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Abstract

(1) Background: This article reviews the biological characteristics of phenolic acid com-
pounds, focusing on their mechanisms of action in various liver diseases. (2) Methods: The
review adheres to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. We utilized PubMed and Web of Science databases to search for
relevant studies on the use of phenolic acids in liver diseases from 2015 to 2025. (3) Results:
Phenolic acids can improve different types of liver diseases, including drug-induced liver
injury (DILI), alcoholic liver disease (ALD), metabolic dysfunction-associated steatotic liver
disease, liver fibrosis, and liver cancer. Their beneficial effects are attributed to mechanisms
such as anti-inflammatory properties, antioxidant activity, regulation of lipid metabolism,
inhibition of cell apoptosis, and modulation of gut microbiota. (4) Conclusion: Phenolic
acids exhibit a good protective effect against various liver diseases and are associated with
multiple signaling pathways. However, the primary target cells and specific molecular
targets of phenolic acids remain unclear, necessitating further research to elucidate their
protective mechanisms in liver diseases.

Keywords: phenolic acids; hepatoprotective effect; liver disease; mechanisms

1. Introduction
The liver is the largest and most important organ in the human body, with basic

functions such as metabolism, secretion, and detoxification. Liver diseases cause more
than 2 million deaths annually, accounting for 4% [1] of all deaths worldwide and have
become a major cause of death. With the improvement in living standards, the prevalence
of metabolic liver diseases, including nonalcoholic fatty liver disease (NAFLD) and ALD,
is constantly rising, ultimately leading to an increase in cases of end-stage liver disease
(liver fibrosis and liver cancer) [2]. Currently, no study has specifically analyzed the real
incidence of DILI worldwide, but in follow-up studies, the proportion of DILI patients
caused by herbal medicines and dietary supplements has been increasing [3].

Common hepatoprotective drugs in clinical practice include silibinin, ursodeoxycholic
acid (UDCA), glycyrrhetinic acid preparations, bicyclol, and others. Silymarin is a substance
extracted from Silybum marianum and is a widely used hepatoprotective drug in clinical
settings. It exerts a good protective effect on various diseases such as NAFLD, ALD, and
hepatitis [4]. However, caution is still required not only for the use of silymarin but also for
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other hepatoprotective drugs like glycyrrhizic acid preparations and bicyclol. This is because
there are still very few clinical studies on their appropriate dosages and actual efficacy in
different types of diseases. UDCA is the only drug approved by the U.S. Food and Drug
Administration (FDA) for the treatment of primary biliary cholangitis. It was originally
identified as a naturally active product from the bile of polar bears, and its current acquisition
mainly relies on chemical or biosynthetic approaches for preparation. Nevertheless, the
preparation process of UDCA still poses a major challenge in terms of cost and environmental
protection [5]. Despite significant progress made in the field of drug research and development,
there is no fully effective drug that can enhance liver function, provide whole-organ protection,
or promote hepatocyte regeneration. Therefore, research on safer, more effective, and more
economical hepatoprotective drugs is of crucial importance.

Phenolic acids are a class of bioactive substances widely present in nature, belonging
to aromatic secondary metabolites. According to the differences in carbon skeleton and
the position and quantity of hydroxyl groups on the aromatic ring, they can be classified
into hydroxybenzoic acids (protocatechuic acid, vanillic acid, gallic acid, 4-hydroxybenzoic
acid) and hydroxycinnamic acids (chlorogenic acid, ferulic acid, caffeic acid, rosmarinic
acid) [6]. And a large number of studies have reported the hepatoprotective effects of
phenolic acids [7]. Compared with existing clinical hepatoprotective drugs, phenolic acids,
as naturally derived compounds, have potential advantages such as easy accessibility, low
cost, and multiple pharmacological activities. However, they also have current limitations
including low bioavailability and a lack of clinical trials.

However, most current studies focus on reports of individual phenolic acid monomers
in single diseases, and there is a lack of systematic sorting and summary of the mechanisms
underlying the hepatoprotective effects of phenolic acids, which limits their application.
Therefore, this review followed the PRISMA guidelines. Several literature databases were
searched, including PubMed and Web of Science, for papers published from 2015 to 2025.
Keywords included “drug-induced liver injury”, “alcoholic liver disease”, “metabolic
(dysfunction) associated fatty liver disease”, “liver fibrosis”, “liver cancer”, “phenolic acid”
and “polyphenols”. Duplicate articles were excluded, and review articles and conference
abstracts were excluded, along with unrelated studies, resulting in a final count of 96 eligible
papers (Figure 1). Their pharmacological activities and related mechanisms were sorted
out, aiming to provide a valuable theoretical basis for the research and development of
phenolic acids in liver diseases and reduce the socioeconomic burden of liver diseases.

Figure 1. Flow diagram of literature search according to PRISMA guidelines.
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2. Biological Characteristics of Phenolic Acids
2.1. Chemical Structure of Phenolic Acids

Through literature review, it was found that there are 24 types of phenolic acid compo-
nents with relevant hepatoprotective effects, mainly consisting of hydroxybenzoic acids
and hydroxycinnamic acids. Among them, there are 13 types of hydroxybenzoic acids and
11 types of hydroxycinnamic acids.

Phenolic acids with a hydroxybenzoic acid skeleton are collectively referred to as hy-
droxybenzoic acids, which can be classified into simple hydroxybenzoic acids, condensed
hydroxybenzoic acids, hydroxybenzoic acid esters, and hydroxybenzoic acid glycosides
based on their structures. It has been reported that among these phenolic acids with hepato-
protective effects, simple hydroxybenzoic acids are the main type, including protocatechuic
acid, vanillic acid, gallic acid, and veratric acid. Meanwhile, hydroxybenzoic acid esters,
such as methyl gallate and epigallocatechin-3-gallate (EGCG), have been the subject of
most studies. Their structures are shown in Figure 2.

Figure 2. The structure of hydroxybenzoic acid 1. Protocatechuic acid 2. Vanillic acid 3. Veratric acid
4. Gallic acid 5. Syringic acid 6. Methyl gallate 7. EGCG 8. Tannic acid 9. Corilagin 10. Paeoniflorin
11. Curculigoside 12. punicalagin 13. Chebulinic acid.

Hydroxycinnamic acids can be classified by structure into simple hydroxycinnamic
acids, hydrogenated hydroxycinnamic acids, condensed hydroxycinnamic acids, hydrox-
ycinnamic acid esters, hydroxycinnamic acid glycosides and hydroxycinnamate salts,
among which simple hydroxycinnamic acids and condensed hydroxycinnamic acids are
the most common types. It has been reported that among these phenolic acids with hep-
atoprotective effects, the most common simple hydroxycinnamic acids are p-coumaric
acid, ferulic acid, and caffeic acid. Next are condensed hydroxycinnamic acids condensed
with caffeic acid as the parent nucleus, including chlorogenic acid, rosmarinic acid, and
chicoric acid; in addition, there are hydroxycinnamic acid esters and hydroxycinnamic
acid glycosides such as salvianic acid A and salvianic acid B. Their structures are shown in
Figure 3.
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Figure 3. Structure of hydroxycinnamic acid 1. p-Coumaric acid 2. Ferulic Acid 3. Caffeic acid
4. Chlorogenic acid 5. Rosmarinic acid 6. Salvianolic Acid A 7. Salvianolic acid B 8. Acteoside 9.
Echinacoside 10. Chicoric acid 11. Plantamajoside.

2.2. The Relationship Between Chemical Structure and Biological Activity

Studies on the relationship between compound structure and biological activity are of
great significance for improving the targeting and pharmacokinetic properties of drugs, as
well as for the research and development of new drugs. Phenolic acids are a class of aromatic
compounds containing both phenolic hydroxyl groups and carboxylic acid groups. The
number and position of hydroxyl groups are closely related to the activity of phenolic acids.
A structure-activity relationship (SAR) study on phenolic acid compounds using the crocin
bleaching assay revealed that the position of the carboxyl group relative to the hydroxyl
substituent is crucial. Among hydroxybenzoic acids, gallic acid exhibits the strongest activity,
which is 1.6 times and 3.4 times that of protocatechuic acid and syringic acid, respectively [8].
The SAR value of gallic acid, which has an additional hydroxyl group at the ortho position of
the phenolic hydroxyl group, is more than twice that of protocatechuic acid (3.40 vs. 1.50). This
indicates that the pyrogallol moiety in the molecular structure of phenolic compounds has
better antioxidant activity than the catechol moiety [9,10]. This is because the ortho hydroxyl
groups (electron donors) on the aromatic ring reduce the dissociation enthalpy of hydroxyl
groups, thereby enhancing free radical scavenging activity [11].

In addition, special phenolic hydroxyl structures (such as ortho-dihydroxyl groups)
and unsaturated bonds in side chains can also affect the activity of phenolic acids. The
presence of free phenolic hydroxyl groups in caffeic acid reduces the dissociation enthalpy
of hydroxyl groups, increases the hydrogen atom transfer rate of peroxyl radicals and the
number of peroxyl radicals on the benzene ring, thereby enhancing the activity of phenolic
acids. Furthermore, the presence of double bonds in the carbon chain increases the stability
of phenolic hydroxyl radicals. These chemical factors related to caffeic acid are closely
associated with its ability to scavenge free radicals and inhibit the production of reactive
oxygen species (ROS) [12–14]. Meanwhile, some substituents can also enhance the activity
of phenolic acids. Rosmarinic acid is an ester of caffeic acid and 3,4-dihydroxyphenyllactic
acid. Previous studies have shown that rosmarinic acid has relatively weak antibacterial
activity. However, among a series of successfully synthesized rosmarinic acid derivatives,
RA-N8 (6-trifluoromethoxy-benzothiazol-2-yl) is the most effective antibacterial agent
(against Staphylococcus aureus and Escherichia coli) [15]. In addition, rosmarinic acid can
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also form derivatives by combining with metal ions (sodium, silver), amine or imidazole,
thereby exerting an anti-glioblastoma effect [16].

2.3. Pharmacokinetic Properties

Although phenolic acids are widely present in plant-based foods, their bioavailability is
generally low. After ingestion, caffeic acid undergoes esterification; the esterified part of caffeic
acid in the colon is cleaved by microbial esterases, and approximately 95% of it is then absorbed
by the intestinal mucosa in free form. After absorption, enzymatic reactions (methylation,
sulfation, and glucuronidation) occur to increase hydrophilicity, reduce toxic effects, and
promote elimination [17]. Rosmarinic acid is easily absorbed from the gastrointestinal tract
and through the skin and is distributed in various tissues. However, a small portion of
rosmarinic acid is degraded into various components, such as glucuronic acid or sulfated
conjugates of caffeic acid, ferulic acid, and trace amounts of coumaric acid, which are then
rapidly excreted in urine [18]. The gastrointestinal tract has difficulty absorbing chlorogenic
acid because neither the intestinal mucosa nor the intestinal flora possesses esterases that
can cleave chlorogenic acid, due to the presence of the quinic acid moiety in the chlorogenic
acid structure [19]. EGCG also has poor bioavailability. It is metabolized by the intestinal
microbiota before absorption: it can be hydrolyzed into epigallocatechin (EGC) and gallic acid
by rat intestinal bacteria and bacterial strains, followed by a series of transformations and
degradation processes before being excreted from the body [20]. The main site of ferulic acid
absorption in the human body is the colon; its absorption rate is fast, but the extent is very low.
Intestinal microbial esterases hydrolyze esterified ferulic acid in food matrices to produce free
ferulic acid, which is mainly excreted as feruloyl glucuronide [21]. In summary, the absorption
and metabolism of phenolic acids are highly dependent on their structural characteristics, as
well as the activity of intestinal esterases and intestinal flora. Caffeic acid and rosmarinic acid
are well absorbed in the intestine. In contrast, chlorogenic acid, EGCG, and ferulic acid have
low bioavailability. The lack of intestinal esterases and rapid pre-absorption metabolism by
the intestinal flora reduces their absorption.

3. Molecular Mechanisms of Phenolic Acids in Modulating Liver Diseases
3.1. Antioxidant

Oxidative stress is caused by an imbalance between the production of ROS and
antioxidant defense [22]. A substantial body of evidence suggests that oxidative stress
plays a critical role in the pathophysiology of various liver diseases [23]. When exposed
to stressors, the body’s antioxidant defense system is activated, in which nuclear factor
erythroid 2-related factor 2 (Nrf2) acts as the primary regulator [24,25]. The dissociation
of Kelch-like ECH-associated protein 1 (Keap1) from Nrf2 enables Nrf2 to translocate into
the nucleus, where it binds to small Musculoaponeurotic fibrosarcoma oncogene homolog
(MAF) proteins that associate with promoters containing Antioxidant response elements
(ARE) [26,27]. This binding regulates the expression of a series of antioxidant factors, such
as Heme oxygenase 1 (HO-1), NAD(P)H: Quinone oxidoreductase 1 (NQO1), Glutamate
cysteine ligase catalytic (GCLC), and Glutamate cysteine ligase modifier (GCLM). Phenolic
acids exert their antioxidant effects mainly by activating the Nrf2 pathway.

Research has shown that various phenolic acids can alleviate liver damage by ac-
tivating Keap1/Nrf2 to exert antioxidant effects. For example, p-Coumaric acid, Caf-
feic acid, Rosmarinic acid, Veratric acid, and Chlorogenic acid can activate Nrf2 and
upregulate the expression of downstream antioxidant proteins (HO-1, NQO1, GCLC, and
GCLM), thereby playing a hepatoprotective role [28–31]. In the exploration of the an-
tioxidant mechanism of phenolic acids, it has been found that phenolic acids can also
regulate Nrf2 by acting on upstream pathways, including the AMP-activated protein
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kinase (AMPK)/Glycogen synthase kinase 3β (GSK3β) and Phosphoinositide 3-kinase
(PI3K)/Protein kinase B (AKT) signaling pathways. Both chicoric acid and corilagin
can increase the levels of Phospho-AMP-activated protein kinase α (P-AMPKα) and
Phospho-Glycogen synthase kinase 3β (P-GSK3β), thereby activating Nrf2 and alleviating
Lipopolysaccharides (LPS)/D-Galactosamine (GalN)-induced Acute liver failure (ALF) and
Acetaminophen(APAP)-induced hepatotoxicity [32,33]. Paeoniflorin activates Nrf2 through
the PI3K/AKT-dependent pathway, improving Alpha-Naphthylisothiocyanate (ANIT)-
induced cholestatic liver injury in rats [34]. In addition, phenolic acids can exert antioxidant
effects by targeting MicroRNA (miRNA). For instance, protocatechuic acid can reduce
the formation of ROS through the MicroRNA-219a-5p (miR-219a-5p)/p66shc signaling
pathway, thereby alleviating ALD [35]. Salvianolic acid A regulates the MicroRNA-485-3p
(miR-485-3p)/Sirtuin 1 (SIRT1) pathway to mitigate APAP-induced oxidative stress [36].

