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ABSTRACT: The liver is the largest digestive gland and the core metabolic hub of the human body. Diverse 

infectious or noninfectious factors can increase the susceptibility of the global population to acute and chronic liver 

diseases by disrupting the hepatic immune niche. According to statistics, more than 2 million people die from liver 

diseases each year, and more than 50% of the deaths related to chronic liver disease, liver cirrhosis, and liver cancer 

mainly originate from the Asia-Pacific region. These staggering figures validate the necessity of developing 

hepatoprotective agents. Given the cost-effectiveness and multi-target benefits of plant-derived bioactive compounds, 

natural compounds and their potential derivatives may serve as effective alternative drugs targeting diverse benign and 

cancerous liver lesions. Among these compounds, biochanin A (BCA), a natural phytoestrogen, is also an isoflavone 

of food origin with anti-inflammatory and antioxidant properties. It exhibits remarkable pharmacological benefits in 

alleviating hepatocellular carcinoma, drug-induced liver injury/hepatotoxicity, liver fibrosis, and metabolic 

dysfunction–associated steatotic liver disease by virtue of its regulatory effects on the cell cycle, apoptosis, autophagy, 

and glycolipid metabolism. However, BCA has poor bioavailability, and the quality of various dietary supplements 

containing BCA on the market is inconsistent. Therefore, focusing on the chemical conformation of natural products 

and application of drug development technology will lay a foundation for the development of clinical hepatoprotective 

agents and related functional foods. 
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1. Introduction 

The liver, as a key detoxification and digestive organ in vertebrates, regulates various life activities, 

such as drug and cholesterol metabolism, gluconeogenesis, glycogen storage, and red blood cell 

disintegration. It participates in the synthesis of plasma proteins, hormones, and bile acids and recruitment of 

immune cells[1,2]. Genetic predisposition, virus intervention, and carcinogenic factors are inducing factors 

that aggravate the deterioration of liver diseases into end-stage organ failure. This situation has caused liver 

diseases to rank 11th among the top causes of death worldwide. Viral hepatitis, hepatocellular carcinoma 

(HCC), and liver cirrhosis complications are the main causes of death from liver diseases[3–5]. Therefore, 

prioritizing the development of hepatoprotective agents is necessary to meet the health management needs of 

metabolic diseases. The application prospects of natural products in the field of hepatology should receive 
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further attention considering that worldwide, approximately 30% of clinical medications originate from 

natural bioactive substances; single-target drugs often cannot effectively alleviate the progression of liver 

diseases, which are regulated by multiple signaling molecules; and naturally derived plant compounds 

exhibit multi-target therapeutic benefits, and therapeutic potential based on the multi-mechanistic targeting of 

the expression changes of multiple genes[6]. Biochanin A (BCA) is the most abundant isoflavone in 

chickpea (Cicer arietinum L.), with its content reaching as high as 15–150 mg[7]. Therefore, BCA, as a 

plant-derived isoflavone and functional phytoestrogen, has a high degree of accessibility and can be 

indirectly supplemented by the daily diet without the need to deliberately obtain it through prescription 

drugs. In addition, considering that the food-derived compound BCA can bind DNA or proteins, act as an 

agonist or antagonist of multiple receptors and as a competitive substrate of some enzymes, and exhibit low 

biotoxicity with good bioactivity, it may become a safe hepatoprotective agent and a functional dietary 

supplement ingredient[7,8]. This food-derived compound, which has pharmacological activity and 

nutritional value, reflects the concept of food and medicine homology[9]. The low toxicity of its main 

functional components in safety evaluations ensures the feasibility of long-term intervention. Moreover, the 

food and medicine homology therapy is adaptable throughout the entire intervention cycle. It integrates 

dietary prevention and drug treatment and provides nutritional support during recovery[10]. 

The liver is abundant in enzyme systems. Although its special anatomical location and hemodynamics 

provide the necessary metabolic sites for exogenous substances, they also provide a pathological basis for 

the accumulation of various toxic compounds and thus trigger hepatotoxicity[11]. Hepatotoxins may further 

attack proteins, lipids, and nucleic acids, thereby increasing serum liver enzyme content and inducing 

inflammatory infiltration, lipid and protein peroxidation, and DNA damage. This situation is a potential 

factor driving the progressive deterioration of liver and bile duct function into irreversible and even fatal 

damage[12]. Although the research and development of hepatoprotective drugs have been prioritized to 

restore hepatic homeostasis, the healthcare expenditures related to chronic liver disease have exceeded $32 

billion, undoubtedly increasing the socioeconomic burden[13,14]. Given that approximately 200,000 

plant-derived secondary metabolites have been developed, focusing on the medicinal value of natural 

products extracted from plants or their artificially modified compounds may yield an economical natural 

remedy[15]. Previous studies have demonstrated that BCA could act as a potential therapeutic agent against 

squamous cell carcinoma by targeting the inactivation of nuclear factor-kappa B (NF-κB) subunits p50 and 

p65[16]. It might exhibit strong therapeutic potential for alleviating myocardial hypertrophy and 

fibrosis-related cardiac remodeling phenomena by reversing the inductive effects of angiotensin II on 

cardiac fibroblast proliferation, collagen deposition, and oxidative stress[17]. In addition, in a unilateral 

ureteral obstruction–induced renal fibrosis mouse model, BCA could exert antioxidant effects by activating 

the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling pathway[18]. 

BCA relieved atherosclerosis by activating the peroxisome proliferator-activated receptor γ (PPARγ)/liver X 

receptor α and PPARγ/HO-1 signal cascades to induce anticholesterol deposition and anti-inflammatory 
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effects[19]. Therefore, botanists and researchers believe that BCA may be a potential hepatoprotective agent 

because of its pharmacological properties, such as anticancer, anti-inflammatory, antioxidant, antilipid, and 

anticollagen fiber deposition properties. In addition, because dietary polyphenol supplements rely on the 

synergistic effect of their diverse bioactive components to show considerable therapeutic benefits in 

alleviating the progression of metabolic dysfunction–associated steatotic liver disease (MASLD), the 

nutritional value of numerous dietary supplements on the market seems to be sublimated in the subjective 

consciousness of consumers[20]. However, according to the data of the Drug‐Induced Liver Injury Network 

Registry, approximately 20% of adult liver injuries are induced by over-the-counter herbal and dietary 

supplements. This contradictory statement may be ascribed to the limitations of market supervision. That is, 

the application of functional supplements and herbal preparations is considered to be harmless by default, 

and the safety of these products does not need to be repeatedly verified by manufacturers[21]. Therefore, 

this review not only emphasizes the potential of BCA for the prevention and treatment of liver diseases, but 

advocates focusing on the effective development of dietary supplements rich in BCA and other isoflavones 

on the market and the standardization of product information. Moreover, it presents feasible strategies to 

improve the bioavailability of BCA from the aspects of drug development engineering. 

2. Overview of BCA 

2.1. Source 

BCA is a methoxylated isoflavone that can be isolated from edible plants, such as chickpeas, red clover 

(Trifolium pratense L.), peanut (Arachis hypogeae L.), soybean (Glycine max L.), alfalfa (Medicago 

sativa L.), and Astragalus (Astragalus membranaceus Bunge)[22]. It is mainly enriched in the leaves of red 

clover, whereas its available extraction amount in peanuts, alfalfa, and Astragalus is generally low[23]. In 

addition, BCA widely exists in the human daily diet and is naturally distributed in fruits, vegetables, nuts, 

tea, and red wine[24]. The use of macroporous resins is a low-cost and high-yield method for extracting 

BCA, with the yield and purity of the extracted BCA reaching 87.13% and 95% respectively. However, 

updated, efficient, and economic extraction technologies are still needed and can be developed by selecting 

appropriate mobile phase solvents and ratios, switching to applicable chromatographic columns, or applying 

high-performance liquid chromatography (HPLC)[23]. 

2.2. Molecular structure 

BCA, an isoflavone in the flavonoid family, is chemically named 5,7-dihydroxy-4′-methoxy isoflavone. 

It exhibits a certain lipophilicity, molecular weight of 284.267 g/mol, molecular formula of C16H12O5, and 

melting point of 210 ℃–213℃; it often exists in the form of a white crystalline powder and is soluble in 

ethanol and dimethyl sulfoxide[7,25] (Fig. 1). Its antioxidant and anticancer properties are partly dependent 

on the specificity of its chemical structure. Ketone groups and the position and number of hydroxyl groups 

attached to rings A and B are prerequisites for its antioxidant activity. In addition, the hydroxyl group on C7 

of ring A, the 2,3-double bond structure on ring C, and the inclination of the methoxy group in BCA to 
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absorb electrons when connected to the benzene ring markedly increase its antioxidant potential. The 

compound derived by esterifying the carbon 7-position in ring A of BCA showed significant resistance in 

the proliferation of MCF-7 and Ishikawa cells, implying that the good anticancer properties of BCA are 

endowed by the 7-position structure of its ring[23]. BCA has a topological polar surface area of 

approximately 79.90 Å2, suggesting that it can effectively prevent the growth of MCF-7 breast cancer cells 

by inhibiting aromatase activity[7]. 

 
Fig. 1. Molecular structure of BCA (C16H12O5). 

2.3. Function 

BCA can act as a neuroprotective agent, immunomodulator, vasodilator, and anti-inflammatory and 

antioxidant active ingredient, demonstrating high-sensitivity chemopreventive potential and conferring 

considerable resistance against hormone-dependent cancers, atherosclerosis, diabetes, osteoporosis, bacterial 

or pathogenic microorganism infections, and arthritis; moreover, it can maintain endothelial integrity and 

biological functions[23,26–29]. BCA, an estrogen receptor β (ERβ)–selective isoflavone, can be regarded as 

a nonsteroidal estrogen with estrogenic effects and simultaneously executes estrogenic and antiestrogenic 

bioactivities given its structural similarity to 17β-estradiol, the most potent mammalian estrogen, and 

affinity to ERs[30]. More than 20 isoflavone compounds have been extracted and identified from red clover. 

Among these compounds, isoflavones with phytoestrogen effects are increasingly valued in applications for 

ameliorating postmenopausal diseases and estrogen deficiency–related symptoms because in countries with 

a high proportion of dietary isoflavone intake, the prevalence of estrogen deficiency–related diseases and 

symptoms is markedly inhibited. Therefore, the estrogen-promoting isoflavone BCA derived from red clover 

extract may be suitable as a dietary supplement for relieving menopausal symptoms in women[31]. Notably, 

under the chronic stimulation of conventional hormone therapy, menopausal women show increased 

susceptibility to breast cancer, heart disease, stroke, and blood clots. Therefore, red clover isoflavones may 
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replace hormone therapy and become a safe dietary health product. Red clover dietary supplements contain 

various isoflavone compounds, including BCA, which may be present at levels of up to 1,350 mg/100 g[32]. 

Given the above information, further focusing on the optimization of the bioavailability and drug 

metabolism patterns of BCA on the basis of the analysis of its chemical conformation or structure–activity 

relationships, will be conducive for exploring its massive unknown therapeutic potential and thus enhance 

its consumption value in the food and medical markets. 

2.4. Toxicity 

Flavonoid compounds can be isolated from fruits, vegetables, and plant-derived beverages, and the 

accessibility of their sources in the daily diet may verify that their biotoxicity is low[33]. In addition, herbal 

active substances have been included in the ingredient lists of numerous dietary supplements and are widely 

sold on the market. Therefore, their safety and effectiveness do not need to be repeatedly verified by the US 

Food and Drug Administration (FDA) or developers[34]. BCA, as a main flavonoid component in a 

marketed red clover extract (PureWorld Botanicals, South Hackensack, NJ), may be harmless considering 

that its content in the extract is as high as 14.5%[35]. An oral toxicity study on mice subjected to subacute 

BCA (3/10/30 mg/kg) exposure for 28 days reported that BCA resulted in no remarkable toxic effects on 

general clinical signs. The body and organ weights and hematological parameter indicators, including red 

and white blood cell counts, of the mice did not show abnormal fluctuations related to BCA administration. 

In addition, the activities of tissue damage markers, such as alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), creatine kinase–MB isoenzyme, and lactate dehydrogenase (LDH), and oxidative 

stress parameters, including superoxide dismutase (SOD), glutathione (GSH), catalase (CAT), and 

malondialdehyde (MDA), did not significantly differ between mice treated with BCA and the control group. 

No abnormal changes in lipid profiles and morphological parameters related to the liver, kidneys, heart, and 

lungs were found[36]. Not only that, a 28-day repeated-dose subacute toxicity test of a novel 

BCA–chromium (Cr) (III) complex conducted in KM mice showed that oral gavage at a dose of 1.5 g/kg/d 

did not cause death in mice. No abnormalities were observed in the mice’s blood routine, liver and kidney 

functions, pancreatic tissue, glycolipid metabolism, antioxidant capacity, behavior, fur, feces, urine, 

secretions, and mental state. Moreover, there was no significant fluctuation in the mice’s body weight, 

indicating that the complex has no significant subacute toxicity to the digestive system. Therefore, the 

organic Cr complex obtained by chelating Cr (III) with the ligand BCA not only ensures good hypoglycemic 

activity in db/db mice and C57 mice, but also the chelation with the low-toxicity ligand lays a foundation for 

the development of safe functional Cr-containing foods or pharmacologically active Cr complexes[37]. 

However, the structural similarity between BCA and estrogen and the certain affinity of BCA to ERs 

increases doubts about whether its estrogenic effect is accompanied with certain unknown risks. Innate 

genetics, acquired dietary factors, and hormone secretion may all interfere with the effect of BCA in the 

body. This situation also implies that BCA results in different tolerances and curative effects in different 

individuals. However, for the general population, supplementing an appropriate amount of plant-derived 
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BCA does not cause substantial or irreversible functional damage to the body. Certain uncontrollable risks 

arise, especially in individuals with a history of hormone-related cancer or hormonal imbalance, only when 

extremely high doses or concentrated forms of BCA are ingested[7]. Notably, most of the studies that 

currently assert BCA as a low-toxicity compound are based on oral toxicity tests in mice, mainly focusing 

on exposure to subacute toxicity doses, and do not involve toxicity detection under intraperitoneal or 

intravenous injection conditions. Considering the need to explore the administration mode for improving 

BCA’s bioavailability, it is necessary to further conduct acute/chronic and subacute/subchronic toxicity tests 

targeting different administration routes. Furthermore, human clinical toxicity data related to BCA is scarce. 

Species differences dictate that the safe dose range determined in mouse models cannot be directly 

extrapolated to primates. Therefore, conducting large-scale clinical toxicity studies to clarify the adverse 

reactions and tolerability under high-dose BCA intervention is of great reference significance. 

2.5. Pharmacokinetics 

2.5.1. Absorption 

BCA not only has a considerable permeation effect on the skin, intestine, and kidney cells, but is also a 

potential drug capable of crossing the blood–brain barrier and penetrating brain tissue[7]. After being 

ingested, BCA often conjugates with sugar in the body to form glycosides, with sissotrin being its glycoside 

form[23,38]. Glycosides exhibit limited absorption in the upper gastrointestinal tract because of their high 

molecular weight. They often pass through the small intestine to the colon, where β-glucosidase derived 

from Lactobacillus and Bifidobacterium strains catalyze their hydrolysis into aglycones for absorption by 

the body[39]. Among them, Gut Enterococcus sp. MRG-2 and Lactococcus sp. MRG-IF-4 are responsible 

for the hydrolysis of sissotrin into free BCA[38]. The aglycones absorbed by the intestine through passive 

diffusion also undergo extensive metabolic transformation through reduction or demethylation reactions or 

interact with ERs to exert bioactivity[23,39]. This phenomenon suggests that because the gut microbiome of 

each individual is highly personalized, the concentrations of BCA detected in plasma and urine remain 

highly differentiated even if the same amount of the compound is ingested orally[40]. 

BCA could smoothly penetrate the enterocyte membrane in a rat intestinal perfusion model and quickly 

penetrate Caco-2 cells for effective absorption because of its considerable membrane permeability[41]. 

Although BCA exhibits good permeability across cell membranes, the intestinal absorption of BCA is 

adversely affected by the high rate of intestinal metabolism to conjugated metabolites and the potential 

excretion of BCA back into the intestine by ATP binding cassette proteins located in the apical membrane of 

intestinal cells. The regulation of BCA excretion by ATP binding cassette transporters via the biliary 

pathway and the enterohepatic recirculation of BCA mediated by the conjugation or hydrolysis of enzymes 

and gut microbiota subsequently will also determine the ultimate fate of BCA[33]. 

2.5.2. Distribution 

After the intravenous injection of BCA into rats, its distribution volume in the body shows a higher 

trend because of its hydrophobicity[33]. The biotransformation pattern of BCA involves multiple organs, 
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with the detectable concentration of BCA being lowest in the blood (0.96%); lower in bile (1.38%); and 

highest in urine (45.10%)[23]. In terms of tissue distribution, BCA shows the highest distribution amount in 

the rat liver[42]. However, isoflavone metabolites are partially distributed in urine and feces. Hepatic 

enzymes and gut microbiota have biological characteristics of intervening in drug metabolism, implying that 

the liver is not the only site of isoflavonoid metabolism. The intestinal tract, and target tissues sensitive to 

estrogen-induced carcinogenesis may intervene in the extrahepatic metabolism of BCA. Therefore, the 

content of BCA in extrahepatic kidney tissue is second only to that in the liver, whereas those in the lungs, 

spleen, heart, and brain are low and decrease in that order. This distribution pattern may be explained by the 

fact that the liver and kidneys are the main organs responsible for metabolic and excretory functions. 

Therefore, the distribution of BCA in the liver and kidneys far exceeds those in other tissues[42]. 

2.5.3. Metabolism 

The isoflavone genistein (GEN), BCA conjugates, and GEN conjugates are the main metabolites after 

the biotransformation of BCA[27]. BCA, a 4-O-methyl derivative of GEN, can be O-demethylated into 

GEN or hydroxylated under the mediation of cytochrome P450 (CYP450) enzymes[33]. The 

O-demethylation of phytoestrogens mainly occurs in the liver, and BCA derived from chickpeas and red 

clover is metabolized and derived into GEN with stronger estrogenic activity under the mediation of human 

liver microsomal enzymes. Secondly, after hydroxylation in human or rat liver microsomes, BCA is 

converted into 3′-, 6- or 8-hydroxy BCA or GEN. The in vivo effects of these hydroxylated metabolites still 

need further study[33]. Notably, Eubacterium limosum, a strict anaerobe with O-demethylation activity 

isolated from the human intestinal tract, also mediates the demethylation of BCA into GEN[28]. BCA and 

its metabolite GEN have been developed in batches and consumed as active ingredients in isoflavone herbal 

supplements. Their chemopreventive properties and efficacy in treating cardiovascular diseases and delaying 

menopausal symptoms have rich research value. Therefore, focusing on the pharmacokinetics of BCA may 

lay the foundation for quantifying the concentration–effect relationships of more potential therapeutic 

activities of BCA[27]. 

While the strong permeability of BCA contributes to its metabolic characteristic of rapid absorption, its 

extensive first-pass metabolism and biliary elimination pathways limit its in vivo bioavailability. After the 

intravenous administration of BCA, its plasma concentration decreases biexponentially because it is rapidly 

metabolized[27]. Glucuronidation, sulfonation, and methylation are the main biological processes involved 

in the phase II metabolism of BCA, whereas oxidation, reduction, and internal hydrolysis may constitute 

main phase I reactions[28]. Among these reactions, glucuronidation is the main conjugation reaction of 

BCA in the rat liver and intestinal microsomal preparations, and the glucuronide conjugates derived from 

BCA may be 7-OH and 5-OH glucuronic acid derivatives[27]. BCA exhibits a high distribution volume and 

metabolic clearance rate in rats because it is derived into glucuronide and sulfate conjugates after extensive 

metabolism in the intestine and liver. However, methylation at the 7-position in the structure of BCA may 

suppress glucuronidation/sulfation. It is worth noting that although the methylation degree of flavonoids is 
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significantly positively correlated with their metabolic stability, the excessive methylation of BCA may 

inhibit its binding to ERs, thereby weakening its bioactivity[33]. 

Ultrahigh-performance liquid chromatography coupled with quadrupole time-of-flight mass 

spectrometry was used to characterize the in vivo and in vitro metabolism of BCA. It identified 43 BCA 

metabolites in rats, as well as 22 BCA metabolites derived from liver microsomes and 18 BCA metabolites 

in intestinal flora. The metabolic rates of BCA in liver microsomes and intestinal flora were extremely close 

and were 89.30% and 89.67% respectively. BCA is metabolized into 45 metabolites under the mediation of 

23 metabolic pathways. Glucuronide conjugation and sulfate conjugation are the main metabolic forms of 

BCA in the blood. Moreover, GEN and the glucuronide and sulfate conjugates of BCA have been detected 

in the blood. BCA mainly undergoes glucuronidation, demethylation, and sulfonation in bile; oxidation and 

glucuronidation in urine; and hydrogenation in feces. Notably, the content of BCA metabolites in intestinal 

flora is relatively low[28]. 

2.5.4. Excretion 

The main organ excreting isoflavonoids is generally believed to be the kidney, and the biliary and fecal 

pathways also mediate part of isoflavonoid excretion[43]. After sulfonation or glucuronidation by phase II 

enzymes, isoflavone conjugates are excreted into the bile and further reabsorbed by the body after 

deconjugation by gut microbiota[32]. Notably, the recovery rate of BCA from the bile is approximately 

18.8% after treatment of bile samples with sulfatase/glucuronidase[27]. In short, after absorption through 

the intestine, isoflavonoids enter the portal vein and reach the liver with the blood flow and are subsequently 

enzymatically conjugated and excreted in the bile. They may be hydrolyzed under the mediation of gut 

microbiota or even reabsorbed. However, BCA glucuronide, which is subordinate to flavonoid conjugates, 

may be an exception, and direct intestinal excretion may be a more effective metabolic pathway for BCA 

glucuronide than the biliary pathway. This particular excretion mode for a flavonoid glucuronide, that is, the 

direct intestinal excretion pathway from plasma, has opened up considerable application prospects for BCA 

recovery strategies based on enteric recycling[44]. 

2.6. Bioavailability 

2.6.1. The poor bioavailability of BCA 

Although BCA is a naturally occurring isoflavone of dietary origin and a bioactive ingredient with 

anticancer effects, its solubility in water is only 7 μg/mL[41]. Its oral bioavailability is limited to 4.6% 

because of its susceptibility to hydrophilic degradation in the gastrointestinal tract and remarkable first- and 

second-pass metabolism, weakening its potential as a chemotherapy drug[30]. BCA is considered as a 

Biopharmaceutics Classification System Class II drug because its dissolution rate can inversely inhibit its 

absorption rate[22]. Secondly, flavonoids are often involved in enteric and enterohepatic recirculation and 

extensive metabolic pathways. Such an involvement leads to the obstruction of their entry into the systemic 

circulation. Therefore, their bioavailability is generally low[41]. In addition, the high metabolic clearance 

rate of BCA is a key factor that places its bioavailability at a disadvantage[25]. Notably, a study reported 
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that under oral conditions in Sprague–Dawley rats, the bioavailability rates of 5 and 50 mg/kg BCA were 

2.6% and 1.2%, respectively. However, the bioavailability of 5 and 50 mg/kg BCA injected intraperitoneally 

reached 40% and 23%, respectively. The maximum plasma concentration after the intraperitoneal injection 

of 50 mg/kg BCA was 80 times higher than that after oral administration. This finding indicates that 

maintaining the in vivo activity of BCA may need to rely on intraperitoneal administration[27]. 

Flavonoids are low-molecular-weight plant polyphenolic compounds derived through photosynthesis, 

and glucuronidation, poor solubility and stability are often the main factors that prevent phenolic compounds 

from achieving their ideal bioavailability[30,45]. Among them, isoflavones are composed of large planar 

conjugated systems with short intermolecular distances and tight structures, which invisibly increase the 

challenge of dispersing their molecular structures by solvents and ultimately contribute to their limited water 

solubility and bioavailability[46,47]. However, the ester derivatives of bioactive phenols, such as the 

carbamate ester derivatives of BCA, have greater bioavailability and metabolic stability than their parent 

compounds. Furthermore, the development of novel delivery systems, modifications of chemical structures, 

application of nanoformulations, and encapsulation of drugs based on liposomes or nanoparticles may all be 

beneficial to improve the stability and bioavailability of BCA. 

