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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in
the world, and its incidence continues to increase each year. Yet, there is still no definitive drug that
can stop its development. This review focuses mainly on lipotoxicity, oxidative stress, inflammation,
and intestinal flora dysbiosis to understand NAFLD’s pathogenesis. In this review, we used NCBI’s
PubMed database for retrieval, integrating in vivo and in vitro experiments to reveal the therapeutic
effects of natural compounds on NAFLD. We also reviewed the mechanisms by which the results of
these experiments suggest that these compounds can protect the liver from damage by modulating
inflammation, reducing oxidative stress, decreasing insulin resistance and lipid accumulation in
the liver, and interacting with the intestinal microflora. The natural compounds discussed in these
papers target a variety of pathways, such as the AMPK pathway and the TGF-β pathway, and
have significant therapeutic effects. This review aims to provide new possible therapeutic lead
compounds and references for the development of novel medications and the clinical treatment of
NAFLD. It offers fresh perspectives on the development of natural compounds in preventing and
treating NAFLD.

Keywords: non-alcoholic fatty liver disease; natural compounds; oxidative stress; inflammation;
hepatic steatosis

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common liver diseases. It
is a condition characterized by hepatic steatosis, which is considered a hepatic manifestation
of insulin resistance and is closely related to metabolic syndrome. There are two types of
NAFLD: non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty liver (NAFL) [1–3].
NAFLD is now thought to be the most prevalent chronic liver disease worldwide, with
an epidemiological incidence of approximately 25%, which is continually rising [4,5]. The
pathogenesis of NAFLD involves various factors, such as the reprogramming of interactions
between hepatic stellate cells, hepatocytes, and sinus endothelial cells, modifications to
the hepatic immune environment, the remodeling of the liver’s microvascular and stromal
microenvironment, and disturbances in the metabolic balance [6]. Recent research has
shown that novel possibilities for the treatment of NAFLD include obeticholic acid (OCA),
cenicriviroc (CVC), and belapectin (GR-MD-02) [7–10]. There are some restrictions of
the aforementioned medications, such as OCA’s capacity to raise low-density lipoprotein
cholesterol (LDL-C) levels, itching, and high drug costs, as well as GR-MD-02’s potential to
harm gastrointestinal and renal function, even though clinical trials have demonstrated the
drugs’ significant effects on non-alcoholic fatty liver disease [7,11].

In recent years, NAFLD has been treated with natural products as well as synthetic
small-molecule compounds derived from natural chemical structures. In the available
therapies for non-alcoholic fatty liver disease, substances including flavonoids, alkaloids,
phenolic compounds, saponins, and others have obvious benefits. It is crucial to thoroughly
research these compounds [12].
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In this review, we carried out an exploratory search using the PubMed database from
the National Center for Biotechnology Information (NCBI) of the United States of America
(available at https://pubmed.ncbi.nlm.nih.gov/ (accessed on 11 January 2023)). This
platform comprises approximately 30 million citations of MEDLINE’s biomedical literature,
life science journals, and online books. We searched the PubMed database and Google
Scholar using the keywords “(Liver disease) OR (Nonalcoholic fatty liver disease)” and
found a recently published article on the treatment of NAFLD with a natural compound.
We then conducted a search using the terms “((Liver disease) OR (Nonalcoholic fatty liver
disease)) AND (compound)” to find all studies on the treatment of NAFLD with this
compound. We selected articles involving research using in-depth mechanisms for review.

In this review, we aimed to provide updated and comprehensive insights into in vitro
and in vivo experiments involving natural compounds for the treatment of NAFLD and
emphasize their potential mechanisms and molecular targets. This was done to provide
novel potential leads and references for the development of innovative drugs for the
treatment and management of non-alcoholic fatty liver disease.

2. Pathogenesis of NAFLD

Non-alcoholic fatty liver disease (NAFLD) is a type of liver disease characterized by
steatosis of more than 5% of hepatocytes in the absence of alcohol intake [13]. According
to the classic “two strikes” theory, NAFLD is characterized by two steps of liver damage:
steatosis of the liver and non-alcoholic steatohepatitis, which is caused by inflammation of
the liver [14]. However, it should be noted that the “two strikes” view has been updated.
According to the “multiple strikes” hypothesis, a variety of wounds contribute to NAFLD
(lipotoxicity, mitochondrial dysfunction, activation of the inflammatory pathway, and an
imbalance of the intestinal microbiota) [15].

Triglycerides (TG) are the main form of fat accumulated in the liver of NAFLD pa-
tients [16,17]. Free fatty acids in adipose tissue, new adipogenesis (DNL), and diet are
the major sources of TG. In mitochondria, FFA is synthesized from acetyl coenzyme A
(CoA) [18]. TG itself has no hepatotoxicity whatsoever. Lipotoxic damage is caused by
excessive FFA, which is conducive to the production of lipotoxic metabolites (such as
ceramide, diacylglycerol, lysophosphatidylcholine, and ROS) [19]. Moreover, another
significant feature of NAFLD is insulin resistance. Fat production may be increased by
insulin. Two transcription factors play a key role in DNL: sterol regulatory element bind-
ing protein 1 (SREBP-1) and carbohydrate response element binding protein (ChREBP).
The former is considered to be the key regulator of fatty acid synthesis [20]. As a major
isoform of SREBP-1, sterol regulatory element-binding protein 1c (SREBP1c) enhances the
DNL of glucose and FFA flow to the liver via peripheral insulin resistance, inhibiting the
β-oxidation of FFA via nuclear receptor peroxisome proliferator-activated receptor alpha
(PPAR-α) and promoting hepatic lipid accumulation [21].

