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Abstract: Bone homeostasis is a process of dynamic regulation between bone resorption and bone formation, and is the foundation 
for normal skeletal development in the human body. Once this balance is disrupted, it will lead to bone loss and decreased bone 
density, profoundly affecting the occurrence and development of bone metabolism-related diseases. For example, common clinical 
bone metabolic disorders such as osteoporosis, avascular necrosis of the femoral head, and alveolar bone resorption. However, current 
treatments for bone metabolism-related diseases often have certain limitations, which has driven the development of complementary 
medicine that helps maintain bone health. Luteolin is a natural flavonoid compound renowned for its exceptional medicinal value and 
is often used to treat various diseases. In vitro studies indicate that luteolin not only protects osteoblast activity and promotes their 
osteogenic differentiation, but also inhibits osteoclast activation and their bone resorption function. Simultaneously, it regulates the 
osteogenic-adipogenic differentiation capacity of bone marrow mesenchymal stem cells, thereby promoting bone formation. 
Furthermore, Furthermore, in vivo studies indicate that luteolin significantly enhances parameters such as bone mass, trabecular 
thickness, and density in animal models of bone metabolic disorders, thereby promoting bone remodeling. In terms of mechanisms, 
luteolin may regulate signaling pathways related to bone metabolism, such as the PI3K/Akt, Wnt, RANKL/RANK/OPG, Nrf2, ERK 
and JAK/STAT pathways, to inhibit oxidative stress, reduce inflammatory responses, regulate cell death, and modulate the immune 
microenvironment. Additionally, we explored the pharmacokinetics of luteolin and the current status of drug delivery systems, 
including luteolin-loaded nanoparticles, biomimetic hydrogels, and porous scaffolds. These systems have effectively achieved 
controlled release of luteolin, providing drug delivery solutions with clinical translation potential for bone defect repair. The above 
evidence provides a solid foundation for future applications in bone metabolic homeostasis management and treatment based on 
luteolin. 
Keywords: luteolin, bone formation, bone resorption, cell model, animal model, molecular mechanism, pharmacokinetics

Introduction
Bone is a highly dynamic and metabolically active tissue, one of the largest organ systems in the human body, serving 
functions such as mechanical support, muscle attachment, and calcium and phosphorus storage.1,2 Bone metabolism is 
a dynamic process of continuous renewal and repair within the skeletal system. At its core lies the coordinated interaction 
between bone resorption and bone formation. The dynamic equilibrium maintained between these two processes 
constitutes bone homeostasis, which is crucial for ensuring stable bone mass, structural integrity, and normal physiolo
gical function of the skeleton. Bone resorption is primarily driven by osteoclasts.3 After attaching to the bone surface, 
osteoclasts secrete acidic substances to dissolve bone minerals and enzymes to break down the bone matrix, thereby 
removing old bone tissue. Bone formation is carried out by osteoblasts,4 which first synthesize and secrete substances 
like collagen to construct the bone matrix. Subsequently, this matrix undergoes mineralization, gradually forming new 
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bone tissue. Maintaining homeostasis relies on multiple factors, including hormones, vitamin D, mechanical stimuli, and 
cytokines. Excessive resorption or insufficient formation disrupts this balance, leading to bone loss. Thus, skeletal health 
depends on the precise regulation of metabolic processes and equilibrium between internal and external environments.5

Imbalance in bone metabolism homeostasis is one of the fundamental causes of osteoporosis (OP) and osteonecrosis 
of the femoral head (ONFH) and other metabolic bone diseases. OP, as a classic metabolic bone disease, is characterized 
by low bone mass and destruction of bone microstructure, resulting in significantly increased bone fragility and a high 
risk of fractures.6 It has been reported that the prevalence of OP worldwide is approximately one-fifth of the population.7 

Drug therapy plays a key role in the prevention and treatment of OP. Currently, commonly used drug options include 
bone nutrition supplements, bone resorption inhibitors, and bone formation promoters (Table 1). However, some of these 
drugs may cause serious side effects during long-term use, often limiting their clinical application. ONFH is a refractory 
orthopedic disease characterized by microscopic structural damage to the femoral head, collapse of the femoral head, and 
resulting hip joint pain.8 Currently, approximately 150,000 to 200,000 new cases of ONFH are diagnosed annually in 
China.9 In the late stages of ONFH, surgery has become the primary treatment method, such as total hip arthroplasty. 
However, artificial joints have a limited lifespan, and a second replacement may be necessary, and the trauma caused by 
the surgery itself is unavoidable. In addition, alveolar bone defects are a chronic disease process that can be caused by 
periodontal disease, oral and maxillofacial trauma, and other factors, leading to deformities, oral functional impairments, 
and significantly impacting patients’ quality of life.10 For severe alveolar bone defects, autologous bone transplantation is 
a commonly used treatment method, but it has limitations such as limited supply, potential deformities at the donor site, 
and risks of infection.11 Overall, the treatment of bone metabolic disorders currently faces certain challenges, making the 
development of effective and safe new therapeutic strategies urgently needed.

Traditional herbal medicines have a long history of use in the prevention and treatment of diseases. In recent years, 
natural active compounds derived from medicinal plants have attracted significant attention from scholars due to their 
wide range of pharmacological properties.12,13 Luteolin is a natural flavonoid compound found in various medicinal 
plants and vegetables. It has a variety of pharmacological effects, including antitumor, antioxidant, anti-inflammatory, 
and neuroprotective properties,14–17 and is a widely occurring compound with medicinal value. Notably, as research on 
luteolin deepens, some of its medicinal properties are directly related to its protective effects on bone metabolic 
homeostasis. Specifically, it can regulate important signaling pathways, act on osteoclasts, osteoblasts, and bone marrow 
mesenchymal stem cells, and influence bone formation and bone resorption, which is of great significance for the bone 

