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ARTICLE INFO ABSTRACT

Keywords: Despite years of development in cancer therapy, achieving successful cancer treatment remains a
Baicalein . major research topic. Primary means of cancer treatment include chemotherapy, radiotherapy,
Cancer prevention and surgery. However, these modalities are associated with limitations and adverse effects on
Chemopotentiation

normal tissues. Therefore, there is a search for novel therapeutic approaches that will increase the
Anti-metastatic efficacy of the available treatment while minimizing side effects. Naturally occurring bioactive
Tumor microenvironment chemicals such as flavonoids have long been used in traditional medicine to treat various ill-
Normal tissue toxicity nesses. Baicalein, an active ingredient in Scutellaria baicalensis Georgi, is utilised in traditional
Anti-angiogenic properties medicine to treat conditions such as hypertension, cardiovascular disease, inflammation, and
infections. This review focuses on summarizing the data available on cancer prevention and
treatment usage of baicalein. Baicalein is thought to prevent cancer progression by inducing
apoptosis, autophagy, and genome instability, and its ability to promote chemo-potentiation, anti-
metastatic effects, and regulate specific signalling molecules and transcription factors. Baicalein
can be a promising option for cancer treatment, either alone or in combination with established
anticancer drugs.

Anticancer properties

1. Introduction

Cancer, the leading cause of death worldwide, is a global concern. Although cancer-related deaths have declined, effective
treatment remains a challenge. While surgery, chemotherapy, and radiotherapy are still considered the gold standards for cancer
treatment, their adverse effects and lack of specificity have prompted researchers to look for alternative treatment strategies.
Chemotherapy prevents the division of continually proliferating cancer cells and can also affect normal cells, such as hair follicles,
bone marrow, and gastrointestinal tract cells, resulting in side effects [1]. In addition, cancer cell resistance to chemotherapeutic drugs
and agents is another obstacle to chemotherapy. Drug resistance can be inherent drug resistance, where resistance determinants are
already present in most tumour cells, whereas acquired drug resistance develops during treatment [2]. One of the explanations for
cancer cell resistance to chemotherapy and radiotherapy is the epithelial-mesenchymal transition (EMT), which enhances the
migratory potential of cancer cells and results in treatment resistance and invasion [3]. Drug resistance can also occur for various
reasons, such as drug efflux, decreased uptake, alterations in membrane lipids, and drug target mutations [4]. Therefore, learning more
about the mechanisms needed to develop strategies to address this issue is critical.
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There is a high demand for natural compounds and their derivatives that can effectively treat cancer. Considering the nature of
innovative treatment solutions with appropriate pharmacotoxicological properties may be advantageous [5]. Flavonoids are poly-
phenolic secondary metabolites found in abundance in fruits, vegetables, and vascular plants and have long been well-known for their
antioxidant properties [6]. The study of flavonoids for establishing anticancer drugs has recently attracted much attention [7,8].
Studies have suggested that dietary intake of flavonoids is correlated with a decreased risk of cancer incidence [9,10]. Baicalein (5,6,
7-trihydroxy flavone), the aglycone of the flavonoid baicalin, is obtained from the dried roots of the East Asian skullcap plant Scu-
tellaria baicalensis Georgi, as well as from Scutellaria lateriflora. The whole Scutellaria extract usually contains a combination of four
major flavonoids: baicalein, baicalin, wogonoside, and wogonin [11].

Baicalein, one of the four major flavonoids known as Huangqin in traditional Chinese medicine, is used to treat inflammation,
cardiovascular diseases, hypertension, atherosclerosis, the common cold, dysentery, and bacterial and viral infections [12,13]. Bai-
calein has already been proven to be a radical scavenger that acts as an antioxidant [14,15]; it can also reduce inflammation [16] and
act as an E2 prostaglandin inhibitor [17]. Baicalein has been shown to have multiple mechanisms of action that make it a promising
candidate for cancer prevention. Baicalein properties prevent cell proliferation, induce apoptosis, autophagy, cell cycle arrest, cancer
cell migration and invasion, and decrease angiogenesis [18,19]. Moreover, baicalein is a nonmutagenic and nongenotoxic compound
with good safety profiles and human pharmacokinetic properties [20]. Furthermore, some studies have suggested that baicalein has a
lower toxicity on normal cells than cancer cells, indicating some selectivity for cancer cells. Cancer cells often exhibit altered signalling
pathways and genetic mutations, increasing susceptibility to baicalein-induced apoptosis. On the other hand, normal cells may have
better mechanisms for repairing DNA damage and preventing apoptosis. However, some normal cells may also have mutations that
increase their vulnerability to baicalein-induced apoptosis [21]. In addition to cancer prevention and treatment, the current review
emphasises baicaleins’ synergistic potential with other chemotherapeutic agents, pharmacokinetics and bioavailability, safety profile,
and role in modifying the tumour microenvironment, including its anti-metastatic and anti-angiogenic properties, thereby offering a
comprehensive perspective that is currently lacking in the existing literature.

2. Baicalein in cancer prevention

In healthy individuals at risk of cancer, chemoprevention is carried out using natural, biological, or chemical agents to prevent
cancer or prevent the progression of carcinogenesis [22]. Because carcinogenesis involves multiple steps, chemopreventive agents
must also be administered for an extended period. Therefore, these chemicals must be nontoxic, relatively cheap, and amenable to oral
administration [23]. Plant-derived bioactive substances, such as chemopreventive agents, are gaining popularity due to their practical
advantages [24]. As a result, the market demand for new, potent, and less toxic phytochemicals has significantly increased [9].
Numerous studies have demonstrated an association between the consumption of phytochemicals and decreased cancer risk.

In cancer cells, baicalein has been shown to induce apoptosis, inhibit cancer cell proliferation, block cell cycle progression and
suppress cancer stem cells [25-27]. A 2002 study indicated that baicalein is a better chemopreventive drug for ER-positive breast
cancer than genistein because it is an antiestrogen and has a more significant apoptosis-inducing impact [28]. Dose-dependent de-
creases in the incidences of chemically induced azoxymethane (AOM) and dextran sulfate sodium (DSS) tumours were observed in
mice treated with baicalein, indicating that baicalein could be a potential choice for several targets for cancer chemoprevention [29].
Baicalein helps reduce the risk of breast cancer caused by 17-estradiol (E2) by stopping the growth, movement, and spread of cancer
cells. It does this by blocking two key E2-driven pathways, binding to both estrogen receptor-a (ERa) and G-protein coupled estrogen
receptor 30 (GPR30) [30].

