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ARTICLE INFO ABSTRACT
Keywords: Background: Liver diseases are a spectrum of diseases that include hepatic steatosis, nonalcoholic
Apigenin fatty liver disease, hepatitis, liver fibrosis, cirrhosis, and hepatic cancer. These diseases not only

Liver injuries and diseases severely decrease the quality of life for patients, but also cause financial burden. Although api-

PhytOChemISt_ry genin (APG) has recently become the primary treatment for liver injuries and diseases (LIADs),
Pharmacological effects . . .
Toxi there has been no systematic review of its use.

oxicology

Purpose: To review the existing literature and put forward novel strategies for future APG research
on LIADs.

Methods: A search was conducted in PubMed, Science Direct, Research Gate, Web of Science, VIP,
Wanfang, and CNKI, and 809 articles were obtained. After applying inclusion and exclusion
criteria, 135 articles were included.

Results: APG is promising in treating LIADs via various mechanisms arising from its anti-
inflammation, anti-proliferation, anti-infection, anti-oxidation, and anti-cancer properties.
Conclusion: This review summarizes the evidence supporting the use of APG as a treatment for
LIADs and provides an insight into the intestinal microbiota, which may have important impli-
cations in its future clinical use.

1. Introduction

Liver injuries and diseases (LIADs) have a great impact on human health. Liver injuries have multiple etiologies, and mainly include
alcohol consumption, viral infection, and drug poisoning [1,2]. Stimulation of these factors can result in inflammation and oxidative
stress in the liver [3]. Chronic liver injury leads to the overproduction of extracellular matrix and the progression of hepatic fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC) [4]. The most effective way to reduce the incidence of liver diseases is to prevent them
by targeting their causes, but medical intervention is the commonly used method in practice. Available treatments for LIADs include

Abbreviations: APG, apigenin; LIADs, liver injuries and diseases; HCC, hepatocellular carcinoma; TGF-f, transforming growth factor-p; NiONPs,
nickel oxide nanoparticles; Cmax, maximum concentration; DILI, drug-induced liver injury; NAPQI, N-acetyl-p-benzoquinone imine; AILI, APAP-
induced liver injury; LPSs, lipopolysaccharides.
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the use of transforming growth factor-p (TGF-p) inhibitors [5], antivirals [6], cell-based therapies and nanoparticles [7], chemo-
therapeutics, and traditional Chinese medicine. Although liver transplantation is also considered an effective treatment for liver
disease, obtaining transplantable livers is difficult and organ rejection is an important possible complication [8]. Therefore, it is
necessary to explore new strategies to prevent and treat LIADs.

Fortunately, evidence has shown that natural plant extracts have better bioactivity in terms of their hepatoprotection, anti-
inflammation, anti-oxidation, and anti-cancer effects; they are also considered to have high safety [9-12]. For instance, the flavo-
noid quercetin exhibits anti-inflammatory [13], antioxidant [14], and anti-cancer [15] effects in LIADs. Apigenin (APG), another
flavonoid compound, has also attracted increasing attention. Evidence has shown that APG possesses strong biological properties, such
as anti-inflammation, anti-proliferation, antibacterial, anti-oxidation, and anti-cancer effects [16]. In preclinical and clinical studies,
APG has been demonstrated to be a possible treatment for rheumatoid arthritis, autoimmune disorders, Parkinson’s disease, Alz-
heimer’s disease, and various cancers [17,18]. APG has shown protective effects in the liver, but there has been no systematic review of
the literature on APG in LIADs. Therefore, we summarize the properties of APG in LIADs considering the aspects of botany, chemical
composition, pharmacological effects, analytical methods and quality control, toxicology, and safety, with the aim of further un-
derstanding APG and uncovering its pharmacological activities and effects on human health.