Table 1 Commonly Used Drugs for the Treatment of Osteoporosis

Drug Category Representative 
Drug

Core Mechanism Adverse Reactions

Bone Nutrition Supplement Calcium 

supplement

Calcium 

Carbonate

Provide raw materials for 

bone synthesis

Constipation, abdominal distension, and 

even hypercalcemia

Vitamin 
D analogues

Calcitriol Promote calcium 
absorption

Loss of appetite, nausea, and even 
hypercalcemia

Bone resorption inhibitor Bisphosphonates Alendronate 

Sodium

Inhibition of osteoclast 

function

Esophageal irritation, indigestion, and even 

mandibular necrosis
RANKL 

monoclonal 

antibody

Disuliximab Inhibition of osteoclast 

function

Headaches, constipation, and even 

hypocalcemia, osteonecrosis of the jaw, 

and atypical femoral fractures
Calcitonin Salmon Calcitonin Inhibits osteoclast activity 

and possesses central 

analgesic effects

Nasal spray: Nasal mucosal irritation, 

headache 

Injection: Facial flushing, nausea, vomiting
Estrogen 

receptor 

modulators

Raloxifene Exerts estrogen-like 

effects, inhibiting bone 

resorption

Hot flashes, leg cramps, risk of venous 

thrombosis

Osteogenesis Promoter Parathyroid 

hormone analog

Teriparatide Stimulate osteoblasts to 

promote bone formation

Nausea, dizziness, and even hypercalcemia 

and increased risk of osteosarcoma
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remodeling process. In addition, as a readily available natural compound, luteolin has the characteristics of low cost and 
few adverse reactions, making it more suitable for long-term use than synthetic drugs. It is expected to become 
a potential treatment option for bone metabolic diseases in the future. However, existing cellular models struggle to 
replicate the complex microenvironment of the human body, and animal models exhibit differences from human 
pathological states. This discrepancy may create a gap between the preclinical findings of luteolin and its actual clinical 
application, necessitating further refinement of models to bridge this gap.

To comprehensively and systematically review existing preclinical evidence on luteolin’s regulation of bone meta
bolism, this review employed a multi-database search strategy encompassing PubMed, Web of Science, Google Scholar, 
China National Knowledge Infrastructure (CNKI), and Wanfang Data Knowledge Service Platform. Keywords included 
“luteolin”, “bone”, “bone metabolism”, “bone formation”, “bone loss”, “osteoblast”, “osteoclast”, and “bone marrow 
mesenchymal stem cells”. The search period was set from the inception of each database to May 2025. The literature type 
was focused on original research (cell experiments, animal studies), excluding review articles, clinical studies, con
ference abstracts, and literature with incomplete data or unavailable full texts.

Physicochemical Properties of Luteolin
Luteolin is widely distributed and found in traditional Chinese medicines such as Lonicera japonica, Chrysanthemum 
indicum, and Xiakucao, as well as in foods like celery, Chinese cabbage, cauliflower, and onions.18 It is a yellow 
crystalline substance with the chemical formula C15H10O6, a molecular weight of 286.24 g/mol, and a density of 1.652 g/ 
cm3. Additionally, the melting point of luteolin is 330°C. Its chemical structure is shown in Figure 1. Its structural 
features include two aromatic rings (A and B) connected by a heterocyclic ring (C), with four hydroxyl groups at 
positions C5, C7, C3′, and C4′. The hydroxyl groups and the double bond between C2 and C3 may be closely related to 
the biological activity of luteolin.19 Structure-activity relationship studies have revealed that the potent antioxidant 
properties of luteolin are attributed to the hydroxyl groups at the C5, C7, C3′, and C4′ sites. Additionally, the carbonyl 
oxygen at the C4 site is responsible for the antibacterial properties of the compound. Similarly, bactericidal activity has 
been attributed to the double bond between C2 and C3.20 It is relatively stable at room temperature, slightly soluble in hot 
water, poorly soluble in cold water, weakly acidic, soluble in alkaline solutions, and highly soluble in organic solvents 
such as ethanol, methanol, dimethyl sulfoxide, and ether.21

In vitro Study of Luteolin Regulation of Bone Metabolism
Bone metabolism is closely related to the two processes of bone formation and bone resorption, which involve 
osteoblasts, osteoclasts, and bone marrow mesenchymal stem cells. The regulatory effect of luteolin on the above cells 
is its basic mechanism for maintaining bone metabolic homeostasis.22,23 Here, we summarize the available data on the 
intervention of luteolin in bone metabolism in vitro studies (Table 2).

Regulation of Osteoblasts
As the core functional cells of bone metabolism, osteoblasts play an indispensable role in maintaining the dynamic 
balance of bone homeostasis. With the continuous advancement of research, it has been confirmed that luteolin can 
promote bone formation by regulating the life activities of osteoblasts.

Figure 1 Structural formula of luteolin.
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Previous studies have shown that inflammation is closely related to bone metabolic homeostasis. Cytokines such as 
IL-1β and TNF-α can induce osteoblasts to enhance the expression of matrix metalloproteinases (MMPs), which 
ultimately lead to bone destruction by regulating bone matrix degradation.42 Yang et al24 found that luteolin significantly 
inhibits the expression of MMP-9 and −13 in osteoblasts induced by IL-1β, thereby protecting against bone loss, and this 
effect is positively correlated with dose. Additionally, inflammatory mediators can induce the expression of inducible 
nitric oxide synthase (iNOS) in osteoblasts, and NO can lead to restricted bone formation.43 However, luteolin inhibits 
the expression of NO, prostaglandin E2 (PGE2), TNF-α, and IL-6 induced by 3-morpholino-N-nitrosourea (SIN-1) in 
osteoblasts, while significantly enhancing the alkaline phosphatase (ALP) activity and osteocalcin (OC) secretion in 
MC3T3-E1 osteoblasts.25 Notably, these effects can be blocked by the anti-estrogen drug tamoxifen, suggesting that 
luteolin may exert its effects through estrogen-mediated mechanisms, potentially positioning it as a natural selective 
estrogen receptor modulator. In fact, inflammation may also lead to increased levels of oxidative stress at the site of the 
lesion.44 Reactive oxygen species (ROS) can enhance the expression of pro-inflammatory genes by stimulating 

Table 2 Bone Metabolism Regulation of Luteolin in vitro Experiments

Cell Dose Optimal Dose Results Mechanisms/Pathways References

MC3T3-E1 5, 10, 25, 50 μmol/L 5, 10 μmol/L Enhances cell activity, promotes proliferation 
and mineralization

Activation of the PI3K/AKT 
pathway

[22]

MC3T3-E1 2, 4, 8 μmol/L 8 μmol/L Promotes proliferation, osteogenic 
differentiation, and mineralization

Activation of the Wnt-βcatenin 
pathway

[23]

MC3T3-E1 1–25 μmol/L 25 μmol/L Inhibition of MMPs expression Inhibition of the ERK pathway [24]

MC3T3-E1 1–10 μM – Promotes proliferation, osteogenic 
differentiation, and mineralization

Reduce inflammatory response [25]

hFOB1.19 10 μmol/L 10 μmol/L Increases cell activity, promotes proliferation 
and osteogenic differentiation, inhibits 

apoptosis

Activate the Nrf2 pathway and 
inhibit the NF-κB pathway

[26]

MC3T3-E1 1, 5, 10, 25, 50, 
100 μM

10 μM Promotes proliferation, osteogenic 
differentiation, and mineralization

Inhibition of oxidative stress [27]

