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Bonemetabolic homeostasis is dependent on coupled bone formation dominated
by osteoblasts and bone resorption dominated by osteoclasts, which is a process
of dynamic balance between bone formation and bone resorption. Notably, the
formation of bone relies on the development of bone vasculature. Previous
studies have shown that oxidative stress caused by disturbances in the
antioxidant system of the whole organism is an important factor affecting
bone metabolism. The increase in intracellular reactive oxygen species can
lead to disturbances in bone metabolism, which can initiate multiple bone
diseases, such as osteoporosis and osteoarthritis. Traditional Chinese medicine
is considered to be an effective antioxidant. Cumulative evidence shows that the
traditional Chinese medicine can alleviate oxidative stress-mediated bone
metabolic disorders by modulating multiple signaling pathways, such as Nrf2/
HO-1 signaling, PI3K/Akt signaling, Wnt/β-catenin signaling, NF-κB signaling, and
MAPK signaling. In this paper, the potential mechanisms of traditional Chinese
medicine to regulate boneme-tabolism through oxidative stress is summarized to
provide direction and theoretical basis for future research related to the treatment
of bone diseases with traditional Chinese medicine.
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1 Introduction

Bone is a hard connective tissue composed of cells, collagen fiber, and mineralized
matrix. Normal bone metabolism relies on the coupled functions of bone formation and
bone resorption. Bone formation is primarily dominated by osteoblasts, while bone
resorption is dominated by osteoclasts. Therefore, the functional state between
osteoblasts and osteoclasts determines the stable structure and function of the skeleton,
known as bone homeostasis (Ramesh et al., 2021). A prerequisite for bone formation is
neovascularization. The bone vascular system not only provides the necessary growth
factors, hormones, and cytokines for bone formation, but also removes metabolic wastes,
and also serves as a bridge between the bone and the surrounding tissues. Thus, the process
of bone formation is closely related to vascularization, and bone angiogenesis also plays an
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important role in the regulation of bone metabolism. Oxidative
stress is a complex biological process characterized by the excessive
production of reactive oxygen species (ROS) in cells or tissues,
leading to an imbalance in oxidative-reductive status (Ebrahimi
et al., 2022). ROS are byproducts of normal metabolic processes in
the body and can be classified into free radicals and non-radicals. As
important signaling molecules in the body, ROS primarily function
in signal transduction, molecular regulation, and other vital
physiological processes (Santos et al., 2016). Under normal
physiological conditions, ROS are involved in normal cellular
activities at relatively low concentrations. However, under stress
conditions, the body generates excessive ROS, triggering oxidative
stress reactions, which can lead to cell damage or death, increased
inflammation, and oxidative damage to various organs (Zou et al.,
2017). Almost all metabolic processes in the body, such as glucose
metabolism, lipid metabolism, and bone metabolism, are influenced
by oxidative stress. The main targets of oxidative stress are proteins
and nucleic acids, which affect various aspects of organismal
function through multiple levels and mechanisms, including cell
apoptosis and necrosis (Zhao et al., 2021). Mitochondria, as the
primary cellular organelles generating ROS, are directly damaged by
the excessive ROS at the subcellular level. This stimulation further
triggers the release and production of ROS from mitochondria,
forming a vicious cycle. Ultimately, it results in mitochondrial
dysfunction, which disrupts bone formation by osteoblasts (Li
et al., 2021). Current research has found a close correlation
between oxidative stress caused by disturbances in the
antioxidant system of the whole organism and abnormal bone
loss (An et al., 2016; Schroder, 2019a), as well as the occurrence
and development of various bone metabolism disorders, such as
osteoarthritis (OA) and osteoporosis (OP) (Liu et al., 2022).
Excessive production of ROS can significantly reduce the number
and activity of osteoblasts, thereby weakening their functionality and
leading to the occurrence and progression of osteoporosis (Qin et al.,
2019). Furthermore, in the cartilage of patients with joint disorders,
the levels of inflammatory mediators are highly elevated, leading to
excessive production of ROS. Elevated ROS levels further contribute
to increased mitochondrial apoptosis in chondrocytes, thereby
exacerbating the progression of OA (Ansari et al., 2020; Qin
et al., 2020). Additionally, ROS can stimulate the production of
interleukins (such as IL-1, IL-6, and IL-7) within the body, further
enhancing the expression of receptor activator of nuclear factor
kappa-B (RANK) on osteoclast precursors, promoting osteoclast
proliferation, and disrupting bone homeostasis (Kong et al., 2017).
Moreover, oxidative stress can impair endothelial function, thereby
inhibiting bone vascularization (Brito et al., 2015). Bone formation
and bone vascular endothelial cell production are coupled in bone
metabolism and they promote each other. Vascular endothelial cells
can secrete a number of osteogenic factors to promote bone
formation, while osteoblasts and other cells can also express pro-
angiogenic factors to promote bone angiogenesis. Increased bone
angiogenesis provides more nutrients to localized bone tissue and
carries away more unfavorable metabolites.

Bone metabolic diseases, especially OP, have a serious impact on
people’s lives. OP leads to an increased risk of fragility fractures in
the elderly, resulting in high mortality rates and a heavy economic
burden. According to incomplete statistics, nearly 100,000 people in
the European Union suffer from OP, resulting in nearly

30,000 fractures per year (Barnsley et al., 2021; Yao et al., 2023).
The global economic and health burden of the disease is increasing
with the rapid increase in the aging population worldwide (Quicke
et al., 2022; Azeez, 2023). In addition, OA causes disability and
affects 50 billion people worldwide.

