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Abstract

Osteosarcoma (OS) is a predominant malignancy among children and adolescents, ranked third in frequency after lymphoma
and leukemia. It presents a significant risk of metastasis, particularly to the lungs and distal bones, leading to severe disease
progression and increased mortality. Current treatment modalities, primarily surgery and chemotherapy, are associated with
considerable side effects and variable prognoses, underscoring the urgent need for novel, more effective, and less harmful
therapeutic options. Flavonoids, naturally occurring polyphenolic compounds, have shown promising potential in the man-
agement of OS. This article evaluates the molecular mechanisms through which flavonoids exert therapeutic effects on OS
and explores their potential in developing innovative treatments. The review provides insights into their roles in inducing
apoptosis, inhibiting cell proliferation, and modulating key signaling pathways in OS cells by examining the anticancer proper-
ties of specific flavonoids such as apigenin, quercetin, and baicalein. The comprehensive analysis aims to contribute to advanc-
ing flavonoid-based therapies, opening new avenues for practical and safer OS treatments.
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Introduction in specific sites, such as bone marrow, cannot be surgically
removed. Clinical data suggest that chemotherapy does not
The distal femur, proximal tibia, and proximal humerus are significantly develop patients’ survival rate due to rapid OS
among the weight-bearing long bones where osteosarcoma  progression and the susceptibility of patients to chemoresis-
(OS), the oldest known human malignancy, is most frequently  tance, which is accompanied by serious side effects such as
detected (Cho et al., 2010). After lymphoma and leukemia, infection and neutropenia (Chen et al., 2021; Li et al., 2023).
OS is the third most prevalent kind of cancer and has a high  To prevent OS from developing in the first place and to create
prevalence in children and adolescents (Li et al., 2023). more potent therapies for OS, safe and efficient therapeutic
Children have an annual incidence rate of 5.6 per million drugs must be used. Pharmacological interventions may
(Abate et al., 2010; Kager et al., 2003). Sufferers with local-  restrict OS to the microenvironment to inhibit its metastasis,
ized tumors have a 60% 5-year relative survival rate, but if  which may be an important way to treat OS and enhance OS
metastasis develops in OS, the survival rate sharply declines  sufferers’ prospects going forward.
to fewer than 20%, posing a significant risk to the lives and
health of patients (Gorlick et al., 2013). OS is a primary mes-
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Flavonoids, polyphenolic compounds abundant in dietary
plants and herbs like citrus fruits, grapes, green tea, eggplant,
and parsley, constitute a diverse family of over 10,000 com-
pounds with distinct structures, categorized into subfamilies
such as flavanols, flavanones, flavonols, flavonoids, and
anthocyanins (Liu et al., 2017 ; Patel & Alhakeem, 2021; Xia
et al., 2023). Research has consistently demonstrated the mul-
tifaceted benefits of flavonoids, including anti-inflammatory,
antioxidant, blood pressure-lowering, antithrombotic, and
antitumor properties (Liu et al., 2017). Particularly notewor-
thy are their anticancer effects, which have been extensively
studied across various tumors, including liver, breast, colorec-
tal, prostate, lung, and leukemia. In the context of OS, flavo-
noids have emerged as promising therapeutic agents. Studies
have revealed their potential to inhibit OS development
through mechanisms such as mitochondrial apoptosis, iron-
induced cell death, autophagy modulation, and attenuation of
oxidative stress pathways. Consequently, flavonoids represent
compelling candidates for future clinical interventions against
OS (Koh et al., 2020; Luo et al., 2021). This article compre-
hensively reviews the current research progress on flavonoids
in OS treatment, delineating their molecular mechanisms,
exploring their potential synergistic effects in combination
therapies (Nakatani et al., 2018), and investigating novel
nanomaterial-based approaches leveraging flavonoids for OS
treatment. By synthesizing these findings, we aim to contrib-
ute additional insights and theoretical foundations to further
the clinical application of flavonoids in treating OS.

Flavonoids for the Treatment of OS

Apigenin

Strong anticancer effects are exhibited by apigenin (4,5,7-tri-
hydroxyflavone), a naturally occurring phenolic chemical
that is mostly present in vegetables, herbs, and fruits. Apigenin
targets the phosphorylation of the PI3K signaling pathway,
which significantly reduces the Warburg effect and stem cell-
like features in SOSP-9607 cells (Wang et al., 2019), accord-
ing to research. Moreover, apigenin causes apoptosis in a
time- and dose-dependent manner while exhibiting a notable
suppression of OS cell (U20S, MG63) proliferation (Lin et
al., 2012; Liu et al., 2015; Ruan et al., 2018). The inhibition
of the Wnt/B-catenin pathway, which results in cell cycle
arrest during the GO/G1 phase, is thought to be the cause of
these effects. In summary, apigenin mainly inhibits cell
growth and regulates the cell cycle to produce its anticancer
effects.

