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Indole-3-propionic acid (IPA), a metabolite produced by gut microbiota through tryptophan metabolism,

has recently been identified as playing a pivotal role in bone metabolism. IPA promotes osteoblast differ-

entiation by upregulating mitochondrial transcription factor A (Tfam), contributing to increased bone

density and supporting bone repair. Simultaneously, it inhibits the formation and activity of osteoclasts,

reducing bone resorption, possibly through modulation of the nuclear factor-κB (NF-κB) pathway and

downregulation of osteoclast-associated factors, thereby maintaining bone structural integrity.

Additionally, IPA provides indirect protection to bone health by regulating host immune responses and

inflammation via activation of receptors such as the Aryl hydrocarbon Receptor (AhR) and the Pregnane X

Receptor (PXR). This review summarizes the roles and signaling pathways of IPA in bone metabolism and

its impact on various bone metabolic disorders. Furthermore, we discuss the therapeutic potential and

limitations of IPA in treating bone metabolic diseases, aiming to offer novel strategies for clinical

management.

Introduction

In the last twenty years, there has been a growing fascination
with the interplay between gut microbiota and bone metab-
olism.1 As a result, the field of research known as “osteomicro-
biology” was coined.2 The complex network between gut
microbiota and bones is implicated in the pathological pro-
gression of various bone disorders linked to imbalances in
bone metabolism.1 Disruptions in the gut microbiota are
associated with bone deterioration under certain pathophysio-
logical conditions,3 including estrogen deficiency,4 aging,5

obesity6 and long-term glucocorticoid use.7 Extensive research
indicates that the gut microbiota can not only stimulate bone
loss by activating osteoclasts responsible for bone resorption
but also regulate osteoblasts involved in bone formation,
thereby providing anabolic stimulation to the bone.8–15 These
findings have intensified interest in exploring the mechanisms
by which the gut microbiota may influence the regulation of
bone metabolism.

Recent studies on fecal metabolomics have revealed a com-
munication channel between bone metabolism and the metab-
olism of tryptophan (Trp).16 Indole-3-propionic acid (IPA), a
metabolite of Trp, plays a role in the regulation of bone

metabolism.17,18 Research indicates that IPA can influence the
immune system via signaling pathways such as the Aryl hydro-
carbon Receptor (AhR) and the Pregnane X Receptor (PXR),
reducing inflammatory responses in bone tissue, thereby low-
ering osteoclast activity and preserving bone mass.19

Additionally, IPA shows significant effects in modulating oxi-
dative stress, helping to alleviate oxidative damage associated
with osteoporosis, which may be beneficial for bone
health.20,21 Based on this, understanding the impact of IPA on
bone metabolism is vital for the development of targeted
medications for bone disorders. This review will summarize
the current insights into the effects of IPA on bone metab-
olism and explore its potential clinical significance in treating
bone metabolic ailments.

The function and signaling pathway
of IPA

The diversity and stability of the gut microbiota play essential
roles in host health and nutrient metabolism.22 Increasing evi-
dence indicates that metabolites produced by the gut micro-
biota serve as crucial mediators in the interplay between
dietary intake and host health.23 Tryptophan, an essential
amino acid, is primarily obtained from dietary sources,
especially protein-rich foods like meat, milk, eggs, and choco-
late.24 Most dietary proteins are digested and absorbed in the
upper gastrointestinal tract through proteolysis. However,
depending on intake levels, some proteins, peptides, and†Equal contribution.
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amino acids reach the colon through peristalsis.25 In the
colon, these amino acids are transformed by the microbiota
via deamination or decarboxylation, resulting in a variety of
small-molecule metabolites.26 IPA, a metabolite of dietary
tryptophan produced by the gut microbiota that was first dis-
covered in 1923,17,27 is primarily produced by C. sporogenes,
Peptostreptococcus anaerobius CC14N, and three strains of
Clostridium cadaveris.28 The presence of the fldBC gene
cluster serves as a reliable indicator of IPA production.28 Trp
undergoes metabolism primarily through the serotonin,29

canine uric acid,30 and intestinal microbial pathways.31

Nevertheless, only microbial metabolism can generate IPA.32

Trp not absorbed from the diet is taken up by symbiotic micro-
biota, with gut microbiota like Clostridium, Bacteroides, and
Bifidobacterium absorbing this amino acid. These bacteria
produce various enzymes leading to the formation of metab-
olites such as Indole-3-acetamide, Tryptamine, Indole-3-pyru-
vate acid (IPyA), and Indole.28,33 Trp is transformed into IPyA
with the participation of aromatic amino acid aminotransfer-
ase, then converted to indolelactic acid (ILA) through an oxi-
dation–reduction reaction involving phenylalanine dehydro-
genase. Subsequently, bacteria species containing the benzoyl-
CoA ligase and its activator benzoyl-CoA undergo dehydration
to convert ILA to indoleacrylic acid (IA). IA is further trans-
formed into IPA through acyl-CoA dehydrogenase with the
assistance of acyl-CoA ligase.28,30,34 Extensive research shows
that variations in gut microbial composition and dietary pat-
terns can significantly influence IPA production.35–39

Circulating IPA levels are associated with fiber intake,35,37 with
both the alpha and beta diversity of the gut microbiome posi-
tively correlated with IPA levels.36,39 Furthermore, different
dietary structures can affect IPA concentrations: a
Mediterranean diet is linked to increased IPA levels, while con-
suming fried meats reduces gut microbiome richness, leading
to lower IPA concentrations.40,41 Studies on fermented dairy
products in human serum metabolomics revealed that post-
prandial IPA and indole acetic acid levels were lower in the
yogurt group compared to the milk group.42 Additionally,
plasma IPA levels in mice on a standard diet were significantly
higher than those on a ketogenic diet.43 In summary, dietary
patterns can shape the gut microbiome’s composition, poten-
tially resulting in individual differences in IPA production.

IPA acts as a mediator for biological activities by interacting
with the AhR and PXR.33 AhR and PXR are widely distributed
in various tissues and can induce the expression of down-
stream genes, playing essential roles in processes such as
inflammation, cell proliferation and apoptosis.44,45 The
nuclear factor-κB (NF-κB) pathway is the canonical signaling
pathway of IPA and is typically present in many cellular
responses. When IPA enters the ligand-binding domain of AhR
and PXR, it binds to them, blocks the phosphorylation of
inhibitor of nuclear factor kappa B kinase subunit beta (IKKβ)
and NF-kappaB inhibitor alpha (IκBα),46,47 thereby preventing
the activation of the classical NF-κB signaling pathway.46 Apart
from NF-κB signaling pathway, IPA also plays a crucial role in
subsequent biological processes through the Transforming

Growth Factor-β (TGF-β) pathway and the phosphatidylinositol
3-kinase/serine-threonine kinase (PI3K/AKT) pathway.48,49

Recent research has increasingly highlighted the involve-
ment of IPA in the pathophysiological processes of various dis-
eases. Dragicevic et al. demonstrated that IPA could reverse
mitochondrial dysfunction associated with Alzheimer’s
disease, offering effective protection to nerve cells against oxi-
dative damage induced by amyloid beta (Aβ).50,51 Moreover,
IPA has been found to safeguard neurons from ischemia-
induced damage by mitigating oxidative stress, lipid peroxi-
dation, and oxidative DNA damage.52 As an inflammatory
related factor, IPA has shown promise in attenuating hepatic
steatosis in high-fat diet (HFD) rats by inhibiting NF-κB signal-
ing activation and reducing the production of proinflamma-
tory cytokines.21 Furthermore, IPA activates the AhR and
enhances barrier function by upregulating the expression of
claudins and other tight junction proteins,21,49,53 while simul-
taneously downregulating the expression of proinflammatory
cytokines such as tumor necrosis factor-alpha (TNF-α), inter-
leukin(IL)-1β, and IL-6,21 thereby mitigating intestinal inflam-
matory responses. Additionally, IPA has been associated with
obesity,54 hypertension,55 tuberculosis,56 osteoarthritis,46 and
sarcopenia.57

The effects of IPA on the bone
metabolism
Bone metabolism

The balance of bone metabolism is maintained through the
homeostatic equilibrium between bone-forming osteoblasts
and bone-resorbing osteoclasts. Osteoblasts synthesize osteoid
molecules and release matrix vesicles to facilitate mineraliz-
ation and bone formation, while osteoclasts secrete organic
acids and proteases to breakdown and absorb bone matrix.58

Osteoclasts are large multinucleated cells, formed from the
fusion of mononuclear progenitors of the monocyte/macro-
phage, originated from hematopoietic stem cell precursors
(HSCs), which are responsible for bone resorption. The differ-
entiation of osteoclasts is primarily regulated by macrophage
colony-stimulating(M-CSF), receptor activator of NF-κB ligand
(RANKL), and osteoprotegerin (OPG).58 M-CSF binds to its
receptor c-fms on early osteoclast precursors, promoting their
proliferation and survival, thereby triggering the activation of
the mitogen-activated protein kinases (MAPK) and PI3K. These
signals ultimately inhibit the apoptosis of osteoclast precur-
sors, allowing for their proliferation.59 M-CSF also induces pre-
osteoclasts to express the receptor activator of NF-κB (RANK)
receptors, which bind to RANKL and initiate intracellular
signals for osteoclast formation. RANKL is another main osteo-
clastogenic factor, which is a member of the TNF superfamily
and is highly expressed in osteoblasts, osteocytes, lymph
nodes and activated T lymphocytes.60–63 When RANKL binds
to RANK on the surface of osteoclasts and osteoclast precur-
sors, its recruits TNF receptor-associated factor 6 (TRAF6) to
the RANK intracellular domain, and activates a series of tran-
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scription factors necessary for osteoclast differentiation,
including NF-κB p50, p52, c-Fos, and nuclear factor of acti-
vated T cells (NFATc1).64 NFATc1 acts as the master transcrip-
tion factor that regulates osteoclast differentiation.65 Upon
stimulation by RANKL, NF-κB is shortly recruited to the
NFATc1 promoter.66 Subsequently, the overexpression of
NFATc1 further induces osteoclast differentiation.67 OPG acts
as a soluble decoy receptor of RANKL, competing with RANK
for binding to RANKL and activating the wingless-related inte-
gration site-beta-catenin (Wnt/β-catenin) signaling pathway.
This results in the inhibition of RANKL-induced osteoclasto-
genesis and bone resorption.68

Osteoblasts, derived from mesenchymal stem cells(MSCs),
are responsible for bone formation and matrix maturation.69

Increased osteoblast activity promotes mineralization, facilitat-
ing new bone formation and remodeling.70 The Wnt and bone
morphogenetic proteins (BMPs) pathways stimulate osteoblast
differentiation from MSCs by mediating osteoblast transcrip-
tion factors.71 Various transcription factors regulate osteogenic
differentiation, with runt-related transcription factor 2 (Runx2)
and osterix (Osx) considered as the master transcription factor
involved in initiating and promoting osteogenic differentiation
of MSCs.72,73 Runx2, a member of the Runx transcription
factor family, is crucial for the mesenchymal cells differen-
tiation into osteoblasts by inhibiting differentiation into adipo-
cytes and chondrocytes.74Runx2 upregulates osteoblast-related
genes such as collagen type I alpha 1 chain (Col1a1), Alkaline
phosphatase (ALP), bone gamma-carboxyglutamate protein
(Bglap), bone sialoprotein (BSP) and osteocalcin (OCN). Osx, a
member of the SP transcription factor family and downstream
gene of Runx2,75 downregulates the expression of type X col-
lagen (Col X) and attenuates ALP enzyme activity, leading to
chondrogenic gene activation and chondrocyte
differentiation.76

The coupling of bone formation and resorption involves the
interaction of a wide range of cell types at different stages of
differentiation and secretion of related factors. This includes
growth factors released from bone resorption, soluble and
membrane products of osteoclasts and their precursors, as
well as signals from osteocytes. During bone remodeling,
osteoclasts and osteoblasts communicate through EphrinB2-
EphB4, FAS Ligand-FAS, and semaphorin 3A-neuropilin-1,
which can suppress osteoclast differentiation and promote
osteoblasts differentiation.77 TGF-β and Insulin Growth Factor-
1 (IGF-1) released from bone absorption promote osteoblast
differentiation by recruiting of MSCs.77 Additionally, factors
like platelet-derived growth factor-BB, sphingosin-1-phosphate
(S1P), and BMPs act as coupling factors to further promote
osteoblast differentiation.78 On the other hand, osteoblasts
secrete M-CSF, RANKL and Wnt gene family 5A (WNT5A) to
promote osteoclast differentiation.62,79,80

Inflammatory cytokines, such as TNF-α and IL-1, are crucial
in coordinating the balance between bone resorption and for-
mation. TNF-α can attract osteoclasts and, in synergy with IL-1,
upregulate the expression of RANKL, promoting osteoclast
differentiation.81 Conversely, anti-inflammatory cytokines like

IL-37 inhibit osteoclast differentiation and promote osteogenic
differentiation.82 This intricate network of cells, cytokines, and
factors maintains bone metabolism balance. The relationship
between gut microbiota and bone homeostasis is well-estab-
lished,1 but the specific impact of the gut microbiota-derived
metabolite IPA on bone metabolism remains underexplored.