Phenolic acids exhibit protective effects against liver injury induced by various drugs,
particularly DILI caused by drugs such as APAP, Isoniazid, Rifampicin, Tetrachloromethane
(CCl4), and Methotrexate (MTX). Impaired liver metabolic capacity leads to sustained oxida-
tive stress in the liver; caffeic acid, gallic acid, and punicalagin can achieve hepatoprotective
effects by exerting antioxidant activity [37–40]. DILI includes acute and chronic injury.
For anti-tuberculosis drugs like isoniazid and rifampicin—which have a marked tendency
to induce liver injury and require long-term administration—hepatoprotective drugs are
generally co-administered in clinical practice to prevent liver injury. Currently, most animal
experiments focus on preventive administration, so the therapeutic effect on unknown
acute liver injury remains unclear. Drugs such as CCl4 and MTX are frequently used in
animal experiments but lack sufficient clinical relevance.

The molecular mechanism by which phenolic acids exert antioxidant activity through
the Nrf2 pathway is shown in Figure 4.

Figure 4. The molecular mechanism of phenolic acids exerting antioxidant activity via the Nrf2
pathway (By Figdraw). The dissociation of Keap1 from Nrf2 promotes the nuclear translocation of
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Nrf2, which then binds to ARE to enhance the expression of antioxidant factors. Multiple pathways,
such as AMPK/GSK3β, PI3K/AKT, miR-219a-5p/p66shc, and miR-485-3p/SIRT1, can activate
this process. Nrf2, Nuclear factor erythroid 2-related factor 2; Keap1, Kelch-1ike ECH-associated
protein l; ARE, Antioxidant response elements; GCLC, Glutamate cysteine ligase catalytic; GCLM,
Glutamate cysteine ligase modifier; NQO1, NAD (P) H: Quinone oxidoreductase 1; SOD, Superoxide
dismutase; AKT, Protein kinase B; PI3K, Phosphoinositide 3-kinase; AMPK, AMP-activated protein
kinase; GSK3β; Glycogen synthase kinase 3β; LKB1, Liver kinase B1; miR-485-3p, MicroRNA-485-3p;
miR-219a-5p, MicroRNA-219a-5p.

3.2. Anti-Inflammatory

When the liver is damaged by various etiologies (such as alcohol, hepatitis virus, lipid
accumulation, cholestasis, etc.), the inflammatory response is a crucial link in the liver’s
initiation of self-repair mechanisms. Nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) is a key transcriptional regulator of the inflammatory response. Pathogen-
associated molecular patterns (PAMPs) such as LPS, as well as Damage-associated molecu-
lar patterns (DAMPs) including High mobility group box 1 (HMGB1), can all activate NF-κB
by acting on Toll-like receptors (TLRs), especially Toll-like receptor 4 (TLR4), leading to
liver inflammation [41]. Studies have found that phenolic acids alleviate liver inflammation
and mitigate liver diseases by inhibiting the NF-κB pathway.

(1) A variety of phenolic acids can reduce liver inflammation by inhibiting the
TLR4/NF-κB pathway. For example, Chlorogenic acid and EGCG alleviate liver inflamma-
tion by directly inhibiting TLR4, thereby slowing the progression of nonalcoholic steatohep-
atitis (NASH) and liver injury caused by Pseudomonas aeruginosa infection [42,43]. Planta-
majoside and chlorogenic acid inhibit the expression of Interleukin-1 Receptor-Associated
Kinase 1 (IRAK1) and TNF Receptor-Associated Factor 6 (TRAF6), preventing NF-κB from
translocating into the nucleus. This reduces the mRNA transcription of inflammatory
factors and alleviates liver inflammation [44,45]. Protocatechuic acid and punicalagin can
decrease the levels of pro-inflammatory cytokines such as Interleukin-6 (IL-6) and Tumor
necrosis factor-α (TNF-α), thereby improving liver injury [40,46].

(2) In addition, as a DAMP, HMGB1 can be passively released from necrotic cells
or actively secreted from immunocompetent cells during inflammation [47]. It interacts
with TLR4 to further activate NF-κB, exacerbating the inflammatory response. Gallic acid,
rosmarinic acid, paeoniflorin, and chlorogenic acid all exert anti-inflammatory effects by
inhibiting the HMGB1/NF-κB/TLR4 pathway [38,48–50].

(3) On the other hand, the activation of NF-κB also induces the transcription of NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3). This enables the NLRP3 inflamma-
some to recruit the adaptor protein Apoptosis-associated Speck-like protein containing a
CARD (ASC) and Caspase 1, inducing the assembly of the NLRP3 inflammasome. Conse-
quently, this activates Caspase 1 through autocatalysis and promotes the maturation and
secretion of pro-inflammatory cytokines [51]. Both EGCG and chlorogenic acid can inhibit
the activation of the NLRP3 inflammasome by downregulating the expression of NLRP3,
ASC, and Interleukin-1β (IL-1β), thereby exerting hepatoprotective effects [31,52].

Meanwhile, phenolic acids can also inhibit Macrophage type 2 (M2) macrophage
polarization, reduce the inflammatory infiltration of hepatic macrophages, and alleviate
the inflammatory response. Combined treatment with metformin and p-coumaric acid, as
well as combined administration of geniposide and chlorogenic acid, can improve liver
inflammation by promoting the transition of macrophages from the Macrophage type 1
(M1) phenotype to the M2 phenotype, thereby inhibiting the inflammatory infiltration of
hepatic macrophages [53,54]. Notably, opposite results have been observed in liver fibrosis
models. Corilagin mediates the repolarization of M2 macrophage to M1 macrophage by
inhibiting the expression of Indoleamine 2,3-Dioxygenase 1 (IDO1), thereby improving
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CCl4-induced liver fibrosis [55]. This is because chronic diseases such as chronic viral
hepatitis, ALD, and NASH often lead to an imbalance between M1 and M2 responses.
Activated M2 macrophages promote the activation of hepatic stellate cells (HSCs), resulting
in liver fibrosis. This reflects the complexity of the inflammatory microenvironment during
liver injury and repair: in the early stage of injury, the focus may be on inhibiting the
pro-inflammatory M1 type, while in the repair stage, promoting the anti-inflammatory
M2 type is more critical. Most existing studies fail to clearly define the temporal and
spatial context of their interventions. Future research should not be limited to achieving
phenotypic changes but must deeply reveal the specific immune microenvironment and
molecules that drive such changes.

The molecular mechanism by which phenolic acids exert anti-inflammatory effects
through the NF-κB pathway is shown in Figure 5.

 

Figure 5. Molecular mechanism of anti-inflammatory action of phenolic acids (By Figdraw). After
being activated by HMGB1, TLR4 binds to MyD88, thereby activating downstream IRAK1 and
TRAF6. This process promotes the phosphorylation of NF-κB and facilitates its nuclear translocation.
On one hand, this leads to the release of inflammatory factors; on the other hand, the activation of
NF-κB promotes the transcription of NLRP3, which in turn facilitates the formation of the NLRP3
inflammasome. Phenolic acids primarily exert anti-inflammatory effects by inhibiting this process,
and they can also act by promoting the conversion of M1 macrophage to M2 macrophage. TLR4,
Toll-like receptor 4; MyD88, Myeloid Differentiation Primary Response 88; IRAK1/4, Interleukin-1
Receptor-Associated Kinase 1/4; TRAF6, TNF Receptor-Associated Factor 6; NF-κB, Nuclear factor
kappa-light-chain-enhancer of activated B cells; IκB-α, Inhibitor of κB-alpha; ERK, Extracellular
signal-regulated kinase; MAPK, Mitogen-activated protein kinase; TNF-α, Tumor necrosis factor-α;
IL-6, Interleukin-6; IL-1β, Interleukin-1β; ASC, Apoptosis-associated Speck-like protein containing
a CARD; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; Pro-IL-1β, Pro-form of
Interleukin-1β; Pro-IL-18, Pro-form of Interleukin-18.
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3.3. Regulating Lipid Metabolism

An increase in fatty acids (FAs) delivered by adipose tissue, accompanied by an
imbalance between lipid degradation and De novo lipid (DNL) synthesis, leads to excessive
lipid accumulation in the liver and triggers the development of various liver diseases [56,57].
Phenolic acids can promote FAs β-oxidation and inhibit DNL by regulating pathways such
as the (AMP)-activated protein kinase (AMPK)/Carnitine Palmitoyltransferase 1 (CPT1)
pathway, AMPK/Sterol Regulatory Element-Binding Protein 1 (SREBP-1) pathway, and
Peroxisome Proliferator-Activated Receptors (PPARs) pathway.

After FAs in the liver bind non-covalently to Fatty Acid Binding Protein-1 (FABP-1),
CPT1 converts them into acylcarnitines, which are then shuttled into mitochondria. There,
these acylcarnitines undergo β-oxidation to produce energy [58]. As a cellular “energy
sensor”, the activation of AMPK phosphorylates and inhibits the activity of Acetyl CoA
Carboxylase (ACC), leading to a decrease in malonyl-CoA levels. This, in turn, relieves the
inhibition of CPT1 activity and promotes FAs entry into mitochondria for β-oxidation [59].
Combined treatment with metformin and p-coumaric acid, as well as rosmarinic acid,
can promote FAs β-oxidation by activating AMPK-mediated CPT1 [53,60]. At the cellu-
lar level, studies have also shown that arctigenin chlorogenic acid from burdock roots
enhances FAs β-oxidation through the AMPK/ACC/CPT1 pathway, thereby alleviating
oleic acid-induced steatosis in Human Hepatoma G2 (HepG2) cells [61]. SIRT1 is a class III
Nicotinamide Adenine Dinucleotide (NAD+)-dependent histone/protein deacetylase. A
decrease in its activity may reduce the deacetylation of LKB1 and inhibit this kinase [62],
which in turn regulates the activation of AMPK [63] and ultimately affects FAs metabolism.
Salvianolic acid A upregulates the protein levels of phosphorylated AMPK and SIRT1
in a dose-dependent manner, improving hepatic lipotoxicity in mice with fatty liver [64].
Neochlorogenic acid alleviates lipid accumulation by downregulating MicroRNA-34a
(miR-34a), thereby activating the SIRT1/AMPK pathway to improve oleic acid-induced
intracellular lipid accumulation [65].

Phenolic acids can act on the AMPK/SREBP-1 pathway to inhibit lipogenesis and
lipid accumulation. SREBP-1 is a key transcription factor for lipogenic genes [66]. AMPK
phosphorylates SREBP-1 and inhibits its transcriptional activity, reducing the protein
expression of ACC and Fatty Acid Synthase (FASN) [67,68], thereby suppressing DNL.
Combined use of chicoric acid and fish oil can reduce palmitic acid-induced cellular lipid
accumulation by regulating the AMPK-mediated SREBP-1/FASN pathway [69]. EGCG,
chicoric acid, chlorogenic acid and combined use with metformin can all activate the p-
AMPK/AMPK, downregulate the expression of Sterol Regulatory Element-Binding Protein
1c (SREBP1C) and its downstream lipogenesis-related targets (ACC and FASN), thereby
alleviating NAFLD [70–72].

In addition, phenolic acids can act on the PPARs pathway to promote FAs β-oxidation.
PPARs are transcription factors of the nuclear receptor family that regulate the gene tran-
scription of key enzymes involved in FAs β-oxidation [73]. Among them, PPARα is mainly
expressed in the liver. Studies have shown that chlorogenic acid can upregulate the hepatic
expression of Adiponectin Receptor 2 (AdipoR2), increase the level of C1q/TNF-Related
Protein 3 (CTRP3), and upregulate hepatic PPARα expression, thereby exerting hypo-
glycemic and lipid-regulating effects [74]. p-Coumaric acid activates PPARα to upregulate
Hormone-Sensitive Lipase (HSL), Hepatic Triglyceride Lipase (HTGL), Monoacylglycerol
Lipase (MGL), and Acyl-CoA Synthase Long-Chain 1 (ACSL1), thereby reducing serum
and hepatic lipids and inhibiting the fusion and growth of lipid droplets [75]. Echina-
coside can alleviate hepatic steatosis by upregulating PPARα [76]. Methyl ferulate can
also promote the expression of PPARα and CPT1 by upregulating SIRT1, significantly
inhibiting ethanol-induced hepatic steatosis [77]. ZFP30 is a member of the Krüppel-
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associated box zinc finger protein (KRAB-ZFP) family; recent studies have shown that
chlorogenic acid inhibits the upregulation of ZFP30 in NAFLD and promotes the expres-
sion of PPARα, thereby enhancing FAs β-oxidation and alleviating hepatic steatosis [78].
Peroxisome Proliferator-Activated Receptor γ (PPARγ) is mainly expressed in adipose
tissue. Peroxisome Proliferator-Activated Receptor Gamma Coactivator-1α (PGC-1α) is
a transcriptional coactivator of PPARγ and is involved in the transcriptional regulation
of PPARγ. Rosmarinic acid significantly alleviates NAFLD by repairing mitochondrial
damage and regulating the PPARγ/PGC-1α signaling pathway [79].

