA sample was sub-
sequently diluted to 1 ng/μL with sterile water in a cen-
trifugal tube. The 16S rRNA genes in different regions 
were amplified using a barcode-specific primer. The same 
volume of IX loading buffer (containing SYB green) was 
mixed with polymerase chain reaction (PCR) products. 
PCR products were detected by electrophoresis with 2% 
agarose gel. The qualified PCR products were purified 
using magnetic beads, quantified by enzyme standard, 

Table 1  Low calcium base feed formula (Ca2 + meter, 
150 mg/100 g feed)

a Need to be used after high pressure treatment
b Each component content per kg of salt-mixture is: KH2PO4 501.4 g; NaCl 
74.0 g; MgCO3 50.2 g; Ferrous lactate 5.4 g; Lactic acid zinc 4.16 g; MnCO3 3.5 g; 
CuSO4·5H2O 0.605 g; Na2SeO3 6.6 mg; KI 7.76 mg; Cr3Cl·6H2O 0.292 g; add 
sucrose to 1 kg
c Each component content per kg of mixed vitamins is: vitamin A 400,000 IU; 
vitamin D3 100,000 IU; vitamin E 500 IU; vitamin K 5 mg; vitamin B1 600 mg; 
vitamin B2 600 mg; vitamin B6 700 mg; vitamin B12 1 mg; Nick acid 3000 mg; Folic 
acid 200 mg; Calcium pantothenate 1.6 g; biotin 20 mg, add sucrose to 1 kg

Composition % Composition %

Casein 10.0 Salt-mixtureb 2.6

Soybean meala 15.0 Mixed vitaminsc 1.0

Wheat flour 54.0 Choline chloride 0.2

Corn oil 4.0 Dl – methionine 0.2

Cellulose 2.0 Starch 11.0
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and mixed in equal quantities according to the con-
centration of PCR products. After full mixing, the PCR 
products were detected by 2% agarose gel electrophore-
sis, and the target bands were recovered using gel recov-
ery kits provided by QIAGEN. TruSeq® DNA PCR-free 
Sample Preparation Kit was used for library construc-
tion. The constructed library was quantified by Qubit and 
Q-PCR. The samples were then sent for sequencing using 
NovaSeq6000.

Bioinformatics analysis of intestinal microbiota
Quality control was carried out in accordance with 
QIIME version 1.9.1 [28] to obtain high-quality clean tags 
[29]; subsequently, raw tags were quality filtered. Chi-
mera sequences were detected and removed [30] using 
the UCHIME algorithm [31]. Uparse software version 
7.0.1001 was used for operational taxonomic unit (OUT) 
clustering with SILVA database [32] performed at 97% 
sequence similarity. Alpha and beta diversity estimations 
were then performed using QIIME version 1.7.0. Lefse 
analysis was used to compare the differential metabo-
lites of the four groups, and differential metabolites were 
sequentially compared between the normal control group 
(group N) and low calcium control group (group C) and 
between low calcium control (group C) and Chondroitin 
sulfate group (group CS) and between calcium carbon-
ate control group (group Ca) and Chondroitin sulfate 
group(group CS). Relative intestinal microbiota abun-
dance at phylum level in four groups were accessed using 
prism8.

Fecal metabolomics and plasma metabolomics
Target-like metabolomics is based on a SCIEX QTRAP® 
6500 + mass spectrometer with triple quadrupole-lin-
ear ion trap and Multiple Reaction Monitoring (MRM) 
to accurately characterize and quantify metabolites in 
biological samples. The experimental process mainly 
includes sample collection, metabolite extraction, mass 
spectrometry detection and data analysis. Qualitative 
analysis of parent ion (Q1), daughter ion (Q3), retention 
time (RT), cluster potential (DP) and collision energy 
(CE) was carried out. The SCIEX OS version 1.4 was used 
to open the mass spectrum file, and the chromatographic 
peak integration and correction work was performed. 
The metabolites were interpreted by KEGG (http://​www.​
genome.​jp/​kegg/), HMDB (http://​www.​hmdb.​ca/), and 
Lipidmaps database (http://​www.​lipid maps.org/). Qual-
ity control through the QC sample overlap diagram and 
the correlation analysis were performed. After data con-
version using metaX [33], principal component analy-
sis (PCA) was conducted. The statistical significance of 
each metabolite between the normal control and low 

calcium control group, and low calcium control group 
and Chondroitin sulfate group, and calcium carbonate 
control group and Chondroitin sulfate group were cal-
culated using Student’s unpaired t-test. Subsequently, 
multiple difference of metabolites, namely foldchange 
(FC) value between the normal control and low calcium 
control group, and low calcium control group and Chon-
droitin sulfate group, and calcium carbonate control 
group and Chondroitin sulfate group were calculated. 
The default criteria for screening differential metabolites 
were VIP > 1, P < 0.05 and FC > 1.2 or FC < 0.833. Ipath 
was used to analyze whether the intestinal microbiota 
were associated with metabolic pathways. The KEGG 
database was used to analyze the function and meta-
bolic pathway of metabolites between the normal control 
and low calcium control group, and low calcium control 
group and Chondroitin sulfate group, and calcium car-
bonate control group and Chondroitin sulfate group. All 
graphs and plots were generated using ggplot2 package in 
R.Novogene provides 16S RNA sequencing and metabo-
lomics services.