Quercetin

Quercetin is derived from Quercus bark and belongs to the
category of flavonols. Quercetin is one of the most widely
studied flavonols, as it has various biological activities,
including antioxidant, anti-inflammatory, vasoprotective, and

hepatoprotective. The antitumor effect of quercetin on OS has
been demonstrated in several studies. It was found that quercetin
increased cisplatin sensitivity in the 143B cell line by regulating
the microRNA-217-KRAS axis to inhibit tumor growth and
metastasis. Quercetin-induced low expression of microRNA-223
increased the apoptosis rate of Saos-2 cells from 6.03% to
38.35%; on the other hand, quercetin was observed to support
cisplatin-induced apoptosis by upregulating the expression of
miR-22 in a different investigation (Malakoti et al., 2020).
MicroRNAs act as important messengers of information
transfer in cells. The alteration of biological response processes
in cells through microRNAs is a key pathway for quercetin to
exert its anticancer effects. Interestingly, mitochondria seem to
be the target organelle of quercetin. Quercetin disrupts the
membrane potential of mitochondria, regulates AKT
dephosphorylation and mitogen-activated protein kinase
(MAPK) downstream genes, and ultimately activates the
mitochondrial apoptotic pathway to induce OS cell apoptosis
(Liang et al., 2011). Additionally, it has been demonstrated that
quercetin encapsulated in liposomes inhibits JAK2 via the JH2
structural domain in a noncovalent manner, which in turn
suppresses OS proliferation and immune escape through the
JAK2-STAT3-PD-L1 signaling axis. By disrupting reactive
oxygen species (ROS) equilibrium, quercetin causes NUPR1-
dependent autophagy in MG-63 cells, implying that quercetin is
also capable of exerting anticancer effects in OS by directly
modulating multiple key targets (Farhan et al., 2016).

Baicalein

Baicalein is derived from Scutellaria baicalensis and is
formed by the intestinal metabolism of baicalin. The oral bio-
availability of baicalein is as high as 27.8%, and after absorp-
tion into the bloodstream, it can be distributed to multiple
organs to exert its medicinal effects (Li et al., 2022). In addi-
tion to being a preventative antioxidant, baicalein is fre-
quently employed in the medical management of bacterial
and viral infections, allergies, and inflammation. Recent
research suggests that baicalein holds tremendous promise
for treating OS. The study demonstrated that baicalein exhib-
ited anticancer effects against osteosarcoma both in vivo and
in vitro, with Wnt/B-catenin signaling playing a crucial role in
this process. Baicalein promoted apoptosis and cell cycle
arrest via the Wnt/B-catenin signaling pathway, and it also
dramatically suppressed OS cell growth in a concentration-
and time-dependent manner, as observed by Dai et al. (2017).
Based on the research mentioned above, it appears that the
Wnt/B-catenin pathway might be a useful molecular target for
OS therapy.

Noncoding RNAs (ncRNAs), such as miRNA and
IncRNA, regulate several biological processes, including
chromatin remodeling, transcription, post-transcriptional
modification, and signaling. Notably, baicalein upregulated
IncRNA-NEF and consequently suppressed miRNA-21, pre-
venting cancer cell migration and invasion in OS cells.
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Baicalein also inhibited OS growth by regulating miR-25 and
altering the expression of genes involved in the Wnt/B-catenin
pathway. Another study showed that wogonin-induced acti-
vation of miR-183 led to apoptosis in OS cells, reducing their
ability to proliferate, migrate, and invade. These findings
highlight ncRNAs’ potential as targets for further research
into baicalein’s therapeutic effects on OS.

Wogonin, the primary bioactive component of S. baicalen-
sis, is a naturally occurring flavonoid obtained mainly from the
plant’s roots. Wogonin has a broad spectrum of anticancer
actions, including effects against OS, oral malignancies, and
hepatocellular carcinomas (Huynh et al., 2017). Studies have
shown that wogonin significantly inhibits the migratory and
renewal capacity of OS cells (Huynh et al., 2017). Another
study found that U-2 OS cells exposed to wogonin showed
increased levels of cellular ROS and Ca?", along with elevated
expression of key genes in the mitochondrial apoptotic cas-
cade, such as Bak, Bax, cleaved-caspase-9, and cleaved-cas-
pase-3 (Lin et al., 2011). Wogonoside, a derivative of wogonin,
exhibited similar effects by reducing cell membrane potential
and activating the mitochondrial apoptotic pathway. Thus,
wogonin and wogonoside may exert their therapeutic effects
by inducing tumor apoptosis via mitochondrial pathways in OS
cells and inducing tumor apoptosis.

Catechins

Among the many flavonoids, catechins have been widely
studied by researchers for their powerful antioxidant capac-
ity. The antitumor activity of catechins has been widely dem-
onstrated as a cancer blocker, intricately involved in the
proliferation of cells, inflammation, differentiation, and
metastasis (Fujiki et al., 2017; Jiang et al., 2016; Khan et al.,
2019). Modifications to catechins were found to augment the
anticancer action of Se-HAp nanoparticles by promoting
apoptosis in OS cell lines and generating excessive ROS to
activate the caspase-3 cascade; however, they had no discern-
ible impact on the development of normal human bone mar-
row cells (Khan et al., 2019). According to Dong et al. (2022),
epigallocatechin-3-gallate (EGCG) is a powerful anticancer
agent that may decrease OS cell proliferation and lung metas-
tasis in a dose-dependent manner by modulating the Wnt/p-
catenin signaling pathway in both in vivo and in vitro settings
(Dong et al., 2022; Nadia et al., 2021) (see Table 1).
Additionally, another study revealed that EGCG prevented
OS cells from proliferating (Jiang et al., 2014). Cytotoxicity
experiments demonstrated that EGCG inhibited the ability of
OS cells to spread to the lungs by blocking the MEK/ERK
signaling pathway. In summary, catechins have promise as
clinical anticancer drugs for the management of OS.

Table I. Summary of Flavonoids for in vivo Treatment of Osteosarcoma (OS).