Beyond the aforementioned common mechanisms, phenolic acids can also regulate
FAs β-metabolism through pathways such as the Epidermal Growth Factor Receptor
(EGFR)-AKT-mechanistic Target of Rapamycin (mTOR) pathway and Forkhead Box O1
(FoxO1) pathway. Salvianolic acid A inhibits the nuclear translocation of Carbohydrate
Response Element-Binding Protein (ChREBP) by suppressing Thioredoxin-Interacting
Protein (TXNIP), thereby improving high-fat diet (HFD)-induced hepatic steatosis [80].
Tannic acid and vitamin E-loaded-poly D, L-lactide-co-glycolic acid (PLGA) nanoparticles
prevent hepatic steatosis and improve liver injury in a chronic alcoholic liver injury model
by inhibiting the EGFR-AKT-mTOR pathway [81]. FoxO1 is a member of the FoxO family
and plays an important role in hepatic steatosis [77]. Methyl ferulate downregulates the
phosphorylated expression of p38 Mitogen-Activated Protein Kinase (p38 MAPK), c-Jun
N-Terminal Kinase (JNK), Extracellular Signal-Regulated Kinase (ERK), and FoxO1 in
L-02 cells, inhibiting ethanol-induced hepatic steatosis [77]. Rosmarinic acid exerts lipid-
lowering effects by increasing the expression of ATP Binding Cassette G5 (ABCG5), ATP
Binding Cassette G8 (ABCG8), and Cholesterol 7α-Hydroxylase A1 (CYP7A1) [60].

The molecular mechanism by which phenolic acids regulate lipid metabolism is shown
in Figure 6.

Figure 6. Molecular mechanisms of phenolic acids regulating lipid metabolism via the AMPK/ACC,
AMPK/CPT1, and PPARs Pathways (By Figdraw). Phosphorylation of AMPK inhibits the tran-
scriptional activity of SREBP1, thereby reducing the expression of ACC and FASN and ultimately
suppressing DNL. Phosphorylation of AMPK promotes the expression of CPT1, which in turn en-
hances FAs β-oxidation; meanwhile, inhibition of miR-34a activates the SIRT1/AMPK pathway to
regulate lipid metabolism. On the other hand, increased nuclear transcriptional activity of PPARα
upregulates the transcription and expression of FA oxidases, thereby promoting fatty acid oxidation.
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The upregulation of CTRP3 and AdipoR2, as well as the downregulation of ZFP30, all promote the
nuclear transcription of PPARα. FASN, Fatty acid synthase; CPT1, Carnitine palmitoyltransferase 1;
SIRT1, Sirtuin 1; ACC, Acetyl CoA carboxylase; SREBP-1, Sterol Regulatory Element-Binding Protein
1; AMPK, AMP-activated protein kinase; CTRP3, C1q/TNF-related protein 3; AdipoR2, adiponectin
receptor 2; ZFP30, Zinc finger protein 30; PPARα, Peroxisome proliferator-activated receptorα; HSL,
Hormone-Sensitive Lipase; HTGL, Hepatic Triglyceride Lipase; MGL, Monoacylglycerol Lipase;
ACSL1, Acyl-CoA Synthase Long-chain 1; DNL, De novo lipogenesis.

3.4. Regulating Autophagy

Autophagy is an evolutionarily conserved cellular degradation process [82] which
plays a key role in maintaining cellular homeostasis by degrading protein aggregates,
pathogens, lipids, and aged/damaged subcellular organelles (e.g., damaged mitochon-
dria) [83]. Dysfunction of hepatic autophagy may lead to various liver diseases, including
NAFLD, DILI, cholestasis, and hepatocellular carcinoma (HCC). Autophagy can be classi-
fied into microautophagy, macroautophagy, and chaperone-mediated autophagy. Phenolic
acids primarily exert hepatoprotective effects by regulating the macroautophagy path-
way. This process mainly involves the following key steps: (a) formation or nucleation
of phagophores; (b) conjugation of Autophagy-related gene 5—Autophagy-related gene
12 (Atg5-Atg12), interaction with Autophagy-related gene 16-like (Atg16L), and polymer-
ization of phagophores; (c) processing of Microtubule-associated protein 1A/1B-light chain
3 (LC3) and its insertion into the membrane of elongating phagophores; (d) fusion of au-
tophagosomes with lysosomes, followed by proteolytic degradation of engulfed molecules
via lysosomal proteases.

The hepatoprotective effect of phenolic acids via autophagy is mainly achieved by
promoting LC3 processing and regulating autophagy-related proteins such as Beclin1,
PTEN-induced kinase 1 (PINK1), and Parkin.

(1) Beclin1 is a key protein involved in autophagy. It participates in the vesicle
nucleation process by forming the Beclin1-Vps34 complex with Vacuolar protein sorting
34 (Vps34), Vacuolar protein sorting 15 (Vps15), and Autophagy-related gene 14-like
(ATG14L) [84]. Punicalagin increases hepatic Beclin1 expression and the number of hepatic
autophagosomes, thereby inhibiting insulin resistance in HFD-fed mice [85].

(2) After autophagy induction, LC3 is hydrolyzed to generate LC3I. Subsequently, LC3I
is activated by Autophagy-related gene 7 (Atg7) and transferred to Autophagy-related gene
3 (Atg3). Finally, LC3I conjugates with Phosphatidylethanolamine (PE) via carboxyglycine
to form processed LC3II [86]. Punicalagin, EGCG, and corilagin promote the processing
of LC3II, upregulate autophagy, and alleviate diabetic liver injury, as well as liver injury
mediated by APAP and HFD [85,87,88].

(3) PINK1 can translocate to the outer mitochondrial membrane to recruit Parkin [89],
and is then ubiquitinated by Parkin. This ubiquitinated complex is subsequently recognized
by Sequestosome 1 (p62/sequestosome 1) [90,91], which bridges mitochondria targeted
for autophagy to LC3 on the autophagosome surface, thereby driving the elongation of
phagophore membranes. In addition to PINK1-mediated autophagy, BCL2/adenovirus
E1B interacting protein 3-like (BNIP3L) can also mediate autophagosome formation. Puni-
calagin increases the protein expression of hepatic P62 and BNIP3, enhances the number
of hepatic autophagosomes, and inhibits insulin resistance and diabetic liver injury [92].
Ferulic acid activates the autophagic pathway by increasing the levels of PINK1, Parkin,
and P62 [93].

(4) Beyond directly regulating autophagy-related proteins, in-depth studies have
shown that certain phenolic acid components can also regulate autophagy by acting on
signaling pathways such as AKT/Forkhead box O3 (FoxO3a), ROS/MAPK, and Janus
kinase 2 (JAK2)/Signal transducer and activator of transcription 3 (STAT3). Punicalagin



Antioxidants 2025, 14, 1247 12 of 35

inhibits the phosphorylation of AKT/FoxO3a, upregulates the expression of the autophagy-
related protein LC3B, and downregulates p62 expression, thereby protecting against liver
injury induced by type 2 diabetes [94] and CCl4 [39]. EGCG promotes autophagy via
the ROS/MAPK pathway [95]. Rosmarinic acid enhances autophagy by acting on the
JAK2/STAT3 pathway [96].

In summary, most existing studies determine the role of phenolic acids in regulating
autophagy by detecting autophagy-related proteins and generally lack comprehensive
monitoring of the autophagic process. Moreover, excessive autophagy can lead to cellular
self-digestion, making it difficult to determine whether the observed autophagy activation
exerts a protective effect. Additionally, vanillic acid alleviates liver fibrosis by inhibiting
autophagy in HSCs via the Macrophage Migration Inhibitory Factor (MIF)/Cluster of
differentiation 74 (CD74) signaling pathway [97]. This study provides a crucial reverse
perspective: it relieves fibrosis by inhibiting autophagy in HSCs, which contrasts sharply
with the pro-autophagic effect of most phenolic acids in hepatocytes. Future research
should further explore how phenolic acids coordinate the autophagic status of different
cell types to achieve overall therapeutic effects in complex systems with multiple liver cell
types coexisting, and clarify the precise connection between their upstream signals (e.g.,
Akt/FoxO3a, ROS/MAPK) and core autophagic mechanisms.

The molecular mechanism by which phenolic acids regulate autophagy is shown in
Figure 7.

 
Figure 7. Molecular mechanism of phenolic acids regulating autophagy (By Figdraw). Beclin-1 is a
key protein for activating autophagy; LC3I is processed into LC3 II, which then conjugates with PE
(Phosphatidylethanolamine) to form LC3 II-PE. Subsequently, LC3 II-PE participates in the formation
of phagophores together with BNIP3L (BCL2/adenovirus E1B interacting protein 3-like) and PINK1
(PTEN-induced kinase 1). LC3 II/I, Microtubule-associated protein 1A/1B-light chain 3 II/I; PINK1,
PTEN-induced kinase 1; P62/SQSTM1, Sequestosome 1; BNIP3L, BCL2/adenovirus E1B interacting
protein 3-like; AKT, AKT serine/threonine kinase; FoxO3a, Forkhead box O3a; JAK2, Janus Kinase 2;
STAT3, Signal Transducer and Activator of Transcription 3; ROS, Reactive oxygen species; MAPK,
Mitogen-activated protein kinase.

3.5. Regulating Apoptosis

Apoptosis is the primary mode of cell death in various liver diseases, character-
ized by an increased protein degradation rate [98,99] and elevated caspase activity [100].
Caspase activation can be triggered by two well-characterized apoptotic pathways: the
mitochondria-mediated (intrinsic) pathway and the cell surface death receptor (extrin-
sic) pathway [101]. Phenolic acids mainly exert anti-apoptotic effects by activating the
intrinsic pathway.
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The B-cell lymphoma 2 (BCL-2) family consists of proteins with pro-apoptotic and
anti-apoptotic properties, and plays a crucial role in the mitochondria-mediated intrinsic
pathway [102]. The pro-apoptotic protein BAX induces mitochondrial outer membrane per-
meabilization, leading to the release of cytochrome c from the mitochondrial intermembrane
space into the cytosol [103]. Cytochrome c then binds to Apoptotic protease-activating
factor 1 (Apaf-1) to form a multimeric Apaf-1/cytochrome c complex. This complex re-
cruits Procaspase-9, resulting in the formation of the apoptosome [104]. Subsequently,
Procaspase-9 is activated via proteolysis [103], leading to its dissociation from the complex,
and then activates Caspases 3, 6, and 7 [104]. The extrinsic apoptotic pathway relies on
the activation of cell surface death receptors, which induce receptor trimerization and
the recruitment of specific intracellular receptor-associated proteins such as Procaspase-8.
Procaspase-8 is immediately cleaved into Caspase-8, which activates downstream effector
caspases, ultimately leading to cell apoptosis [105].

Studies have shown that phenolic acids can exert hepatoprotective effects in liver
injury models induced by drugs, toxic substances, etc., by regulating apoptosis-related
proteins. Particularly in DILI, for example, APAP-induced DILI is commonly used to
study hepatocellular necrosis. APAP is mainly metabolized into glucuronide and sulfate
conjugates; a small portion is converted by the CYP enzyme family into the toxic metabolite
N-acetyl-p-benzoquinone imine (NAPQI). NAPQI causes glutathione (GSH) depletion and
ROS release, ultimately leading to cell death. (1) Ferulic acid, paeoniflorin, and EGCG
can all improve DILI by regulating the expression of apoptosis-related proteins, including
BAX, BCL-2, Caspase 3, and Caspase 9 [106–108]. Punicalagin can alleviate liver injury
caused by acrylamide (ACR), arsenic trioxide (ATO), and methotrexate (MTX) by inhibiting
apoptosis [40,109,110]. The combined use of chlorogenic acid, rutin, and quercetin can also
reduce triptolide (TP)-induced liver injury by inhibiting apoptosis [111]. (2) In addition to
apoptosis induced by chemical substances, veratric acid, paeoniflorin, and chlorogenic acid
can also inhibit liver ischemia/reperfusion (I/R) injury, ANIT-induced cholestasis, and
liver fibrosis by downregulating BAX, upregulating BCL-2, and reducing the expression of
cleaved Caspase-3 and cleaved caspase-9 [50,112,113].

In summary, the mechanisms by which phenolic acids regulate apoptosis all boil down
to the modulation of “BAX/BCL-2” and “Caspase-3/9”. Although this demonstrates the
hepatoprotective effects of phenolic acids, no studies have clarified how different phenolic
acids specifically interfere with the initial upstream signals of this pathway. Secondly,
the vast majority of evidence from existing studies comes from DILI models (e.g., APAP-
induced), which are characterized by acute cellular necrosis and apoptosis. However, in
chronic liver diseases, cell death is a continuous process, and there is currently a lack of
robust evidence to confirm whether phenolic acids can still exert protective effects through
a single anti-apoptotic mechanism in these more complex pathological environments that
are closer to clinical reality. Additionally, there is a dynamic transition between apoptosis
and necrosis. In models such as APAP-induced hepatotoxicity, inhibiting the apoptotic
pathway may also shift the mode of cell death to more inflammatory necrosis, inadvertently
exacerbating liver injury. Existing studies generally fail to simultaneously monitor multiple
modes of cell death, which makes the evaluation of the overall biological consequences of
the anti-apoptotic effects of phenolic acids incomplete.

The molecular mechanism of phenolic acids inhibiting apoptosis is shown in Figure 8.
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Figure 8. Molecular mechanism of phenolic acids inhibiting apoptosis (By Figdraw). The pro-
apoptotic protein BAX induces the release of cytochrome c from the outer mitochondrial membrane,
which subsequently recruits procaspase-9. The hydrolysis of procaspase-9 leads to the dissociation
of caspase-9 and the activation of caspase-3, ultimately resulting in cell apoptosis. By contrast, the
extrinsic apoptotic pathway relies on the activation of cell surface death receptors, which promotes the
activation of caspase-8 to induce cell apoptosis. BCL-2, B-cell lymphoma 2; BAX, BCL2-associated X.