The effect of IPA on osteoblasts

Behera J et al. demonstrated that IPA plays a role in regulating
osteogenic differentiation in epigenetic modifications. The
overexpression of mitochondrial transcription factor (Tfam) in
skeletal tissues promote the differentiation and mineralization
of osteoblasts.83 It was found that Histone 3 lysine 27 methyl-
ation 3 (H3K27me3) could down-regulate Tfam expression by
inhibiting the transcriptional binding of Kdm6b/
Jmjd3 histone demethylase at the Tfam promoter. IPA was
shown to enhance osteoblast differentiation by increasing the
binding of histone demethylase Kdm6b and reducing the
binding of H3K27me3 to the Tfam promoter18 (Fig. 1).
Additionally, studies indicated that IPA treatment upregulates
the expression of key genes involved in osteogenic differen-
tiation such as Runx2, secreted phosphoprotein 1 (Spp1),
Bglap2, ALP, and Col1al in osteoblasts to promote osteogenic
differentiation.18,48 Furthermore, administration of 0.1 mM
IPA was shown to inhibit the Toll-like receptor 4/myeloid
differentiation factor-88 (TLR4/MyD88) inflammatory signaling
pathway, leading to the suppression of NF-κB signaling
pathway activation. This inhibition resulted in the suppression
of downstream inflammatory cytokines such as C–C motif
chemokine 2 (CCL2) and TNF-α, ultimately leading to
increased osteoblast differentiation57 (Fig. 1).

IPA may influence osteoblast differentiation by regulating
neurotrophic factors. In a randomized controlled trial, it was
found that an increase in serum IPA levels following probiotic
intervention was associated with serum brain-derived neuro-
trophic factor (BDNF) levels. This effect was mediated through
the inhibition of pro-inflammatory factor production in micro-
glial cells, exerting neuroprotective effects.84 BDNF acts in an
autocrine and paracrine manner to protect neurons,
suggesting that increased expression of BDNF in neuronal
cells may protect both the neurons themselves and surround-
ing neurons from inflammatory stimuli caused by activated
microglial cells.85 Accumulating evidence supports the involve-
ment of BDNF in bone metabolism. It has been reported that
BDNF promotes the mineralization of several highly differen-
tiated cells in vitro.86,87 Multiple studies have shown that
BDNF binds to the TrkB receptor and activates the ERK1/2 sig-
naling pathway, and activation of the ERK pathway in MSCs
can promote their osteoblast differentiation.86,88 Furthermore,
BDNF combined with tricalcium phosphate and human
BMSCs has been shown to induce ectopic osteogenesis related
to neurogenesis in nude mice89 (Fig. 1).

IPA also exerts biological effects through the TGF-β1/small
mothers against decapentaplegic (Smad3) signaling pathway.
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TGF-β1, a pivotal member of secreted polypeptide growth
factors family, activates the Smad signaling pathway to
regulate the proliferation, differentiation, and function of
osteoblasts.90–92 A study showed that IPA at a dose of 20 mg
kg−1 up-regulated the transcription and translation levels of
Col1a1 in liver tissues via the TGF-β1/Smad3 pathway48

(Fig. 1). Research suggests that the liver plays a role in carbo-
hydrate and fat metabolism by secreting fibroblast growth
factor 21 (FGF21),93 BMP9,94 and hepatokines,95 which leads
to changes in the quantity and structure of trabecular bone.96

Col1a1 is one of the main proteins in the bone matrix and
a key component in bone metabolism.97 The role of liver-
derived Col1a1 in bone metabolism remains unclear, but
studies indicate that the liver may indirectly affect bone for-
mation and remodeling through certain signaling pathways.
Overexpression of liver-derived Col1a1 may be associated with
alterations in bone mineralization. Excessive Col1a1 could

influence bone metabolism by modulating related cytokines
(such as TGF-β, TNF-α, IL-6, and RANKL) or promoting fibro-
sis, thereby disrupting the balance of bone metabolism.96–98

Smad plays a direct role in the production and differentiation
of osteoblasts and osteoclasts through the TGF-β pathway in
various contexts.90 Studies have shown that stimulating the
expression of Smad 2/3 mRNA, as well as promoting the
secretion and synthesis of TGF-β1, can effectively enhance
bone formation. TGF-β not only induces the self-expression of
osteoblasts but also increases the expression of BMP-2 in
osteoblasts, thereby boosting their osteogenic potential.99

Additionally, TGF-β enhances the RANKL-mediated transloca-
tion of Smad 2 or Smad 3, forming a complex with Smad 4
that translocates into the nucleus, where it interacts with
NFATc1 target genes to activate NFATc1 expression.100 NFATc1
plays a critical role in regulating osteoclast differentiation.
Studies have shown that embryonic stem cells lacking NFATc1

Fig. 1 Effect of IPA on bone metabolism. ① IPA promoted osteoblast differentiation by decreased binding of H3K27me3 to the Tfam promoter. ②
IPA promoted osteoblast differentiation by enhancing mitochondrial transcription activator Tfam via increased binding of histone demethylase
Kdm6b. ③ IPA inhibits the TLR4/MyD88 signaling pathway and suppression the expression of CCL2 and IL-1β to promotes the osteoblasts differen-
tiation. ④ IPA activates AhR to inhibit the expression of MMP-3, MMP-13, and ADAMS-5 induced by the NF-κB signaling pathway, resulting in
reduced chondrocyte hypertrophy and degradation of ECM. ⑤ IPA enhances BDNF levels, facilitating its binding to the TrkB receptor and activating
the ERK1/2 signaling pathway, thereby promoting osteoblast differentiation. ⑥ IPA upregulates the expression of col1a1 to promote osteoblast
differentiation and inhibits chondrocyte hypertrophy by activating the TGF-β/Smad signaling pathway. ⑦ IPA upregulates the expression of col-
lagen-II and aggrecan, promoting ECM synthesis and inhibiting chondrocyte hypertrophy. ⑧ IPA inhibits chondrocyte apoptosis induced by the
PI3K/AKT/mTOR signaling pathway. ⑨ IPA inhibits osteoclast differentiation induced by LPS via the Tlr4/NF-κB signaling pathway by suppressing
P65, IκBα, and IKKα/β phosphorylation. IPA inhibits the quantity of TNF-α binds to osteoclast precursors and subsequent osteoclast differentiation.

IPA exerts its effect by activating AhR: (1) IPA activates AhR to inhibit CCL2 expression and subsequent osteoclast differentiation; (2) IPA activates
AhR to inhibit NLRP3 and the cell inflammation produced by NLRP3, which leads to osteoclast differentiation via the NF-κB signaling pathway.
IPA activates the RXR pathway to inhibit GM-CSF expression, resulting in increased expression of c-Fos and subsequent osteoclast differentiation. By
Figdraw.
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fail to differentiate into osteoclasts, and targeted disruption of
NFATc1 in hematopoietic cells in mice leads to increased bone
mass and a significant reduction in osteoclasts.101 But the
specific impact of IPA on bone metabolism via the TGF-β1/
Smad3 pathway requires further investigation. While direct evi-
dence linking IPA and osteoblasts is limited, there is a connec-
tion between inflammatory responses and osteoblast differen-
tiation, suggesting a potential role for IPA in osteoblast differ-
entiation by modulating inflammatory responses and other
mechanisms. However, the precise underlying mechanisms
warrant additional elucidation.

The effect of IPA on osteoclasts

Previous studies have shown that IPA has an inhibitory effect
on osteoclast differentiation by inhibiting the IκB/NF-κB
pathway to reduce inflammatory factor recruitment.47,102The
NF-κB family of transcription factors is activated downstream
of RANKL, with the IKK complex initiating NF-κB activation in
response to ligands like TNF-α, IL-1β, lipopolysaccharide (LPS),
and RANKL.103,104 Both catalytic IKKα and β, along with regu-
latory IKKγ, promote osteoclast differentiation and lifespan by
inducing various NF-κB subunits including P65, P50, and
P52.105–107 For instance, HFD can lead to intestinal LPS pro-
duction, activating the TLR4/NF-κB signaling pathway and
causing inflammatory damage, subsequently influencing the
phosphorylation of P65, IκBα, and IKKα/β. In this context, IPA
can inhibit TLR4/NF-κB signaling activity and reverse this
inflammatory condition.21 HFD also promotes osteoclasts for-
mation and activity in bone marrow cells by increasing the
levels of pro-inflammatory cytokines such as TNF-α, IL-6,
IL-1β.108,109 TNF-α binds to osteoclast precursors, leading to
enhanced RANKL expression from bones. This chronic inflam-
matory signaling up-regulates c-fms, which recruits TRAF6 and
induce increased expression of NFATc1,101 facilitating osteo-
clast differentiation.110 However, administration of IPA down-
regulates the expression of osteoclast-related genes, including
RANK and NFATc1 in vitro, reversing the HFD-mediated osteo-
clastogenesis.18 RANKL also stimulates the expression of
NFATc1 by activating the signal transducer and activator of
transcription 3 (Stat3) pathway, which in turn controls the
osteoclasts differentiation and bone homeostasis.111 Studies
have demonstrated that IPA can suppress Stat3 expression and
phosphorylation.112 Additionally, IPA supplementation
reduces CCL2 expression via AhR.113 CCL2 is known to
promote osteoclasts fusion,114 and deficient mice have
reduced osteoclast-specific genes including NFATc1 and cath-
epsin K (CTX-1),115 and result in increased bone mass and
decreased bone resorption markers such as CTX-1 and tar-
trate-resistant acid phosphatase 5b (TRACP 5b)116 (Fig. 1).
Moreover, IPA activates AhR to inhibit nucleotide-binding oli-
gomerization domain-like-receptor family pyrin domain-con-
taining 3 (NLRP3) inflammasome activation, thereby reducing
procaspase-1 cleavage and IL-1β secretion.117 The NLRP3
inflammasome exacerbates cellular inflammation through the

Caspase-1/IL-1β/IL-18 pathway,118 which inhibits osteoblasts
and promotes osteoclast differentiation via NF-κB
activation.119–121 AhR has been proven to negatively regulate
NLRP3 inflammasome activity, with its agonist BaP inhibiting
osteoclast differentiation and bone resorption by modulating
the AhR-NF-κB pathway117,122,123 (Fig. 1).

On the other hand, some studies have indicated that
IPA may potentially promote the formation of osteoclasts. IPA
has been shown to activate the PXR, leading to the suppres-
sion of granulocyte-macrophage colony-stimulating factor
(GM-CSF) and granulocyte colony-stimulating factor (G-CSF)
expression.124 Nevertheless, GM-CSF, known as a dendritic cell
stimulating factor, has been found to strongly inhibit osteo-
clasts formation.125,126 This inhibition occurs through GM-CSF
acting on monocyte/macrophage precursor cells to reduce
c-Fos levels and thus suppress osteoclast differentiation125

(Fig. 1).
The contradictory results may be due to the activated signal

pathways, and the osteoclasts differentiation stage. Given that
research on the impact of IPA on osteoclasts is still in its
nascent stages, further experimental validation is essential to
establish a causal relationship between these factors.