Statistical analysis
P-value and rho were calculated between intestinal 
microbiota and fecal metabolites using Spearman’s sta-
tistical method. A P-value of < 0.05 and absolute value of 
rho ≥ 0.8 were considered statistically significant.

Results
Effects of calcium carbonate and CS intervention 
on physiological parameters in low‑calcium diet fed rats
The schematic diagram of the animal experiment is 
shown in Fig.  1A and the low-calcium base feed for-
mula is shown in Table  1. After 12  weeks of interven-
tion, femoral shaft weight, bone calcium content, and 
bone mineral density (BMD) were evaluated in the three 
groups (Fig.  1B–D). There was no significant differ-
ence in femoral shaft weight between low calcium group 
(group C) and normal control group (group N), cartilage 
sulfate group (group CS) and calcium carbonate group 
(group Ca) (P > 0.05). On the other hand, The calcium 
content of femur, bone mineral density at the midpoint 
of femur and distal femur in group C were significantly 
lower than those in groups N, Ca and CS (0.05 and 0.01, 
respectively). (P < 0.05, P < 0.01). The calcium content of 
femur, bone mineral density of midpoint of femur and 
bone mineral density of distal femur in CS group were 
not lower than those in Ca group. HE staining showed 
that compared with group C, bone mineral density was 
significantly increased in group CS and Ca (Fig. 1E).

http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
http://www.hmdb.ca/
http://www.lipid
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Fig. 1  Animal experiment plan and effects of various interventions on the femur of the rats. A Animal experiment plan. The changes of femoral 
shaft weight (B), bone calcium content (C), and bone mineral density (D) of the femurs from the rats subjected to the various interventions. HE 
staining showed bone mineral density of rats (as shown by arrow) in different groups (E). All data is represented as Mean ± Standard Deviation. All 
data were accessed using One-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05 indicate the significant difference
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Structural changes in intestinal microflora induced 
by calcium carbonate and CS intervention
A total of 3866 operational taxonomic units (OTUs) were 
found in the N group and the C group, with 838 and 1233 
OTUs specific to the two groups, respectively (Fig. 2A). 
Individual sparse curves approached saturation plat-
forms, indicating high sampling coverage (over 99%) in 
all samples (Fig. 2B). The Shannon and Simpson index of 
α diversity was significantly different in the N group and 
the C groups (Fig. 2C, D). There were 3621 OTUs in the 
C group and the CS group, with 1051 and 593 OTUs spe-
cific to the two groups, respectively (Fig. 2A). The Shan-
non and Simpson index did not differ between the two 
groups (Fig.  2C, D). There were 3456 OTUs in the CS 
and C groups, with 1102 OTUs in the CS group and 886 
OTUs in the C group (Fig.  2A). There were significant 
differences in the Shannon and Simpson indexes in the 
two groups (Fig. 2C, D). This suggests that calcium has a 
stronger ability to reduce intestinal flora richness and α 
diversity under CS intervention.

In terms of β diversity, the similarity of the bacte-
rial communities in the three groups is shown in Fig. 2. 
Group N was distinguished from group C and group N 
from group CS according to the weighted UniFrac PCA 
score (Fig. 2E). Meanwhile, the weighted UniFrac PCoA 
score distinguished the CS group from the N group 
(Fig. 2F). An unweighted pair group method with arith-
metic mean and clustering tree of weighted UniFrac 
was used to cluster the differences between the samples 
(Fig. 2G). The multiple response permutation procedure 
analysis showed significant differences in microbial com-
munity structure between the N group and the C group, 
and between the CS group and the Ca group (Additional 
file  1: Table  S1). Therefore, calcium has a strong ability 
to affect the diversity of intestinal microbiota under CS 
intervention but cannot completely restore it.