Flavonoids Animal Models Dose Results Reference
Apigenin Nude mice bearing U-2 OS 2 mg/kg apigenin every 3 days Tumor weights and volumesl
xenograft tumors (30 days)
Nude mice carrying U-2 OS 10, 20, and 40 mg/kg body weight Tumor weights and volumesl;
xenograft tumors (twice daily for 14 days) apoptosisT; H&E!; CD 1337; Bcl-24;
Quercetin - Nude mouse model of 25,50, or 100 mg/kg (twice daily  Tumor inhibition rate? Lan et al.
human OS lung metastasis  for 30 days) (2017)
Baicalein OS intra-tibia tumor-bearing 40 mg/kg body weight (28 days)  Tumor weights and volumes!; H&E!; Zhang et al.
model Ki-67 and B-cateninl (2022)
Nude mice carrying MG-63 100 mg/kg body weight (42 days) Tumor weights and volumes!; Lin et al.
OS xenograft tumors apoptosisT; Ki-671; p-ERK/ERK L (2020)
Nude mice carrying HOS 40 mg/kg body weight (21 days)  Tumor volumes!; mortality rate? Wan & Ouyang
xenograft tumors (2018)
Wogonin Nude mice carrying LM-8 25 or 50 mg/kg body weight Body weightl; tumor weights and Kimura &
OS xenograft tumors (twice daily for 35 days) volumes!; MCPl; CD31, F4/80, Sumiyoshi
PCNAI; IL-1BL (2013)
Catechins NOD/SCID mice carrying 30 mg/kg body weight (21 days)  Tumor weightsl; Wang et al.
U-2 OS xenograft tumors apoptosisT; H&EL (2018)
Nude mice carrying 143B 10, 20, or 40 mg/kg (once every  Tumor volumes! Dong et al.
OS xenograft tumors 2 days for 35 days) (2022)
Kaempferol Nude mice carrying U-2 OS 25 or 50 mg/kg (40 days) Tumor weights and volumesl Huang et al.
xenograft tumors (2010)
Luteolin Nude mice carrying MG-63 30 mg/kg body weight Tumor volumes!; PTN, B-catenin; Qin et al.
OS xenograft tumors (28 days) miR-384T (2022)

Note: NOD, nonobese diabetic; SCID, severe combined immunodeficiency.
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Kaempferol

A natural flavonoid, kaempferol, has been demonstrated to
induce apoptosis in many cancer cell types. Using network
pharmacological analysis and molecular docking, researchers
discovered that kaempferol is one of the active constituents in
Qingfei Gujin Decoction, which is used to treat organ failure.
Additionally, kaempferol diminished the capacity of the acti-
vator protein-1 (AP-1) to bind deoxyribonucleic acid (DNA)
and inhibited the phosphorylation of the MAPK pathway,
which includes ERK, JNK, and p38. These actions downreg-
ulated the expression and enzymatic activity of MMP-2,
MMP-9, and uPA, ultimately impeding the growth and metas-
tasis of OS cells (Chen et al., 2013). Furthermore, kaempferol
was shown to induce apoptosis and DNA damage in U-2 OS
cells by dramatically increasing Ca?" levels and lowering
mitochondrial membrane potential (Huang et al., 2010).
Possible treatment mechanisms of kaempferol for OS need
further investigation.

Luteolin

Luteolin, found in medicinal plants and vegetables, has anti-
OS properties (Table 2). Canine OS cell lines (D17 and DSN)
are less likely to proliferate when luteolin and cisplatin are
combined. Moreover, luteolin increased chemosensitivity and
decreased OS chemoresistance to doxorubicin (DOX) and
cisplatin by suppressing the PTN/B-catenin/MDRI1 signaling
axis through upregulation of miR-384 (Schrader & Kaufmann,
2011; Sergio & Matar, 2021). Luteolin induces autophagy in
U-2 OS cells and acts as an enhancer to sensitize the adriam-
ycin-mediated autophagy signaling pathway, demonstrating a
synergistic effect with azithromycin. In short, luteolin may be
a potential medication for OS management.

Molecular Mechanism of Flavonoid Therapy for OS

Cell Cycle Regulation

Genomic instability and uncontrolled cell cycle progression
are common hallmarks of cancer (Hanahan & Weinberg,
2011). The process known as the cell cycle starts after one
cell division and continues until the start of the subsequent
one. There are four phases: mitosis (M), gap 2 (G2), synthesis
(S), and gap 1 (G1). In the G2 phase, the cell prepares for
cytokinesis, while DNA replication occurs in the S phase. A
cell divides into two during the M phase, and the genetic
material is evenly distributed across the daughter cells. G1/S
and G2/M are two distinct checkpoints used in cell division to
monitor the entire process. In an investigation, it was discov-
ered that administering the flavonol glycoside Icarisid II to
OS cells caused cell cycle arrest in the G2/M phase and
decreased the number of cells in the GO/GI phase.
Furthermore, they found that Cyclin D1 is a major regulator
of G1/S, and P21 can negatively regulate the activity of

specific CDK (cyclin-cyclin-dependent kinase) complexes
that drive the cell cycle and participate in the G1/S and G2/M
transitions. Cyclin B1 and CDK1 complexes are regulated by
the upstream gene Cdc25C, showing a significant function in
the checkpoint G2/M. Icarisid Il upregulates P21 and down-
regulates cyclin D1 in the G1/S phase to inhibit U20S cell
proliferation. Additionally, Icarisid II reduced the expression
levels of CDC2 and P-Cdc25C and increased the expression
of Cyclin B1, a protein linked to the G2/M cell cycle. These
changes ultimately caused apoptosis in human OS cells in a
dosage- and time-dependent manner.