MG-63 0.05, 0.1, 0.25, 0.5, 
1, 5, 10, 25, 50, 

100 μM

1–5 μM Promoting osteogenic differentiation Inhibition of oxidative stress [28]

MC3T3-E1 0.01, 0.1, 1 μM 1 μM Inhibits oxidative stress, alleviates 
inflammatory responses, and restores 

mitochondrial function

Activation of the Nrf2 pathway [29]

Rat osteoblasts 1, 10, 50, 100 μM 10 μM Inhibition of apoptosis Inhibition of the STAT1/caspase3 
pathway

[30]

MC3T3-E1 0.04, 0.2, 0.5, 1, 
2 μmol/L

0.5–1 μmol/L Improve mitochondrial function and inhibit 
pyroptosis

Activation of the PI3K/AKT 
pathway

[31]

MC3T3-E1 0.05, 0.1, 0.2 μM 0.1 μM Restore mitochondrial function and inhibit 
oxidative stress

Activation of the PI3K/AKT 
pathway

[32]

BMMs and 
RAW264.7

0.3, 1, 3, 10 μM 10 μM Inhibition of osteoclast differentiation Inhibition of the p38 MAPK/ATF2 
pathway

[33]

BMMs and 
RAW264.7

1, 2, 5, 10, 20 μM 10 μM Inhibition of osteoclast differentiation Downregulation of osteoclast 
gene expression

[34]

BMMs and 
RAW264.7

10, 20 μM 20 μM Reduce inflammatory response and block 
osteoclast differentiation

Downregulation of osteoclast 
gene expression

[35]

BMMs and 
RAW264.7

0.3, 0.6, 1.2, 2.5, 5, 
10, 20, 40 μM

2.5 μM Inhibition of bone matrix dissolution Interference with the V-ATPase 
complex

[36]

BMSCs 0.5, 1, 5 μM 5 μM Promoting osteogenic differentiation Activation of the PI3K-Akt 
pathway

[37]

BMMSCs 1, 5, 10 μM 10 μM Inhibition of adipogenic differentiation Inhibition of the MAPK pathway [38]

BMSCs 1, 10, 100 μM 100 μM Promoting autophagy and osteogenic 
differentiation

Inhibit miR-125b-5p, activate the 
SIRT3/AMPK/mTOR pathway

[39]

BMSCs 0.1–10 μM 10 μM Promoting osteogenic differentiation Induce macrophage polarization 
and suppress inflammatory 

responses

[40]

BMSCs 5 μmol/L 5 μmol/L Promoting osteogenic differentiation Activation of the Wnt/β-catenin 
pathway

[41]
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intracellular signaling cascades. This vicious cycle is often one of the main mechanisms promoting disease 
development.45 In Peng et al’s study,26 it was shown that luteolin not only inhibits the expression of IL-6, IL-8, and 
TNF-α but also reduces ROS levels and increases superoxide dismutase (SOD) activity, thereby protecting human 
osteoblasts (hFOB1.19) from oxidative damage and inflammatory stimulation. Subsequent scholars have also confirmed 
this finding.27 In summary, luteolin can regulate osteoblast function stimulated by inflammatory mediators, providing 
a reference for its application in the treatment of bone metabolic diseases.

In addition, diabetes is a major contributing factor to impaired bone formation or bone loss.46 One reason for this is 
that high blood sugar levels lead to a significant increase in ROS levels in the body, which in turn inhibits the expression 
of key transcription factors related to osteoblast differentiation.47 In a study28 investigating the regulation of bone 
formation by luteolin under high-glucose stress conditions, luteolin exhibited a clear biphasic response in MG-63 
osteoblasts: low concentrations of luteolin protected human MG-63 osteoblast-like cells from hyperglycemic stress by 
inhibiting ROS and restoring ALP activity; in contrast, high concentrations of luteolin completely reversed these effects. 
Notably, the protective concentration of luteolin in this study was approximately 20–26 times lower than the toxic 
concentration, making it a safe bone metabolism regulator. Methylglyoxal (MG) is a highly reactive diketone metabolite 
produced during glucose metabolism and is the main precursor of advanced glycation end products (AGEs),48 which are 
involved in the pathogenesis of diabetes and inflammation. Many diseases are thought to be closely related to MG- 
derived AGEs, including diabetic bone metabolism disorders.49 Suh et al29 pointed out that luteolin can directly clear 
ROS and inhibit oxidative damage by promoting the nuclear translocation of nuclear factor erythroid 2-related factor 2 
(Nrf2) and enhancing the expression of downstream antioxidant enzymes; simultaneously, it upregulates the level of 
peroxisome proliferator-activated receptor gamma coactivator 1α (PGC-1α) to maintain cellular mitochondrial home
ostasis; additionally, luteolin reduces TNF-α secretion and sRAGE expression levels, blocking the AGE-RAGE-mediated 
inflammatory cascade, thereby alleviating MG-induced toxicity in osteoblasts MC3T3-E1 through multiple pathways. 
These findings provide experimental evidence for the potential application of luteolin in diabetic bone disease, but further 
preclinical validation is required.

An increasing number of studies have shown that long-term use of glucocorticoids can induce osteoblast apoptosis 
and increase osteoclast activation.50,51 It has been reported that dexamethasone (Dex) can induce apoptosis in mouse 
osteoblasts.52 However, luteolin can effectively inhibit Dex-induced apoptosis in rat osteoblasts by inhibiting the 
phosphorylation of transcription activator 1 (STAT1) and reducing the cleavage of caspase-9 and caspase-3, thereby 
downregulating the expression of B-cell lymphoma-2 (Bcl-2) and Bcl-2-associated X (Bax).30 STAT1 is a member of the 
STAT protein family and has pro-apoptotic effects.53 This suggests that luteolin may be a potential drug for treating 
glucocorticoid-induced bone metabolic bone disease. In addition, pyroptosis is closely related to bone metabolism. Under 
the influence of certain pathological factors, pyroptosis becomes overly activated, leading to the death of bone 
metabolism-related cells and mediating the occurrence of various bone metabolism-related diseases.54 A recent study31 

showed that, in vitro, osteoblasts treated with luteolin can alleviate GSDME-mediated pyroptosis and maintain bone 
formation by improving mitochondrial dysfunction.

Mitochondrial dysfunction plays a key role in bone metabolism.55 cAMP response element-binding protein (CREB) is 
a transcription factor that is partially localized in mitochondria. CREB activation can be mediated by kinases such as Akt; 
however, mitochondrial dysfunction inhibits Akt activity, resulting in reduced CREB phosphorylation levels.56,57 

According to Choi and his team’s report,32 luteolin can simultaneously enhance PI3K and Akt activity and CREB 
phosphorylation levels, restore mitochondrial function, and inhibit oxidative stress reactions, thereby protecting MC3T3- 
E1 osteoblasts from damage induced by the mitochondrial electron transport chain inhibitor Antimycin A (AMA). In 
addition, Kwon58 and his team found that luteolin stimulates osteoblast differentiation and simultaneously inhibits 
adipocyte differentiation by inducing heat shock protein (Hsp) 40 (Dnajb1), which is a potential strategy for preventing 
bone metabolic diseases. However, the underlying mechanism still needs to be further clarified.