Figure  2H, I  show the composition of intestinal flora. 
The top 10 phyla and genera in the most abundant micro-
biome of all participants are shown in Fig.  2H, I, and 
included Bacteroidota, Firmicutes, Proteobacteria, Act-
inobacteriota, Campilobacterota, Spirochaetota, uni-
dentified_Bacteria, Cyanobacteria, Desulfobacterota, 
Acidobacteriota, which were dominant in all micro-
bial communities. Compared with the N group, the C 
group showed reduced Firmicutes, Spirochaetota, uni-
dentified_Bacteria, and Desulfobacterota and increased 
Bacteroidota. CS intervention resulted in significant 

changes in intestinal microbial community struc-
ture. Specifically, Megasphaera was increased with CS 
intervention compared with the C group. CS inter-
vention elevated Bifidobacterium levels to be higher 
than the Ca group, and Anaerobiospirillum, Allo-
prevotella, Quinella, Christensenellaceae_R-7_group, 
Allobaculum, Bacteroides, Colidextribacter, NK4A214_
group,unidentified_[Eubacterium]_coprostanoligenes_
group, Marvinbryantia, Oscillibacter, Parasutterella, and 
Lachnospiraceae_ND3007_group were all lower than the 
Ca group (Fig. 2J).

Effects of low‑calcium diet on intestinal microbiota 
and metabolomics
A linear discriminant analysis effect size (LEfSe) analy-
sis was used to identify potential biomarkers for intes-
tinal flora in the N group and the C group, and a t-test 
was used to further examine and visualize the results 
(P < 0.05; Fig.  3A). A total of 22 significant taxa were 
identified. There were 16 potential biomarkers of intes-
tinal flora in the N group and eight in the C group. On 
this basis, we analyzed the correlation between 10 intes-
tinal flora biomarkers and 20 fecal and plasma metabo-
lites involved in the KEGG pathway in these two groups. 
The results showed that there was a strong correlation 
between intestinal flora and fecal and plasma metabolic 
pathways (Fig.  3B, C). To assess the global metabolic 
changes in the C group, fecal metabolites from N and 
C rats were measured and analyzed by mass spectrom-
etry combined with liquid chromatography (LC–MS/
MS). The fecal metabolites in the N group increased by 
106 species and decreased by 117 species (Fig. 3D). Fig-
ure 3F shows the KEGG bubble diagram of the metabolic 
pathways involved in the production of different metab-
olites. Compared with the C group, metabolites in the 
N group were significantly different, including nucleo-
sides, nucleotides and analogues, organic oxygen com-
pounds, heterocyclic compounds, and organic oxygen 
compounds. These differentially expressed metabolites 
were enriched in the KEGG pathway, and they involve 
vitamin B6 metabolism, lysosome, pantothenic acid 
and CoA biosynthesis, and the AMPK signaling path-
way (Additional file 1: Table S2). These pathways may be 
assigned to cofactor and vitamin metabolism, transport 
and catabolism, and signal transduction. Abundances of 
the 10 kinds of plasma metabolites were higher in the N 
group than those in the C group, and 18 kinds of plasma 

(See figure on next page.)
Fig. 2  Taxonomic Composition of Intestinal Microbiota. A Venn diagram of C and N groups and C and CS groups and CS and Ca groups at 
OTU level. Individual sparse curves (B), Shannon index (C), Simpson index (D). E PCA Plot. F PCoA Plot. The abscissa represents the first principal 
component (PC1), the ordinate represents the second principal component (PC2). F Weighted UniFrac PCoA diagram. G Cluster analysis of intestinal 
microbiota between samples. H Composition of intestinal microbiota at phylum level. (I) Composition of intestinal microbiota at genus level. J at 
the genus level (P < 0.05, or P < 0.01) different gut microbiota
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Fig. 2  (See legend on previous page.)
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metabolites were lower in the N group than those in the 
C group (Fig. 3E). Figure 3G shows the KEGG bubble dia-
gram. The differentially expressed metabolites in plasma 
were enriched in the KEGG pathway and allocated to the 
lysine degradation of amino acid metabolism (Additional 
file 1: Table S3).