Reactive oxygen species (ROS) play a key role in hepatic stellate cell proliferation,
migration, and liver fibrosis in NAFLD. The activation of NADPH oxidases (NOXs) is
considered to contribute to liver damage, with NOX2 being the main isoform responsible
for ROS production [22]. There is a high level of NOX4 expression in liver stellate cells,
hepatocytes, and myofibroblasts, and it is a key mediator of HSC activation during hepatic
fibrogenesis. Transforming growth factor beta (TGF-β) is a powerful regulator of collagen
synthesis and α-SMA expression in liver fibroblasts [23]. NOX4 is activated by TGF-β
and Smad3 during fibrosis, and the upregulation of TGF-β leads to increased levels of
extracellular matrix (ECM) compounds and elevated levels of ALT and fibrosis. NOX4
mediates the production of ROS during HSC activation [24]. Oxidative stress can be caused
by excessive production of ROS in the liver, which can directly inhibit the production of
antioxidant enzymes in the liver, such as superoxide dismutase (SOD) or catalase (CAT).
It may also result in the depletion of antioxidant molecules like glutathione (GSH) [25].
This promotes the development of NAFLD. CYP2E1 is an important cause of ROS overpro-
duction. Insulin resistance increases CYP2E1 expression and activity. Despite the absence
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of substrates, ROS is produced from oxygen, producing toxic intermediates such as dicar-
boxylic acids [26–28]. There is growing evidence that ER stress plays a critical role in the
development of NAFLD, This is because the ER is responsible for maintaining hepatic lipid
homeostasis through the unfolded protein response pathway (UPR). In NAFLD, the activity
of inositol-dependent enzyme 1 (IRE1), X-box binding protein 1 (XBP1), and activating
transcription factor (ATF6) is inhibited, and key enzymes of the lipid homeostasis pathway
are downregulated, leading to hepatic steatosis [29]. Furthermore, steatosis triggers the
activation of NF-κB, which leads to the production of pro-inflammatory cytokines such
as tumor necrosis factor (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β), which
mediate liver inflammation through activating macrophages and increasing the action
of the suppressor of cytokine signaling factor 3 (SOCS3) [13]. TNF-α also plays a role in
mitochondrial dysfunction, inducing mitochondrial swelling that can lead to membrane
rupture and interference between respiratory chains I and III [30].

In addition, dysbiosis of the gut microbiota is increasingly recognized as playing a sig-
nificant role in the pathophysiology of NAFLD. Alterations in the gut microbiome increase
intestinal permeability, and bacterial lipopolysaccharides (LPS) from Gram-negative bacte-
ria result in excessive levels of reactive oxygen species (ROS) in the body. Additionally, LPS
also upregulates TNF-α receptors in Kupffer cells, leading to liver inflammation. Addition-
ally, some microorganisms produce endogenous ethanol, which increases the production of
ROS in hepatic stellate cells and promotes the release of LPS from cells. Therefore, targeting
the gut microbiome may be a promising therapeutic strategy for treating NAFLD [31]. It has
been found that LPS translocation occurs when LPS is co-translocated with celiac particles,
and the bacterial endotoxin is recognized by Toll-like receptors on hepatic stellate cells and
KCs. This recognition activates the NF-κB pathway and subsequent inflammatory vesicles,
leading to the development of inflammation and fibrosis in the liver [32]. AMPK inhibits the
activity of key lipid synthesis enzymes and transcription factors such as fatty acid synthase
and sterol regulatory element binding protein 1/2 (SREBP1/2). This inhibition results
in decreased lipogenesis and increased fatty acid oxidation (FAO). Additionally, AMPK
phosphorylates acetyl-CoA carboxylase (ACC), which inhibits its activity and results in
decreased fatty acid synthesis and increased FAO [33] (Figure 1).
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Non-alcoholic fatty liver disease (NAFLD) is a multifaceted disease microbiome result-
ing from a vicious cycle of lipotoxicity, oxidative stress, inflammation, and gut microbiome
dysbiosis. These changes lead to complex alterations in liver histopathology and bio-
chemistry. Insulin resistance is a key contributor to the development and progression of
NAFLD. It exacerbates lipotoxicity, oxidative stress, and inflammation, ultimately lead-
ing to non-alcoholic steatohepatitis (NASH) [15]. It has been demonstrated that insulin
resistance causes excessive liver fat buildup and increases oxidative stress. Moreover, it
also leads to an excessive release of ROS and liver fibrosis, which can lead to mitochon-
drial dysfunction and the activation of NF-κB to trigger the expression of several genes,
including pro-inflammatory mediators, resulting in inflammation of the liver. This implies
that the “multi-hit” factors that have a cumulative effect on the liver are responsible for the
development of NAFLD.