The current common clinical treatment for bone metabolic
disorders is the use of bisphosphonates in combination with
osteonutrients. However, bisphosphonates still have limitations
and side effects such as osteonecrosis of the jaw and atypical
femur fractures. Studies have shown that OP in postmenopausal
women can be treated with estrogen, but estrogen can produce life-
threatening complications such as vein thrombosis and tumors.
Therefore, the search for antioxidants to inhibit oxidative stress-
mediated bone metabolic disorders has become a trend (Qin et al.,
2020). Currently, clinical drugs commonly used to treat bone
metabolic diseases, such as nonsteroidal anti-inflammatory drugs
(NSAIDs), glucocorticoids, estrogens, bisphosphonates, and
parathyroid hormone, can cause serious adverse reactions. These
adverse effects include kidney damage, gastrointestinal disturbances,
sepsis, alopecia, and increased risk of endometrial and ovarian
cancer (Strom et al., 2006; Danforth et al., 2007; Fan et al., 2017;
Liu et al., 2018; Tu et al., 2019). In recent years, numerous studies
have shown that traditional Chinese medicine possesses significant
anti-inflammatory and antioxidant properties. It has gained
widespread attention due to its fewer side effects compared to
conventional clinical drugs. Research has demonstrated that
traditional Chinese medicine can regulate oxidative stress caused
by disorders in the body’s oxidative system, promote bone
formation, inhibit bone resorption, modulate bone immunity,
and promote bone vascularization, thereby treating bone-related
diseases. Traditional Chinese medicine has thousands of years of
rich experience, and compared with some chemically synthesized
drugs, long-term use of traditional Chinese medicine causes fewer
adverse reactions (Li et al., 2023). Most traditional Chinese
medicines are natural plants with low cost and wide therapeutic
benefits. Traditional Chinese medicine usually exerts its therapeutic
effects through a “multi-component, multi-target, multi-pathway”
model. The use of multiple traditional Chinese medicine together
can reduce the adverse effects that occur when they are used alone
and increase their efficacy. Common medicines with antioxidant
properties can be categorized according to their chemical structure.
Specifically, flavonoids such as licorice extract, peanut shell extract,
and galangal extract can achieve antioxidant effects by forming
chelates with metal ions or scavenging free radicals. Resveratrol, tea
polyphenols and other polyphenolic natural antioxidants promote
DNA damage repair. In addition, natural pigments such as beta-
carotene, vitamins and their derivatives, antioxidant peptides, active
polysaccharides and other extracts also have antioxidant properties.
Therefore, this review summarizes the specific mechanisms of TCM
in regulating oxidative stress and influencing bone metabolism, and
discusses the current challenges. Specifically, it shows that
traditional Chinese medicine affects bone formation by regulating
oxidative stress through Nrf2/HO-1, PI3K/Akt, Wnt/β-catenin
signaling pathways, and traditional Chinese medicine affects bone
resorption by regulating oxidative stress through NF-κB, MAPK
signaling pathways, and bone angiogenesis by regulating oxidative
stress through Akt/mTOR/4EBP1, MAPK/ERK1/2 signaling
pathways. It reveals the special role of traditional Chinese
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medicine in the treatment of bone metabolic diseases and provides
new insights into the clinical treatment of bone-related diseases.

2 Traditional Chinese medicine
influences bone formation through
oxidative stress

Under physiological conditions, the body generates ROS
through mitochondrial oxidative phosphorylation, and ROS are
involved in regulating normal growth and development of the
body. Several studies have shown that ROS can inhibit osteoblast
proliferation, differentiation, and induce apoptosis. After oxidative
stress produced by body aging, excessive ROS not only made BMSCs
less capable of differentiating to osteoblasts, but also weakened their
proliferative ability and prolonged their resting period, leading to
decreased osteoblastogenesis. In a healthy state, there is a dynamic
equilibrium between the body’s antioxidant system and oxidant
system, and the production of ROS does not lead to oxidative stress.
However, when the balance between the body’s antioxidant and
oxidant systems is disrupted, excessive ROS production is induced,
resulting in cellular oxidative damage, which is known as oxidative
stress (Herbst, 2004; Talasila et al., 2013). ROS can directly or
indirectly oxidize DNA, proteins, and lipids, thereby inhibiting
the proliferation and differentiation of osteoblasts, inducing
cellular damage and apoptosis, resulting in reduced bone
formation and mineralization, leading to bone loss (Tao et al.,
2020). ROS is considered an important risk factor that affects the
activity and proliferation of osteoblasts. In response to this, research
is actively underway to use antioxidants to protect osteoblasts from
ROS-mediated oxidative stress damage. Numerous studies have
revealed that metabolites from traditional Chinese medicine
possess strong antioxidant properties, with fewer side effects and
good therapeutic effects, making them widely applicable (Guo et al.,

2014; Liu et al., 2017; Xi et al., 2018). This suggests that traditional
Chinese medicine can participate in the regulation of bone
formation through its antioxidant effects, and its specific
mechanisms may be related to signaling pathways such as Nrf2/
HO-1, PI3K-Akt, and Wnt/β-catenin (Table 1).

2.1 Nrf2/HO-1 signaling pathway

Increasing evidence suggests that under conditions such as
aging, disease, or medication, oxidative stress caused by ROS
inhibits the activation of the Nrf2/HO-1 signaling pathway,
thereby promoting the occurrence and progression of
osteoporosis (Chen et al., 2014; Schmid et al., 2015; Weaver
et al., 2016). Nuclear factor erythroid2-related factor 2 (Nrf2), as
a transcription factor, has been reported to regulate the expression of
antioxidant-related genes by binding to antioxidant response
elements (Torrente and DeNicola, 2022). Nrf2 can bind to the
antioxidant response element (ARE) in the cell, thereby
regulating the cell’s antioxidant response. Under normal
conditions, Nrf2 is located in the cytoplasm. In oxidative stress
conditions, Nrf2 translocates into the nucleus, initiating the
transcription of downstream target genes to exert its role in
antioxidant stress and prevent cell apoptosis. Nrf2 plays an
important role in the regulation of bone homeostasis in
osteoblasts, osteoclasts and other bone cells. The role of Nrf2 in
bone is complex and is influenced by a variety of factors, such as its
expression level, age, gender, various physiological and pathological
conditions, and its interactions with certain transcription factors
that maintain normal physiological function of bone tissue.
Activation of Nrf2 directly promotes osteoblast differentiation by
inhibiting oxidative stress, resulting in increased bone mass.
Numerous studies have shown that traditional Chinese medicine
can activate Nrf2 to increase the activity of antioxidant enzymes,

TABLE 1 Traditional Chinese medicine influences bone formation through oxidative stress.