In cancer, the ornithine decarboxylase (ODC) enzyme levels become unbalanced, enabling cancer cells to proliferate uncontrol-
lably. A study confirmed that baicalein could suppress the activity of the ODC enzyme and could, therefore, serve as a cancer che-
mopreventive agent [31]. In addition, baicalein pretreatment significantly inhibited, decreased and lengthened the latency period of 7,
12-dimethylbenz[a]anthracene (DMBA)/12-O-tetradecanoylphorbol-13-acetate (TPA)-induced mouse skin tumorigenesis by
restricting cell proliferation and enhancing apoptosis during the tumour promotion stage [32]. The same study indicated that the
inflammatory activity of baicalein correlated with its anticancer properties. Notably, in breast cancer cells, DNA adduct formation due
to DMBA is significantly reduced after treatment with baicalein due to the inhibition of CYP1A1 and CYP1B1 enzyme activities and
gene expression [33]. Chen et al. verified the chemopreventive properties of baicalein against ovarian cancer by demonstrating that it
can limit tumour cell viability by downregulating the expression of cancer-promoting genes such as HIF-1, cMyc, NFkB, and VEGF
[34]. This can occur through the reduction of oxidative stress, a process that can cause DNA damage and lead to the development of
cancer cells [29]. Baicalein has also been found to inhibit the activity of certain enzymes involved in the initiation and promotion of
cancer cells [35].

Baicalein has been shown to activate p53, a tumour suppressor protein that regulates cell growth and division [26]. A study
revealed that baicalein regulates the Nrf2/Keapl pathway via Keapl-dependent and Keapl-independent mechanisms to exert cyto-
protective effects and promote cancer chemoprevention [36]. In mice with benzo(a)pyrene (BaP)-induced pulmonary carcinogenesis,
baicalein treatment returned the lysosomal enzyme, phase I, and phase II biotransformation enzyme levels to normal. Baicalein
treatment also reduces oxidative damage and increases CYP1A1 expression induced by BaP [34]. Therefore, baicalein was determined
to regulate lysosomal and microsomal malfunctions to perform chemopreventive actions. Overall, baicalein holds great potential as a
natural and effective agent for cancer prevention. However, further studies on the potential of baicalein for preventing cancer
development in high-risk populations should be considered. Its multimodal mechanisms of action, including the induction of
apoptosis, autophagy, and genomic instability, as well as its chemopreventive properties, make it a promising option for reducing
cancer risk.
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3. Anticancer properties of baicalein

Developing a substance that eliminates tumour cells while leaving healthy tissues unaffected as much as possible is the greatest
obstacle in cancer research. Most already established anticancer medications have a constrained therapeutic window and a high dose-
response relationship. Moreover, even the most common types of cancer are still very challenging to treat effectively because targeted
anticancer therapies frequently result in adverse side effects or drug resistance. Thus, innovative anticancer medicines with increased
efficacy and decreased toxicity are urgently needed. Several reports indicate that baicalein is a potential anticancer agent. In cancer
cells, baicalein induces apoptosis and causes genomic instability, leading to death. The anticancer properties of baicalein are mediated
through various molecular mechanisms, including inhibition of MMP-2; regulation of cell cycle progression; scavenging of oxidative
radicals; attenuation of MAPK, Akt or mammalian target of the rapamycin (mTOR) activities; induction of apoptosis and autophagy;
inhibition of cancer stem cells; and activation of p53 [26].

3.1. Induction of apoptosis

Numerous pathological illnesses, including different malignancies, are caused by a slight malfunction of apoptosis in humans. The
development of cancer therapy strategies relies primarily on the induction of cancer cell apoptosis. As a result, apoptosis has emerged
as one of the most important molecular targets for new drugs, particularly for treating conditions such as cancer [37]. Antiapoptotic
genes are highly expressed in cancer cells, so suppressing antiapoptotic genes could be useful for treating various malignancies,
particularly aggressive ones [38].

In a study, after bladder cancer cells were treated with baicalein, the expression of antiapoptotic genes (Bcl2, Bcl-xL, XIAP, and
survivin) was reduced, and cell viability was decreased [38]. Baicalein caused an increase in the BAX/BCL-2 ratio, leading to apoptosis
in breast cancer cells [39] and thyroid cancer cells [8]. However, in follicular undifferentiated thyroid cancer (FRO) cells, baicalein
induced apoptosis by upregulating the expression of caspase-3 and caspase-8 and decreased the BCL-2/BAX ratio [16]. In FRO
anaplastic thyroid cancer (ATC) cells, baicalein increased the expression of Bcl-2 while reducing the expression of Bax, poly
(ADP-ribose) polymerase (PARP), cytochrome c, cleaved caspase-3, and Cox-2 [40]. Furthermore, in lung cancer cells, apoptosis was
induced through the downregulation of the Akt/mTOR signalling pathway [25]. In a different investigation, it was observed that
baicalein treatment promoted apoptosis in mice with U87 gliomas by downregulating PCNA expression, enhancing the expression of
caspase-3 and caspase-9 and improving the Bax/Bcl-2 ratio [41]. Another study revealed that baicalein initiated dose-dependent
apoptosis in pancreatic cancer cells by downregulating the expression of caspase-3 and BCL-2 while upregulating cleaved caspase-3
and Bax expression, leading to apoptosis [42]. Baicalein was also found to significantly stimulate the apoptosis of HCT116, A549,
and Panc-1 cells by upregulating DEPP/Gadd45a and activating MAPKs [43]. Therefore, baicalein promoted apoptosis, resulting in its
antitumour effect. In yet another study, baicalein treatment of lung cancer cells caused a collapse of the mitochondrial membrane
potential (MMP), an increase in ROS generation, and enhanced PARP, caspase 3, and caspase 9 cleavage, triggering apoptosis by