Regulation of Osteoclasts
Osteoclasts are multinucleated cells formed by the fusion of differentiated mononuclear-macrophage cells, and they are 
the primary cells responsible for bone resorption in maintaining bone metabolic homeostasis within the body.59,60 
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Numerous bioactive factors, including RANKL, TNF-αand IL-1β can stimulate osteoclasts and induce their activation.61 

Recent studies have shown that luteolin can selectively inhibit osteoclast activation and is used in metabolic bone 
diseases characterized by bone resorption.

In an earlier study, Lee et al33 observed that luteolin could dose-dependently inhibit the differentiation of bone 
marrow-derived macrophages (BMMs) and RAW264.7 cells stimulated by RANKL into osteoclasts. Mechanistically, 
luteolin blocks the osteoclast differentiation signaling pathway by inhibiting the phosphorylation of ATF2 downstream of 
p38 MAPK and the expression of NFATc1 protein, while disrupting the actin ring of mature osteoclasts to inhibit the 
formation of bone resorption pits. This dual mechanism provides a theoretical basis for luteolin’s intervention in 
osteoclast generation and activation.

According to Kim and his team’s report,34 luteolin reduces the number and activity of TRAP-positive multinucleated 
cells in a dose-dependent manner, while significantly downregulating the expression of osteoclast differentiation-related 
genes such as NFATc1, c-Src, DC-STAMP, and MMP-9, thereby inhibiting the differentiation of BMMs and Raw264.7 
cells into osteoclasts. Shin et al35 observed in vitro experiments that flavonoids significantly inhibit the release of 
inflammatory factors induced by titanium particles in BMMs, and dose-dependently reduce the number of TRAP-positive 
multinucleated cells while downregulating the expression of osteoclast-related genes such as NFATc1 and c-fos, thereby 
blocking osteoclast differentiation and bone resorption activity. This is consistent with the results of Kim et al, 
confirming that flavonoids have a clear inhibitory effect on bone loss.

Additionally, studies have shown that bone resorption is partially achieved by recruiting V-ATPase to the plasma 
membrane of polarized, active osteoclasts.62 V-ATPase is composed of multiple subunits, among which the a3 and d2 
subunits are highly specifically expressed in osteoclasts. Defects in the a3 or d2 genes can lead to impaired bone 
resorption.63,64 Therefore, interfering with the interaction between the a3 and d2 subunits may serve as a therapeutic 
target for inhibiting bone resorption. Recent experimental results indicate that luteolin can significantly reduce osteoclast 
bone resorption activity by specifically inhibiting the interaction between the V-ATPase a3 and d2 subunits, without 
affecting cell differentiation or survival.36 This provides a potential new target for developing luteolin-based anti-bone 
resorption therapies.

Regulation of Bone Marrow Mesenchymal Stem Cells
Bone marrow mesenchymal stem cells (BMSCs) have the ability to self-renew and differentiate into various cell types, 
such as osteoblasts and adipocytes.65 The differentiation process of BMSCs into osteoblasts and adipocytes is not 
independent but interrelated; an imbalance in osteogenic-adipogenic differentiation can disrupt bone metabolic home
ostasis. Luteolin has been shown to increase the expression of type I collagen (Col I), osteopontin (OPN), and Runt- 
related transcription factor 2 (Runx2) in BMSCs, thereby promoting their osteogenic differentiation.37

Peroxisome proliferator-activated receptor (PPAR) gamma is one of the PPAR nuclear receptors and is a major 
regulator of fat production.66 PPARγ can inhibit the transcription and expression of Runx2, thereby hindering its 
osteogenic differentiation, while promoting massive differentiation into adipocytes, ultimately leading to bone metabolic 
diseases. Wu et al38 found that luteolin can dose-dependently downregulate the mRNA and protein expression of 
adipogenesis markers such as PPARγ, C/EBPα, and SREBP1c, thereby inhibiting the adipogenic differentiation of 
human bone marrow mesenchymal stem cells (hBM-MSCs). In addition, they also noted that the derivative luteolin-4′- 
sulfate sodium had a significantly weaker inhibitory effect on the above process than luteolin. One possible reason is that 
the replacement of 4′-hydroxy with sulfate sodium weakened the anti-adipogenic activity, indicating that the anti- 
adipogenic effect of luteolin is closely related to the 4′-hydroxy in its chemical structure. Overall, this study suggests 
that luteolin is a potential therapeutic option for bone metabolic diseases and provides a theoretical basis for its structural 
optimization.

In addition, targeting regulators of autophagy flux is very important in bone remodeling.67 Mir-125b is a key 
microRNA that significantly affects osteoblast differentiation by regulating different pathways, thereby promoting OP 
progression.68 Sirtuin 3 (SIRT3) is one of the most important targets of miRNA and exerts its effects by regulating the 
expression of autophagy-related genes, such as autophagy-related protein 5 (ATG5) and microtubule-associated protein 
1A/1B light chain 3 (LC3), through the upstream mediators mTOR and protein kinase (AMPK) of the autophagy 
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pathway.69,70 It has been reported that luteolin can activate autophagy and reverse the inhibitory effects of DEX on bone 
formation markers Runx2, OPN, and OCN by inhibiting miR-125b-5p, upregulating SIRT3 and AMPK, and down
regulating mTOR, thereby promoting the osteogenic differentiation of BMSCs.39

Macrophages play multiple roles in the construction of the immune microenvironment, and their polarization from 
pro-inflammatory (M1) to anti-inflammatory/repairing (M2) is crucial for bone metabolism.71 Hu et al40 confirmed that 
luteolin can induce macrophages to polarize from M1 to M2 type, inhibit the expression of proinflammatory factors, and 
promote the secretion of anti-inflammatory factors, thereby promoting the osteogenic differentiation of BMSCs. 
Similarly, two recent studies have reached similar conclusions, demonstrating that luteolin can induce macrophage 
polarization, inhibit inflammatory responses, and promote osteogenic differentiation of BMSCs.72,73 These studies 
provide an innovative strategy for bone regeneration that combines osteogenic and bone immune regulatory functions.