Effects of calcium carbonate on intestinal microflora 
and metabolomics
Through 16S rRNA sequencing and metabonomics anal-
ysis, we compared potential biomarkers belonging to 
intestinal flora with differential metabolites in feces and 
plasma of groups C and Ca to elucidate the mechanism of 
calcium carbonate action. A total of 6 taxa were identified 
as significant (Fig. 4A), with Prevotella copri and Actino-
bacteria significantly present in group C. Concurrently, 
we analyzed the correlation between 10 intestinal flora 
biomarkers and 20 fecal and plasma metabolites involved 
in the KEGG pathway in groups C and Ca. The results 
showed that there was a strong correlation between 
intestinal flora and fecal and plasma metabolic pathways 
(Fig. 4B, C). To assess the global metabolic changes in the 
Ca group, fecal metabolites from the C and Ca groups 
were measured and analyzed by LC–MS/MS. The fecal 
metabolites in group C increased by 42 and decreased 
by 22 (Fig. 4D). Figure 4E shows the metabolic pathways 
involved in the production of different metabolites. Com-
pared with Ca group, the changes in the metabolites in 
group C included up-regulation of AMP, GMP, PRPP and 
down-regulation of progesterone and 17 alpha-hydroxy-
progesterone. These differentially expressed metabolites 
are enriched in KEGG pathways, including Antifolate 
resistance, olfactory transduction, cortisol synthesis and 
secretion, Cushing’s syndrome, and the cGMP-PKG sign-
aling pathway (Additional file  1: Table  S2). These path-
ways may be assigned to antitumor, sensory, endocrine, 
and signal transduction. Group C had 52 more plasma 
metabolites than group Ca, and 2 plasma metabolites 
fewer than group Ca (Fig.  4F). Figure  4G shows the 
KEGG bubble diagram. Calcium carbonate intervention 
down-regulated plasma nicotinamide, which is involved 
in the longevity regulating pathways—worm and platelet-
activated ADP (Additional file 1: Table S3).

Effects of chondroitin sulfate on intestinal microflora 
and metabolomics
LEfSe was used to identify biomarkers characterizing 
dimensional intestinal bacteria and to identify taxo-
nomic groups with significant differences between 
groups, and to generate a clade map. A total of six and 
seven taxa were identified as significant in the compar-
ison of the C group and the CS group (Fig.  5A). Spe-
cifically, in the comparison between these two groups 
where the C group showed Clostridia, the number of 
Coriobacteriaceae and Collinsella and Collinsella_aer-
ofaciens and Coriobacteriales and Coriobacteriia was 
higher in the CS group. In the comparison between 
the C group and CS, numbers of Lachnospiraceae, 
Lachnospirales, Alloprevotella, Aeromonadales, Suc-
cinivibrionaceae, Anaerobiospirillum, and Clostridia 
were higher in the latter group. Concurrently, we ana-
lyzed the correlation between 10 intestinal flora bio-
markers and 20 fecal and plasma metabolites involved 
in the KEGG pathway in the C group and CS group. 
The results showed that there was a strong correlation 
between intestinal flora and fecal and plasma metabolic 
pathways (Fig.  5B, C). To assess the global metabolic 
changes in the CS group, fecal metabolites and plasma 
metabolites from the C and CS groups were measured 
and analyzed by LC–MS/MS. Compared with the C 
group, fecal metabolites in the CS group increased 
by 11 and decreased by 8 (Fig.  5D). The differentially 
expressed metabolites were enriched in linoleic acid 
metabolism, progemediated oocyte maturation, trypto-
phan metabolism, and purine metabolism in the KEGG 
pathway (Additional file  1: Table  S2). Figure  5F shows 
the metabolic pathways involved in the production of 
different metabolites. These pathways may be assigned 
to lipid metabolism, the endocrine system, amino acid 
metabolism and nucleotide metabolism. The plasma 
metabolites in the CS group were 18 more than those 
in the C group and 21 less than those in the Ca group 
(Fig.  5E). Figure  5G shows the KEGG bubble dia-
gram. Plasma differentially expressed metabolites are 
enriched in the KEGG pathway and assigned to the glu-
tathione metabolism of other amino acids (Additional 
file  1: Table  S3). These fecal metabolites and plasma 

Fig. 3  Effect of low calcium diet on intestinal microbiota and metabolic profiles. A LEfSe analysis of cladogram in group N and group C. B The 
correlation graph shows the correlation between intestinal microbiota with fecal metabolites. C The correlation graph shows the correlation 
between intestinal microbiota with plasma metabolites. D The volcano map of fecal metabolites between the N group and C group. E The volcano 
map of plasma metabolites between the N group and C group. F The KEGG bubble map of fecal metabonomics between the low calcium group 
and the control group. G The KEGG bubble map of plasma metabolites between the low calcium group and the control group. The larger the 
Abscissa in the picture, the higher the enrichment of differential metabolites in the pathway. The color of the point represents the P-value value of 
the hypergeometric test, and the smaller the value is, the greater the reliability of the test is and the more statistically significant it is. The size of the 
point represents the number of differential metabolites in the corresponding pathway, and the larger the point, the more differential metabolites in 
the pathway