3. Natural Compounds
3.1. Flavonoid

Flavonoids are a group of compounds that are naturally present in many plants and
are derived from 2-phenyl chromones as their parent nucleus structure [34]. Research has
shown that flavonoids possess anti-inflammatory, anticancer, anti-aging, and antioxidant
properties and can be used in a wide range of contemporary research [35–38]. In the
treatment of NAFLD, flavonoids primarily exert their effects by reducing inflammation
and oxidative stress.

3.1.1. Quercetin

Quercetin is a natural flavonol compound, which widely exists in flavonoids in plants.
It possesses several pharmacological properties, including antioxidant activity against free
radicals, antibacterial properties, and cancer-fighting properties. Acacia rice is a rich source
of quercetin and contains a high amount of this compound [39]. Quercetin is a flavonoid
with potent oxidative properties and many studies have shown that it can significantly
reduce lipid accumulation and SREBP1c and XBP-1 expression in adipocytes. It also acts
on the AMPK pathways to inhibit the DNL pathway, thus exerting a direct anti-lipogenic
effect [13,40]. Quercetin may be able to reduce the inflammatory response, oxidative stress,
and abnormal lipid metabolism in patients with type 2 diabetes [41]. Several studies have
demonstrated that quercetin can restore gut microbiota imbalances and activate the Toll-like
receptor 4 (TLR-4) pathway, thereby reducing inflammatory responses, and decreasing
hepatic steatosis caused by the accumulation of hepatic triglycerides [42,43]. Li et al. found
that quercetin improved insulin resistance and reduced hepatic lipid accumulation by
inhibiting the expression of the adipogenic genes SREBP1c and FAS in free fatty acid (FFA)
and insulin-induced NAFLD HepG2 cell models, suggesting its potential as a treatment
for NAFLD [44]. Quercetin also reduces hepatic steatosis through its antioxidant and
anti-inflammatory activities, the inhibition of cell proliferation and apoptosis, and the inhi-
bition of hepatic inflammatory responses through NF-κB and TLR inhibition, as well as the
reduction of oxidative stress mediated by phosphatidylinositol 3-kinase/nuclear factor ery-
throid 2-related factor 2 (PI3k/Nrf2) [45]. Quercetin significantly increased anti-glutathione
peroxidase four (GPX4) protein expression and decreased anti-cyclooxygenase 2 (COX2)
and acyl-coenzyme A synthase long-chain family member four (ACSL4) protein expression,
which suggests quercetin inhibits iron sagging in hepatocytes, as was demonstrated in
NAFLD mice [46]. Quercetin also improves mitochondrial respiration and prevents obesity-
induced hepatic lipid degeneration by boosting heme oxygenase 1(HO-1) via the Nrf2
pathway [47]. Through its anti-inflammatory and antioxidant qualities, quercetin lowers
fat accumulation. It also controls intestinal microbiota, which can stop NAFLD. Data from
a clinical trial showed that quercetin-rich onions significantly reduced the visceral fat area
in subjects and improved liver function [48]. However, the limited administration, low
bioavailability, and unstable nature of quercetin have limited application in NAFLD, and
more advancements are necessary.
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3.1.2. Naringenin

Naringenin is mainly derived from the kernel shell of the fruit of the pedunculate
tree (Amacardi-um occidentale L.), family Lacertidae. Additionally, naringin is a flavanoid
found in oranges, grapes, and other vegetables and fruits that have been shown to have
anticancer, anti-inflammatory, antioxidant, and other pharmacological properties [44,49]. It
has been shown that naringenin reduces methionine choline diet-induced NAFLD in mice
through its anti-inflammatory properties by suppressinginterleukin-1β (IL-1β) expression
and downregulating the NLRP3/NF-κB pathway in KC and hepatocytes, thereby attenu-
ating the inflammatory response in the liver [50]. A study has indicated that naringenin
can activate AMPK, which leads to increased glucose uptake, decreased ATP content,
and increased mitochondrial biogenesis in the myotubes of 3T3-L1 adipocytes and C2C12
myogenic cells. Through direct or indirect activation of the AMPK pathway, naringenin can
mitigate NAFLD by increasing energy expenditure and regulating autophagy [51]. Further-
more, naringenin reduced hepatic lipid accumulation by significantly reducing the mRNA
expression levels of monocyte chemotactic protein-1 (MCP1/Ccl2) and interleukin-6 (IL-
6/II-6), leading to reduced hepatic lipid accumulation and decreased metabolic disorders
associated with ovariectomy in female mice, including NAFLD [52]. Naringin can reduce
the production of plasma fatty acids and the expression of liver pro-inflammatory medi-
ators, including TNF-α, IL-1β, inducible nitric oxide synthase, matrix metalloproteinase
(MMP-2,9), etc. Naringin has been demonstrated to reduce protein and lipid oxidation and
improve antioxidant defense [53]. Clinical trials have demonstrated that NAFLD patients
who received naringenin intervention experienced significant reductions in the indices of
total cholesterol/high-density lipoprotein cholesterol (HDL-C), triglycerides/HDL-C, and
low-density lipoprotein cholesterol/HDL-C [54]. The anti-inflammatory effects of narin-
genin may reduce the inflammatory process in the liver, improve metabolic function, and
inhibit liver steatosis with minimal systemic side effects. Given the promising preclinical
results, it is certainly worthwhile to conduct further clinical studies.