Evaluating the antitumor capacity of 3',4'-dihydroxyflavo-
nol (DiOHF) in another type of OS cell (MG-63), the investi-
gators found that DIOHF similarly reduced the expression of
Cyclin B2, a protein critical for the exit of the G2 phase and
the onset of mitosis, in MG-63 cells. Additionally, DIOHF
decreased CDK1 expression, leading to more cell arrest in the
S phase (Ferreira de Oliveira et al., 2021). A similar view was
obtained in another study where fisetin similarly arrested OS
MG-63 cells in the G2/M phase, preventing the cells from
proliferating. Baicalein similarly induced G1 cell cycle arrest
by decreasing cyclin D1 and CDK4 while activating the mito-
chondrial apoptotic pathway to induce apoptosis. Quercetin
treatment decreased cyclin D1 and cyclin Bl expression,
causing cellular G1/S phase alterations and affecting G2/M
phase progression (Catanzaro et al., 2015). Consistent with
the above findings, the addition of pelargonidin, flavokawain
B, neohesperidin, and other flavonoids was able to arrest the
G2/M phase of OS cells, reduce cyclin B1, Cdc2, and Cdc25C
expression, and induce apoptosis and autophagy in a dose-
dependent manner (Chen et al., 2018; Ji et al.,, 2013).
Interestingly, Ampelopsin, on the other hand, induced cell
cycle arrest in the GO/G1 phase, increasing P21 expression
while inhibiting cyclin A and CDK2 expression, leading to
apoptosis in MG-63 cells (Lu et al., 2015). It is evident that
flavonoid compounds can effectively induce OS cell cycle
arrest, preventing further mitosis and proliferation, thus
exerting powerful antitumor activity, which provides more
ideas for the future treatment of OS.

Oxidative Stress

ROS are a class of byproducts produced during aerobic
metabolism that can act as signaling molecules involved in
the regulation of cellular functions. ROS are beneficial to cell
signaling at normal levels, but excessive ROS can cause oxi-
dative stress, leading to DNA and ribonucleic acid (RNA)
damage, oxidation of proteins and organelles, and even cell
death (Dias et al., 2021). Numerous internal and environmen-
tal variables, including exposure to toxins and ultraviolet
(UV) radiation, influence ROS levels. In cancer cells, ROS
levels are usually high, contributing to tumor growth; how-
ever, an excess of ROS induces apoptosis. Therefore, balanc-
ing ROS levels is essential for the development of cancer and
other diseases.
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Table 2. Flavonoids and Sources.

Molecular
Flavonoid Dietary Source Formula 2D Structure References
Apigenin Celery, spinach, green pepper;,  C;sH,,O; Ho & Crozier et al. (2000);
Welsh onion, parsley Shankar et al. (2017)
()
T
oH
Quercetin  Tomatoes, onions, peas, lettuce, C,sH,,0; Ho 5 Crozier et al. (2000);
chives H Aherne & O’Brien (2002);
O | o Dabeek, & Marra (2019)
T
oH
b O
Baicalein Wine, tea, citrus fruits, dark C5H,00s H & a Donald et al. (2012);
chocolate, herbs Zhao et al. (2016)
"0
0 0
H
Wogonin Scutellaria baicalensis C,¢H .05 Ho g Tai et al. (2005)
; 0 ‘
0
-
Catechins  Tea, chocolate, cherries, plums, C,;H,,O, Hy Afzal et al. (2022)
apples g
AL ~
oh
wo
Kaempferol Kale, spinach, chives, dill, CsH,00¢ Ho & Dabeek & Marra (2019);
cabbage H Al-Khayri et al. (2022)
0
(L)
g
N
H
Luteolin Celery, parsley, parsley, CsH,00¢ H o Crozier et al. (2000);
vine-spinach,Welsh onion Lin et al. (2007);
O | Shankar et al. (2017)
RS
oH
o

H
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Plant secondary metabolites classified as flavonoids have
a variety of biological effects, but their ability to scavenge
free radicals and act as antioxidants is undoubtedly the most
relevant. Flavonoid compounds play a significant role in
maintaining redox homeostasis in living organisms. Generally,
flavonoids occur in the form of glycosides, and their antioxi-
dant properties are influenced by the number and position of
sugar group linkages. They exist in diverse structures, par-
ticularly in the type and arrangement of functional groups
(Moussaieff et al., 2021). These structural differences directly
affect their antioxidant capacity, that is, the ability to absorb
free radicals (Kumar & Pandey, 2013). Because flavonoids
are antioxidants, they can scavenge ROS, prevent oxidative
damage, and potentially inhibit tumor cell growth by induc-
ing ROS production. The antioxidant mechanisms of flavo-
noid compounds mainly include (a) direct scavenging of
ROS, (b) chelation of trace elements to prevent ROS forma-
tion, (c) inhibition of enzymes related to free radical genera-
tion [e.g., glutathione (GSH) S-transferase, nicotinamide
adenine dinucleotide (NADH) oxidase, mitochondrial succi-
neurinase, xanthine oxidase], and (d) activation of antioxi-
dant defense mechanisms (e.g., upregulation of antioxidant
enzymes for scavenging free radicals) (Al-Khayri et al., 2022;
Kumar & Pandey, 2013).