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. 4  Calcium carbonate improved intestinal microbiota and metabolic disorders induced by low calcium diet. A LEfSe analysis of cladogram 
in C group and Ca group with LDA Score larger than 3. B The correlation graph shows the correlation between intestinal microbiota and fecal 
metabolites in group C and group Ca. C Correlation graph shows the correlation between intestinal microbiota and plasma metabolites in group C 
and group Ca. D The volcano map of fecal metabolites between the C group and Ca group. E The volcano map of plasma metabolites between the 
C group and Ca group. F The KEGG bubble map of fecal metabonomics between the C group and Ca group. G The KEGG bubble map of plasma 
metabolites between the C group and Ca group. All data is represented as Mean ± Standard Deviation
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Fig. 5  Calcium carbonate improved intestinal microbiota and metabolic disorders induced by low calcium diet. A LEfSe analysis of cladogram in C 
and CS group and CS and Ca group with LDA Score larger than 3. B The correlation graph shows the correlation between intestinal microbiota with 
fecal metabolites. C The correlation graph shows the correlation between intestinal microbiota with plasma metabolites. D The volcano map of 
fecal metabolites between the C and CS group and CS and Ca group. E The volcano map of plasma metabolites between the C and CS group and 
CS and Ca group. F The KEGG bubble map of fecal metabonomics between the C and CS group and CS and Ca group. G The KEGG bubble map of 
plasma metabolites between the C and CS group and CS and Ca group. All data is represented as Mean ± Standard Deviation
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Fig. 6  Effect of chondroitin sulfate intervention on excreta and plasma metabolites in rats. A Differences in fecal stearic acid between normal and 
different intervention groups. B Differences in plasma testosterone between normal and different intervention groups. C, D Fecal short-chain fatty 
acid levels in different intervention groups. E Difference level of glutathione between chondroitin sulfate and low calcium group. F The metabolic 
pathways affected by chondroitin sulfate intervention
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metabolites have a variety of structures, including 
lipids, fatty acids, and amino acid derivatives.

Compared with the Ca group, the number of fecal 
metabolites in the CS group increased by 49 and 
decreased by 14 (Fig.  5D). Differentially expressed 
metabolites are enriched in olfactory transduction and 
the CGMP-PKG signaling pathway in the KEGG pathway 
(Additional file  1: Table  S2). Figure  5F shows the meta-
bolic pathways involved in the production of different 
metabolites. These pathways may be assigned to sensory 
system functions and signal transduction. The plasma 
metabolites in the CS group were 33 more than those in 
the Ca group and 5 less than those in Ca group (Fig. 5E). 
Figure 5G shows the KEGG bubble diagram. The differ-
entially expressed metabolites in plasma were enriched 
in the KEGG pathway and allocated to biotin metabolism 
of cofactors and nutrition (Additional file  1: Table  S3). 
These fecal and plasma metabolites have a variety of 
structures, including lipids, fatty acids, and amino acid 
derivatives. The metabolic pathways affected by CS inter-
vention are shown in Fig. 6F.

We detected 843 compounds from 2200 + compound 
controls based on the Novo self-established metabo-
lome database. In the analysis of differential metabolites 
in feces and plasma, the number of metabolites iden-
tified in feces was much greater than that in plasma. 
Among 290 + lipids (100 + oxidized lipids, 190 + lipids), 
107 lipids were detected, among which 93 lipids were 
different, we obtained lipid classification by matching 
screened DEL with Lipidmaps database (http://​www.​
lipid​maps.​org), delete mismatched entries and count the 
number of DEL that accompany each category, the most 
highly ranked category is Fatty Acyls (FA). The levels of 
plasma testosterone and stearic content in normal feed-
ing rats were significantly higher than those in the other 
two groups (Fig. 6A, B), indicating that the plasma testos-
terone and stearic content in the feces of normal feeding 
rats were decreased due to long-term low calcium levels, 
and the supplementation of calcium and CS could not be 
recovered. In the fatty acids metabolites, we confirmed 
differential changes in short-chain fatty acids in feces, but 
not in plasma. CS intervention resulted in higher levels 
of absolute oxoadipic acid and lower levels of absolute 
5-aminolevulinate and N-methyl-a-aminoisobutyric acid 
content in the Ca group compared with the C group 
(Fig.  6C), and lower levels of absolute 4-methylvaleric 
acid and hydroxyglutaric acid and 2-hydroxy-2-methylb-
utanedioic acid content in the C group compared with 
the Ca group (Fig.  6D). However, in plasma metabo-
lomics, we found that CS induced antioxidant activity 
and reduced the oxidized glutathione content (Fig. 6E).

Discussion
In this study, we used 16 s rRNA sequencing and analy-
ses of fecal and plasma metabolites to evaluate intestinal 
flora from the feces of an osteoporotic rat model. We 
found that CS and calcium carbonate administration not 
only alleviated osteoporosis, but also affected the com-
position of gut microbes and metabolic features. Some of 
the altered metabolites were functionally correlated with 
the disturbance of intestinal flora. In this study, CS inhib-
ited oxidative stress in rats with osteoporosis. CS may be 
a promising new non-drug treatment for osteoporosis.