In addition, previous studies have reported that BMSCs differentiated into osteoblasts can be used for alveolar bone 
regeneration.74 Luteolin may promote osteogenic differentiation of rat BMSCs by regulating β-catenin and Cyclin D1 
expression, thereby increasing ALP activity.41 Thus, It is a potential inducer in the osteogenic differentiation process of 
BMSCs and a potential therapeutic agent for alveolar bone loss. According to reports, Cyclin D1 is an important 
molecule in the Wnt/β-catenin pathway. Activation of the Wnt/β-catenin pathway can induce Cyclin D1 expression, 
affecting osteocyte differentiation and bone remodeling.75

In vivo Study of the Regulatory Effect of Luteolin on Bone Metabolism
In the field of medical research, animal models play an important role in the study of disease prevention and treatment. 
Their significance lies in providing a critical experimental platform and bridge for understanding the mechanisms of 
human diseases and evaluating the safety and efficacy of potential therapeutic interventions. We have summarized the 
available data on the use of luteolin in animal models of bone metabolic diseases (Table 3).

Table 3 Bone Metabolism Regulation by Luteolin in in vivo Experiments

Animal Intervention Dose Optimal Dose Time Results Mechanisms References

OVX-induced OP rats Oral 10 mg/kg 10 mg/kg 8 weeks Reduce the 
proportion of empty 

bone cavities and 
improve bone 
microstructure

Inhibits oxidative 
stress and alleviates 

inflammatory 
responses

[26]

OVX-induced OP mice Oral 5, 20 mg/kg 20 mg/kg 30 days Improve bone density, 
microstructure, and 
mechanical strength

Inhibits osteoclast 
differentiation and 

regulates bone 
metabolism 

markers

[34]

OVX-induced OP rats Oral 10–50 mg/kg·d 50 mg/kg·d 8 days Improve bone density 
and microstructure

Activation of the 
PI3K/Akt pathway

[37]

Dex-induced OP rats Oral 25, 50, 100 mg/kg 50–100 mg/kg 2 
months

Improve bone density, 
microstructure, and 

mechanical properties

Activation of the 
ERK/Lrp-5/GSK-3β 

pathway

[76]

Dex-induced OP rats Oral 50, 100 mg/kg 100 mg/kg 60days Promote osteogenic 
differentiation, and 

improve bone 
microstructure

Inhibition of the 
miR-125b-5p/ 
SIRT3/AMPK/ 

mTOR pathway

[39]

Dex-induced GIONFHSD 
rats

Oral 10 mg/kg 10 mg/kg 8 weeks Inhibits osteocyte 
apoptosis and 

improves bone tissue 
morphology

Inhibition of the 
STAT1/caspase-3 

pathway

[30]

LPS-induced periodontitis 
rats

Oral 10, 30, 100 mg/kg·d 30 mg/kg·d 14 days Reduce inflammatory 
response and 

improve bone tissue 
damage

Inhibition of the 
NF-κB pathway

[77]

(Continued)
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Bone Metabolism Regulation of Luteolin in OP Model
Postmenopausal osteoporosis (PMOP) is a metabolic bone disease characterized by bone loss, decreased bone density, 
and increased risk of fracture, caused by a decrease in estrogen levels secreted by the ovaries after menopause in 
women.81 The castration modeling method is a modeling method that simulates PMOP by reducing estrogen levels in 
mice through ovarian removal surgery (OVX).82 Chai et al26 established a PMOP mouse model via OVX surgery and 
administered continuous intervention with luteolin for 12 weeks. The results showed that luteolin could increase bone 
mineral density (BMD), trabecular number (Tb.N), and bone volume fraction (BV/TV) in mice, while reducing 
trabecular separation (Tb.Sp). Additionally, serum analysis indicated that luteolin could reduce malondialdehyde 
(MDA) levels and enhance SOD and glutathione peroxidase (GSH-Px) activity, thereby reversing OVX-induced 
oxidative stress. These findings have also been confirmed in other studies.83 In addition, Kim34 and his team observed 
that the maximum load value of the femur in OVX mice was significantly lower than that in the sham surgery group, but 
luteolin could reverse this change (P<0.5). Furthermore, they examined the levels of osteogenic activity markers OC and 
bone resorption markers type I collagen carboxy-terminal peptide (CTX). The results showed that luteolin could increase 
serum OC levels and reduce CTX levels in mice, thereby preventing bone loss. Liang et al37 found that luteolin 
significantly enhanced the osteogenic differentiation potential of BMSCs in OVX mice. Notably, high doses of luteolin 
resulted in a greater increase in Runx2 levels compared to the positive drug group (alendronate sodium and vitamin D3 
tablets), but further validation in clinical trials is necessary. In summary, these findings suggest that luteolin, as a natural 
compound, can effectively promote bone formation and inhibit bone loss, potentially serving as an alternative therapy for 
PMOP, particularly for individuals contraindicated for estrogen therapy.

The use of glucocorticoids (GC) is an important triggering factor for OP. In experimental studies, the administration 
of sustained-release glucocorticoid drugs via gavage, injection, or subcutaneous implantation is a commonly used 
method for modeling OP.84 Zheng et al76 established an OP rat model via intramuscular injection of DXM and 
administered luteolin via oral gavage for treatment. After two months, the results showed that luteolin significantly 
reversed phenomena such as reduced trabecular bone number, thinner trabeculae, and decreased bone parameters (BV/ 
TV, TMC, Tb.Th.) in OP rats. Additionally, they observed that luteolin at doses of 25, 50, and 100 mg/kg significantly 
increased the maximum load, maximum bending stress, stiffness coefficient, and elastic modulus of the femur in 
a dose-dependent manner, thereby promoting bone strength in OP rats. These findings are consistent with the effects of 
luteolin treatment in an OVX mouse model. In a recent experiment, Tang et al39 also confirmed that luteolin effectively 
restored DEX-induced bone metabolic homeostasis imbalance. Further mechanistic studies revealed that this was 
primarily associated with luteolin’s ability to inhibit miR-125b-5p expression, activate the SIRT3/AMPK/mTOR axis, 
and promote autophagy. In summary, existing studies indicate that luteolin exhibits significant bone metabolic 
regulatory effects in OVX and GC-induced OP models. Additionally, the efficacy of luteolin in other types of OP 
models warrants further investigation.

Table 3 (Continued). 