2. Methodology

Studies published before November 2022 were searched from the PubMed, Web of Science CNKI, VIP, and Wanfang databases. The
keywords included “Apigenin” + “liver injury”/“liver disease”, “phytochemistry”, “viral hepatitis”, “liver cancer”/“liver fibrosis and
cirrhosis”/“pharmacological effects” + “toxicology” in both English and Chinese. We deleted and removed all duplicates. One author
assessed the availability of the literature. All experiments were included, and studies that were not focused on the therapeutic effects of

APG on LIADs were excluded.

3. Source, structure, absorption, and metabolism of APG

APG, with the molecular formula C;5H;19Os, belongs to a subclass of flavones [19]. APG is a yellow crystalline powder, and is the
aglycone of several natural occurring glycosides [20]. It is acquired from various fruits, vegetables, and herbs in the form of O-gly-
cosides and C-glycosides such as celery, grapes, apples and vervain [21]; parsley and celery are important food sources of APG (Fig. 1).

APG is an extremely insoluble substance, indicating its poor bioavailability through oral administration. Many factors can influence
the bioavailability of APG, such as the manner of intake and diet. Diet is a common factor that influences the absorption of both food
and medicine by the digestive system. Indeed, yogurt has been shown to delay the plasma Tmax of APG-4'-glucuronide (APG-4'-GlcUA)
and APG-7-sulfate by influencing the pharmacokinetics of APG-7-O-(2'-O-apiosyl) glucoside [22]. Chrysanthemum morifolium extract is
a compound that can prevent cardiovascular diseases and cancers, and it mediates a relatively rapid absorption and slow elimination of
APG [23]. Different intake forms also cause different results, with modern studies reporting that ingestion of parsley leaves with yogurt
extended the maximum concentration (Cmax) of APG-4'-GlcUA. Moreover, consumption of chamomile tea containing
APG-7'-0-glucoside has been shown to extend the Cmax of APG-4'-GlcUA [22]. Furthermore, recent studies have shown that meso-
porous silica nanoparticles enhance the solubility, dissolution, and oral bioavailability of APG [24]. Therefore, bioavailability can be
increased by diet intervention, by changing the intake form, and through chemical means, which provide practical significance for
clinical application.

In food, APG is present almost exclusively as a glycoside, but it is influenced by methylation, sulfation, and glucuronidation in the
body [25]. In tissues, the conversion of APG to larger molecules influences its circulating levels and subsequent bio-distribution. APG is
distributed in the plasma, liver, and intestinal mucosa plasma, but at lower levels than quercetin, aspergillin, and tricin [26]. The main
conjugation reaction of APG in rats is glucuronidation via uridine diphosphate-glucuronosyltransferases [27].

In terms of biosynthesis, APG is naturally produced by the phenylpropanoid metabolic pathway, in which 4-coumaroyl-CoA is
produced from the phenylalanine amino acid through the shikimate pathway. The 4-coumaroyl-CoA combines with malonylCoA to
yield the main backbone of flavonoids, called chalconaringenin, through the action of chalcone synthase [28]. Chalconaringenin, an
intermediate chalconoid, undergoes stereo-specific and spontaneous cyclization into naringenin through the action of chalcone
isomerase [29]. Chemically, APG synthesis includes the formation of chalcone and demethylation. The cyclization of chalcone resulted
in the methylated derivative through the action of iodine with dimethyl sulfoxide followed by demethylation using pyridine
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Fig. 1. Plant source and processed products of APG (A and B). Chemical structure of APG (C).
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hydrochloride, which further led to the aglycone form.
4. Protective effects of APG on liver injuries
4.1. Chemical pollutant-induced liver injury

Chemical pollutant exposure is inevitable in human life, while long-term or excessive exposure can cause liver injury. Di 2-ethyl-
hexyl phthalate (DEHP) is a ubiquitous pollutant in water, food, air, soil, and sediments, and is commonly used as a plasticizer [30].
Han et al. found that APG can protect against DEHP-induced ferroptosis-like damage by activating glutathione (GSH) peroxidase 4 and
restraining intracellular iron accumulation [31]. Nickel oxide nanoparticles (NiONPs) are regularly applied medically, including as
sensors of urea and glucose levels in the blood [32]. Ali et al. proved that APG pretreatment could relieve the effects of NIONPs, which
prevented oxidative stress, fibrosis, and inflammation [33]. Numerous reports have demonstrated that CCls-induced liver injury is
primarily ascribed to the products of CCly4 (CCls-and CCl3OO0-). The accumulated free radicals cause oxidative damage and activate
liver macrophages to secret inflammatory cytokines, resulting in liver injury [34,35]. APG also has protective functions against liver
oxidative injury induced by CCly because of its antioxidant effects [36].