Our results are the first to demonstrate that a low-cal-
cium diet may cause significant changes in the propor-
tion and abundance of gut microbiome. Moreover, CS 
can partially restore intestinal disorders. Firmicutes (F) 
and Bacteroidetes (B) were the dominant bacteria in the 
three groups in this study. Previous studies have also sug-
gested that changes in gut microbiota composition are 
involved in the development of osteoporosis [34].

In this study, a low-calcium diet significantly reduced 
Firmicutes and Lactobacilli, and increased Actinobac-
teriota and Prevotella at the phylum and genus lev-
els. Firmicutes are positively correlated with calcium 
absorption [35]. They activate osteoclasts and increase 
inflammation [36]. Moreover, we found that Lactoba-
cilli belonging to Firmicutes, which are commonly used 
as probiotics, are associated with calcium deficiency. 
Increased Lactobacillus abundance has been reported 
to prevent bone loss [37], possibly due to its anti-obesity 
and anti-inflammatory activities [38]. Interestingly, stud-
ies have found a positive correlation between bone min-
eral density and members of the Actinomycota group 
(which includes the Bifidobacteria family) [39]. A reduc-
tion in the Actinobacteriota phylum members may lead 
to the translocation of lipopolysaccharides into serum, 
which then leads to a reduction in bone mass through 
inflammatory pathways [40]. This is consistent with our 
research, which showed that the Prevotella spp. abun-
dance was increased by a low-calcium diet and partially 
restored by calcium carbonate. The Prevotella genus is 
associated with inflammatory bone loss and is rapidly 
increased and maintained at high abundance in the intes-
tines of osteoporotic rats [41]. A higher risk of osteopo-
rosis has been shown to be associated with higher levels 
of Clostridium [42] and lower levels of Collinsella [43] 
spp. in the intestinal flora of low-calcium rats, induced 
by CS intervention. The overproduction of lipopolysac-
charide (LPS) by intestinal microorganisms significantly 
increases the production of inflammatory factors tumor 
necrosis factor -α (TNF-α) and interleukin (IL)-1β, trig-
gering an inflammatory response that leads to bone min-
eral loss [44]. Compared with calcium supplementation 
alone, CS intervention significantly upregulated intestinal 

http://www.lipidmaps.org
http://www.lipidmaps.org
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bifidobacteria, participated in intestinal microbiota 
homeostasis, reduced intestinal barrier and LPS, and 
produced SCFA, which regulate inflammation through 
the activation of free fatty acid 2 and free fatty acid 3 
receptors and GPR109A or inhibition of histone deacety-
lases. GPR109A in the metabolite-sensing G-protein cou-
pled receptors (GPCR) family can inhibit the expression 
and secretion of TNFα, IL-6 and monocyte chemoat-
tractant protein-1 induced by Toll-like receptor (TLR)4 
[45]. TLR4 is directly involved in the expression of osteo-
blasts, osteoclasts, and mesenchymal stem cells in addi-
tion to directly regulating the inflammatory response in 
the bone [46]. In addition, SCFAs also reduce intestinal 
pH. Acidic pH stimulates T cell death-associated gene 8 
in the proton-sensing GPCR family, leading to decreased 
IL-6 and TNFα production after LPS stimulation in peri-
toneal macrophages through a cAMP-dependent mecha-
nism [47], is involved in the anti-inflammatory reaction, 
and increases mineral absorption [48]. Overproduction 
of LPS by the gut microbiome may lead to bone min-
eral loss through inflammatory pathways; however, the 
involvement of Bifidobacterium in the homeostasis of the 
gut microbiome, intestinal barrier, and reduction of LPS 
further inhibits osteoporosis through anti-inflammatory 
mechanisms. According to previous studies, as a human 
therapeutic agent, CS alone has low bioavailability, which 
is only about 0–13% of the total oral intake, and most 
strains capable of degrading CSA are classified as Bacte-
roidetes [49]. A number of previous studies have found 
that the relative abundance of Bacteroides is positively 
correlated with osteoporosis. In our study, CS reduced 
Bacteroides, which is consistent with previous study 
results [43, 44]. Lachnospiraceae is one of the biomark-
ers of osteoporosis in the intestinal flora. Trichospiraceae 
can decompose complex polysaccharides into SCFAs 
[50], which mediate changes in the insulin-like growth 
factor-1 level caused by microbiota and contribute to 
the effect of colonization on bone conversion [44]. The 
abundance of both Bacteroidetes and Trichospiraceae 
may play a positive role in bone metabolism and fracture 
risk. In fact, although some bacteria, including anaero-
bic Spirularia, have the potential to become biomarkers, 
these bacteria have been poorly studied, and the specific 
mechanism between the occurrence and development of 
osteoporosis is still unclear. Further functional investiga-
tion is needed to verify this hypothesis.