3.1.3. Silymarin

Silymarin is a natural active substance obtained from the dried fruit of the plant
Silymarin, family Asteraceae, which is an antioxidant and anti-inflammatory and regulates
cell metabolism. It is used to treat various diseases [55]. Silymarin is used to treat NAFLD
and other endoplasmic reticulum stress disorders by lowering the number of ER stress-
related proteins such as glucose-regulating protein 78 kDa (GRP78) and X-box-binding
protein-1 (XBP-1) [56]. In a model of fructose-induced non-alcoholic fatty liver disease
in rats, silymarin reduced lipid index parameters such as aspartate aminotransferase
(AST), aspartate aminotransferase (ALT), superoxide dismutase/hydrogen peroxidase
(SOD/CAT), and thiobarbituric acid reactive substances (TBARS). It also decreased acetyl
coenzyme A carboxylase-1 (ACC-1) and fatty acid synthase (FAS) protein expression levels,
increased mRNA levels, and inhibited hepatic citrate synthase activity and lipogenesis, and
improved dyslipidemia, oxidative stress, and steatosis [57,58]. In a clinical trial examining
silymarin’s efficacy in NAFLD patients, the aspartate convertase to platelet ratio index
was significantly reduced. These findings suggest that silymarin could be used to treat
NAFLD by reducing liver fibrosis and that it is both safe and tolerable [59]. A clinical
trial showed that silymarin when combined with vitamin C, vitamin E, coenzyme Q10
and selenomethionine can be effective in treating NAFLD. The trial showed significant
reductions in ALT and AST, which are markers of liver function, and the preparation
was well tolerated during administration, significantly improving liver dysfunction in
patients with NAFLD [60]. Silymarin has been shown to have antioxidant properties and
can effectively remove reactive oxygen species and prevent lipid peroxidation. It is also
considered to be a safe and low-toxicity agent. Despite its promising properties, silymarin
is not commonly used in clinical settings, and further patient trials are necessary to validate
its potential benefits.
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3.1.4. Rutin

Rutin is a kind of flavonol that is found in a large number of plants, including pas-
sionflower, tea, and apples. It is also an important nutrient found in food. Rutin is mainly
extracted from acacia rice [61]. Rutin plays a crucial role in regulating lipid metabolism and
protecting cells from oxidative damage. The peroxisome proliferator-activated receptor
alpha (PPAR-α) is a key controller of lipogenesis. By inhibiting free fatty acid synthesis
through PPAR-α and its downstream targets, it may be possible to treat NAFLD [62]. It
has been shown that rutin may have an adjuvant effect on the treatment of NAFLD [63,64].
However, more trials are required to confirm the therapeutic properties of rutin in a clinical
setting and to determine the most effective way to administer it orally.

3.1.5. Kaempferol

Kaempferol is a low-molecular-weight flavonoid that can be found in several food
plants, including beans, kale, strawberries, and grapes. It is mainly derived from the
rhizome of the ginger family, Kaempferia. Kaempferol has numerous pharmacological
properties, including antioxidant, anti-inflammatory, and antibacterial properties [65].
Kaempferol was found to decrease the expression of several proteins involved in lipid
metabolism and synthesis such as SREBP1, FAS, SOD-1, and two adipogenesis-related
proteins, PPAR and C/EBPβ. The study also revealed that kaempferol effectively reduced
lipid accumulation and oxidative stress caused by oleic acid in HepG2 cells, leading to a
significant improvement in NAFLD [66]. A previous study investigated the therapeutic
effects of kaempferol on mice with high-fat-diet-induced NASH using transcriptomic and
metabolomic approaches. The results showed that kaempferol significantly reduced serum
levels of ALT, low-density lipoprotein cholesterol (LDL-C) and total serum cholesterol
(TC). This mechanism plays a potential therapeutic role with 277 genes including Cyp2b9,
Cyp4a12b, Mup17, Mup7, and Mup16 [67]. Under certain conditions, kaempferol can have
adverse effects. There is evidence that it reduces the oral availability of kaempferol when
it reacts with iron [68]. Further clinical trials and in vivo studies are necessary to gain a
more comprehensive understanding of the dosage effects of kaempferol and to assess its
potential as a novel medication (Table 1).

3.1.6. Anthocyanins

Anthocyanins, an important branch of flavonoids, are widely found in the flowers,
fruits, seeds, and leaves of plants. Grape seeds are currently the main source of antho-
cyanins. Anthocyanins play a significant role in the prevention and treatment of many
chronic diseases because of their anti-inflammatory, antioxidant, and anti-mutagenic ca-
pabilities [69]. Studies have shown that anthocyanins can decrease glycerol-3-phosphate
acyltransferase 1 (GPAT1) activity by preventing mtGTAP1 from moving from the endoplas-
mic reticulum to the outer mitochondrial membrane. They can also increase protein kinase
C phosphorylation and membrane translocation. Furthermore, studies in vivo showed
that anthocyanins significantly improved high-glucose-induced diabetes and fatty liver
disease by reducing hepatic mtGTAP1 activity [70]. Clinical experiments have shown
that the activation of the NLRP3 inflammasome is highly increased in NAFLD patients,
and anthocyanins can significantly reduce NLRP3 inflammasome components such as
caspase-1, IL-1β, and IL-18, providing a basis for the development of anti-inflammatory
therapy for NAFLD [71].