2.6.2. Strategies for improving the bioavailability of BCA 

Relevant studies first increased the content of isoflavones in chickpea through germination and then 

synthesized chickpea sprout extract/β-cyclodextrin inclusion complexes. The preparation of chickpea sprout 

extract-based inclusion complexes might result in the faster tissue absorption rate and moderate metabolic 

rate of BCA. Moreover, the multiple hydrophilic hydroxyl group of β-cyclodextrin endowed inclusion 

complexes with increased wettability and solubility, thereby improving the ability of the drug molecules to 

permeate cell membranes[42,48]; a novel BCA–nicotinamide cocrystal was designed and developed. The 

solubility and drug release performance of the BCA–nicotinamide cocrystal had significantly improved 

compared with those of free BCA. The cocrystal further promoted the accumulation of BCA in pancreatic 

tissues[49]; technological improvements in dissolving, encapsulating, entrapping, or attaching BCA onto 

microparticle matrices have enabled the application of enteric-coated microparticles as a direct intestinal 

drug delivery system. The enteric-coated microparticles of BCA achieved sustained drug release, and their 

oral bioavailability had significantly increased by six times compared with that of pure BCA[30]; Wang et 

al. developed an oral nanostructured lipid carrier formulation rich in BCA. As a result of the inclusion of 

liquid lipids, the matrix of BCA–nanostructured lipid carrier was in a disordered state, which would be 

conducive to promoting stable drug storage performance and improving drug loading capacity[50]; solid 

dispersions (SDs), as hydrophilic carrier systems, can not only exert their own solubilization effects, but 

might further enhance the solubility of BCA by inducing BCA to transition from its crystalline form to its 

amorphous form[51,52]. SDs prepared with polyethylene glycol 660 hydroxystearate (Solutol®HS15) and 

hydroxypropylmethylcellulose (HPMC 2910) effectively improved the bioavailability of the poorly soluble 

flavonoid BCA. As the proportion of the surface active hydrophilic carrier Solutol®HS15 in the SDs 
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increased, the solubility of BCA accordingly increased by 8–60 times[51]; preparing BCA-loaded micelles 

with Pluronic F127 and Plasdone S630 remarkably optimized the water solubility of BCA and its 

permeability through the Caco-2 cell monolayer. Furthermore, BCA in the mixed micelles transitioned from 

an initial explosive release to sustained release. The relative oral bioavailability of BCA-loaded micelles 

with Pluronic F127 and Plasdone S630 significantly increased by 2.16 times compared with that of free 

BCA[53]; developing BCA-containing oromucosal film formulations on the basis of solvent casting may be 

a simple alternative strategy that does not rely on chemical structural modification[41]. The formulated films 

markedly increased the dissolution rate of BCA. This effect was closely related to the solubilization effect of 

hydrophilic additives and the involvement of amorphous BCA. Moreover, BCA released from the film 

preparation could directly penetrate porcine buccal tissue without undergoing first-pass metabolic 

conversion into GEN[41]; ERs tend to localize in deep dermal tissue, and cyclodextrin can serve as a 

biocompatible inducer that promotes the penetration of active molecules into the skin. Therefore, the ability 

of BCA to penetrate the epidermis and dermis can be remarkably enhanced by incorporating 

hydroxypropyl-β-cyclodextrin into the hydrophilic base hydroxypropyl methylcellulose hydrogel[54,55]; 

focusing on the synthesis of novel drug carriers, such as poly(N-isopropylacrylamide [NIPAM]-co-acrylic 

acid), p(NIPAM-co-acrylic acid [AA]), copolymer prepared through the free radical polymerization of 

NIPAM monomer with 5 mol% AA and 1.5 mol% ethylene glycol dimethacrylate as a cross-linker, is 

necessary to optimize the physicochemical properties of the poorly soluble isoflavone BCA[22]. The 

carboxyl and amino structures in the copolymer p(NIPAM-co-AA) confer the potential to control drug 

release. Considering poly(N-isopropylacrylamide-co-acrylic acid), p(NIPAM-co-AA), copolymer having a 

dual response to temperature and pH, its use as a sustained-release carrier for BCA might contribute to the 

modified release of BCA in the acidic vaginal environment and the rectal weakly alkaline environment[22]; 

Jadav et al. synthesized a novel thiolated xanthan gum (XG)–stearylamine bioconjugate through 

functionalizing the polysaccharide XG to prepare mucoadhesive nanoparticles for delivering BCA. During 

nanoparticle preparation, XG underwent thiolation by cysteamine hydrochloride to enhance mucosal 

adhesion, and the lipid component stearylamine was conjugated with XG to promote the effective 

encapsulation of the loaded hydrophobic BCA. This bioconjugate induced the cytotoxic effect of BCA 

against human epidermoid cancer cells and effectively improved the storage stability, sustained release 

ability, and drug entrapment efficiency of BCA[56]. In summary, by drawing on the above-mentioned 

formulation preparations or delivery carriers, it may have considerable reference significance for optimizing 

the hepatic delivery of BCA. 

3. The protective mechanisms of BCA against HCC 

3.1. Hepatocellular carcinoma 

HCC is the pathological phenotype of approximately 75%–85% of primary liver cancers. HCC, as the 

most invasive and most commonly diagnosed malignant liver tumor, is the third leading cause of cancer 

deaths worldwide[57–59]. Global epidemiological data show that approximately more than 2 million people 
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die of liver diseases every year, and the deaths of 600,000–900,000 people can be attributed to liver 

cancer[4]. Hepatitis C, followed by alcohol and MASLD, is the leading cause of HCC in Western countries, 

whereas hepatitis B is the main risk factor for HCC in Asia and Africa[60]. HCC is a cancerous lesion 

involving multiple signal cascades. Hepatitis B virus (HBV) and HCV infections can further initiate chronic 

inflammatory responses through viral replication, proinflammatory cytokine secretion, and immune cell 

recruitment, with inflammatory infiltration becoming the driving force inducing tumor cell proliferation and 

immune escape[61]. In addition, pathological changes in the expression of proto-oncogenes; tumor 

suppressor genes; and multiple genes regulating cell proliferation, apoptosis, and differentiation are key 

mediators that exacerbate HCC[62]. Given that relevant studies on multiple carcinogenic mechanisms and 

multi-signal cascades regulating tumor cell proliferation, differentiation, and invasion are constantly being 

updated, the potential of plant-derived molecular targeted anticancer drugs in interfering with HCC has 

gradually attracted the extensive attention of scientists[63]. Sorafenib (SOR) is a classic anti-HCC drug 

recognized by the US FDA. However, the variable network of tumor signals in series in the liver indicates 

that the tumor microenvironment is complex. Relying on the therapeutic activity of single-target drugs may 

not meet accurate anticancer needs, and the synergistic effects of multiple anticancer drugs or multi-target 

drugs may be required to effectively alleviate the carcinogenic effects driven by multiple signal 

cascades[57,64]. Notably, the bioactive ingredients in approximately two-thirds of anticancer drugs are 

isolated from natural products[65]. Among them, the food-derived natural compound BCA can show good 

bioactivity in inhibiting cancer cell proliferation and invasion, synergistically enhancing the efficacy of 

chemotherapy drugs and promoting cancer cell apoptosis by virtue of its multi-target treatment benefits. 

Herein, we focus on highlighting the potential of BCA as a highly promising candidate for chemoprevention 

and adjuvant therapy in HCC. 

3.2. Promoting cell cycle arrest 

As a classic mitogen-activated protein kinase (MAPK) signal cascade involved in cell proliferation and 

survival, the overexpression or mutation of proteins in the rapidly accelerated fibrosarcoma 

(RAF)–mitogen-activated protein kinase kinase–extracellular signal–regulated kinase (ERK) pathway, is 

often an endogenous factor that induces the further carcinogenesis of tumor cells[66]. However, compared 

with mitogen-activated protein kinase kinase inhibitors, RAF kinase inhibitors can inhibit ERK signal 

transduction more significantly and exhibit superior anticancer activity in clinical practice[57]. SB590885, a 

selective inhibitor of the serine/threonine–protein kinase v-Raf murine sarcoma viral oncogene homolog B1, 

has been studied. The combined administration of BCA and SB590885 could synergistically inhibit the 

proliferation of HCC cells and promote G0/G1 phase cell cycle arrest. The expression of cyclin D1, a 

protein factor regulating the transition from the G0/G1 phase to the S phase, was down-regulated after 

combined intervention[57]. 

While surgical intervention can remove local tumors, the five-year survival rate of patients with HCC 

continues to range from only 20 to 51%. In addition, although the antiangiogenic multi-kinase inhibitor SOR 
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is an approved anti-HCC chemotherapy drug, its long-term use leads to the drug resistance of cancer cells. 

Eventually, it can only extend the median overall survival of patients with HCC by approximately three 

months[57]. Therefore, strengthening the anticancer effect of targeting multiple genes and multiple 

pathways through assistance with plant-derived natural anticancer agents may improve the sensitivity of 

SOR in targeting cancer cells[67,68]. Soy isoflavones, as bioactive chemopreventive agents, may be natural 

compounds that synergistically enhance the anticancer activity of SOR and prolong the survival of patients 

with HCC[69]. Although the single administration of SOR or the soy isoflavone component BCA could 

inhibit cell cycle transition from the G0/G1 phase to the S phase, BCA could further enhance the effect of 

SOR in negatively regulating cyclin D1 when concurrently administered[70]. 

3.3. Promoting apoptosis 

Cell cycle arrest can further induce apoptosis-promoting reactions. Therefore, the coadministration of 

BCA with SOR, BCA with SB590885 would further initiate the overexpression of the apoptosis-promoting 

protein Bax and inhibit the activity of the antimitochondrial apoptosis factor Bcl-2. That is, coadministration 

could up-regulate Bax/Bcl-2; such an up-regulation could indicate that the apoptosis of HCC cells is 

remarkably promoted[57,70]. The downstream initiators involved in the mitochondrial apoptotic signaling 

cascade include caspase-9. Activated caspase-9 can further trigger the overexpression of executioner 

caspases, including caspase-3. BCA and SOR synergistically enhanced the activity of caspase-9 and 

caspase-3, further corroborating the possibility of promoting mitochondrial apoptosis through 

coadministration[70–72]. Notably, the BCA-induced apoptosis of human hepatoma HuH-7 cells was also 

related to the up-regulation of caspase-3 expression[73]. Furthermore, isoflavones, depending on their 

estrogenic and antiestrogenic effects and their inhibitory effects on DNA topoisomerase, tyrosine kinase 

activity, and angiogenesis, can serve as natural antitumor compounds[74,75]. Among them, the bioactive 

component BCA of soy-derived isoflavones interfered with the growth of the human hepatoma cell lines 

HepG2, Hep3B, HuH-7, PLC, and HA22T in a dose-dependent manner. Moreover, it triggered tumor cell 

death mediated by the proapoptotic effect by activating caspase-3 and promoting the inactivation of the 

antiapoptotic proteins Bcl-2 and Bcl-XL, and the tyrosine dephosphorylation of cellular proteins in human 

hepatoma cells[76]. Not only that, cell apoptosis and necrosis are often accompanied with cell lytic damage, 

which leads to the leakage of LDH from the cytoplasm to the extracellular space. The activity of 

extracellular LDH can be considered as a functional indicator for evaluating the integrity of cell membranes 

and cytotoxicity[73]. BCA could enhance toxic effects against human hepatoma HuH-7 cells by inducing 

the overexpression of LDH. Therefore, BCA is a natural targeted therapeutic agent for inducing the 

apoptosis of human hepatoma cells[73]. 

3.4. Inhibiting proliferation 

The phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin 

(mTOR) is a key signaling cascade involved in regulating the proliferation of HCC cells. The PI3K pathway 

is overactivated in 30%–50% of patients with HCC[57]. However, the coadministration of BCA and 
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SB590885 further enhanced tumor suppressive activity by inhibiting ERK MAPK, and PI3K/AKT/mTOR 

signaling and promoting the inactivation of proliferating cell nuclear antigen (PCNA), a tumor proliferation 

marker[57]. Given that the coadministration of BCA and SB590885 did not cause toxic damage to the liver 

and kidneys, the two therapeutic agents may be used as safe anticancer candidate drugs in combination in 

clinical practice to reduce the lethality of HCC[57]. Furthermore, Ki-67 is present at high nuclear levels in 

proliferating cells. It can serve as a proliferative marker for regulating neoplastic proliferation. However, 

SOR and BCA could synergistically resist Ki-67 overexpression[70,77]. In conclusion, the coadministration 

of BCA and SOR would induce cell cycle arrest and promote mitochondrial apoptosis, thereby finally 

exerting a cytotoxic effect of synergistically inhibiting cancer cell proliferation in the human HCC cell line 

HepG2[70]. 

3.5. Exerting phytoestrogenic activity 

Miso and/or soy sauce produced through fermentation from soybeans, rice, wheat, or oats are generally 

regarded as a traditional seasoning or food in daily diet structures. Among them, BCA derived from bean 

products is also classified as a dietary component of miso[78]. In mice, soy protein isolate consumption has 

been proven to prevent diethylnitrosamine-induced liver tumors[79]. Therefore, miso may also be a potential 

active substance against liver tumors in mice independent of cytotoxicity, and its antihepatoma activity can 

be enhanced by the synergistic effect of simultaneously mixing BCA, protease inhibitors, and diverse 

fermenting enzymes[78]. Research showed that feeding mice with 10% miso or 20 ppm BCA decreased 

liver tumor multiplicities and the number of liver tumors less than 2 mm2 in size. Moreover, BCA could 

inhibit DNA synthesis in adult mice. However, BCA is also defined as a phytoestrogen compound in the 

isoflavone family. Given that the administration of testosterone, an androgen, to female mice would have a 

differentiated impact on the number of liver tumors, further analyzing whether the estrogenic activity of 

BCA itself has a negative regulatory effect on hepatocarcinogenesis may be beneficial to clarify 

gender-related liver tumor induction, that is, whether sexual dimorphism exists in hepatocarcinogenesis[78]. 

3.6. Inhibiting CYP24A1 hydroxylase 

Vitamin D is a fat-soluble seco-steroid with potential anticancer activity. However, its current 

anticancer efficacy in the clinic is limited because its bioactive form, calcitriol, can be inactivated under the 

mediation of the highly active cytochrome P450 family 24 subfamily A member 1 (CYP24A1) hydroxylase 

in cancer cells[80,81]. Therefore, in targeted HCC treatment, down-regulating the activity of CYP24A1 

hydroxylase in HCC cells may extend the half-life of calcitriol in the body by 10 times, thereby maintaining 

the effectiveness of vitamin D’s metabolically activated form[81]. Normoxia (21% O2) and hypoxia (1% O2) 

environments can induce CYP24A1 overexpression by calcitriol. However, hypoxia mimics the 

microenvironment of solid tumors and triggers treatment resistance. Therefore, hypoxia stimulation 

remarkably induces CYP24A1[81]. BCA could not only reverse overexpressed CYP24A1 in the HCC cell 

line HuH-7 induced by calcitriol in a normoxic environment to the control level, but also regulate CYP24A1 

expression to approximately four times that of the control group under hypoxia signal stimulation. 
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Therefore, ingesting the isoflavone compound BCA from red clover extract or legumes and nuts is beneficial 

to anti-CYP24A1 gene transcription and strengthens the antitumor activity of vitamin D[81] (Fig. 2). 

 
Fig. 2. Anti-HCC mechanisms of BCA. The combined treatment of BCA with SOR or SB590885 could inhibit the 

expression of cyclin D1, hindering cell cycle transition from the G0/G1 phase to the S phase, that is, inducing HCC cell 
cycle arrest. The combined treatment of BCA with SOR could promote the overexpression of caspase-3 and caspase-9, 
thereby inducing mitochondrial apoptosis. In addition, the combined treatment of BCA with SOR or SB590885 could 
up-regulate the expression of Bax/Bcl-2, further leading to the apoptosis of HCC cells. In human hepatoma cells, BCA 

could induce the tyrosine dephosphorylation of cellular proteins and the activity of caspase-3, as well as down-regulate the 
expression of Bcl-2 and Bcl-XL. These effects ultimately promoted the apoptosis of human hepatoma cells. Cotreatment 
with BCA and SOR could inhibit the expression of Ki-67, whereas synergistic treatment with BCA and SB590885 could 
down-regulate the ERK MAPK and PI3K/AKT/mTOR pathways and reverse PCNA overexpression, thereby suppressing 

the proliferation of HCC cells. In HCC cells, BCA could inhibit the calcitriol-induced overexpression of CYP24A1 
hydroxylase, thereby reducing CYP24A1 gene transcription and prolonging the half-life of calcitriol, the bioactive form of 

vitamin D. Ultimately, these mechanisms achieve vitamin D anti-HCC therapy. 

4. The protective mechanisms of BCA against MASLD 

4.1. Metabolic dysfunction-associated steatotic liver disease 

MASLD is the most widespread phenotype of chronic liver diseases in the Asia-Pacific region. Its 

prevalence is increasing rapidly, and it has affected more than one quarter of the global population[82,83]. 

In addition, it is the second leading cause of liver transplantation in the United States and Europe, and its 

overall global prevalence is estimated to be 32.4%[4]. MASLD, a chronic and heterogeneous disease, is 

manifested by the production of lipid droplets (LDs) in more than 5% of hepatocytes. Imbalanced LD 

biogenesis and degradation further induce intracellular lipid deposition and steatosis and finally drive the 

occurrence of hepatocyte inflammation infiltration and fibrosis[84]. Therefore, the inappropriate prognosis 

of MASLD often exacerbates the development of its advanced subtypes, such as metabolic 

dysfunction–associated steatohepatitis (MASH), which is the result of liver injury deterioration and can 

further induce liver cirrhosis and HCC[85]. 

The two-hit hypothesis still explains the lipotoxic mechanisms of MASLD. The development of 

MASLD is generally believed to be regulated by dual factors. First, triglycerides (TG) deposited in 

hepatocytes drive the occurrence of hepatic steatosis. Second, the secretion of proinflammatory cytokines 

and enhancement of oxidative stress induce liver fibrosis[86]. However, the multiple-hit hypothesis, which 
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involves multiple effects, such as insulin resistance (IR), damaged adipocyte function, gut microbiota 

imbalance, immune regulation disorders, and dietary habits, is an optimization of the two-hit hypothesis, 

which is based only on lipid metabolism imbalance and inflammatory factors[87]. Notably, the core 

elements of the two- and multiple-hit hypotheses both point to lipid metabolism imbalance[88]. Considering 

that multiple in vivo and in vitro studies have demonstrated the potential of BCA as a regulator of glycolipid 

metabolism and an agonist of farnesoid X receptor (FXR) and autophagy, BCA may be an effective 

bioactive substance for targeting MASLD. 

4.2. Regulating glycolipid metabolism 

4.2.1. Glucose metabolism 

As a cornerstone of MASLD, IR can further promote gluconeogenesis, glycolysis, and de novo 

lipogenesis, thereby inducing hepatic glucose output and triggering chronic glucotoxicity–mediated liver 

inflammation and fibrosis[89]. Hee-Sook Park et al. reported that the expression levels of the hepatic 

glucose metabolism intermediates fructose 6-phosphate and dihydroxyacetone phosphate and the PPARα 

target glucose-6-phosphatase (G6Pase) were significantly down-regulated in high-fat diet (HFD) mice under 

BCA intervention. That is, BCA could inhibit glucose-6-phosphate-mediated gluconeogenesis. In addition, 

in HFD mice, pyruvate, the main precursor of gluconeogenesis, was heavily converted into lactic acid, and 

supplementation with BCA could further down-regulate lactic acid levels. In HFD mice, BCA also 

effectively inhibited pyruvate kinase, which is the final rate-limiting enzyme of the aerobic glycolysis 

pathway, and the overexpression of glucose transporter 2 in the liver[90]. Furthermore, the hepatic 

transcription factor carbohydrate responsive element binding protein (ChREBP) plays an important role in 

mediating hepatic lipid synthesis, the glucose-induced glycolytic enzyme L-pyruvate kinase, and 

acetyl-coenzyme A carboxylase (ACC). However, BCA supplementation could reverse the activation of 

ChREBP in the liver of HFD-treated mice. In conclusion, BCA supplementation was beneficial for 

alleviating the imbalance of gluconeogenesis and glycolysis reactions in diet-induced obesity (DIO) 

mice[90]. Notably, the mechanism by which BCA reduced gluconeogenesis in HFD-induced mice did not 

involve considerable changes in the gene expression levels of insulin receptors and insulin receptor substrate 

1[90]. Not only that, BCA also reversed the HFD-induced up-regulation of fasting blood glucose levels, 

serum insulin content, glucose tolerance, and IR index and enhanced insulin sensitivity, thereby effectively 

alleviating the HFD-induced disorder of glucose metabolism and MASLD[88,90]. Finally, glucose tolerance 

tests conducted at 7 weeks showed that in DIO mice, BCA supplementation promoted the immediate 

clearance of blood glucose levels. That is, BCA induced the recovery of blood glucose parameters and 

insulin sensitivity in DIO mice[90]. 

4.2.2. Lipid metabolism 

Obesity is a triggering factor of metabolic syndromes, such as hyperlipidemia and IR, and 

obesity-related visceral lipid deposition may induce hepatic dysfunction[91,92]. Considering the 

effectiveness of natural plant-derived compounds and preparations containing plants in alleviating obesity 
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symptoms, relevant studies have confirmed the potential of BCA for improving metabolic disorder–related 

lesions, such as hepatic steatosis, in DIO mice[88,90,93]. BCA intervention could significantly 

down-regulate the Lee index and liver index, which are similar to the human body mass index. That is, in 

rats, BCA could relieve the induction of visceral obesity by HFD but had no significant effect on weight. 

Furthermore, although HFD up-regulated cholesterol synthesis, BCA further promoted the bioconversion of 

cholesterol into bile acid and the excretion of cholesterol in feces by inducing cholesterol 7α-hydroxylase 

(CYP7A1), a rate-limiting enzyme in bile acid synthesis. BCA reduced the overexpression of sterol 

regulatory element binding protein-1c (SREBP-1c) and 3-hydroxy-3-methylglutaryl-coenzyme A reductase 

(HMGCR) in the liver to inhibit cholesterol synthesis. At the same time, BCA drove the enhanced activity of 

PPARα and low-density lipoprotein receptor (LDLR) in the liver and down-regulated the level of PPARγ, 

further strengthening cholesterol absorption and metabolism[88]. Therefore, in the end, BCA reversed the 

HFD-induced increase in total cholesterol (TC), TG, and LDL and increased high-density lipoprotein levels, 

thereby effectively alleviating HFD-induced lipid metabolism disorders and MASLD[88,90]. Notably, in an 

in vitro model based on the human HCC cell line HepG2, BCA also promoted the activity of LDLR on the 

cell surface, deriving the enhanced hepatic clearance of LDL cholesterol from plasma[94]. It is generally 

believed that natural products rich in estrogen act as LDLR regulators mainly because of the influence of 

estradiol. However, the phenolic hydroxyl group in the chemical structure of 17β-estradiol can not only form 

hydrogen bond interactions with the amino acid structures present in the ER, but also determine the potential 

of 17β-estradiol as an antioxidant. Considering that antioxidants possess the bioactivity of LDLR induction, 

whether the overexpression of LDLRs in HepG2 cells driven by phytoestrogen compounds is due to their 

own estrogenic effects or the antioxidant activity derived from them remains ambiguous[94]. Similar 

findings were also observed by Xue et al., who discovered that BCA could induce hepatic triglyceride lipase 

(HTGL) activity to enhance cholesterol uptake in the liver and further inhibit TG deposition in the livers of 

HFD mice by up-regulating hepatic lipoprotein lipase (LPL) expression. Secondly, BCA could promote the 

up-regulation of serum and hepatic SOD activities in HFD mice while inhibiting MDA and reactive oxygen 

species (ROS) levels, thereby effectively alleviating HFD-induced lipid peroxidation (LPO) damage to liver 

function on the basis of its free radical scavenging property[95]. In addition, HFD-induced mice exhibited 

swollen hepatic morphology, and BCA intervention had significant improvement benefits on the increase in 

the activities of serum hepatic function indicators AST and ALT and hepatic steatosis and inflammatory cell 

infiltration driven by HFD[88,90]. On the other hand, BCA intervention promoted the overexpression of 

PPARα and its target proteins peroxisome proliferator–activated receptor gamma coactivator 1 alpha 

(PGC–1α), carnitine palmitoyltransferase 1 alpha (CPT-1α), uncoupling protein 2 (UCP2), and 

acyl-coenzyme A oxidase 1 (ACOX1) in the livers of HFD-treated mice and induced the inactivation of 

ACC and fatty acid synthase (FAS), the rate-limiting enzymes of lipid synthesis. That is, BCA might 

enhance the driving effect of PPARα on mitochondrial fatty acid (FA) β-oxidation and mediate the 

inhibition of lipid synthesis, thereby triggering hepatic fat-reducing signals[90]. Furthermore, in 
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HFD-treated mice, BCA significantly promoted the up-regulation of the FA transporters carnitine and 

acetylcarnitine content by 1.2 and 7.7 times, respectively. It also promoted the phosphorylation of adenosine 

monophosphate–activated protein kinase (AMPK)[90]. Not only that, the production of hepatic ketone 

bodies, such as β-hydroxybutyric acid (β-HB) and acetoacetate, depends on the oxidation of hepatic FAs as 

a synthetic fuel. The content of β-HB in the livers of mice supplemented with BCA was 1.4 times higher 

than that in mice treated with HFD alone. Finally, BCA potentially targeted the enhanced mitochondrial 

oxygen consumption rate of palmitic acid–induced HepG2 cells to mobilize oxidative capacity. This finding 

indicated that BCA might induce the oxidation of FAs by promoting the synthesis of ketone bodies and 

transportation of certain necessary components into mitochondria[90]. 

The de novo phosphatidylcholine or cytidine diphosphate–choline (citicoline) synthesis pathway 

mediates approximately 70% of the synthesis of hepatic phosphatidylcholine. Phosphatidylcholine plays an 

important role in the packaging and export of TG in the liver, and citicoline and diacyl glycerol (DAG) are 

important substrates in the choline/ethanolamine phosphotransferase 1 (CEPT1)–mediated de novo 

synthesis of phosphatidylcholine[96]. Among them, DAG synthesized from the derivative 

glycerol-3-phosphate can be mobilized for the storage of acylglycerols or induce phosphatidylcholine 

synthesis[97]. In HFD mice, supplementation with BCA further drove phosphatidylcholine synthesis by 

up-regulating the content of citicoline and DAG in the liver and overexpressing CEPT1. In the final stage of 

TG biosynthesis in the liver, DAG, a lipid component composed of a glycerol molecule linked to two FAs 

through ester bonds, is acylated by diacylglycerol acyltransferase 1 (DGAT1) to generate TG. The livers of 

HFD-treated mice showed remarkable steatosis and DGAT1 overexpression. Notably, BCA supplementation 

only inhibited TG accumulation in the livers of HFD mice but did not affect DGAT1 expression. This effect 

indicated that BCA treatment activated the metabolites and genes related to the phosphatidylcholine 

synthesis pathway and drove the de novo synthesis of phosphatidylcholine in the livers of DIO mice while 

inducing the inhibition of lipogenesis[90]. Furthermore, choline, as an essential nutrient that is closely 

related to MASLD, affects various life phenomena, such as lipid metabolism and lipid second 

messenger–mediated signal transduction. The liver is the main biological site for the oxidation of choline 

into betaine. This oxidation process can be divided into two major pathways: mitochondrial choline oxidase 

first drives the biotransformation of choline into betaine aldehyde, and betaine aldehyde is then further 

oxidized and induced into betaine[98]. However, BCA supplementation up-regulated the content of betaine 

aldehyde and betaine in the liver. That is, BCA might restore the homeostasis of hepatic lipid metabolism by 

activating choline catabolism in HFD mice. In conclusion, BCA further alleviates hepatic steatosis by 

targeting lipid oxidation, de novo lipid synthesis, cholesterol absorption and excretion, phosphatidylcholine 

synthesis, and choline metabolism[90]. 