The effect of IPA on adipocytes

Adipogenesis also originates from MSCs, where osteoblasts
and adipogenesis compete and have a reciprocal relation-
ship.127 Excessive fat accumulation leads to hypertrophy of
adipocytes, which in turn enhances the expression of proin-
flammatory cytokines such as TNF-α, IL-1β, IL6 and inducible
nitric oxide synthetase (iNOS) in adipose tissue. These cyto-
kines are then releases into the bloodstream, promoting a
low-grade systemic inflammation or the expression of the
pro-osteoclastogenic factor RANKL, leading to osteoclast
differentiation. This disrupts the balance of bone remodeling
and dysregulate bone homeostasis.128–132 IPA at a dosage of
20 mg kg−1 can reduce fat accumulation. Supplementation
with type 2 resistant starch, a probiotic that significantly
increases IPA concentration in mouse plasma, can reduce
liver fat accumulation and fat cell size in white adipose
tissue, thereby improving fat metabolism abnormalities in
obese mice.133 Stuies by Tao Yan et al. showed that serum IPA
concentration decreased in HFD-fed mice.134 Additionally,
orally administered IPA at a dosage of 100 mg kg−1 signifi-
cantly reduced the transcription of sterol regulatory element-
binding protein 1c (SREBP1c) and fatty acids in HFD mice.135

Metabolomics analysis has demonstrated decreased levels of
IPA in obesity.136 Following gastric bypass surgery, oral
administration of IPA at 20 mg kg−1 resulted in continuous
weight loss by regulating the increase in intestinal per-
meability and reversing the interferon gamma-induced (IFN-
γ) transcriptional increase in the expression of the fructose
transporter SLC2A5 (GLUT5).54,137 HFD feeding activates the
NF-κB pathway, leading to inflammatory injury, which can be
reversed by IPA.21
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Moreover, research has shown that IPA supplementation
can reduce macrophage infiltration in apolipoprotein E–
deficient (ApoE−/−) mice.138 Apolipoprotein E (ApoE), a lipo-
protein, is involved in fat accumulation in bone and other
organs, as well as in regulating bone metabolism. In ApoE−/−

mice, there is an increase in lipogenic markers such as such as
peroxisome proliferator-activator receptor gamma (PPARγ),
fatty acid binding protein4 (FABP4) and Perilipin2 (RLIN2),
while the expression of osteogenic markers like RUNX2, osteo-
pontin (OPN), and OCN is significantly reduced.139 PPARγ is
known to play a crucial role in macrophage activation and,
along with the CAAT enhancer binding proteins (C/EBPs)
family, is a key transcription factor for adipogenic differen-
tiation.140 The upregulation of PPARγ leads to increased
macrophage infiltration, adipogenesis, bone resorption, and
osteoclasts differentiation.141,142

The effect of IPA on chondrocytes

Chondrocytes, originated from BMSC, undergo a series of
differentiation processes to develop into hypertrophic chon-
drocytes. These hypertrophic chondrocytes represent the final
state of growth plate chondrocytes and can potentially lead to
degenerative maturation, resulting the imbalances and skeletal
diseases.143 Healthy chondrocytes typically express type II col-
lagen (COL2), aggrecan and SRY-Box transcription factor 9
(SOX9),144 while chondrocytes under inflammatory conditions
elevated levels of matrix metalloproteinase (MMP) -3, MMP-13,
and thrombospondin motifs-5 (ADAMTS-5). The excessive
release of these enzymes can degrade the chondrocyte extra-
cellular matrix (ECM) and disrupt the normal chondrocyte
phenotype.145 Studies have shown that IPA can mitigate chon-
drocyte aging and inflammation by acting on the AhR/NF-κB
axis. IPA demonstrates strong anti-inflammatory properties
and inhibits the NF-κB signaling pathway by activating the
AhR in chondrocytes, thereby reducing the inflammatory
effects induced by IL-1β on cytokines like TNF-α, IL-6, COX-2,
and iNOS, as well as decreasing the expression of catabolic
factors such as MMP-3, MMP-13 and ADAMTS-5 in chondro-
cytes.46 Additionally, IPA injections have been found to
enhance the expression of aggrecan and collagen-II, key com-
ponents of the chondrocyte ECM, promoting matrix synthesis,
suppressing hypertrophic differentiation, and maintaining a
normal chondrocyte phenotype146 (Fig. 1).

IPA also can activate the TGF-β/Smad signaling pathway
by phosphorylating Samd3 after intervention.48 TGF-β binds
to type I receptors activin-like kinases (ALK) 1 and ALK5,
leading to the phosphorylate of Smad3, which in turn
inhibits chondrocyte hypertrophy and prevents terminal
differentiation147,148 (Fig. 1).

Studies have shown that IPA treatment inhibits the acti-
vation of the PI3K/AKT/rapamycin (mTOR) signaling
pathway.49 The PI3K/AKT signaling pathway is an essential reg-
ulator of chondrocyte survival and apoptosis, which can also
minimize cartilage degeneration by preventing chondrocyte

apoptosis. However, there are researches demonstrated that
mTOR knockout in cartilage could reduce apoptosis and alter
cartilage homeostasis in mice and the up-regulated mTOR
along with the increased expression of pro-inflammatory cyto-
kines such as IL-1β, which increases in chondrocytes
apoptosis149,150 (Fig. 1). However, further research is needed to
determine if IPA can restore cartilage homeostasis by inhibit-
ing this pathway.

The effects of IPA on bone disease
Osteoporosis (OP)

OP is a systemic bone disease characterized by low bone mass,
damage to the microstructure of bone tissue, increased bone
fragility and susceptibility to fractures.151 OP can be classified
into primary OP and secondary OP. Primary OP includes post-
menopausal osteoporosis (PMOP), senile OP and idiopathic
OP, while secondary OP refers to OP caused by any disease or
medication affecting bone metabolism.152,153 In physiological
conditions, bone formation by osteoblasts and bone resorption
by osteoclasts maintain the remodeling of bone tissue.
However, an imbalance between osteoblasts and osteoclasts
can lead to accelerated deterioration of bone tissue, bone loss,
and ultimately osteoporosis.151

Currently, postmenopausal women, older men, diabetes
patients, and obese individuals are considered high-risk popu-
lations for OP, with different mechanisms leading to the devel-
opment of OP in each population.152 In postmenopausal
women, a gradual decrease in estrogen levels reduces binds to
estrogen receptor alpha (ERα) on the surface of osteoclasts,
enhancing osteoclast differentiation.154 Older men lack essen-
tial nutrients such as calcium and vitamin D required for bone
matrix formation, resulting in decreased bone mineralization
and increased bone fragility.155 Additionaly, the decline of
gonadal function and sex hormone levels in the elderly are
closely related to the decrease in bone mass and bone mineral
density.156 In diabetic patients, disrupted glucose metabolism
leads to a high catabolic state and excessive urinary calcium
excretion, inhibiting bone tissue formation.157 Excess fat
accumulation in obese individuals induces an imbalance
between bone marrow adipocytes and osteoblasts, leading to
OP.158

IPA been found to have a regulatory effect on osteoporosis
caused by obesity. Sofia Cussotto et al. demonstrated a signifi-
cant decrease in IPA levels in obese patients, but noted that
after gastric bypass surgery, IPA led to continuous weight loss
in these patients.159 Animal studies have shown that HFD
mice can decrease bone formation and reduce mechanical
bone quality.108 Conversely, oral supplementation of IPA to
HFD-fed obese mice has been found to increase trabecular
bone formation and improve cortical bone mechanical
strenghth.18 Additionally, IPA has been shown to regulate dysli-
pidemia in vitro.135 Obesity can lead to hyperlipidemia, which
in turn can negatively impact bone health. Elevated levels of
total cholesterol (TC) and low-density lipoprotein cholesterol
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(LDL-c) have been associated with lower bone mass and
increased fracture risk, as they inhibit osteoblast differen-
tiation, promote osteoclast differentiation, and lead to bone
loss.160 Interestingly, IPA has been shown to significantly
decrease serum levels of TC, LDL-c, and total triglyceride
(TG).135 Furthermore, hyperlipidemia can trigger chronic sys-
temic inflammation, which can reduce osteoblast activity and
enhance osteoclast activity by increasing levels of pro-inflam-
matory cytokine. These effects are believed to be the main con-
tributors to inflammation-induced bone loss. While direct evi-
dence is limited, research suggests that IPA may lower pro-
inflammatory cytokine levels, potentially indirectly regulating
inflammation-induced bone loss.

Oxidative stress (OS) occurs when the balance between oxi-
dation and antioxidant function is disrupted in the body,
leading to increased oxidation. This imbalance can activate
the NF-κB signaling pathway, resulting in the production of
pro-inflammatory cytokines, that contribute to bone loss.161

Obesity often leads to higher levels of reactive oxygen species
(ROS), which stimulate the secretion of pro-inflammatory cyto-
kines (IL-1β, IL-6, TNF-α) in osteoclasts and osteoblasts. These
cytokines play a role in the development of osteoporosis by
enhancing osteoclast function and inhibiting osteoblast func-
tion.162 ROS and antioxidant enzymes help regulate the redox
balance, with ROS inhibiting osteogenic activity by suppres-
sing the expression of Runx2 and osx, and disrupting bone
remodeling.163 Meanwhile, ROS can prevent mitochondrial
apoptosis of osteoblasts. By increasing mitochondrial mem-
brane permeability, releasing cytochrome c into the cytoplasm
to interact with Apaf1, ultimately increasing the expression of
caspase apoptotic proteins.164Glutathione (GSH) metabolism
and ferroptosis are involved in ROS-mediated regulation of
bone metabolism.165 GSH can promote osteoblastic differen-
tiation by increase the expression of Col1a1, OCN and ALP.166

Furthermore, increasing GSH levels can inhibit the ROS/NF-κB
signaling pathway, subsequently suppressing RANKL-mediated
osteoclastogenesis.167 Recent research suggests that IPA may
have a role in OP by acting as an anti-oxidation and anti-
inflammation agent. IPA, a potent antioxidant with no pro-
oxidant activity, protects cells from oxidative damage and lipid
peroxidation induced by ROS and iron(III) chloride.20,168,169 It
has been reported that IPA enhances redox-regulatory systems
by increasing the activity of Acetylcholinesterase (AchE) and
antioxidant enzymes, as well as GSH levels, while also attenu-
ates the activity of caspase-9 and -3, and the expression of
proinflammatory cytokines.170 Besides, studies have confirmed
a positive correlation between iron overload and the develop-
ment of OP, with it being one of the driving factors of postme-
nopausal OS.171,172 Excessive iron binds with transferrin to
form Fe3+, which can lead to increased production of free rad-
icals.173 Iron ions have been shown to stimulate the differen-
tiation of osteoclasts and promote bone resorption by generat-
ing ROS.174 Animal experiments have demonstrated that co-
incubated IPA can prevent the decrease in cell membrane
fluidity caused by Fe3+.169 Moreover, IPA inhibit lipid peroxi-
dation damage in hamster testes caused by iron ions,175

suggesting a potential role in protecting cell membranes from
iron-induced oxidative damage. Furthermore, obesity is known
to induce systemic OS by increasing ROS production, suppres-
sing antioxidant enzymes expression, and promoting the
secretion of pro-inflammatory cytokines, which exacerbate
inflammatory responses.176,177 OS leads to the conversion of
oxygen into ROS, upregulating pro-inflammatory cytokines such
as TNF-α and IL-6.178 The accumulation of ROS activates the
NF-κB signaling pathway, enhances NLRP3 inflammasome syn-
thesis, and triggers the release of inflammatory cytokines.179

These cytokines can stimulate osteoclast bone resorption by
modulating the RANK/RANKL/OPG axis in obesity. In contrast,
IPA has shown promise in reducing ROS accumulation, suppres-
sing NF-κB signaling pathway activation, and mitigating inflam-
matory responses associated with obesity.20,21 However, further
research is necessary to fully understand how IPA modulates
osteoporosis through oxidation–reduction mechanisms.

Furthermore, IPA may also influence bone loss through
neural regulation. In vitro experiments have shown that
500 µM IPA can reverse angiotensin II (Ang II)-induced endo-
thelial cell apoptosis by promoting AKT phosphorylation.180

Ang II is an essential component of the hypothalamic endo-
crine system, playing a key role in regulating downstream
hormone secretion and autonomic functions, which are
involved in bone metabolic homeostasis and the development
of bone-related diseases.181 Ang II activates the sympathetic
nervous system, promoting the release of catecholamines such
as norepinephrine, which ultimately leads to inhibited osteo-
genesis and enhanced bone resorption.182 Ang II antagonists
can alleviate ovariectomy-induced osteoporosis by counteract-
ing central renin–angiotensin system activity.182 Furthermore,
Ang II may influence bone metabolism and fracture healing by
regulating vascular tone and bone perfusion.182 However,
further investigation is needed to clarify how IPA induces the
regulation of bone loss via Ang II.

Although limited research exists on the effects of IPA on
osteoporosis, its notable impact on anti-inflammation, anti-
oxidation, neuroregulatory, and metabolism enhancement has
garnered increasing interest. It is essential to integrate existing
knowledge on osteoporosis, gut microbial metabolites, bio-
marker research, nutritional intervention, and drug develop-
ment to advance early disease prevention, diagnosis, and treat-
ment in clinical practice.