Iron death is a novel regulatory cell death mode mediated
by intracellular iron that is closely linked to cellular ROS lev-
els. Recent studies have shown that bavachin increases ROS
accumulation in MG63 and HOS OS cell lines, leading to
GSH reduction and malondialdehyde overexpression, which
induced iron death in OS cells. The flavonoid compound
wogonin was shown to downregulate PRX5 expression and
induce ROS-mediated cell death in CD133+ Cal72 cells
in vitro. The expression in CD133+ Cal72 cells and activated
ROS levels inhibited stem cell characteristics expression and
stem cell-related genes, and ROS scavenger significantly
reversed the above phenomenon, suggesting that the ROS
levels and related regulatory genes are the key mechanisms
by which Wogonin resists the further development and metas-
tasis of OS (Markel et al., 2021). Different quantities of
baicalin were used to treat OS cells, resulting in increased
ROS generation, a drop in mitochondrial membrane poten-
tial, a reduction in Bcl-2 levels, and the activation of cas-
pase-9 and caspase-3 to induce apoptosis. /n vivo experiments
also demonstrated that baicalin was effective in alleviating
OS and showed beneficial effects. In a different investigation,
baicalein caused ROS accumulation, which led to autophagy
and apoptosis, and blocked the PI3K/AKT/mTOR, ERK1/2,
and B-catenin pathways in OS cells. Ye et al. achieved similar
findings. Baicalein initially caused cells to generate an exces-
sive amount of ROS, reducing intracellular antioxidant sys-
tem defenses, scavenging N-phenylalanine (NAC), GSH, and
superoxide dismutase (SOD), ultimately resulting in mito-
chondrial fragmentation and cell death. Therefore, ROS is
likely to play the role of messenger in the antitumor effects
exerted by flavonoid compounds, transmitting signals to

downstream target molecules by affecting the intracellular
oxidative-antioxidant status, initiating multiple effector
mechanisms, and ultimately leading to OS cell death. In short,
utilizing the natural antioxidant capacity of flavonoid com-
pounds to balance ROS levels is a promising strategy for OS
prevention and treatment in the future.

Cell Signaling Pathway

PI3K/AKT

One of the key mechanisms thought to be involved in the cre-
ation of several malignancies is the PI3K/AKT signaling sys-
tem. Numerous studies have demonstrated that the PI3K/AKT
pathway may have an impact on many activities, such as cell
replication, migration, proliferation, invasion, and apoptosis,
that are involved in the pathological development of OS.
U20S cells showed a decrease in the ability of cell invasion
and migration after exposure to different concentrations of
morusin, and it was further found that PI3K, P-AKT, MMP-2,
MMP-9, and Bax were all diminished in a concentration-
dependent way; thus, PI3K/AKT has been suggested as a pro-
spective mechanism for OS alleviation by morusin.
Phellamurin, a flavonoid with the structure of a flavonoid gly-
coside, inhibited tumor growth by suppressing the PI3K/AKT/
mTOR cascade in OS cells, and the PI3K inhibitor LY294002
induced apoptosis based on inhibition of the PI3K/AKT cas-
cade; in dissimilarity, PI3K activators abrogated the effect of
phellamurin on apoptosis. It offers more proof of the critical
role played by the PI3K/AKT/mTOR signaling pathway in
phellamurin resistance to OS. Another flavonoid glycoside,
poncirin was obtained from the immature fruit of cloverleaf.
Poncirin was discovered to disrupt the PI3K/AKT pathway
and modulate the downregulation of the expression of adenos-
ine triphosphate (ATP)-binding transporter proteins, MDR1
and MRP1, which in turn reduced the resistance of OS cells to
cisplatin, enhanced their susceptibility to cisplatin, and
increased OS cell apoptosis (Zhao et al., 2020). Licochalcone
B was shown by Huang et al. (2022) to induce autophagy and
death in OS cells (MG-63 and U20S) via dose-dependently
inhibiting the pathway consisting of PI3K/AKT/mTOR, which
has a potential anticancer effect (Rao et al., 2017; Wang &
Huang, 2022). Proanthocyanidin B2, a naturally occurring fla-
vonoid was shown to block the PI3K/AKT signaling cascade
to cause OS tumor development and death in both in vitro and
animal tests (Zhou et al., 2018). It seems that formononetin’s
resistance to OS tumors does not directly act on the PI3K/
AKT pathway but first acts on miR-375 and inhibits the
expression of miR-375, which has been confirmed in clinical
samples of patients with OS. In OS model mice, formononetin
significantly reduced tumor mass, and ERa, p-PI3KCA
Tyr317, and p-AKT Ser473 positive cells and proteins were
downregulated, correspondingly (Hu et al., 2019). This
implies that formononetin’s role in treating OS may include
the miR-375/ERa-PI3K/AKT cascade system. In conclusion,
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the aforementioned research indicates that the PI3K/AKT
pathway is a major target for OS therapy and may be crucial in
the action of several flavonoid drugs.

INK

JNK is a subgroup of the standard MAPK signal transduction
pathway, often referred to as stress-activated protein kinase.
Because JNK is extremely sensitive to stimulation, JNK
protein kinases quickly activate JNK proteins in response to
bacterial and viral infections, growth hormones, UV light,
inflammatory cytokines, and other stimuli. After activation,
JNK phosphorylates downstream target proteins such as
activating transcription factor (ATF) and transcription factor
activating protein-1 (AP-1) family proteins, thus affecting a
variety of intracellular biological processes (Hammouda
et al., 2020). Mitogen-activated protein kinases, or MAPKs,
are well recognized as crucial apoptosis regulators, especially
JNKs. INK is closely associated with natural flavonoids, anti-
cancer drugs, and various stress-induced apoptosis processes.
JNK-mediated apoptosis is mainly involved in two pathways:
(a) Fas ligand expression upregulation and (b) involvement of
the mitochondrial pathway, which is mostly responsible for
downregulating the antiapoptotic Bcl-2 protein and upregu-
lating proteins that promote apoptosis, Bak and Bax
(Hammouda et al., 2020). Indeed, there is mounting evidence
that suggests the JNK signaling pathway may play a role in
the antitumor potential of flavonoids. Human OS cells (SJSA
and HOS) were unable to proliferate; instead, acetone caused
apoptosis. Following administration of the JNK inhibitor
SP600125, acetin’s proapoptotic impact was diminished
(Wang et al., 2020). It is worth mentioning that this proapop-
totic effect of JNK may be attributed to the upstream ROS
outbreak. Another flavonoid, cardamonin, has inhibitory
effects on a variety of tumors, including OS. Cardamonin sig-
nificantly inhibited tumor growth of OS in mouse models and
increased phosphorylation levels of P38 and JNK. JNK phos-
phorylates the BH3 protein as a pathway target to initiate a
second apoptotic pathway (mitochondrial BAX-dependent
apoptotic pathway). P38 inhibitors and JNK inhibitors neu-
tralized the inhibitory effect of cardamonin to a certain extent
and restored cell proliferation and migration. Nobiletin is a
polymethoxy-flavonoid that has anticancer properties.
Research has demonstrated that nobiletin inhibits the migra-
tion, invasion, and metastasis of HOS and U20S cells by pre-
venting the production of MMPs mediated by JNK. Cedrin, a
polymethoxy-flavonoid, has the ability to suppress JNK
expression, decrease MMP-2 and MMP-9 expression in
U20S and HOS cells, and lessen U20S and HOS cell migra-
tion. These results clearly imply the therapeutic potential of
JNK in flavonoid compounds for the treatment of OS. These
results imply that the antitumor actions of different flavo-
noids may include JNK-mediated pathways for cell survival
and death, which provides new research ideas and directions
for the treatment of OS.