4.3. Promoting autophagy 

MASLD is often accompanied with the deposition of damaged organelles, such as LDs, mitochondria, 

endoplasmic reticulum, and peroxisomes, in cells. Therefore, activating autophagy degradation to clear 
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damaged structural components, that is, targeting the autophagy pathway, has gradually been defined as an 

effective regulatory strategy for alleviating MASLD[99]. AMPK and mitochondrion-localized sirtuin 3 

(SIRT3) are upstream effectors of the autophagy-initiating molecule Unc-51-like kinase 1 (ULK-1)[100]. 

Adipocyte differentiation–related protein (ADRP) on the surfaces of hepatic LDs is closely related to the 

regulation of lipid accumulation and activation of the hepatic lipid overload response. Therefore, its ablation 

may drive lipophagy to degrade the content of supersaturated LDs through the induction of sequestosome 1 

(p62)– and microtubule-associated protein 1 light chain 3 (LC3)–mediated autophagic vesicles[101]. This 

phenomenon suggests that the autophagy-promoting effect is beneficial for relieving hepatic steatosis. The 

chickpea-derived isoflavone compound BCA could target the up-regulation of SIRT3 protein expression and 

AMPK phosphorylation, among which SIRT3 was also an upstream signaling molecule that activated 

AMPK. In HepG2 cells induced by oleate (OA), BCA enhanced phosphorylated AMPK activity, further 

promoted ULK-1 phosphorylation, and finally drove the overexpression of the autophagosome formation 

biomarkers Beclin 1 and LC3-II and inhibited the accumulation of the autophagic flux biomarker p62, thus 

mobilizing ULK-1-mediated lipophagy. It thus further promoted ADRP inactivation in steatotic hepatocytes, 

thereby leading to the attenuation of intracellular TG synthesis and alleviating steatosis[100,102]. 

Furthermore, phosphorylated AMPK can also further drive the phosphorylation of ACC. Therefore, it is 

considered as a prerequisite for inactivating ACC and inhibiting hepatic FA overload[103]. In summary, 

BCA alleviated lipid deposition in OA-induced HepG2 cells through the activation of the 

SIRT3/AMPK/ULK-1 signaling cascade in steatotic hepatocytes and its induced autophagy effect[100]. 

4.4. Activating FXR and inhibiting inflammation 

The ligand-activated transcription factor FXR is highly expressed in the liver and effective in regulating 

lipid and bile acid metabolism. Therefore, the FXR agonist obeticholic acid has been approved by the FDA 

as a second drug for the treatment of primary biliary cholangitis and can also be utilized in phase III clinical 

trials for the treatment of MASH[104,105]. Although obeticholic acid has achieved the endpoint of fibrosis 

improvement to some extent, its potential adverse effects, such as pruritus and cholelithiasis, have limited its 

regulatory approval as a therapeutic agent for MASH[104,106]. Wang et al., who aimed to obtain FXR 

agonists with moderate benefits far exceeding their safety risks by identifying several natural 

product–derived FXR agonists, discovered that most of the screened FXR agonists were members of the 

isoflavone class of compounds. Moreover, structure–activity relationship analysis based on chemical 

skeletons demonstrated that the localization of the B ring at the C3 position determined FXR activation 

bioactivity[107]. FXR is a pleiotropic anti-inflammatory effector molecule that acts by inhibiting the 

transcription of the NF-κB p65 subunit and proinflammatory cytokines[108]. Therefore, the ablation of the 

FXR protein is inconducive to leveraging the hepatoprotective effect of FXR agonists fully. However, 

among identified natural active products, BCA not only directly bound to and transactivated FXR, its 

anti-inflammatory effect was not dependent on activating FXR. This characteristic was mainly demonstrated 

by the fact that in hepatocytes transfected with Fxr small interfering RNA (siRNA), BCA could still 
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markedly inhibit the mRNA overexpression of tumor necrosis factor-α (TNF-α)[107]. Notably, further 

verification through in vivo animal experiments is needed to determine whether the anti-inflammatory 

property of BCA, which is independent of FXR, exerts hepatoprotective benefits in MASH models[107]. 

Finally, BCA also markedly improved lipid deposition in palmitic acid–Na-induced HepG2 cells, further 

highlighting the potential of this natural FXR agonist as a lead compound of plant origin for the dual 

targeting of lipid metabolism imbalance and inflammation in MASH treatment (Fig. 3). 

  

Fig. 3. Anti-MASLD mechanisms of BCA. BCA interfered with lipid synthesis by inhibiting the HFD-induced 
overexpression of SREBP-1c, HMGCR, FAS, ACC, chREBP, and PPARγ. BCA stimulated the β-oxidation of FAs in 

mitochondria by promoting the expression of PPARα and its target proteins, enhancing the phosphorylation of AMPK, and 
inducing the transport of FAs by carnitine and acetylcarnitine, which also provided fuel for the synthesis of β-HB. BCA 
up-regulated the activities of HTGL and LPL to alleviate hepatic lipid deposition. BCA induced the biotransformation of 

cholesterol into bile acids and the excretion of cholesterol by enhancing the expression of CYP7A1. BCA drove the de novo 
synthesis of phosphatidylcholine by inducing citicoline, DAG, and CEPT1. BCA promoted the catabolism of choline, 

thereby up-regulating the levels of betaine and betaine aldehyde. The induction effect of BCA on hepatic LDLRs promoted 
the clearance of LDL cholesterol in plasma. BCA inhibited glycolysis by down-regulating the activities of chREBP and 

pyruvate kinase, potentially reduced the conversion of pyruvate into lactic acid, and suppressed the expression of hepatic 
fructose 6-phosphate, dihydroxyacetone phosphate, and G6Pase, thereby alleviating overactivated gluconeogenesis. BCA 

activated the SIRT3/AMPK/ULK-1 pathway to trigger lipophagy, promoting ADRP inactivation and attenuating hepatic TG 
deposition. BCA exhibited anti-inflammatory effects independent of hepatic FXR activation, indicating it could still inhibit 

the release of TNF-α in hepatocytes transfected with Fxr siRNA. 
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5. The protective mechanisms of BCA against liver fibrosis 

5.1. Liver fibrosis 

Chronic liver disease is an immeasurable threat to global public health, with approximately 30% of 

patients with this condition being susceptible to fibrosis and cirrhosis[26]. Although hepatocytes have the 

potential for compensatory replication, liver regenerative ability is impaired, which will considerably 

shorten survival, when fibrosis deteriorates into decompensated cirrhosis[109]. Chronic progressive liver 

fibrosis with an inappropriate prognosis is characterized by excessive hepatic scar tissue hyperplasia and 

often ends with liver cirrhosis. It has become a major threat to the health of the more than 600,000 

individuals in the adult population of the United States[86]. In addition, because liver cirrhosis causes 

approximately more than 1 million deaths each year, it ranks 11th among the most common causes of death 

worldwide. It is also a potential pathological factor that affects the health of 1%–2% of the global 

population[110]. At present, HCV infection, alcoholic liver disease (ALD), MASLD, and drug-induced liver 

injury (DILI) constitute the external causes of liver fibrosis[111]. Apoptosis, oxidative stress, inflammation, 

epigenetics, and receptor-mediated signaling are the endogenous factors involved in liver fibrosis. Exploring 

the profibrotic microenvironment in liver tissue and regulatory mechanisms of immune cells and 

macrophages has also gradually become a hotspot in the research on liver fibrosis[6]. Liver fibrosis can be 

attributed to excessive extracellular matrix (ECM) deposition, which becomes a potential cause of cell 

stress, tissue damage, organ dysfunction, and even death[112]. In short, various factors indicate that 

developing new and highly effective antifibrotic drugs and avoiding the biotoxicity associated with chronic 

drug exposure as much as possible are urgently needed. Natural products have gradually attracted attention 

because of their rich reserves, wide biological sources, and lower risks compared with synthetic drugs[113]. 

This review focuses on the anti-hepatic fibrosis potential of BCA, which has been demonstrated to exert 

remarkable pharmacological benefits in reversing liver fibrosis by inhibiting the secretion of cytokines and 

proliferation of activated hepatic stellate cells (HSCs) or depending on bioactivities, such as antifree radical 

and anti-inflammatory cell infiltration activities. 

5.2. Inhibiting inflammation and oxidative stress 

5.2.1. Inflammation 

After carbon tetrachloride (CCl4) damages the liver parenchyma, NF-κB is markedly activated in 

Kupffer cells and then drives the secretion of the inflammatory cytokine TNF-α and fibrotic marker 

molecule transforming growth factor-β1 (TGF-β1). Among them, TGF-β1, as a growth factor that regulates 

fibrotic effects in multiple dimensions, can induce the phenotypic transformation of hepatocytes into 

myofibroblast-like cells and the synthesis and deposition of ECM components[114,115]. Considering the 

effectiveness of BCA in inhibiting the expression of the proinflammatory cytokine TNF-α and profibrotic 

effector TGF-β1 and its biological characteristics as a NF-κB signal regulator, BCA may be a potential 

natural anti-fibrosis therapeutic agent that acts through mediating intercellular communication[116]. 

Furthermore, inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) can act as biological 
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enzymes that initiate inflammatory cascades and participate in inflammatory signal transduction, with the 

latter enhancing the synthesis of prostaglandins under the mediation of an inflammatory environment[117]. 

The bioactivity of BCA in inhibiting liver fibrosis could also be attributed to its anti-inflammatory effect, 

which is achieved by targeting the down-regulation of iNOS and COX-2 activities[116]. 

5.2.2. Oxidative stress 

Cytochrome P450 2E1 (CYP2E1), a member of the CYP450 family of phase I metabolizing enzymes, 

is involved in driving the biotransformation of exogenous toxic compounds, such as CCl4, in the liver[118]. 

However, BCA could target the decrease in CYP2E1 activity and even regulate its expression to be lower 

than that in controls[116]. In addition, CYP1A1 is another classical P450 enzyme that drives oxidative 

stress marked by excessive ROS release, which can further lead to the progressive aggravation of liver 

injury. Notably, BCA not only showed the biological benefit of inducing its inactivation but enhanced the 

up-regulation of the activity of the phase II enzyme sulfotransferase 1A1 (SULT1A1) that synergistically 

promoted the metabolic clearance of exogenous substances from the liver[116,119]. Furthermore, the 

derivation of free radicals to induce oxidative stress is the primary mechanism by which CCl4 triggers 

cytotoxicity. Oxidative stress further promotes the activation of diverse kinases that mediate the NF-κB 

pathway, and the excessive release of ROS can also induce the DNA binding activity of NF-κB. These 

pathological factors may be closely related to the occurrence and progression of fibrosis. However, BCA 

pretreatment could regulate MDA expression and total antioxidant capacity (TAC) recovery and alleviate 

the sharp down-regulation of GSH[116,120,121]. 

Thioacetamide (TAA), although it can be used as an organic sulfur fungicide in the textile industry, is 

also often employed to induce hepatotoxicity and has been identified as a compound with carcinogenic 

effects[122,123]. In addition, TAA can be used as an inducer to simulate human fibrosis in experimental 

animals. Although this chemical induction is almost irreversible, the administration of 25 mg/kg or 50 

mg/kg BCA after TAA treatment significantly reduced the liver weight of rats and cell damage[26]. TAA 

mainly induces hepatotoxicity and fibrosis by driving the release of free radicals and triggering oxidative 

stress. In liver homogenates, these effects manifested as the inactivation of antioxidant enzymes, such as 

SOD, CAT, and glutathione peroxidase (GPx), and the up-regulation of MDA levels. However, amphiphilic 

flavonoid compounds effectively inhibit radical chain reactions by trapping chain-initiating radicals at the 

cell membrane interface. Moreover, these substances can provide hydrogen atoms from their aromatic 

hydroxyl groups to free radicals, further forming stable phenolic radical structures and thereby exhibiting 

remarkable antioxidant activity. As a representative amphiphilic flavonoid compound, BCA could 

effectively reverse the down-regulation of the above endogenous antioxidant enzymes and the 

overexpression of the LPO indicator MDA, thereby resisting free radical damage to hepatocytes[26]. 

5.3. Inhibiting HSC activation/proliferation and hepatocyte propagation 

The activation of HSC is closely related to the proliferation of cells, deposition of ECM, and the 

overexpression of alpha-smooth muscle actin (α-SMA) in myofibroblasts[124]. TAA promotes the release of 
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ROS, thereby initiating the proliferation of HSCs, further inducing the synthesis and deposition of ECM 

associated with chronic liver cirrhosis and activating TGF-β1 and α-SMA[26]. In addition, in view of the 

regenerative and repair capacity of the liver, TAA hepatotoxicity also indirectly leads to the compensatory 

proliferation of hepatocytes. During the S phase of mitosis, the expression of PCNA, the auxiliary protein of 

DNA polymerase, is often enhanced[26,125]. However, in contrast to TAA-induced liver cirrhosis, 

additional BCA intervention could effectively inhibit the α-SMA, PCNA, and mitotic index, thereby 

down-regulating the excessive propagation of hepatocytes attempting to repair liver injury. Furthermore, 

BCA markedly alleviated the driving effect of excessive ROS release on HSC activation. The up-regulation 

of the TAA-induced serum-specific liver enzymes alkaline phosphatase (ALP), ALT, AST, and 

gamma-glutamyl transferase (GGT) considerably reversed after BCA treatment[26]. Notably, the 

overexpression of matrix metalloproteinases (MMPs) drive the enhanced degradation of normal 

subendothelial ECM and accelerate the replacement of its physiological structure by over-deposited collagen 

fibers, ultimately forming a pro-fibrotic positive feedback loop through inducing the activation of 

HSCs[126]. Among them, the CCl4-targeted up-regulation of MMP-9 is a potential factor that may 

exacerbate hepatotoxicity. Moreover, the activation of the liver fibrosis marker MMP-9 is also significantly 

positively correlated with the overexpression of TNF-α and TGF-β1. However, these phenomena could all 

be reversed by BCA[116,127]. Finally, BCA had the pharmacological property of inhibiting the expression 

of α-SMA, a marker of HSC activation induced by CCl4; this property was also a mechanism through which 

it exerted its anti-hepatic fibrosis effect[116]. Moreover, platelet-derived growth factor (PDGF) is an 

inducing factor that drives the activation and proliferation of HSC and accounts for 50%–70% of the total 

macrophage-derived mitogenic activity[128]. Considering that flavonoids have been proven to be a class of 

potential phytoestrogens and hepatoprotective agents with characteristics of anti-radical generation and 

anti-oxidative stress[129] and inhibition of tyrosinase activity[130] and apoptosis[131], some bioactive 

substances from natural resources have been confirmed to reverse the inductive effect of PDGF on the 

proliferation of rat HSCs. Among them, five flavonoids including BCA had an inhibitory activity of more 

than 75% against PDGF-derived HSC-T6 proliferation induction effect, which was closely related to the 

ubiquity of the 4'-hydroxy group in their chemical structures[128]. 

5.4. Inhibiting schistosome infection 

Schistosomiasis, one of the most common parasitic fibrotic diseases, can cause the deposition of a large 

amount of scar tissue around ova trapped in the liver and hepatic inflammation infiltration[132]. Although 

some Schistosoma eggs can be excreted from the body through the fecal route, some may be deposited in 

the liver. Schistosoma eggs trapped in the liver tissue for a long time can trigger chronic inflammation, 

further induce the formation of granulomas, and may even promote the abnormal proliferation of HSCs and 

the excessive deposition of ECM. Eventually, fibroblasts in the liver gradually transdifferentiate into 

myofibroblasts; that is, liver fibrosis occurs[132]. Although praziquantel is listed by the World Health 

Organization as the only recommended drug for the prevention and treatment of schistosomiasis, the use of a 
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single drug for the targeted therapy of this disease may eventually lead to drug resistance in schistosomes. 

Moreover, the effectiveness of praziquantel only applies to adult worms and has no considerable effects on 

schistosomula and pre-adult worms or juvenile worms[132–134]. Therefore, promoting the development of 

anti-schistosomal agents with considerable therapeutic benefits and low risks is of great value. 

Schistosomiasis plagues approximately 250 million people from 78 countries and causes the deaths of 

approximately 280,000–500,000 people each year. In view of the threat of schistosomiasis to health 

undertakings, scientists have begun to pay attention to the feasibility of applying bioactive agents derived 

from natural products to intervene in this disease[135,136]. Research showed that a single-dose BCA 

intervention could significantly down-regulate worm burden in the early and late stages of infection, as well 

as mean tissue egg load, and inhibit the expansion of granulomas[132]. In addition, the expression of 

schistosome CYP450 is a key factor determining worm survival rate and egg development. At present, 

anti-schistosomiasis treatment measures targeting CYP450 have been approved for verification in mice, and 

CYP450 inhibitors at micromolar to nanomolar concentrations have all demonstrated certain anti-worm 

benefits[137–139]. Notably, BCA could also act as a potential CYP450 mRNA inhibitor to exert 

pharmacological effects. BCA intervention in the early stage of schistosome infection often had a more 

significant inhibitory effect on CYP450 mRNA than that in the later stage. That is, BCA treatment may be 

needed during the early infection period to relieve total worm burden and kill immature parasites 

effectively[132]. The transformation of activated HSC into myofibroblasts and deposition of ECM proteins 

around eggs are involved in the occurrence of Schistosoma liver fibrosis. Among them, the fibrotic effector 

molecule TGF-β is an inducing factor for ECM synthesis and deposition and mesenchymal cell proliferation, 

migration, and accumulation after inflammatory infiltration[132]. In addition, COX-2 is not only a 

rate-limiting enzyme in the synthesis of the inflammatory mediator prostaglandin E2. COX-2 positive cells 

can also serve as an important source in the area of highly activated fibrotic front and mobilize the 

pro-fibrotic properties of fibroblastic foci. Therefore, COX-2 overexpression can further drive the 

occurrence of liver fibrosis by mediating proinflammatory effects and inducing fibroblast 

transdifferentiation[132,140]. Not only that, the proinflammatory effects driven by schistosome infection 

also exacerbate the imbalance of antioxidant responses in the host. This effect may be accompanied with the 

excessive generation of pro-oxidative stress effectors, such as nitric oxide (NO) and iNOS. However, BCA 

administered at the early or late stage of infection can inhibit the overexpression of TGF-β, COX-2, and 

iNOS, indicating its effectiveness in the targeted treatment of schistosomiasis[132] (Fig. 4). 
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Fig. 4. Mechanisms of BCA in anti-liver fibrosis. BCA could alleviate hepatic inflammatory infiltration by inhibiting the 

CCl4-induced overexpression of COX-2, TNF-α, NF-κB, and iNOS and could reverse the driving effects of MMP-9, 
TGF-β1, α-SMA, ROS, and PDGF on HSC activation. Additionally, BCA could up-regulate SULT1A1 expression and 

down-regulate CYP2E1 and CYP1A1 activities. This regulatory effect not only mitigated CCl4-induced hepatotoxicity but 
allowed the inactivated CYP1A1, alongside BCA-induced antioxidants, to potentially combat oxidative stress. Furthermore, 
BCA could inhibit TAA-induced serum liver enzyme levels and further alleviate the excessive propagation of hepatocytes 

attempting to repair damage by down-regulating PCNA expression and the mitotic index. Not only that, the 
anti-inflammatory and anti-oxidative stress effects of BCA exerted through the inhibition of COX-2 and iNOS, as well as its 

anti-worm effect induced by the targeted down-regulation of CYP450 mRNA expression, would mitigate the HSC 
activation driven by schistosome infection and its contribution to liver fibrosis. 

6. The protective mechanisms of BCA against DILI/hepatotoxicity 

6.1. Drug-induced liver injury/hepatotoxicity 

Almost all nutrients absorbed in the small intestine need to be transported to the liver first through the 

hepatic vein and processed by the liver before they can be transported to various tissues in the 

body. Therefore, the liver acts as the metabolic hub of various exogenous substances in the digestive system. 

The xenobiotics recognized in the liver, including alcohol, heavy metals, drugs, and chemicals, may attack 

the liver parenchyma and trigger DILI or hepatotoxicity[141,142]. Among them, the toxic effect of heavy 

metals is mainly mediated by triggering the oxidative damage of released ROS to various organs. The liver, 

as the main target organ attacked by heavy metals, often experiences the complications of cholestasis, lipid 

deposition, vascular lesions, and liver necrosis. In addition, heavy metal stimulation can activate caspases, 

induce hepatocyte apoptosis, liver ultrastructure damage, and epigenetic lesions[143]. For decades, metal 

chelators have been considered as the first choice for the treatment of heavy metal poisoning. However, 

chelation therapy exhibits poor specificity and requires cumbersome administration. Moreover, it can 

indirectly damage soft tissue structures, such as the liver. Therefore, its potential side effects limit its 

long-term feasibility[144]. DILI is usually classified as predictive, idiosyncratic, and indirect. Predictive 

DILI has a direct dose-dependent relationship. The risk of its occurrence is related to drug exposure and can 
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be reproduced in animal models. Therefore, this type of liver injury is predictable[145]. Although 

idiosyncratic liver injury does not directly depend on dose, drugs with oral daily dose ≥ 50 mg are often the 

most common causes of liver injury[146]. While DILI has a low incidence rate, its phenotypes include 

almost most types of liver injury. In accordance with the degree of drug exposure, DILI can clinically 

manifest as the nonspecific elevation of hepatic biochemical indicators in mild cases and as jaundice, 

fulminant liver failure, and even ultimately death in severe cases[147]. DILI often resolves spontaneously 

with the discontinuation of the suspected drug. However, in autoimmune-like DILI, further intervention with 

corticosteroid hormones is often required[146]. Notably, DILI with poor prognosis may deteriorate into 

acute liver failure, and liver replacement therapies, such as liver transplantation, cannot extend the survival 

of some patients with lethal acute liver failure[148]. Therefore, considering that natural products are more 

cost-effective and have higher bioactivity and lower medical risk than most prescription drugs for liver 

diseases, they are gradually being favored as a complementary therapy for alleviating 

DILI/hepatotoxicity[149]. 

6.2. Ritonavir treatment-induced DILI 

The long-term exposure of the liver to high concentrations of exogenous drugs or non-infectious 

pathogens may induce susceptibility to hepatotoxicity. Therefore, the liver is generally defined as the main 

target organ of drug-induced injury[150,151]. Although ritonavir (RIT) can be used as a human 

immunodeficiency virus protease inhibitor, it is often accompanied with dose-dependent hepatotoxicity. At 

present, the caspase cascade system is believed to be involved in the induction of RIT-related 

hepatotoxicity[150,152]. However, red clover isoflavones have anti-inflammatory, antioxidant and 

anti-apoptotic activities. BCA, as one of the bioactive components, can inhibit the overexpression of Bax, 

caspase-3, caspase-8, NF-κB, and endothelial nitric oxide synthase (eNOS) induced by RIT, and preventive 

treatment with BCA has been found to maintain the activity of the anti-apoptotic gene Bcl-2[150]. In 

addition, the contents of serum glutamatic oxaloacetic transaminase (SGOT), serum glutamic pyruvate 

transaminase (SGPT), and ALP are often defined as quantitative indicators of the degree of liver injury. 

However, BCA not only negatively regulated the content of serum enzymes induced by RIT, it 

down-regulated the levels of nitrite and the LPO indicator MDA induced by RIT. It also increased the 

content of the antioxidant GSH. In this process, the reduction in nitrite content accordingly inhibited the 

release of NO. Furthermore, after BCA intervention, the RIT-induced overexpression of the inflammatory 

enzymes COX and lysyl oxidase (LOX) in serum and the release of the proinflammatory factors 

interleukin-1β (IL-1β) and IL-6 were down-regulated, whereas the anti-inflammatory factor IL-10 was 

up-regulated. Not only that, BCA pretreatment could up-regulate the expression of the pro-survival factor 

p-AKT and inhibit the induction of hepatocyte death by adverse stress. In short, by targeting oxidative 

stress, inflammation, and apoptosis and reversing the mild focal mononuclear cell infiltration in liver tissue 

induced by RIT, BCA acts as a natural anti-hepatotoxic immunomodulator that can be applied in the 

complementary therapy of antiretrovirals[150]. 
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6.3. Bosentan treatment-induced DILI 

Organic anion transporting polypeptide 1B1 (OATP1B1), a specific uptake transporter that is mainly 

located on the basolateral membrane of human hepatocytes, can regulate the uptake of endogenous or 

exogenous substances, such as bile acids, thyroid hormones, repaglinide, and statins, by the liver. Therefore, 

the transport that it mediates may be key to rate-limiting the drug load of hepatobiliary elimination, thereby 

determining the trend of drug efficacy or toxicity[153,154]. Notably, in addition to possessing a certain 

liver-specific therapeutic activity, OATP1B1 participates in the cell damage and cholestasis induced by 

substrate drugs overloaded in hepatocytes, thereby mediating the occurrence of DILI[154]. Among them, 

bosentan, a targeted therapeutic drug for pulmonary arterial hypertension, is a substrate of OATP1B1. After 

OATP1B1 mediates the hepatic uptake of bosentan, it may induce the dysfunction of the canalicular bile salt 

export pump (BSEP). Finally, a large amount of bile acids accumulates in hepatocytes and serum bile salt 

concentration increases, that is, liver injury may occur concurrently. This phenomenon is the reason why 

liver blood function must be tested before patients are administered bosentan[155]. Therefore, further 

identifying OATP1B1 inhibitors with low biotoxicity to reduce the liver uptake of bosentan, thereby 

alleviating bosentan-mediated hepatotoxicity and OATP1B1-related DILI, is necessary. In rats treated with 

bosentan, the flavonoid BCA could markedly reduce bosentan exposure in the rat liver; reverse 

bosentan-induced cholestasis; and inhibit the content of serum total bile acid (TBA), a sensitive marker of 

liver injury, that is, by weakening the OATP1B1-regulated uptake of bosentan, thus showing remarkable 

anti-DILI effects[155]. In addition, a structure–activity relationship model constructed on the basis of 

common feature pharmacophores might achieve the structural optimization of flavonoid inhibitors and thus 

enhance the effectiveness of DILI mitigation and clarify whether the anti-OATP1B1 effect of flavonoids is 

determined by certain key pharmacophores. The calculation results of the pharmacophore model revealed 

that hydrogen bond acceptors and hydrogen bond donors were the main pharmacophores of OATP1B1 

inhibitors. Among them, the hydrogen bond acceptors and hydrogen bond donors at the 4′-, 5-, and 

7-positions were the joint driving forces that dominated the inhibitory function of OATP1B1. When these 

sites are occupied by other groups with larger steric hindrance, such as glucose, that is, when glycosylation 

is induced, it will damage the biological function of flavonoids against OATP1B1[156]. In summary, the 

research on the structure–activity relationships and activity prediction of various natural flavonoids, 

including BCA, show that deriving highly effective OATP1B1 inhibitors and applying them in the treatment 

of anti-DILI is of considerable potential. 