3.2. Alkaloids

Alkaloids are usually colorless, bitter-tasting nitrogen oxides that are found in the plant
kingdom, especially in seeds [72]. Due to their wide range of pharmacological properties,
including analgesic, anti-inflammatory, anti-tumor, antioxidant, and antibacterial effects,
alkaloids are valuable sources for drug development [73]. Alkaloids improve NAFLD
mainly through their anti-inflammatory and antioxidant effects, and inhibiting steatosis of
the liver.
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Table 1. Mechanisms of flavonoids in the treatment of NAFLD.

Natural Compound Model Function Mechanism/Target Reference

Quercetin
In vitro: FFA-induced model of lipid accumulation in

HepG2 cells
Antioxidant DNL pathway, SREBP-1, XBP-1 [40]

Inhibits lipid accumulation in the liver SREBP1c, FAS [44]
In vivo: T2MD-induced NAFLD and quercetin

therapy models
Antioxidant

Anti-inflammatory FXR1/TGR5 pathway, IL-1β, TNF-α [41]

In vivo: HFD-induced mouse NAFLD models
Regulates the gut microbiota TLR-4 pathway [42,43]
Inhibits hepatic iron ptosis GPX4, COX-2, ACSL4 [46]

Antioxidant Nrf-2 pathway, HO-1 [47]

Naringenin
In vivo: MCD-induced mouse NAFLD models Anti-inflammatory NLRP3/NF-κB,IL-1β [50]
In vivo: HFD-induced mouse NAFLD models CaMKKβ/AMPK/ACC pathway [51]

In vivo: a mouse model of NAFLD with ovarian removal Regulates metabolic disorders MCP1/Ccl2, IL-6 [52]

Silymarin In vivo: fructose-induced mouse models of NAFLD Effects of ER stress
Antioxidant

GRP78, XBP-1
ACC-1,FAS [56–58]

Rutin
In vitro: oleic-acid-induced NAFLD model of HepG2 cells Oxidative stress regulates lipid metabolism PPAR-α [62]

In vivo: fructose-induced mouse models of NAFLD Oxidative stress,
Anti-inflammatory Caspase-3 [63,64]

Kaempferol In vitro: oleic-acid-induced NAFLD model of HepG2 cells Oxidative stress inhibits lipid accumulation SREBP1,FAS,SOD-1 [66]
In vivo: HFD-induced MASH mouse models Inhibits lipid accumulation Cyp2b9,Cyp4a12b,Mup17,Mup7,Mup16 [67]

Anthocyanins In vivo: a mouse model of high-glucose-induced NAFLD Oxidative stress GPAT1 [70]
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3.2.1. Berberine

Berberine is an isoquinoline alkaloid that is extracted from Phellodendron and other
Berberis plants. It has a variety of pharmacological effects on several organs, includ-
ing anti-infective, anti-inflammatory, and anti-tumor properties [74]. There is no doubt
that inflammation plays a key role in the development of NAFLD. Berberine can inhibit
the expression of pro-inflammatory cytokines such as TNF-α, IL-6, IL-1β and monocyte
chemoattractant protein-1 (MCP-1) through its anti-inflammatory effect. It has been shown
that berberine can effectively treat NAFLD caused by palmitic acid and lipopolysaccha-
rides by inhibiting the activation of endoplasmic reticulum stress and the expression of
pro-inflammatory factors in hepatocytes [75]. Reduced expression of stearyl coenzyme A
desaturase (SCD1) will lower lipid accumulation in over-nourished liver cells. It has been
found that berberine induces AMPK phosphorylation, increases SREBP1c phosphorylation,
inhibits SREBP1c nuclear translocation, reduces the binding of SREBP1c and SRE motif to
the SCD-1 promoter, and reduces SCD-1 expression. This process reduces lipid accumula-
tion by inhibiting the AMPK-SREBP1c-SCD-1 pathway [76]. Berberine has been found to
be effective in treating NAFLD by improving glucolipid metabolism. In a study conducted
on an NAFLD model produced by a high-fat diet, berberine was observed to decrease
the occurrence of glucose, gluconeogenesis and adipogenesis. The mechanism of action
involves inhibiting sugar production, regulating fat metabolism, and significantly reducing
liver fat production [77]. Studies have shown that berberine can effectively treat NAFLD
by reducing the expression of chemokine-like receptor 1 (CMKLR1) and CC-chemokine
receptor-2 (CCR2) mRNA. This is achieved through the reduction of chemerin, its receptor,
and by restoring the ratio of regulatory T cells to helper T cells (Treg/Th17) [78]. Berberine
can also inhibit the expression of C/EBP homologous protein (CHOP), glucose-regulated
protein 78 (Grp78), activating transcription factor 6 (ATF6), and other proteins by reliev-
ing endoplasmic reticulum stress in hepatocytes and regulating intestinal microbes, thus
controlling liver metabolic disorder caused by liver injury [79]. Additionally, berberine
red, which is the main metabolite of berberine, is also useful in the treatment of NAFLD.
Berberine red can reduce adipose triglyceride lipase (ATGL), glucose kinase (GK) and
PPAR-α, carnitine palmitoyltransferase-1 (CPT-1), ACC1, FAS and leukocyte differentiation
antigen 36 (CD36), which are all factors that contribute to lipid accumulation [80]. The
berberine compound has a protective effect on rats with HFD-induced fatty liver disease.
According to this model, berberine can significantly reduce serum endotoxin and TNF-α
levels and regulate intestinal microflora imbalances. Berberine intervention significantly
reduced the level of Escherichia coli and Przewalski Lou Gehrig [81]. In vivo experiments
have shown that berberine can inhibit liver fat deformation and significantly reduce liver
TG, ALT, AST, and other markers. The mechanism is that berberine reverses the abnormal
expression of microsomal triglyceride transfer protein (MTTP) and low-density lipoprotein
receptor (LDLR) [82]. According to previous studies, berberine inhibits lipid accumulation
by activating the sirtuin 1-Forkhead box O1–transcription factor sterol regulatory element
binding protein 2 (SIRT1-FoxO1-SREBP2) pathway and alleviating the fatty degeneration of
HepG2 cells caused by free fatty acids (FFAs) [83]. Berberine can also reduce the expression
of uncoupling protein-2 (UCP2) and UCP2 mRNA in liver tissue, improve hepatocyte
steatosis, and improve lipid metabolism disorders [84]. According to clinical research,
berberine acts primarily through oral absorption, liver metabolism, and urine excretion [85].
However, most of the data on berberine’s use in treating NAFLD comes from preclin-
ical studies, which highlights the need for more clinical trials to ensure the safety and
tolerability of berberine in the future.