P38 MAPK

The following can activate P38: inflammatory cytokines,
pathogen-associated molecular patterns (PAMPs), danger-
associated molecular patterns (DAMPs), genotoxic and
DNA-damaging agents (e.g., DOX, cisplatin, UV, and
y-radiation), heat shock, osmotic pressure changes, and oxi-
dative stress. Through its interactions with a diverse range of
substrates, P38 can control apoptosis, cell migration, differ-
entiation, stress responses, proliferation, migration, and sur-
vival. According to reports, the expression of p38 has a strong
protumorigenic ability because it regulates the production of
cytokines such as interleukin-6 (IL-6), tumor necrosis factor
(TNF), and other cytokines. On the other hand, p38 also has a
proapoptotic ability and thus is also capable of inhibiting
tumor development. Some chemotherapeutic drugs often rely
on p38 activation for their antitumor effects. 7,8-dihydrofla-
vone (7,8-DHF) reduced AKT, Bad, and p38MAPK and their
phosphorylation levels, promoted apoptosis, and inhibited
migration of OS cells (Zhao et al., 2020), and suppressed the
tumor promoter function of p38. Delphinidin management
led to noteworthy changes in the phosphorylated forms of
ERK and p38; phosphorylated forms of p38 were signifi-
cantly reduced, showing an anti-OS tumor effect. In contrast,
cardamonin increased the phosphorylation level of p38,
which implies that cardamonin activates the ability of p38 as
a tumor suppressor that can promote OS apoptosis. Similar
phenomena were observed in other tumor development pro-
cesses; for example, TGFBRII activation in metastatic pros-
tate cancer cells facilitated RB phosphorylation of p38,
preventing bone metastases. In line with the above results,
another study found that calycosin was also able to induce
143B cell apoptosis and inhibit tumor growth by inducing
p38 MAPK phosphorylation. In canine OS (D-17 and DSN)
cell lines, quercetin enhanced programmed cell death and
phosphorylation of P38, c-Jun N-terminal kinase, and
PY90RSK proteins (Wang et al., 2023; Wang & Zhao, 2023).
Because p38 MAPK has the dual function of being a tumor
promoter and a tumor suppressor, its actions in flavonoid
treatment for OS are not constant, or perhaps the reverse. In
conclusion, more research is required to determine the exact
mechanism behind p38’s involvement in the therapy of OS
with various flavonoid drugs.

Signal Transduction and Transcriptional Activator
3 (STAT3)

As a crucial transcription factor implicated in inflammation
and tumor growth, STAT3 is a member of the STAT family.
STAT3 is frequently activated in numerous malignancies,
such as OS, where it fosters cell proliferation, invasion, and
antiapoptotic processes, as well as inhibiting cell death, pro-
moting cell cycle advancement, and stimulating angiogene-
sis. For instance, the flavonoid quercetin inhibited STAT3
phosphorylation, diminished the expression of ¢c-MYC,
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Bcl-2, and COX-2, and induced apoptosis in OS cells.
Similarly, apigenin triggered apoptosis in OS cells by inhibit-
ing the STAT3 pathway. Luteolin’s antitumor effects on OS
cells may involve a mechanism by which STAT3 activity is
inhibited. The evidence suggests that flavonoid-mediated
modulation of the STAT3 signaling pathway may be an effec-
tive strategy for treating OS by targeting STAT3.

Whnt/3-catenin

Whnt/B-catenin signaling is an evolutionarily conserved signal
that regulates organogenesis, tissue homeostasis, cell fate
determination, and tumors/cancerous diseases. Numerous
features of cancer incidence, development, and malignant
transformation have been discovered to be strongly correlated
with the Wnt/B-catenin signal. Studies have also demon-
strated that overexpression or aberrant activation of the Wnt/
B-catenin signal has a noninsignificant effect on mortality
from cancer. Tumor formation requires the highly active Wnt/
B-catenin pathway as a necessary precursor. According to
recent research, EGCG dramatically increases apoptosis and
drastically blocks 143B cell invasion and migration. This
impact is directly correlated with the Wnt/p-catenin pathway.
High-dose EGCG has a strong apoptotic impact, but low-dose
EGCG only has a few apoptotic effects. While research indi-
cates that baicalein controls Wnt/B-catenin via miR-25, it also
decreases B-catenin, Axin2, and GSK-3f gene expression and
stops Saos-2 cell growth. Research has shown that baicalein
regulates the Wnt/B-catenin pathway, with -catenin subse-
quently acting on the downstream effector protein c-MYC to
trigger the death of MG-63 cells following baicalein’s inter-
action with the Wnt/B-catenin pathway. A comparable result
was also observed with apigenin, which blocked human OS
cell migration, invasion, and proliferation while also deacti-
vating the Wnt/B-catenin signal in OS cells, which in turn
prevented OS cell tumor growth. In conclusion, there may be
hope for the therapy of human OS with the discovery of novel
flavonoids that target Wnt/B-catenin targets.