4.2. Drug-induced liver injury (DILI)

Although DILI is uncommon, it has a significant influence in contemporary hepatology [37]. The physicochemical properties of
various drugs are responsible for the different mechanisms of DILI. Drugs are metabolized in the liver and their metabolites may cause
liver damage. Typical liver damage drugs include acetaminophen (APAP), isoniazid, and antineoplastic drugs. The following sections
mainly introduce the related studies on the protective effects of APG on DILI.

4.2.1. APAP

APAP is a commonly used drug that is often used to treat pain and fever, and overdose can cause severe liver damage [38]. The
pathogenesis of APAP-induced liver injury (AILI) is related to the oxidized product of APAP. N-acetyl-p-benzoquinone imine (NAPQI),
a toxic intermediate, is correlated with GSH. An overdose of APAP will lead NAPQI to deplete GSH, trigger oxidative stress, and result
in apoptosis and liver injury. Fortunately, some studies have shown that APG can protect against AILI through different mechanisms.
Indeed, Yang et al. found that APG could protect the liver by enhancing GSH reductase activity and reducing the content of GSH and
malondialdehyde [39]. Zhao et al. showed that APG promotes autophagy and improves inflammatory responses and oxidative stress to
prevent AILI [40,41].

4.2.2. Chemotherapeutic agents

Methotrexate (MTX) is a folate antagonist that can be used to treat cancer and autoimmune diseases, such as rheumatoid arthritis
and Crohn’s disease, in the clinic [42]. However, MTX contributes to oxidative stress, resulting in apoptosis, tissue injury, and
inflammation, ultimately causing hepatotoxicity [43]. Pretreatment with APG has been shown to reduce the toxicity of MTX to the
liver via enhancing the antioxidant defense ability and attenuating caspase-3, C-reaction protein, granulocyte colony stimulating
factor, and inducible nitric oxide synthase expression [44]. Cyclophosphamide (CP) is an alkylating chemotherapeutic agent that is
commonly used to treat cancer, minimal change disease in children, and autoimmune disorders, and is also used in the transplantation
of blood and marrow [45]. CP is known to restrain hepatic nuclear factor erythroid 2/heme oxygenasel (Nrf2/HO-1) and NADH
quinone dehydrogenase-1 (NQO-1) signaling, resulting in liver injury. APG reduces hepatic Nrf2/HO-1 signaling by upregulating Nrf2,
NQO-1, and HO-1, which enhance antioxidant enzymes [46]. Sorafenib, an FDA-approved chemotherapeutic drug, has been shown to
generate oxidative stress and liver injury via the activation of CYP34A, which leads to the production of reactive oxygen species (ROS).
However, APG could protect against this liver injury of CYP34A by enhancing antioxidation and inhibiting the production of ROS [47].
The above-mentioned studies infer that although APG could bring the hepatoprotective activity into play through different mecha-
nisms, the core and final link of these mechanisms is attenuating oxidative stress, apoptosis, and inflammation.

4.3. Alcohol-induced liver injury

Long-term excessive consumption of alcohol constantly contributes to alcoholic liver disease (ALD) [48]. ALD is a form of hepatitis
ranging from asymptomatic fatty liver to fibrosis, cirrhosis, and alcoholic hepatitis [49]. Zhao et al. suggested that APG was important
in enhancing hepatic function via decreasing the alanine aminotransferase activity, serum dyslipidemia such as LDL cholesterol and
total cholesterol (TC) levels, lipid peroxidation, and oxidative stress capacity while enhancing superoxide dismutase (SOD) and GSH
peroxidase activities [5S0]. Wang et al. showed that APG might protect against alcohol-induced liver injury via regulating hepatic
cytochrome P450 2E1-mediated oxidative stress and peroxisome proliferator-activated receptor alpha (PPARa)-mediated lipogenic
gene expression [51].