Table 1
Molecular mechanisms involved in baicalein-mediated apoptosis.
Type of cancer Type of Model Dosage of baicalein Pathway involved Reference
Study
Bladder cancer In vitro T24, 253J and J82 cell lines 0 and 5 mg/mL - [38]
Thyroid cancer In vitro MDA-T68 cells 0, 1.25, 2.5, 5, 10, NF-kB signalling [9]1
20, 40, 80, 160 and 320 uM
Thyroid cancer In vitro FRO cells 10 pM, 20 pM, 40 uM, 80 pM  ERK/PI3K/Akt [17]
Thyroid cancer In vitro FRO anaplastic thyroid cancer (ATC) cells 0, 10, 20, 50, and 100 pM ERK/p38 MAPK and [40]
Akt
Pancreatic In vitro CAPAN-2 cell line 0, 10, 20 and 40 pM - [42]
cancer
Colon cancer In vitro e HCT116, A549 and Panc-1 cell lines 0, 10, 20 and 40 pM JNK/ERK/p38 MAPK [43]
Gastric cancer In vitro AGS and HGC-27 cells 5-35 mg/ml for AGS cells JAK/STAT [45]
and 2-12 mg/ml for HGC-27
Liver cancer In vitro SMMC-7221 cell line 0,1,2,5,10, 20, 50, 100, PI3K/Akt signalling [48]
200, and 300 pM
Pancreatic In vitro Panc-1 cells 0, 50, and 100 pM - [49]
cancer
Breast cancer In vitro and MCF-7 and MDA-MB-231 cell lines; and Female 0, 10, 20, and 40 pM; and PI3K/AKT [39]
in vivo BALB/c nude mice (3-6 weeks old) 100 mg/kg
Cervical cancer In vitro End1/E6E7 cells and Hela cell line 0, 10 and 100 pM JAK/STAT [46]
Lung Cancer In vitro and H1299 and A549 NSCLC cells, and Lewis lung cancer 0, 10, 20, 30, 50, 100, 200 Glutamine-mTOR [471
in vivo cells; C57BL/6 mice (aged between 6 and 8 weeks) and 500 pM metabolic pathway
Lung cancer Invitroand  H1650 and H1299 cell lines; and Female BALB/c-nu 0, 50, and 100 pg/ml; and 20  Akt/mTOR Signalling [26]
in vivo mice mg/kg
Lung cancer Invitroand  A549, NCI-H1299, and LLC - cell lines; and Male 0, 80, 120 and 160 pM; and AMPK signalling [44]
in vivo C57BL/6 mice (5-6 weeks old) 50 and 100 mg/kg
Intracerebral In vivo Male athymic mice (10-week-old) and Fisher 344 (8- 0, 20 or 40 mg/kg HIF-1a/VEGF/ [41]

cancer

week-old) rats

VEGFR2
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initiating the mitochondrial apoptotic pathway [44]. In combination with other natural compounds, baicalein inhibited the JAK2/-
STAT3 pathway, thereby inducing apoptosis in gastric cancer cells [45]. Baicalein also induced cell apoptosis of cervical cancer cells
through upregulating miR-183 via inactivation of the JAK2/STAT3 signalling [46]. Moreover, baicalein induced apoptosis in lung
cancer cells by suppressing the glutamine-mTOR metabolic pathway. Interacting with glutamine transporters and glutaminase reduced
the activation of mTOR, a crucial regulator of cell growth and survival, which in turn drove the cancer cells to undergo apoptosis.
Baicalein also modified the amounts of amino acid metabolites, specifically those associated with glutamine, which confirmed its
function in disrupting metabolic pathways essential for tumor growth and proliferation [47].

Interestingly, baicalein treatment also suppressed the PI3K/Akt signalling pathway alone [39] or combined with LY294002, a PI3K
inhibitor [48]. Baicalein treatment modified the miRNA profile; it upregulated miR-139-3p, targeting NOB1, resulting in increased and
downregulated miRNA-targeted ING5 and preventing pancreatic cancer cells from undergoing programmed cell death, preventing the
spread of pancreatic cancer [49]. These studies provide insights into the molecular mechanisms involved in baicalein-mediated
apoptosis regulation to destroy cancer cells and provide evidence for baicalein as a potential anticancer drug (Table 1).

3.2. Induction of autophagy

Autophagy is a cellular process that maintains homeostasis, thereby controlling cell death, and can be a potential target in cancer
treatment [50]. Autophagy tends to have defensive functions in the early phases of tumour development. However, with cancer
progression, autophagy develops into a system of survival adaptation, allowing cancer cells to endure stressful, hypoxic, or starving
environments easily [51].

Treatment with baicalein caused an increase in the expression of autophagy-related proteins, such as light chain 3 (LC3), leading to
baicalein-induced autophagy in breast cancer cells [39]. In thyroid cancer cells, baicalein-induced autophagy is mediated by the NF-xB
(nuclear factor-xB) apoptotic signal, where a noticeable increase in the NF-xB autophagy factor occurred with increasing dose [8].
Baicalein treatment enhanced LC3-II protein expression in ovarian cancer cells and induced the accumulation of acidic vesicular
organelles. After administering baicalein and the autophagy inhibitor chloroquine, the cells were protected from baicalein-induced
autophagy by reducing cell viability and increasing PARP cleavage. Baicalein-induced autophagy by regulating Beclin-1 and the
extracellular signal-regulated kinase (ERK) pathway [52,53]. Another study demonstrated that baicalein induced autophagy in he-
patocellular carcinoma HepG2 cells by suppressing the protein kinase B (AKT)/mammalian target of the rapamycin (mTOR) pathway
[54]. In FRO cells, baicalein induced autophagy by upregulating the expression of autophagy-related proteins, such as Beclin-1, p62,
Atg5, and Atgl. In addition, it decreased the p-ERK/ERK and p-Akt/Akt ratios, thereby inhibiting the ERK and PI3K/Akt signalling
pathways [55]. The downstream components of the PI3K/AKT pathway that help in cancer progression are AKT, NF-kB, and mTOR.
Treatment with baicalein downregulated p-AKT, p-mTOR, NF-kB, and p-IxB expression while upregulating IxB expression. Moreover,
p-AKT and p-mTOR levels were reduced after breast cancer cells were treated with baicalein [39].

Another experiment revealed endoplasmic reticulum stress as the mechanism by which baicalein promotes autophagy in hepa-
tocellular carcinoma (HCC) cells. Additionally, baicalein-induced protective autophagy decreased only when the genes encoding the
autophagy regulators Atg5 and Beclin-1 were silenced using siRNA. These findings conclude that baicalein combined with autophagy
inhibitors may be a potential intervention for HCC [55]. By increasing the LC3-II/LC3-I ratio and P62 protein expression, baicalein
inhibited the PI3K/AKT signalling pathway and promoted autophagy in gastric cancer cells [56]. In a different study, baicalein
activated the AMPK/ULK1 pathway and prevented the expression of mTOR/Raptor complex 1, causing autophagic cell death in human
cancer cells. It enhanced autophagic flux and stimulated the production of autophagosomes, and this process was influenced by
Beclin-1, Vps34, Atg5, Atg7, and ULK1 [57].