Authors Phytochemicals Study subjects Functions Pathway

Zhang et al.
(2012)

FO Mouse osteogenic MC3T3-E1 cells Promoting Nrf2 activation and regulate HO-
1 expression

Nrf2/HO-1 signaling
pathway

Cheng et al.
(2019)

TSG Osteoblastic MC3T3-E1 cells Protecting MC3T3-E1 cells Nrf2/HO-1 signaling
pathway

Kim et al. (2021) FST Hydrogen peroxide (H2O2)-stimulated osteoblastic
MC3T3-E1 cells

Protecting MC3T3-E1 cells Nrf2/HO-1 signaling
pathway

Han et al. (2018) CGA Dex-treated MC3T3-E1 cells Inhibiting the downregulation of p21 Nrf2/HO-1 signaling
pathway

Liu et al. (2021a) Moringa metabolite Rat bone marrow mesenchymal stem cells after
peroxidative injury

Regulating FoxO1 and pAkt PI3K/Akt signaling
pathway

Zhao et al.
(2022)

leonurine Bone marrow-derived mesenchymal stem cells
(BMSCs) under oxidative stress

Activating mitochondrial autophagy PI3K/Akt signaling
pathway

Li et al. (2019) Isobavachalcone Hydrogen peroxide (H2O2)-stimulated osteoblastic
OB-6 cells

Upregulates the protein expression of
tankyrase and β-catenin

Wnt/β-catenin signaling
pathway

Ma et al. (2018) OP-D Rabbit osteoblasts incubated on titanium — Wnt/β-catenin signaling
pathway

Gan et al. (2023) Naringin Mouse osteogenic MC3T3-E1 cells Increasing Runx2 and Osterix expression Wnt/β-catenin signaling
pathway
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playing an important role in reducing oxidative damage and
promoting osteoblast generation (McMahon et al., 2014;
Vurusaner et al., 2016).

Crassostrea gigas. [Ostreidae] is a traditional Chinese medicine
(Ihn et al., 2019). Recent studies have shown that fermented
metabolite of C. gigas. [Ostreidae] (FO) have antioxidant effects
(Molagoda et al., 2019). FO can inhibit H2O2-induced caspase-
dependent apoptosis in MC3T3-E1 osteoblasts mediated by
mitochondria by activating Nrf2 (Zhang et al., 2012). It was
observed that suppressing Nrf2 expression through siRNA
resulted in the inhibition of heme oxygenase-1 (HO-1)
expression and significantly eliminated the anti-apoptotic effects
of FO. It is therefore hypothesized that FO exerts its anti-oxidative
stress effects and protects MC3T3-E1 cells from oxidative stress-
induced apoptosis by promoting Nrf2 activation and regulating HO-
1 expression. This conclusion has also been confirmed in the
traditional Chinese medicine, Reynoutria multiflora (Thunb.)
Moldenke [Polygonaceae] (Zhang et al., 2012). One of the
important metabolites of R. multiflora (Thunb.) Moldenke
[Polygonaceae] is 2,3,5,4′-tetrahydroxy-stilbene-2-O-β-D-
glucoside (TSG). Research has found that TSG exerts antioxidant
effects through the Nrf2/HO-1 signaling pathway to alleviate H2O2-
induced oxidative damage in osteoblasts. Cheng et al. (Cheng et al.,
2019) investigated the effects of H2O2 on the expression of Nrf2 and
its downstream genes HO-1 andNAD(P)H: quinone oxidoreductase
1 (NQO1). The results showed that H2O2 treatment significantly
decreased the expression levels of Nrf2, HO-1, and NQO1, while
intervention with TSG could significantly reverse these changes.
After H2O2 treatment, compared to the negative control, the
expression of apoptotic markers caspase-3, caspase-9, and Bax
significantly increased, while the expression of the anti-apoptotic
marker Bcl-2 significantly decreased. However, treatment with TSG
could also significantly reverse these changes. In summary, TSG can
protect MC3T3-E1 cells from oxidative stress-induced caspase-
mitochondrial apoptosis. The mechanism of action may involve
the activation of the Nrf2/HO-1 signaling pathway, which exerts
antioxidant effects (Cheng et al., 2019). Data shows that in the
presence of H2O2, the important metabolites Fermented Sea T angle
(FST) of the traditional Chinese medicine Saccharina japonica
[Phaeophyceae] significantly promotes nuclear translocation and
phosphorylation of Nrf2, accompanied by upregulation of HO-1
expression. Kim et al. (Kim et al., 2021) further confirmed that FST
inhibits oxidative stress through the Nrf2/HO-1 pathway by pre-
treating MC3T3-E1 cells with the HO-1 inhibitor zinc
protoporphyrin (ZnPP) to block the Nrf2/HO-1 signaling
pathway. Studies have shown that pre-treatment with ZnPP
significantly abolishes the protective effect of FST on H2O2-
induced damage in MC3T3-E1 cells. Therefore, these results
suggest that FST can protect MC3T3-E1 cells from H2O2-
induced damage and apoptosis by preserving mitochondrial
function, scavenging ROS, and activating the Nrf2/HO-
1 antioxidant pathway. Additionally, research has also found that
chlorogenic acid (CGA) can promote osteoblastogenesis through the
activation of the Nrf2/HO-1 pathway. The specific mechanism may
involve the regulation of p21 (Han et al., 2019). CGA is a
polyphenolic metabolite formed by the esterification of caffeic
acid and quinic acid. It is a major active metabolite in many
traditional Chinese medicines, such as Lonicera japonica Thunb.

[Caprifoliaceae] and Eucommia ulmoides [Eucommiaceae] (Han
et al., 2018). P21 (also known as p21Waf1/Cip1) is a multifunctional
cell cycle regulatory molecule that mediates the interactions of
various proteins in multiple signaling pathways. CGA promotes
the Nrf2/HO-1 pathway by inhibiting the downregulation of p21,
thereby reducing ROS generation and enhancing the antioxidant
capacity of MC3T3-E1 cells (Toledano, 2009). The results
demonstrate that CGA treatment significantly increases nuclear
Nrf2 and p21 levels and upregulates HO-1 protein expression,
indicating that the antioxidant function of p21 is mediated
through the activation of Nrf2 (Toledano, 2009).