4.4. Other factors

Bacterial infection commonly induces liver injury, depending on the invading endotoxin or exotoxin. Lipopolysaccharides (LPSs)
are the endotoxins of Gram-negative bacteria [52]. APG reduces oxidative stress and inflammatory events, and it has a protective effect
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on LPS-induced acute liver injury [53]. Zhou et al. showed that APG can protect against p-Galactosamine/LPS-induced hepatocellular
injury by increasing Nrf-2 nuclear translocation, which increases the levels of SOD, CAT, and PPARy protein expression, thus inhibiting
the inflammatory reaction [54]. Ischemia/reperfusion (I/R) injury is common in liver transplantation and hepatectomies [55]. APG
may have protective effects on hepatic I/R injury in the Fas/FasL-mediated pathway of apoptosis [56]. Additionally, the suppression of
inflammation and oxidative stress has important effects in hepatic I/R injury with APG [57] (Table 1).

5. Protective effects of APG on hepatitis, liver fibrosis, and cirrhosis
5.1. Hepatic steatosis

Increasing attention has been paid to extracts from natural products for the treatment of liver lipid accumulation diseases, which
has provided new insights into traditional treatment methods. Liu et al. demonstrated that APG decreased the palmitic acid-induced
elevation of TC, triglyceride (TG), and intracellular lipid levels [58]. Recent studies have shown that low-dose APG can ameliorate
high-fat-diet (HFD)-induced obesity by accelerating lipid catabolism, thermogenesis, and browning [59]. The effects of APG on the
improvement of hepatic steatosis and hepatomegaly were partly on account of the upregulation of genes responsible for regulating
fatty acid oxidation, the tricarboxylic acid cycle, oxidative phosphorylation, the electron transport chain, cholesterol homeostasis,
downregulation of lipids, and lipid-derived gene expression, as well as the reduction of enzymes responsible for the synthesis of TG and
hepatic cholesterol ester [60].

Furthermore, autophagy, which is closely related to lipid droplet metabolism, is one of the breakdown pathways of lipids. Studies
have shown that APG can induce autophagy to stimulate the degradation of autophagic lipids [61], can suppress the expression of
PPAR-y and CD36, and can inhibit adipocyte differentiation [62]. Another study showed that APG could attenuate HFD-induced
hypercholesterolemia by suppressing the biosynthesis of cholesterol [63]. APG can fully interact with the intestine and become a
potential substrate there due to its low bioavailability. Qiao et al. found that APG can obviously regulate gut microbiota and restore the
gut barrier by reducing metabolic endotoxemia [64].

5.2. Nonalcoholic fatty liver disease (NAFLD)

NAFLD, a leading cause of morbidity and mortality worldwide, is a benign lesion that can develop into more serious liver damage
through a process that is partly mediated by redox balance [65]. NAFLD can cause a variety of pathological consequences caused by
changes in lipids, glucose, and lipoproteins, such as type II diabetes, liver fibrosis, and even liver cancer. Research has suggested that
dietary interventions aimed at inducing weight loss may have a protective effect on NAFLD because they can reduce oxidative stress
and lipid accumulation in the liver, thus preventing the disease from progressing to a more severe condition [66].

The beneficial effects of APG against NAFLD may be partly due to its inhibition of NLRP3 inflammasome assembly, which is
activated by downregulating xanthine oxidase (XO) and inhibiting uric acid and ROS production. These effects further decrease the
excessive production of pro-inflammatory cytokines IL-1p and IL-18, thus preventing hepatitis virus and lipid accumulation in NAFLD
[67]. Recent studies have shown that lipid accumulation and inflammation in the liver were reduced in NAFLD-induced mice treated
with APG. Meanwhile, APG restrained the NLRP3/NF-«B signaling pathway stimulated by LPS [58].