3.6. Anti-Fibrosis

Liver fibrosis is caused by excessive production of the extracellular matrix (ECM)
and abnormal deposition of fibrous connective tissue in the liver. The massive pro-
duction and activation of myofibroblasts (MFBs)—which secrete components including
collagen, α-smooth muscle actin (α-SMA), and tissue inhibitor of metalloproteinases 1
(TIMP1) [114,115]-are critical to the progression of liver fibrosis, and MFBs mainly orig-
inate from the activation of HSCs. Studies have shown that phenolic acids can exert
anti-fibrotic effects by regulating the transforming growth factor β (TGF-β)/Smad path-
way, HMGB1/TLR4/NF-κB pathway, and targeting the platelet-derived growth factor
receptor (PDGFR).

Numerous studies have reported that phenolic acids inhibit liver fibrosis by regulating
the TGF-β/Smad pathway. TGF-β is a key cytokine driving liver fibrosis [116]. When
injury occurs, the secretion of TGF-β increases in the fibrotic microenvironment and pro-
motes Smad2/3 activation through TGF-β receptor 1/2 (TGFBR1/2) [117]. Subsequently,
phosphorylated Smad2/3 forms an oligomeric complex with Smad4, translocates into the
nucleus, and regulates the transcription of target genes, thereby mediating fibrosis [118].
Smad7 is a negative feedback regulator of TGF-β signaling [119], and increasing Smad7
expression can delay liver fibrosis [120–122]. Ferulic acid can attenuate TGF-β1-induced
HSCs activation by inhibiting collagen I, Smad2/3 phosphorylation, and Smad4 signal
transduction [123]. Chlorogenic acid inhibits the expression of miR-21, α-SMA, and TGF-β,
while increasing the protein expression of Smad7 and matrix metalloproteinase-9 (MMP-9),
thereby alleviating liver fibrosis [124]. Echinacoside exerts anti-fibrotic effects by inhibiting
the TGF-β1/Smad signaling axis mediated by activin A receptor, type II A (ACVR2A) [125].
In vitro experiments have also confirmed that protocatechuic acid significantly reduces the
cell viability of HSCs and downregulates the protein expression of TGF-β and phosphory-
lated Smad2 [126].

In recent years, PDGFR has become a promising target for anti-fibrotic drugs [127,128].
Activation of the platelet-derived growth factor-BB homodimer (PDGF-BB)/PDGFRβ path-
way exhibits a significant pro-fibrotic response [129]. Studies have shown that salvianolic acid
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B may inhibit HSCs activation by targeting PDGFRβ and significantly reduce the levels of
α-SMA and collagen I [130]. Chlorogenic acid prevents liver fibrosis by inhibiting the PDGF-
induced pro-fibrotic effect via the NAD(P)H oxidase (NOX)/ROS/MAPK pathway [50].

Phenolic acids can also inhibit the development of liver fibrosis by acting on the
HMGB1/TLR4/NF-κB pathway. In addition to excessive ECM accumulation, persistent
chronic inflammation also drives fibrosis [131,132]. Existing evidence indicates that in-
hibiting HMGB1 significantly reduces the inflammatory response and liver fibrosis [133].
Therefore, targeting the signaling pathway between HMGB1 and its receptors may provide
a new approach to alleviate liver fibrosis. Isochlorogenic acid and chlorogenic acid can
inhibit the protein expression of HMGB1 and TLR4, suppress the overexpression of α-SMA
in HSCs, and prevent HSCs activation, thereby alleviating liver fibrosis [134,135]. However,
these studies still lack mechanistic depth and cannot confirm that phenolic acids alleviate
liver fibrosis by inhibiting HMGB1. In the author’s view, phenolic acids only inhibit the
expression of fibrosis-related proteins while reducing inflammation. Since inflammation
is one of the drivers of fibrosis, targeting key targets such as TGF-β is obviously a more
promising therapeutic strategy. The molecular mechanism of phenolic acid compounds
against liver fibrosis is shown in Figure 9.

Figure 9. Molecular mechanism of phenolic acids against liver fibrosis (By Figdraw). When injury
occurs, the secretion of TGF-β1 in the fibrotic microenvironment increases, activating Smad2/3 and
promoting its phosphorylation. After translocating into the nucleus, phosphorylated Smad2/3 pro-
motes the expression of miR-21 and α-SMA. Once miR-21 translocates out of the nucleus, it inhibits
the expression of Smad7. The HMGB1/TLR4 pathway can upregulate the expression of α-SMA,
thereby promoting HSC activation. Activation of PDGF can also promote HSC activation. TGF-β1,
Transforming growth factor β1; PDGF, Platelet-derived growth factor; HMGB1, High mobility group
box 1; α-SMA, α-smooth muscle actin; TLR4, Toll-like receptor 4; miR-21, MicroRNA-21; ACVR2A,
Activin A receptor, type II A; HSCs, Hepatic stellate cells.

3.7. Regulating Gut Microbiota and Gut–Liver Axis

The intestinal barrier protects the body from potentially toxic metabolites, bacteria,
and their antigens. Therefore, the intestinal barrier and the immune control of the symbiotic
microbiota are of crucial importance [136]. Based on the gut–liver axis, the intestinal micro-
biota regulates pro-inflammatory changes in the liver and intestines, thereby influencing the
development of hepatitis, liver fibrosis, cirrhosis, and hepatocellular carcinogenesis [137].
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Many phenolic acids contribute to this multifaceted and dynamic host microbe sym-
biosis. EGCG [138], punicalagin [92], Chicoric Acid [29], TLP-H [139] (gallic acid, corilagin
and chebulagic acid) and Chlorogenic [140] can reduce the ratio of Firmicutes/Bacteroidetes
and decrease the abundance of co-bacteria and anaerobic bacteria. Caffeic acid also helps
balance intestinal microbiota dysbiosis associated with LPS [141]. TLP-H, EGCG, and
Chlorogenic acid can also significantly alleviate intestinal dysbiosis and liver inflammation
by inhibiting the activation of the TLR4/MyD88/NF-κB signaling pathway, thereby allevi-
ating liver injury [139,140,142]. Chlorogenic acid can increase the expression of occludin
and zonula occludens-1 (ZO-1) in intestinal tissues to regulate the intestinal microbiota;
in addition, it can reduce the level of LPS in the portal vein and increase the level of
glucagon-like peptide-1 (GLP-1) to exert anti-inflammatory effects [30].

In summary, we observe that phenolic acid treatment is accompanied by improved
microbiota composition, intestinal barrier repair, and alleviated liver injury. However,
very few studies have directly confirmed that specific microbiota changes are a necessary
cause for the hepatoprotective effects of phenolic acids through experiments such as fecal
microbiota transplantation or gene-knockout animal models. Furthermore, an unavoidable
translational medicine challenge lies in the contradiction between the bioavailability of
phenolic acids and their local intestinal concentration. Many phenolic acids are poorly ab-
sorbed in the upper intestine, which, conversely, allows them to reach the large intestine at
higher concentrations to interact with the microbiota. Future research must clarify whether
their hepatoprotective effects rely on systemic pharmacological effects after absorption,
or on influencing the liver through signal transmission (e.g., via GLP-1) or metabolite
absorption after exerting local effects in the intestine. This is crucial for deciding whether
to develop derivatives that enhance systemic exposure or to design formulations targeting
colonic delivery. The molecular mechanism of phenolic acids regulating gut microbiota is
shown in Figure 10.

Figure 10. Molecular mechanism of phenolic acids regulating gut microbiota (By Figdraw). Im-
pairment of the intestinal barrier allows PAMPs such as LPS to enter the liver via the bloodstream.
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Once in the liver, these PAMPs activate the NF-κB pathway, ultimately leading to the release of
inflammatory factors. On the other hand, the release of LPS also induces intestinal microbiota
dysbiosis, which in turn downregulates the protein levels of zonula occludens-1 (ZO-1), occludin,
and glucagon-like peptide-1 (GLP-1) in the intestine. TLR4, Toll-like receptor 4; MyD88, Myeloid
Differentiation Primary Response 88; NF-κB, Nuclear factor kappa-light-chain-enhancer of activated
B cells; LPS, Lipopolysaccharides; ZO-1, Zonula occludens-1; GLP-1, Glucagon-like peptide-1; TLR4,
Toll-like receptor 4; MyD88, Myeloid Differentiation Primary Response 88; NF-κB, Nuclear factor
kappa-light-chain-enhancer of activated B cells; TNF-α, Tumor necrosis factor-α; IL-6, Interleukin-6;
IL-1β, Interleukin-1β.

3.8. Other Mechanisms

In addition to the mechanisms mentioned above, phenolic acids can also exert hepato-
protective effects through biological processes such as epigenetic regulation, endoplasmic
reticulum (ER) stress modulation, ferroptosis inhibition, suppression of HCC cell prolifera-
tion, promotion of liver repair and regeneration, and pyroptosis regulation.

4. Clinical Translation Prospects of Phenolic Acids
Phenolic acids are abundant in plant-derived foods and exhibit high safety. For ex-

ample, chlorogenic acid is one of the most accessible phenolic acid compounds; it exists
naturally and in high concentrations in raw coffee extracts and tea [143], and possesses
pharmacological activities such as antibacterial, antiviral, and antioxidant effects. Grains
like rice, wheat, and oats are the main sources of ferulic acid, which is also present in
various fruits and vegetables. In Japan, ferulic acid is used as a food additive, antioxidant,
and food preservative, with a long history of safe consumption [144]. Various berries,
such as blueberries, are rich in gallic acid, caffeic acid, protocatechuic acid, and more [145].
However, this does not mean that phenolic acids are absolutely safe when used as ther-
apeutic drugs. Studies have shown that rosmarinic acid is non-toxic to humans, even
when patients take a dose of 500 mg/day [146]; yet, the safety of its long-term application
remains unknown.

Low oral bioavailability is a common challenge faced by most phenolic acids. Due to
their large molecular weight and high polarity, some phenolic acids are difficult to pass
through the intestinal mucosa via passive diffusion, resulting in poor intestinal absorption.
Those phenolic acids that are absorbed undergo Phase II conjugation metabolism in the
intestines and liver, converting into metabolites that are excreted from the body. This leads
to extremely low concentrations of the parent drug entering the systemic circulation. To
address this bottleneck, numerous studies have shown that advanced dosage forms such as
nanotechnology (e.g., liposomes, polymeric nanoparticles), phospholipid complexes, and
emulsion-based delivery systems can be used to improve the bioavailability of phenolic
acids. Chitosan is a naturally occurring biopolymer; the binding of natural bioactive
molecules (e.g., polyphenols) to chitosan can enhance bioactivity and water solubility [147].
Research has demonstrated that the caffeic acid-chitosan conjugate exerts a significant
hepatoprotective effect against ethanol-induced hepatotoxicity in mice [148]. Additionally,
with the development of nanotechnology, the pharmaceutical and biotechnology industries
have gradually explored new directions to substantially improve the efficacy of antioxidants.
Gold nanoparticles (AuNPs) have attracted great interest due to their biocompatibility,
colloidal stability, water solubility, and catalytic activity. SAuPTB (AuNP-tannic acid hybrid
nanozymes) exhibit strong antioxidant activity [149].

Significant pharmacokinetic differences in phenolic acids exist between humans and
animals, this means that dose conversion between animals and humans cannot simply
rely on conversion formulas. Studies have shown that the maximum therapeutic dose
of chlorogenic acid in a rat model of liver fibrosis is 60 mg/kg, which converts to an
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approximate adult equivalent dose of 580 mg/day—far higher than the daily dietary intake
of humans. In a randomized, double-blind clinical trial (n = 101), researchers administered
chlorogenic acid (200 mg/day) to patients with non-alcoholic fatty liver disease (NAFLD)
for 6 months. They found that compared with the placebo group, there was no significant
reduction in liver biochemical indicators; however, this dose was completely safe without
any side effects [150]. Therefore, one of the top priorities of future clinical research is to
determine the true pharmacokinetic characteristics of phenolic acids in the human body.
It may also be necessary to improve their bioavailability through novel delivery systems,
thereby making the effective doses based on animal models truly clinically relevant.

Although numerous animal and cell experiments have confirmed the hepatoprotective
effects of phenolic acids, it is undeniable that design flaws in preclinical studies exist.
Widely used cell lines (e.g., HepG2, HEK293) undergo genetic and phenotypic drift during
long-term passage, and their biological characteristics differ significantly from primary
human cells. Animal models typically “induce” diseases in a short period through gene
knockout or strong chemical/physical stimulation. For instance, CCl4 injection or bile duct
ligation can induce liver fibrosis within a few weeks. This differs from the multifactorial,
long-term, and chronic disease progression process in humans and cannot fundamentally
replicate the actual disease development. In animal studies, drugs are usually administered
either simultaneously with model induction (preventive use) or immediately after model
establishment (therapeutic use). In contrast, clinical patients typically begin treatment only
after the disease has been established, or even after fibrosis or carcinogenesis has occurred.
Organoid [151] and Patient-Derived Tumor Xenograft (PDX) [152] models can enhance the
clinical relevance of research.

5. Discussion
Liver diseases pose a significant challenge to global public health, characterized by

complex pathogenic mechanisms and limited therapeutic options. In recent years, phenolic
acid compounds have emerged as a research hotspot in liver disease studies due to their
diverse pharmacological activities. In clinical settings, there have been epidemiological
studies on the association between phenolic acid intake and metabolic diseases such as
diabetes [153], hypertension [154], and metabolic syndrome [155]. There are few clinical
studies on phenolic acids for liver diseases beyond their use as dietary supplements. In a
cross-sectional study, the correlation between phenolic acid intake and the risk of NAFLD
was analyzed among 9894 enrolled adults. The results showed that participants with higher
dietary phenolic acid intake had a lower risk of developing NAFLD [156]. Some Chinese
patent medicines rich in salvianolic acids, such as Danshen Tablets and Salvia Miltiorrhiza
Ligustrazine Injection, have been clinically used for liver diseases including hepatitis and
fatty liver. Although clinical applications of individual phenolic acid monomers are limited,
these findings highlight the potential importance of phenolic acid-rich dietary patterns as a
component of strategies to reduce liver disease risk.