3.2.2. Betaine

Betaine, also known as trimethylglycine, is a safe and stable natural chemical that is
mainly sourced from the molasses of sugar beets. Both non-alcoholic and alcoholic fatty
liver disease can be effectively treated using its anti-inflammatory effects [86]. Betaine
can successfully improve NAFLD induced by fructose in mice. The mechanism is based
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on the fact that betaine can upregulate the expression of hepatic X receptor alpha (LXRα)
and PPAR-α and reduces endoplasmic reticulum stress, inhibiting hepatic adipogenesis
and NF-κB/NLRP3 inflammatory vesicle activation-mediated inflammation through its
anti-inflammatory effects [87]. Abnormal DNA methylation is believed to contribute to
abnormal liver gene expression, playing a role in the pathogenesis of NAFLD. Betaine has
been shown to lower FAS and fatty acyl-coenzyme A oxidase (ACOX) mRNA expression,
increased PPAR and microsomal triglyceride transfer protein (MTTP) mRNA expression,
and greatly restore methylation levels. While many animal experiments have demonstrated
betaine’s effectiveness in improving NAFLD, clinical trials have been marred by numerous
errors [86]. Studies have demonstrated that betaine reduces the synthesis of active oxygen
and nitrogen in the liver by increasing the content of glutathione and the activity of
antioxidant enzymes, such as superoxide dismutase, catalase, and glutathione peroxidase,
in a mouse model of NAFLD induced by a methionine choline deficiency diet (MCD). The
mechanism is a decrease in the hepatic expression of the pro-inflammatory cytokines TNF-α
and IL-6 and the pro-apoptotic mediator Bax, as well as a decrease in interleukin-10 (IL-10)
and anti-apoptotic Bcl-2 levels, also associated with increased cytoprotective Akt/mTOR
signaling and autophagy [88]. As a result, future research should focus on animal and
clinical trials to eliminate various sources of experimental errors and ensure the therapeutic
efficacy of betaine.

3.2.3. Conophylline

Conophylline is a vinca alkaloid with a molecular weight of 794 and is a dimer of an
aspidosperma-type indole alkaloid [89]. It has various biological activities such as antitu-
mor, anti-inflammatory and antibacterial properties, among others [90,91]. Methionine-
choline-deficient diet (MCD) can induce not only steatohepatitis, but also adipototissue
degradation [92,93]. Studies have shown that conophylline can improve type 2 diabetes
and inhibit chemically induced cirrhosis, thereby effectively improving NAFLD [90]. Its
mechanism for treating NAFLD has also been linked to reduced levels of PPARα mRNA, a
peroxide in the liver [94]. On the downside, conophylline is less effective at inhibiting liver
fibrosis because conophylline cannot participate in the fibrinolytic process [95].

3.2.4. Oxymatrine

Oxymatrine is a quinolizidine alkaloid extracted from bitter ginseng, and it exhibits a
variety of pharmacological effects, including anti-inflammatory, antiviral, and antioxidant
properties [32]. In a conductivity analysis, oxymatrine significantly reduced steatosis,
decreased FASN and SCD1 expression, and increased SIRT1 expression and AMPK phos-
phorylation [96]. Furthermore, oxymatrine decreased FAS enzymatic activity and increased
CPT1A enzymatic activity in mice with NAFLD induced by high glucose, inhibiting hep-
atic lipid synthesis [97]. In clinical trials, oxymatrine has shown significant effects when
administered intravenously at doses of 1000–1500 mg/day [98]. Consequently, oxymatrine
has been considered as a potential treatment option for NAFLD in recent years.