In summary, traditional Chinese medicines such as C. gigas.
[Ostreidae], S. japonica [Phaeophyceae], and L. japonica Thunb.
[Caprifoliaceae] have been shown to upregulate Nrf2 levels, thereby
activating the Nrf2/HO-1 pathway to inhibit ROS generation in
MC3T3-E1 cells and protect osteoblasts from oxidative stress-
induced cell apoptosis. Under oxidative stress conditions, ROS
can induce phosphorylation of Nrf2, leading to dissociation of
Nrf2 from Kelch-like ECH-associated protein 1 (Keap1), resulting
in reduced ubiquitination of Nrf2. This allows more activated
Nrf2 to translocate into the nucleus, form heterodimers with Maf
proteins, and bind to ARE to initiate the transcription of HO-1 gene
(McCubrey et al., 2006). However, current research on traditional
Chinese medicines mainly focuses on the regulation of downstream
molecule HO-1 after Nrf2 nuclear translocation, and further studies
are needed to explore the role of the upstream signaling pathways
involved in Nrf2 phosphorylation.

2.2 PI3K/Akt signaling pathway

The PI3K/Akt signaling pathway is a classical pathway involved
in anti-apoptosis and cell survival. It has been shown to participate
in the regulation of intracellular ROS levels and cellular fate, playing
a crucial role in cell survival (Le Belle et al., 2011). The PI3K/Akt
signaling pathway is considered to be important in the osteogenic
differentiation of bone marrow mesenchymal stem cells (BMSCs)
(Carracedo et al., 2008). Meanwhile, the PI3K/Akt signaling
pathway is an important regulator of chondrocyte survival and
apoptosis. Among them, Akt and its downstream target protein,
mammalian target of rapamycin (mTOR), are critical regulatory
factors in bone formation, is also a key inhibitor of autophagy,
centrally regulated by an upstream signaling pathway involving
PI3K/Akt (Sun et al., 2020), playing a key role in the process of
osteogenesis (Yang et al., 2013). When activated, Akt and its target
genes promote osteoblast differentiation and mineralization.
Meanwhile, when PTEN, an endogenous inhibitor of PI3K, is
deficient, the Akt signaling pathway is significantly enhanced and
bone mass is increased.

Moringa oleifera Lam. [Moringaceae] is an angiosperm, and
different parts of the plant have been used throughout history as
food and traditional medicine (Stohs and Hartman, 2015). Liu et al.
(Liu et al., 2021a) evaluated the effects of M. oleifera metabolite on
the expression levels of transcription factor FoxO1 (Fork head Box
O1) and pAkt (two downstream targets of the PI3K/Akt pathway).
The experiments initially observed that Moringa metabolite could
promote osteogenic differentiation and reverse the decrease in
Foxo1 caused by oxidative damage, as well as prevent apoptosis
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in BMSCs. Further investigation revealed that M. oleifera leaf
metabolite exerted its effects by increasing the p-Akt/Akt ratio,
promoting Akt phosphorylation, activating the PI3K/Akt/
Foxo1 pathway, and thereby reducing H2O2-induced oxidative
damage, inhibiting BMSC apoptosis, and promoting osteogenic
differentiation. Additionally, in murine pre-osteoblast MC3T3-E1
cells, the PI3K/Akt signaling pathway has also been demonstrated to
promote osteogenic differentiation (Fujita et al., 2004).

Mitochondria are the main source of ROS generation.
Impairment of mitochondrial function can lead to excessive ROS
production, resulting in oxidative stress. Restoring mitochondrial
function to maintain the antioxidant and oxidative balance of the
organism can effectively exert antioxidant stress and resist oxidative
stress-induced cell apoptosis. Mitophagy, the targeted engulfment
and degradation of mitochondria by the cellular autophagic
machinery, is generally regarded as the primary mechanism for
mitochondrial quality control, in which the PI3K/Akt signaling
pathway is a classical pathway mediating mitophagy (Palikaras
et al., 2018). Zhao et al. (Zhao et al., 2022) found that restoration
of mitochondrial function with traditional Chinese medicine can
attenuate ROS-induced damage to BMSCs (Zhu et al., 2018).
Leonurine, a natural metabolite from the traditional Chinese
medicine.

Leonurus japonicus Maxim.[Lamiaceae], was investigated. The
study showed that the appropriate concentration of leonurine can
alleviate oxidative stress-induced apoptosis in rat BMSCs and
promote their osteogenic differentiation capacity. In vitro studies
also demonstrated that leonurine can improve bone healing in
ovariectomized (OVX) rats. Additionally, treatment with a PI3K
activator (740-YP) partially inhibited leonurine-induced mitophagy.
The biological informatics analysis suggests that leonurine strongly
binds to the PI3K protein at the Asp841, Glu880, and Val882 sites. It
can be inferred that leonurine inhibits the PI3K/Akt pathway by
directly binding to PI3K, thereby activating mitochondrial
autophagy in BMSCs to protect them from excessive ROS-
induced damage and apoptosis.

In summary, traditional Chinese medicines such as M. oleifera
Lam. [Moringaceae] and L. japonicus Maxim.[Lamiaceae] regulate
oxidative stress through the PI3K/Akt signaling pathway. The
traditional Chinese medicine can reduce ROS levels, alleviate
oxidative stress-induced apoptosis in BMSCs, and promote
osteogenic differentiation of BMSCs. However, the current
knowledge of traditional Chinese medicine in this context is
limited, and further research is needed to explore whether other
traditional Chinese medicine can also regulate oxidative stress
through the PI3K/Akt signaling pathway.