Rheumatoid arthritis (RA)

RA is a chronic inflammatory autoimmune disease character-
ized by persistent tenderness and articular synovitis.183 Early
research suggests that the concentrations of IPA were
decreased in the RA mice model, but were restored after treat-
ment with Wu-tou decoction.184 Clinical investigations by
Heng Fang et al. revealed that the expression of NLRP3 inflam-
masome is elevated in RA patients, while administration of
IPA has shown to suppress NLRP3 inflammasome acti-
vation.117 Nonetheless, there is insufficient direct evidence to
confirm the clinical effectiveness of IPA in treating RA, thus
further research is warranted.
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Multiple theories exist regarding the pathogenesis of rheu-
matoid arthritis. Inflammatory cytokines, immune cells, and
synovial fibroblasts could activate osteoclasts, inhibit osteo-
blasts, induce bone destruction, bone loss, and promote RA
development.185–187 T cells, particularly T helpe (Th17) and
Fox3+T regulatory cells (Treg) cells, are abundant in RA syno-
vium and play crucial roles in inflammatory processes and
bone loss.188 Th17 cells regulate osteoclastogenesis through
the RANKL/RANK/OPG pathway, promoting RA progression.189

On the other hand, Treg cells suppress RANKL and M-CSF
levels, inhibiting osteoclast differentiation and promoting
osteoblast differentiation, potentially delaying RA develop-
ment.190 Notably, IPA has been reported to influence T cell
differentiation. Clinical studies have revealed a negative corre-
lation between Th17 cell abundance and IPA concentration in
healthy adults.191 While direct evidence is lacking, research
suggests that IPA treatment might via activated AhR induce the
methylation of the IL-17 promoter and partial demethylation
of the FoxP3 promoter, thereby reversing the significant
reduction of Tregs and the marked increase in Th17 numbers
in a mouse model of disease condition.192,193 This implies that
IPA may indirectly regulate osteoclasts differentiation and the
occurrence of RA induced by Th17. In addition, Th cells
secrete pro-inflammatory cytokines like IL-17, IFN-γ and TNF-
α, which can upregulate RANKL expression, affects the
RANK-RANKL-OPG pathway and thereby activates osteoclasts
and the RA immune response, while Tregs inhibit various Th
cell-mediated proinflammatory immune responses by release
anti-inflammatory cytokines.194,195 Supplementing with IPA
can enhance Treg differentiation and inhibit Th cells pro-
duction of pro-inflammatory factors.192 Research has found
that marrow-derived suppressor cells (MDSCs) accumulate in
the spleens of mice with collagen-induced arthritis during the
peak of arthritis progression, where they inhibit the prolifer-
ation and differentiation of CD4+ T cells. CD4+ T cells can
differentiate into TH17 cells that produce pro-inflammatory
cytokines, contributing to the occurrence of RA.196 IPA sup-
plementation has been found to mediate AhR activation to
enhance the suppressive function of MDSCs.197 Nevertheless,
there is no direct evidence to prove that IPA can delay the pro-
gression of RA by enhancing the suppressive effects of MDSCs,
indicating the need for further research. Furthermore, one
study reported that IPA activated AhR to suppress the
expression of MMP genes,46 enzymes produced by synovial
fibroblasts that contribute to cartilage destruction in RA.198

While there is limited research on the effects of IPA on RA,
animal studies suggest that IPA may potentially mitigate the
onset of RA by regulating the generation of inflammatory
factors and the degradation of the extracellular matrix.

Osteoarthritis (OA)

OA is a degenerative joint disease characterized by progressive
cartilage degradation, synovial membrane inflammation,
osteophyte formation and subchondral bone sclerosis. Its
onset is related to multiple changes in the proliferation, viabi-
lity and secretion characteristics of chondrocytes.199 Factors

such as aging, injury, genetics and obesity can trigger local
low-grade inflammation in joints, leading to damage in OA
cartilage.200,201 In normal conditions, articular cartilage of a
regulated ECM that is produced by chondrocytes, the sole cell
type present in cartilage tissue.202 However, inflammatory cyto-
kines, oxidative stress, and adipokines have the potential to
induce chondrocyte differentiation and promote the develop-
ment of OA.199

IPA may play a crucial role in delaying the development and
progression of OA. Through animal experiments, Zanzhu Li
et al. observed a lower concentration of IPA in the OA group
compared with the sham operation group.203 The inflamma-
tory cytokines IL-1β, IL-6 and TNF-α are highlighted as the
most secreted cytokines in OA, known for their pro-inflamma-
tory effects and ability to induce loss of chondrocyte pheno-
type through various signal pathways.204 IPA administration
could decrease the expression of these inflammatory cytokines
by suppressing the NF-κB signaling pathway, thus slowing
down OA progression.46 In OS, iNOS can produce nitric oxide
(NO) leading to chondrocyte apoptosis and inhibition of chon-
drogenic phenotype.205,206 Supplementation with IPA
decreases the expression of iNOS in OA.46 Additionally, IPA has
demonstrated the ability to counteract the effects of IL-1β on
genes related to matrix degradation, such as MMP-3, MMP-13,
and ADAMTS-5, through the AhR/NF-κB signaling pathway,
thereby reducing ECM degradation and promoting matrix syn-
thesis.46 Furthermore, the cartilage degradation and synovia
inflammation were attenuated after IPA treatment. Moreover,
IPA can inhibit the expression and phosphorylation of Stat3.112

Latourte et al. demonstrated the activation of Stat3 in chondro-
cytes that induces cartilage destruction and osteophyte for-
mation in OA.207 It is worth mentioning that the effects of IPA
on other endogenous ligands and signaling pathways in OA,
apart from the AhR/NF-κB signaling pathway, have not been
validated and will become an essential subject of future
research.

In OA, ROS are typically produced at low levels in chondro-
cytes and play a role in intracellular signaling pathways that
regulate cartilage metabolism.208 However, in OA chondro-
cytes, the increased production of ROS lead to the degradation
of ECM components and trigger chondrocyte death.209,210 IPA
has been shown to protect cells from OS damage, reducing the
expression of proinflammatory cytokines.20,21,57,168 Various
experiments have demonstrated that ROS generated by OS can
impact the activity of osteoblasts, resulting in decreased bone
mineralization and bone loss.211,212 Excessive ROS can inhibit
osteoblast activation, preventing the production of OPG and
promoting osteoclast differentiation and bone resorption.212

The depletion of antioxidants can accelerate bone loss by acti-
vating proinflammatory cytokines like TNF-α.213 Research has
indicated that administering IPA at a dose of 25 mg kg−1 can
enhance redox-regulatory systems by boosting the activities of
AChE and antioxidant enzymes, while also attenuating the
activities of caspase-9 and -3.170 However, in vitro studies have
revealed that treating cells with 5 μg mL−1 of IPA can increases
intracellular Ca2+ concentration and ROS production.214
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Despite these findings, there is currently insufficient direct evi-
dence to conclusively determine the impact of IPA on bone
metabolism in the context of OS, necessitating further
investigation.

Conclusion and perspective

With the rapid advancement of metabolomics, the role of gut
microbiota metabolites in regulating host bone health and
disease has gradually come to light. IPA, an important metab-
olite derived from gut microbiota, has been shown to be
closely associated with the occurrence of bone metabolic dis-
eases. Previous studies have established links between IPA and
various metabolic conditions, such as obesity and diabetes.
Experimental evidence further suggests that IPA intervention
can effectively reduce body weight, peripheral fat levels, pro-
inflammatory cytokine expression, and oxidative stress,
thereby exerting profound impacts on host health.

In the context of bone metabolism, IPA demonstrates sig-
nificant anabolic effects. Research shows that IPA promotes
osteoblast differentiation by upregulating mitochondrial Tfam,
a mechanism that plays a key role in preventing bone loss.18

Additionally, IPA modulates the host’s immune response and
inflammation levels by activating ligands such as the AhR and
PXR, thus providing indirect protection to bone.46,47 Although
the mechanisms underlying IPA’s role in bone metabolism are
not yet fully understood, existing evidence highlights its criti-
cal functions in regulating inflammation, immune response,
and oxidative stress.

The findings of this study suggest that IPA holds substan-
tial potential as a therapeutic molecule for bone metabolic dis-
eases. Its effects in reducing inflammation, promoting osteo-
blast differentiation, and preventing bone loss position it as a
promising candidate for treating conditions like osteoporosis.
Future research could focus on further elucidating the mole-
cular mechanisms of IPA in bone metabolism, particularly
through preclinical and clinical trials. Moreover, examining
the impact of different doses and routes of IPA administration
on bone metabolism will help optimize its efficacy and safety
in clinical applications. These findings not only enhance our
understanding of IPA’s role in bone health but also offer new
directions and strategies for the therapeutic development of
bone metabolic diseases.

Author contributions

Huimin Xu: conceptualization, writing – original draft.
Yingzhe Luo: investigation, resource, writing – review &
editing. Yi An: supervision, writing – review & editing. Xi Wu:
supervision, funding acquisition, writing – review & editing.

Data availability

No data was used for the research described in the article.

Conflicts of interest

No potential conflicts of interest were disclosed.

Acknowledgements

This study was supported by the National Natural Science
Foundation of China (82274667).

References

1 L. Lu, X. Chen, Y. Liu and X. Yu, Gut microbiota and bone
metabolism, FASEB J., 2021, 35(7), e21740.

2 R. M. Jones, J. G. Mulle and R. Pacifici,
Osteomicrobiology: The influence of gut microbiota on
bone in health and disease, Bone, 2018, 115, 59–67.

3 L. Li, S. Rao, Y. Cheng, et al., Microbial osteoporosis: The
interplay between the gut microbiota and bones via host
metabolism and immunity, Microbiologyopen, 2019, 8(8),
e00810.

4 S. Ma, J. Qin, Y. Hao, Y. Shi and L. Fu, Structural and func-
tional changes of gut microbiota in ovariectomized rats
and their correlations with altered bone mass, Aging,
2020, 12(11), 10736–10753.

5 S. Ma, J. Qin, Y. Hao and L. Fu, Association of gut micro-
biota composition and function with an aged rat model of
senile osteoporosis using 16S rRNA and metagenomic
sequencing analysis, Aging, 2020, 12(11), 10795–10808.

6 Y. Luo, G. L. Chen, N. Hannemann, et al., Microbiota
from Obese Mice Regulate Hematopoietic Stem Cell
Differentiation by Altering the Bone Niche, Cell Metab.,
2015, 22(5), 886–894.

7 J. D. Schepper, F. Collins, N. D. Rios-Arce, et al.,
Involvement of the Gut Microbiota and Barrier Function
in Glucocorticoid-Induced Osteoporosis, J. Bone Miner.
Res., 2020, 35(4), 801–820.

8 K. Sjögren, C. Engdahl, P. Henning, et al., The gut micro-
biota regulates bone mass in mice, J. Bone Miner. Res.,
2012, 27(6), 1357–1367.

9 J. Yan, J. W. Herzog, K. Tsang, et al., Gut microbiota
induce IGF-1 and promote bone formation and growth,
Proc. Natl. Acad. Sci. U. S. A., 2016, 113(47), E7554–
E7563.

10 M. Schwarzer, K. Makki, G. Storelli, et al., Lactobacillus
plantarum strain maintains growth of infant mice during
chronic undernutrition, Science, 2016, 351(6275), 854–857.

11 J. Y. Li, B. Chassaing, A. M. Tyagi, et al., Sex steroid
deficiency-associated bone loss is microbiota dependent
and prevented by probiotics, J. Clin. Invest., 2016, 126(6),
2049–2063.

12 J. D. Guss, M. W. Horsfield, F. F. Fontenele, et al.,
Alterations to the Gut Microbiome Impair Bone Strength
and Tissue Material Properties, J. Bone Miner. Res., 2017,
32(6), 1343–1353.

Review Food & Function

414 | Food Funct., 2025, 16, 406–421 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:1

2:
28

 P
M

. 
View Article Online

https://doi.org/10.1039/d4fo03783a


13 Y. W. Zhang, Y. Wu, X. F. Liu, X. Chen and J. C. Su,
Targeting the gut microbiota-related metabolites for
osteoporosis: The inextricable connection of gut-bone
axis, Ageing Res. Rev., 2024, 94, 102196.

14 Y. W. Zhang, P. R. Song, S. C. Wang, H. Liu, Z. M. Shi and
J. C. Su, Diets intervene osteoporosis via gut-bone axis,
Gut Microbes, 2024, 16(1), 2295432.