3.2.5. Ramulus Mori (Sangzhi) Alkaloids

Ramulus Mori (Sangzhi) alkaloids (SZ-A) are a group of polyhydroxy alkaloid active
ingredients isolated from traditional Chinese medicine. While they have been shown to
have good hypoglycemic effects, they have also been found to reduce obesity and non-
alcoholic fatty liver disease induced by a high-fat diet, as well as improve obesity-related
adipose tissue metabolism and inflammation. Studies have shown that SZ-A can regulate
the gut microbiota of obese mice and change the composition of metabolites. In addition,
SZ-A enriched the number of goblet cells and reduced inflammatory colon injury and pro-
inflammatory macrophage infiltration induced by a high-fat diet in obese mice, reducing
the symptoms of NAFLD to some extent [99] (Table 2).
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Table 2. Mechanisms of alkaloids in the treatment of NAFLD.

Natural Compound Model Function Mechanism/Target Reference

Berberine

In vivo: OB/OB mouse liver Reduces lipid accumulation in the liver AMPK-SREBP1c-SCD-1 [76]
In vivo: a mouse model of Tulemeisol-induced

endoplasmic reticulum stress Relieves endoplasmic reticulum stress CHOP, Grp78, ATF6 [79]

In vitro: oleic-acid-induced NAFLD model of HepG2 cells Regulates glucose and lipid metabolism ATGL,GK,PPARα,CPT-1,ACC1,FAS,CD36 [80]

In vivo: HFD-induced rat models of NAFLD
Improve glycolipid metabolism SCD-1 [76]
Anti-inflammatory regulates the

intestinal microbiota TNF-α, IL-6, IL-1β, MCP-1 [81]

Inhibits hepatic steatosis MTTP, LDLR [82]
In vitro: FFA oleic-acid-induced model of NAFLD in

HepG2 cells SIRT1-FoxO1-SREBP2 pathway [83]

Betaine
In vivo: fructose-induced mouse models of NAFLD Anti-inflammatory

Antioxidant
LXRα, PPARα, NF-κB/NLRP3 [87]

In vivo: MCD-induced mouse models of NAFLD TNF-α, Bax, IL-10, Bcl-2 [88]

Conophylline In vivo: MCD-induced rat models of NAFLD Inhibits cirrhosis PPARα [90]

Oxymatrine In vivo: High-glucose-induced NAFLD model in mice Inhibition of hepatic lipid synthesis FAS [97]

SZ-A In vivo: HFD-induced C57 mice models of NAFLD Regulates the gut microbiota [99]
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3.3. Phenolic Compounds

Phenolic compounds are naturally occurring active biomolecules found primarily
in plants and have a wide range of biological activities, including antioxidant, anti-
inflammatory, and anti-proliferative effects [100]. The treatment of NAFLD with phenolic
compounds mainly involves inhibiting liver fat deformation and antioxidant effects.

3.3.1. Curcumin

Curcumin is a polyphenolic compound in turmeric that has many pharmacological
effects, including antioxidant, anti-inflammatory, anti-proliferative, and anti-angiogenic
effects [101]. Studies have shown that curcumin can protect against the development of
non-alcoholic fatty liver disease (NAFLD) caused by high fat and high fructose in mice. The
mechanism is based on the fact that curcumin reverses the expression of cytochrome P4503A
(CYP3A) and cytochrome P4507A (CYP7A) by regulating the LXR pathway, and reduces
the expression of CD36, SREBP1c, and small heterodimer partner (SHP) by regulating the
FAS and Nrf2 pathways, thereby lowering hepatic steatosis [102]. According to an in vitro
study, curcumin reduces fat buildup in the liver by preventing the distribution of citrate
in the AMPK pathway, which controls the dysregulation of SLC13A5/ACLY expression.
This prevents citrate transport and metabolism [103]. Furthermore, curcumin has been
shown to prevent hepatic steatosis by promoting the phosphorylation of hepatic activator
of transcription 3 (STAT3) and by suppressing the expression of SREBP1c and suppressor
of cytokine signaling 3 (SOCS-3). This helps to regulate lipid metabolism and reduce
the accumulation of fat in the liver [104]. In NAFLD mice, curcumin has been shown to
improve intestinal barrier dysfunction in NAFLD mice by upregulating the expression of
the tight junction protein-small band occludin 1. It also decreased the expression of myeloid
differentiation factor 88 (MyD88), and inhibited p65 nuclear translocation and NF-κB DNA-
binding activity in the liver, which in turn suppressed hepatic steatosis [105]. PPAR-α gene
methylation plays a role in the pathophysiology of NAFLD. A previous study showed that
curcumin greatly decreased methylation levels, enhanced PPAR-α protein expression, and
significantly reduced lipid accumulation in NAFLD rats [106]. Curcumin has also been
found to increase the expression of phosphorylated serine-threonine protein kinase (pAKT)
and P13K protein, protecting LO2 cells from oleic acid (OA)-induced NAFLD, improving
glucose uptake in hepatocytes, with curcumin also reducing NO and ROS levels via Nrf2
signaling [107]. Based on the results of the phase I clinical trials, curcumin is also safe for
humans at high doses (12 g/day). However, due to poor absorption and rapid metabolism,
its bioavailability is low [101]. In order to make it a breakthrough drug with improved
bioavailability, research is currently underway regarding its bioavailability.