2.3 Wnt/β-catenin signaling pathway

TheWnt/β-catenin signaling pathway is a key pathway involved
in osteoblast differentiation, regulating the formation of osteoblasts
and playing a crucial role in bone regeneration and remodeling
(Burgers and Williams, 2013; Duan and Bonewald, 2016). The
canonical Wnt signaling pathway exerts its biological activity by
upregulating the activity of intracellular β-catenin. In the absence of
Wnt signaling, a complex consisting of glycogen synthase kinase-3β
(GSK3β), Axin, and adenomatous polyposis coli (APC)

phosphorylates and inactivates β-catenin, thereby inhibiting
osteogenesis (Martinez-Gil et al., 2022). When Wnt proteins bind
to receptors on the cell membrane, cytoplasmic scaffold protein
disheveled (Dvl) is phosphorylated. Phosphorylated Dvl, in turn,
inhibits the binding of the GSK3β complex to β-catenin, allowing
free β-catenin to accumulate in the cytoplasm and enter the nucleus,
where it binds to transcription factors TCF/LEF, activating Wnt
target genes such as COX-2 and c-Myc, thereby promoting
osteoblast proliferation and differentiation (Clevers and Nusse,
2012). Currently, it has been discovered that the Wnt/β-catenin
signaling pathway also plays a key role in the process of oxidative
stress affecting bone metabolism. Oxidative stress is a major cause of
age-related bone loss and can lead to a decrease in the number of
osteoblasts and bone formation. β-catenin has been widely used in
recent years as a major factor in the regulation of oxidative stress.
Numerous studies have shown that traditional Chinese medicine
can activate the Wnt/β-catenin pathway to alleviate oxidative stress-
induced damage to osteoblasts, thereby upregulating bone
formation.

Isobavachalcone is a natural tricyclic aromatic metabolite. In
vitro experiments were conducted on OB-6 osteoblast cells using
H2O2 or H2O2

+isobavachalcone treatment to assess cell viability,
apoptosis, ROS production, and calcium accumulation. The results
showed that H2O2 treatment reduced cell viability, expression levels
of Runt-related transcription factor 2 (Runx2) and osteocalcin
(OCN), as well as calcium deposition. Furthermore, it
significantly increased cell apoptosis and ROS production (Li
et al., 2019). However, isobavachalcone exhibits significant
protective effects against the decreased functionality and viability
of osteoblasts induced by H2O2. Moreover, isobavachalcone
effectively upregulates the protein expression of tankyrase and β-
catenin, the key transduction factors of the Wnt/β-catenin pathway,
thereby inhibiting excessive ROS generation and protecting OB-6
cells from H2O2-induced mitochondrial damage (Li et al., 2019). In
summary, current research results demonstrate that
isobavachalcone attenuates oxidative stress-induced damage in
osteoblasts through the Wnt/β-catenin signaling pathway,
suggesting it may be a novel therapeutic approach for
osteoporosis. Building upon these findings, Ma et al. (Ma et al.,
2018) implanted titanium alloy implants into the femoral condyles
of diabetic rabbits and treated them with Ophiopogonin D (OP-D),
a metabolite found in dwarf lilyturf tuber. They demonstrated that
OP-D can activate the Wnt/β-catenin signaling pathway to alleviate
oxidative stress response, improve osteoblast proliferation and
differentiation in diabetic rabbits, mitigate apoptosis damage, and
thus reverse the impaired functionality of osteoblasts (Jaschke et al.,
2020). The study further demonstrated that OP-D exerts its role in
clearing ROS and improving the biological function of osteoblasts by
activating the Wnt/β-catenin pathway, as evidenced by the
inhibition of the Dkk1 molecule, which is involved in
suppressing the Wnt/β-catenin pathway.Similarly, naringin
(4′,5,7-trihydroxy flavanone-7-rhamnoglucoside) ameliorated
H2O2-induced inhibition of osteogenic differentiation by
activating the Wnt/β-catenin signaling pathway in human
adipose stromal cells (ADSC). Naringin is an extract of the
Chinese medicine Citrus maxima (Burm.) Merr. [Rutaceae],
which is widely used in traditional Chinese medicine for the
treatment of OP. Studies have shown that naringin rescues
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H2O2-inhibited β-catenin and cyclin D1 expression by inhibiting
oxidative stress, stimulates alkaline phosphatase (ALP) activity,
increases Runx2 and Osterix expression, and promotes osteogenic
differentiation by inhibiting oxidative stress (Gan et al., 2023).

In summary, traditional Chinese medicines such as Cullen
corylifolium (L.) Medik.[Fabaceae], Ophiopogon japonicus
(Thunb.) Ker Gawl. [Asparagaceae] and C. maxima (Burm.)
Merr. [Rutaceae], exert their protective effects on osteoblasts
against oxidative stress-induced mitochondrial apoptosis by
acting on the key transduction factors of the Wnt/β-catenin
signaling pathway, thus reducing ROS generation. Considering
that the Wnt/β-catenin signaling pathway involves multiple
transcription factors such as TCF/LEF, enzymes like casein
kinase 1 (CK1), and GSK3β, further research is needed to
investigate whether these proteins and enzymes can be influenced
by other traditional Chinese medicine. Additionally, since the Wnt
signaling pathway regulates the multipotent differentiation of stem
cells and bone development and regeneration, it is also necessary to
explore the crosstalk between this pathway and other signaling
pathways that can impact bone formation. For example, C.
corylifolium in kidney tonic botanical drugs can not only increase
the protein levels of Smad1, Smad5 and Smad8 and the expression of
Osterix, which promotes osteogenic differentiation of osteoblasts
through BMP-Smads, but also upregulate the expression of β-
catenin, which is involved in the activation of Wnt/β-catenin
signaling pathway (Ren et al., 2020). Therefore, the
interconnections between signaling pathways of TCM affecting
bone formation through oxidative stress should be one of the
hotspots and focuses of future research.