In a dose-dependent manner, baicalein alone reduced the viability of multiple CRC (colorectal cancer) cell lines. However, viability

Table 2
Molecular mechanisms involved in baicalein-mediated autophagy.
Type of cancer Type of Model Dosage of baicalein Pathway Reference
Study involved
Thyroid cancer In vitro MDA-T68 thyroid cancer cells 0, 1.25, 2.5, 5, 10, NF-kB [9]
20, 40, 80, 160 and 320 M signalling
Thyroid cancer In vitro FRO cells 0, 10 pM, 20 pM, 40 pM, 80 pM ERK/PI3K/Akt [17]
Ovarian cancer In vitro Ovarian cancer HEY cells 0, 12.5, 25, and 50 pM ERK/PI3K/Akt [52]
Hepatocellular carcinoma In vitro SMMC-7721 and Bel-7402 cell lines 0, 25, 50, 100 and 200 pM UPR and JNK [55]
signalling
Gastric cancer In vitro MGC-803 cells 0, 5, 15, 25 and 50 pmol/L PI3K/AKT [56]
signalling
Adenocarcinoma, breast and In vitro PC-3, MDA-MB-231 and DU145 cell lines 0-10 pg/mL AMPK/ULK1 [57]
prostate cancer pathway
Colorectal Cancer In vitro Cell lines HT-29, COLO, HCT-116, LoVo, 0, 10, 20, 40, 80, and 160 pM Caspase 3 [58]
SW480, and SW620 pathway
Breast cancer In vitro and MCF-7 and MDA-MB-231 cell lines; and 0, 10, 20, and 40 uM; and 100 mg/ PIBK/AKT [39]
in vivo Female BALB/c nude mice (3-6 weeks kg pathway
old)
Colorectal cancer In vitro and CRC HT29 and DLD1 cell lines; and Balb/ 0, 10, 20, 30, 40, 50, 60, 80, 100 ERK signalling [53]

in vivo

¢ athymic nude mice (4- to 6-week-old)

and 120 pM; and 20 mg/kg/day
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was significantly decreased in two cell lines when baicalein was coupled with the autophagy inhibitor chloroquine, suggesting that
baicalein treatment accelerated the apoptotic cell death caused by autophagy suppression [58]. Overall, these studies suggested that
baicalein induced autophagy in various cancer cells, leading to cell death (Table 2). The induction of autophagy by baicalein is
mediated through different molecular mechanisms, including inhibiting the PI3K/AKT pathway and amplifying baicalein-induced
apoptosis.

3.3. Induction of genome instability

While the induction of genome instability may seem counterintuitive to cancer treatment, inducing genome instability can be an
effective strategy for killing cancer cells. DNA is a complex structure that often contains base-pair mismatches and insertions/deletions.
The MMR (DNA mismatch repair) pathway identifies and repairs these alterations, preserving genome stability. In MMR2252-
proficient cells, baicalein selectively bound to mismatched DNA and MMR protein MutSa, leading to the segregation of MutSa
from CHK2 (checkpoint kinase 2) and the activation of CHK2 by ATM, which allowed the elimination of DNA damage, promoting cell
survival. On the other hand, when MMR-deficient cancer cells were treated with baicalein, XPF caused double-strand breaks in
mismatched DNA, initiating cell death [59]. Securin is a protein that plays a role in sister chromatid segregation, spindle fibre for-
mation during the cell cycle, and maintenance of genomic stability during mitosis. In addition, securin inhibits the abnormal segre-
gation of chromosomes when spindle fibres are damaged. In bladder cancer cells, baicalein was determined to influence cell survival
and genomic stability through its effect on securin and by inhibiting the AKT pathway [60]. Notably, baicalin hydrate inhibited cancer
progression in nasopharyngeal carcinoma by affecting genome instability by activating IKKa [61]. Overall, the search results suggested
that baicalein-induced genome instability is not a well-studied topic, and additional research is needed to determine the effects of
baicalein on genome stability. Table 3 summarises the molecular mechanisms involved in baicalein-induced genome instability.

4. Other anticancer mechanisms

In addition to the mechanisms discussed above, baicalein has been shown to inhibit cancer through many other pathways. For
instance, in a 2019 study by Wang et al., baicalein inhibited gut inflammation and CRC progression in an Apc™™* mouse model.
Baicalein, produced when the intestinal microbiota of mice biotransforms baicalin, could reduce the number of tumours in the regions
of the intestine and colon in mice [62]. In a different investigation, baicalein suppressed melanoma cells in vitro and in vivo by
inhibiting tumour glucose metabolism regardless of N-RAS or B-RAF mutations [63]. In another study, breast tumour cells were
infected with the measles virus, and treatment with baicalein significantly increased cancer cell inhibition by accelerating apoptosis
[64]. These aspects could be exploited as therapeutic techniques to target breast cancer in the future. Additionally, by inducing DNA
damage and chromosomal abnormalities, baicalein can trigger cell death pathways that are selective for cancer cells. Studies have
indicated that baicalein has multitarget antitumour effects on various cancer types, including hepatocellular carcinoma and
triple-negative breast cancer (TNBC). It has been shown to promote antitumour immunity by suppressing PD-L1 expression in he-
patocellular carcinoma cells, thereby inhibiting tumour growth [65]. Another study has demonstrated that baicalein enhanced the
expression and stability of lysine-specific demethylase 4E (KDM4E), a protein that is reduced in TNBC cells, thereby inhibiting TNBC
progression. KDMA4E activated the expression of KDMA4E activated protein bicaudal D homolog 1 (BICD1), subsequently promoting the
endocytosis of protease-activated receptor-1 (PAR1) and blocking its signalling. These findings suggested that targeting the
KDMA4E-BICD1-PAR1 pathway could provide a novel therapeutic strategy for managing TNBC [66]. Moreover, baicalein has proven to
significantly enhance radiosensitivity in CRC by inhibiting the JAK2/STAT3 signalling pathway. In both in vitro and in vivo experi-
ments, baicalein treatment led to increased apoptosis in tumor tissues and improved the effectiveness of ionizing radiation (IR) on
radioresistant CRC cells (CT26-R). Additionally, the expression levels of key proteins associated with the JAK2/STAT3 pathway, such
as p-STAT3 and JAK2, were downregulated. In contrast, SOCS3 expression was upregulated, indicating that the observed radio-
sensitizing effects are mediated through this pathway [67]. In a recent study, baicalein was also found to cause ferroptosis in CRC cells
by obstructing the JAK2/STAT3/GPX4 signalling pathway. Baicalein was shown to have a dose-dependent effect on the viability of
CRC lines HCT116 and DLD1, and the anti-cancer activity of baicalein was confirmed by the fact that this effect decreased when an
inhibitor of ferroptosis was co-treated. Furthermore, baicalein’s direct interaction with JAK2 lowered GPX4 expression, a critical
regulator of ferroptosis, as demonstrated in a CRC xenograft mice model in which baicalein treatment slowed tumour development
despite producing considerable ferroptosis in tumour tissues [68]. However, further research is needed to explore the full potential of
baicalein and its possible use in combination with established anticancer drugs.