This article reviews the pharmacological reports on the hepatoprotective effects of
phenolic acids in vivo and in vitro. Among them, hydroxycinnamic acids have been the
most extensively studied, including caffeic acid, ferulic acid, rosmarinic acid, and chloro-
genic acid. For hydroxybenzoic acids, EGCG has garnered the widest research attention.
These compounds are not only effective in various liver injury models but, more impor-
tantly, can simultaneously regulate multiple core nodes of disease networks, making them
recommended as priority candidates for in-depth development as potential drugs.

Prioritize the Development of the Most Promising Lead Compounds. Our analysis
reveals that chlorogenic acid and EGCG have the most extensive research and relatively
abundant evidence in the field of hepatoprotection. Existing literature has comprehensively
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summarized their dietary sources, bioavailability, pharmacological effects, and potential
targets. However, clinical trial data on these compounds remain scarce. In a randomized
controlled trial, NAFLD patients were administered Altilix® (Bionap, Belpasso, Catania,
Italy; a formulation containing chlorogenic acid and its derivatives, as well as luteolin and
its derivatives) for 6 months. Compared with the placebo group, significant reductions
in liver function indicators were observed [157]. Meanwhile, active exploration of the
synergistic therapeutic potential of standardized extracts rich in multiple phenolic acids
(e.g., Altilix®) is warranted, as such multi-component formulations may offer advantages
over single-component agents.

Focus on the Most Core and Validated Mechanisms. At present, the primary target
cells and specific key molecular targets of phenolic acids for hepatoprotection remain
unclear. Taking chlorogenic acid, the most extensively studied phenolic acid, as an example,
it exhibits various pharmacological effects such as anti-inflammation, antioxidant activity,
regulation of lipid metabolism, and anti-liver fibrosis. However, compared with other
phenolic acids that also possess these pharmacological effects, this does not reflect the
specificity of the regulatory targets of phenolic acids, nor how different phenolic acids
precisely and preferentially regulate specific links among these processes. In recent years,
research on the gut-liver axis has advanced significantly. Phenolic acids can exert broad-
spectrum therapeutic effects by improving intestinal microbiota dysbiosis, enhancing
intestinal barrier function, and regulating bile acid metabolism. Furthermore, based on
individual differences in intestinal microbiota, the development of combined phenolic
acid-prebiotic [158] therapies may be feasible in the future. These findings suggest that
attention should be paid to crosstalk between multiple organs. Integrating multi-omics
technologies (e.g., proteomics and transcriptomics) with clinical cases will help identify
new key targets, facilitate in-depth mechanistic studies, and achieve precise regulation.

Overcoming Core Bottlenecks in Clinical Translation. Optimize delivery systems to
address bioavailability challenges. Priority must be given to developing liver-targeted
delivery systems based on nanotechnology (e.g., liposomes, polymeric nanoparticles) to
increase their accumulation concentration in the liver. Conduct standardized preclinical
and clinical studies. Before initiating human trials, systematic toxicological and pharma-
cokinetic evaluations complying with Good Laboratory Practice (GLP) standards must be
completed. Subsequently, rigorous Phase I and Phase II clinical trials should be designed
to first verify the safety and preliminary efficacy of phenolic acids in high-risk populations
with NAFLD or DILI. Advance precision medicine and rational combination therapy. Mean-
while, explore combination therapy strategies of phenolic acids with existing standard
drugs (e.g., metformin, obeticholic acid) to exert synergistic effects, reduce the dosage of
each drug, and minimize toxic side effects. The possible mechanisms by which phenolic
acids modulate liver diseases are shown in Table 1.

Therefore, we believe that future translational research and clinical trials can prioritize
focusing on widely studied phenolic acids such as chlorogenic acid and EGCG, taking
them as “lead compounds” for in-depth development and application exploration. At
the same time, on the basis of promoting research on phenolic acid combination therapy
and the application of dietary supplements, attention should also be paid to obtaining
nutrients, antioxidants, bioactive compounds, or phytochemicals from a balanced diet, so
as to achieve optimal nutrition, health, and well-being.
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Table 1. Molecular regulatory mechanism of phenolic acids in liver disease.

No Component Dose Model Mechanism Pharmacological Activity Reference

1 P-coumaric acid 10–100 µM ALD ↑Nrf2, ↓MAPKs Inhibit cell apoptosis,
anti-inflammatory, antioxidant [28]

2 Chicoric acid 15, 30 mg/kg HFD ↑AMPK, ↑Nrf2, ↓NFκB Anti-inflammatory, antioxidant, [29]
3 chicoric acid 50 mg/kg ALF ↑AMPK, ↑Nrf2, ↓NF-κB Anti-inflammatory, antioxidant [32]

4 Protocatechuic acid 10, 20 mg/kg
10 µM ALD ↑miR-219a-5p, ↓p66shc, ↓ROS Antioxidant [35]

5 Salvianolic acid A 15, 30 mg/kg APAP ↓miR-485-3p, ↑SIRT1 Anti-inflammatory, antioxidant [36]
6 Caffeic acid 10, 30 mg/kg APAP ↓Keap1, ↑Nrf2, ↑HO-1, ↑NQO1 Anti-inflammatory, antioxidant [37]
7 Gallic acid 50, 100, 150 mg/kg Isoniazid and rifampicin ↑Nrf2, ↓NF-κB Antioxidant [38]

8 Pomegranate extract 20, 40, 80 mg/kg CCl4
↓AKT/FoxO3a, ↑Nrf2, ↑Beclin-1,

↓LC3-I/II Promote autophagy, antioxidant [39]

9 Pomegranate extract 25, 50 mg/kg MTX ↑BCL-2, ↑Nrf2 Anti-inflammatory, antioxidant [40]

10 Epigallocatechin gallate
3-gallate 20, 40, 80 mg/kg Acute pneumonia ↓TLR4-myD88-NF-κB, ↑PXR,

↑AhR, ↑CAR Anti-inflammatory, antioxidant [43]

11 Plantago asiatica saponins 50, 100 mg/kg CLP ↓TRAF6, ↓NF-κB Inhibit cell apoptosis, Anti-inflammatory [44]

12 Protocatechuic acid 15, 30 mg/kg IR/D ↓NF-κB, ↓IL-1β, ↑Wnt1,
↑β-catenin, ↑GLUT4 Antioxidant, anti-inflammatory [46]

13 Epigallocatechin gallate
3-gallate 0.32% EGCG (w/v) Perfluorodecanoic acid ↓NLRP3 Anti-inflammatory [52]

14 P-coumaric acid 200 mg/kg NAFLD ↓NF-κB, ↑BAT, ↑sWAT Inhibit cell apoptosis, anti-inflammatory,
promote thermogenesis, [53]

15 Corilagin 20 mg/kg
2.5, 5, 10, 20, 40 mM NAFLD ↑LC3A/B II, ↓p62 Promote autophagy, antioxidant [55]

16 Rosmarinic acid 50, 100 mg/kg HFD ↑p-AMPK, ↑CPT1A
↑ABCG5, ↑ABCG8, ↑CYP7A1, Inhibit lipid accumulation [60]

17 Salvianolic acid A 20, 40 mg/kg NAFLD ↑SIRT1, ↑AMPK, ↑LC3-II Inhibit cell apoptosis, promote autophagy [64]
18 Chicoric acid 100, 200 mM Palmitate ↑PPARa/UCP2, ↓SREBP-1/FAS Regulating lipid metabolism [69]

19 Epigallocatechin gallate
3-gallate 100 mg/kg NAFLD ↓FGF21, ↑FGFR/AMPK, ↑Nrf2 Antioxidant [70]

20 P-coumaric acid 100 mg/kg
10 µg/mL Hyperlipidemia ↑PPARα/γ, ↑AMPK, ↑MSS4 Regulating fat metabolism [75]

21 Purple cone
chrysanthemum glycoside 100 mg/kg ↑PPAR-α, ↓SREBP-1c/ FASN Antioxidant, inhibits hepatic steatosis [76]

22 Rosmarinic acid 100, 200 mg/kg
20, 40, 80 µmol/L NAFLD ↓YAP1, ↓TAZ, ↑PPARγ, ↑PGC-1α Antioxidant [79]

23 Pomegranate extract 20 mg/kg Diabetes ↑Bnip3, ↑Pink1, ↑Parkin Promote mitochondrial autophagy,
antioxidant, [85]
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24 Epigallocatechin gallate
3-gallate

0.6% EGCG
511 mg/kg APAP ↑LC3B II/I, ↓BAX/BCL-2 Promote cell autophagy, inhibit cell

apoptosis [87]

25 Pomegranate extract 20 mg/kg HFD ↓IKKβ/NF-κB
Regulating gut microbiota homeostasis,

promoting liver autophagy,
anti-inflammatory

[92]

26 Ferulic acid 0, 40, 60, 80, 100, 120, 140,
160 µg/mL ↓Caspase-3, ↑Beclin-1, ↓LC3-I/II Promote cell apoptosis, autophagy [93]

27 Pomegranate extract 20 mg/b.w HFD AKT/FoxO3a [94]

28 Epigallocatechin gallate
3-gallate

50 mg/kg
50 µM NAFLD

↓ROS, ↓p-JNK, ↓p-p38,
↓BAX/BCL-2, ↓Bad/Bcl-xl,

↑Beclin-1, ↑LC3
Inhibit cell apoptosis, promote autophagy [95]

29 Rosmarinic acid 40, 80 mg/kg
5, 10, 20 µM Toosendanin ↑JAK2/STAT3/CTSC Promote autophagy [96]

30 Vanillic acid 5, 20 mg/kg
5, 20 µM Liver fibrosis ↓MIF, ↓CD74, ↓LC3B, ↓α-SMA Inhibition of autophagy [97]

31 Ferulic acid 25, 50, 100 mg/kg APAP
↑HNF4a, ↑Foxa2, ↑ALB,
↑BAX/BCL2, ↑Caspase3,

↑p-AMPK

Antioxidant, anti-apoptotic,
promoting autophagy [106]

32 Epigallocatechin gallate
3-gallate

0.5, 1, 2 mg/kg
1, 2, 5, 10 µg/mL APAP ↓NOS2, ↓MPO, ↓JNK, ↓BAX,

↑BCL-2
Anti-inflammatory, antioxidant,

inhibition of cell apoptosis [108]

33 Pomegranate extract 10, 20, 40 mg/kg ACR ↑GSH, ↓MDA, ↓BAX/BCI-2,
↓Caspase3 Antioxidant, anti-apoptotic [109]

34 Tannins 20, 40 mg/kg ATO ↑Keap1-Nrf2/ARE, ↑BCL-2,
↓BAX, ↓Caspase-3

Anti-inflammatory, antioxidant,
inhibition of cell apoptosis [110]

35 Resveratrol acid 40, 80 mg/kg I/R ↑Nrf2, ↑HO-1, ↑NQO-1 Antioxidant, anti-apoptotic [112]

36 Chlorogenic acid 15, 30, 60 mg/kg
20, 40, 80 mg/mL Liver fibrosis ↓TGF-β1/Smad7 Anti-inflammatory, [124]

37 Purple cone
chrysanthemum glycoside 10, 20 mg /kg Liver fibrosis ↓TGF- β1/Smad Anti-inflammatory, anti-liver fibrosis [125]

38 Protocatechuic acid 75, 150 mg/kg
1 mM, 3 mM TAA TGF-β, ↓p-Smad2, ↓p-ERK,

↓c-Jun Inhibiting cell apoptosis [126]

39 Salvianolic acid B 25, 50 mg/kg CCl4 ↓PDGFRβ Anti-inflammatory [130]

40 Epigallocatechin gallate
3-gallate 50 mg/kg MCD ↓ALT, ↓AST Improve intestinal microbiota imbalance [138]

41 Caffeic acid 10, 30, 50 mg /kg CLP ↓NET, ↓5- LOX/LTB4 Anti-inflammatory, antioxidant,
inhibition of cell apoptosis [159]
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42 Caffeic acid 10, 20 mg/kg 1,3-dichloro-2-propanol ↑Nrf2, ↓NF-kB Anti-inflammatory, antioxidant [160]
43 Gallic acid 50, 100 mg/kg Diclofenac ↓IL-1β Antioxidant [161]
44 Gallic acid 5, 20 mg /kg CLP C/EBP β-Dependent MAPK Anti-inflammatory [162]

45 Gallic acid 100 mg/kg TAA ↓Fas, ↓Caspase-3, ↓NF-κB Antioxidant, anti-inflammatory,
inhibition of cell apoptosis [163]

46 Protocatechuic acid 10, 20 mg/kg CCl4 ↓NF-κB, ↓COX-2 Anti-inflammatory, antioxidant [164]

47 Protocatechuic acid 100, 150 mg/kg TAA
↓MDA, ↓NOx, ↑GSH, ↑SOD,
↓TNF-α, ↓IL-6, ↓IL-17, ↓IL-23,
↓Caspase3, ↓p53, ↓mTOR

Anti-inflammatory, antioxidant,
inhibition of cell apoptosis,

inhibition of autophagy
[165]

48 Protocatechuic acid 100, 150 mg/kg Cisplatin ↓Caspase3, ↓annexin-V, ↓BAX,
↓iNOS, ↓IL-6, ↓TNF-α

Anti-inflammatory, antioxidant,
inhibition of cell apoptosis [166]

49 Protocatechuic acid 0.025%, 0.1% (w/w) PCA
high-fat feed HFD ↑Fgf1, ↑Igfbp2, ↑Irs1, ↑Irs Improve insulin resistance,

anti-inflammatory [167]

50 Mulberry white skin
(original catechins)

165 mg/kg
80 µM Diabetes ↑PPARγ, ↑PI3K/Akt, ↓GSK3β,

↓FoxO1 Improve insulin resistance, [168]

51 Vanillic acid 100 mg/kg CCl4 ↓ALT, ↓AST, ↑GSH, ↑SOD Antioxidant [169]

52 Vanillic acid 0.75, 75 mg/ kg Liver cancer ↑GSTA-5, ↑Nrf2, Cyclin D1,
↑Caspase-3, ↓BAX, ↑BCL-2 Anti-proliferation, anti-apoptosis [170]