15 Y. W. Zhang, M. M. Cao, Y. J. Li, et al., Fecal microbiota
transplantation ameliorates bone loss in mice with ovari-
ectomy-induced osteoporosis via modulating gut micro-
biota and metabolic function, J. Orthop. Translat., 2022,
37, 46–60.

16 A. Al Saedi, S. Sharma, M. A. Summers, K. Nurgali and
G. Duque, The multiple faces of tryptophan in bone
biology, Exp. Gerontol., 2020, 129, 110778.

17 R. Sehgal, V. D. de Mello, V. Männistö, et al.,
Indolepropionic Acid, a Gut Bacteria-Produced
Tryptophan Metabolite and the Risk of Type 2 Diabetes
and Non-Alcoholic Fatty Liver Disease, Nutrients, 2022,
14(21), 4695.

18 J. Behera, J. Ison, M. J. Voor and N. Tyagi, Probiotics
Stimulate Bone Formation in Obese Mice via Histone
Methylations, Theranostics, 2021, 11(17), 8605–8623.

19 C. Chen, Z. Cao, H. Lei, et al., Microbial Tryptophan
Metabolites Ameliorate Ovariectomy-Induced Bone Loss
by Repairing Intestinal AhR-Mediated Gut-Bone Signaling
Pathway, Adv. Sci., 2024, 11(36), e2404545.

20 B. Poeggeler, M. A. Pappolla, R. Hardeland, et al., Indole-
3-propionate: a potent hydroxyl radical scavenger in rat
brain, Brain Res., 1999, 815(2), 382–388.

21 Z. H. Zhao, F. Z. Xin, Y. Xue, et al., Indole-3-propionic acid
inhibits gut dysbiosis and endotoxin leakage to attenuate
steatohepatitis in rats, Exp. Mol. Med., 2019, 51(9), 1–14.

22 B. Das and G. B. Nair, Homeostasis and dysbiosis of the
gut microbiome in health and disease, J. Biosci., 2019,
44(5), 117.

23 J. L. Richards, Y. A. Yap, K. H. McLeod, C. R. Mackay and
E. Mariño, Dietary metabolites and the gut microbiota:
an alternative approach to control inflammatory and
autoimmune diseases, Clin. Transl. Immunol., 2016, 5(5),
e82.

24 K. Gao, C. L. Mu, A. Farzi and W. Y. Zhu, Tryptophan
Metabolism: A Link Between the Gut Microbiota and
Brain, Adv. Nutr., 2020, 11(3), 709–723.

25 P. Fan, L. Li, A. Rezaei, S. Eslamfam, D. Che and X. Ma,
Metabolites of Dietary Protein and Peptides by Intestinal
Microbes and their Impacts on Gut, Curr. Protein Pept.
Sci., 2015, 16(7), 646–654.

26 G. Boudry, I. Le Huërou-Luron and C. Michel, Dietary
Protein and Colonic Microbiota—The Molecular Nutrition of
Amino Acids and Proteins, Academic Press, Cambridge,
MA, USA, 2016.

27 F. W. Ward, The Fate of Indolepropionic Acid in the
Animal Organism, Biochem. J., 1923, 17(6), 907–915.

28 D. Dodd, M. H. Spitzer, W. Van Treuren, et al., A gut bac-
terial pathway metabolizes aromatic amino acids into

nine circulating metabolites, Nature, 2017, 551(7682),
648–652.

29 D. A. Bender, Biochemistry of tryptophan in health and
disease, Mol. Aspects Med., 1983, 6(2), 101–197.

30 D. Keszthelyi, F. J. Troost and A. A. Masclee,
Understanding the role of tryptophan and serotonin
metabolism in gastrointestinal function,
Neurogastroenterol. Motil., 2009, 21(12), 1239–1249.

31 N. P. Hyland, C. R. Cavanaugh and P. J. Hornby, Emerging
effects of tryptophan pathway metabolites and intestinal
microbiota on metabolism and intestinal function, Amino
Acids, 2022, 54(1), 57–70.

32 W. R. Wikoff, A. T. Anfora, J. Liu, et al., Metabolomics ana-
lysis reveals large effects of gut microflora on mammalian
blood metabolites, Proc. Natl. Acad. Sci. U. S. A., 2009,
106(10), 3698–3703.

33 H. M. Roager and T. R. Licht, Microbial tryptophan cata-
bolites in health and disease, Nat. Commun., 2018, 9(1),
3294.

34 J. Kim and W. Park, Indole inhibits bacterial quorum
sensing signal transmission by interfering with quorum
sensing regulator folding, Microbiology, 2013, 159(Pt 12),
2616–2625.

35 M. Tuomainen, J. Lindström, M. Lehtonen, et al.,
Associations of serum indolepropionic acid, a gut micro-
biota metabolite, with type 2 diabetes and low-grade
inflammation in high-risk individuals, Nutr. Diabetes,
2018, 8(1), 35.

36 C. Menni, M. M. Hernandez, M. Vital, R. P. Mohney,
T. D. Spector and A. M. Valdes, Circulating levels of the
anti-oxidant indoleproprionic acid are associated with
higher gut microbiome diversity, Gut Microbes, 2019,
10(6), 688–695.

37 V. D. de Mello, J. Paananen, J. Lindström, et al.,
Indolepropionic acid and novel lipid metabolites are
associated with a lower risk of type 2 diabetes in the
Finnish Diabetes Prevention Study, Sci. Rep., 2017, 7,
46337.

38 G. Peron, T. Meroño, G. Gargari, et al., A Polyphenol-Rich
Diet Increases the Gut Microbiota Metabolite Indole
3-Propionic Acid in Older Adults with Preserved Kidney
Function, Mol. Nutr. Food Res., 2022, 66(21), e2100349.

39 W. Wu, L. Zhang, B. Xia, et al., Bioregional Alterations in
Gut Microbiome Contribute to the Plasma Metabolomic
Changes in Pigs Fed with Inulin, Microorganisms, 2020,
8(1), 111.

40 C. Zhu, L. Sawrey-Kubicek, E. Beals, et al., Human gut
microbiome composition and tryptophan metabolites
were changed differently by fast food and Mediterranean
diet in 4 days: a pilot study, Nutr. Res., 2020, 77, 62–72.

41 J. Gao, X. Guo, W. Wei, et al., The Association of Fried
Meat Consumption With the Gut Microbiota and Fecal
Metabolites and Its Impact on Glucose Homoeostasis,
Intestinal Endotoxin Levels, and Systemic Inflammation:
A Randomized Controlled-Feeding Trial, Diabetes Care,
2021, 44(9), 1970–1979.

Food & Function Review

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 406–421 | 415

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:1

2:
28

 P
M

. 
View Article Online

https://doi.org/10.1039/d4fo03783a


42 G. Pimentel, K. J. Burton, U. von Ah, et al., Metabolic
Footprinting of Fermented Milk Consumption in Serum
of Healthy Men, J. Nutr., 2018, 148(6), 851–860.

43 G. Ferrere, M. Tidjani Alou, P. Liu, et al., Ketogenic diet
and ketone bodies enhance the anticancer effects of PD-1
blockade, JCI Insight, 2021, 6(2), e145207.

44 W. Zhang, H. Q. Xie, Y. Li, et al., The aryl hydrocarbon
receptor: A predominant mediator for the toxicity of emer-
ging dioxin-like compounds, J. Hazard. Mater., 2022, 426,
128084.

45 P. O. Oladimeji and T. Chen, PXR: More Than Just a
Master Xenobiotic Receptor, Mol. Pharmacol., 2018, 93(2),
119–127.

46 H. Zhuang, X. Ren, F. Jiang and P. Zhou, Indole-3-propio-
nic acid alleviates chondrocytes inflammation and osteo-
arthritis via the AhR/NF-κB axis, Mol. Med., 2023, 29(1),
17.

47 Q. Zhao, T. Chen, C. Ni, et al., Indole-3-propionic Acid
Attenuates HI-Related Blood-Brain Barrier Injury in
Neonatal Rats by Modulating the PXR Signaling Pathway,
ACS Chem. Neurosci., 2022, 13(19), 2897–2912.

48 F. Liu, C. Sun, Y. Chen, F. Du, Y. Yang and G. Wu, Indole-
3-propionic Acid-aggravated CCl(4)-induced Liver Fibrosis
via the TGF-β1/Smads Signaling Pathway, J. Clin. Transl.
Hepatol., 2021, 9(6), 917–930.

49 J. Li, L. Zhang, T. Wu, Y. Li, X. Zhou and Z. Ruan, Indole-
3-propionic Acid Improved the Intestinal Barrier by
Enhancing Epithelial Barrier and Mucus Barrier, J. Agric.
Food Chem., 2021, 69(5), 1487–1495.

50 N. Dragicevic, N. Copes, G. O’Neal-Moffitt, et al.,
Melatonin treatment restores mitochondrial function in
Alzheimer’s mice: a mitochondrial protective role of mela-
tonin membrane receptor signaling, J. Pineal Res., 2011,
51(1), 75–86.

51 R. Mayeux, M. X. Tang, D. M. Jacobs, et al., Plasma
amyloid beta-peptide 1–42 and incipient Alzheimer’s
disease, Ann. Neurol., 1999, 46(3), 412–416.

52 I. K. Hwang, K. Y. Yoo, H. Li, et al., Indole-3-propionic
acid attenuates neuronal damage and oxidative stress in
the ischemic hippocampus, J. Neurosci. Res., 2009, 87(9),
2126–2137.

53 S. Sivaprakasam, Y. D. Bhutia, S. Ramachandran and
V. Ganapathy, Cell-Surface and Nuclear Receptors in the
Colon as Targets for Bacterial Metabolites and Its
Relevance to Colon Health, Nutrients, 2017, 9(8), 856.

54 M. Jennis, C. R. Cavanaugh, G. C. Leo, J. R. Mabus,
J. Lenhard and P. J. Hornby, Microbiota-derived trypto-
phan indoles increase after gastric bypass surgery and
reduce intestinal permeability in vitro and in vivo,
Neurogastroenterol. Motil., 2018, 30(2), DOI: 10.1111/
nmo.13178.

55 T. Huć, A. Nowinski, A. Drapala, P. Konopelski and
M. Ufnal, Indole and indoxyl sulfate, gut bacteria metab-
olites of tryptophan, change arterial blood pressure via
peripheral and central mechanisms in rats, Pharmacol.
Res., 2018, 130, 172–179.

56 D. A. Negatu, Y. Yamada, Y. Xi, et al., Gut Microbiota
Metabolite Indole Propionic Acid Targets Tryptophan
Biosynthesis in Mycobacterium tuberculosis, mBio, 2019,
10(2), e02781-18.

57 L. Du, R. Qi, J. Wang, Z. Liu and Z. Wu, Indole-3-
Propionic Acid, a Functional Metabolite of Clostridium
sporogenes, Promotes Muscle Tissue Development and
Reduces Muscle Cell Inflammation, Int. J. Mol. Sci., 2021,
22(22), 12435.

58 S. L. Teitelbaum, Bone resorption by osteoclasts, Science,
2000, 289(5484), 1504–1508.

59 A. Anesi, L. Generali, L. Sandoni, S. Pozzi and A. Grande,
From Osteoclast Differentiation to Osteonecrosis of the
Jaw: Molecular and Clinical Insights, Int. J. Mol. Sci., 2019,
20(19), 4925.

60 M. Croft, C. A. Benedict and C. F. Ware, Clinical targeting
of the TNF and TNFR superfamilies, Nat. Rev. Drug
Discovery, 2013, 12(2), 147–168.

61 J. Xiong, M. Onal, R. L. Jilka, R. S. Weinstein and
S. C. Manolagas, O’Brien CA. Matrix-embedded cells
control osteoclast formation, Nat. Med., 2011, 17(10),
1235–1241.

62 Y. Y. Kong, H. Yoshida, I. Sarosi, et al., OPGL is a key regu-
lator of osteoclastogenesis, lymphocyte development and
lymph-node organogenesis, Nature, 1999, 397(6717), 315–
323.

63 H. Yasuda, N. Shima, N. Nakagawa, et al., Osteoclast
differentiation factor is a ligand for osteoprotegerin/osteo-
clastogenesis-inhibitory factor and is identical to
TRANCE/RANKL, Proc. Natl. Acad. Sci. U. S. A., 1998, 95(7),
3597–3602.

64 T. Yamashita, Z. Yao, F. Li, et al., NF-kappaB p50 and p52
regulate receptor activator of NF-kappaB ligand (RANKL)
and tumor necrosis factor-induced osteoclast precursor
differentiation by activating c-Fos and NFATc1, J. Biol.
Chem., 2007, 282(25), 18245–18253.