Table 3
Molecular mechanisms involved in baicalein-induced genome instability.
Type of cancer Type of Model Dosage of baicalein Pathway involved Reference
Study
Bladder carcinoma, lung adenocarcinoma, In vitro BFTC9050, A549, RKO, HeLa 0, 10-80 pM AKT and y-H2AX [60]
colon carcinoma and cervical cancer cells pathways
General Invitro and HEC59, HEC59-2, LoVo and HeLa 0-500 pmol/L DNA mismatch repair [59]
in vivo cells; and nude mice (MMR) pathway
Nasopharyngeal carcinoma Invitroand  C666-1 cells and HK1 cells; and 19.38 pM and 31.22 - [61]
in vivo Female nude mice (5-weeks-old) pM; and 10 mg/kg
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5. Anti-metastatic properties

Metastasis is a multistep process in which cancer cells escape from the primary tumour site, penetrate surrounding tissues, reach
new organs via circulatory vessels, and eventually form a secondary tumour. The aggressiveness of metastatic tumours is the leading
cause of cancer-related death. The trans-differentiation of stationary epithelial cells into motile mesenchymal cells occurs through the
acquisition of invasive ability and the depletion of tight junctions; EMT is a crucial step in cancer metastasis [69]. In CRC cells,
baicalein treatment decreased the expression of EMT-promoting factors such as vimentin, Twistl, and Snail while increasing the
expression of E-cadherin [69]. Several other investigations support the idea that baicalein inhibits EMT through its antimetastatic
effects. Similarly, baicalein could hinder fibronectin-induced EMT and prevent metastasis by inhibiting calpain-2, an EMT-promoting
protease, in breast cancer cells and cancer mouse models [70]. Moreover, in non-small cell lung cancer (NSCLC) cells, baicalein limited
EMT by silencing the Notch signalling pathway, an EMT-inducing signalling pathway [71].

Ezrin is a membrane-cytoskeleton linker protein that promotes tumour invasion and metastasis. Like that of ezrin, even the S-
nitrosylation (SNO) process controls tumour activities that lead to metastasis. Inducible nitric oxide synthase (iNOS) is a primary
endogenous NO source that leads to SNO in the tumour microenvironment. It increases ezrin SNO levels and causes an increase in ezrin
tension, which eventually induces tumour invasion and metastasis. However, baicalein treatment reduced tumour aggressiveness by
decreasing ezrin tension post-treatment [72]. Moreover, baicalein was shown to inhibit metastasis in prostate cancer cells (DU145 and
PC-3) by inhibiting the caveolin-1/Akt/mTOR pathway [73]. These results indicated that baicalein could cause apoptosis and limit
metastasis by suppressing the caveolin-1/AKT/mTOR pathway. Additionally, baicalein treatment was found to effectively suppress the
migration and invasion of breast cancer cells (MDA-MB-231) by downregulating SATB1, as well as the Wnt/p-catenin and MAPK
signalling pathways [74,75]. In the case of gastric cancer cells (AGS), baicalein inhibited migration and invasion by suppressing the
TGF-B/Smad4 signalling pathway [76]. Baicalein inhibited the generation of interleukin IL-6 and suppressed in vivo and in vitro po-
tential of breast cancer cells to metastasise via inhibition of Janus kinase (JAK)/signal transducer and activator of transcription (STAT)
pathway [77]. Further, GCXXD, a combination of six Chinese herbs, including baicalein, inhibited the JAK2/STAT3 pathway, thereby

vivo

Table 4
Antimetastatic properties of baicalein mediated through different molecular mechanisms.
Type of cancer Type of Model Dosage of baicalein Pathway Reference
Study involved
Non-small cell lung In vitro A549 and H1299 cell lines 0, 20, 40, 60, 80, and 100 pM/  Notch [71]
cancer cell L signalling
Prostate cancer (PCa) In vitro PCa cell lines 20 and 40 pM Caveolin-1/ [73]
AKT/mTOR
Breast cancer In vitro MDA-MB-231 cells 0, 2, 10 and 50 pM MAPK [75]
signalling
Gastric cancer In vitro AGS cell line 0, 25 or 50 M TGF- [76]
signalling
Gastric cancer In vitro AGS and HGC-27 cells 5-35 mg/ml for AGS cells and JAK/STAT [45]
2-12 mg/ml for HGC-27
Colorectal cancer In vitro HT29 and DLD1 cell lines 0, 10, 20, 30, 40, 50, 60, 80, ERK signalling [53]
100 and 120 uM
Colorectal cancer In vitro DLD-1 colorectal carcinoma cell line 0-120 pM KT signalling [79]
General In vitro Human umbilical vein endothelial cells (HUVECs) 0,0.5,1,2,5,10, 20, 50, 100, p53/Rb [81]
200, 400 or 800 pmol/L signalling
Nasopharyngeal In vitro HK-1, SUNE 5-8F, SUNE 6-10B, and TWO1 cells 0, 10, 20, 30, 40, 50, 60, 70 PI3K/Akt [82]
Carcinoma and 80 pM
Breast cancer In vitro MCF-10A cell line; and Female MMTV-PyMT transgenic 0, 2.5, 5, and 10 pM; and 30 - [70]
and in mice (about three weeks old) mg/kg
vivo
Breast cancer In vitro MCF-7 and MDA-MB-231 cell lines 0, 10, 20, and 40 pM; and 100 PI3K/AKT [39]
and in mg/kg signalling
vivo
Breast cancer In vitro MCF-7/ADR cells; and Kunming mice (4-6 weeks old) Baicalein/Doxycyclineina 2/ - [78]
and in 1 ratio
vivo
Breast cancer In vitro Immortalized mammary epithelial cells (MCF-10A) 0, 10, 20, 40, 60, 80, 100, and SATB1 and [74]
and in cells; MCF7, SKBR3, and MDA-MB-231 cell lines; and 120 pmol/L; and 50 or 100 ‘Wnt/f-catenin
vivo nude mice mg/kg
Colorectal cancer In vitro HT29 and DLD1 cell lines; and male Sprague-Dawley 0, 20, 30, 40, 60, 80, 100 and - [69]
and in rats (age, 8 weeks) 120 pmol/l; and 4.5 g/kg
vivo
Bladder cancer In vitro Human bladder papillary transitional cell carcinoma 0, 25, 50, 75 and 100 pM; and ~ GSK3p [80]
and in 5637 cells and mouse bladder carcinoma MB49 cells; 0.8 mg/mouse pathway
vivo and female C57BL/6 mice (5-6 weeks)
Breast cancer In vitro Murine cell line 4T1 and human cell line MDA-MB-231; 0, 10 and 100 pM; and 10 pM JAK/STAT [771
and in and BALB/c mice (6-week old) pathway
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inhibiting proliferation, invasion and migration [45].