53 Syringic acid 40, 80 mg/kg SV ↓TNF-α, ↓C-JUN, ↓NF-κB,
↓COX-2, ↓IL-6 Anti-inflammatory, antioxidant [171]

54 Epigallocatechin gallate
3-gallate 50 mg/kg NIAAA ↓TLR2, ↑TLR 3, ↑IL-10, ↓NF-κB, Anti-inflammatory, inhibits cell apoptosis [172]

55 Epigallocatechin gallate
3-gallate 300 mg/kg CCl4

↓TNF-α, ↓NF-κB, ↓IL-1β, ↓TGFβ,
↓p-ERK, ↓p-Smad1/2

Antioxidant, anti-inflammatory,
anti-liver fibrosis [173]

56 Epigallocatechin gallate
3-gallate 10, 20, 40, 80, 160 µg/mL ↑AKT, ↑JNK, ↑p53, ↑BAX, ↓BCL-2 Promote cell apoptosis [174]

57 Epigallocatechin gallate
3-gallate 15 mg/kg Cisplatin ↓p53, ↓BCL-2/BAX, ↓Caspase3 Promote cell apoptosis [175]

58 Epigallocatechin gallate
3-gallate 0.3% (3 g/100 g) NAFLD ↓LPS-TLR4-NFκB Anti-inflammatory, improves microbiota

imbalance, alleviates insulin resistance [176]

59 Epigallocatechin gallate
3-gallate 50 mg/kg EGCG FeSO4 ↑Nrf2, ↑GPX4, ↑FTH/L Antioxidant, regulating iron metabolism [177]

60 Epigallocatechin gallate
3-gallate ↓PVT1, ↓TLR4, ↑miR-16-5p Anti-inflammatory [178]

61 Epigallocatechin gallate
3-gallate 0.4% EGCG (w/w) NAFLD ↓ALT, ↓AST, ↓TNF-α, ↓COX-2,

↓MMP-3 Anti-inflammatory [179]

62 Epigallocatechin gallate
3-gallate 0%, 0.1%, 0.5% EGCG HCC ↓miR483-3p Inhibit the metastasis of HCC [180]
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63 Epigallocatechin gallate
3-gallate

25 mg/kg
20 µmol/L

Liver cirrhosis and liver
cancer

↓Hoshida,
↓α-SMA Inhibition of HCC tumor formation [181]

64 Epigallocatechin gallate
methyl ester

25 mg/kg
25, 50, 75, 100, 125,

150 µg/mL
DEN ↑p21waf1/Cip1, ↓CDC25A Inhibition of proliferation of human liver

cancer cells [182]

65 Methyl gallate 10, 20, 40 µg/mL ↓Caspase3, ↑BCI-2, ↓BAX,
↑Beclin-1, ↓LC3-I/II

Inducing cell apoptosis,
promoting autophagy [183]

66 Corilagin 5, 10 mg/kg NAFLD ↓TC, ↓TG Improve liver lipid accumulation [184]

67 Corilagin 12.5, 25 mg/kg
1, 5, 10, 20 mg/mL ConA ↓MAPK, ↓NF-kB, ↓IRF5 Anti-inflammatory, antioxidant [185]

68
Mugaxanthin, gallic acid

(crude leaf suspension and
boiled leaf extract)

500 mg/kg Liver fibrosis ↓TGF-β/SMAD Anti-fibrosis [186]

69 Chebullinic acid 37.5, 75, 150 mg/kg
6.5, 13, 26 µM CCl4

↑MAPK/Nrf2, ↑LDH, ↑HO-1,
↑NQO1, ↓MDA, ↑SOD Antioxidant [187]

70 Pomegranate extract 100, 150, 200 mg/kg
5, 10, 20 mM HFD ↑PI3K/AKT 28,

↓HMGB-1/TLR4/NF-κB Reduce gluconeogenesis [188]

71 Pomegranate extract 0.2% (w/v) Fructose Inhibited lipid deposition [189]

72 Pomegranate extract 20 mg/kg HFD ↑FoxO1, ↓TXNIP, ↓NLRP3,
↓Caspase1, ↓IL-1β, ↓GSDMD

Inhibit pyroptosis and promote
autophagy [190]

73 Curcumin saponins 20 mg/kg I/R ↑Nrf-2/HO-1 Antioxidant, anti-inflammatory, apoptotic [191]

74 Ferulic acid 50 mg/kg Cesium-137 ↓JAK/ STAT, ↑Nrf2, ↑GPX4,
↑SLC7A11

Anti-inflammatory, inhibits iron
death, antioxidant [192]

75 Ferulic acid 10, 30, 100 mg/kg SA ↑PPAR-γ, ↑GLUT2 Anti-inflammatory, antioxidant [193]

76 Salvianolic acid A 10, 20 mg/kg IR ↓TLR4, ↑Caspase3 Antioxidant, anti-inflammatory,
inhibition of cell apoptosis [194]

77 P-coumaric acid 50, 100 mg/kg Fipronil ↓ROS, ↓TNF-α, ↓IL-1β Antioxidant, anti-inflammatory, [195]

78 For coumaric acid and
ferulic acid 30 mg/kg/day HFD ↓HDAC1/PPARG Inhibit lipid uptake [196]

79 P-coumaric acid 100 mg/kg LPS/D-GalN ↓TNF—α, ↓IL-6, ↓IL-1 β, ↓MDA,
↑GSH

Regulating lipid metabolism, antioxidant,
anti-inflammatory [197]

80 Arctiin 25, 50, 100 mg/kg HIRI ↓HMGB1-TLR3/4-IRF1 [198]
81 Rosmarinic acid 20, 40, 80 mg/kg, APAP ↑Nrf2, ↓NEK7-NLRP3 Anti-inflammatory, antioxidant [199]
82 Rosmarinic acid ↑p-AMPK, ↓SREBP-1c Anti-inflammatory [200]
83 Rosmarinic acid 0.25, 1, 5 µM H2O2 ↑MAPK, ↑Nrf2 Antioxidant [201]

84 Rosmarinic acid 20, 50, 100 µmol/L SMMC-7721 ↓PI3K/AKT/mTOR Inhibit the proliferation and invasion of
liver cancer cells [202]

85 Rosmarinic acid 10, 20, 40 mg/kg APAP ↓RACK1/TNF-a Antioxidant [203]
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86 Rosmarinic acid 30, 90, 270 mg/kg OVA ↓TNF-α, ↓IL-4, ↓IL-6, ↓mMCP-1,
↓iNOS Antioxidant, anti-inflammatory [204]

87 Rosmarinic acid 10, 30 mg/kg
20, 40 µM NASH ↑p-AMPK, ↓SREBP-1c, ↓FAS Antioxidant, anti-inflammatory [205]

88 Paeoniflorin 25, 50, 100 mg/kg Diabetes ↓TXNIP/NLRP3 Anti inflammatory [206]

89 Paeoniflorin 20 mg/kg HCD ↓FAS, ↓SREBP-1c, ↑p-AMPK,
↓p-MYPT-1 Antioxidant, anti-inflammatory [207]

90 Paeoniflorin 50, 100, 200 mg/kg APAP ↓CYP2E1/JNK Antioxidant, anti-inflammatory [208]
91 Paeoniflorin 100 mg/kg Liver fibrosis ↑HO-1 Antioxidant, anti-inflammatory [209]
92 Paeoniflorin 50, 100 mg/kg Liver fibrosis ↑PPARγ Inhibit HSC activation [210]
93 Paeoniflorin 25, 100 mg/kg Liver cancer ↑SOCS3↓STAT3/PD-L1 Inhibit the growth of liver cancer cells [211]

94 Paeoniflorin 75 mg/kg ZnO NPs ↓SIRT1, ↑mTOR, ↓TFEB, ↓NLRP3 Anti-inflammatory, improves intestinal
microbiota and metabolic disorders [212]

95 Paeoniflorin 15, 30, 60 mg/kg LPS ↑SIRT1, ↑FOXO1a, ↑SOD2,
↓NLRP3 Anti-inflammatory, antioxidant [213]

96 Purple cone
chrysanthemum glycoside

↑miR-503-3p, ↓TGF-β1/Smad,
↑BAX/BCL-2

Inhibit the proliferation, invasion,
migration of liver cancer cells [214]
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ACSL1, Acyl-CoA Synthase Long-chain 1; ACR, Acrylamide; ACVR2A, Activin A receptor, type II

A; ATO, Arsenic trioxide; AdipoR2, Adiponectin receptor 2; Atg3, Autophagy-related gene 3; Atg7,

Autophagy-related gene 7; AKT, Protein kinase B; ALF, Acute liver failure; AMPK, AMP-activated

protein kinase; ANIT, Alpha-Naphthylisothiocyanate; APAP, Acetaminophen; ARE, Antioxidant re-

sponse elements; ALD, Alcoholic liver disease; Atg5-Atg12, Autophagy-related gene 5—Autophagy-

related gene 12; Atg16L, Autophagy-related gene 16-like; ATG14L, Autophagy-related gene 14-like;

BAX, BCL2-Associated X; BCL-2, B-cell lymphoma 2; Bip, Binding immunoglobulin protein; BNIP3L,

BCL2/adenovirus E1B interacting protein 3-like; CD74, Cluster of differentiation 74; CCl4, Tetra-

chloromethane; ChREBP, Carbohydrate response element-binding protein; CHOP, C/EBP-homologous

protein; CTRP3, C1q/TNF-related protein 3; CPT1, Carnitine Palmitoyltransferase 1; CTSC, Cathepsin
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A; DEN, Diethylnitrosamine; DAMPs, Damage associated molecular patterns; DILI, Drug-induced

liver injury; DNL, De novo lipogenesis; ECM, Extracellular matrix; EGCG, Epigallocatechin gallate;
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Practice; GLP-1, Glucagon-like peptide-1; GalN, D-Galactosamine; GCLC, Glutamate cysteine ligase

catalytic; GCLM, Glutamate cysteine ligase modifier; GSH, Glutathione synthase; GSK3β, Glycogen

synthase kinase 3β; HCC, Hepatocellular carcinoma; HMGB1, High mobility group box 1; HepG2,

Human hepatoma G2 cells; Hamp1, Hepcidin antimicrobial peptide Gene 1; HFD, high-fat diet; HFCD,

High-fat and high carbohydrate diet; HCD, High cholesterol diet.; HIRI, Hepatic ischemia–reperfusion

injury; HSC, Hepatic stellate cell; HSL, Hormone-Sensitive Lipase; HTGL, Hepatic Triglyceride Lipase;

IDO1, Indoleamine 2,3-Dioxygenase 1; IR/D, Insulin Resistance/Diabetes; IL-6, Interleukin-6; IL-1β,

Interleukin-1β; IRAK1, Interleukin-1 Receptor-Associated Kinase 1; I/R, Ischemia/Reperfusion; JAK2,

Janus kinase 2; JNK, c-Jun N-terminal kinase; Keap1, Kelch-1ike ECH-associated protein l; KRAB-ZFP,

Krüppel-associated box zinc finger protein; LPS, Lipopolysaccharides; LKB1, Liver kinase B1; LC3,

Microtubule-associated protein 1A/1B-light chain 3; M2, Macrophage type 2; M1, Macrophage type 1;

MAPK, Mitogen-activated protein kinase; MAFLD, Metabolic dysfunction-associated fatty liver disease;

mTOR, mechanistic target of rapamycin; MGL, Monoacylglycerol Lipase; MAF, Musculoaponeurotic
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fibrosarcoma oncogene homolog; MFBs, Myofibroblasts; miRNA, MicroRNA; miR-485-3p, MicroRNA-

485-3p; miR483-3p, MicroRNA483-3p; miR-17, MicroRNA-17; miR-503-3p, MicroRNA-503-3p; miR-

219a-5p, MicroRNA-219a-5p; miR-34a, MicroRNA-34a; miR-21, MicroRNA-21; MTX, Methotrexate;

MMP-9, Matrix metalloproteinase-9; MyD88, Myeloid Differentiation Primary Response 88; MCD,

Methionine and Choline Deficiency; NAFLD, Non-alcoholic fatty liver disease; NASH, Nonalcoholic

Steatohepatitis; NAD+, Nicotinamide adenine dinucleotide; NAPQI, N-acetyl-p-Benzoquinone imine;

NF-κB, Nuclear factor kappa-light-chain-enhancer of activated B cells; NIAAA, National Institute on Al-

cohol Abuse and Alcoholism; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; NQO1, NAD

(P) H:Quinone oxidoreductase 1; Nrf2, Nuclear factor erythroid 2-related factor 2; NOX, NAD(P)H oxi-

dase; OVA, Ovalbumin; PE, Phosphatidylethanolamine; PINK1, PTEN-induced kinase 1; p62/SQSTM1,

Sequestosome 1; PAMPs, Pathogen associated molecular patterns; P-AMPKα, Phospho-AMP-activated

protein kinase α; PDGFR, Platelet-derived growth factor receptor; P-GSK3β, Phospho-Glycogen syn-

thase kinase 3β; PGC-1α, Peroxisome proliferator-activated receptor gamma coactivator-1α; p38 MAPK,

p38 mitogen-activated protein kinase; PI3K, Phosphoinositide 3-kinase; PDGF-BB, Platelet-derived

growth factor-B-B homodimer; PDX, Patient-derived tumor xenograft; PPAR, Peroxisome proliferator-

activated receptor; PLGA, poly D, L-lactide-co-glycolic acid; PPARα, Peroxisome proliferator-activated

receptor α; PPARγ, Peroxisome proliferator-activated receptor γ; PRISMA, Preferred Reporting Items

for Systematic Reviews and Meta-Analyses; RA-N8, 6-trifluoromethoxybenzthiazol-2-yl; ROS, Reactive

oxygen species; SAR, Structure-acitivity relationships; STZ, Streptozotocin; SIRT1, Sirtuin 1; α-SMA,

α-smooth muscle actin; SREBP-1, Sterol regulatory element-binding protein 1; STAT3, Signal transducer

and activator of transcription 3; sXBP1, Spliced X-box binding protein 1; SV, Sodium valproate; SUMO1,