6.4. Acetaminophen treatment-induced DILI 

6.4.1. Gut–liver axis 

Acetaminophen (APAP) is an over-the-counter medication with antipyretic and analgesic efficacy. 

However, its abuse can transform it into a foreseeable hepatotoxin. In the United States alone, APAP 

constitutes the primary cause of death in approximately 500 cases of DILI per year[157]. This situation is 

related to the conversion of high-dose APAP into the toxic compound N-acetyl-p-benzoquinone imine 
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(NAPQI) by the CYP450 family in hepatocytes. Notably, the endogenous GSH in the liver is often 

mobilized as a natural antidote for NAPQI. However, when this protective effect is overwhelmed by 

excessive NAPQI, NAPQI forms covalent bonds with proteins within hepatocytes, resulting in the synthesis 

of APAP protein adducts[158]. These end products ultimately lead to hepatocyte death by disrupting 

mitochondrial function. Currently, APAP-induced hepatotoxicity shows remarkable heterogeneity among 

different individuals, with female mice showing superior resistance to APAP-induced liver injury (AILI) 

than male mice; such superiority is determined by the differences in the abundances of their gut 

microbiota[159,160]. Therefore, Zeng et al. enhanced microbial isoflavone transformation in male mice 

through the male–female cohabitation of mice. They further discovered that co-housed male mice exhibited 

significantly down-regulated serum levels of ALT, AST, TNF-α, IL-6, monocyte chemoattractant protein-1, 

and monocyte chemoattractant protein-3 following excessive APAP treatment[38]. In consideration of the 

coprophagic behavior of mice and the mediating role of the gut–liver axis in the regulation of liver disease 

mechanisms, further fecal microbiota transplantation from control and co-housed individuals was conducted. 

The findings revealed that male mice receiving feces from co-housed male mice with females experienced 

significant negative regulatory effects on the aforementioned indicators. Microbial community analysis 

confirmed that Rikenella microfusus (R. microfusus) tended to have higher abundance in the co-housed male 

groups. Additionally, the further characterization of differential metabolites through HPLC analysis 

demonstrated that the cecal content and blood of male mice co-housed with female mice, as well as the feces 

and blood of men cohabiting with women, showed significantly increased BCA concentrations compared 

with those of controls. However, the microbial absorption of the isoflavone aglycone BCA from the diet 

depends on the activity of bacterial β-galactosidase (β-gal). The up-regulation of β-gal activity in the feces 

of male mice cohabiting with female mice and the induction of β-gal activity in the intestinal tract of 

recipient mice through the transplantation of cohoused fecal microbiota further revealed that the promoting 

effect of heterosexual cohabitation on the abundance of R. microfusus would achieve the dietary isoflavone 

BCA liberation and enhance its intestinal absorption through the action of β-gal. Among them, BCA 

treatment could markedly alleviate the APAP-induced death of hepatocytes; sterile inflammation; and the 

accumulation of the toxic products NAPQI and APAP protein adducts. In vitro, it inhibited the promoting 

effect of APAP on LDH release in primary mouse hepatocytes[38]. In summary, the anti-AILI effect of 

BCA is nearly identical to that of N-acetylcysteine, a known antidote for APAP and an antioxidant, further 

suggesting that the mechanism by which BCA alleviates APAP-induced hepatotoxicity may involve the 

reversal of oxidative stress. Specifically, BCA significantly inhibited the APAP-induced accumulation of 

MDA and ROS, as well as the depletion of GSH, and mitigated the reduction reactions of GPx4 and the 

cystine/glutamate antiporter xCT by APAP. Ultimately, the BCA-regulated inhibition of oxidative stress 

would further alleviate the excessive phosphorylation of apoptosis signal–regulated kinase 1, 

mitogen-activated protein kinase kinase 4, and c-Jun N-terminal kinase in the livers of APAP-treated 

mice. To elucidate the specific mechanism by which BCA targeted oxidative stress, the study found that 
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after crossing the hepatocyte membrane, BCA bound to pyruvate carboxylase (PC) and propionyl-CoA 

carboxylase subunit alpha (PCCA). The enrichment of PC and PCCA proteins in hepatocytes could supply 

fuel for the tricarboxylic acid (TCA) cycle, promoting the conversion of their enzymatic activity substrates, 

namely, pyruvate and propionyl-CoA, into oxaloacetate and methylmalonyl-CoA. The induced TCA cycle 

drove the production of glutamate, thereby providing additional available substrates for the de novo 

synthesis of GSH. Not only that, the low expression of PC and PCCA in the liver of patients with liver 

failure, along with the low content of BCA in feces, further illustrated the effectiveness of PC/PCCA and 

BCA in mediating the alleviation of acute liver injury (ALI)[38]. In summary, heterosexual cohabitation 

further promotes the intestinal absorption of BCA in an R. microfusus–dependent manner through 

inter-individual microbiome shifts, thereby targeting the metabolic regulation of the TCA cycle, ultimately 

improving AILI in male individuals. 

6.4.2. Multi-target based polypharmacology prediction 

Although single-target drugs possess high selectivity, they may not meet the therapeutic needs of DILI, 

which is induced via multiple targets, pathways, and levels. Therefore, the gradual transition from the old 

paradigm of one compound–one target to the development of multi-target drugs is necessary[161]. Among 

these, based on the characteristic of polypharmacology, one or more drugs can be applied to regulate 

multiple targets, this approach has become a new paradigm in drug discovery and design, aiding the 

exploration of multi-target drugs or effectively targeting the treatment of diseases mediated by multiple 

signaling cascades, and is expected to enhance the time efficiency of drug development[162,163]. Liu et al. 

constructed multi-target based polypharmacology prediction (mTPP), a computational model based on 

virtual screening and machine learning, and applied it in the discovery of multi-target drugs. By comparing 

the training models of four machine learning algorithms and integrating the data on the binding strength of a 

single component with multiple targets and the proliferation rate of compounds against APAP-induced 

injury human hepatocyte cell line L02, they found that the Gradient Boost Regression algorithm had better 

prediction reliability than the Multi-layer Perceptron, Support Vactor Regression, and Decision Tree 

Regressor algorithms[164]. Therefore, the mTPP model using Gradient Boost Regression algorithm with 

high precision could realize multi-target-based polypharmacology prediction. Liu et al. subsequently 

virtually screened the Traditional Chinese Medicine Chemistry Database for potential hepatoprotective 

compounds based on the mTPP model and predicted proliferation rates, ultimately identifying and predicting 

20 traditional Chinese medicine components with potential activity against DILI. On the basis of oral 

bioavailability and drug similarity principles, chelerythrine and BCA were selected from 20 

hepatoprotective components for in vitro activity validation in APAP-treated cell assays, reflecting the 

accuracy of the constructed mTPP model. The significant inhibition of the survival and proliferation rates of 

L02 cells incubated with APAP for 24 h were effectively reversed by the addition of the two candidate 

compounds, thereby corroborating that the model-predicted active compounds possessed anti-DILI 

effects[164]. In summary, given the reliability of the mTPP model in predicting multi-target drugs, its 
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application in pilot studies for screening multi-target drugs not only provides technical references for the 

development of polypharmacology but is suitable for discovering diverse hepatoprotective agents derived 

from traditional Chinese medicines. Such agents include the multi-target compound BCA, which has 

therapeutic potential against APAP-induced hepatotoxicity. 

6.5. LPS/D-GalN treatment-induced hepatoxicity 

Lipopolysaccharide (LPS) and D-galactosamine (D-GalN) induce large-area bleeding, necrosis, and 

neutrophil infiltration in liver tissue. ALI induced by their synergism is a classic model for simulating 

fulminant hepatitis or developing hepatoprotective agents[165–167]. The intraperitoneal injection of LPS 

and D-GalN up-regulated the content of hepatic MDA, the levels of the serum liver enzymes ALT and AST 

and proinflammatory factors IL-1β and TNF-α, and inflammatory infiltration might further drive liver 

necrosis and liver failure[165]. In a previously reported study, pretreatment with BCA 1 h before 

LPS/D-GalN challenge not only had a negative regulatory effect on the above indicators but could promote 

Nrf2 nuclear translocation and up-regulate the activities of HO-1 and the antioxidant enzymes SOD, CAT, 

and GPx in the cytoplasm[165]. In addition, the nucleotide-binding oligomerization domain-like receptor 

family pyrin domain containing 3 (NLRP3) inflammasome, a multi-protein complex in the cytoplasm, is 

assembled by the NLRP3 sensor, the apoptosis-associated speck-like protein containing a C-terminal 

caspase recruitment domain (ASC) adapter protein, and the caspase-1 effector[168]. The NLRP3 

inflammasome was overexpressed in the LPS/D-GalN-induced ALI model. However, BCA did not directly 

target the down-regulation of the activities of hepatic NLRP3, ASC, and caspase-1 induced by LPS/D-GalN. 

Instead, it interfered with the interaction among NLRP3, ASC, and caspase-1[165,169]. Not only that, 

thioredoxin-interacting protein (TXNIP) is an upstream effector molecule that activates the NLRP3 

inflammasome under oxidative stress conditions. However, western blot analysis and immunoprecipitation 

results respectively showed that BCA could negatively regulate the LPS/D-GalN-induced TXNIP 

overexpression, and inhibit the activation of the NLRP3 inflammasome by interfering with the interaction 

between TXNIP and NLRP3[165]. 

6.6. CCl4 treatment-induced hepatoxicity 

CCl4, as a chemical inducer of hepatotoxicity, can trigger the up-regulation of serum AST, ALT, ALP, 

TC, TG, total bilirubin, urea, and creatinine content[170,171]. However, BCA pretreatment negatively 

regulated the above sensitivity indicators related to CCl4-induced liver injury in a dose-dependent manner, 

particularly the TC level, indicating that BCA had antihypercholesterolemic activity. Meanwhile, CCl4 

treatment could down-regulate serum total protein (TP) and glucose concentration, whereas BCA could 

significantly restore serum TP level and improve CCl4-induced hypoglycemia, demonstrating that it could 

act as a regulator of glucose homeostasis[172]. In addition, CYP2E1 participates in activating the 

metabolism of CCl4 in liver microsomes. The subsequent hepatotoxic effects induced by CCl4 can be 

triggered by its highly reactive metabolite, which has a certain affinity to O2, and further triggers LPO after 

the reaction. This effect thereby further leads to the structural and functional impairment of cell membranes, 
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as well as triggers the imbalance of pro-oxidants and antioxidants in the body through the release of 

ROS[173]. However, the protective effect of BCA against CCl4-induced hepatotoxicity could be attributed 

to its antioxidant activity, that is, its inhibition of the expression of CYP2E1 and reversal of the driving 

effect of CCl4 on the down-regulation of the activities of antioxidant indicators, such as SOD, CAT, GPx, 

glutathione reductase (GR), and glutathione-S-transferase (GST)[172]. In addition, although CCl4-induced 

trichloromethyl radical and oxidative stress are key mediators involved in early liver injury, the driving 

effect of activated Kupffer cells on inflammation often indirectly leads to secondary liver injury. After 

Kupffer cells are activated, they exert a pro-secretion effect on diverse inflammatory messenger molecules, 

illustrating that the proinflammatory cytokine TNF-α and prostaglandin synthase COX-2 are overexpressed in 

the hepatotoxic injury induced by CCl4. However, BCA significantly inhibited inflammatory 

infiltration[172,174]. When CCl4 induces liver injury and inflammatory responses, hepatocytes, Kupffer 

cells, and endothelial cells compensatorily produce a large amount of NO. Excessive NO may become a key 

mediator triggering oxidative damage in the liver, especially oxidative stress related to LPO, which 

corresponds to the overexpression of iNOS in the liver tissue of the CCl4-induced ALI rat model. However, 

BCA significantly inhibited the CCl4-driven overactivation of iNOS and the increase in NO production in 

vivo[172,175,176]. In addition, when hosts trigger immune defense mechanism to resist the invasion of 

foreign antigens, the overexpression of the leukocyte-common antigen (CD45) may induce misleading or 

fulminating immunity. CD45, a member of the membrane sialoglycoprotein family and a surface marker of 

immune cells, further participates in lymphocyte differentiation and activation and triggers excessive 

immunity. However, BCA intervention could reverse the up-regulation of CD45 expression in CCl4 

treatment–induced inflammatory liver disease[172]. In conclusion, these pharmacological benefits all 

indicate that the hepatoprotective mechanism of BCA is closely related to its bioactivities as an antioxidant, 

anti-inflammatory agent, and immunomodulator. 

6.7. Heavy metal-induced hepatoxicity 

6.7.1. Monotherapy/multidrug therapy against arsenic toxicity 

Arsenic (As), a metalloid that is widely present in the natural environment and human activities, 

seriously threatens the health of approximately 200 million people worldwide, among which high-exposure 

populations from developing countries, such as India, Bangladesh, and Pakistan, are mainly 

affected[177–180]. Regional chronic As exposure can induce hepatomegaly, liver fibrosis, and liver tumors. 

Moreover, heavy metal–triggered oxidative stress will further up-regulate the risk of As exposure–related 

hepatotoxicity[181,182]. It is primarily manifested that during the metabolism of As in hepatocytes, various 

ROS, such as hydroxyl radicals, hydrogen peroxide, superoxide anions, and peroxyl radicals, are 

derived[183,184]. At this point, numerous antioxidant enzymes are mobilized to counteract the attack of free 

radicals, ultimately resulting in the depletion of antioxidant enzymes. Therefore, plant-derived antioxidant 

components are expected to replace metal chelators as candidate therapeutic agents against As toxicity[185]. 

Among them, BCA is a bioactive isoflavone compound. It has certain metal chelating properties and 
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antioxidant activities as a result of the orientation of its functional groups[37]. It could also inhibit LPO in 

the liver of As-exposed rats. This is attributed to the lipophilicity and membrane permeability of BCA, 

which can deposit in the lipid bilayer and thus reduce the damage caused by free radicals to the cell 

membrane structure[186]. Trivalent inorganic As is markedly more toxic than pentavalent inorganic 

As[187]. The toxicity-inducing mechanism of trivalent As may be related to its direct interaction with 

vicinal thiols and the biological ligands of sulfur-containing groups, participating in cellular oxidative stress 

and inducing the release of free radicals. In addition, As poisoning damages the integrity of the hepatic 

membrane structure; such damage manifests as the overexpression of the LPO indicator MDA. However, 

BCA showed strong antioxidant activity by relying on its pharmacological properties of free radical 

scavenging and membrane stability protection; it further up-regulated the activities of the antioxidant 

enzymes SOD and CAT and the content of plasma GSH[186]. Not only that, the heavy metal As has a 

strong affinity to sulfhydryl groups. Given that sulfhydryl groups are present in the chemical structures of 

the vast majority of lipid-metabolizing enzymes, BCA may target changes in lipid levels. Notably, BCA 

administration did not interfere with the content of phospholipids and free FAs in the liver. This effect might 

be attributed to the interaction between As and GSH but not to the interaction with lipid-metabolizing 

enzymes or inadequate supply of nicotinamide adenine dinucleotide phosphate[186]. Finally, Gyanendra 

Singh et al. also found that the bioaccumulation of As in the liver of Swiss albino mice with sodium 

meta-arsenite poisoning was significantly down-regulated under cotreatment with the flavonoids BCA, 

phloretin, and epigallocatechin-3-gallate. Among them, BCA could also up-regulate the levels of GSH, 

SOD, and GST, and inhibit the increase in the protein carbonyl content (PCC), LPO and its indicator MDA 

content induced by liver As exposure. The enhancement of this antioxidant defense capacity in hepatocytes 

might be related to the overexpression of Nrf2 signaling promoted by BCA, although the antioxidant 

molecule Nrf2 was measured only in kidney tissue[184]. In summary, considering the metal chelation and 

free radical scavenging properties of flavonoid antioxidants, such polyphenolic compounds may be 

developed as effective dietary products against liver As toxicity. 

6.7.2. Multidrug therapy against chromium/arsenic toxicity 

The heavy metal elements Cr and As are certified as Group 1 human carcinogens by the International 

Agency for Research on Cancer. Long-term exposure to Cr and As and their heavy metal compounds results 

in biotoxicity, with the liver, brain, and kidneys as the main target organs, thereby inducing malignant liver 

tumors, liver necrosis, diabetes, and other substantial organ damage or metabolic diseases[188–191]. Cr and 

As poisoning often attacks highly vascularized hepatic structures. For example, chronic Cr exposure can 

trigger LPO. By destroying the hepatic antioxidant system, it further leads to hepatotoxicity or liver 

necrosis[192]. The As toxicity accumulated in the liver induces metabolic transformation, thereby releasing 

ROS and triggering hepatocyte apoptosis[193]. Eventually, ROS with numerous unpaired electrons cause 

oxidative damage to biomacromolecules, such as DNA and proteins; the outcomes of such damage are 

cytotoxicity, genotoxicity, and hepatorenal toxicity and inflammatory injury[144,194]. In addition, 
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excessive ROS can activate the caspase cascade by targeting caspase-8 cleavage and its downstream effector 

caspase-3 and further promote nucleic acid degradation mediated by the activation of the apoptotic 

pathway[195]. However, Swapnil Tripathi et al. reported that the combined administration of the natural 

antioxidants phloretin (PHL), BCA, and coenzyme Q10 (CoQ10) inhibited the heavy metal load related to 

Cr and As in mouse liver tissue. It also reversed the increase in the levels of LPO, MDA, and the protein 

oxidation indicator PCC caused by the accumulation of Cr and As toxicity, and the decrease in the activities 

of CAT, GST, SOD, non-enzymatic antioxidant GSH, and total thiols (TT). In addition, the coadministration 

of PHL, BCA, and CoQ10 not only markedly alleviated the hepatotoxic injury concurrent with Cr and As 

co-stimulation, but also inhibited the DNA breakage driven by combined heavy metal poisoning, showing 

significantly up-regulated DNA yields and reduced DNA degradation rates. Not only that, the 

coadministration of PHL, BCA, and CoQ10 activated the SIRT1/Nrf2/HO-1/NAD(P)H:quinone 

oxidoreductase 1 (NQO1) signaling pathway. The activated Nrf2 further drives the synthesis of downstream 

phase II detoxifying enzymes and antioxidant enzymes, which will become the potential mechanism through 

which PHL, BCA, and CoQ10 manifest their antioxidant properties. Furthermore, their combined 

administration promoted the inactivation of the apoptotic effectors caspase-8 and caspase-3 by reversing the 

apoptosis triggered by oxidative stress. Therefore, the benefits of the coadministration of PHL, BCA, and 

CoQ10 in alleviating the hepatotoxicity caused by the co-exposure of Cr and As depends on their synergistic 

antioxidant and anti-apoptotic activities[144]. Notably, the protective effects of PHL, BCA, and CoQ10 

against the oxidative damage caused by the accumulation of Cr and As in the mouse liver could be attributed 

to their ability to scavenge free radicals and stabilize membranes in a stoichiometric combination, as well as 

their excellent hydrogen-donating properties[144] (Fig. 5). 
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Fig. 5. Mechanisms of BCA in anti-DILI/hepatotoxicity. In combating DILI, BCA markedly alleviated RIT-induced liver 
injury by inhibiting apoptosis, inflammation, oxidative stress, and NO release. Secondly, heterosexual cohabitation could 

induce intestinal microbiome shifts in male individuals, wherein the up-regulation of R. microfusus abundance would 
further promote the dietary isoflavone BCA liberation through β-gal and enhance the intestinal absorption of BCA. 

Subsequently, BCA could supply fuel to the hepatic TCA cycle by binding to PC and PCCA to compensate for the massive 
consumption of the antioxidant GSH induced by APAP challenge and exert the detoxification effect of GSH on NAPQI and 
APAP protein adducts. Additionally, the hepatoprotective compound BCA, predicted by the mTPP model, could inhibit the 

APAP-induced impairment of the survival and proliferation rates of L02 cells. BCA could also alleviate the 
OATP1B1-mediated hepatic uptake of bosentan, thereby protecting BSEP function and down-regulating serum TBA 
content to counteract hepatic cholestasis. In terms of anti-hepatotoxicity, BCA could alleviate the interaction among 

NLRP3, ASC, and caspase-1, as well as the interaction between NLRP3 and TXNIP, thereby reducing the activation of the 
NLRP3 inflammasome, and further reversing LPS/D-GalN treatment–induced liver injury by driving the antioxidant effect 

mediated by the nuclear translocation of Nrf2. Furthermore, BCA could mitigate CCl4-induced hepatotoxicity by 
down-regulating liver injury-related biomarkers and targeting oxidative stress and inflammation. Finally, BCA could also 

inhibit heavy metal poisoning–induced DNA breakage, and further reverse the inducing effects of accumulated heavy metal 
loads on oxidative stress in the liver by activating the SIRT1/Nrf2/HO-1/NQO1 signaling pathway or overexpressing the 

antioxidant molecule Nrf2. However, the elimination of ROS would also alleviate the apoptotic response related to caspase 
cascade activation. 
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7. The protective mechanisms of BCA against other liver lesions 

Intracellular parasites, such as the opportunistic pathogen Toxoplasma gondii, can drive host 

macrophages to secrete proinflammatory cytokines and activate the MAPK signaling pathway, ultimately 

leading to portal vein dilatation and periportal lymphocyte infiltration in the livers of mice with chronic 

toxoplasmosis. However, BCA treatment remarkably alleviated necroinflammatory liver injury and portal 

inflammation and reversed the overexpression of hepatic TNF-α, IL-1β, and iNOS, thereby effectively 

reducing the parasitic cyst load in mice with experimental chronic toxoplasmosis[196]. Furthermore, 

Thuy-Lan-Thi Vo et al. identified five major soybean isoflavones, including BCA, in a 95% ethanolic 

extract of C. cajan roots (EECR95) through HPLC analysis. They discovered that EECR95 could 

significantly down-regulate the levels of liver function markers, such as cholesterol, TG, and GPT, in rat 

serum. Considering that EECR95 had no significant mutagenic effects on RAW 264.7, L-929, and HGF-1 

cells at doses of up to 1,000 μg/mL, BCA could potentially be a safe, non-cytotoxic hepatoprotective 

component[197]. Lemon is one of the dominant fruit crops in the citrus plant (Citrus aurantifolia), with 

citrus peels also being the fruit by-product richest in flavonoid compounds[198]. HPLC analysis identified 

diverse flavonoid compounds, including BCA, in lemon peel extract. In Fructose–Streptozotocin rats, 

polyflavonoids extracted from lemon peel extract decreased serum liver enzyme activity, the hepatic LPO 

indicator thiobarbituric acid reactive substance, and the inflammatory markers TNF-α, NF-κB, IL-6, and 

alpha-fetoprotein. They also had inducing effects on serum albumin, a marker of liver synthetic function, 

and the contents of the hepatic antioxidants GSH and CAT. These effects may reflect the potential of BCA 

to resist diabetes-associated hepatic inflammation and oxidative liver damage[199]. Similarly, BCA could 

also alleviate diabetes-induced abnormal hepatic lipid profiles by inhibiting de novo lipogenesis and 

triggering FA oxidation. This process was not only associated with the up-regulation of hepatic antioxidant 

enzyme activity, but also involved BCA reversing the down-regulation of the expression of CPT and the 

overexpression of HMGCR, FAS, and ACC in diabetic rats induced by HFD and streptozotocin[200]. In the 

same diabetic rat model, researchers also found that BCA could alleviate the damage to the liver caused by 

glucotoxicity, and further restore hepatic glycogen content by regulating the activities of glycogen 

phosphorylase and glycogen synthase in liver[201]. In addition, Zhou et al. identified BCA as one of the 

important isoflavone components in chickpea flavonoids through ultra-performance liquid 

chromatography-tandem mass spectrometry analysis. They found that chickpea flavonoids could reverse the 

inhibitory effect of palmitic acid on the expression of insulin receptor substrate 1 and PI3K in IR-HepG2 

cells, up-regulate the phosphorylation level of AKT, induce glucose consumption and glycogen synthesis, 

thereby activating the PI3K/AKT signaling pathway. Among these effects, the improvement of BCA on 

insulin signal disruption and IR in HepG2 cells might involve the metabolic regulation of aromatic amino 

acids, glutamine, linoleic acid, and palmitic acid[202]. Table 1.
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Table 1. Therapeutic effects and underlying mechanisms of BCA in liver diseases. 