It is known that metastasis results from the breakdown of the extracellular matrix (ECM) promoted by matrix metalloproteinases
(MMPs), specifically MMP-2 and MMP-9. The ERK signalling pathway synthesizes these MMPs, and this upregulation results in
metastasis. Baicalein inhibited metastasis by downregulating MMP-2/-9 expression [78]. However, the antimetastatic effects were
synergistically enhanced when CRC cells were treated with baicalein and an ERK inhibitor [53]. Similarly, baicalein treatment sup-
pressed invasion by downregulating MMP-2/9 expression through the blockade of the AKT signalling pathway [79,80]. Several studies
have demonstrated that baicalein can suppress the expression of proteins involved in the promotion of metastasis, such as PI3K/AKT
signalling pathway proteins [39] and VEGF, which promote the growth of new blood vessels and are essential for cancer cells to
establish new tumours in other parts of the body [81]. Through these experiments, the pathways through which baicalein targets
prevent/inhibits cancer progression are known. These studies thereby confirmed the antimetastatic properties of baicalein. Baicalein
inhibited the metastatic phenotypes of cancer cells by modulating the expression of the focal adhesion pathway molecule integrin 8
[82]. These studies suggested that baicalein possesses antimetastatic properties and can be a potential therapeutic agent for preventing
and treating cancer metastasis. The antimetastatic properties of baicalein are mediated through different molecular mechanisms,
including inhibiting the expression of MMP-2 and focal adhesion pathways (Table 4).

6. Chemopotentiation properties

High doses of chemotherapeutics during cancer treatment give rise to many unwanted side effects. This has drawn the attention of
researchers toward combination therapy with drugs. The combined use of anticancer drugs and natural compounds has gained
popularity for subduing drug resistance and lowering treatment side effects [83,84]. The use of baicalein as an adjuvant for cancer
chemotherapy and targeted therapy has been actively investigated and reported in several studies.

Baicalein has been found to enhance the cytotoxicity and bioavailability of certain cancer therapy drugs when combined [85].

vivo

(4 and 6 weeks old)

Table 5
Synergistic effects of baicalein with other anti-cancer drugs.
Type of cancer Type Model Dosage of baicalein Synergistic Drug delivery Pathway Reference
of compound mechanism involved
Study
Anaplastic thyroid In vitro Human ATC cell line 8505¢ 0, 10, 20, 50, and Docetaxel - ERK and Akt/ [83]
cancer cells bearing the p53 gene 100 pM mTOR
mutation pathway
Hepatocellular In vitro HepG2 and Chang liver 0, 25, 50, and 100 Silymarin - - [86]
carcinoma cells EM
Childhood acute In vitro CCRF-CEM cell line 0, 25, 50, and 100 Vincristine - Caspase-9 [88]
lymphoblastic M and caspase-
leukemia 3 pathway
Breast cancer In vitro Human breast cancer MCF- 0, 25, 50, 75, 100, Baicalin - ERK/p38 [92]
7 and MDA-MB-231 cells 150 200, and 400 MAPK
pmol/L pathway
Pancreatic cancer In vitro Human pancreatic cell line 0 and 10 pM Gemcitabine - caspase 3/ [90]
PANC-1, MIA PaCa-2 and PARP
HPAF-II signalling
pathway
Non-small cell In vitro A549 cell lines; and BALB/ 0, 0.01-10 pM Docetaxel pH-sensitive - [21]
lung cancer and in ¢ nude mice transferrin-PEG-Hz-
vivo lipid conjugate
Lung cancer In vitro A549 cells and drug- 0.1g; and 50 mg/kg  Paclitaxel Self-assembled - [87]
and in resistant lung cancer nanoparticles
vivo A549/PTX cells and
Kunming mice (4-6 weeks
old)
Breast cancer In vitro MCF-7/ADR cells; and Baicalein/ Doxorubicin Hyaluronic acid - [78]
and in Kunming mice (4-6 weeks Doxorubicin = 2/1, decorated
vivo old) (w/w) nanostructured lipid
carriers
Cervical and In vitro BGC823, MCF7 and 0 and 15.625 pM; 10-hydroxy - - [89]
breast cancer and in SMMC7721 cells; and and 5 mg/kg camptothecin
vivo Adult female 4-5 week old
athymic nude mice
Breast cancer In vitro Human breast cancer cell Paclitaxel/ Paclitaxel Nanoemulsions - [91]
and in line MCF-7 and its Taxol- Baicalein = 10/1, (through endocytosis
vivo resistant cell line MCF-7/ 5/1,2/1,1/1,1/2, pathway)
Tax; and Female Balb/C 1/5, and 1/10 ratio
nude mice (6-8 weeks old)
Cervical cancer Invitro SiHa and C33A cells; 2, 4,8, 16,32, 64 Cisplatin - Akt pathway [93]
and in BALB/c female nude mice M
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When docetaxel was used in combination with baicalein, the combination of docetaxel and sorafenib synergistically enhanced the
expression of Bax and caspase-3 while downregulating BCL-2 and reduced the expression of the metastatic proteins VEGF, TGF-f,
E-cadherin, and N-cadherin in ATC cells [83]. Lipid-based nanoparticle systems for co-delivering docetaxel and baicalein in combi-
nation with lung cancer chemotherapy have shown promising results [21].

The combination of baicalein with silymarin differentially decreased the viability of HepG2 cells, enhanced the proportion of cells
in the GO/G1 phase, upregulated tumour suppressors such as Rb and p53 and CDK inhibitors, and downregulated cyclin D1, cyclin E,
CDK4, and phospho-Rb [86]. A study has also shown that using nanoparticles to carry a combination of baicalein and paclitaxel
prodrugs could enhance the anticancer effects of paclitaxel while overcoming its multidrug resistance [87]. The codelivery of baicalein
and doxorubicin using hyaluronic acid (HA)-decorated nanostructured lipid carriers (NLCs) induced the highest cytotoxicity and
synergistic effect on breast cancer cells [78]. Furthermore, baicalein enhanced the antileukemic effects of vincristine. This is signif-
icant, as vincristine can be neurotoxic at large dosages [88].