Small ubiquitin-like modifier 1; TRAF6, TNF Receptor-Associated Factor 6; TREM2, Triggering receptor

expressed on myeloid cells-2; TIMP1, Tissue inhibitor of metalloproteinases 1; TGF-β, Transforming

growth factor β; TXNIP, Thioredoxin-interacting protein; TAA, Thioacetamide; TFR1, Transferrin re-

ceptor 1; TLRs, Toll-like receptors; TLR4, Toll-like receptor 4; TNF-α, Tumor necrosis factor-α; UDCA,

Ursodeoxycholic acid; Vps34, Vacuolar protein sorting 34; Vps15, Vacuolar protein sorting 15; ZFP30,

Zinc finger protein 30; ZO-1, Zonula occludens-1.
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syndrome in Polish adults of the HAPIEE study. Eur. J. Nutr. 2017, 56, 1409–1420. [CrossRef]

156. Rahimlou, M.; Baghdadi, G.; Khodi, A.; Rahimi, Z.; Saki, N.; Banaei Jahromi, N.; Cheraghian, B.; Tavasolian, R.; Hosseini, S.A.
Polyphenol consumption and Nonalcoholic fatty liver disease risk in adults. Sci. Rep. 2024, 14, 6752. [CrossRef]

157. Castellino, G.; Nikolic, D.; Magán-Fernández, A.; Malfa, G.A.; Chianetta, R.; Patti, A.M.; Amato, A.; Montalto, G.; Toth, P.P.;
Banach, M.; et al. Altilix® Supplement Containing Chlorogenic Acid and Luteolin Improved Hepatic and Cardiometabolic
Parameters in Subjects with Metabolic Syndrome: A 6 Month Randomized, Double-Blind, Placebo-Controlled Study. Nutrients
2019, 11, 2580. [CrossRef]

158. Rodríguez-Daza, M.C.; Pulido-Mateos, E.C.; Lupien-Meilleur, J.; Guyonnet, D.; Desjardins, Y.; Roy, D. Polyphenol-Mediated Gut
Microbiota Modulation: Toward Prebiotics and Further. Front. Nutr. 2021, 8, 689456. [CrossRef]

159. Yu, C.M.; Wang, Y.; Ren, S.C.; Liu, Z.L.; Zhu, C.L.; Liu, Q.; Li, H.R.; Sun, C.Y.; Sun, X.Y.; Xie, J.; et al. Caffeic acid modulates
activation of neutrophils and attenuates sepsis-induced organ injury by inhibiting 5-LOX/LTB4 pathway. Int. Immunopharmacol.
2023, 125, 111143. [CrossRef]

160. Ajiboye, T.O.; Ajala-Lawal, R.A.; Adeyiga, A.B. Caffeic acid abrogates 1,3-dichloro-2-propanol-induced hepatotoxicity by
upregulating nuclear erythroid-related factor 2 and downregulating nuclear factor-kappa B. Hum. Exp. Toxicol. 2019, 38,
1092–1101. [CrossRef]

161. Esmaeilzadeh, M.; Heidarian, E.; Shaghaghi, M.; Roshanmehr, H.; Najafi, M.; Moradi, A.; Nouri, A. Gallic acid mitigates
diclofenac-induced liver toxicity by modulating oxidative stress and suppressing IL-1β gene expression in male rats. Pharm. Biol.
2020, 58, 590–596. [CrossRef] [PubMed]

162. Cai, Y.; Zhao, D.; Pan, Y.; Chen, B.; Cao, Y.; Han, S.; Lian, F.; Zhang, Y.; Yan, X. Gallic Acid Attenuates Sepsis-Induced Liver Injury
through C/EBPβ-Dependent MAPK Signaling Pathway. Mol. Nutr. Food Res. 2024, 68, e2400123. [CrossRef] [PubMed]

163. Mohamed, E.K.; Hafez, D.M. Gallic acid and metformin co-administration reduce oxidative stress, apoptosis and inflammation via
Fas/caspase-3 and NF-κB signaling pathways in thioacetamide-induced acute hepatic encephalopathy in rats. BMC Complement.
Med. Ther. 2023, 23, 265. [CrossRef] [PubMed]

164. Adeyanju, A.A.; Asejeje, F.O.; Molehin, O.R.; Owoeye, O.; Olatoye, E.O.; Ekpo, E.N. Protective role of protocatechuic acid in
carbon tetrachloride-induced oxidative stress via modulation of proinflammatory cytokines levels in brain and liver of Wistar
rats. J. Basic Clin. Physiol. Pharmacol. 2021, 33, 143–154. [CrossRef]

165. Abdelrahman, R.S.; El-Tanbouly, G.S. Protocatechuic acid protects against thioacetamide-induced chronic liver injury and
encephalopathy in mice via modulating mTOR, p53 and the IL-6/ IL-17/ IL-23 immunoinflammatory pathway. Toxicol. Appl.
Pharmacol. 2022, 440, 115931. [CrossRef]

166. Habib, S.A.; Suddek, G.M.; Abdel Rahim, M.; Abdelrahman, R.S. The protective effect of protocatechuic acid on hepatotoxicity
induced by cisplatin in mice. Life Sci. 2021, 277, 119485. [CrossRef]

167. Tan, J.; Hu, R.; Gong, J.; Fang, C.; Li, Y.; Liu, M.; He, Z.; Hou, D.X.; Zhang, H.; He, J.; et al. Protection against Metabolic Associated
Fatty Liver Disease by Protocatechuic Acid. Gut Microbes 2023, 15, 2238959. [CrossRef]

168. Li, N.; Du, X.; Qu, T.; Ren, H.; Lu, W.; Cui, X.; Hu, J.; Chen, Z.; Tao, H. Pharmacodynamic material basis and pharmacological
mechanisms of Cortex Mori against diabetes mellitus. J. Ethnopharmacol. 2024, 324, 117781. [CrossRef]

169. Alamri, E.S.; El Rabey, H.A.; Alzahrani, O.R.; Almutairi, F.M.; Attia, E.S.; Bayomy, H.M.; Albalwi, R.A.; Rezk, S.M. Enhancement
of the Protective Activity of Vanillic Acid against Tetrachloro-Carbon (CCl4) Hepatotoxicity in Male Rats by the Synthesis of
Silver Nanoparticles (AgNPs). Molecules 2022, 27, 8308. [CrossRef]

170. Punvittayagul, C.; Chariyakornkul, A.; Jarukamjorn, K.; Wongpoomchai, R. Protective Role of Vanillic Acid against
Diethylnitrosamine- and 1,2-Dimethylhydrazine-Induced Hepatocarcinogenesis in Rats. Molecules 2021, 26, 2718. [CrossRef]

171. Gheena, S.; Ezhilarasan, D.; Shree Harini, K.; Rajeshkumar, S. Syringic acid and silymarin concurrent administration inhibits
sodium valproate-induced liver injury in rats. Environ. Toxicol. 2022, 37, 2143–2152. [CrossRef] [PubMed]

https://doi.org/10.1186/s12937-021-00694-5
https://doi.org/10.1016/j.cell.2016.05.082
https://www.ncbi.nlm.nih.gov/pubmed/27315476
https://doi.org/10.1038/s41568-024-00779-3
https://www.ncbi.nlm.nih.gov/pubmed/39681638
https://doi.org/10.1017/S0007114517001805
https://www.ncbi.nlm.nih.gov/pubmed/28799519
https://doi.org/10.1007/s00394-017-1438-7
https://doi.org/10.1007/s00394-016-1187-z
https://doi.org/10.1038/s41598-024-57416-0
https://doi.org/10.3390/nu11112580
https://doi.org/10.3389/fnut.2021.689456
https://doi.org/10.1016/j.intimp.2023.111143
https://doi.org/10.1177/0960327119851257
https://doi.org/10.1080/13880209.2020.1777169
https://www.ncbi.nlm.nih.gov/pubmed/32633182
https://doi.org/10.1002/mnfr.202400123
https://www.ncbi.nlm.nih.gov/pubmed/38809052
https://doi.org/10.1186/s12906-023-04067-9
https://www.ncbi.nlm.nih.gov/pubmed/37491245
https://doi.org/10.1515/jbcpp-2020-0202
https://doi.org/10.1016/j.taap.2022.115931
https://doi.org/10.1016/j.lfs.2021.119485
https://doi.org/10.1080/19490976.2023.2238959
https://doi.org/10.1016/j.jep.2024.117781
https://doi.org/10.3390/molecules27238308
https://doi.org/10.3390/molecules26092718
https://doi.org/10.1002/tox.23557
https://www.ncbi.nlm.nih.gov/pubmed/35543257


Antioxidants 2025, 14, 1247 34 of 35

172. Luo, P.; Wang, F.; Wong, N.K.; Lv, Y.; Li, X.; Li, M.; Tipoe, G.L.; So, K.F.; Xu, A.; Chen, S.; et al. Divergent Roles of Kupffer Cell
TLR2/3 Signaling in Alcoholic Liver Disease and the Protective Role of EGCG. Cell. Mol. Gastroenterol. Hepatol. 2020, 9, 145–160.
[CrossRef] [PubMed]

173. Mostafa-Hedeab, G.; Ewaiss Hassan, M.; Halawa, T.F.; Ahmed Wani, F. Epigallocatechin gallate ameliorates tetrahydrochloride-
induced liver toxicity in rats via inhibition of TGFβ / p-ERK/p-Smad1/2 signaling, antioxidant, anti-inflammatory activity. Saudi
Pharm. J. SPJ 2022, 30, 1293–1300. [CrossRef] [PubMed]

174. Guan, Y.; Wu, Q.; Li, M.; Chen, D.; Su, J.; Zuo, L.; Zhu, B.; Li, Y. Epigallocatechin-3-gallate Induced HepG2 Cells Apoptosis
through ROSmediated AKT /JNK and p53 Signaling Pathway. Curr. Cancer Drug Targets 2023, 23, 447–460. [CrossRef]

175. Fatima, S.; Suhail, N.; Alrashed, M.; Wasi, S.; Aljaser, F.S.; AlSubki, R.A.; Alsharidah, A.S.; Banu, N. Epigallocatechin gallate and
coenzyme Q10 attenuate cisplatin-induced hepatotoxicity in rats via targeting mitochondrial stress and apoptosis. J. Biochem. Mol.
Toxicol. 2021, 35, e22701. [CrossRef]

176. Dey, P.; Olmstead, B.D.; Sasaki, G.Y.; Vodovotz, Y.; Yu, Z.; Bruno, R.S. Epigallocatechin gallate but not catechin prevents
nonalcoholic steatohepatitis in mice similar to green tea extract while differentially affecting the gut microbiota. J. Nutr. Biochem.
2020, 84, 108455. [CrossRef]

177. Yang, C.; Wu, A.; Tan, L.; Tang, D.; Chen, W.; Lai, X.; Gu, K.; Chen, J.; Chen, D.; Tang, Q. Epigallocatechin-3-Gallate Alleviates
Liver Oxidative Damage Caused by Iron Overload in Mice through Inhibiting Ferroptosis. Nutrients 2023, 15, 1993. [CrossRef]

178. Yuan, W.; Li, S.; Yang, Y.N.; Gao, H.; Liu, C. Epigallocatechin-3-gallate ameliorates inflammatory injury caused by sepsis by
regulating the lncRNA PVT1/miR-16-5p/TLR4 axis. Cytokine 2023, 162, 155994. [CrossRef]

179. Huang, J.; Li, W.; Liao, W.; Hao, Q.; Tang, D.; Wang, D.; Wang, Y.; Ge, G. Green tea polyphenol epigallocatechin-3-gallate alleviates
nonalcoholic fatty liver disease and ameliorates intestinal immunity in mice fed a high-fat diet. Food Funct. 2020, 11, 9924–9935.
[CrossRef]

180. Kang, Q.; Tong, Y.; Gowd, V.; Wang, M.; Chen, F.; Cheng, K.W. Oral administration of EGCG solution equivalent to daily
achievable dosages of regular tea drinkers effectively suppresses miR483-3p induced metastasis of hepatocellular carcinoma cells
in mice. Food Funct. 2021, 12, 3381–3392. [CrossRef]

181. Sojoodi, M.; Wei, L.; Erstad, D.J.; Yamada, S.; Fujii, T.; Hirschfield, H.; Kim, R.S.; Lauwers, G.Y.; Lanuti, M.; Hoshida, Y.; et al.
Epigallocatechin Gallate Induces Hepatic Stellate Cell Senescence and Attenuates Development of Hepatocellular Carcinoma.
Cancer Prev. Res. 2020, 13, 497–508. [CrossRef]

182. Tang, Y.; Cao, J.; Cai, Z.; An, H.; Li, Y.; Peng, Y.; Chen, N.; Luo, A.; Tao, H.; Li, K. Epigallocatechin gallate induces chemopreventive
effects on rats with diethylnitrosamine-induced liver cancer via inhibition of cell division cycle 25A. Mol. Med. Rep. 2020, 22,
3873–3885. [CrossRef]

183. Huang, C.Y.; Chang, Y.J.; Wei, P.L.; Hung, C.S.; Wang, W. Methyl gallate, gallic acid-derived compound, inhibit cell proliferation
through increasing ROS production and apoptosis in hepatocellular carcinoma cells. PLoS ONE 2021, 16, e0248521. [CrossRef]

184. Liao, M.; Zhang, R.; Wang, Y.; Mao, Z.; Wu, J.; Guo, H.; Zhang, K.; Jing, Y.; Zhang, C.; Song, H.; et al. Corilagin prevents
non-alcoholic fatty liver disease via improving lipid metabolism and glucose homeostasis in high fat diet-fed mice. Front. Nutr.
2022, 9, 983450. [CrossRef]

185. Yan, F.; Cheng, D.; Wang, H.; Gao, M.; Zhang, J.; Cheng, H.; Wang, C.; Zhang, H.; Xiong, H. Corilagin Ameliorates Con A-Induced
Hepatic Injury by Restricting M1 Macrophage Polarization. Front. Immunol. 2021, 12, 807509. [CrossRef]