Liver 
disease 

Dosages Models In vivo/ 
in vitro 

Effects and related mechanisms Reference 

HCC 25 mg/kg BCA and 7.5 
mg/kg SB590885, i.p.;   
75 μM BCA and 12 μM 
SB590885. 

The HCC cell xenograft model in 
mice;      HCC cell lines Bel-7402 
and SK-Hep-1. 

In vivo 
and in 
vitro 

Suppressed the HCC cell proliferation by 
inhibiting the ERK MAPK and PI3K/AKT/mTOR 
signalling pathways, and triggered cell cycle arrest 
and apoptosis. 

[57] 

15 μM BCA and 0.3 μM 
SOR. 

HepG2, SNU-449 and HuH-7 cells. In vitro Induced synergistic cytotoxicity in HCC cells by 
interfering with the cell cycle, boosting the 
mitochondrial apoptosis, and impeding cell 
proliferation. 

[70] 

20 µM of flavonoids. Isoflavones were tested for their 
apoptosis induction activities in human 
hepatoma HuH-7 cells. 

In vitro Showed high apoptosis induction profiles in 
HuH‐7 cells. 

[73] 

20 µg of the combined 
isoflavones, 
subcutaneously;      20 
µg/mL of each 
isoflavone alone or in 
combination. 
 

Hep3B cells were injected 
subcutaneously into the backs of the 
mice; HepG2, Hep3B, HuH-7, PLC, 
and HA22T cells. 

In vivo 
and in 
vitro 

Suppressed the growth of human hepatoma cells, 
and induced apoptosis by activating caspase-3 and 
down-regulating Bcl-XL and Bcl-2 expression. 

[76] 

10 ppm, 20 ppm BCA, 
10% miso or 2% NaCl, 
p.o. 

DEN and fission neutron 
treatments-induced liver tumors in 
BCF1 mice. 

In vivo Decreased multiplicities and sizes of liver tumors, 
inhibited DNA synthesis. 

[78] 

 100 nM of 1,25(OH)2D3 
and 50 μM of the 
phenolic substance. 

HuH-7 cells were pre-treated with 
1,25(OH)2D3 and the phenolic 
substance and then subjected to both 
normoxic (21% O2) and hypoxic 
conditions (1% O2). 

In vitro Down-regulated the CYP24A1 expression to exert 
the anticancer potential of vitamin D. 

[81] 

MASLD 10/20/40 mg/kg, i.g. High-fat and high-glucose 
diet-induced MASLD rat model. 

In vivo Improved the blood lipid metabolism and IR, and 
inhibited the release of hepatic inflammatory 
factors and intestinal endotoxins. 

[88] 

HFD with 0.05% BCA, 
p.o. 

HFD-induced obese mice. In vivo Regulated fatty acid oxidation, synthesis of 
phosphatidylcholine, and gluconeogenesis to 
improve hepatic steatosis and IR. 

[90] 

1/40 μM. HepG2 cells were incubated with 
estrogen or phytoestrogen. 

In vitro Exerted the cholesterol-lowering effect by 
activating hepatic LDLRs. 

[94] 
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30, 60, 120 mg/kg;      
0.1 to 20 µM, 0.25 to 2.0 
mM. 

HFD-induced hyperlipidemia mouse 
model; RAW 264.7 macrophages, 
MCF-7 cells. 

In vivo 
and in 
vitro 

Inhibited hepatic lipid deposition by regulating 
HTGL and LPL activities, and improved hepatic 
antioxidant capacity. 

[95] 

50 μM. OA-induced steatosis in HepG2 cells. In vitro Demonstrated the effect of antihepatosteatosis by 
driving SIRT3/AMPK/ULK-1-mediated 
autophagy. 

[100] 

6.25/10/12.5/25/50 
μmolꞏL-1. 

Murine AML12 cells, human HepG2 
cells. 

In vitro Exhibited significant anti-inflammatory activity 
independent of transactivating FXR, and 
ameliorated lipid deposition. 

[107] 

Liver 
fibrosis 

25/50 mg/kg, p.o. TAA-induced liver cirrhosis in rats. In vivo Suppressed hepatocyte propagation and oxidative 
stress, and promoted free radical scavenging. 

[26] 

50 mg/kg, i.p. CCl4-induced liver fibrosis in rats. In vivo Inhibited oxidative stress and the NF-κB-related 
inflammatory cascade, and the expression of 
profibrogenic factors. 

[116] 

 50 nmol/L. PDGF-induced HSC-T6 proliferation. In vitro Inhibited the proliferative activity of HSC-T6 
derived by PDGF, which might benefit in 
alleviating liver fibrosis. 

[128] 

 50 mg/kg, p.o. Schistosoma mansoni-infected mice. In vivo Demonstrated the schistosomicidal, 
anti-inflammatory, antioxidant and anti-fibrotic 
effects, and inhibited CYP450 enzyme expression. 

[132] 

DILI/hepato
toxicity 

20 mg/kg, i.p.;  20 μM. APAP-induced ALI model in mice;   
primary mouse hepatocytes. 

In vivo 
and in 
vitro 

Promoted the intestinal absorption of BCA in an 
R. microfusus-dependent manner and provided 
fuel for the TCA cycle to enhance the resistance of 
male individuals to AILI. 

[38] 

 50 mg/kg, i.p. Combined Cr and As intoxicated mice. In vivo Ameliorated heavy metal-induced hepatotoxicity, 
oxidative stress and apoptosis by activating the 
SIRT1/Nrf2/HO-1/NQO1 pathway. 

[144] 

 100 mg/kg, p.o. RIT-induced hepatotoxicity in rats. In vivo Regulated the NF-κB/p-AKT signaling molecules 
and pro-apoptotic and anti-apoptotic factors, and 
inhibited oxidative stress. 

[150] 

 50 mg/kg, i.g.;          
0 to 60 μM. 

Bosentan-induced liver injury in rats;
OATP1B1-HEK293 cells. 

In vivo 
and in 
vitro 

Demonstrated a notable in vitro and/or in vivo 
suppression of OATP1B1-mediated bosentan 
uptake, which could mitigate the cholestatic 
effects of bosentan in rats. 

[156] 

 12.5 μmol/L. APAP-treated human L02 cells. In vitro Improved the survival and proliferation rates of 
APAP-induced injury cells. 

[164] 

 12.5/25/50 mg/kg, i.p. LPS/D-GalN treatment-induced ALI in 
mice. 

In vivo Induced the Nrf2 pathway activation and inhibited 
NLRP3 inflammasome activity. 

[165] 

 5/25/50/100 mg/kg, i.p. CCl4-induced hepatotoxicity in rats. In vivo Suppressed inflammation and oxidative stress, and 
regulated immune responses. 

[172] 
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 50 mg/kg, i.g. NaAsO2-induced As toxicity in the 
Swiss albino mice. 

In vivo Down-regulated the As bioaccumulation in liver, 
up-regulated the Nrf2 expression and antioxidant 
content. 

[184] 

 10/20/40 mg/kg, i.g. As-induced hepatic injury and 
hepatotoxicity in rats. 

In vivo Alleviated hepatic oxidative injury, hematotoxicity 
and hepatotoxicity. 

[186] 

Other liver 
lesions 

50 mg/kg, i.g. A murine model with chronic 
toxoplasmosis. 

In vivo Down-regulated TNF-α, IL-1β, iNOS expression, 
alleviated necroinflammatory injury and parasitic 
cyst load in liver. 

[196] 

 0.2/1.0 g/kg of EECR95, 
p.o.;  10 to 1000 µg/mL 
of EECR95. 

Administrated EECR95 to rats for 90 
days; RAW 264.7, L-929, and HGF-1 
cells. 

In vivo 
and in 
vitro 

Down-regulated the cholesterol, TG, and GPT 
contents in serum to exert hepatoprotective effects. 

[197] 

 400 mg/kg of lemon peel 
extract, p.o. 

Fructose and streptozotocin 
treatments-induced T2DM in rats. 

In vivo Regulated the levels of biomarkers such as NF-κB, 
AFP, GSH, and TBARS to alleviate liver function 
impairment caused by diabetes. 

[199] 

 10 mg/kg, i.g. HFD and streptozotocin 
treatments-induced diabetic rats. 

In vivo Improved abnormal hepatic lipid metabolism by 
regulating lipogenesis marker enzymes, and 
alleviated oxidative stress. 

[200] 

 10 mg/kg, i.g. HFD and streptozotocin 
treatments-induced diabetic rats. 

In vivo Restored hepatic glycogen content by regulating 
the activities of carbohydrate-metabolizing 
enzymes, and alleviated the damage of 
glucotoxicity to the liver. 

[201] 

 10/20/40 μg/mL of 
chickpea flavonoids. 

PA-induced insulin resistant HepG2 
cells, and chickpea flavonoid 
incubation. 

In vitro Alleviated IR in HepG2 cells by activating 
PI3K/AKT signaling pathway, and inhibited 
oxidative stress and lipid metabolism disorders. 

[202] 

Abbreviations: 1,25(OH)2D3, 1,25-dihydroxyvitamin D; AFP, alpha-fetoprotein; AILI, APAP-induced liver injury; AKT, protein kinase B; ALI, acute liver injury; AML12, alpha 
mouse liver 12; AMPK, adenosine monophosphate–activated protein kinase; APAP, acetaminophen; As, arsenic; BCA, biochanin A; CCl4, carbon tetrachloride; Cr, chromium; 
CYP24A1, cytochrome P450 family 24 subfamily A member 1; CYP450, cytochrome P450; DEN, diethylnitrosamine; D-GalN, D-galactosamine; DILI, drug-induced liver injury; 
EECR95, 95% ethanolic extract of C. cajan roots; ERK, extracellular signal–regulated kinase; FXR, farnesoid X receptor; GPT, glutamic pyruvate transaminase; GSH, glutathione; 
HA22T, hepatoma cell line; HCC, hepatocellular carcinoma; Hep3B, hepatoma cell line; HepG2, hepatoma cell line; HFD, high-fat diet; HGF-1, human gingival fibroblasts; HO-1, 
heme oxygenase-1; HSC-T6, rat hepatic stellate cell line; HTGL, hepatic triglyceride lipase; HuH-7, hepatoma cell line; IL-1β, interleukin-1β; iNOS, inducible nitric oxide synthase; 
IR, insulin resistance; L02, human hepatocyte cell line; L-929, mouse fibroblasts; LDLR, low-density lipoprotein receptor; LPL, lipoprotein lipase; LPS, lipopolysaccharide; MAPK, 
mitogen-activated protein kinase; MASLD, metabolic dysfunction–associated steatotic liver disease; mTOR, mammalian target of rapamycin; NaAsO2, sodium meta-arsenite; NaCl, 
sodium chloride; NF-κB, nuclear factor-kappa B; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain containing 3; NQO1, NAD(P)H:quinone 
oxidoreductase 1; Nrf2, nuclear factor erythroid 2-related factor 2; OA, oleate; OATP1B1, organic anion transporting polypeptide 1B1; OATP1B1-HEK293, human embryonic kidney 
293 cells stably expressing OATP1B1; PA, palmitic acid; PDGF, platelet-derived growth factor; PI3K, phosphatidylinositol-3-kinase; PLC, hepatoma cell line; RIT, ritonavir; R. 
microfusus, Rikenella microfusus; SIRT3, sirtuin 3; SNU-449, hepatoma cell line; SOR, sorafenib; T2DM, type 2 diabetes mellitus; TAA, thioacetamide; TBARS, thiobarbituric acid 
reactive substance; TCA, tricarboxylic acid; TG, triglyceride; TNF-α, tumor necrosis factor-α; ULK-1, Unc-51-like kinase 1. 
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8. Foods or dietary supplements 

Approximately 30%–70% of pathological populations and ≥10% of the general population have a 

history of taking herbal products[34]. Red clover is often prepared as an herbal preparation, and isoflavones 

derived from red clover have been widely sold on the market as neutraceutical extracts applied in 

commercial modes. Tablets (such as Promensil and Trinovin from Novogen), capsules, liquid preparations, 

and teas (such as Alvita, Botanic Choice, and TerraVita) are the main health product forms of such extracts 

available on the market[203]. Among them, each Promensil (Novogen, Inc., Samford, CT) tablet contains 

approximately 26 mg of BCA, and Promensil™ (Novogen, Sydney, Australia) is recommended to consume 

1–2 tablets per day[31,204]. Therefore, an intake frequency of once a day is recommended if taking dietary 

isoflavone supplements chronically. Taking two tablets of 40 mg of isoflavone supplements daily results in 

blood drug concentrations similar to those in people with isoflavone-enriched diets[31]. 

At present, various plant-derived dietary supplements have been extensively developed and are favored 

by women consumers, especially postmenopausal women, to improve estrogen homeostasis. However, such 

nutritional supplements are not pure substances containing BCA alone but are instead mixtures of multiple 

functional components. Given their lack of awareness of drug–botanical interactions, women often 

inadvertently consume prescription drugs and plant-based dietary supplements simultaneously. Therefore, 

patients do not actively inform medical staff of this overlooked misunderstanding. This situation may 

ultimately be mainly attributed to the fact that plant-based dietary supplements, in contrast to newly 

developed prescription drugs, do not generally require the disclosure of potential pharmacokinetic 

information for approval, marketing, and application in clinical practice. Whether it involves multiple 

regulatory effects on drug transporters or the activities of drug-metabolizing enzyme remains unknown[32]. 

In addition, most developers have not provided intake dose ranges for reference. Therefore, blind intake only 

increases the isoflavone concentration in urine and cannot play a similar supplementing effect as a 

high-isoflavone diet in consumers’ bodies[205]. This situation indicates that in the future, improving 

standardized operation of the BCA-based health product processing market should receive attention. 

Notably, in addition to direct BCA ingestion, daily dietary supplementation based on chickpeas also 

indirectly increases the oral intake of BCA through edible plants. However, although chickpeas are widely 

accepted by the consumer market, their annual yield growth rate is only 1.3%, verifying the need for further 

improving their breeding and processing strategies[23]. Therefore, focusing on the development of 

transgenic chickpea cultivation technology to increase yield and combining it with mature food processing 

techniques will help improve the texture and taste of chickpeas and provide an important reference for 

alleviating yield pressure and broadening product differentiation. Examples of the above food processing 

techniques include grinding granular chickpeas into mash, chickpea flour, and other food raw materials, 

mixing them with nuts and grains, and then adding them to the production of cakes, biscuits, canned food, 

and bread or extracting high-purity chickpea protein concentrate and applying it in the production of 

plant-based protein drinks, protein powders, functional drinks, and meal replacement products. 
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9. The clinical translation of BCA 

Currently, most of the studies on the hepatoprotective effects of BCA are based on rodent models, and 

tests on primates or human samples do not exist. However, compared with rodents, humans have a more 

efficient glucuronidation system, better ability to conjugate isoflavones, and lower proportion of 

unconjugated free aglycones in the blood circulation[40]. In addition, most in vivo animal and in vitro cell 

experiments used high intervention doses, which are dozens or hundreds of times higher than the average 

human isoflavone intake and are thus unscientific compared with the amount supplied by the human daily 

diet[40]. In summary, fundamental differences in the half-life, metabolic rate, and blood drug concentration 

of BCA exist between humans and experimental animals. Filling the gaps in clinical liver disease research is 

necessary, and such efforts cannot just be based on a mechanical repetition or dose extrapolation of animal 

data. 

Searching http://clinicaltrials.gov/ for clinical trials related to BCA yielded only three results, and no 

clinical trials on liver disease are performing recruitment or have been completed. Currently, the clinical 

application of BCA is mostly limited to postmenopausal women and does not involve purified single 

phytochemicals. Instead, red clover extracts rich in isoflavones, such as BCA, are used for treatment. In a 

latest randomized controlled trial involving 75 postmenopausal women with dyslipidemia, 40 mg isoflavone 

red clover capsules were administered, with starch capsules of the same dose used as a placebo control. The 

results showed that the red clover intervention, when given twice a day for 3–6 months, provided 

considerable benefits in improving TC, TG, LDL cholesterol, and high-density lipoprotein cholesterol[206]. 

Additionally, a one-year double-blind intervention trial involved the daily administration of a novel red 

clover extract rich in 60 mg isoflavone aglycones and probiotics and supplementation with vitamin and 

mineral tablets. It was found that consuming the red clover extract twice a day for more than one year could 

effectively alleviate bone mineral density loss in postmenopausal women with osteopenia, improve estrogen 

deficiency–related osteoporosis, and induce a favorable estrogen metabolite profile, as well as equol 

production[207]. However, a double-blind randomized controlled trial involving 33 postmenopausal women 

with overactive bladder (OAB) reported negative results[208]. Although most clinical studies tend to 

confirm that local vaginal estrogen therapy improves OAB, the above trial found that taking red clover 

extracts twice daily for three months, which was equivalent to taking approximately 58.38 mg of isoflavones 

daily, had no significant effect on the urinary frequency symptoms or other voiding parameters of 

postmenopausal women with OAB[208,209]. This finding also indicates that BCA, as an estrogen analog, 

may have endocrine-disrupting properties[210]. However, the long half-life of BCA in human metabolism 

necessitates a sufficiently long study period to identify the toxic dose of BCA under real exposure. 

Furthermore, BCA has the biological nature of rapid demethylation into GEN. This characteristic casts 

doubt on whether the multi-target effect exerted after administration is derived from BCA itself or its 

metabolites. Not only that, given that BCA can induce the moderate and considerable inactivation of human 

CYP1A2 and CYP3A4/5 enzymes, respectively, it may pose potential risks of food–drug interactions as a 
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non-substrate of most CYP450 subunits that catalyze drug metabolism[7,28]. This situation is also a 

challenge that must be overcome for its clinical translation. 

Finally, in contrast to those of most well-defined traditional hepatoprotective natural products, the 

efficacy of BCA has not yet been examined by expert panels. In the guidelines approved by the Russian 

Medical Scientific Society of Therapists and the Gastroenterology Scientific Society of Russia, silymarin 

was identified as a candidate therapeutic agent for ALD and MASLD. In addition, the expert panel approved 

140 mg of the original silymarin three times a day as a safe hepatoprotective treatment dose[211]. However, 

although the level of clinical evidence for BCA is lower than that for silymarin, BCA has a higher safety 

factor than licorice (Glycyrrhiza spp.), an auxiliary therapeutic agent for primary liver disease. The US FDA 

has reported that licorice intake poses the risk of arrhythmia, hypertension, and hypokalemia; this risk is 

closely related to the mineralocorticoid effect of licorice and may even result in rhabdomyolysis[212,213]. 

Considering that the effect of licorice on blood pressure has a certain linear dose–response relationship, 

patients with hypertension taking BCA as a hepatoprotective therapeutic agent may effectively avoid the risk 

of severe persistent hypertension[213]. In addition, the synergistic effect of isoflavones and curcumin exerts 

significant antioxidant, anti-inflammatory, and anti-hepatic fibrosis activities[214]. However, similar to that 

of BCA, the oral bioavailability of curcumin is limited because of its biological characteristics of rapid 

metabolism, poor water solubility, and easy degradation within the gastrointestinal tract[215]. Notably, 

specific reports on how to use nanotechnology to improve the hepatic delivery of curcumin exist. For 

instance, curcumin delivery systems based on lipid-based carriers and polymeric nanoparticles have been 

developed, and curcumin derivatives have been prepared[216]. These approaches further help curcumin 

resist the metabolic pressure of rapid hydrolysis, thereby enhancing its targeting ability in the treatment of 

benign and cancerous liver lesions. Unfortunately, by contrast, most of the currently reported studies on 

improving the bioavailability of BCA have focused on enhancing its therapeutic efficacy against diseases, 

such as estrogen deficient-hypertension[30], pancreatitis[49], and melanoma[56]. They do not involve the 

development of delivery systems for optimizing its hepatoprotective activity. This situation indicates that 

certain resource investment is still required to achieve the transition of BCA from preclinical 

hepatoprotective research to clinical hepatoprotective application. 

10. Conclusions and perspectives 

In summary, BCA, as a natural hepatoprotective agent, possesses pharmacological activities, such as 

anti-cancer, anti-fibrosis, and anti-hepatotoxicity activities. First, BCA can synergistically enhance the 

anticancer efficacy of chemotherapeutic drugs. This ability is closely related to its inhibition of HCC cell 

proliferation and promotion of cell cycle arrest and apoptosis. Second, by regulating glycolipid metabolism 

homeostasis, activating autophagy, and FXR expression, BCA has become a botanical therapeutic agent for 

delaying the progression of MASLD. Third, BCA administration effectively alleviates the proliferation of 

fibrogenic effector cells in the liver by regulating profibrotic factors and activating anti-inflammatory and 

antioxidant signaling. Moreover, it can show bioactivity against Schistosoma-induced liver fibrosis. 
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Finally, BCA can be shuttled within the gut–liver axis, induce the TCA cycle, and serve as a detoxifying 

agent for heavy metal poisoning, drugs, or chemical toxin–induced liver injury by relying on its 

immunomodulatory activity and anti-apoptotic properties. Not only that, the multi-target therapeutic 

potential of BCA can be further predicted through virtual screening and machine learning. However, an 

overlap remains among targeted pathways across different liver diseases. 

The integration of the literature revealed that most existing studies on the hepatoprotective effects of 

BCA tended to elucidate a single in vivo or in vitro mechanism, with combined research on both 

mechanisms being insufficient. Moreover, BCA is mostly present as an active component in mixed extracts 

or co-administered to intervene in liver diseases. This situation suggests that the introduction of gene-editing 

technology and integration of metabolomics or proteomics data will broaden the application prospects of 

BCA in the field of hepatology. At this stage, the bioavailability of BCA in the liver can be effectively 

improved by adding organic polymeric materials or designing novel targeted delivery systems. Secondly, 

natural product derivatives developed on the basis of technologies, such as metabolic engineering and 

synthetic biology, are conducive to offsetting the limitations of the bioavailability of their parent drugs, 

which will also promote the standardization of production and maximize the efficacy of natural product 

preparations containing BCA[217]. In addition, herbal medicines mediate the effects of interventions on the 

body’s homeostasis through multiple complex regulatory mechanisms. This phenomenon potentially 

increases the challenges experienced by drug developers when quantifying their risk-to-benefit ratio before 

preparing new drugs[110]. Therefore, scientific data are lacking, and the medical market needs to strengthen 

regulatory measures for the development of BCA-rich dietary supplements to clarify whether drug–drug 

interactions tend to promote the optimization of bioavailability or weakening of hepatotoxicity. Furthermore, 

new strategies, such as drug–target–pathway networks, Intelligent Internet of Medical Things, and 

nanotechnology, may be beneficial to clarify the pathogenesis of diverse liver diseases. In the future, the 

exploration of the pharmacological mechanism and drug efficacy screening of BCA and its derivatives may 

draw on artificial intelligence technology. Not only that, further exploring the influence of variable factors, 

such as extraction technology, climate environment, geographical location, and planting conditions, on the 

content of active compounds and bioactivity of their main efficacy ingredients of natural products is 

necessary. This will improve the pharmacokinetic study of BCA and provide key pharmacological 

information for dosage scaling and human toxicity studies related to BCA[218]. Notably, most of the 

experimental studies on BCA in the field of hepatology focus only on MASLD, fibrosis, 

DILI/hepatotoxicity, cancer, and tumors, and works exploring the feasibility of BCA in alleviating other 

classical liver diseases, such as ALD, cholestatic liver injury, hepatic ischemia–reperfusion injury, and viral 

hepatitis, and in-depth research on relevant mechanisms do not exist. Therefore, the filling of relevant gaps 

in the literature will be of considerable practical importance in the future. Finally, because the current 

pharmacological research on BCA is mostly based on animal and cell line models with substantial 

differences from humans, and the potential mechanisms of the very low plasma concentration–effect 
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relationship shown by various natural active substances with clinical application value remain vague[219]. 

Therefore, further large-scale cohort studies combined with omics sequencing are needed to clarify the 

practical application value of BCA in human clinical practice and the pharmacodynamic fluctuations 

influenced by drug metabolism after in vivo binding with receptors. In short, the pharmacological 

information and various targeted pathways provided by this review may further demonstrate the 

effectiveness of BCA in the treatment of liver diseases and the necessity of optimizing the bioavailability of 

natural products. 

Data Availability 

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

Declaration of Competing Interest 

We have no known competing financial interests or personal relationships that could have appeared to 

influence the work reported in this paper. 

References 

[1] R. Sahu, S. Goswami, G. Narahari Sastry, R.K. Rawal, The Preventive and Therapeutic Potential of the Flavonoids in Liver 

Cirrhosis: Current and Future Perspectives, Chemistry & Biodiversity 20 (2023) e202201029. 

https://doi.org/10.1002/cbdv.202201029. 

[2] H. Qian, X. Chao, J. Williams, S. Fulte, T. Li, L. Yang, W.-X. Ding, Autophagy in liver diseases: A review, Molecular Aspects 

of Medicine 82 (2021) 100973. https://doi.org/10.1016/j.mam.2021.100973. 

[3] J. Hofmann, V. Hackl, H. Esser, A.T. Meszaros, M. Fodor, D. Öfner, J. Troppmair, S. Schneeberger, T. Hautz, Cell-Based 

Regeneration and Treatment of Liver Diseases, IJMS 22 (2021) 10276. https://doi.org/10.3390/ijms221910276. 

[4] H. Devarbhavi, S.K. Asrani, J.P. Arab, Y.A. Nartey, E. Pose, P.S. Kamath, Global burden of liver disease: 2023 update, Journal 

of Hepatology 79 (2023) 516–537. https://doi.org/10.1016/j.jhep.2023.03.017. 