Combined treatment with camptothecin and baicalein-induced apoptosis via intrinsic pathways employed p21 to apprehend the
cell cycle in the G1 and G2 phases and caused a fivefold increase in p53 [89]. The combination of baicalein with gemcitabine
significantly enhanced the ability of gemcitabine to inhibit pancreatic cancer cell proliferation and decrease pancreatic cancer cell
migration [90]. To overcome multidrug resistance (MDR) in breast cancer, paclitaxel and baicalein were encapsulated in nano-
emulsions that could accumulate in cancer cells, increase ROS, decrease glutathione, and boost caspase-3 activity [91]. Overall, these
studies indicated that combination therapy of baicalein with existing cytotoxic/chemotherapy drugs could be a possible way to
enhance tumours by synergistic effects, overcome multidrug resistance, and reduce the drug dose, resulting in less normal tissue
toxicity.

By inhibiting P-glycoprotein (P-gp), baicalein can increase the accumulation of chemotherapeutic drugs within cancer cells [21].
Baicalein can also enhance the sensitivity of cancer cells to drugs by modulating various signalling pathways involved in cell growth,
proliferation, and survival. For example, baicalein has been found to activate the extracellular signal-regulated kinase (ERK) pathway,
which can sensitize cancer cells to the effects of chemotherapy [92]. According to another 2024 study by Jin et al., baicalein improved
cisplatin sensitivity in cervical cancer cells by increasing cuproptosis via the Akt signalling pathway. The study showed that treatment
with baicalein raised intracellular copper levels, which triggered cuproptosis, while also blocking the Akt pathway, which is implicated
in drug resistance in cancer cells. Because of its dual effects, baicalein may prove to be a useful adjuvant medication to enhance the
efficacy of cisplatin in the management of cervical cancer [93]. When combined with these drugs, baicalein can enhance anticancer
effects, potentially by reducing the required doses and minimizing adverse side effects. The synergistic effect of baicalein with other
anti-cancer drugs has been summarized in Table 5.

Bax,BCL-2, Caspase-3, Caspase-8,
P13K, Akt, Bcl-xl, XIAP, Survivin,
PARP, Bak, Cytochrome c, Aif.
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Fig. 1. Mechanisms of baicalein-induced tumour cell death.
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7. Preventing adverse reactions induced by cancer treatment

Anticancer drugs and radiation effectively inhibit cell proliferation and induce cytotoxicity in cancer cells. However, because of a
lack of specificity, this treatment often results in toxicity to normal tissues. Therefore, there is a search for compounds that can
attenuate damage to normal tissues and provide radio/chemoprotection [94-96]. Inflammation and oxidative stress are major con-
tributors to the adverse reactions induced by cancer treatment. Baicalein has been shown to have anti-inflammatory, antioxidant, and
antitumour effects and may help prevent or reduce some of these adverse reactions. In mice, baicalein reversed the inflammatory
response induced by X-ray irradiation via downregulation of the NF-kB pathway and inactivation of its associated proinflammatory
genes; it also increased the enzymatic activity of catalase and SOD, which are crucial for preventing the acceleration of the inflam-
matory response after IR [97]. Similarly, in an IR-induced mouse enteritis model, baicalein treatment attenuated intestinal injury and
facilitated the recovery of the intestinal barrier, crypt regeneration, and regulation of inflammation [98].

Chemical chemotherapeutic drug administration for treating cancer has limitations because of the damage it causes to normal
tissues [99]. For instance, cisplatin, an anticancer drug, is known to cause acute renal failure as a significant side effect despite having
antineoplastic benefits [15]. A study revealed that baicalein treatment reduced kidney damage and dysfunction caused by
cisplatin-induced oxidative stress, apoptosis, and inflammation. In brief, this process is accomplished by downregulating the MAPK
and NF-«kB signalling pathways and strengthening antioxidant defence mechanisms [15]. Similarly, the clinical use of doxorubicin is
limited despite its favourable pharmacological characteristics because it induces cardiotoxicity, which may eventually lead to
congestive heart failure and degenerative cardiomyopathy [96]. In an in vivo mouse model, baicalein treatment of
doxorubicin-induced injured cardiac tissues reduced cardiac damage by restoring myocardial enzymes and nonenzymatic antioxi-
dants, decreasing the expression of NF-kB signalling and intrinsic pathway [15].

A recent study reported that baicalein could induce ferroptosis cell death in bladder cancer cells via ROS and accumulation of the
intracellular chelator iron, and this phenomenon was associated with the downregulation of ferritin heavy chain 1 (FTH1) [100].
Studies have shown that baicalein enhanced the immune response and possibly helped to reduce the risk of infections and other
adverse reactions induced by cancer treatment. During chemotherapy, baicalein could protect the liver by reducing inflammation and
oxidative stress and enhancing liver function [101]. The overall mechanisms by which baicalein inhibits tumour progression are
summarized in Fig. 1.

8. Anti-angiogenic properties

Blood vessels near malignant cells provide them with the nourishment and oxygen they need to proliferate. During angiogenesis,
which occurs when pro-angiogenic molecules exceed VEGF-A is crucial in regulating aberrant blood vessel creation [102]. While
vascular sprouting is controlled by Notch signalling, platelet-derived growth factor (PDGF) aids in vascular maturation. Additionally,
matrix metalloproteinases facilitate angiogenesis by breaking down the basement membrane. By using transmembrane receptors to
activate downstream signalling pathways, these compounds promote gene expression and endothelial cell survival, proliferation, and
angiogenesis [103]. Plant-based medicines have long been utilised in traditional medicine due to their proven anti-inflammatory,
anti-allergic, and anti-infective qualities also modulate angiogenesis [104].

In a study, baicalein significantly suppressed tube formation and cell migration in HUVECs, reducing proliferation and migration
and inducing tumour cell death via caspase-3 activation in BI6F10 and LLC cells. Additionally, baicalein significantly decreased the
expression of the CD31 endothelial cell marker and the mural cell marker a-SMA in the tumours of the baicalein-treated groups,
suggesting that baicalein inhibits tumour angiogenesis by hindering the development of the tumour vasculature. These results were
demonstrated in mouse models, which also showed that baicalein reduced the tumour volume and significantly reduced the tumour
growth rate in the early stages of tumour progression [105]. In lung cancer, baicalein significantly downregulated the expression of the
angiogenesis-related protein VEGF-A [106].