65 H. Takayanagi, The role of NFAT in osteoclast formation,
Ann. N. Y. Acad. Sci., 2007, 1116, 227–237.

66 M. Asagiri, K. Sato, T. Usami, et al., Autoamplification of
NFATc1 expression determines its essential role in bone
homeostasis, J. Exp. Med., 2005, 202(9), 1261–1269.

67 J. H. Kim and N. Kim, Regulation of NFATc1 in Osteoclast
Differentiation, J. Bone Metab., 2014, 21(4), 233–241.

68 B. F. Boyce and L. Xing, Biology of RANK, RANKL, and
osteoprotegerin, Arthritis Res. Ther., 2007, 9(Suppl 1), S1.

69 A. I. Caplan, Mesenchymal stem cells, J. Orthop. Res.,
1991, 9(5), 641–650.

70 N. Dirckx, M. C. Moorer, T. L. Clemens and R. C. Riddle,
The role of osteoblasts in energy homeostasis, Nat. Rev.
Endocrinol., 2019, 15(11), 651–665.

71 M. Fakhry, E. Hamade, B. Badran, R. Buchet and
D. Magne, Molecular mechanisms of mesenchymal stem
cell differentiation towards osteoblasts, World J. Stem
Cells, 2013, 5(4), 136–148.

72 L. Thiagarajan, H. A. M. Abu-Awwad and J. E. Dixon,
Osteogenic Programming of Human Mesenchymal Stem

Review Food & Function

416 | Food Funct., 2025, 16, 406–421 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:1

2:
28

 P
M

. 
View Article Online

https://doi.org/10.1111/nmo.13178
https://doi.org/10.1111/nmo.13178
https://doi.org/10.1039/d4fo03783a


Cells with Highly Efficient Intracellular Delivery of
RUNX2, Stem Cells Transl. Med., 2017, 6(12), 2146–2159.

73 Q. Liu, M. Li, S. Wang, Z. Xiao, Y. Xiong and G. Wang,
Recent Advances of Osterix Transcription Factor in
Osteoblast Differentiation and Bone Formation, Front. Cell
Dev. Biol., 2020, 8, 601224.

74 H. Kobayashi, Y. Gao, C. Ueta, A. Yamaguchi and
T. Komori, Multilineage differentiation of Cbfa1-deficient
calvarial cells in vitro, Biochem. Biophys. Res. Commun.,
2000, 273(2), 630–636.

75 T. Komori, Runx2, an inducer of osteoblast and chondro-
cyte differentiation, Histochem. Cell Biol., 2018, 149(4),
313–323.

76 K. Omoteyama and M. Takagi, The effects of Sp7/Osterix
gene silencing in the chondroprogenitor cell line. ATDC5,
Biochem. Biophys. Res. Commun., 2010, 403(2), 242–246.

77 J. M. Kim, C. Lin, Z. Stavre, M. B. Greenblatt and
J. H. Shim, Osteoblast-Osteoclast Communication and
Bone Homeostasis, Cells, 2020, 9(9), 2073.

78 K. H. Park-Min and J. Lorenzo, Osteoclasts: Other func-
tions, Bone, 2022, 165, 116576.

79 K. Maeda, Y. Kobayashi, N. Udagawa, et al., Wnt5a-Ror2
signaling between osteoblast-lineage cells and osteoclast
precursors enhances osteoclastogenesis, Nat. Med., 2012,
18(3), 405–412.

80 S. Tanaka, N. Takahashi, N. Udagawa, et al., Macrophage
colony-stimulating factor is indispensable for both pro-
liferation and differentiation of osteoclast progenitors,
J. Clin. Invest., 1993, 91(1), 257–263.

81 S. Wei, H. Kitaura, P. Zhou, F. P. Ross and
S. L. Teitelbaum, IL-1 mediates TNF-induced osteoclasto-
genesis, J. Clin. Invest., 2005, 115(2), 282–290.

82 P. Wu, J. Zhou, Y. Wu and L. Zhao, The emerging role of
Interleukin 37 in bone homeostasis and inflammatory
bone diseases, Int. Immunopharmacol., 2021, 98, 107803.

83 J. Gao, Z. Feng, X. Wang, et al., SIRT3/SOD2 maintains
osteoblast differentiation and bone formation by regulat-
ing mitochondrial stress, Cell Death Differ., 2018, 25(2),
229–240.

84 C. S. Kim, S. Jung, G. S. Hwang and D. M. Shin, Gut
microbiota indole-3-propionic acid mediates neuroprotec-
tive effect of probiotic consumption in healthy elderly: A
randomized, double-blind, placebo-controlled, multicen-
ter trial and in vitro study, Clin. Nutr., 2023, 42(6), 1025–
1033.

85 P. L. Cheng, A. H. Song, Y. H. Wong, S. Wang, X. Zhang
and M. M. Poo, Self-amplifying autocrine actions of BDNF
in axon development, Proc. Natl. Acad. Sci. U. S. A., 2011,
108(45), 18430–18435.

86 M. R. Hutchison, BDNF alters ERK/p38 MAPK activity
ratios to promote differentiation in growth plate chondro-
cytes, Mol. Endocrinol., 2012, 26(8), 1406–1416.

87 M. R. Hutchison, M. H. Bassett and P. C. White, SCF,
BDNF, and Gas6 are regulators of growth plate chondro-
cyte proliferation and differentiation, Mol. Endocrinol.,
2010, 24(1), 193–203.

88 R. K. Jaiswal, N. Jaiswal, S. P. Bruder, G. Mbalaviele,
D. R. Marshak and M. F. Pittenger, Adult human
mesenchymal stem cell differentiation to the osteo-
genic or adipogenic lineage is regulated by mitogen-
activated protein kinase, J. Biol. Chem., 2000, 275(13),
9645–9652.

89 Q. Liu, L. Lei, T. Yu, T. Jiang and Y. Kang, Effect of Brain-
Derived Neurotrophic Factor on the Neurogenesis and
Osteogenesis in Bone Engineering, Tissue Eng., Part A,
2018, 24(15–16), 1283–1292.

90 M. L. Zou, Z. H. Chen, Y. Y. Teng, et al., The Smad
Dependent TGF-β and BMP Signaling Pathway in Bone
Remodeling and Therapies, Front. Mol. Biosci., 2021, 8,
593310.

91 J. Jann, S. Gascon, S. Roux and N. Faucheux, Influence of
the TGF-β Superfamily on Osteoclasts/Osteoblasts Balance
in Physiological and Pathological Bone Conditions,
Int. J. Mol. Sci., 2020, 21(20), 7597.

92 X. Sun, Z. Cao, Q. Zhang, M. Li, L. Han and Y. Li,
Aluminum trichloride inhibits osteoblast mineralization
via TGF-β1/Smad signaling pathway, Chem.-Biol. Interact.,
2016, 244, 9–15.

93 S. Keipert and M. Ost, Stress-induced FGF21 and GDF15
in obesity and obesity resistance, Trends Endocrinol.
Metab., 2021, 32(11), 904–915.

94 I. Sosa, O. Cvijanovic, T. Celic, et al., Hepatoregenerative
role of bone morphogenetic protein-9, Med. Sci. Monit.,
2011, 17(12), Hy33–Hy35.

95 M. B. Khawar and N. Sheikh, Alterations in transaminase
activity and serum level of leptin and hepcidin induced by
high fat diet in albino rats, J. Biol. Regul. Homeostatic
Agents, 2017, 31(4), 951–956.

96 R. Filip, R. P. Radzki and M. Bieńko, Novel insights into
the relationship between nonalcoholic fatty liver disease
and osteoporosis, Clin. Interventions Aging, 2018, 13, 1879–
1891.

97 S. Viguet-Carrin, P. Garnero and P. D. Delmas, The role of
collagen in bone strength, Osteoporosis Int., 2006, 17(3),
319–336.

98 W. Zhang, Y. Li, S. Li, et al., Associations of metabolic dys-
function-associated fatty liver disease and hepatic fibrosis
with bone mineral density and risk of osteopenia/osteo-
porosis in T2DM patients, Front. Endocrinol., 2023, 14,
1278505.

99 M. Okada, J. H. Kim, W. C. Hutton and S. T. Yoon,
Upregulation of intervertebral disc-cell matrix synthesis by
pulsed electromagnetic field is mediated by bone morpho-
genetic proteins, J. Spinal Disord. Tech., 2013, 26(3), 167–
173.

100 M. Fennen, T. Pap and B. Dankbar, Smad-dependent
mechanisms of inflammatory bone destruction, Arthritis
Res. Ther., 2016, 18(1), 279.

101 H. Takayanagi, S. Kim, T. Koga, et al., Induction and acti-
vation of the transcription factor NFATc1 (NFAT2) inte-
grate RANKL signaling in terminal differentiation of
osteoclasts, Dev. Cell, 2002, 3(6), 889–901.

Food & Function Review

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 406–421 | 417

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:1

2:
28

 P
M

. 
View Article Online

https://doi.org/10.1039/d4fo03783a


102 J. J. Zhu, B. Y. Yu, C. C. Fu, et al., LXA4 protects against
hypoxic-ischemic damage in neonatal rats by reducing the
inflammatory response via the IκB/NF-κB pathway, Int.
Immunopharmacol., 2020, 89(Pt B), 107095.

103 G. Franzoso, L. Carlson, L. Xing, et al., Requirement for
NF-kappaB in osteoclast and B-cell development, Genes
Dev., 1997, 11(24), 3482–3496.

104 E. Jimi and T. Katagiri, Critical Roles of NF-κB Signaling
Molecules in Bone Metabolism Revealed by Genetic
Mutations in Osteopetrosis, Int. J. Mol. Sci., 2022, 23(14),
7995.

105 J. C. Clohisy, B. C. Roy, C. Biondo, et al., Direct inhibition
of NF-kappa B blocks bone erosion associated with
inflammatory arthritis, J. Immunol., 2003, 171(10), 5547–
5553.

106 M. G. Ruocco, S. Maeda, J. M. Park, et al., I{kappa}B
kinase (IKK){beta}, but not IKK{alpha}, is a critical
mediator of osteoclast survival and is required for inflam-
mation-induced bone loss, J. Exp. Med., 2005, 201(10),
1677–1687.

107 U. Senftleben, Y. Cao, G. Xiao, et al., Activation by
IKKalpha of a second, evolutionary conserved, NF-kappa
B signaling pathway, Science, 2001, 293(5534), 1495–1499.

108 L. Shu, E. Beier, T. Sheu, et al., High-fat diet causes bone
loss in young mice by promoting osteoclastogenesis
through alteration of the bone marrow environment,
Calcif. Tissue Int., 2015, 96(4), 313–323.

109 N. A. Sims, Influences of the IL-6 cytokine family on bone
structure and function, Cytokine, 2021, 146, 155655.

110 Z. Yao, P. Li, Q. Zhang, et al., Tumor necrosis factor-alpha
increases circulating osteoclast precursor numbers by pro-
moting their proliferation and differentiation in the bone
marrow through up-regulation of c-Fms expression, J. Biol.
Chem., 2006, 281(17), 11846–11855.

111 Y. Yang, M. R. Chung, S. Zhou, et al., STAT3 controls
osteoclast differentiation and bone homeostasis by regu-
lating NFATc1 transcription, J. Biol. Chem., 2019, 294(42),
15395–15407.

112 M. Yisireyili, K. Takeshita, S. Saito, T. Murohara and
T. Niwa, Indole-3-propionic acid suppresses indoxyl
sulfate-induced expression of fibrotic and inflammatory
genes in proximal tubular cells, Nagoya J. Med. Sci., 2017,
79(4), 477–486.

113 V. Rothhammer, I. D. Mascanfroni, L. Bunse, et al., Type I
interferons and microbial metabolites of tryptophan
modulate astrocyte activity and central nervous system
inflammation via the aryl hydrocarbon receptor, Nat.
Med., 2016, 22(6), 586–597.

114 M. S. Kim, C. J. Day and N. A. Morrison, MCP-1 is induced
by receptor activator of nuclear factor-{kappa}B ligand,
promotes human osteoclast fusion, and rescues granulo-
cyte macrophage colony-stimulating factor suppression of
osteoclast formation, J. Biol. Chem., 2005, 280(16), 16163–
16169.

115 K. Miyamoto, K. Ninomiya, K. H. Sonoda, et al., MCP-1
expressed by osteoclasts stimulates osteoclastogenesis in

an autocrine/paracrine manner, Biochem. Biophys. Res.
Commun., 2009, 383(3), 373–377.