[5] X. Qin, X. Wang, M. Tian, Z. Dong, J. Wang, C. Wang, Q. Huang, The role of Andrographolide in the prevention and treatment 

of liver diseases, Phytomedicine 109 (2023) 154537. https://doi.org/10.1016/j.phymed.2022.154537. 

[6] X. Ma, Y. Jiang, J. Wen, Y. Zhao, J. Zeng, Y. Guo, A comprehensive review of natural products to fight liver fibrosis: 

Alkaloids, terpenoids, glycosides, coumarins and other compounds, European Journal of Pharmacology 888 (2020) 173578. 

https://doi.org/10.1016/j.ejphar.2020.173578. 

[7] M. Sohel, Comprehensive exploration of BIOCHANIN A as an oncotherapeutics potential in the treatment of multivarious 

cancers with molecular insights, Phytotherapy Research (2023) ptr.8050. https://doi.org/10.1002/ptr.8050. 

[8] C. Yu, P. Zhang, L. Lou, Y. Wang, Perspectives Regarding the Role of Biochanin A in Humans, Front. Pharmacol. 10 (2019) 

793. https://doi.org/10.3389/fphar.2019.00793. 

[9] B. Cong, Perspectives in Food & Medicine Homology, Food & Medicine Homology 1 (2024) 9420018. 

https://doi.org/10.26599/FMH.2024.9420018. 

[10] M.-Y. Li, Q. Zhang, J. Li, G. Zengin, Food and medicine homology in cancer treatment: traditional thoughts collide with 

scientific evidence, Food & Medicine Homology 2 (2025) 9420120. https://doi.org/10.26599/FMH.2025.9420120. 

[11] B. Le Daré, P.-J. Ferron, T. Gicquel, Il était une fois l’hépatotoxicité…, Med Sci (Paris) 37 (2021) 235–241. 

https://doi.org/10.1051/medsci/2021009. 

[12] S.S. Tamber, P. Bansal, S. Sharma, R.B. Singh, R. Sharma, Biomarkers of liver diseases, Mol Biol Rep 50 (2023) 7815–7823. 

https://doi.org/10.1007/s11033-023-08666-0. 

[13] L. Lin, H. Li, Analysis of Clinical Trials of New Drugs for Liver Diseases in China, DDDT Volume 15 (2021) 3181–3191. 

https://doi.org/10.2147/DDDT.S309964. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[14] J. Xiao, F. Wang, Y. Yuan, J. Gao, L. Xiao, C. Yan, F. Guo, J. Zhong, Z. Che, W. Li, T. Lan, F. Tacke, V.H. Shah, C. Li, H. 

Wang, E. Dong, Epidemiology of liver diseases: global disease burden and forecasted research trends, Sci. China Life Sci. 68 

(2025) 541–557. https://doi.org/10.1007/s11427-024-2722-2. 

[15] D. Beyoğlu, J.R. Idle, Metabolomic insights into the mode of action of natural products in the treatment of liver disease, 

Biochemical Pharmacology 180 (2020) 114171. https://doi.org/10.1016/j.bcp.2020.114171. 

[16] J. Nivedha, L. Vennila, G. Sindhu, K. Kanimozhi, T.C. Raj, Investigating the Anticancer Potential of Biochanin A in KB Oral 

Cancer Cells Through the NFκB Pathway, Cell Biochemistry &amp; Function 42 (2024) e4130. 

https://doi.org/10.1002/cbf.4130. 

[17] Z. Feng, N. Zhang, J. Bai, Q. Lin, Y. Xie, Y. Xia, Biochanin A inhibits cardiac hypertrophy and fibrosis in vivo and in vitro, 

Biomedicine & Pharmacotherapy 170 (2024) 116002. https://doi.org/10.1016/j.biopha.2023.116002. 

[18] C. Ram, S. Gairola, A.M. Syed, U. Kulhari, S. Kundu, M.N. Mugale, U.S. Murty, B.D. Sahu, Biochanin A alleviates unilateral 

ureteral obstruction-induced renal interstitial fibrosis and inflammation by inhibiting the TGF-β1/Smad2/3 and NF-kB/NLRP3 

signaling axis in mice, Life Sciences 298 (2022) 120527. https://doi.org/10.1016/j.lfs.2022.120527. 

[19] X.-H. Yu, J.-J. Chen, W.-Y. Deng, X.-D. Xu, Q.-X. Liu, M.-W. Shi, K. Ren, Biochanin A Mitigates Atherosclerosis by 

Inhibiting Lipid Accumulation and Inflammatory Response, Oxidative Medicine and Cellular Longevity 2020 (2020) 1–15. 

https://doi.org/10.1155/2020/8965047. 

[20] K. Yang, J. Chen, T. Zhang, X. Yuan, A. Ge, S. Wang, H. Xu, L. Zeng, J. Ge, Efficacy and safety of dietary polyphenol 

supplementation in the treatment of non-alcoholic fatty liver disease: A systematic review and meta-analysis, Front. Immunol. 

13 (2022) 949746. https://doi.org/10.3389/fimmu.2022.949746. 

[21] R.J. Fontana, I. Liou, A. Reuben, A. Suzuki, M.I. Fiel, W. Lee, V. Navarro, AASLD practice guidance on drug, herbal, and 

dietary supplement–induced liver injury, Hepatology 77 (2023) 1036–1065. https://doi.org/10.1002/hep.32689. 

[22] I. Gajić, S. Ilić-Stojanović, A. Dinić, A. Zdravković, L. Stanojević, V. Nikolić, L. Nikolić, Modified Biochanin A Release from 

Dual pH- and Thermo-Responsive Copolymer Hydrogels, Polymers 13 (2021) 426. https://doi.org/10.3390/polym13030426. 

[23] Z.-J. Feng, W.-F. Lai, Chemical and Biological Properties of Biochanin A and Its Pharmaceutical Applications, Pharmaceutics 

15 (2023) 1105. https://doi.org/10.3390/pharmaceutics15041105. 

[24] S.X. Peng, D.M. Ritchie, M. Cousineau, E. Danser, R. DeWire, J. Floden, Altered Oral Bioavailability and Pharmacokinetics 

of P-Glycoprotein Substrates by Coadministration of Biochanin A, Journal of Pharmaceutical Sciences 95 (2006) 1984–1993. 

https://doi.org/10.1002/jps.20664. 

[25] A. Kumar, E. Angelopoulou, E. Pyrgelis, C. Piperi, A. Mishra, Harnessing Therapeutic Potentials of Biochanin A in 

Neurological Disorders: Pharmacokinetic and Pharmacodynamic Overview, Chemistry & Biodiversity 21 (2024) e202400709. 

https://doi.org/10.1002/cbdv.202400709. 

[26] M.Y. Ibrahim, Z.Z. Alamri, A.S.M. Juma, S.A. Hamood, S.H. Shareef, M.A. Abdulla, S.N. Jayash, Hepatoprotective Effects of 

Biochanin A on Thioacetamide-Induced Liver Cirrhosis in Experimental Rats, Molecules 28 (2023) 7608. 

https://doi.org/10.3390/molecules28227608. 

[27] Y.J. Moon, K. Sagawa, K. Frederick, S. Zhang, M.E. Morris, Pharmacokinetics and bioavailability of the isoflavone biochanin 

A in rats, AAPS J 8 (2006) E433–E442. https://doi.org/10.1208/aapsj080351. 

[28] J. Yin, X. Zhang, Y. Zhang, Y. Ma, L. Li, D. Li, L. Zhang, Z. Zhang, Comprehensive Study of the in Vivo and in Vitro 

Metabolism of Dietary Isoflavone Biochanin A Based on UHPLC-Q-TOF-MS/MS, J. Agric. Food Chem. 67 (2019) 

12481–12495. https://doi.org/10.1021/acs.jafc.9b05776. 

[29] J. Li, Y. Liu, X. Yu, J. Zhang, J. Gu, L. Zhao, Reduced Oral Bioavailability and Altered Pharmacokinetics of Saquinavir by 

Co-administration with Biochanin A in Rats, Drug Res (Stuttg) 66 (2016) 484–488. https://doi.org/10.1055/s-0042-110393. 

[30] C. Sachdeva, N. Mishra, S. Sharma, Development and characterization of enteric-coated microparticles of biochanin A for their 

beneficial pharmacological potential in estrogen deficient-hypertension, Drug Delivery 23 (2016) 2044–2057. 

https://doi.org/10.3109/10717544.2015.1114046. 

[31] J. Howes, M. Waring, L. Huang, L.G. Howes, Long-Term Pharmacokinetics of an Extract of Isoflavones from Red Clover 

( Trifolium pratense ), The Journal of Alternative and Complementary Medicine 8 (2002) 135–142. 

https://doi.org/10.1089/107555302317371424. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[32] L. Chen, J. Choi, S.W. Leonard, S. Banuvar, E. Barengolts, M. Viana, S.-N. Chen, G.F. Pauli, J.L. Bolton, R.B. Van Breemen, 

No Clinically Relevant Pharmacokinetic Interactions of a Red Clover Dietary Supplement with Cytochrome P450 Enzymes in 

Women, J. Agric. Food Chem. 68 (2020) 13929–13939. https://doi.org/10.1021/acs.jafc.0c05856. 

[33] Y.J. Moon, M.E. Morris, Pharmacokinetics and Bioavailability of the Bioflavonoid Biochanin A: Effects of Quercetin and 

EGCG on Biochanin A Disposition in Rats, Mol. Pharmaceutics 4 (2007) 865–872. https://doi.org/10.1021/mp7000928. 

[34] S. Zhang, M.E. Morris, Effect of the Flavonoids Biochanin A and Silymarin on the P-Glycoprotein-Mediated Transport of 

Digoxin and Vinblastine in Human Intestinal Caco-2 Cells, (n.d.). 

[35] Y. Chen, C. Huang, T. Zhou, S. Zhang, G. Chen, Biochanin A induction of sulfotransferases in rats, J Biochem & Molecular 

Tox 24 (2010) 102–114. https://doi.org/10.1002/jbt.20318. 

[36] P. Yangzom, S. Amruthanand, M. Sharma, S. Mahajan, M.C. Lingaraju, S. Parida, M. Sahoo, D. Kumar, T.U. Singh, Subacute 

28 days oral toxicity study of kaempferol and biochanin‐A in the mouse model, J Biochem & Molecular Tox 36 (2022) e23090. 

https://doi.org/10.1002/jbt.23090. 

[37] P. Li, M. Li, X. Lou, B. Zhao, Q. Ma, Y. Bian, X. Mi, Evaluation of Hypoglycemic Activity and Sub-Acute Toxicity of the 

Novel Biochanin A–Chromium(III) Complex, Molecules 27 (2022) 5786. https://doi.org/10.3390/molecules27185786. 

[38] Y. Zeng, R. Wu, Y. He, Q. Zhang, Z. Wang, P. Qin, F. Yang, Y. Han, M. Hao, Y. Zheng, L. Gao, X. Chen, X. Zhao, Z. Zeng, 

Z.-X. Lian, W. Xiao, Z. Liu, Z.-B. Zhao, S. Gong, Cohabitation facilitates microbiome shifts that promote isoflavone 

transformation to ameliorate liver injury, Cell Host & Microbe (2025) S1931312825001441. 

https://doi.org/10.1016/j.chom.2025.04.011. 

[39] G. Gong, K. Ganesan, Y. Wan, Y. Liu, Y. Huang, Y. Luo, X. Wang, Z. Zhang, Y. Zheng, Unveiling the neuroprotective 

properties of isoflavones: current evidence, molecular mechanisms and future perspectives, Critical Reviews in Food Science 

and Nutrition 65 (2025) 3112–3148. https://doi.org/10.1080/10408398.2024.2357701. 

[40] F. Ferriere, N. Aasi, G. Flouriot, F. Pakdel, Exploring the Complex Mechanisms of Isoflavones: From Cell Bioavailability, to 

Cell Dynamics and Breast Cancer, Phytotherapy Research 39 (2025) 957–979. https://doi.org/10.1002/ptr.8417. 

[41] L. Hanski, N. Genina, H. Uvell, K. Malinovskaja, Å. Gylfe, T. Laaksonen, R. Kolakovic, E. Mäkilä, J. Salonen, J. Hirvonen, M. 

Elofsson, N. Sandler, P.M. Vuorela, Inhibitory Activity of the Isoflavone Biochanin A on Intracellular Bacteria of Genus 

Chlamydia and Initial Development of a Buccal Formulation, PLoS ONE 9 (2014) e115115. 

https://doi.org/10.1371/journal.pone.0115115. 

[42] Y. He, J. Xiang, J. Chen, S. Fang, Z. Guo, X. Liang, Improving Bioaccessibility and Bioavailability of Isoflavone Aglycones 

from Chickpeas by Germination and Forming β-Cyclodextrin Inclusion Complexes, Pharmaceutics 15 (2023) 2684. 

https://doi.org/10.3390/pharmaceutics15122684. 

[43] M. Lipovac, A. Pfitscher, S. Hobiger, T. Laschitz, M. Imhof, P. Chedraui, A. Jungbauer, Red clover isoflavone metabolite 

bioavailability is decreased after fructooligosaccharide supplementation, Fitoterapia 105 (2015) 93–101. 

https://doi.org/10.1016/j.fitote.2015.06.011. 

[44] M. Zeng, R. Sun, S. Basu, Y. Ma, S. Ge, T. Yin, S. Gao, J. Zhang, M. Hu, Disposition of flavonoids via recycling: Direct biliary 

excretion of enterically or extrahepatically derived flavonoid glucuronides, Molecular Nutrition Food Res 60 (2016) 

1006–1019. https://doi.org/10.1002/mnfr.201500692. 

[45] X. Fan, J. Bai, S. Zhao, M. Hu, Y. Sun, B. Wang, M. Ji, J. Jin, X. Wang, J. Hu, Y. Li, Evaluation of inhibitory effects of 

flavonoids on breast cancer resistance protein (BCRP): From library screening to biological evaluation to structure-activity 

relationship, Toxicology in Vitro 61 (2019) 104642. https://doi.org/10.1016/j.tiv.2019.104642. 

[46] J. Zhao, J. Yang, Y. Xie, Improvement strategies for the oral bioavailability of poorly water-soluble flavonoids: An overview, 

International Journal of Pharmaceutics 570 (2019) 118642. https://doi.org/10.1016/j.ijpharm.2019.118642. 

[47] Z. Guo, Y. Liu, J. Xiang, X. Liang, Mechanochemical preparation of red clover extract/β-cyclodextrin dispersion: Enhanced 

water solubility and activities in alleviating high-fat diet-induced lipid accumulation and gut microbiota dysbiosis in mice, 

Food Chemistry 420 (2023) 136084. https://doi.org/10.1016/j.foodchem.2023.136084. 

[48] T. Volkova, O. Simonova, G. Perlovich, Modulation of Distribution and Diffusion through the Lipophilic Membrane with 

Cyclodextrins Exemplified by a Model Pyridinecarboxamide Derivative, Pharmaceutics 15 (2023) 1531. 

https://doi.org/10.3390/pharmaceutics15051531. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[49] H.P. Sripadi, R. Kaur, S. Manohar Koli, N. Sharma, U.V.R. Vijaya Sarathi, J. Babu Nanubolu, S. Balaji Andugulapati, R. Sistla, 

Biochanin-A co-crystal formulation improves bioavailability and ameliorates cerulein-induced pancreatitis by attenuating the 

inflammation, International Journal of Pharmaceutics 667 (2024) 124874. https://doi.org/10.1016/j.ijpharm.2024.124874. 

[50] Q. Wang, H. Cheng, K. Zhou, L. Wang, S. Dong, D. Wang, W. Chen, Nanostructured lipid carriers as a delivery system of 

biochanin A, Drug Delivery 20 (2013) 331–337. https://doi.org/10.3109/10717544.2013.838716. 

[51] H.-K. Han, B.-J. Lee, H.-K. Lee, Enhanced dissolution and bioavailability of biochanin A via the preparation of solid 

dispersion: In vitro and in vivo evaluation, International Journal of Pharmaceutics 415 (2011) 89–94. 

https://doi.org/10.1016/j.ijpharm.2011.05.055. 

[52] M.A. Nupur, M.M. Rahman, K. Akter, K.B. Hanif, J.F. Sharna, M.S. Sarker, M.I. Ibne Wahed, Preparation and 

characterization of naproxen solid dispersion using different hydrophilic carriers and in-vivo evaluation of its analgesic activity 

in mice, Heliyon 9 (2023) e15432. https://doi.org/10.1016/j.heliyon.2023.e15432. 

[53] X. Wu, W. Ge, T. Shao, W. Wu, J. Hou, L. Cui, J. Wang, Z. Zhang, Enhancing the oral bioavailability of biochanin A by 

encapsulation in mixed micelles containing Pluronic F127 and Plasdone S630, IJN Volume 12 (2017) 1475–1483. 

https://doi.org/10.2147/IJN.S125041. 

[54] L. Ferreira, F. Mascarenhas-Melo, S. Rabaça, A. Mathur, A. Sharma, P.S. Giram, K.D. Pawar, A. Rahdar, F. Raza, F. Veiga, 

P.G. Mazzola, A.C. Paiva-Santos, Cyclodextrin-based dermatological formulations: Dermopharmaceutical and cosmetic 

applications, Colloids and Surfaces B: Biointerfaces 221 (2023) 113012. https://doi.org/10.1016/j.colsurfb.2022.113012. 

[55] P.H. Dias, M. Scopel, S. Martiny, S.E. Bianchi, V.L. Bassani, J.A.S. Zuanazzi, Hydroxypropyl-β-cyclodextrin-containing 

hydrogel enhances skin formononetin permeation/retention, Journal of Pharmacy and Pharmacology 70 (2018) 865–873. 

https://doi.org/10.1111/jphp.12915. 

[56] M. Jadav, R. Solanki, S. Patel, D. Pooja, H. Kulhari, Development of thiolated xanthan gum-stearylamine conjugate based 

mucoadhesive system for the delivery of biochanin-A to melanoma cells, International Journal of Biological Macromolecules 

257 (2024) 128693. https://doi.org/10.1016/j.ijbiomac.2023.128693. 

[57] Y. Xiao, Q. Gong, W. Wang, F. Liu, Q. Kong, F. Pan, X. Zhang, C. Yu, S. Hu, F. Fan, S. Li, Y. Liu, The combination of 

Biochanin A and SB590885 potentiates the inhibition of tumour progression in hepatocellular carcinoma, Cancer Cell Int 20 

(2020) 371. https://doi.org/10.1186/s12935-020-01463-w. 

[58] Y. Wen, J. Lambrecht, C. Ju, F. Tacke, Hepatic macrophages in liver homeostasis and diseases-diversity, plasticity and 

therapeutic opportunities, Cell Mol Immunol 18 (2021) 45–56. https://doi.org/10.1038/s41423-020-00558-8. 

[59] R. Wang, R. Tang, B. Li, X. Ma, B. Schnabl, H. Tilg, Gut microbiome, liver immunology, and liver diseases, Cell Mol 

Immunol 18 (2021) 4–17. https://doi.org/10.1038/s41423-020-00592-6. 

[60] G. Ray, Management of liver diseases: Current perspectives, (n.d.). 

[61] A. Teufel, M. Kudo, Y. Qian, J. Daza, I. Rodriguez, C. Reissfelder, E. Ridruejo, M.P. Ebert, Current Trends and Advancements 

in the Management of Hepatocellular Carcinoma, Dig Dis 42 (2024) 349–360. https://doi.org/10.1159/000538815. 

[62] Y. Wang, B. Deng, Hepatocellular carcinoma: molecular mechanism, targeted therapy, and biomarkers, Cancer Metastasis Rev 

42 (2023) 629–652. https://doi.org/10.1007/s10555-023-10084-4. 

[63] D. Jain, Y. Murti, W.U. Khan, R. Hossain, M.N. Hossain, K.K. Agrawal, R.A. Ashraf, M.T. Islam, P. Janmeda, Y. Taheri, M.M. 

Alshehri, S.D. Daştan, B. Yeskaliyeva, A. Kipchakbayeva, J. Sharifi-Rad, W.C. Cho, Roles of Therapeutic Bioactive 

Compounds in Hepatocellular Carcinoma, Oxidative Medicine and Cellular Longevity 2021 (2021) 9068850. 

https://doi.org/10.1155/2021/9068850. 

[64] D.S. Mandlik, S.K. Mandlik, Herbal and Natural Dietary Products: Upcoming Therapeutic Approach for Prevention and 

Treatment of Hepatocellular Carcinoma, Nutrition and Cancer 73 (2021) 2130–2154. 

https://doi.org/10.1080/01635581.2020.1834591. 

[65] A. Banerjee, S. Sriramulu, R. Catanzaro, F. He, Y. Chabria, B. Balakrishnan, S. Hari, A. Ayala, M. Muñoz, S. Pathak, F. 

Marotta, Natural Compounds as Integrative Therapy for Liver Protectionagainst Inflammatory and Carcinogenic Mechanisms: 

FromInduction to Molecular Biology Advancement, CMM 23 (2023) 216–231. 

https://doi.org/10.2174/1566524022666220316102310. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[66] R. Ullah, Q. Yin, A.H. Snell, L. Wan, RAF-MEK-ERK pathway in cancer evolution and treatment, Seminars in Cancer 

Biology 85 (2022) 123–154. https://doi.org/10.1016/j.semcancer.2021.05.010. 

[67] Z. Deng, S. Xiao, Y.-Y. He, Y. Guo, L.-J. Tang, Sorafenib-induced cardiovascular toxicity: A cause for concern, 

Chemico-Biological Interactions 410 (2025) 111388. https://doi.org/10.1016/j.cbi.2025.111388. 

[68] A.W. Khan, M. Farooq, M. Haseeb, S. Choi, Role of Plant-Derived Active Constituents in Cancer Treatment and Their 

Mechanisms of Action, Cells 11 (2022) 1326. https://doi.org/10.3390/cells11081326. 

[69] A. Kaufman‐Szymczyk, J. Jalmuzna, K. Lubecka‐Gajewska, Soy‐derived isoflavones as chemo‐preventive agents targeting 

multiple signalling pathways for cancer prevention and therapy, British J Pharmacology (2024) bph.16353. 

https://doi.org/10.1111/bph.16353. 

[70] M.M. Youssef, M.F. Tolba, N.N. Badawy, A.W. Liu, E. El-Ahwany, A.E. Khalifa, S. Zada, A.B. Abdel-Naim, Novel 

combination of sorafenib and biochanin-A synergistically enhances the anti-proliferative and pro-apoptotic effects on 

hepatocellular carcinoma cells, Sci Rep 6 (2016) 30717. https://doi.org/10.1038/srep30717. 

[71] A.I.M. Sever, T.R. Alderson, E. Rennella, J.M. Aramini, Z.H. Liu, R.W. Harkness, L.E. Kay, Activation of caspase-9 on the 

apoptosome as studied by methyl-TROSY NMR, Proc. Natl. Acad. Sci. U.S.A. 120 (2023) e2310944120. 

https://doi.org/10.1073/pnas.2310944120. 

[72] E. Dirican, H. Özcan, S. Karabulut Uzunçakmak, U. Takım, Evaluation Expression of the Caspase-3 and Caspase-9 Apoptotic 

Genes in Schizophrenia Patients, Clin Psychopharmacol Neurosci 21 (2023) 171–178. 

https://doi.org/10.9758/cpn.2023.21.1.171. 

[73] T.A. Mansoor, R.M. Ramalho, X. Luo, C. Ramalhete, C.M.P. Rodrigues, M.U. Ferreira, Isoflavones as Apoptosis Inducers in 

Human Hepatoma HuH‐7 Cells, Phytotherapy Research 25 (2011) 1819–1824. https://doi.org/10.1002/ptr.3498. 

[74] T. Pejčić, M. Zeković, U. Bumbaširević, M. Kalaba, I. Vovk, M. Bensa, L. Popović, Ž. Tešić, The Role of Isoflavones in the 

Prevention of Breast Cancer and Prostate Cancer, Antioxidants 12 (2023) 368. https://doi.org/10.3390/antiox12020368. 

[75] I. Boutas, A. Kontogeorgi, C. Dimitrakakis, S.N. Kalantaridou, Soy Isoflavones and Breast Cancer Risk: A Meta-analysis, In 

Vivo 36 (2022) 556–562. https://doi.org/10.21873/invivo.12737. 

[76] S.-J. Su, N.-H. Chow, M.-L. Kung, T.-C. Hung, K.-L. Chang, Effects of Soy Isoflavones on Apoptosis Induction and G2-M 

Arrest in Human Hepatoma Cells Involvement of Caspase-3 Activation, Bcl-2 and Bcl-XL Downregulation, and Cdc2 Kinase 

Activity, Nutrition and Cancer 45 (2003) 113–123. https://doi.org/10.1207/S15327914NC4501_13. 

[77] J. Song, Z. Yu, B. Dong, M. Zhu, X. Guo, Y. Ma, S. Zhao, T. Yang, Clinical significance of circulating tumour cells and Ki-67 

in renal cell carcinoma, World J Surg Onc 19 (2021) 156. https://doi.org/10.1186/s12957-021-02268-5. 

[78] P. Ogundigie, G. Roy, G. Kanin, T. Goto, A. Ito, EFFECT OF BIOCHANIN-A OR TESTOSTERONE ON LIVER-TUMORS 

INDUCED BY A COMBINED TREATMENT OF DEN AND FISSION NEUTRON IN BCF1 MICE, Oncol Rep (1995). 

https://doi.org/10.3892/or.2.2.271. 

[79] M.J. Ronis, K.E. Mercer, K. Shankar, C. Pulliam, K. Pedersen, M. Ingelman-Sundberg, S. Friso, D. Samuelson, L. Del Valle, C. 