Animal Intervention Dose Optimal Dose Time Results Mechanisms References

Porphyromonas gingivalis- 
induced periodontitis 
mice

Oral 400 μM 400 μM 6 days Inhibition of bone 
resorption

Inhibiting bacterial 
infections

[78]

Beagle dog with partial 
removal of pulp tissue

Local 
application to 

the pulp

200 μM 200 μM 96h Inhibition of bone 
resorption

Inhibiting 
inflammatory 

responses

[79]

Silk ligature-induced 
Periodontitis mice

Local 
injection into 

the gums

100 μM 100 μM 7days Inhibition of bone 
resorption

Inhibiting 
inflammatory 

responses

[79]

Silk ligature-induced 
Periodontitis rats

Local 
injection into 

the gums

30, 50 μM 50 μM 4 weeks Inhibition of bone 
resorption

Inhibition of the 
JAK2/STAT3 

pathway

[80]
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Bone Metabolism Regulation of Luteolin in a Femoral Head Necrosis Model
Steroid-induced avascular necrosis of the femoral head is a condition caused by long-term, high-dose use of GC, 
characterized by vascular embolism, impaired blood supply, ischemic necrosis of bone tissue, and fracture of trabecular 
bone.85 Yan et al30 successfully established a glucocorticoid-induced osteonecrosis of the femoral head (GIONFH) model 
by intramuscularly injecting 10 mg/kg Dex into SD rats twice a week for 8 weeks, and then intervened with luteolin. The 
results showed that the incidence of GIONFH was significantly reduced in the Lut group compared with the model group. 
Compared with the control group, the model group showed a significantly increased proportion of cavities on HE 
staining, whereas a lower proportion of cavities was observed in the luteolin group. Micro-CT results of femoral head 
bone tissue showed that in the model group, cartilage was severely damaged, with significant decreases in Tb.N and BV/ 
TV, and a significant increase in Tb.Sp. However, luteolin significantly reversed these changes, protecting against Dex- 
induced bone loss. In addition, they found that, mechanistically, luteolin may exert its protective effect against bone loss 
in GIONFH model rats by inhibiting Dex-induced apoptosis activation through the STAT1/caspase3 signaling pathway.

Bone Metabolism Regulation of Luteolin in Alveolar Bone Loss Models
Periodontal disease-induced alveolar bone loss is a common form of bone pathology and a major cause of tooth loss in 
adults.86 Modulating bone remodeling can greatly influence the occurrence and severity of alveolar bone loss. Research 
indicates that lipopolysaccharide (LPS) is one of the most important molecules involved in the development of periapical 
inflammation and alveolar bone resorption. An increase in its concentration leads to the release of various pro- 
inflammatory mediators, which activate multiple pathways to cause inflammation in periodontal tissues.87 Casili et al77 

used intragingival injection of LPS to induce a periodontitis model in SD rats and then administered luteolin intervention. 
The results showed that luteolin could reduce LPS-induced alveolar bone loss, with the best effects observed at medium 
and high doses (30 and 100 mg/kg), while the low dose (10 mg/kg) had no significant improvement. Kariu et al78 found 
that luteolin can alleviate the extent of alveolar bone resorption around the maxillary molars by inhibiting the growth of 
Porphyromonas gingivalis in the oral cavity. Kawakami et al79 established Beagle and mouse models of alveolar bone 
resorption and intervened with luteolin. The results showed that luteolin significantly reduced bone resorption in both 
animal models, making it a promising candidate drug for the treatment of pulpitis and alveolar bone resorption. In 
a recent study, Ma et al80 induced periodontitis in SD rats using ligation. Local injection of luteolin significantly restored 
trabecular bone parameters (Tb.Th, BV/TV) while reducing the expression of TNF-α, IL-6, IL-1β, and IL-10, alleviating 
alveolar bone loss, and thereby improving periodontal inflammation and bone destruction. The above evidence indicates 
that luteolin, as a natural compound, significantly improves inflammation around the teeth and progressive bone 
destruction, and has the potential to become a strategy for oral health management.

Mechanism of Luteolin in Regulating Bone Metabolism
Bone metabolism represents a dynamic equilibrium between bone formation and resorption processes, potentially 
involving key signaling pathways that influence bone metabolism, including PI3K/Akt, Wnt, RANKL/RANK/OPG, 
Nrf2, and ERK pathways. We note that luteolin exerts beneficial regulatory effects on mitochondrial dysfunction, 
programmed cell death, oxidative stress, and the immune microenvironment through these pathways (Figure 2), making 
it a significant target for preventing and treating bone metabolism-related diseases.

PI3K/Akt Signaling Pathway
PI3K is a lipid kinase that, upon stimulation by extracellular first messengers such as growth factors and cytokines, 
phosphorylates phosphatidylinositol bisphosphate (PIP2) to form phosphatidylinositol trisphosphate (PIP3). PIP3 acts as 
an important intracellular second messenger, responding to and transmitting extracellular signals.88 Akt is a serine/ 
threonine protein kinase and one of the main downstream effectors of PI3K. PIP3 can activate Akt through phosphor
ylation of the Thr308 and Ser473 sites within Akt.89 Activated AKT activates or inhibits downstream target proteins such 
as glycogen synthase kinase (GSK) 3 and mTOR through phosphorylation, thereby regulating cellular life activities.90 

The PI3K/Akt signaling pathway has a profound impact on the proliferation and differentiation of osteoblasts and is one 

Drug Design, Development and Therapy 2025:19                                                                             https://doi.org/10.2147/DDDT.S547141                                                                                                                                                                                                                                                                                                                                                                                                   9723

Du et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



of the important pathways regulating bone metabolism.91,92 Research indicates that luteolin can regulate bone metabo
lism by activating the PI3K/Akt pathway, thereby improving anti-mitochondrial function and suppressing oxidative 
stress, which prevents osteocyte apoptosis and pyroptosis.31,32 Additionally, by activating the PI3K-AKT signaling 
pathway, luteolin promotes the polarization of macrophages from the M1 phenotype to the M2 phenotype. This creates 
an anti-inflammatory immune state conducive to the osteogenic differentiation of BMSCs, thereby achieving immunor
egulation of bone metabolism.72

Wnt Signaling Pathway
The Wnt signaling pathway is involved in the regulation of normal organ development and adult tissue function, 
including cell proliferation, differentiation, migration, polarity, and gene expression.93 The Wnt signaling pathway is 
divided into classical and non-classical Wnt signaling pathways based on whether they depend on β-catenin. The classic 
Wnt pathway is the β-catenin-dependent pathway, which is initiated when Wnt ligands bind to Frizzled receptors and 
low-density lipoprotein receptor-related protein 5/6 (LRP5/6), leading to the accumulation of intracellular β-catenin and 
its nuclear translocation. β-catenin then binds to the T-cell factor/lymphoid enhancer-binding factor (TCF/Lef) site, 
thereby activating the expression of downstream target genes.94 The Wnt signaling pathway is also regulated by 
inhibitors such as secreted frizzled-related proteins (SFRPs), Dickkopf (DKK), and sclerostin (SOST). Based on 
extensive in vitro and in vivo research, evidence suggests that the classic Wnt pathway plays an important role in the 
proliferation, differentiation, and function of osteoblasts, thereby regulating the formation and maintenance of bone 
tissue.95 Compared with the classical Wnt pathway that depends on β-catenin, the non-classical Wnt signaling pathway 
can activate signaling pathways independent of β-catenin and, in some cases, can also inhibit the classical Wnt pathway. 