116 O. J. Sul, K. Ke, W. K. Kim, et al., Absence of MCP-1 leads
to elevated bone mass via impaired actin ring formation,
J. Cell Physiol., 2012, 227(4), 1619–1627.

117 H. Fang, Y. Wang, J. Deng, et al., Sepsis-Induced
Gut Dysbiosis Mediates the Susceptibility to Sepsis-
Associated Encephalopathy in Mice, mSystems, 2022,
7(3), e0139921.

118 N. Jiang, J. An, K. Yang, et al., NLRP3 Inflammasome: A
New Target for Prevention and Control of Osteoporosis?,
Front. Endocrinol., 2021, 12, 752546.

119 P. Pietschmann, D. Mechtcheriakova, A. Meshcheryakova,
U. Föger-Samwald and I. Ellinger, Immunology of
Osteoporosis: A Mini-Review, Gerontology, 2016, 62(2),
128–137.

120 C. Y. Mao, Y. G. Wang, X. Zhang, X. Y. Zheng, T. T. Tang
and E. Y. Lu, Double-edged-sword effect of IL-1β on the
osteogenesis of periodontal ligament stem cells via cross-
talk between the NF-κB, MAPK and BMP/Smad signaling
pathways, Cell Death Dis., 2016, 7(7), e2296.

121 A. Marahleh, H. Kitaura, F. Ohori, et al., TNF-α Directly
Enhances Osteocyte RANKL Expression and Promotes
Osteoclast Formation, Front. Immunol., 2019, 10, 2925.

122 I. Voronov, J. N. Heersche, R. F. Casper, H. C. Tenenbaum
and M. F. Manolson, Inhibition of osteoclast differen-
tiation by polycyclic aryl hydrocarbons is dependent on
cell density and RANKL concentration, Biochem.
Pharmacol., 2005, 70(2), 300–307.

123 I. Voronov, K. Li, H. C. Tenenbaum and M. F. Manolson,
Benzo[a]pyrene inhibits osteoclastogenesis by affecting
RANKL-induced activation of NF-kappaB, Biochem.
Pharmacol., 2008, 75(10), 2034–2044.

124 K. L. Flannigan, K. M. Nieves, H. E. Szczepanski, et al.,
The Pregnane X Receptor and Indole-3-Propionic Acid
Shape the Intestinal Mesenchyme to Restrain
Inflammation and Fibrosis, Cell. Mol. Gastroenterol.
Hepatol., 2023, 15(3), 765–795.

125 T. Miyamoto, O. Ohneda, F. Arai, et al., Bifurcation of
osteoclasts and dendritic cells from common progenitors,
Blood, 2001, 98(8), 2544–2554.

126 M. S. Lee, H. S. Kim, J. T. Yeon, et al., GM-CSF regulates
fusion of mononuclear osteoclasts into bone-resorbing
osteoclasts by activating the Ras/ERK pathway,
J. Immunol., 2009, 183(5), 3390–3399.

127 Q. Chen, P. Shou, C. Zheng, et al., Fate decision of
mesenchymal stem cells: adipocytes or osteoblasts?, Cell
Death Differ., 2016, 23(7), 1128–1139.

128 S. P. Weisberg, D. McCann, M. Desai, M. Rosenbaum,
R. L. Leibel and A. W. Ferrante Jr., Obesity is associated
with macrophage accumulation in adipose tissue, J. Clin.
Invest., 2003, 112(12), 1796–1808.

129 X. Unamuno, J. Gómez-Ambrosi, A. Rodríguez, S. Becerril,
G. Frühbeck and V. Catalán, Adipokine dysregulation and
adipose tissue inflammation in human obesity,
Eur. J. Clin. Invest., 2018, 48(9), e12997.

Review Food & Function

418 | Food Funct., 2025, 16, 406–421 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:1

2:
28

 P
M

. 
View Article Online

https://doi.org/10.1039/d4fo03783a


130 H. Wu and C. M. Ballantyne, Skeletal muscle inflam-
mation and insulin resistance in obesity, J. Clin. Invest.,
2017, 127(1), 43–54.

131 J. J. López-Gómez, J. L. Pérez Castrillón and D. A. de Luis
Román, Impact of obesity on bone metabolism,
Endocrinol. Nutr., 2016, 63(10), 551–559.

132 H. Goto, M. Osaki, T. Fukushima, et al., Human bone
marrow adipocytes support dexamethasone-induced
osteoclast differentiation and function through RANKL
expression, Biomed. Res., 2011, 32(1), 37–44.

133 M. Yang, W. Cai, X. Li, et al., The Effect of Type 2
Resistant Starch and Indole-3-Propionic Acid on
Ameliorating High-Fat-Diet-Induced Hepatic Steatosis and
Gut Dysbiosis, Foods, 2024, 13(11), 1625.

134 T. Yan, L. Shi, T. Liu, et al., Diet-rich in wheat bran modu-
lates tryptophan metabolism and AhR/IL-22 signalling
mediated metabolic health and gut dysbacteriosis: A
novel prebiotic-like activity of wheat bran, Food Res. Int.,
2023, 163, 112179.

135 Y. Li, W. Xu, F. Zhang, et al., The Gut Microbiota-
Produced Indole-3-Propionic Acid Confers the
Antihyperlipidemic Effect of Mulberry-Derived
1-Deoxynojirimycin, mSystems, 2020, 5(5), e00313–e00320.

136 W. Huang, A. Zhong, H. Xu, et al., Metabolomics Analysis
on Obesity-Related Obstructive Sleep Apnea After Weight
Loss Management: A Preliminary Study, Front.
Endocrinol., 2021, 12, 761547.

137 P. Konopelski, M. Konop, M. Gawrys-Kopczynska,
P. Podsadni, A. Szczepanska and M. Ufnal, Indole-3-
Propionic Acid, a Tryptophan-Derived Bacterial Metabolite,
Reduces Weight Gain in Rats, Nutrients, 2019, 11(3), 591.

138 H. Xue, X. Chen, C. Yu, et al., Gut Microbially Produced
Indole-3-Propionic Acid Inhibits Atherosclerosis by
Promoting Reverse Cholesterol Transport and Its
Deficiency Is Causally Related to Atherosclerotic
Cardiovascular Disease, Circ. Res., 2022, 131(5), 404–420.

139 Y. N. Wang, L. Yu, T. Wang and S. Liu, Apolipoprotein E
facilitates titanium implant osseointegration by regulating
osteogenesis-lipogenesis balance, Int. J. Biol. Macromol.,
2023, 236, 123998.

140 M. I. Lefterova, Y. Zhang, D. J. Steger, et al., PPARgamma
and C/EBP factors orchestrate adipocyte biology via adja-
cent binding on a genome-wide scale, Genes Dev., 2008,
22(21), 2941–2952.

141 J. I. Odegaard, R. R. Ricardo-Gonzalez, M. H. Goforth,
et al., Macrophage-specific PPARgamma controls alterna-
tive activation and improves insulin resistance, Nature,
2007, 447(7148), 1116–1120.

142 Y. Hu, J. Huang, C. Chen, et al., Strategies of Macrophages
to Maintain Bone Homeostasis and Promote Bone Repair:
A Narrative Review, J. Funct. Biomater., 2022, 14(1), 18.

143 Y. A. Rim, Y. Nam and J. H. Ju, The Role of Chondrocyte
Hypertrophy and Senescence in Osteoarthritis Initiation
and Progression, Int. J. Mol. Sci., 2020, 21(7), 2358.

144 C. Sanchez, A. C. Bay-Jensen, T. Pap, et al., Chondrocyte
secretome: a source of novel insights and exploratory bio-

markers of osteoarthritis, Osteoarthritis Cartilage, 2017,
25(8), 1199–1209.

145 M. B. Goldring, M. Otero, K. Tsuchimochi, K. Ijiri and
Y. Li, Defining the roles of inflammatory and anabolic
cytokines in cartilage metabolism, Ann. Rheum. Dis., 2008,
67(Suppl 3), iii75–iii82.

146 N. Jariwala, M. Ozols, M. Bell, et al., Matrikines as
mediators of tissue remodelling, Adv. Drug Delivery Rev.,
2022, 185, 114240.

147 M. Funaba, C. M. Zimmerman and L. S. Mathews,
Modulation of Smad2-mediated signaling by extracellular
signal-regulated kinase, J. Biol. Chem., 2002, 277(44),
41361–41368.

148 J. Ying, P. Wang, S. Zhang, et al., Transforming growth
factor-beta1 promotes articular cartilage repair through
canonical Smad and Hippo pathways in bone mesenchy-
mal stem cells, Life Sci., 2018, 192, 84–90.

149 Y. Zhang, F. Vasheghani, Y. H. Li, et al., Cartilage-specific
deletion of mTOR upregulates autophagy and protects
mice from osteoarthritis, Ann. Rheum. Dis., 2015, 74(7),
1432–1440.

150 E. V. Tchetina, A. R. Poole, E. M. Zaitseva, et al.,
Differences in Mammalian target of rapamycin gene
expression in the peripheral blood and articular cartilages
of osteoarthritic patients and disease activity, Arthritis,
2013, 2013, 461486.

151 N. E. Lane, Epidemiology, etiology, and diagnosis of
osteoporosis, Am. J. Obstet. Gynecol., 2006, 194(2 Suppl),
S3–11.

152 K. Yang, J. Li and L. Tao, Purine metabolism in the devel-
opment of osteoporosis, Biomed. Pharmacother., 2022,
155, 113784.

153 J. Guo, F. Wang, Y. Hu, et al., Exosome-based bone-target-
ing drug delivery alleviates impaired osteoblastic bone for-
mation and bone loss in inflammatory bowel diseases,
Cell Rep. Med., 2023, 4(1), 100881.

154 F. Jin, J. Li, Y. B. Zhang, et al., A functional motif of long
noncoding RNA Nron against osteoporosis, Nat. Commun.,
2021, 12(1), 3319.

155 B. M. Albrecht, I. Stalling, L. Foettinger, C. Recke and
K. Bammann, Adherence to Lifestyle Recommendations
for Bone Health in Older Adults with and without
Osteoporosis: Cross-Sectional Results of the OUTDOOR
ACTIVE Study, Nutrients, 2022, 14(12), 2463.

156 P. Alejandro and F. Constantinescu, A Review of Osteoporosis
in the Older Adult, Clin. Geriatr. Med., 2017, 33(1), 27–40.

157 X. F. Chen, X. L. Li, M. Yang, Y. Song and Y. Zhang,
Osteoprotective effects of salidroside in ovariectomized
mice and diabetic mice, Eur. J. Pharmacol., 2018, 819,
281–288.

158 G. Adami, D. Gatti, M. Rossini, et al., Risk of fragility frac-
tures in obesity and diabetes: a retrospective analysis on a
nation-wide cohort, Osteoporosis Int., 2020, 31(11), 2113–
2122.

159 S. Cussotto, I. Delgado, A. Anesi, et al., Tryptophan
Metabolic Pathways Are Altered in Obesity and Are

Food & Function Review

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 406–421 | 419

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:1

2:
28

 P
M

. 
View Article Online

https://doi.org/10.1039/d4fo03783a


Associated With Systemic Inflammation, Front. Immunol.,
2020, 11, 557.

160 P. Anagnostis, M. Florentin, S. Livadas, I. Lambrinoudaki
and D. G. Goulis, Bone Health in Patients with
Dyslipidemias: An Underestimated Aspect, Int. J. Mol. Sci.,
2022, 23(3), 1639.

161 J. S. Kimball, J. P. Johnson and D. A. Carlson, Oxidative
Stress and Osteoporosis, J. Bone Jt. Surg., Am. Vol., 2021,
103(15), 1451–1461.

162 T. Iantomasi, C. Romagnoli, G. Palmini, et al., Oxidative
Stress and Inflammation in Osteoporosis: Molecular
Mechanisms Involved and the Relationship with
microRNAs, Int. J. Mol. Sci., 2023, 24(4), 3772.

163 S. Li, M. J. Kim, S. H. Lee, et al., Metallothionein 3 Promotes
Osteoblast Differentiation in C2C12 Cells via Reduction of
Oxidative Stress, Int. J. Mol. Sci., 2021, 22(9), 4312.

164 C. Zhang, H. Li, J. Li, J. Hu, K. Yang and L. Tao, Oxidative
stress: A common pathological state in a high-risk population
for osteoporosis, Biomed. Pharmacother., 2023, 163, 114834.