3 Traditional Chinese medicine affects
bone resorption through oxidative
stress

Osteoclasts (OCs) are multinucleated cells primarily responsible
for bone resorption (Ono and Nakashima, 2018). Normal bone
metabolism is mediated by the coordinated activities of bone
resorption and bone formation. Excessive bone resorption can
lead to disrupted bone metabolism and a variety of bone diseases
(Liu et al., 2021b). The formation and function of OCs are regulated
by various cytokines, including macrophage colony-stimulating
factor (M-CSF) and receptor activator of NF-κB ligand (RANKL)
secreted by osteoblasts. RANK, located on the surface of osteoclast
precursor cells, can bind to RANKL secreted by osteoblasts. This
binding activates a series of transcription factors, including nuclear
factor κB (NF-κB) and mitogen-activated protein kinase (MAPK)-
related cytokines, resulting in increased expression and
translocation of nuclear factor of activated T-cells, cytoplasmic 1
(NFATc1) from the cytoplasm to the nucleus. The expression of the
aforementioned osteoclast-related factors can induce the
differentiation of osteoclast precursors into mature OCs and
promote the expression of genes associated with osteoclast
formation and bone resorption, including tartrate-resistant acid
phosphatase (TRAP), cathepsin K (CTSK), and matrix
metalloproteinase-9 (MMP-9) (Huang et al., 2017; Wong et al.,
2022). Increasing evidence suggests a relationship between oxidative
stress and osteoclast formation (Kim et al., 2020). With aging and

estrogen deficiency, ROS accumulate in the skeleton (Manolagas,
2010), and excessive ROS production can activate various signaling
pathways and increase bone resorption in the body, accelerating
bone loss (Kim et al., 2017). Therefore, inhibiting oxidative stress-
induced osteoclast formation has become a key focus in the
treatment of bone metabolic disorders. Recently, traditional
Chinese medicine has gained increasing attention due to its low
toxicity and high safety in long-term treatment (Adler et al., 2016;
Kelly et al., 2019). Numerous studies have shown that traditional
Chinese medicine can regulate oxidative stress through signaling
pathways such as NF-κB and MAPK, thereby inhibiting excessive
bone resorption (Figure 1).

3.1 NF-κB signaling pathway

NF-κB is a class of inducible transcription factors that regulate
various cellular behaviors, including bone inflammation, osteoblast
growth, and apoptosis. It is typically present in an inactive state as a
p50/p65 heterodimer and its activity is regulated by intracellular
oxidative stress levels. ROS act as mediators during RANKL-induced
osteoclast differentiation and can control the translocation of the
NF-κB transcription factor to the cell nucleus (Callaway and Jiang,
2015). Activation of the NF-κB signaling pathway can accelerate
chondrocyte apoptosis, leading to increased bone resorption and
resulting in diseases such as OA and synovitis (Choi et al., 2019).
Various stimuli can activate the NF-κB signaling pathway, such as
tumor necrosis factor-alpha (TNF-α), lipopolysaccharide (LPS),
interleukin-1 beta (IL-1β), and it can regulate the transcription of
many genes, including pro-inflammatory cytokines and chemokines
such as IL-6, cell cycle genes such as cyclin D1, anti-apoptotic genes
such as Bcl-2, and MMP3 (matrix metalloproteinase 3) (Yabas et al.,
2021). There are two cascades of reactions that can activate NF-κB,
and both involve the activation of an IκB kinase (IKK) complex. This
complex consists of catalytic kinase subunits (IKKα and/or IKKβ)
and a non-enzymatic regulatory scaffold protein called NEMO (NF-
κB essential modulator, also known as IKKγ). NF-κB dimers are
activated through IKK-mediated phosphorylation of IκB, which
leads to the degradation of the phosphorylated IκB proteins by
the proteasome. This allows the active NF-κB subunits to translocate
into the cell nucleus and induce the expression of target genes.
Activation of NF-κB results in the expression of the IκBα gene,
which serves as a negative feedback loop to sequester NF-κB
subunits and terminate signal transduction in the absence of
sustained activating signals (Gilmore, 2006; Scheidereit, 2006). It
has been reported that traditional Chinese medicine can inhibit the
NF-κB signaling pathway, thereby reducing the formation of OCs
induced by oxidative stress.

Curculigo orchioides (Cur), a natural phenolic glycoside
metabolite, is the main metabolites of the traditional Chinese
medicine Curculigo orchioides [Hypoxidaceae]. Liu et al. (Liu
et al., 2021b) investigated the effects of Cur on RAW264.7 cells
stimulated with RANKL and H2O2. They found that Cur can inhibit
the expression and phosphorylation of p65, exerting inhibitory
effects on the NF-κB signaling pathway. This leads to a reduction
in excessive ROS production induced by H2O2 and osteoclast
differentiation. Therefore, Cur can act as an inhibitor of
osteoclast formation by inhibiting the NF-κB signaling pathway.
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Qin et al. (Qin et al., 2020) also demonstrated through in vitro
studies that some of the traditional Chinese medicine can suppress
osteoclast differentiation and maturation by regulating the NF-κB
signaling pathway. They used a combination of Salvia miltiorrhiza
Bunge [Lamiaceae] (Danshen) and Pueraria montana var. lobata
[Fabaceae] (Gegen) (DG) to intervene in rats and found that the DG
combination significantly reduced the expression of osteoclast-
specific markers RANK, c-Fos, and NFATc1. Moreover, DG was
able to preclude the activation of the NF-κB pathway induced by
RANKL. Studies have shown that DG significantly inhibited
RANKL-stimulated NF-κBp65 phosphorylation. DG can inhibit
the activation of the NF-κB/p65 pathway, leading to a significant
reduction in RANKL-induced ROS production and a notable
suppression of osteoclast differentiation. Similarly, naringin is
also believed to inhibit the phosphorylation of p65 and IκBα,
thereby inhibiting the activation of the NF-κB signaling pathway
and oxidative stress, resulting in reduced osteoclast formation in the
intervertebral disc (Zhang et al., 2022). Wong et al. (Wong et al.,
2022) demonstrated that traditional Chinese medicine can suppress
NFATc1 expression and inhibit the NF-κB signaling pathway.
Dictamnine (DIC), a novel RANKL-targeted furanquinoline
alkaloid, has been shown to bind specifically to RANKL in vitro,
inhibit the activity of Nrf2, and suppress ROS production by
inhibiting NFATc1 expression and the activation of the NF-κB
signaling pathway. Research has confirmed that DIC can bind
specifically to RANKL and affect the NF-κB signaling pathway by
inhibiting NFATc1 expression, inhibits the transcriptional activity
of NFATc1 and interferes with the expression of NF-κBp65 and its
phosphorylated form, thereby reducing the expression of
IκBα(Clohisy et al., 2004; Suzuki et al., 2011). This inhibition of
the NF-κB/IκBα pathway leads to reduced ROS production and
decreased bone resorption.In summary, traditional Chinese
medicine inhibits the transcription and expression of NFATc1, as
well as reduces the phosphorylation of p65, thereby inhibiting the

activation of the NF-κB pathway and reducing ROS production,
ultimately leading to a decrease in osteoclast formation. However,
there is still limited research on the downstream target proteins of
the NF-κB pathway in response to traditional Chinese medicine.
Further in vivo studies are needed to investigate this aspect.