Nuclear Factor Kappa-B (NF-xB)

The immune system, cell proliferation and transformation,
apoptosis, and tumor growth are all significantly impacted by
NF-kB, a well-known modulator of cellular inflammatory
factors, stress signaling, and pathogen-induced gene expres-
sion. In several malignancies, aberrant expression of NF-«xB
has been noted. There has been a lot of discussion about fla-
vonoids’ ability to suppress NF-«kB. Prior research has dem-
onstrated that in U-2 OS osteosarcoma xenografted mice,
astragalus mentoflavone suppresses both the activation of
NF-kB p65 (Ser536) and the development of tumors.
Dihydromyricetin inhibits promoter binding to urokinase
prothrombin activator (uPA) via NF-kB, which gives it anti-
OS tumor properties. Amentoflavone inhibited ERK and
NF-kB activation in U20S cells, which decreased the

potential for tumor metastasis, according to another study.
Consequently, it appears that one of the key mechanisms by
which flavonoids have antitumor effects is the reduction of
NF-«kB expression. Not only that, but reduced NF-«B expres-
sion can also make OS cells more susceptible to certain con-
ventional chemotherapy medications. Amentoflavone made
OS cells more susceptible to Sorafenib by suppressing NF-xB
expression both in vivo and in vitro (Yue et al., 2023). It was
possible to separate a flavonoid component from Sophora
alopecuroides L. Alopecurone B was discovered in a labora-
tory-based on its structure. Reversing OS drug resistance to
DOX, alopecurone B demonstrated DOX-independent sup-
pression of NF-kB transcription. Combining gemcitabine
with genistein altered NF-kB expression, increased OS sensi-
tivity to gemcitabine, and increased gemcitabine’s antitumor
effect. In summary, NF-«B is implicated in flavonoid anti-OS
tumor mechanisms and is critical to them in several ways.

Novel Treatment of OS with Flavonoids

Chemotherapy Combination Therapy

Currently, cisplatin chemotherapy remains an important treat-
ment for OS and can improve patient survival. However, cis-
platin monotherapy often causes various toxic effects in OS
patients, including ototoxicity, neurotoxicity, nephrotoxicity,
and hepatotoxicity. In addition, resistance to chemotherapy
also leads to poor responsiveness to conventional chemother-
apy in some patients with aggressive OS. Therefore, the
search for molecularly targeted drugs with tumor specificity
is a current research hotspot, and solving this problem is cru-
cial to improving the efficacy of chemotherapy. Quercetin is
one of the flavonoids that gives optimism for the current situ-
ation. Research has demonstrated that the coadministration of
flavonoids and chemotherapeutic medicines can enhance the
susceptibility of OS cells to these agents and magnify their
therapeutic impact. The combination of quercetin and cispla-
tin significantly increased the cytotoxicity of the drug and
promoted tumor cell death. Quercetin, when combined with
cisplatin, was found to enhance cytotoxicity in 143B cells,
increase sensitivity to cisplatin, and improve the effectiveness
of OS chemotherapy. The miR-217-KRAS signaling axis
may be involved in this process. When quercetin and metho-
trexate were given together to Saos-2 cells, the MTX IC50
value decreased from 13.7 to 8.45 ng/mL. Additionally, this
combination therapy increased the expression of tumor sup-
pressor genes, reduced the expression of antiapoptotic genes,
and increased the susceptibility of Saos-2 cells to MTX che-
motherapeutic agents. Furthermore, the combination of quer-
cetin and cisplatin accelerated the DNA damage and death of
Saos-2 cells, disrupted the DNA repair process, and encour-
aged the downregulation of miR-22 and DNA damage
response components such as P53, ATM, and ATR. Genistein
flavonoids are nontoxic flavonoids. Notably, genistein flavo-
noids also appear to have the same effect as quercetin.
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Genistein increased the chemosensitivity of OS to gem-
citabine. Additionally, the concomitant administration of
gemcitabine and genistein flavonoids increased the drug’s
inhibitory impact on tumor development, activated the AKT
pathway, and downregulated NF-«xB activity. Additionally, it
has been proposed that genistein increases the induction of
apoptosis by reversing the OS cells’ resistance to gemcitabine
(Sung & Aggarwal, 2022). Furthermore, lignans and cisplatin
work in concert, and combination treatment stops the growth
of OS cells and causes them to die by changing signaling and
causing mitochondrial dysfunction. When used alongside the
anticancer medication etoposide, another flavonoid called
fisetin raises the proportion of OS cells in the G2 and S phases
and lowers the proportion of cells in the G1 phase, resulting
in cell cycle arrest and more potent antiproliferative effects.
The combined use of hesperidin and the chemotherapeutic
drug etoposide showed a synergistic effect of inhibiting cell
growth, inducing G2 phase arrest in U20S cell lines with
higher cytotoxicity, and amplifying the chemotherapeutic
effect of etoposide. Alopecurone B was shown to have a con-
siderable inhibitory effect on resistance-associated proteins,
increasing the susceptibility of MG-63/DOX cells to other
standard chemotherapeutic drugs. The flavonoid glycoside
poncirin exhibits antitumor activity and has also been shown
to reverse cellular resistance to cisplatin and enhance cispla-
tin sensitivity in OS cells. DIOHF binds to DOX, resulting in
a reduction in the DOX dose, synergistically altering cell
cycle dynamics, and co-operatively exerting antiproliferative
effects in U20S cells. In conclusion, the combination of fla-
vonoids and chemotherapeutic agents delivers hope to OS
patients, and this combination therapy seems to be a rational,
novel, and promising new strategy for OS treatment.