165 Y. Wang, Y. Jia, Y. Xu, et al., Exploring the Association
between Glutathione Metabolism and Ferroptosis in
Osteoblasts with Disuse Osteoporosis and the Key Genes
Connecting them, Comput. Math. Methods Med., 2022,
2022, 4914727.

166 E. Ambrozewicz, G. Tokajuk, M. Muszynska, I. Zareba and
E. Skrzydlewska, Cross talk between redox signalling and
metabolic activity of osteoblasts and fibroblasts in the
presence of hydroxyapatite-based biomaterials influences
bone regeneration, J. Appl. Biomed., 2019, 17(2), 125–135.

167 B. Han, H. Geng, L. Liu, Z. Wu and Y. Wang, GSH attenu-
ates RANKL-induced osteoclast formation in vitro and
LPS-induced bone loss in vivo, Biomed. Pharmacother.,
2020, 128, 110305.

168 R. Hardeland, B. K. Zsizsik, B. Poeggeler, B. Fuhrberg,
S. Holst and A. Coto-Montes, Indole-3-pyruvic and -propio-
nic acids, kynurenic acid, and related metabolites as lumi-
nophores and free-radical scavengers, Adv. Exp. Med. Biol.,
1999, 467, 389–395.

169 M. Karbownik, R. J. Reiter, J. J. Garcia, et al., Indole-3-pro-
pionic acid, a melatonin-related molecule, protects
hepatic microsomal membranes from iron-induced oxi-
dative damage: relevance to cancer reduction, J. Cell.
Biochem., 2001, 81(3), 507–513.

170 S. E. Owumi, I. A. Adedara and A. K. Oyelere, Indole-3-pro-
pionic acid mitigates chlorpyrifos-mediated neurotoxicity
by modulating cholinergic and redox-regulatory systems,
inflammatory stress, apoptotic responses and DNA
damage in rats, Environ. Toxicol. Pharmacol., 2022, 89,
103786.

171 X. Sun, T. Xia, S. Zhang, et al., Hops extract and xanthohu-
mol ameliorate bone loss induced by iron overload via
activating Akt/GSK3β/Nrf2 pathway, J. Bone Miner. Metab.,
2022, 40(3), 375–388.

172 P. Zhang, S. Wang, L. Wang, et al., Hepcidin is an
endogenous protective factor for osteoporosis by reducing
iron levels, J. Mol. Endocrinol., 2018, 60(4), 297–306.

173 T. Kawabata, Iron-Induced Oxidative Stress in Human
Diseases, Cells, 2022, 11(14), 2152.

174 P. Jia, Y. J. Xu, Z. L. Zhang, et al., Ferric ion could facilitate
osteoclast differentiation and bone resorption through
the production of reactive oxygen species, J. Orthop. Res.,
2012, 30(11), 1843–1852.

175 M. Karbownik, E. Gitto, A. Lewiñski and R. J. Reiter,
Relative efficacies of indole antioxidants in reducing auto-
xidation and iron-induced lipid peroxidation in hamster
testes, J. Cell. Biochem., 2001, 81(4), 693–699.

176 S. Furukawa, T. Fujita, M. Shimabukuro, et al., Increased
oxidative stress in obesity and its impact on metabolic
syndrome, J. Clin. Invest., 2004, 114(12), 1752–1761.

177 Y. Cheng, X. Li, H. F. Tse and J. Rong, Gallic Acid-
L-Leucine Conjugate Protects Mice against LPS-Induced
Inflammation and Sepsis via Correcting Proinflammatory
Lipid Mediator Profiles and Oxidative Stress, Oxid. Med.
Cell. Longevity, 2018, 2018, 1081287.

178 D. Huang, D. Chen, T. Hu and H. Liang, GATA2 promotes
oxidative stress to aggravate renal ischemia-reperfusion
injury by up-regulating Redd1, Mol. Immunol., 2023, 153,
75–84.

179 L. Li, S. Deng, M. Liu, et al., Novel recombinant protein
flagellin A N/C attenuates experimental autoimmune
encephalomyelitis by suppressing the ROS/NF-κB/NLRP3
signaling pathway, Front. Pharmacol., 2022, 13, 956402.

180 Q. Wang, H. Lv, M. Ainiwan, et al., Untargeted metabolo-
mics identifies indole-3-propionic acid to relieve Ang II-
induced endothelial dysfunction in aortic dissection, Mol.
Cell. Biochem., 2024, 479(7), 1767–1786.

181 E. Hinoi, N. Gao, D. Y. Jung, et al., The sympathetic tone
mediates leptin’s inhibition of insulin secretion by modu-
lating osteocalcin bioactivity, J. Cell Biol., 2008, 183(7),
1235–1242.

182 Y. Asaba, M. Ito, T. Fumoto, et al., Activation of renin-
angiotensin system induces osteoporosis independently
of hypertension, J. Bone Miner. Res., 2009, 24(2), 241–250.

183 D. Aletaha, T. Neogi, A. J. Silman, et al., 2010 Rheumatoid
arthritis classification criteria: an American College of
Rheumatology/European League Against Rheumatism col-
laborative initiative, Arthritis Rheum., 2010, 62(9), 2569–2581.

184 X. Cheng, Z. Pi, Z. Zheng, S. Liu, F. Song and Z. Liu,
Combined 16S rRNA gene sequencing and metabolomics
to investigate the protective effects of Wu-tou decoction
on rheumatoid arthritis in rats, J. Chromatogr. B:Anal.
Technol. Biomed. Life Sci., 2022, 1199, 123249.

185 N. C. Walsh and E. M. Gravallese, Bone remodeling in
rheumatic disease: a question of balance, Immunol. Rev.,
2010, 233(1), 301–312.

186 F. Angelotti, A. Parma, G. Cafaro, R. Capecchi, A. Alunno
and I. Puxeddu, One year in review 2017: pathogenesis of
rheumatoid arthritis, Clin. Exp. Rheumatol., 2017, 35(3),
368–378.

187 J. H. Shim, Z. Stavre and E. M. Gravallese, Bone Loss in
Rheumatoid Arthritis: Basic Mechanisms and Clinical
Implications, Calcif. Tissue Int., 2018, 102(5), 533–546.

Review Food & Function

420 | Food Funct., 2025, 16, 406–421 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:1

2:
28

 P
M

. 
View Article Online

https://doi.org/10.1039/d4fo03783a


188 N. J. Zvaifler, D. Boyle and G. S. Firestein, Early synovitis–
synoviocytes and mononuclear cells, Semin. Arthritis
Rheum., 1994, 23(6 Suppl 2), 11–16.

189 F. Huang, P. Wong, J. Li, et al., Osteoimmunology: The cor-
relation between osteoclasts and the Th17/Treg balance in
osteoporosis, J. Cell. Mol. Med., 2022, 26(13), 3591–3597.

190 M. Rossi, I. Rana, P. S. Buonuomo, et al., Stimulation of
Treg Cells to Inhibit Osteoclastogenesis in Gorham-Stout
Disease, Front. Cell Dev. Biol., 2021, 9, 706596.

191 N. Riazati, M. E. Kable, J. W. Newman, et al., Associations
of microbial and indoleamine-2,3-dioxygenase-derived
tryptophan metabolites with immune activation in
healthy adults, Front. Immunol., 2022, 13, 917966.

192 Y. Xie, X. Zou, J. Han, et al., Indole-3-propionic acid allevi-
ates ischemic brain injury in a mouse middle cerebral
artery occlusion model, Exp. Neurol., 2022, 353, 114081.

193 K. Li, Z. Hao, J. Du, Y. Gao, S. Yang and Y. Zhou,
Bacteroides thetaiotaomicron relieves colon inflammation
by activating aryl hydrocarbon receptor and modulating
CD4(+)T cell homeostasis, Int. Immunopharmacol., 2021,
90, 107183.

194 P. Luo, P. Wang, J. Xu, et al., Immunomodulatory role of T
helper cells in rheumatoid arthritis : a comprehensive
research review, Bone Joint Res., 2022, 11(7), 426–438.

195 F. M. Brennan and I. B. McInnes, Evidence that cytokines
play a role in rheumatoid arthritis, J. Clin. Invest., 2008,
118(11), 3537–3545.

196 W. Fujii, E. Ashihara, H. Hirai, et al., Myeloid-derived sup-
pressor cells play crucial roles in the regulation of mouse
collagen-induced arthritis, J. Immunol., 2013, 191(3),
1073–1081.

197 Y. Wei, N. Peng, C. Deng, et al., Aryl hydrocarbon receptor
activation drives polymorphonuclear myeloid-derived sup-
pressor cell response and efficiently attenuates experi-
mental Sjögren’s syndrome, Cell. Mol. Immunol., 2022,
19(12), 1361–1372.

198 Y. Araki and T. Mimura, Matrix Metalloproteinase Gene
Activation Resulting from Disordred Epigenetic
Mechanisms in Rheumatoid Arthritis, Int. J. Mol. Sci.,
2017, 18(5), 905.

199 E. Charlier, C. Deroyer, F. Ciregia, et al., Chondrocyte ded-
ifferentiation and osteoarthritis (OA), Biochem.
Pharmacol., 2019, 165, 49–65.

200 V. L. Johnson and D. J. Hunter, The epidemiology of osteoar-
thritis, Best Pract. Res., Clin. Rheumatol., 2014, 28(1), 5–15.

201 F. Berenbaum, Osteoarthritis as an inflammatory disease
(osteoarthritis is not osteoarthrosis!), Osteoarthritis
Cartilage, 2013, 21(1), 16–21.

202 Y. Jiang and R. S. Tuan, Origin and function of cartilage
stem/progenitor cells in osteoarthritis, Nat. Rev.
Rheumatol., 2015, 11(4), 206–212.

203 Z. Li, D. Ma, L. Peng, Y. Li, Z. Liao and T. Yu,
Compatibility of Achyranthes bidentata components in
reducing inflammatory response through Arachidonic
acid pathway for treatment of Osteoarthritis,
Bioengineered, 2022, 13(1), 1746–1757.

204 Y. Y. Chow and K. Y. Chin, The Role of Inflammation in
the Pathogenesis of Osteoarthritis, Mediators
Inflammation, 2020, 2020, 8293921.

205 S. B. Abramson, Osteoarthritis and nitric oxide,
Osteoarthritis Cartilage, 2008, 16(Suppl 2), S15–S20.

206 A. R. Amin, P. E. Di Cesare, P. Vyas, et al., The expression
and regulation of nitric oxide synthase in human osteoar-
thritis-affected chondrocytes: evidence for up-regulated
neuronal nitric oxide synthase, J. Exp. Med., 1995, 182(6),
2097–2102.

207 A. Latourte, C. Cherifi, J. Maillet, et al., Systemic inhi-
bition of IL-6/Stat3 signalling protects against experi-
mental osteoarthritis, Ann. Rheum. Dis., 2017, 76(4), 748–
755.

208 Y. Henrotin, G. Deby-Dupont, C. Deby, M. De Bruyn,
M. Lamy and P. Franchimont, Production of active oxygen
species by isolated human chondrocytes,
Br. J. Rheumatol., 1993, 32(7), 562–567.

209 J. Li and S. Dong, The Signaling Pathways Involved in
Chondrocyte Differentiation and Hypertrophic
Differentiation, Stem Cells Int., 2016, 2016, 2470351.

210 O. Altindag, O. Erel, N. Aksoy, S. Selek, H. Celik and
M. Karaoglanoglu, Increased oxidative stress and its
relation with collagen metabolism in knee osteoarthritis,
Rheumatol. Int., 2007, 27(4), 339–344.

211 X. Cao, D. Luo, T. Li, et al., MnTBAP inhibits bone loss in
ovariectomized rats by reducing mitochondrial oxidative
stress in osteoblasts, J. Bone Miner. Metab., 2020, 38(1),
27–37.

212 V. Domazetovic, G. Marcucci, T. Iantomasi, M. L. Brandi
and M. T. Vincenzini, Oxidative stress in bone remodel-
ing: role of antioxidants, Clin. Cases Miner. Bone Metab.,
2017, 14(2), 209–216.

213 J. M. Lean, C. J. Jagger, B. Kirstein, K. Fuller and
T. J. Chambers, Hydrogen peroxide is essential for estro-
gen-deficiency bone loss and osteoclast formation,
Endocrinology, 2005, 146(2), 728–735.

214 G. Han and D. G. Lee, Indole propionic acid induced Ca
(2+) -dependent apoptosis in Candida albicans, IUBMB
Life, 2022, 74(3), 235–244.

Food & Function Review

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 406–421 | 421

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:1

2:
28

 P
M

. 
View Article Online

https://doi.org/10.1039/d4fo03783a

	Button 1: 