3.2 MAPK signaling pathway

The MAPK signaling pathway is an essential signal transduction
pathway in organisms and is involved in physiological processes
such as cell growth, differentiation, and proliferation. It plays a
crucial role in regulating osteoclast differentiation and inducing and
activating osteoclast formation and function (Li et al., 2016; Wu
et al., 2021). The MAPK signaling pathway is present in eukaryotic
cells and belongs to the serine/threonine protein kinase family.
Under normal physiological conditions, ROS regulate cell growth
and development through the MAPK signaling pathway. However,
when ROS levels become imbalanced, excessive ROS can enhance
the phosphorylation of p38, ERK1/2, and JNK, contributing to
processes such as inflammation and cell apoptosis (Xiao et al.,
2020). In recent years, research has shown that the mechanism
by which traditional Chinese medicine reduces ROS to inhibit
osteoclast formation is associated with the MAPK signaling
pathway.

Arctiin (ARC) is a lignan metabolite derived from the seeds of
Arctium lappa L. [Asteraceae]. Recent studies have demonstrated
that ARC treatment inhibits the activation of the MAPK pathway
(Qin et al., 2020)and enhances the expression of antioxidant
enzymes, thereby suppressing osteoclast formation in vitro and
alleviating bone loss in vivo. Preclinical studies (Liu et al., 2022)
have also shown that ARC has the potential to inhibit osteoclast
formation by suppressing the activation of the MAPK signaling
pathway induced by RANKL, thereby preventing bone loss induced

FIGURE 1
Bioactive metabolites inhibit osteoclastogenesis through NF-κB and MAPK signaling pathways.
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by OVX. Building upon this, Xiao et al. (Xiao et al., 2020)
investigated the mechanism by which puerarin attenuates
osteoclast-related bone loss in an OVX-induced osteoporosis
mouse model. The experiments revealed that RANKL binds to its
receptor, recruiting tumor necrosis factor receptor-associated factor
6 (TRAF6) to the cytoplasmic region, subsequently activating the
MAPK signaling pathway and inducing the expression of osteoclast
genes. RANKL induction increases the intracellular levels of ROS
and activates the MAPK signaling pathway, but puerarin
significantly reduces these effects. TRAF6 is markedly increased
in RANKL-induced RAW264.7 cells, but its levels decrease upon the
addition of puerarin. Furthermore, Western blot analysis
demonstrates that puerarin can also decrease the levels of
phosphorylated ERK, JNK, and p38 in RANKL-induced
RAW264.7 cells. These results suggest that puerarin inhibits
osteoclast differentiation and activity, thus reducing bone loss in
an ovariectomy-induced osteoporosis mouse model, through the
reduction of ROS levels and ROS-dependent MAPK signaling
pathway. Epimedium brevicornu Maxim.[Berberidaceae], a
traditional Chinese medicine, contains a major flavonoid
metabolite called icariin. Icariin can also inhibit the MAPK
signaling pathway to suppress RANKL-induced osteoclastogenesis
and reduce bone loss, primarily through three major signaling
cascades: ERK-MAPK, JNK-MAPK, and p38-MAPK (Zhou et al.,
2021). Experimental results indicate (Xu et al., 2019) that icariin can
similarly inhibit the phosphorylation of these three MAPKs and the
generation of ROS in RANKL-induced RAW264.7 cells. This
suggests that the inhibitory effect of icariin on osteoclast
differentiation may be achieved by modulating the
phosphorylation of MAPKs in mature OCs and reducing ROS
production (Wei et al., 2022).

In summary, traditional Chinese medicine can inhibit the
phosphorylation of p38, ERK, and JNK to modulate the MAPK
signaling pathway, reduce ROS, and thereby suppress osteoclast
formation. Moreover, multiple studies have shown that the MAPK
signaling pathway is involved in the activation of NF-κB (Huang
et al., 2015; Tsumagari et al., 2015; Lan et al., 2020). Therefore,
further research is needed to elucidate the specific mechanisms by
which traditional Chinese medicine regulates osteoclast formation
and the interplay between these two pathways.

4 Traditional Chinese medicine
influences bone angiogenesis through
oxidative stress

Research has indicated that bone formation and bone
angiogenesis are closely linked processes. The correlation between
bone metabolism and bone angiogenesis is not adequately described.
On one hand, bone cells secrete pro-angiogenic factors, with the
most important one being vascular endothelial growth factor
(VEGF), which triggers signaling responses in various cell
populations including endothelial cells, chondrocytes, osteoblasts,
and OCs (Portal-Nunez et al., 2012). VEGF is one of the most direct
target genes of hypoxia-inducible factor-1α (HIF-1α), its secretion is
essential for the coupling of osteogenesis and bone angiogenesis.
VEGF attracts endothelial cells to bone tissue and directly controls
the differentiation and function of osteoblasts and osteoclasts