Feng et al. found that APG inhibited the activation of PPARc via Nrf2 activation to attenuate HFD-induced NAFLD [68,69].

Table 1
Protective effects of APG on liver injuries.
Factors Mechanisms References
Chemical DEHP Activate GPX4 and suppress intracellular iron accumulation [31]
pollutant NiONPs Alleviate the NiONP-induced deleterious effects on all the studied parameters in rats. [33]
CCl4 Antioxidant properties, scavenge ROS [36]1
Drug APAP Increase the hepatic GR activity and reduce GSH content, and decrease the hepatic malondialdehyde content [39]
Regulate the sirtuin 1-p53 axis, promote autophagy and ameliorate inflammatory responses and oxidative stress [40,41]
MTX Restore the antioxidant defenses system and downregulation in caspase-3, CRP, G-CSF and iNOS expressions [44]
CP Upregulate hepatic Nrf2/HO-1 signaling, and upregulate Nrf2, NQO-1, and HO-1 [46]
Sorafenib Enhance anti-oxidant properties and inhibite ROS production [47]
Alcohol Decrease the alanine aminotransferase activity, serum dyslipidemia such as LDL cholesterol and TC levels in [50]
serum, lipid peroxidation and oxidative stress, and enhancing SOD and GSH-Px activities
Regulate hepatic CYP2E1-mediated oxidative stress and PPARa-mediated lipogenic gene expression [51]
Other factors LPS Increase the SOD and CAT levels and PPARy protein expression [54]
Hepatic I/ Decrease Fas receptor levels and inhibite apoptosis [57]
R

Acetaminophen (APAP); Chloramphenical acetyltransferase (CAT); Cyclophosphamide (CP); C-reactive protein (CRP); Di(2-ethylhexyl) phthalate
(DEHP); Granulocyte colony stimulating factor (G-CSF); Glutathione peroxidase 4 (GPX4); Glutathione reductase (GR); Glutathione (GSH); Gluta-
thione peroxidase (GSH-Px); Human recombinant-1 (HO-1); Inducible nitric oxide synthase (iNOS); Ischemia/reperfusion (I/R); Low density lipids
(LDL); Lipopolysaccharide (LPS); Methotrexate (MTX); Nanoparticles (NiONPs); NAD(P)H quinone oxidoreductase-1 (NQO-1); Nuclear factor
erythroid 2 (Nrf2); Peroxisome proliferator-activated receptor (PPARa); Reactive oxygen species (ROS); Superoxide dismutase (SOD); Total
cholesterol (TC).
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Evidence has also shown that inhibiting autophagy leads to an acceleration of lipid accumulation and NAFLD pathogenesis [70], while
the decrease in autophagic function is correlated with the progression of steatosis to steatohepatitis. One previous study showed that
APG could degrade autophagic lipids via restoring blocked autophagic flow [71].

5.3. Viral hepatitis

Viral hepatitis, particularly the Hepatitis C virus (HCV), is the main pathogenesis of chronic hepatitis, cirrhosis, and HCC. Although
rapid progress has been made in recent years in the development of direct-acting antiviral drugs to treat HCV infection, there is still a
need to develop more affordable antiviral drugs. Fortunately, studies have shown that APG could inhibit HCV replication without
affecting cell viability [72], which may be explained by the decrease in mature miR122 levels inhibiting the phosphorylation of
trans-activating response RNA-binding protein (TRRP), a component of miRNA complexes generated by impaired mitogen-activated
protein kinase [73,74]. Notably, APG has powerful anti-inflammatory properties, as it can reduce the expression of miR-155 by LPSs,
thus restoring immune balance [75]. APG can also decrease pro-inflammatory cytokine and mediator levels and increase
anti-inflammatory cytokine levels, thereby alleviating hepatitis [76-78]. Oxidative stress is closely related to inflammation, and many
ROS or reactive nitrogen species can enhance the expression of pro-inflammatory genes by stimulating the intracellular signal cascade
[79]. Studies have demonstrated that APG has protective effects against oxidative stress, which may be related to its anti-inflammatory
properties [36]. Furthermore, APG regulates the activation of NLRP3 inflammatory corpuscles and the release of inflammatory cy-
tokines IL-1p and IL-18 [67]. Therefore, APG may be an effective alternative therapy for HCV [80].