Nanotherapy of Flavonoids

In recent years, nanomaterials have gradually become a hot
research topic in various industries. Nanomaterials are gradu-
ally becoming suitable carriers for optimizing conventional
drugs due to their good biocompatibility, degradability, and
release responsiveness. Currently, polymer nanoparticles,
carbon-based nanoparticles, and metallic nanomaterials are
involved in cancer treatment. The clinical application of quer-
cetin is limited due to its low water solubility and oral avail-
ability. Additionally, the hydrogen bonding between quercetin
and albumin causes low absorption and rapid metabolism of
quercetin in the body, further limiting its effects. Despite its
potent antitumor activity, researchers have attempted to
improve the target delivery efficiency of quercetin by lipo-
some encapsulation. It was shown that liposome-encapsu-
lated quercetin exhibited better antitumor effects, as reflected
by the reduction of tumor volume in vivo in xenografted OS
mice and the decrease of cell proliferation ability in vitro. In
a different study, quercetin’s anticancer activity was enhanced
by encapsulating it in small nanosystems made of polymers
like polylactic acid (PLA), polyethylene oxide (PEO), as well

as PLA/Q and PLA/PEO/Q, which significantly increased
oxidative stress, apoptosis, and OS cell cycle arrest. The com-
bination of the novel flavonoid compound silymarin with gra-
phene nanoplatforms enhanced anti-OS tumor activity with
decreased cell viability, and the graphene nanoplatforms did
not exhibit any cytotoxicity to normal cells even at high con-
centrations (1,000 pg/mL). The emergence of nanomaterials
can effectively compensate for the shortcomings of conven-
tional chemotherapy and other available therapies. The modi-
fication of nanomaterials often greatly improves drug
targeting, alters pharmacokinetics, transports the flavonoid
medication to the tumor cells, and prevents the medicine from
degrading, which raises the drug’s concentration in the body
and greatly improves drug efficacy. Therefore, exploring new
therapies based on nano-piggybacked flavonoids may bring
surprises to the clinical efficacy of the drugs and provide new
ideas and targets to overcome the deficiencies of conven-
tional chemotherapy in OS.

Potential Toxicity or Adverse Effects of Flavonoids
in the Treatment of OS

Flavonoids exert inhibitory effects on OS by inhibiting tumor
cell proliferation, inducing apoptosis, and regulating the cell
cycle. However, the anticancer effects of these compounds
may be accompanied by adverse reactions under certain con-
ditions. For example, dihydromyricetin has potentially toxic
effects on the liver and kidney at high concentrations. Studies
have shown that although these compounds exhibit signifi-
cant anticancer activity in vitro, they may trigger cytotoxic
reactions at high doses or for prolonged periods of time, espe-
cially in specific organs, such as the liver and kidneys,
increasing the risk of pharmacologic injury (Rao et al., 2017).
On the other hand, flavonoids exhibit some synergistic effects
when used in combination with conventional chemotherapeu-
tic agents such as paclitaxel, which can enhance drug efficacy
and mitigate the side effects of chemotherapy alone. However,
excessive use of flavonoids may also interfere with normal
cellular functions (Sharma & Khoshnood, 2022), leading to
cellular stress responses, mitochondrial dysfunction, and ele-
vated levels of oxidative stress, all of which may further trig-
ger cell death or tissue damage (Shin et al., 2020; Wang, Xie
etal., 2022; Wang, Zhai et al., 2022). In summary, despite the
broad promise of flavonoids in OS treatment, their potential
toxicity and adverse effects should also be considered. Future
studies need to evaluate these compounds’ long-term safety
and dose-dependent toxicity in greater depth to ensure their
efficacy and safety in clinical applications.

Conclusion

This review lists several widely studied flavonoid com-
pounds for the management of OS and focuses on the key
molecular mechanisms involved in the treatment of OS by
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flavonoids. Apart from this, we also discussed the combina-
tion of flavonoids and chemotherapy. Flavonoids can
decrease tolerance, increase the effectiveness of chemother-
apy, and increase the sensitivity of OS cells to chemother-
apy medicines. Although flavonoids show great potential in
the areas of anti-inflammatory, antioxidant, anticancer, and
neuroprotection, their translation from the laboratory to
clinical practice faces many challenges. First, flavonoids
have poor bioavailability and pharmacokinetics, with lim-
ited absorption after oral administration, rapid metabolism,
and easy elimination from the body. In addition, the dose
and efficacy of flavonoids are not easy to determine, and the
biological activity varies widely among different flavonoid
compounds, making it difficult to establish an optimal dos-
age in clinical practice. At high doses, their safety and toxic-
ity issues also need to be resolved, and long-term use may
cause hepatotoxicity, nephrotoxicity, and other side effects.
Meanwhile, there are difficulties in the standardization and
quality control of flavonoid extracts, with different sources
and extraction processes leading to large fluctuations in
chemical composition. In addition, regulatory and intellec-
tual property issues for flavonoids have hindered their large-
scale production and clinical application. Therefore, future
research must focus on developing new formulations to
improve bioavailability, optimize treatment protocols, and
establish quality control standards for flavonoid-based ther-
apies. By addressing these challenges, flavonoids have the
potential to become an important part of OS treatment in the
future.
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