Figure 2 Mechanistic pathways by which luteolin influences bone metabolism.
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The non-classical Wnt signaling pathway is further divided into the planar cell polarity (PCP) pathway and the Wnt/Ca2+ 
pathway. Recent studies have increasingly shown that non-classical Wnt signaling plays an important role in bone 
formation.96 Researchers have observed that luteolin promotes bone metabolism regulation by enhancing the mRNA 
expression of Lrp5 and β-catenin—key factors in the Wnt pathway—within MC3T3-E1 osteoblasts, thereby facilitating 
cell proliferation, differentiation, and mineralization.23

RANKL/RANK/OPG Signaling Pathway
The receptor activator of nuclear factor-kappa B ligand (RANKL)/receptor activator of nuclear factor-kappa B (RANK)/ 
osteoprotegerin (OPG) signaling pathway is considered to be an important pathway regulating osteoclast function in bone 
metabolism.97 RANKL is a member of the tumor necrosis factor (TNF) ligand superfamily and is expressed by 
osteoblasts, osteocytes, and immune cells that make up bone tissue. Its expression is also regulated by various cytokines, 
glucocorticoids, and parathyroid hormone.98 RANK is a member of the TNF receptor superfamily and is expressed in 
various human tissues and cells, such as osteoclast progenitor cells, mature osteoclasts, and dendritic cells.99 RANKL 
binds to RANK on the surface of osteoclast progenitor cells, activates downstream intracellular signaling pathways 
through tumor necrosis factor receptor-associated factors (TNF receptor-associated factors, TRAFs), primarily including 
mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NF-κB), stimulating osteoclast maturation and differ
entiation, promoting bone remodeling, and maintaining calcium homeostasis.100 OPG is a member of the TNF receptor 
superfamily, widely expressed in most human tissues, and regulated by various cytokines, peptides, hormones, and 
drugs.101 In bone tissue, OPG is secreted by osteoblasts and bone marrow stromal cells and acts as a soluble receptor for 
RANKL. OPG has a higher affinity for RANKL than RANK, and by competitively blocking the binding of RANKL to 
RANK, it prevents the transmission of signals from osteoblasts to osteoclasts, thereby inhibiting osteoclast differentiation 
and maturation.102 Research indicates that luteolin can inhibit osteoclast differentiation and reduce bone loss by 
regulating the RANKL/RANK/OPG signaling pathway.34

Nrf2 Signaling Pathway
Oxidative stress is a complex biological process characterized by excessive accumulation of ROS in cells or tissues, 
leading to an imbalance between the oxidative and antioxidant systems.103 Bone repair and bone remodeling are also 
redox-regulated processes, and physiological redox status is critical for the balance between osteoblast and osteoclast 
generation.104 Excessive production of ROS can increase osteoclast formation and activity, reduce osteoblast differentia
tion, and cause changes in bone structure.105 It is worth noting that Nrf2 plays a crucial role in maintaining cellular 
oxidative stress homeostasis. Nrf2 activates multiple downstream target genes by binding to upstream antioxidant 
response element (ARE) gene sequences, including heme oxygenase-1 (HO-1), SOD, GSH, and catalase (CAT).106,107 

In Nrf2-deficient mouse models, significant bone loss can be observed, one of the reasons being that Nrf2 deficiency 
leads to an increase in osteoclasts and a decrease in osteoblast activity.108 Therefore, activating the Nrf2 signaling 
pathway and its downstream genes can ROS within osteoblasts, prevent oxidative stress-induced damage, and promote 
osteoblast differentiation and bone formation. A previous study26 confirmed that under LPS-induced inflammatory 
microenvironments and H2O2-induced oxidative stress, luteolin can protect osteoblasts from damage by upregulating 
Nrf2 expression in the human osteoblast cell line hFOB1.19. This action synergistically inhibits the NF-κB pathway, 
alleviates cellular oxidative stress and inflammatory responses, and thereby participates in bone metabolism regulation. 
Furthermore, luteolin activates the Nrf2 signaling pathway, upregulates HO-1 expression to scavenge ROS, inhibits M1 
macrophage polarization, and promotes M2 macrophage polarization, thereby achieving regulation of bone metabolism 
immunity.73

ERK Signaling Pathway
The ERK signaling pathway is one of the major branches of the MAPK signaling pathway, extensively involved in 
cellular proliferation and differentiation processes.109 Activation of the ERK signaling pathway begins when growth 
factor receptors on the cell surface bind to growth factors and undergo autophosphorylation, subsequently activating the 
rat sarcoma viral oncogene homologue (RAS) protein attached to their interior. The RAS protein binds to guanosine 
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triphosphate (GTP), which in turn promotes the activation of rapidly accelerated fibrosarcoma (RAF) kinase. The 
activated RAF protein then phosphorylates the downstream mitogen-activated protein kinase (MEK), which further 
phosphorylates the downstream ERK protein.110 Upon activation, ERK undergoes nuclear translocation and regulates 
downstream transcription factors, indirectly influencing the expression levels of key osteogenic factors such as Runx2, 
OSX, ALP, and type I collagen.111 Studies indicate that in glucocorticoid-induced OP models, luteolin promotes bone 
formation by activating the ERK signaling pathway. This activation regulates the downstream Lrp-5/GSK-3β/β-catenin 
pathway, thereby enhancing the expression of osteogenic markers, increasing ALP activity, promoting mineralized 
nodule formation, and mitigating bone loss.76

JAK/STAT Signaling Pathway
The core components of the Janus tyrosine kinase (JAK)/signal transducer and activator of transcription (STAT) signaling 
pathway include two classes of proteins: JAKs and STATs. In mammals, the JAK family comprises four members: JAK1, 
JAK2, JAK3, and TYK2. The STAT family consists of seven members: STAT1, STAT2, STAT3, STAT4, STAT5a, 
STAT5b, and STAT6.112 When signaling molecules bind to receptors, they induce conformational changes in the 
receptors and activate the associated JAKs. The activated JAK kinases transfer phosphate groups to STAT proteins 
through autophosphorylation, generating phosphorylated STAT proteins. This promotes conformational changes in the 
bound STATs, leading to the formation of homodimers.113 The formation of STAT dimers enables their nuclear 
translocation, where extracellular signals are ultimately transcribed into RNA via DNA, thereby altering gene expression 
and completing signal transduction. Reports indicate that JAK/STAT expression plays a crucial role in the progression of 
various diseases, with the JAK2/STAT3 pathway demonstrated to be pivotal in bone metabolic disorders.114 Research by 
Ma et al80 revealed that luteolin directly inhibits JAK2/STAT3 pathway activation, significantly reducing p-JAK2/JAK2 
and p-STAT3/STAT3 ratios, and reduce p-STAT3 nuclear translocation. This further restores mitochondrial morphology 
and function while promoting macrophage polarization toward the M2 phenotype. Ultimately, it improves alveolar bone 
metabolism by mitigating inflammatory damage and inhibiting osteoclast activation.