5.4. L iver fibrosis and cirrhosis

HCV, hepatitis B virus, ALD, and NAFLD are the main causative factors of cirrhosis [81-84]. Fibrosis is the precursor of cirrhosis
and hepatocarcinoma, while cirrhosis is the final pathological outcome of many chronic liver diseases [85]. However, there remains no
effective treatment for these diseases. Many studies have shown that APG could be used to treat liver fibrosis by inhibiting the acti-
vation of hematopoietic stem cells, thus promoting the accumulation of ECM and the secretion of a-SMA, collagen 1, and other fibrotic
factors [86-88]. APG has also been shown to improve CCly-induced liver fibrosis through phosphorylation of the MAPK, PI3K/Akt,
HIF-1, ROS, and eNOS pathways, and it is expected to become a natural product with anti-liver fibrosis activity [89].

Cholestasis is another important cause of liver fibrosis and cirrhosis [90]. Studies have shown that APG could improve
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Fig. 2. Protective effects of APG on hepatic steatosis, NAFLD, HCV, liver fibrosis, and cirrhosis. Hepatic steatosis can develop into cirrhosis, which
ultimately leads to HCC. HCV can also progress to liver fibrosis and cirrhosis, eventually leading to HCC. APG could be used to treat these liver
diseases through its anti-inflammation and anti-oxidation properties, as well as its regulation of lipid and bile acid metabolism and inhibition of HCV
replication. HCC: Hepatocellular carcinoma, HCV: Hepatitis C virus, NAFLD: Nonalcoholic fatty liver disease, PPARa: Proliferator-activated receptor
alpha, ROS: Reactive oxygen species, TC: Total cholesterol, TG: Triglyceride, TRRP: Trans-activating response RNA-binding protein, XO:
Xanthine oxidase.
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dihydroxyphenylalanine decarboxylase-induced cholestasis by alleviating inflammation and oxidative damage and improving bile
acid metabolism, suggesting that APG has potential application in the treatment of cholestasis (Fig. 2).

6. Protective effects of APG on liver cancer

HCC is the most common type of liver cancer worldwide, and its morbidity and mortality are increasing annually, threatening
human health [91]. Although the development of chemotherapeutic drugs has played an important role in the treatment of liver
cancer, drug resistance still hinders its therapeutic effect. In line with this, the role of plant-derived components against drug resistance
of liver cancer has recently gained attention, with the study of the plant flavonoid APG being particularly notable.

Doxorubicin, also called Adriamycin (ADM), is a widely applied effective anti-cancer drug, although HCC shows resistance to ADM
[92]. In the process of ADM acting on hepatoma cells, nrf2 regulates the expression of cytoprotective genes by binding with
antioxidant-response elements in the corresponding gene promoters. However, overexpression of nrf2 can lead to ADM resistance in
hepatoma cells. The combination of APG and ADM appears to represent a way to improve efficacy against ADM-resistant cells. Indeed,
Gao et al. showed that APG could reverse the drug-resistant phenotype by inhibiting the PI3K/AKT/Nrf2 signaling pathway and
downregulating HO-1, AKR1B10, and MRP5 [93]. Recently, Gao et al. also showed that APG increased susceptibility to ADM by
regulating the miR-101/nrf2-related apoptotic pathway [94]. The results of both studies suggested that combined application of APG
and ADM may increase the chemotherapeutic reaction of ADM-resistant patients, although further clinical experiments are needed to
verify the feasibility. Coincidentally, another study showed that APG sensitizes ADM-resistant cells to the miR-520b/ATG7 signaling
pathway, which supports APG as a potential HCC chemosensitizer [95].