involved in bone remodeling. VEGF, which is indispensable for
angiogenesis in developing or mature bone tissue, is mainly derived
from chondrocytes, mesenchymal stem cells, or vascular-confined
endothelial cells. On the other hand, bone vascular endothelial cells
release cytokines that can act on chondrocytes and osteoblast
lineages, and angiogenesis also plays an important role in bone
formation. Bone marrow-derived endothelial progenitor cells (BM-
EPCs) are a promising alternative cellular source for promoting
angiogenesis in regenerative medicine, and endothelial progenitor
cells can enhance bone repair in specific locations (Rozen et al., 2009;
Atesok et al., 2010). Pathophysiological evidence suggests that
increased generation of ROS and oxidative stress contribute to
vascular dysfunction (Zhai et al., 2014). HIF-1α is a transcription
factor encoded by activated genes in tissue cells under hypoxia.
Under normoxic conditions, the oxygen-dependent degradation
structural domain (ODD) on its oxygen-sensing element HIF-1α
is hydroxylated by the active prolyl hydroxylase (PHD), the bound
VHL protein then enters the proteasome to be degraded. In contrast,
in hypoxic or anoxic environments, PHD activity is lost or reduced,
leading to the accumulation and translocation of HIF-1α into cells to
bind to the β-subunit, which activates HIF’s target genes, such as
VEGF, to act. A low oxygen environment exists to varying degrees
during bone development, metabolism, fracture healing and tumors.
Under hypoxic conditions, bone marrow mesenchymal stem cells
(BMSCs) enhance their angiogenic properties by upregulating
VEGF. Upon elevation of ROS levels, HIF-1α increases and
initiates the transcription of VEGF. Therefore, disruption of ROS
at normal levels would impede the transcription of VEGF, thereby
affecting bone angiogenesis (Black et al., 2008; Schroder, 2019b).
Based on the significant role of traditional Chinese medicine in
reducing ROS, further research has discovered its notable
effectiveness in the treatment of bone vascular diseases.

Salidroside (SAL), a major metabolites in Rhodiola rosea L
[Crassulaceae], can enhance the proliferation and differentiation of
bone marrow endothelial progenitor cells, promoting the secretion of
VEGF and nitric oxide (NO), thereby facilitating the angiogenic
differentiation of bone marrow endothelial cells (Tang et al., 2014).
Studies have shown that SAL can also stimulate the phosphorylation of
mTOR, p70S6 kinase Akt, as well as the phosphorylation of ERK1/2,
which is associatedwith angiogenesis. Furthermore, SAL can reverse the
phosphorylation of JNK and p38 MAPK induced by H2O2, inhibit the
change in Bax/Bcl2 ratio after H2O2 stimulation, significantly reduce
H2O2-induced cell apoptosis, lower intracellular ROS levels, and restore
the mitochondrial membrane potential in BM-EPCs. The results
indicate that SAL exerts antioxidant effects and promotes
angiogenesis in human bone marrow endothelial progenitor cells
through the Akt/mTOR/p70S6K and MAPK signaling pathways.
This viewpoint is also supported by the study conducted by Tang
et al. (Tang et al., 2015). We observed that treatment with icariin
significantly enhanced cell migration and capillary formation in BM-
EPCs. It effectively mitigated H2O2-induced cell apoptosis and
autophagic programmed cell death, which was associated with
reduced intracellular ROS levels and restoration of mitochondrial
membrane potential. Additionally, icariin prevented endothelial cell
damage caused by H2O2 by increasing NO content and decreasing
caspase expression (Wang and Huang, 2005). Experimental results
demonstrated that icariin can strongly promote angiogenic
differentiation and cellular protection by modulating the Akt/
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mTOR/4EBP1, p38/ATF2, and MAPK/ERK1/2 signaling pathways,
thus counteracting H2O2-induced cell apoptosis and autophagy.

In summary, traditional Chinese medicine can regulate signaling
pathways such as Akt, MAPK/ERK1/2, to protect cells from
oxidative stress, restore mitochondrial membrane potential in
BM-EPCs, and promote bone angiogenesis. Currently, there is
limited research on traditional Chinese medicine that can
influence bone vascular formation, and further exploration is
needed to investigate the effects of other traditional Chinese
medicine on bone angiogenesis. Additionally, further research
can be conducted to explore the interconnections between
pathways associated with bone vascular formation.

5 Conclusions and perspectives

The traditional Chinese medicine can regulate oxidative stress
caused by disorders of the body’s metabolic system, reduce
intracellular ROS levels, and impact bone metabolism to treat or
inhibit various bone diseases. Specifically, it involves activating
signaling path-ways such as Nrf2/HO-1, PI3K/Akt, and Wnt/β-
catenin to promote osteoblast generation and accelerate bone
formation. It also involves inhibiting signaling pathways such as
NF-κB, MAPK, and RANKL/RANK/OPG to reduce osteoclast
formation and slow down bone resorption. Furthermore, through
the Akt/mTOR/4EBP1 and MAPK/ERK1/2 signaling pathways, it
enhances the proliferation and vascular differentiation of bone mar-
row endothelial cells, thus promoting bone angiogenesis. However,
further research is needed to explore whether traditional Chinese
medicine metabolites can affect bone metabolism through other
signaling pathways, such as the RANKL/RANK/OPG signaling
pathway, and whether it acts on other downstream factors of the
signaling pathways. Furthermore, research on the effects of
traditional Chinese medicine metabolites and traditional Chinese
medicine preparations on reducing ROS through regulating
mitochondrial autophagy is still limited. At the same time,
oxidative stress can be caused by disturbances in the body’s
antioxidant system, as well as damage to bones and other tissues.
But in the current study, it is almost the effect of botanical drugs on
the antioxidant system of the whole body organism. Studies using
OVX rats are commonly conducted, but it is not clear whether
metabolites of traditional Chinese medicine can modulate other
causes of oxidative stress. In future studies, it would be beneficial to
focus on the effects of various traditional Chinese medicine
metabolites and traditional Chinese medicine preparations on
bone immunology and bone angiogenesis through oxidative
stress, as well as their specific mechanisms. Additionally,
exploring more traditional Chinese medicinal plants within the

same botanical family that can influence bone metabolism and
elucidating their specific actions would be valuable.
Understanding the mechanisms of traditional Chinese medicine’s
regulation of bone metabolism through oxidative stress can also be
investigated by studying their effects on different target cells. Studies
on whether traditional Chinese medicine preparations can modulate
the destruction of bone and other tissues leading to oxidative stress
also need to be further investigated. At the same time, it is necessary
to carry out more in-depth research on a variety of receptors and
ligands involved in the signaling pathway, growth factors,
transcription factors, gene regulation, etc., to find out the specific
mechanism of the action of traditional Chinese medicine
metabolites and traditional Chinese medicine preparations on the
signaling pathway. Furthermore, more in vivo experiments and
clinical applications are needed to validate the effects of
traditional Chinese medicine on bone metabolism disorders.
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