Taylor, D.A. Welsh, Potential role of gut microbiota, the proto-oncogene PIKE (Agap2) and cytochrome P450 CYP2W1 in 

promotion of liver cancer by alcoholic and nonalcoholic fatty liver disease and protection by dietary soy protein, 

Chemico-Biological Interactions 325 (2020) 109131. https://doi.org/10.1016/j.cbi.2020.109131. 

[80] A. Muñoz, W.B. Grant, Vitamin D and Cancer: An Historical Overview of the Epidemiology and Mechanisms, Nutrients 14 

(2022) 1448. https://doi.org/10.3390/nu14071448. 

[81] A.E. Angeli-Terzidou, I.-M. Gkotinakou, K. Pazaitou-Panayiotou, A. Tsakalof, Inhibition of calcitriol inactivating enzyme 

CYP24A1 gene expression by flavonoids in hepatocellular carcinoma cells under normoxia and hypoxia, Archives of 

Biochemistry and Biophysics 704 (2021) 108889. https://doi.org/10.1016/j.abb.2021.108889. 

[82] L.-Y. Mak, K. Liu, S. Chirapongsathorn, K.C. Yew, N. Tamaki, R.B. Rajaram, M.T. Panlilio, R. Lui, H.W. Lee, J.C.-T. Lai, 

A.V. Kulkarni, M. Premkumar, C.R.A. Lesmana, Y.C. Hsu, D.Q. Huang, Liver diseases and hepatocellular carcinoma in the 

Asia-Pacific region: burden, trends, challenges and future directions, Nat Rev Gastroenterol Hepatol 21 (2024) 834–851. 

https://doi.org/10.1038/s41575-024-00967-4. 

[83] X. Guo, X. Yin, Z. Liu, J. Wang, Non-Alcoholic Fatty Liver Disease (NAFLD) Pathogenesis and Natural Products for 

Prevention and Treatment, IJMS 23 (2022) 15489. https://doi.org/10.3390/ijms232415489. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[84] E. Scorletti, R.M. Carr, A new perspective on NAFLD: Focusing on lipid droplets, Journal of Hepatology 76 (2022) 934–945. 

https://doi.org/10.1016/j.jhep.2021.11.009. 

[85] R. Loomba, S.L. Friedman, G.I. Shulman, Mechanisms and disease consequences of nonalcoholic fatty liver disease, Cell 184 

(2021) 2537–2564. https://doi.org/10.1016/j.cell.2021.04.015. 

[86] S.Y. Neshat, V.M. Quiroz, Y. Wang, S. Tamayo, J.C. Doloff, Liver Disease: Induction, Progression, Immunological 

Mechanisms, and Therapeutic Interventions, IJMS 22 (2021) 6777. https://doi.org/10.3390/ijms22136777. 

[87] Y.-Q. Li, L. Xin, Y.-C. Zhao, S.-Q. Li, Y.-N. Li, Role of vascular endothelial growth factor B in nonalcoholic fatty liver disease 

and its potential value, World J Hepatol 15 (2023) 786–796. https://doi.org/10.4254/wjh.v15.i6.786. 

[88] Y. Fan, L.-T. Yan, Z. Yao, G.-Y. Xiong, Biochanin A Regulates Cholesterol Metabolism Further Delays the Progression of 

Nonalcoholic Fatty Liver Disease, DMSO Volume 14 (2021) 3161–3172. https://doi.org/10.2147/DMSO.S315471. 

[89] E. Kakazu, M. Mino, T. Kanto, Role of amino acids in the regulation of hepatic gluconeogenesis and lipogenesis in, (n.d.). 

[90] H. Park, H.J. Hur, S. Kim, S. Park, M.J. Hong, M.J. Sung, D.Y. Kwon, M. Kim, Biochanin A improves hepatic steatosis and 

insulin resistance by regulating the hepatic lipid and glucose metabolic pathways in diet‐induced obese mice, Molecular 

Nutrition Food Res 60 (2016) 1944–1955. https://doi.org/10.1002/mnfr.201500689. 

[91] R. Singh, A. Barrios, G. Dirakvand, S. Pervin, Human Brown Adipose Tissue and Metabolic Health: Potential for Therapeutic 

Avenues, Cells 10 (2021) 3030. https://doi.org/10.3390/cells10113030. 

[92] J. Bai, C. Gao, X. Li, H. Pan, S. Wang, Z. Shi, T. Zhang, Correlation analysis of the abdominal visceral fat area with the 

structure and function of the heart and liver in obesity: a prospective magnetic resonance imaging study, Cardiovasc Diabetol 

22 (2023) 206. https://doi.org/10.1186/s12933-023-01926-0. 

[93] A.K. Borah, P. Sharma, A. Singh, K.J. Kalita, S. Saha, J. Chandra Borah, Adipose and non-adipose perspectives of plant 

derived natural compounds for mitigation of obesity, Journal of Ethnopharmacology 280 (2021) 114410. 

https://doi.org/10.1016/j.jep.2021.114410. 

[94] A.J. Owen, P.D. Roach, M. Abbey, Regulation of Low-Density Lipoprotein Receptor Activity by Estrogens and 

Phytoestrogens in a HepG2 Cell Model, Ann Nutr Metab 48 (2004) 269–275. https://doi.org/10.1159/000080462. 

[95] Z. Xue, Q. Zhang, W. Yu, H. Wen, X. Hou, D. Li, X. Kou, Potential Lipid-Lowering Mechanisms of Biochanin A, J. Agric. 

Food Chem. 65 (2017) 3842–3850. https://doi.org/10.1021/acs.jafc.7b00967. 

[96] C. Moessinger, K. Klizaite, A. Steinhagen, J. Philippou-Massier, A. Shevchenko, M. Hoch, C.S. Ejsing, C. Thiele, Two 

different pathways of phosphatidylcholine synthesis, the Kennedy Pathway and the Lands Cycle, differentially regulate cellular 

triacylglycerol storage, BMC Cell Biol 15 (2014) 43. https://doi.org/10.1186/s12860-014-0043-3. 

[97] B.A. Seibel, P.J. Walsh, Trimethylamine oxide in marine animals, (n.d.). 

[98] X. Ma, F. Xu, K. Yu, F. Wang, Q. Li, W. Liang, B. Liu, B. Zhang, J. Zhu, J. Li, Purification and catalysis of choline 

dehydrogenase from Escherichia coli, Archives of Biochemistry and Biophysics 762 (2024) 110212. 

https://doi.org/10.1016/j.abb.2024.110212. 

[99] S. Jin, Y. Li, T. Xia, Y. Liu, S. Zhang, H. Hu, Q. Chang, M. Yan, Mechanisms and therapeutic implications of selective 

autophagy in nonalcoholic fatty liver disease, Journal of Advanced Research 67 (2025) 317–329. 

https://doi.org/10.1016/j.jare.2024.01.027. 

[100] G. Wang, X. Liu, F. Yang, R. Wang, X. Liu, X. Lv, X. Lin, Y. Chen, Biochanin A ameliorated oleate‐induced steatosis in 

HepG2 cells by activating the SIRT3/AMPK/ULK‐1 signaling pathway, Journal of Food Biochemistry 46 (2022). 

https://doi.org/10.1111/jfbc.14428. 

[101] J.D. Griffin, E. Bejarano, X.-D. Wang, A.S. Greenberg, Integrated Action of Autophagy and Adipose Tissue Triglyceride 

Lipase Ameliorates Diet-Induced Hepatic Steatosis in Liver-Specific PLIN2 Knockout Mice, Cells 10 (2021) 1016. 

https://doi.org/10.3390/cells10051016. 

[102] T. Zhang, J. Liu, Q. Tong, L. Lin, SIRT3 Acts as a Positive Autophagy Regulator to Promote Lipid Mobilization in 

Adipocytes via Activating AMPK, IJMS 21 (2020) 372. https://doi.org/10.3390/ijms21020372. 

[103] T. Guo, W. Yan, X. Cui, N. Liu, X. Wei, Y. Sun, K. Fan, J. Liu, Y. Zhu, Z. Wang, Y. Zhang, L. Chen, Liraglutide 

attenuates type 2 diabetes mellitus-associated non-alcoholic fatty liver disease by activating AMPK/ACC signaling and 

inhibiting ferroptosis, Mol Med 29 (2023) 132. https://doi.org/10.1186/s10020-023-00721-7. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[104] J. Li, M. Liu, Y. Li, D. Sun, Z. Shu, Q. Tan, S. Guo, R. Xie, L. Gao, H. Ru, Y. Zang, H. Liu, J. Li, Y. Zhou, Discovery and 

Optimization of Non-bile Acid FXR Agonists as Preclinical Candidates for the Treatment of Nonalcoholic Steatohepatitis, J. 

Med. Chem. 63 (2020) 12748–12772. https://doi.org/10.1021/acs.jmedchem.0c01065. 

[105] Y. Xu, Z. Zhao, E.P. Yan, Z. Lian, W. Zhang, Complex interplay between the immune system, metabolism, and 

epigenetic factors in autoimmune liver diseases, Medicine Advances 1 (2023) 97–114. https://doi.org/10.1002/med4.23. 

[106] K. Wang, Y. Zhang, G. Wang, H. Hao, H. Wang, FXR agonists for MASH therapy: Lessons and perspectives from 

obeticholic acid, Medicinal Research Reviews 44 (2024) 568–586. https://doi.org/10.1002/med.21991. 

[107] K. Wang, P. Zhang, H. Sun, S. Cui, L. Ao, M. Cui, X. Xu, L. Wang, Y. Xu, G. Wang, H. Wang, H. Hao, Dual-function 

natural products: Farnesoid X receptor agonist/inflammation inhibitor for metabolic dysfunction-associated steatotic liver 

disease therapy, Chinese Journal of Natural Medicines 22 (2024) 965–976. https://doi.org/10.1016/S1875-5364(24)60706-5. 

[108] W. Yan, K. Zhang, J. Guo, L. Xu, Bile acid-mediated gut-liver axis crosstalk: the role of nuclear receptor signaling in 

dynamic regulation of inflammatory networks, Front. Immunol. 16 (2025) 1595486. 

https://doi.org/10.3389/fimmu.2025.1595486. 

[109] G. Garcia-Tsao, J.G. Abraldes, N.E. Rich, V.W.-S. Wong, AGA Clinical Practice Update on the Use of Vasoactive Drugs 

and Intravenous Albumin in Cirrhosis: Expert Review, Gastroenterology 166 (2024) 202–210. 

https://doi.org/10.1053/j.gastro.2023.10.016. 

[110] Y.-T. Chan, N. Wang, H.Y. Tan, S. Li, Y. Feng, Targeting Hepatic Stellate Cells for the Treatment of Liver Fibrosis by 

Natural Products: Is It the Dawning of a New Era?, Front. Pharmacol. 11 (2020) 548. 

https://doi.org/10.3389/fphar.2020.00548. 

[111] C. Liu, S. Li, C. Zhang, C.-H. Jin, Recent Advances in Research on Active Compounds Against HepaticFibrosis, CMC 31 

(2024) 2571–2628. https://doi.org/10.2174/0929867331666230727102016. 

[112] M. Wang, S. Lu, H. Zhao, Z. Liu, K. Sheng, J. Fang, Natural polysaccharides as potential anti-fibrotic agents: A review of 

their progress, Life Sciences 308 (2022) 120953. https://doi.org/10.1016/j.lfs.2022.120953. 

[113] Y. Shu, Research progress of natural compounds in anti-liver fibrosis by affecting autophagy of hepatic stellate cells, 

(n.d.). 

[114] X. Meng, H. Kuang, Q. Wang, H. Zhang, D. Wang, T. Kang, A polysaccharide from Codonopsis pilosula roots attenuates 

carbon tetrachloride-induced liver fibrosis via modulation of TLR4/NF-κB and TGF-β1/Smad3 signaling pathway, 

International Immunopharmacology 119 (2023) 110180. https://doi.org/10.1016/j.intimp.2023.110180. 

[115] H.A. Ogaly, S.A.A. Aldulmani, F.A.M. Al-Zahrani, R.M. Abd-Elsalam, D-Carvone Attenuates CCl4-Induced Liver 

Fibrosis in Rats by Inhibiting Oxidative Stress and TGF-ß 1/SMAD3 Signaling Pathway, Biology 11 (2022) 739. 

https://doi.org/10.3390/biology11050739. 

[116] R.M. Breikaa, M.M. Algandaby, E. El-Demerdash, A.B. Abdel-Naim, Multimechanistic Antifibrotic Effect of Biochanin 

A in Rats: Implications of Proinflammatory and Profibrogenic Mediators, PLoS ONE 8 (2013) e69276. 

https://doi.org/10.1371/journal.pone.0069276. 

[117] I. Uhliariková, M. Šutovská, J. Barboríková, M. Molitorisová, H.J. Kim, Y.I. Park, M. Matulová, J. Lukavský, Z. 

Hromadková, P. Capek, Structural characteristics and biological effects of exopolysaccharide produced by cyanobacterium 

Nostoc sp, International Journal of Biological Macromolecules 160 (2020) 364–371. 

https://doi.org/10.1016/j.ijbiomac.2020.05.135. 

[118] A. Ghosh, P. Sarmah, H. Patel, N. Mukerjee, R. Mishra, S. Alkahtani, R.S. Varma, D. Baishya, Nonlinear molecular 

dynamics of quercetin in Gynocardia odorata and Diospyros malabarica fruits: Its mechanistic role in hepatoprotection, PLoS 

ONE 17 (2022) e0263917. https://doi.org/10.1371/journal.pone.0263917. 

[119] R. Huang, J. Duan, W. Huang, Y. Cheng, B. Zhu, F. Li, Inhibition of CYP1A1 Alleviates Colchicine-Induced 

Hepatotoxicity, Toxins 16 (2024) 35. https://doi.org/10.3390/toxins16010035. 

[120] N.M. Mesalam, S.A. Aldhumri, S.A. Gabr, M.A. Ibrahim, A.K. Al-Mokaddem, A.-M.E. Abdel-Moneim, Putative 

abrogation impacts of Ajwa seeds on oxidative damage, liver dysfunction and associated complications in rats exposed to 

carbon tetrachloride, Mol Biol Rep 48 (2021) 5305–5318. https://doi.org/10.1007/s11033-021-06544-1. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[121] J.-Y. Chen, Y.-J. Yang, X.-Y. Meng, R.-H. Lin, X.-Y. Tian, Y. Zhang, W.-F. Lai, C. Yang, X.-Q. Ma, M.-Q. Huang, 

Oxysophoridine inhibits oxidative stress and inflammation in hepatic fibrosis via regulating Nrf2 and NF-κB pathways, 

Phytomedicine 132 (2024) 155585. https://doi.org/10.1016/j.phymed.2024.155585. 

[122] A.A. Mousa, H.A.I. El-Gansh, M.A.A. Eldaim, M.A.E.-G. Mohamed, A.H. Morsi, H.S. El Sabagh, Protective effect of 

Moringa oleifera leaves ethanolic extract against thioacetamide-induced hepatotoxicity in rats via modulation of cellular 

antioxidant, apoptotic and inflammatory markers, Environ Sci Pollut Res 26 (2019) 32488–32504. 

https://doi.org/10.1007/s11356-019-06368-4. 

[123] A.Z. Albalawi, A.S. Alatawi, S.M. Al-Atwi, L.S. Alhwyty, K.M. Alharbi, S.A. Alshehri, W.A. Almarwani, K.K. 

Aljohani, H.M. Hassan, M.M.H. Al-Gayyar, Echinacoside ameliorates hepatic fibrosis and tumor invasion in rats with 

thioacetamide-induced hepatocellular carcinoma, Biomol Biomed 24 (2024) 1186–1198. 

https://doi.org/10.17305/bb.2024.10367. 

[124] Q.-Q. Liu, J. Chen, T. Ma, W. Huang, C.-H. Lu, DCDC2 inhibits hepatic stellate cell activation and ameliorates 

CCl4-induced liver fibrosis by suppressing Wnt/β-catenin signaling, Sci Rep 14 (2024) 9425. 

https://doi.org/10.1038/s41598-024-59698-w. 

[125] D. Ezhilarasan, Molecular mechanisms in thioacetamide-induced acute and chronic liver injury models, Environmental 

Toxicology and Pharmacology 99 (2023) 104093. https://doi.org/10.1016/j.etap.2023.104093. 

[126] U. Sabir, H. Gu, D. Zhang, Extracellular matrix turnover: phytochemicals target and modulate the dual role of matrix 

metalloproteinases ( MMPS ) in liver fibrosis, Phytotherapy Research 37 (2023) 4932–4962. https://doi.org/10.1002/ptr.7959. 

[127] Y.-P. Han, T.-L. Tuan, M. Hughes, H. Wu, W.L. Garner, Transforming Growth Factor-β- and Tumor Necrosis 

Factor-α-mediated Induction and Proteolytic Activation of MMP-9 in Human Skin, Journal of Biological Chemistry 276 (2001) 

22341–22350. https://doi.org/10.1074/jbc.M010839200. 

[128] F.A. Badria, A.-A.A. Dawidar, W.E. Houssen, W.T. Shier, In vitro Study of Flavonoids, Fatty Acids, and Steroids on 

Proliferation of Rat Hepatic Stellate Cells, Zeitschrift Für Naturforschung C 60 (2005) 139–142. 

https://doi.org/10.1515/znc-2005-1-225. 

[129] S. Alsawaf, F. Alnuaimi, S. Afzal, R.M. Thomas, A.L. Chelakkot, W.S. Ramadan, R. Hodeify, R. Matar, M. Merheb, S.S. 

Siddiqui, C.G. Vazhappilly, Plant Flavonoids on Oxidative Stress-Mediated Kidney Inflammation, Biology 11 (2022) 1717. 

https://doi.org/10.3390/biology11121717. 

[130] K. Jakimiuk, S. Sari, R. Milewski, C.T. Supuran, D. Şöhretoğlu, M. Tomczyk, Flavonoids as tyrosinase inhibitors in in 

silico and in vitro models: basic framework of SAR using a statistical modelling approach, Journal of Enzyme Inhibition and 

Medicinal Chemistry 37 (2022) 427–436. https://doi.org/10.1080/14756366.2021.2014832. 

[131] M.R. Alipour, E. Karimi-Sales, Molecular mechanisms of protective roles of isoflavones against chemicals-induced liver 

injuries, Chemico-Biological Interactions 329 (2020) 109213. https://doi.org/10.1016/j.cbi.2020.109213. 

[132] A.A. Elhenawy, M.S. Elmehankar, N. Nabih, M.A. Elzoheiry, H. Hany, R. El-Gamal, W.A. Aboukamar, Biochanin A in 

murine Schistosoma mansoni infection: effects on inflammation, oxidative stress and fibrosis, J. Helminthol. 97 (2023) e16. 

https://doi.org/10.1017/S0022149X22000839. 

[133] S.-T. Hong, Review of Recent Prevalence of Urogenital Schistosomiasis in Sub-Saharan Africa and Diagnostic 

Challenges in the Field Setting, Life 13 (2023) 1670. https://doi.org/10.3390/life13081670. 

[134] G. Eastham, D. Fausnacht, M.H. Becker, A. Gillen, W. Moore, Praziquantel resistance in schistosomes: a brief report, 

Front. Parasitol. 3 (2024) 1471451. https://doi.org/10.3389/fpara.2024.1471451. 

[135] H.H. Bakery, G.A. Allam, A.S.A. Abuelsaad, M. Abdel‐Latif, A.E. Elkenawy, R.G. Khalil, Anti‐inflammatory, 

antioxidant, anti‐fibrotic and schistosomicidal properties of plumbagin in murine schistosomiasis, Parasite Immunology 44 

(2022) e12945. https://doi.org/10.1111/pim.12945. 

[136] C. Liu, D. Fisher, K. Pronyuk, E. Musabaev, N.T. Thu Hien, Y. Dang, L. Zhao, Therapeutic potential of natural products 

in schistosomiasis-associated liver fibrosis, Front. Pharmacol. 15 (2024) 1332027. 

https://doi.org/10.3389/fphar.2024.1332027. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[137] A.-N.A. Sabra, M.B. Salem, S. William, O.A. Hammam, N.M. El-Lakkany, Itraconazole, a cytochrome P450 inhibitor, 

enhanced the efficacy of praziquantel against Schistosoma mansoni infection and alleviated liver injury in mice, Experimental 

Parasitology 239 (2022) 108293. https://doi.org/10.1016/j.exppara.2022.108293. 

[138] M.A. Elzoheiry, M.S. Elmehankar, W.A. Aboukamar, R. El-Gamal, H. Sheta, D. Zenezan, N. Nabih, A.A. Elhenawy, 

Fluconazole as Schistosoma mansoni cytochrome P450 inhibitor: In vivo murine experimental study, Experimental 

Parasitology 239 (2022) 108291. https://doi.org/10.1016/j.exppara.2022.108291. 

[139] M.Y. Pakharukova, Y.V. Pakharukov, V.A. Mordvinov, Effects of miconazole/clotrimazole and praziquantel 

combinations against the liver fluke Opisthorchis felineus in vivo and in vitro, Parasitol Res 117 (2018) 2327–2331. 

https://doi.org/10.1007/s00436-018-5895-6. 

[140] H. Chen, Z. Qian, S. Zhang, J. Tang, L. Fang, F. Jiang, D. Ge, J. Chang, J. Cao, L. Yang, X. Cao, Silencing COX-2 blocks 

PDK1/TRAF4-induced AKT activation to inhibit fibrogenesis during skeletal muscle atrophy, Redox Biology 38 (2021) 

101774. https://doi.org/10.1016/j.redox.2020.101774. 

[141] Y. Zhang, Y. Qi, S. Huang, X. Jiang, W. Xiao, L. Wang, Z. Liu, S. Liu, Role of ER Stress in Xenobiotic-Induced Liver 

Diseases and Hepatotoxicity, Oxidative Medicine and Cellular Longevity 2022 (2022) 1–11. 

https://doi.org/10.1155/2022/4640161. 

[142] J.E. Park, C.-H. Ahn, H.-J. Lee, D.Y. Sim, S.Y. Park, B. Kim, B.S. Shim, D.Y. Lee, S.-H. Kim, Antioxidant-Based 

Preventive Effect of Phytochemicals on Anticancer Drug-Induced Hepatotoxicity, Antioxidants & Redox Signaling 38 (2023) 

1101–1121. https://doi.org/10.1089/ars.2022.0144. 

[143] K. Renu, R. Chakraborty, H. Myakala, R. Koti, A.C. Famurewa, H. Madhyastha, B. Vellingiri, A. George, A. Valsala 

Gopalakrishnan, Molecular mechanism of heavy metals (Lead, Chromium, Arsenic, Mercury, Nickel and Cadmium) - induced 

hepatotoxicity – A review, Chemosphere 271 (2021) 129735. https://doi.org/10.1016/j.chemosphere.2021.129735. 

[144] S. Tripathi, D. Parmar, S. Raval, R. Mishra, G. Singh, Attenuation of chromium (VI) and arsenic (III)‐induced oxidative 

stress and hepatic apoptosis by phloretin, biochanin‐A, and coenzyme Q10 via activation of SIRT1/Nrf2/HO‐1/NQO1 

signaling, J Biochem &amp; Molecular Tox 38 (2024) e23817. https://doi.org/10.1002/jbt.23817. 

[145] Q. Li, F. Chen, F. Wang, The immunological mechanisms and therapeutic potential in drug-induced liver injury: lessons 

learned from acetaminophen hepatotoxicity, Cell Biosci 12 (2022) 187. https://doi.org/10.1186/s13578-022-00921-4. 

[146] H. Björnsson, E. Björnsson, Drug-induced liver injury: Pathogenesis, epidemiology, clinical features, and practical 

management, European Journal of Internal Medicine 97 (2022) 26–31. https://doi.org/10.1016/j.ejim.2021.10.035. 

[147] X. Li, J. Tang, Y. Mao, Incidence and risk factors of drug‐induced liver injury, Liver International 42 (2022) 1999–2014. 

https://doi.org/10.1111/liv.15262. 

[148] M. Villanueva-Paz, L. Morán, N. López-Alcántara, C. Freixo, R.J. Andrade, M.I. Lucena, F.J. Cubero, Oxidative Stress 

in Drug-Induced Liver Injury (DILI): From Mechanisms to Biomarkers for Use in Clinical Practice, Antioxidants 10 (2021) 

390. https://doi.org/10.3390/antiox10030390. 

[149] M. Parthasarathy, S. Evan Prince, The potential effect of phytochemicals and herbal plant remedies for treating 

drug-induced hepatotoxicity: a review, Mol Biol Rep 48 (2021) 4767–4788. https://doi.org/10.1007/s11033-021-06444-4. 

[150] Alauddin, S. Chaturvedi, M.Y. Malik, L. Azmi, I. Shukla, Z. Naseem, C. Rao, N.K. Agarwal, Formononetin and 

biochanin A protects against ritonavir induced hepatotoxicity via modulation of NfκB/pAkt signaling molecules, Life Sciences 

213 (2018) 174–182. https://doi.org/10.1016/j.lfs.2018.10.023. 

[151] J. Cai, D. Tang, X. Hao, E. Liu, W. Li, J. Shi, Mesenchymal stem cell-derived exosome alleviates sepsis- associated acute 

liver injury by suppressing MALAT1 through microRNA-26a-5p: an innovative immunopharmacological intervention and 

therapeutic approach for sepsis, Front. Immunol. 14 (2023) 1157793. https://doi.org/10.3389/fimmu.2023.1157793. 

[152] X. Wang, Y. Yu, P. Wang, K. Yang, Y. Wang, L. Yan, X. Zhong, L. Zhang, Long Noncoding RNAs Hepatocyte Nuclear 

Factor 4A Antisense RNA 1 and Hepatocyte Nuclear Factor 1A Antisense RNA 1 Are Involved in Ritonavir-Induced 

Cytotoxicity in Hepatoma Cells, Drug Metabolism and Disposition 50 (2022) 704–715. 

https://doi.org/10.1124/dmd.121.000693. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[153] S. Choudhuri, C.D. Klaassen, Elucidation of OATP1B1 and 1B3 transporter function using transgenic rodent models and 

commonly known single nucleotide polymorphisms, Toxicology and Applied Pharmacology 399 (2020) 115039. 

https://doi.org/10.1016/j.taap.2020.115039. 