Sorafenib is another common chemotherapeutic agent used for HCC treatment [96]. However, sorafenib has a cytotoxic effect on
healthy cells, and patients can develop sorafenib resistance over a short period of time, which reduces the success rate of the treatment
and limits the therapeutic application [97]. A previous study showed that combination of sorafenib and APG could significantly reduce
cell viability, induce apoptosis, and reduce the migration and invasion abilities of cancer cells [98]. APG is a natural hypoxia-inducible
factor 1a (HIF-1a) inhibitor, which can also inhibit the expression of HIF-1a in various ways and reverse hypoxia-induced drug
resistance. For example, paclitaxel combined with APG can be used to overcome the hypoxia-induced drug resistance of cancer cells to
paclitaxel. This significantly enhanced the anticancer activity of paclitaxel.

Moreover, APG could induce G1 block in HepG2. APG showed high cytotoxicity in HepG2, SMMC-7721, and Huh-7, possibly
through activation of the p38 MAPK-p21 signaling pathway [99].
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Fig. 3. Protective effects of APG on HCC. The combination of APG and ADM reverses the drug-resistant phenotype through various pathways. The
combination of sorafenib and APG can reduce cell viability, induce apoptosis, and reduce the ability of cancer cells to migrate and invade. The
combination of APG and paclitaxel inhibits the expression of HIF-1a and reverses the drug resistance induced by hypoxia. As a signal, APG can
reduce the expression of Snail and NF-kB, reverse the elevation of EMT, increase cell adhesion, and inhibit the invasion and migration of HCC cells.
APG downregulates H19 expression to inhibit the growth of liver cancer cells, inducing inactivation of the canonical Wnt/p-catenin signaling
pathway. ADM: Adriamycin, APG: Apigenin, EMT: Epithelial-mesenchymal transition, HCC: Hepatocellular carcinoma.
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Qin et al. found that APG can reduce the expression of Snail and NF-kB, reverse the epithelial-mesenchymal transition (EMT),
increase cell adhesion, regulate actin polymerization and cell migration, and inhibit the invasion and migration of HCC cells [100].
One study suggested that APG-induced apoptosis of HepG2 cells may be mediated by a HoO»-dependent pathway by reducing anti-
oxidant defenses. Moreover, APG has been shown to inhibit cell proliferation and induce autophagy by inhibiting the PI3K/Akt/mTOR
pathway. Therefore, the combination of APG and autophagy inhibitors may represent an effective chemotherapeutic method for HCC
[101].

In addition to APG combinational treatment, there are also separate studies on the therapeutic effects of APG on liver cancer. Long
noncoding RNA H19 mediates tumorigenesis and cancer progression, and it has been shown to be frequently elevated in HCC [102]. A
previous study showed that APG downregulated H19 expression to inhibit the growth of liver cancer cells and induce inactivation of
the canonical Wnt/p-catenin signaling pathway [36]. Recent studies have shown that APG nanoparticles can be used to increase the
solubility and bioavailability of APG, thus improving the effect of APG on HCC [103]. Taken together, these findings indicate that APG
holds promise for developing new therapies for liver cancer (Fig. 3).

7. Health improving effects of APG by altering the intestinal microbiota

The intestinal microbiota is a symbiont that contributes to the health of the host and is a biological barrier that contributes to
nutrient absorption, immune regulation, and energy metabolism [104]. Patients with cancer who present with intestinal microbiota
disorders may gain tumor-ameliorating benefits through modulation of the gut flora [105]. Although APG can be degraded by in-
testinal microbiota, its metabolites can in turn regulate the structure and function of the intestinal microbiota. To date, these regu-
latory effects on microbiota have not been fully determined [106]. Bian’s study demonstrated that the effect of APG on intestinal
microbiota composition can inhibit tumors. However, the exact mechanism by which APG affects the intestinal microbiota and exerts
its anti-tumor effects has not yet been determined [107]. Additionally, APG affects the growth and gene expression of Enterococcus by
upregulating genes involved in DNA repair, stress responses, cell wall synthesis, and protein folding. APG has also been shown to
promote the growth and diversity of bacteria, reduce the ratio of Firmicutes to Bacteroidetes, and motivate the production of
short-chain fatty acids, including butyrate, which is related to good health [108].