An investigation into a novel derivative of baicalein in transgenic zebrafish models revealed that the anti-angiogenic properties
came from preventing the formation of new blood vessels rather than from damaging pre-existing vasculature. Furthermore, while
exhibiting extremely low toxicity, this compound inhibited HUVEC migration, proliferation, and tube formation in a dose-dependent
manner in vitro [107]. The FAK knockdown reduced the microtubule-forming capacity of HUVEC cells, and baicalein was noted to

Table 6
Role of baicalein in mediating tumor angiogenesis.
Type of cancer Type of Model Dosage of baicalein Pathway involved Reference
Study
General In vitro and B16F10 cells, Lewis lung carcinoma (LLC) cells, and 0,1,10,100 and 200 pM; and - [105]
in vivo HUVEGCs; and pathogen-free C57BL/6 mice 1.5 mg/kg
Non-Small Cell In vivo Balb/c male thymic nude mice (6-week-old) 40 mg/kg Src/1d1 signalling [106]
Lung Cancer
Lung cancer In vitro and A549 and HUVECs cell lines; transgenic zebrafish 0,1,4,5,8, 10, 25, 50 and - [107]
in vivo model 100 pM; and 1-2.5 pM
Gastric cancer In vitro and Cell lines HGC-27, SGC-7901, MGC-803 and BGC- 0, 5, 15, 25 and 50 pmol/l; miR-7/FAK/AKT [108]
in vivo 823. and 50 mg/kg signalling

4-6-week-old BALB/c nude female mice
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inhibit this tube-forming capacity in both FAK knockdown and overexpressed cells. Moreover, VEGF, MMP-2 and MMP-9 expression
was suppressed following baicalein treatment, indicating that baicalein inhibited gastric cancer angiogenesis by regulating FAK [108].
The mechanisms by which baicalein regulates tumour angiogenesis are summarized in Table 6.

9. Bioavailability, pharmacokinetics and toxicity

The main reason hindering the pharmaceutical applications of baicalein is its low extractable quantity from the herbal extract, low
aqueous solubility, and low bioavailability. Additionally, the acid hydrolysis method that is used for the biotransformation of baicalin
to baicalein is expensive and can cause environmental contamination, which is why there is a need for techniques that can improve the
bioavailability of baicalein [46]. Additionally, due to the lesser aqueous solubility of baicalein than its parent drug baicalin, developing
relevant delivery systems can enhance their bioavailability and efficacy is needed [109]. Studies have used several methods to enhance
the bioavailability of baicalein. For instance, one approach particularly explored the development and application of sele-
nium-baicalein nanoparticles as a targeted therapeutic strategy for NSCLC. This strategy significantly improves the bioavailability of
baicalein through several mechanisms. First, the nanoparticles enhance solubility and stability, allowing for better absorption in
biological systems compared to free baicalein, which has low water solubility. Second, incorporating selenium facilitated cellular
uptake via endocytosis, enabling more effective delivery to target cancer cells. Finally, the nanoparticles’ small size and surface
modifications promote interaction with cellular membranes, further enhancing bioavailability and therapeutic efficacy against NSCLC
[110].

Further, baicalein could easily transfer from the apical to the basolateral side of the intestinal epithelia because of its increased
lipophilicity, low molecular weight, and absence of transporters. After entering the bloodstream, baicalein undergoes further meta-
bolism to produce the glucuronidated, sulfated, methylated, and dehydroxylated forms. Hepatic veins allow baicalin and other me-
tabolites from the liver to enter the bloodstream. Baicalein also experienced significant first-pass metabolism in the liver and gut,
primarily as sulfation and glucuronidation [111]. Conjugated metabolism is the main metabolic pathway for baicalein [112,113].
Multidrug resistance-associated protein 2 (MRP2) excretes some baicalin and other conjugates into the liver’s bile duct, where they are
either eliminated in faeces in their various conjugated forms or enter the enterohepatic circulation. Urine excretes a small portion of
the blood’s baicalin conjugates [114]. A study investigating the pharmacokinetics of a Mannich base derivative of baicalein in
monkeys showed that the compound was relatively extensively dispersed in body fluids and did not exhibit any selectivity to tissues.
Additionally, it showed outstanding druggability for injectable or oral administration and was able to cross the blood-brain barrier
[115]. Overall, baicalein exhibits potential as cancer therapeutic despite these obstacles, and advancements in its pharmacokinetics
may make it easier to go from laboratory studies to clinical application [116].

Furthermore, some studies have suggested that baicalein has a lower toxicity on normal cells than cancer cells, indicating some
selectivity for cancer cells [22]. For instance, while doxorubicin and hyaluronic acid-baicalein loaded nanostructured lipid carriers
demonstrated good co-delivery of the two drugs, suggesting their anti-tumor actions in vivo and in vitro, this approach showed no signs
of systemic toxicity [78]. Additionally, baicalein’s increase in antioxidant enzymes, inhibition of lipid peroxidation, reduction of
inflammatory cytokines, and regulation of the apoptosis pathway contributed to its protective actions against chemical toxicants
[117].

10. Conclusion and future Directions

Baicalein primarily exerts its anticancer effects by triggering apoptosis, autophagy, or genomic instability. Additionally, these
agents can be used in combination therapy with conventional anticancer medications to synergistically enhance their anticancer ef-
fects while reducing the dosages that would otherwise be necessary. Nanotechnology-mediated codelivery of baicalein and anticancer
drug combinations was also beneficial. Baicalein alone also functions as a chemopreventive drug, decreasing the likelihood of
acquiring cancer by altering the early stages of tumour progression. Furthermore, baicalein has been shown to regulate angiogenesis
and EMT processes, prohibiting metastasis. Baicalein was also used to minimize the damage caused by chemotherapy and radiation in
normal tissue. Its anticancer effects via the induction of ferroptotic cancer death were further studied. Moreover, baicalin and baicalein
have shown promising safety and tolerance in humans.

Future studies should focus on the several limitations in baicalein research. Its anticancer effects have mostly been examined in
cellular and animal models, demanding future research using more realistic systems such as patient-derived tumour organoids and
xenografts. Baicalein’s tendency to establish intramolecular hydrogen bonds results in limited hydrophilicity and bioavailability,
encouraging research into improved drug delivery technologies, such as nanoparticles, to improve absorption. Safety evaluations are
particularly essential since, although the majority of research shows negligible harm to normal cells, one study suggested possible
hepatotoxicity in vivo. Also, improved extraction methods to isolate a good amount of baicalein are required. Ultimately, clinical
research is necessary to assess the usefulness of baicalein in the treatment of cancer. Further, research should focus on determining the
optimal baicalein dose to achieve the maximum therapeutic effect while minimizing potential side effects, the molecular mechanism of
baicalein action, and combination therapy with radiotherapy and immunotherapy.
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