[154] P. Tátrai, F. Erdő, P. Krajcsi, Role of Hepatocyte Transporters in Drug-Induced Liver Injury (DILI)—In Vitro Testing, 

Pharmaceutics 15 (2022) 29. https://doi.org/10.3390/pharmaceutics15010029. 

[155] J.C. Coons, P.E. Empey, Pharmacogenomics in the Management of Pulmonary Arterial Hypertension: Current 

Perspectives, PGPM Volume 16 (2023) 729–737. https://doi.org/10.2147/PGPM.S361222. 

[156] X. Fan, J. Bai, M. Hu, Y. Xu, S. Zhao, Y. Sun, B. Wang, J. Hu, Y. Li, Drug interaction study of flavonoids toward 

OATP1B1 and their 3D structure activity relationship analysis for predicting hepatoprotective effects, Toxicology 437 (2020) 

152445. https://doi.org/10.1016/j.tox.2020.152445. 

[157] C. Gil-Pitarch, M. Serrano-Maciá, J. Simon, L. Mosca, C. Conter, C.M. Rejano-Gordillo, L.E. Zapata-Pavas, P. 

Peña-Sanfélix, M. Azkargorta, R. Rodríguez-Agudo, S. Lachiondo-Ortega, M. Mercado-Gómez, T.C. Delgado, M. Porcelli, I. 

Aurrekoetxea, J.D. Sutherland, R. Barrio, D. Xirodimas, P. Aspichueta, F. Elortza, L.A. Martínez-Cruz, R. Nogueiras, P. 

Iruzubieta, J. Crespo, S. Masson, M.V. McCain, H.L. Reeves, R.J. Andrade, M.I. Lucena, U. Mayor, N. 

Goikoetxea-Usandizaga, I. González-Recio, M.L. Martínez-Chantar, Neddylation inhibition prevents acetaminophen-induced 

liver damage by enhancing the anabolic cardiolipin pathway, Cell Reports Medicine 5 (2024) 101653. 

https://doi.org/10.1016/j.xcrm.2024.101653. 

[158] H. Jaeschke, A. Ramachandran, Acetaminophen Hepatotoxicity: Paradigm for Understanding Mechanisms of 

Drug-Induced Liver Injury, Annu. Rev. Pathol. Mech. Dis. 19 (2024) 453–478. 

https://doi.org/10.1146/annurev-pathmechdis-051122-094016. 

[159] M.M. Heldring, A.H. Shaw, J.B. Beltman, Unraveling the effect of intra- and intercellular processes on 

acetaminophen-induced liver injury, Npj Syst Biol Appl 8 (2022) 27. https://doi.org/10.1038/s41540-022-00238-5. 

[160] S. Gong, Y. Zeng, Z. Wang, Y. Li, R. Wu, L. Li, H. Hu, P. Qin, Z. Yu, X. Huang, P. Guo, H. Yang, Y. He, Z. Zhao, W. 

Xiao, X. Zhao, L. Gao, S. Cai, Z. Zeng, Intestinal deguelin drives resistance to acetaminophen-induced hepatotoxicity in 

female mice, Gut Microbes 16 (2024) 2404138. https://doi.org/10.1080/19490976.2024.2404138. 

[161] L. Caruso, N.F. Nadur, M.B. Da Fonseca, L.D.A. Peixoto Ferreira, R.B. Lacerda, C.S. Graebin, A.E. Kümmerle, The 

Design of Multi-target Drugs to Treat Cardiovascular Diseases: Two(or more) Birds on One Stone, CTMC 22 (2022) 366–394. 

https://doi.org/10.2174/1568026622666220201151248. 

[162] P. Ryszkiewicz, B. Malinowska, E. Schlicker, Polypharmacology: promises and new drugs in 2022, Pharmacol. Rep 75 

(2023) 755–770. https://doi.org/10.1007/s43440-023-00501-4. 

[163] Y. Luo, P. Wang, M. Mou, H. Zheng, J. Hong, L. Tao, F. Zhu, A novel strategy for designing the magic shotguns for 

distantly related target pairs, Briefings in Bioinformatics 24 (2023) bbac621. https://doi.org/10.1093/bib/bbac621. 

[164] K. Liu, X. Chen, Y. Ren, C. Liu, T. Lv, Y. Liu, Y. Zhang, Multi-target-based polypharmacology prediction (mTPP): An 

approach using virtual screening and machine learning for multi-target drug discovery, Chemico-Biological Interactions 368 

(2022) 110239. https://doi.org/10.1016/j.cbi.2022.110239. 

[165] X. Liu, T. Wang, X. Liu, L. Cai, J. Qi, P. Zhang, Y. Li, Biochanin A protects 

lipopolysaccharide/D-galactosamine-induced acute liver injury in mice by activating the Nrf2 pathway and inhibiting NLRP3 

inflammasome activation, International Immunopharmacology 38 (2016) 324–331. 

https://doi.org/10.1016/j.intimp.2016.06.009. 

[166] R. Xu, L. Yuan, Y. Gan, N. Lu, Y. Li, Z. Zhou, B. Hu, T. Wong, X. He, Q. Zha, D. Ouyang, Extracellular ATP contributes 

to the reactive oxygen species burst and exaggerated mitochondrial damage in D-galactosamine and 

lipopolysaccharide-induced fulminant hepatitis, International Immunopharmacology 130 (2024) 111680. 

https://doi.org/10.1016/j.intimp.2024.111680. 

[167] H. Lv, B. An, Q. Yu, Y. Cao, Y. Liu, S. Li, The hepatoprotective effect of myricetin against lipopolysaccharide and 

D-galactosamine-induced fulminant hepatitis, International Journal of Biological Macromolecules 155 (2020) 1092–1104. 

https://doi.org/10.1016/j.ijbiomac.2019.11.075. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[168] C. Liao, F. Xu, Z. Yu, K. Ding, Y. Jia, The Novel Role of the NLRP3 Inflammasome in Mycotoxin-Induced 

Toxicological Mechanisms, Veterinary Sciences 11 (2024) 291. https://doi.org/10.3390/vetsci11070291. 

[169] C. Yu, P. Chen, L. Miao, G. Di, The Role of the NLRP3 Inflammasome and Programmed Cell Death in Acute Liver 

Injury, IJMS 24 (2023) 3067. https://doi.org/10.3390/ijms24043067. 

[170] A. Bedoui, A. Mufti, A. Feriani, H. Baccari, A. Bouallegue, M. Kharrat, M. Sobeh, M. Amri, Z. Abbes, Unlocking the 

hepatoprotective potential of the parasitic plant Orobanche foetida Poir. aqueous extract against CCl4-induced liver injury in 

rat, Front. Pharmacol. 14 (2024) 1320062. https://doi.org/10.3389/fphar.2023.1320062. 

[171] H. Aramjoo, P. Mohammadparast-Tabas, T. Farkhondeh, M. Zardast, M. Makhdoumi, S. Samarghandian, Z. Kiani, 

Protective effect of Sophora pachycarpa seed extract on carbon tetrachloride-induced toxicity in rats, BMC Complement Med 

Ther 22 (2022) 76. https://doi.org/10.1186/s12906-022-03554-9. 

[172] R.M. Breikaa, M.M. Algandaby, E. El-Demerdash, A.B. Abdel-Naim, Biochanin A Protects against Acute Carbon 

Tetrachloride-Induced Hepatotoxicity in Rats, Bioscience, Biotechnology, and Biochemistry 77 (2013) 909–916. 

https://doi.org/10.1271/bbb.120675. 

[173] M.M. Fareed, H. Khalid, S. Khalid, S. Shityakov, Deciphering Molecular Mechanisms of Carbon Tetrachloride-Induced 

Hepatotoxicity: A Brief Systematic Review, CMM 24 (2024) 1124–1134. 

https://doi.org/10.2174/0115665240257603230919103539. 

[174] A. Jahan, S. Shams, S. Ali, S. Samrana, A. Ali, A. Adhikari, M. Sajid, A. Ali, H. Ali, Govaniadine Ameliorates Oxidative 

Stress, Inflammation, and Kupffer Cell Activation in Carbon Tetrachloride-Induced Hepatotoxicity in Rats, ACS Omega 6 

(2021) 2462–2472. https://doi.org/10.1021/acsomega.0c02261. 

[175] R. Kopilakkal, K. Chanda, M.M. Balamurali, Hepatoprotective and Antioxidant Capacity of Clerodendrum paniculatum 

Flower Extracts against Carbon Tetrachloride-Induced Hepatotoxicity in Rats, ACS Omega 6 (2021) 26489–26498. 

https://doi.org/10.1021/acsomega.1c03722. 

[176] B. Nasir, A.U. Khan, M.W. Baig, Y.S. Althobaiti, M. Faheem, I.-U. Haq, Datura stramonium Leaf Extract Exhibits 

Anti‐inflammatory Activity in CCL4 ‐Induced Hepatic Injury Model by Modulating Oxidative Stress Markers and iNOS/Nrf2 

Expression, BioMed Research International 2022 (2022) 1382878. https://doi.org/10.1155/2022/1382878. 

[177] L.A. Richards, A. Kumar, P. Shankar, A. Gaurav, A. Ghosh, D.A. Polya, Distribution and Geochemical Controls of 

Arsenic and Uranium in Groundwater-Derived Drinking Water in Bihar, India, IJERPH 17 (2020) 2500. 

https://doi.org/10.3390/ijerph17072500. 

[178] S. Swain, A. Biswas, D.K. Maiti, Arsenic pollution and human health issues – special reference to Bengal Delta, in: 

Handbook of Advanced Approaches Towards Pollution Prevention and Control, Elsevier, 2021: pp. 281–305. 

https://doi.org/10.1016/B978-0-12-822121-1.00014-X. 

[179] A.H. Malik, Z.M. Khan, Q. Mahmood, S. Nasreen, Z.A. Bhatti, Perspectives of low cost arsenic remediation of drinking 

water in Pakistan and other countries, Journal of Hazardous Materials 168 (2009) 1–12. 

https://doi.org/10.1016/j.jhazmat.2009.02.031. 

[180] Q.Y. Chen, M. Costa, Arsenic: A Global Environmental Challenge, Annu. Rev. Pharmacol. Toxicol. 61 (2021) 47–63. 

https://doi.org/10.1146/annurev-pharmtox-030220-013418. 

[181] J. Sun, L. Wu, M. Wu, Q. Liu, H. Cao, Non-coding RNA therapeutics: Towards a new candidate for arsenic-induced liver 

disease, Chemico-Biological Interactions 382 (2023) 110626. https://doi.org/10.1016/j.cbi.2023.110626. 

[182] D. Bi, D. Zheng, M. Shi, Q. Hu, H. Wang, H. Zhi, D. Lou, A. Zhang, Y. Hu, Role of SESTRIN2/AMPK/ULK1 pathway 

activation and lysosomes dysfunction in NaAsO2-induced liver injury under oxidative stress, Ecotoxicology and 

Environmental Safety 254 (2023) 114751. https://doi.org/10.1016/j.ecoenv.2023.114751. 

[183] S. Zhou, M. Gan, X. Wang, Y. Zhang, Y. Fang, G. Gu, Y. Wang, G. Qiu, ROS formation driven by pyrite-mediated 

arsenopyrite oxidation and its potential role on arsenic transformation, Journal of Hazardous Materials 443 (2023) 130151. 

https://doi.org/10.1016/j.jhazmat.2022.130151. 

[184] G. Singh, R. Thaker, A. Sharma, D. Parmar, Therapeutic effects of biochanin A, phloretin, and epigallocatechin-3-gallate 

in reducing oxidative stress in arsenic-intoxicated mice, Environ Sci Pollut Res 28 (2021) 20517–20536. 

https://doi.org/10.1007/s11356-020-11740-w. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[185] K. Renu, A.G. Mukherjee, A.V. Gopalakrishnan, U.R. Wanjari, S. Kannampuzha, R. Murali, V.P. Veeraraghavan, S. 

Vinayagam, S. Paz-Montelongo, A. George, B. Vellingiri, H. Madhyastha, Protective effects of macromolecular polyphenols, 

metals (zinc, selenium, and copper) - Polyphenol complexes, and different organs with an emphasis on arsenic poisoning: A 

review, International Journal of Biological Macromolecules 253 (2023) 126715. 

https://doi.org/10.1016/j.ijbiomac.2023.126715. 

[186] A. Jalaludeen, W. Ha, R. Lee, J. Kim, J. Do, C. Park, Y. Heo, W. Lee, H. Song, Biochanin A Ameliorates 

Arsenic-Induced Hepato- and Hematotoxicity in Rats, Molecules 21 (2016) 69. https://doi.org/10.3390/molecules21010069. 

[187] E. Byeon, H.-M. Kang, C. Yoon, J.-S. Lee, Toxicity mechanisms of arsenic compounds in aquatic organisms, Aquatic 

Toxicology 237 (2021) 105901. https://doi.org/10.1016/j.aquatox.2021.105901. 

[188] L. Manić, D. Wallace, P.U. Onganer, Y.M. Taalab, A.A. Farooqi, B. Antonijević, A. Buha Djordjevic, Epigenetic 

mechanisms in metal carcinogenesis, Toxicology Reports 9 (2022) 778–787. https://doi.org/10.1016/j.toxrep.2022.03.037. 

[189] R. Teschke, Aluminum, Arsenic, Beryllium, Cadmium, Chromium, Cobalt, Copper, Iron, Lead, Mercury, Molybdenum, 

Nickel, Platinum, Thallium, Titanium, Vanadium, and Zinc: Molecular Aspects in Experimental Liver Injury, IJMS 23 (2022) 

12213. https://doi.org/10.3390/ijms232012213. 

[190] J. Yan, H. Zhang, M. Zhang, M. Tian, G. Nie, D. Xie, X. Zhu, X. Li, The association between trace metals in both 

cancerous and non-cancerous tissues with the risk of liver and gastric cancer progression in northwest China, Journal of 

Pharmaceutical and Biomedical Analysis 242 (2024) 116011. https://doi.org/10.1016/j.jpba.2024.116011. 

[191] J.G. Paithankar, S. Saini, S. Dwivedi, A. Sharma, D.K. Chowdhuri, Heavy metal associated health hazards: An interplay 

of oxidative stress and signal transduction, Chemosphere 262 (2021) 128350. 

https://doi.org/10.1016/j.chemosphere.2020.128350. 

[192] S. Kamila, K.K. Dey, S. Islam, A. Chattopadhyay, Arsenic and chromium induced hepatotoxicity in zebrafish (Danio 

rerio) at environmentally relevant concentrations: Mixture effects and involvement of Nrf2-Keap1-ARE pathway, Science of 

The Total Environment 921 (2024) 171221. https://doi.org/10.1016/j.scitotenv.2024.171221. 

[193] J. Lin, T. Zhang, L. Zhang, Arsenite-induced liver apoptosis via oxidative stress and the MAPK signaling pathway in 

marine medaka, Aquatic Toxicology 279 (2025) 107226. https://doi.org/10.1016/j.aquatox.2024.107226. 

[194] N. Sadasivam, Y.-J. Kim, K. Radhakrishnan, D.-K. Kim, Oxidative Stress, Genomic Integrity, and Liver Diseases, 

Molecules 27 (2022) 3159. https://doi.org/10.3390/molecules27103159. 

[195] H. Zhao, Y. Wang, M. Guo, D. Fei, M. Mu, H. Yu, M. Xing, Hepatoprotective effects of zinc (II) via cytochrome 

P-450/reactive oxygen species and canonical apoptosis pathways after arsenite waterborne exposure in common carp, 

Chemosphere 236 (2019) 124869. https://doi.org/10.1016/j.chemosphere.2019.124869. 

[196] W.A. Aboukamar, A.A. Elhenawy, M.S. Elmehankar, M.A. Elzoheiry, R. El-Gamal, L.M. Elabbasy, H. Hany, N. Nabih, 

Activity of isoflavone biochanin A in chronic experimental toxoplasmosis: impact on inflammation, Parasitol Res 121 (2022) 

2405–2414. https://doi.org/10.1007/s00436-022-07571-y. 

[197] T.-L.-T. Vo, X.-M. Cai, J.-W. Liao, L.-G. Huang, C.-L. Chen, C.-H. Wu, T.-Y. Song, Safety Assessment and 

Hepatic–Renal Protection of Cajanus cajan (L.) Millsp. Root and Its Soy Isoflavone Contents, Nutrients 15 (2023) 3963. 

https://doi.org/10.3390/nu15183963. 

[198] B. Singh, J.P. Singh, A. Kaur, N. Singh, Phenolic composition, antioxidant potential and health benefits of citrus peel, 

Food Research International 132 (2020) 109114. https://doi.org/10.1016/j.foodres.2020.109114. 

[199] M.A. Hassan, G.M.A. Elmageed, I.G. El-Qazaz, D.S. El-Sayed, L.M. El-Samad, H.M. Abdou, The Synergistic Influence 

of Polyflavonoids from Citrus aurantifolia on Diabetes Treatment and Their Modulation of the PI3K/AKT/FOXO1 Signaling 

Pathways: Molecular Docking Analyses and In Vivo Investigations, Pharmaceutics 15 (2023) 2306. 

https://doi.org/10.3390/pharmaceutics15092306. 

[200] P.P. Sethumathi, V.V.S. Uddandrao, P. Chandrasekaran, S. Sengottuvelu, P. Tamilmani, P. Ponmurugan, S. 

Vadivukkarasi, M. Santhanakumar, M.S. Begum, G. Saravanan, Biochanin-A attenuates high-fat diet and 

streptozotocin-induced hyperlipidemia and oxidative stress in rats by improving antioxidant status and lipid metabolic markers, 

Asian Pacific Journal of Tropical Biomedicine 13 (2023) 460–468. https://doi.org/10.4103/2221-1691.389571. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[201] S.P. Pudhupalayam, V.V.S. Uddandrao, C. Ponnusamy, S. Singaravel, T. Periyasamy, P. Ponnusamy, V. Sasikumar, M.S. 

Begum, S. Ganapathy, Biochanin A Attenuates Hyperglycemia in High-Fat Diet–Streptozotocin–Induced Diabetic Rats by 

Modulating the Activities of Carbohydrate-Metabolizing Enzymes in Vital Organs, Rev. Bras. Farmacogn. 32 (2022) 608–617. 

https://doi.org/10.1007/s43450-022-00280-8. 

[202] K. Zhou, S. Xiao, S. Cao, C. Zhao, M. Zhang, Y. Fu, Improvement of glucolipid metabolism and oxidative stress via 

modulating PI3K/Akt pathway in insulin resistance HepG2 cells by chickpea flavonoids, Food Chemistry: X 23 (2024) 101630. 

https://doi.org/10.1016/j.fochx.2024.101630. 

[203] S. Arora, I. Taneja, M. Challagundla, K.S.R. Raju, S.P. Singh, M. Wahajuddin, In vivo prediction of CYP-mediated 

metabolic interaction potential of formononetin and biochanin A using in vitro human and rat CYP450 inhibition data, 

Toxicology Letters 239 (2015) 1–8. https://doi.org/10.1016/j.toxlet.2015.08.202. 

[204] S. Zhang, K. Sagawa, R.D. Arnold, E. Tseng, X. Wang, M.E. Morris, Interactions between the flavonoid biochanin A and 

P-glycoprotein substrates in rats: In vitro and in vivo, Journal of Pharmaceutical Sciences 99 (2010) 430–441. 

https://doi.org/10.1002/jps.21827. 

[205] K.D.R. Setchell, N.M. Brown, P. Desai, L. Zimmer-Nechemias, B.E. Wolfe, W.T. Brashear, A.S. Kirschner, A. Cassidy, 

J.E. Heubi, Bioavailability of Pure Isoflavones in Healthy Humans and Analysis of Commercial Soy Isoflavone Supplements, 

The Journal of Nutrition 131 (2001) 1362S-1375S. https://doi.org/10.1093/jn/131.4.1362S. 

[206] E. Yigit, S. Unsal, Isoflavones obtained from red clover improve both dyslipidemia and menopausal symptoms in 

menopausal women: a prospective randomized placebo-controlled trial, Climacteric 27 (2024) 548–554. 

https://doi.org/10.1080/13697137.2024.2393121. 

[207] M.N.T. Lambert, C.B. Thybo, S. Lykkeboe, L.M. Rasmussen, X. Frette, L.P. Christensen, P.B. Jeppesen, Combined 

bioavailable isoflavones and probiotics improve bone status and estrogen metabolism in postmenopausal osteopenic women: a 

randomized controlled trial, The American Journal of Clinical Nutrition 106 (2017) 909–920. 

https://doi.org/10.3945/ajcn.117.153353. 

[208] A.B. Villadsen, J.N. Holm-Jacobsen, B.K. Prabhala, C. Bundgaard-Nielsen, P. Huntjens, J.B. Kornum, K. Glavind, 

P.D.C. Leutscher, L.P. Christensen, P.B. Jeppesen, S. Sørensen, L.T.S. Arenholt, Use of Fermented Red Clover Isoflavones in 

the Treatment of Overactive Bladder in Postmenopausal Women: A Randomized, Double-Blinded, Placebo-Controlled Trial, 

Nutrients 15 (2023) 4165. https://doi.org/10.3390/nu15194165. 

[209] K. Thomas-White, S. Taege, R. Limeira, C. Brincat, C. Joyce, E.E. Hilt, L. Mac-Daniel, K.A. Radek, L. Brubaker, E.R. 

Mueller, A.J. Wolfe, Vaginal estrogen therapy is associated with increased Lactobacillus in the urine of postmenopausal 

women with overactive bladder symptoms, American Journal of Obstetrics and Gynecology 223 (2020) 727.e1-727.e11. 

https://doi.org/10.1016/j.ajog.2020.08.006. 

[210] F.B. Felix, J.P. Vago, V.A. Beltrami, J.M.D. Araújo, R. Grespan, M.M. Teixeira, V. Pinho, Biochanin A as a modulator 

of the inflammatory response: An updated overview and therapeutic potential, Pharmacological Research 180 (2022) 106246. 

https://doi.org/10.1016/j.phrs.2022.106246. 

[211] A. Aghemo, O.P. Alekseeva, F. Angelico, I.G. Bakulin, N.V. Bakulina, D. Bordin, A.O. Bueverov, O.M. Drapkina, A. 

Gillessen, E.M. Kagarmanova, N.V. Korochanskaya, U.A. Kucheryavii, L.B. Lazebnik, M.A. Livzan, I.V. Maev, A.I. 

Martynov, M.F. Osipenko, E.I. Sas, A. Starodubova, Y.P. Uspensky, E.V. Vinnitskaya, E.P. Yakovenko, A.A. Yakovlev, Role 

of silymarin as antioxidant in clinical management of chronic liver diseases: a narrative review, Annals of Medicine 54 (2022) 

1548–1560. https://doi.org/10.1080/07853890.2022.2069854. 

[212] I. Giangrandi, M. Dinu, A. Napoletano, V. Maggini, N. Lombardi, G. Crescioli, E. Gallo, V. Mascherini, M. Antonelli, D. 

Donelli, A. Vannacci, F. Firenzuoli, F. Sofi, Licorice and liver function in patients with primary liver disease: A systematic 

review and meta‐analysis of RCTS, Phytotherapy Research 38 (2024) 4614–4627. https://doi.org/10.1002/ptr.8288. 

[213] N. Awad, Licorice-Induced Apparent Mineralocorticoid Excess Causing Persistent Hypertension and Hypokalemia, Acta 

Endo (Buc) 16 (2020) 508–510. https://doi.org/10.4183/aeb.2020.508. 

[214] J. Patel, H. Roy, P.K. Chintamaneni, R. Patel, R. Bohara, Advanced Strategies in Enhancing the Hepatoprotective 

Efficacy of Natural Products: Integrating Nanotechnology, Genomics, and Mechanistic Insights, ACS Biomater. Sci. Eng. 11 

(2025) 2528–2549. https://doi.org/10.1021/acsbiomaterials.5c00004. 



M. Y. Wu et al. / Food Science and Human Wellness 16 (2027) 

 

[215] G. Kan, L. Chen, W. Zhang, Q. Bian, X. Wang, J. Zhong, Recent advances in the development and application of 

curcumin-loaded micro/nanocarriers in food research, Advances in Colloid and Interface Science 335 (2025) 103333. 

https://doi.org/10.1016/j.cis.2024.103333. 

[216] E. Karatayli, S.C. Sadiq, J.M. Schattenberg, S. Grabbe, B. Biersack, L. Kaps, Curcumin and Its Derivatives in Hepatology: 

Therapeutic Potential and Advances in Nanoparticle Formulations, Cancers 17 (2025) 484. 

https://doi.org/10.3390/cancers17030484. 

[217] T. Wang, Z. Lu, G.-F. Sun, K.-Y. He, Z.-P. Chen, X.-H. Qu, X.-J. Han, Natural Products in Liver Fibrosis Management: 

A Five-year Review, CMC 31 (2024) 5061–5082. https://doi.org/10.2174/0109298673288458240203064112. 

[218] S. Wang, S. Zhang, S. Wang, P. Gao, L. Dai, A comprehensive review on Pueraria: Insights on its chemistry and 

medicinal value, Biomedicine & Pharmacotherapy 131 (2020) 110734. https://doi.org/10.1016/j.biopha.2020.110734. 

[219] Y. Li, Y. Lu, M. Nian, Q. Sheng, C. Zhang, C. Han, X. Dou, Y. Ding, Therapeutic potential and mechanism of Chinese 

herbal medicines in treating fibrotic liver disease, Chinese Journal of Natural Medicines 21 (2023) 643–657. 

https://doi.org/10.1016/S1875-5364(23)60443-1. 

 