Previous studies have analyzed changes in microbial 
composition during calcium supplementation, dietary 
calcium acted in a prebiotic manner by promoting sig-
nificant increases in two species analyzed from Bacteroi-
detes and Actinobacteria phyla (Bacteroides/Prevotella 
and Bifidobacterium) [51]. In addition, CS—treated mice 
were found to increase the abundance of Lactobacillus 

and Bacteroides [52, 53]. In our study, low calcium led 
to an increase in actinobacteria and Prevotela and a 
decrease in lactobacillus. We mitigated the effects of low 
calcium by feeding calcium carbonate and chondroitin 
sulfate, but CS supplementation can be used as an exog-
enous substrate for Bacteroides [53]. Calcium provides 
sufficient environment for the growth of Bacteroides 
and actinobacteria [51]. This may cause Bacteroidetes 
and actinomyces to remain at a high level and not fully 
recover. One limitation of our study is that the results 
of gut flora are descriptive and lack relevant mechanism 
studies. Therefore, all explanations can only be consid-
ered speculative. Therefore, further mechanistic studies, 
including fecal microbiome transplantation, are needed 
to verify the causal role of the gut microbiome in cal-
cium-deficient osteoporosis.

In our study, a low-calcium diet was found to affect 
vitamin B6 metabolism, lysosome, pantothenic acid, and 
CoA biosynthesis, and the AMPK signaling pathway in 
the fecal metabolome. It also affected lysine degrada-
tion in the plasma metabolome. Bacteria-derived com-
pounds, such as vitamins, may enter the bloodstream 
and directly affect bone cell activity [54]. Vitamin B6 
deficiency may also be a risk factor for bone loss. Vita-
min B6 is necessary for the cross-linking of lysine oxi-
dase collagen, which plays a vital role in maintaining 
bone mass. Meanwhile, vitamin B6 deficiency reduces 
the concentration of cross-linking intermediates and dis-
rupts collagen cross-linking in the bone [43]. The intes-
tinal microbiome exerts a strong influence on host bone 
metabolism through metabolic, endocrine, and immune 
communication [14]. In our study, lipids accounted for a 
large proportion of the differential metabolites, especially 
SCFAs and steroid hormones. Moreover, previous studies 
have shown that severe vitamin B-6 deficiency alters the 
fatty acid profile of tissue lipids, usually accompanied by 
an increase in linoleic acid and a decrease in arachidonic 
acid. Short-term vitamin B-6 restriction reduced plasma 
(n-3) and (n-6) polyunsaturated fatty acids (PUFA) con-
centrations and tended to increase plasma (n-6): (n-3) 
PUFA ratios [55]. In previous studies, vitamin B6, a com-
ponent of some coenzymes in the body, reduced estro-
gen activity and lowered estrogen levels in the body by 
participating in various metabolic reactions, including 
amino acid, protein, and estrogen metabolism. Estrogen 
is one of the main hormones regulating bone metabolism 
[56]. Sex steroid hormones in men and skeletal develop-
ment and maintenance in women play a key role, and in 
addition to estrogen, low testosterone bioavailability may 
also be more likely to lead to fracture. We found that the 
normally-fed rats’ plasma testosterone levels were sig-
nificantly higher than those in the other three groups, 
the decrease of testosterone low calcium for a long time, 
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Recovery may not be achieved by calcium supplementa-
tion and the addition of chondroitin sulfate [57]. Estro-
gen deficiency affects bone cell-mediated remodeling, 
reducing bone mass and damaging bone microstructure 
[58]. Microbiota play a significant role in lipid homeo-
stasis by fermenting dietary fiber for production. Bacte-
roides ferment soluble corn fiber into acetate or lactate, 
whereas Firmicutes further ferment these substrates into 
butyrate, thereby promoting increased calcium absorp-
tion [59]. Short-chain fatty acids, particularly propion-
ate and butyrate, as endogenous signals [60], effectively 
increase the BMD by inhibiting osteoclast formation and 
bone resorption without directly affecting osteoblast 
function [61].