Perspective
Pharmacokinetics
Luteolin has been used in the prevention and treatment of various diseases due to its wide range of pharmacological 
effects. However, its poor water solubility and liposolubility result in low bioavailability, which greatly limits its clinical 
use. Studies have shown that the oral absorption rate of 100 mg/kg luteolin in rats is only 10%, with a maximum plasma 
concentration of only 3.79 μg/mL. At the same time, luteolin is rapidly cleared from the plasma, and it is difficult to 
achieve effective plasma concentrations through either oral administration or intravenous injection.115 Tu et al116 found 
that within the range of 10–120 mg/kg, the oral absolute bioavailability of luteolin in rats was 3.87%–5.57%. 
Furthermore, due to factors such as solubility, membrane permeability, and transporters, the oral absorption of this 
compound may not increase proportionally with its dose (ie, it may not exhibit linear metabolism), thereby posing 
challenges for the formulation optimization of related oral preparations. In addition, they found that luteolin exhibited 
linear kinetic characteristics within the dose range of 10–80 mg/kg, with no significant changes observed when the dose 
was increased to 120 mg/kg. Therefore, they concluded that by limiting the luteolin dose to 80 mg/kg or below, its linear 
metabolic characteristics could be utilized to better evaluate the enhanced oral absorption performance of improved 
formulations, thereby providing important evidence for the development of related formulations.

Drug Delivery System
To advance the clinical application of luteolin, researchers have conducted in-depth studies on its formulation technology 
and new dosage forms. Wu et al117 developed a luteolin-loaded bio-composite material (LUPT40) containing 40 v% 
tantalum (Ta) and polyimide (PI), which significantly promotes osteoblast differentiation and inhibits osteoclast differ
entiation in vitro. In vivo experiments also confirmed its significant bone-forming effects. Importantly, LUPT40 achieves 
high bioavailability through the slow release of luteolin. Hu et al40 developed a 3D porous biodegradable scaffold (Poly 
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(HEMA-co-3APBA)/LUT) that protects the activity of luteolin through borate ester bonds and prolongs its release, 
continuously inducing M2 polarization of macrophages and thereby promoting bone regeneration, providing an 
“immune-osteogenic” synergistic strategy for the treatment of critical-size bone defects (CSBDs). Yu72 and his team 
combined 3D bioprinting technology, metal-organic frameworks (MOFs), and hydrogels to develop a multifunctional 
biomimetic scaffold (LUT@ZIF-8/GelMA) with excellent physical properties and biocompatibility. This scaffold can 
slowly release luteolin and zinc ions, regulate the immune microenvironment, and promote the osteogenic differentiation 
of BMSCs. Similarly, subsequent scholars73 developed a manganese-luteolin (Mn-Lut) nanoflower biphasic hydrogel 
scaffold based on 3D printing technology, which has the functions of sustained release of manganese ions and luteolin, 
antagonizing oxidative stress, and regulating macrophage polarization to the M2 type, thereby promoting the osteogenic 
and chondrogenic differentiation of BMSCs, significantly promoting bone and cartilage regeneration in a rat bone- 
cartilage defect model. In addition, these studies indicate that at the experimental concentration of luteolin administered, 
no significant cellular toxicity was observed in the short term, and no abnormalities in liver or kidney function were 
detected in vivo. However, long-term safety assessments remain limited. In summary, the above design approach is 
beneficial for improving the bioavailability of luteolin and provides a valuable research foundation for subsequent 
studies. In addition, with the increasing number of new luteolin-based formulations, there is great potential for tissue 
engineering applications in regulating bone metabolism for bone repair.

Toxicity
Clarifying the toxicological properties of luteolin is essential for ensuring its safe application as a natural product in food 
and pharmaceutical fields. Luteolin is generally recognized as a low-toxicity bioactive natural compound. Research by 
Wen et al118 demonstrated extremely low toxicity of luteolin toward human umbilical vein endothelial cells (HUVEC). 
Furthermore, in Vero cells (African green monkey kidney cells), luteolin exhibits low toxicity and potent cytoprotective 
properties: concentrations of 80 μmol/L and above effectively inhibit Shiga toxin (Stx1, Stx2)-induced cytotoxicity, while 
remaining non-toxic to Vero cells at 400 μmol/L.119 In vivo studies indicate that intraperitoneal administration of 10 mg/ 
kg luteolin to rats showed no drug-related adverse reactions or toxicity within 24 hours. The median lethal dose (LD50) 
for intraperitoneal luteolin in rats was 411 mg/kg, while the oral LD50 exceeded 5000 mg/kg.120 Furthermore, in 
zebrafish models, luteolin concentrations of 100 μM and 500 μM did not affect embryo survival and improved hatching 
delays and malformation rates in mutant embryos, demonstrating favorable safety profiles.121 Although these findings 
suggest luteolin is a relatively safe natural compound, the literature on luteolin toxicity studies remains limited. 
Furthermore, its safety for human use remains unclear and requires further evaluation in clinical trials.

Conclusions and Perspectives
In summary, we have found that luteolin promotes bone activity and inhibits bone resorption in both cell and animal 
models, thereby balancing bone metabolism and maintaining bone health. The specific mechanisms involve regulating 
multiple signaling pathways, including PI3K/Akt, Wnt, RANKL/RANK/OPG, MAPK and Nrf2, to inhibit oxidative 
stress, reduce inflammatory responses, regulate cell death, and modulate the immune microenvironment. These results 
may provide a basis for transferring the therapeutic use of woodruff testing to clinical practice. However, several critical 
issues remain to be explored in current research. On one hand, studies are still in the early stages of clinical translation, 
with a gap existing between experimental findings and practical clinical application. Therefore, human trials are 
necessary to validate its clinical safety and efficacy, thereby bridging this translational gap. On the other hand, luteolin 
exhibits suboptimal absorption and metabolic stability, necessitating further optimization of drug delivery routes and 
bioavailability. Furthermore, standardized drug dosages are essential for ensuring the reliability and reproducibility of 
experimental results. Overall, as a natural compound, luteolin has good bone metabolism regulation effects and shows 
promise as a potential alternative therapy for the treatment of bone metabolic diseases.
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