186. Bogahawaththa, S.; Kawamura, T.; Bandaranayake, U.; Hirakawa, T.; Yamada, G.; Ishino, H.; Hirohashi, T.; Kawaguchi, S.I.;
Wijesundera, K.K.; Wijayagunawardane, M.P.B.; et al. Identification and mechanistic investigation of ellagitannins from Osbeckia
octandra that attenuate liver fibrosis via the TGF-β/SMAD signaling pathway. Biosci. Biotechnol. Biochem. 2023, 87, 1295–1309.
[CrossRef]

187. Feng, X.H.; Xu, H.Y.; Wang, J.Y.; Duan, S.; Wang, Y.C.; Ma, C.M. In vivo hepatoprotective activity and the underlying mechanism
of chebulinic acid from Terminalia chebula fruit. Phytomedicine 2021, 83, 153479. [CrossRef] [PubMed]

188. Jin, D.; Zhang, B.; Li, Q.; Tu, J.; Zhou, B. Effect of punicalagin on multiple targets in streptozotocin/high-fat diet-induced diabetic
mice. Food Funct. 2020, 11, 10617–10634. [CrossRef] [PubMed]

189. Sánchez-Terrón, G.; Martínez, R.; Morcuende, D.; Caballero, V.; Estévez, M. Pomegranate supplementation alleviates dyslipidemia
and the onset of non-alcoholic fatty liver disease in Wistar rats by shifting microbiota and producing urolithin-like microbial
metabolites. Food Funct. 2024, 15, 7348–7363. [CrossRef] [PubMed]

190. Tan, X.; Long, Y.; Zhang, R.; Zhang, Y.; You, Z.; Yang, L. Punicalagin Ameliorates Diabetic Liver Injury by Inhibiting Pyroptosis and
Promoting Autophagy via Modulation of the FoxO1/TXNIP Signaling Pathway. Mol. Nutr. Food Res. 2024, 68, e2300912. [CrossRef]

191. Du, P.; Zhang, X.; Luo, K.; Li, Y.; Fu, C.; Xiao, J.; Xiao, Q. Curculigoside mitigates hepatic ischemia/reperfusion-induced oxidative
stress, inflammation, and apoptosis via activation of the Nrf-2/HO-1 pathway. Hum. Exp. Toxicol. 2022, 41, 9603271221087146.
[CrossRef] [PubMed]

192. Gawish, R.A.; Samy, E.M.; Aziz, M.M. Ferulic acid protects against gamma-radiation induced liver injury via regulating
JAK/STAT/Nrf2 pathways. Arch. Biochem. Biophys. 2024, 753, 109895. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jcmgh.2019.09.002
https://www.ncbi.nlm.nih.gov/pubmed/31562937
https://doi.org/10.1016/j.jsps.2022.06.021
https://www.ncbi.nlm.nih.gov/pubmed/36249942
https://doi.org/10.2174/1568009622666220705101642
https://doi.org/10.1002/jbt.22701
https://doi.org/10.1016/j.jnutbio.2020.108455
https://doi.org/10.3390/nu15081993
https://doi.org/10.1016/j.cyto.2022.155994
https://doi.org/10.1039/D0FO02152K
https://doi.org/10.1039/D1FO00664A
https://doi.org/10.1158/1940-6207.CAPR-19-0383
https://doi.org/10.3892/mmr.2020.11463
https://doi.org/10.1371/journal.pone.0248521
https://doi.org/10.3389/fnut.2022.983450
https://doi.org/10.3389/fimmu.2021.807509
https://doi.org/10.1093/bbb/zbad114
https://doi.org/10.1016/j.phymed.2021.153479
https://www.ncbi.nlm.nih.gov/pubmed/33561764
https://doi.org/10.1039/D0FO01275K
https://www.ncbi.nlm.nih.gov/pubmed/33210684
https://doi.org/10.1039/D4FO00688G
https://www.ncbi.nlm.nih.gov/pubmed/38661445
https://doi.org/10.1002/mnfr.202300912
https://doi.org/10.1177/09603271221087146
https://www.ncbi.nlm.nih.gov/pubmed/35331031
https://doi.org/10.1016/j.abb.2024.109895
https://www.ncbi.nlm.nih.gov/pubmed/38244663


Antioxidants 2025, 14, 1247 35 of 35

193. Daryagasht, M.; Moosavi, M.; Khorsandi, L.; Azadnasab, R.; Khodayar, M.J. Hepatoprotective and anti-hyperglycemic effects of
ferulic acid in arsenic-exposed mice. Food Chem. Toxicol. 2023, 178, 113924. [CrossRef] [PubMed]

194. Yang, L.; Jiang, L.; Jiang, D.; Liu, B.; Jin, S. The protective effects of salvianolic acid A against hepatic ischemia-reperfusion injury
via inhibiting expression of toll-like receptor 4 in rats. Arch. Med. Sci. AMS 2019, 15, 1599–1607. [CrossRef]

195. Bal, S.S.; Leishangthem, G.D.; Sethi, R.S.; Singh, A. P-coumaric acid ameliorates fipronil induced liver injury in mice through
attenuation of structural changes, oxidative stress and inflammation. Pestic. Biochem. Physiol. 2022, 180, 104997. [CrossRef]

196. Cui, K.; Zhang, L.; La, X.; Wu, H.; Yang, R.; Li, H.; Li, Z. Ferulic Acid and P-Coumaric Acid Synergistically Attenuate Non-Alcoholic
Fatty Liver Disease through HDAC1/PPARG-Mediated Free Fatty Acid Uptake. Int. J. Mol. Sci. 2022, 23, 15297. [CrossRef]

197. Mehdi, S.; Ahmad, F.U.; Lodhi, A.H.; Khurshid, U.; Khalid, A.A.; Sidiq, S.S.; Hussain, L.; Baig, M.S. Protective Effects of p-CA
Against Acute Liver Damage Induced by LPS/D-GalN in Wistar Albino Rats. Drug Des. Dev. Ther. 2022, 16, 3327–3342. [CrossRef]

198. Jia, K.; Zhang, Y.; Luo, R.; Liu, R.; Li, Y.; Wu, J.; Xie, K.; Liu, J.; Li, S.; Zhou, F.; et al. Acteoside ameliorates hepatic ischemia-
reperfusion injury via reversing the senescent fate of liver sinusoidal endothelial cells and restoring compromised sinusoidal
networks. Int. J. Biol. Sci. 2023, 19, 4967–4988. [CrossRef]

199. Yao, Y.; Li, R.; Liu, D.; Long, L.; He, N. Rosmarinic acid alleviates acetaminophen-induced hepatotoxicity by targeting Nrf2 and
NEK7-NLRP3 signaling pathway. Ecotoxicol. Environ. Saf. 2022, 241, 113773. [CrossRef]

200. Guo, C.; Shangguan, Y.; Zhang, M.; Ruan, Y.; Xue, G.; Ma, J.; Yang, J.; Qiu, L. Rosmarinic acid alleviates ethanol-induced lipid
accumulation by repressing fatty acid biosynthesis. Food Funct. 2020, 11, 2094–2106. [CrossRef]

201. Ding, Y.; Zhang, Z.; Yue, Z.; Ding, L.; Zhou, Y.; Huang, Z.; Huang, H. Rosmarinic Acid Ameliorates H2O2-Induced Oxidative
Stress in L02 Cells Through MAPK and Nrf2 Pathways. Rejuvenation Res. 2019, 22, 289–298. [CrossRef]

202. Wang, L.; Yang, H.; Wang, C.; Shi, X.; Li, K. Rosmarinic acid inhibits proliferation and invasion of hepatocellular carcinoma cells
SMMC 7721 via PI3K/AKT/mTOR signal pathway. Biomed. Pharmacother. 2019, 120, 109443. [CrossRef]

203. Yu, Y.; Wu, Y.; Yan, H.Z.; Xia, Z.R.; Wen, W.; Liu, D.Y.; Wan, L.H. Rosmarinic acid ameliorates acetaminophen-induced acute liver
injury in mice via RACK1/TNF-α mediated antioxidant effect. Pharm. Biol. 2021, 59, 1286–1293. [CrossRef] [PubMed]

204. Jia, B.; Shang, J.; Zeng, H.; Wang, X.; Fang, M.; Xu, L.; Liu, X.; Wu, K.; Gong, Z.; Yang, Q. Hepatoprotective Effects of Rosmarinic
Acid on Ovalbumin-Induced Intestinal Food Allergy Mouse Model. Molecules 2023, 28, 788. [CrossRef] [PubMed]

205. Kim, M.; Yoo, G.; Randy, A.; Son, Y.J.; Hong, C.R.; Kim, S.M.; Nho, C.W. Lemon Balm and Its Constituent, Rosmarinic Acid,
Alleviate Liver Damage in an Animal Model of Nonalcoholic Steatohepatitis. Nutrients 2020, 12, 1166. [CrossRef] [PubMed]

206. Wang, A.; Gong, Y.; Pei, Z.; Jiang, L.; Xia, L.; Wu, Y. Paeoniflorin ameliorates diabetic liver injury by targeting the TXNIP-mediated
NLRP3 inflammasome in db/db mice. Int. Immunopharmacol. 2022, 109, 108792. [CrossRef]

207. Liu, T.; Zhang, N.; Kong, L.; Chu, S.; Zhang, T.; Yan, G.; Ma, D.; Dai, J.; Ma, Z. Paeoniflorin alleviates liver injury in hypercholes-
terolemic rats through the ROCK/AMPK pathway. Front. Pharmacol. 2022, 13, 968717. [CrossRef]

208. Deng, X.; Li, Y.; Li, X.; Zhang, Z.; Dai, S.; Wu, H.; Zhang, F.; Hu, Q.; Chen, Y.; Zeng, J.; et al. Paeoniflorin Protects against
Acetaminophen-Induced Liver Injury in Mice via JNK Signaling Pathway. Molecules 2022, 27, 8534. [CrossRef]

209. Wang, T.; Zhou, X.; Kuang, G.; Jiang, R.; Guo, X.; Wu, S.; Wan, J.; Yin, L. Paeoniflorin modulates oxidative stress, inflammation
and hepatic stellate cells activation to alleviate CCl4-induced hepatic fibrosis by upregulation of heme oxygenase-1 in mice.
J. Pharm. Pharmacol. 2021, 73, 338–346. [CrossRef]

210. Lan, T.; Li, P.; Zhang, S.J.; Liu, S.Y.; Zeng, X.X.; Chai, F.; Tong, Y.H.; Mao, Z.J.; Wang, S.W. Paeoniflorin promotes PPARγ expression to
suppress HSCs activation by inhibiting EZH2-mediated histone H3K27 trimethylation. Phytomedicine 2024, 128, 155477. [CrossRef]

211. Gao, M.; Zhang, D.; Jiang, C.; Jin, Q.; Zhang, J. Paeoniflorin inhibits hepatocellular carcinoma growth by reducing PD-L1
expression. Biomed. Pharmacother. 2023, 166, 115317. [CrossRef]

212. Pei, X.; Tang, S.; Jiang, H.; Zhang, W.; Xu, G.; Zuo, Z.; Ren, Z.; Chen, C.; Shen, Y.; Li, C.; et al. Paeoniflorin recued hepatotoxicity
under zinc oxide nanoparticles exposure via regulation on gut-liver axis and reversal of pyroptosis. Sci. Total Environ. 2023,
904, 166885. [CrossRef]

213. Li, L.; Wang, H.; Zhao, S.; Zhao, Y.; Chen, Y.; Zhang, J.; Wang, C.; Sun, N.; Fan, H. Paeoniflorin ameliorates lipopolysaccharide-
induced acute liver injury by inhibiting oxidative stress and inflammation via SIRT1/FOXO1a/SOD2 signaling in rats. Phytother.
Res. PTR 2022, 36, 2558–2571. [CrossRef]

214. Li, W.; Zhou, J.; Zhang, Y.; Zhang, J.; Li, X.; Yan, Q.; Han, J.; Hu, F. Echinacoside exerts anti-tumor activity via the miR-503-
3p/TGF-β1/Smad aixs in liver cancer. Cancer Cell Int. 2021, 21, 304. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.fct.2023.113924
https://www.ncbi.nlm.nih.gov/pubmed/37393015
https://doi.org/10.5114/aoms.2019.87412
https://doi.org/10.1016/j.pestbp.2021.104997
https://doi.org/10.3390/ijms232315297
https://doi.org/10.2147/DDDT.S380324
https://doi.org/10.7150/ijbs.87332
https://doi.org/10.1016/j.ecoenv.2022.113773
https://doi.org/10.1039/C9FO02357G
https://doi.org/10.1089/rej.2018.2107
https://doi.org/10.1016/j.biopha.2019.109443
https://doi.org/10.1080/13880209.2021.1974059
https://www.ncbi.nlm.nih.gov/pubmed/34517734
https://doi.org/10.3390/molecules28020788
https://www.ncbi.nlm.nih.gov/pubmed/36677846
https://doi.org/10.3390/nu12041166
https://www.ncbi.nlm.nih.gov/pubmed/32331258
https://doi.org/10.1016/j.intimp.2022.108792
https://doi.org/10.3389/fphar.2022.968717
https://doi.org/10.3390/molecules27238534
https://doi.org/10.1093/jpp/rgaa042
https://doi.org/10.1016/j.phymed.2024.155477
https://doi.org/10.1016/j.biopha.2023.115317
https://doi.org/10.1016/j.scitotenv.2023.166885
https://doi.org/10.1002/ptr.7471
https://doi.org/10.1186/s12935-021-01890-3

	Introduction 
	Biological Characteristics of Phenolic Acids 
	Chemical Structure of Phenolic Acids 
	The Relationship Between Chemical Structure and Biological Activity 
	Pharmacokinetic Properties 

	Molecular Mechanisms of Phenolic Acids in Modulating Liver Diseases 
	Antioxidant 
	Anti-Inflammatory 
	Regulating Lipid Metabolism 
	Regulating Autophagy 
	Regulating Apoptosis 
	Anti-Fibrosis 
	Regulating Gut Microbiota and Gut–Liver Axis 
	Other Mechanisms 

	Clinical Translation Prospects of Phenolic Acids 
	Discussion 
	References