When calcium carbonate was administered to the 
low-calcium diet group, it affected the folate resistance 
of fecal metabolites, olfactory transduction, produc-
tion and secretion of cortisol, Cushing’s syndrome, and 
the cyclic guanosine monophosphate-protein kinase G 
(cGMP-PKG) signaling pathway, as well as the longev-
ity regulation pathways of plasma metabolites—worm 
nicotinamide and platelet-activated ADP. Folic acid is a 
water-soluble vitamin that helps maintain bone density 
by maintaining optimal nitric oxide synthase activity in 
bone cells [62]. It also significantly improves bone min-
eral density and bone microstructure, enriches AMPK 
signaling pathway, and promotes the expression of lipid 
oxidation-related and antioxidant enzymes [63]. Folic 
acid is also involved in inflammation, homocysteine 
metabolism, and bone turnover, acting directly and indi-
rectly on bone. Both, the olfactory transduction pathway 
and cGMP-PKG signaling pathway up-regulate AMP and 
GMP, and the non-cGMP-PKG signaling pathway plays 
a key role in skeletal homeostasis [64]. cGMP plays a 
key role in osteoblast differentiation by activating PKG, 
leading to local estrogen production by the stimulation 
of aromatase expression [65]. Estrogen antagonizes the 
effects of glucocorticoids through a complex interfer-
ence with the function and fate of glucocorticoid recep-
tors and physiological changes in cortisol levels may 
also impair bone mass [66]. Excessive cortisol produc-
tion leads to decreased bone metabolism and changes in 
bone structure [67]. Moreover, the signs and symptoms 
of Cushing’s syndrome caused by glucocorticoids have a 
range of systemic and local effects on bone and mineral 
metabolism that overlap with common diseases, such 
as metabolic syndrome, obesity, and osteoporosis [68]. 
The differential metabolites niacin and niacinamide in 
plasma-enriched lipid metabolic pathways affect skeletal 
homeostasis [69]. Studies have found that platelets also 
play a key role in bone homeostasis by regulating bone 
formation and bone resorption [70].

However, compared to the calcium carbonate group, 
under CS intervention, the difference in fecal and 
plasma lipid profiles of metabolites was particularly 
significant, and the difference in fecal metabolism was 
concentrated in linoleic acid metabolism. Linoleic acid 
may indirectly affect bone mass by stimulating calcium 
absorption, which has a beneficial effect on bone loss 
[71]. We also found that progemediated oocyte matu-
ration, tryptophan metabolism, and purine metabo-
lism were closely related to osteoporosis. In addition, 
plasma metabolic differences were enriched in glu-
tathione metabolism. Oxidative stress is an important 
mediator and indicator of osteoporosis, because anti-
oxidant enzymes such as glutathione peroxidase are 
more common in osteoporosis [72]. Compared with the 
Ca group, the cGMP-PKG signaling pathway of the CS 
fecal metabolites in the KEGG pathway and the antioxi-
dant effect of cGMP in osteoblasts were mediated by 
PKG2. The antioxidant effect of cGMP in endothelial 
cells is attributed to the up-regulation of catalase and 
glutathione peroxidase after PKG1 transcription [73]. 
Biosynthesis of glutathione (GSH) is through reduction 
of oxidized glutathione, and GSH inhibits the nuclear 
factor kappa-B signaling pathway mediated by reac-
tive oxygen species-induced osteoclast differentiation. 
Therefore, the GSH/NRF2-mediated antioxidant path-
ways are essential for the balance between osteogenesis 
and osteoclast formation [74]. The metabolite KEGG 
pathway in CS plasma is concentrated in biotin metabo-
lism. Biotin is essential for normal cell function, growth 
and development. Systemic biotin deficiency can lead 
to developmental delay, skeletal dysplasia, immunologi-
cal changes, and potential encephalopathy [75]. With 
CS intervention, the content of SCFAs in fecal metab-
olites increased compared to calcium carbonate treat-
ment alone, and the enzyme activity contained in the 
intestinal microbiota digested carbohydrates and pro-
duced SCFA at a millimole concentration. The positive 
effects of SCFA on bone formation have been shown in 
animal models [76]. SCFA regulates bone homeostasis 
by directly inhibiting bone resorption, stimulating cal-
cium absorption and producing immunomodulatory 
effects [77]. In our study, CS alleviated osteoporosis by 
increasing the production of SCFAs and promoting cal-
cium absorption.

There are several mechanisms that can cause osteo-
porosis. But chronic low-grade inflammation has been 
identified as the root cause of many diseases, including 
osteoporosis [4]. We identified the bacteria and metab-
olites behind this change, especially lipid metabolism, 
and discussed their relevance to bone health. In fact, 
the innate immune receptor TLR4 has been implicated 
in the development of osteoporosis. Specifically, TLR4 
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plays a key role in the activity involved in osteoblast-
mediated inflammation. In particular, the production of 
prostaglandin E2 is required for TLR4-mediated bone 
loss. Moreover, osteoblast derived nuclear factor kappa-
B ligand (RANKL) determines TLR4-mediated osteo-
clast formation, and excessive TLR4 signal transduction 
implies bone destruction [46]. The SCFA we focused 
on reduces the host inflammatory response induced 
by inflammatory factors IL-1β, IL-6 and TNFα through 
the down-regulation of the TLR4 pathway [78]. This 
study provides a new strategy to elucidate the molecular 
mechanism of osteoporosis and to search for potential 
biomarkers.
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