8. Therapeutic application

Although APG shows an excellent treatment effect in liver cancer, its low oral bioavailability owing to its low lipid and water
solubility limits its clinical development [109]. Fortunately, nanotechnology can improve APG bioavailability. A novel carbon
nano-powder (CNP) drug carrier was developed to improve the oral bioavailability of APG. The CNP-APG system improved the APG
dissolution, heightened the APG area under the curve by 1.83 times, raised the peak, and shortened the time to peak compared to pure
APG.

Micelles are assembled by water-soluble amphiphilic surfactants and can dissolve hydrophobic drug molecules that dissolve poorly
in water, playing a key role in drug delivery [110]. Zhang et al. developed a novel mixed micelle system and prepared APG-loaded
mixed micelles (APG-M) using an ethanol thin-film hydration method in which the APG-M showed higher oral bioavailability than
free APG [111]. Moreover, Zhai et al. fabricated APG-loaded micelles by a thin-film dispersion method and showed that compared to
free drug, the micelles increased the absorption of APG in the intestinal tract [112]. Ganguly et al. developed galactose-tailored PLGA
NPs loaded with APG (APG-GAL-NPs) for the liver-targeted therapy of HCC [113]. Compared to APG and APG-NPs, APG-GAL-NPs had
higher cytotoxicity and apoptotic potential against HepG2 and could be used to treat HCC efficiently. These findings highlight micelles
as being an excellent nanocarrier for APG.

Nanoparticles of metals such as zinc, silver, and silica are called metal or metallic NPs, and they are suitable for combination with
APG due to their various health-related properties [103]. Zarei et al. used APG as a reducing bioactive compound to synthesize silver
nanoparticles, thus enhancing anticancer, antibacterial, and antioxidant properties [114]. Another study showed that the release of
prepared APG mesoporous silica nanoparticles was higher than that of raw APG [115]. These studies provide sufficient evidence that
nanotechnology may be a novel way to enhance the oral bioavailability of APG. In the future, the establishment of effective therapeutic
drugs requires more clinical trials to determine the mode of administration and the exact dose.

APG plays a role in inflammation by inhibiting pro-inflammatory cytokines through multiple intracellular pathways in macro-
phages and by acting as modulators of pro-inflammatory genes, which are potential inhibitors of COX-2 [116]. Furthermore, APG
inhibits oxidative stress within cells while also inhibiting the activities of DNA-binding proteins such as DNA polymerase,
cAMP-response element binding proteins, DNA topoisomerase, and histone deacetylases. Therefore, compared with other treatments
for liver injury and disease, APG may be more targeted and have fewer side effects than chemotherapy.

9. Toxicology

APG has lower intrinsic toxicity to normal cells and cancer cells than other related flavonoids [117,118]. Indeed, no reports of APG
toxicity have been reported to date, which may be related to the low solubility and low biological metabolism of APG [119]. Compared
to MCF-7 cells, MDAMB-231 cells were found to be more sensitive to the genotoxic effects of APG in breast cancer. APG induced
significant DNA damage in MDAMB-231 cells [120]. The cytotoxicity of APG in rat hepatoma and glioma cells demonstrated that C8
prenylation of a flavone enhanced its cytotoxicity by inducing the apoptosis and death of H4IIE cells without affecting antioxidation
[121]. These cytotoxic effects of APG were aimed to induce apoptosis in cancer cells. In general, APG has low toxicity and high safety;
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thus, it can be presumed that APG is safe for normal cells in terms of cytogenotoxicity.

10. Conclusion

Numerous studies have suggested that APG may hold considerable value for various LIADs. Its potential therapeutic effects may
involve various mechanisms, including anti-inflammation, anti-proliferation, anti-bacteria, anti-oxidation, and anti-cancer properties.
Considering the variety of interactive APG pathways, it is also worth expanding its application range and exploring the corresponding
mechanisms.
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