3.3.2. Epigallocatechin-3-Gallate

Epigallocatechin-3-gallate (EGCG) is the most abundant and potent catechin in green
tea. It processes anti-tumor, antioxidant, anti-inflammatory, and immunomodulatory prop-
erties [108]. A study has found that EGCG may alleviate NAFLD by reducing apoptosis
and promoting autophagy through a pathway related to reactive oxygen species and
mitogen-activated protein kinase (ROS/MAPK) [109]. Fibroblast growth factor-21 (FGF21)
is a metabolically active hormone that contributes to lipid metabolism and is associated
with the pathogenesis of NAFLD. By increasing Nrf2 levels in NAFLD, EGCG reduces
lipid accumulation, reducing oxidative stress. Additionally, EGCG increases FGFR/AMPK
expression by reducing FGF21 resistance, thereby reducing hepatocyte injury and dys-
function [2]. Several clinical studies have shown that EGCG is effective in reducing body
weight, oxidative stress, and liver injury markers, and in restoring the metabolism of lipids
when taken in a dose-dependent manner [110]. EGCG has a greater safety profile and is
less toxic However, the optimal dosage for treating NAFLD is still unclear, and there is a
need for further research in this area.
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3.3.3. Resveratrol

Resveratrol is a phenolic compound from the stilbene family of phenols, with a C6-C2-
C6 structure that is found abundantly in plants such as cassia seeds, grape shells, and white
tea. It is mainly derived from the rhizome extract of Polygonum multiflorum. Resveratrol
has powerful antioxidant, anticancer, and anti-inflammatory functions [111]. Many studies
have shown that resveratrol activates the sirtuins pathway (STRT1) to treat NAFLD. A
major mechanism by which resveratrol reduces fat accumulation is through activation
of the STRT1-FOXO1 pathway, which inhibits the acetylation of SREBPE-1c to reduce
metabolic disorders [112,113]. Furthermore, a decrease in STRT1 in the hepatocytes can
result in the inflammation of the liver [114]. When 3T3-L1 cells are stimulated with TNF-α,
siRNA-mediated SIRT1 induction increase the expression of cytokine mRNA [115]. In
the meantime, increased SIRT1 expression inhibits the production of pro-inflammatory
cytokines like NF-κB and TNF-α, preventing damage to the liver’s metabolism cause by
a high-fat diet [116]. Studies have shown that resveratrol can reduce OA-induced L02
cell apoptosis, mitochondrial dysfunction, and ROS production. It can also treat NAFLD
by reducing the expression of caspase-3 and p53, and increasing the expression of B-cell
lymphoma 2 (Bcl-2), thereby reducing hepatic lipotoxicity [117]. Several clinical trials have
shown that resveratrol can be safety used as a dietary supplement at an acceptable daily
intake of 450 mg/day. Additionally, some trials have shown that 5000 mg of resveratrol
per day has no adverse effects [118]. Resveratrol has been shown to be safe and tolerable,
making it a promising candidate for the treatment of NAFLD. However, further large-scale
clinical trials are necessary to substantiate its effectiveness.

3.3.4. Caffeic Acid

Caffeic acid is an important phytonutrient that is present in various plants, fruits, and
vegetables. It exhibits a broad spectrum of functions, including antioxidant, antibacterial,
anti-inflammatory, and immunomodulatory properties [119]. Several studies have demon-
strated the effective treatment of NAFLD with caffeic acid. It has been found to improve
the condition of NAFLD by regulating dysbiosis of the intestinal microflora, reducing
LPS-mediated inflammation, and inhibiting the expression of lipid metabolism genes [120].
Caffeic acid has been shown to reduce lipid accumulation and adipogenic marker levels
by reducing ER stress and enhancing autophagic indicators. This mechanisms linked
to elevated TG levels, ER stress, and insulin resistance [121]. Another study found that
caffeic acid significantly reduced the production of TG and cholesterol by upregulating
the phosphorylation of the downstream target enzyme acetyl coenzyme A carboxylase
(ACC) through the AMPK pathway, while downregulating the expression of SREBP1, FAS,
glycerol-3-phosphate acyltransferase (GPAT), and 3-hydroxy-3-methyl glutamate coen-
zyme A reductase (HMGCR) [122]. Despite its potential therapeutic benefits, the low oral
utilization of caffeic acid is a significant challenge. Caffeic acid is present in esterified foods,
where only a small fraction is absorbed during the ingestion process. Therefore, further
research is needed to address this issue and improve the bioavailability of caffeic acid for
its effective use in the treatment of NAFLD and other related conditions [123].

3.3.5. Gastrodin

Gastrodin is a bioactive substance that can be isolated from the rhizome of Gastrodia
aspera. It has various beneficial effects on the central nervous system and can be used
to treat neurological illnesses like epilepsy, depression, and anxiety [124]. Recently, the
use of gastrodin for the treatment of fatty liver disease has been covered in some recent
publications. According to an in vivo study, it was found that gastrodin significantly
reduces liver fibrosis by activating AMPKα. This mechanism prevents the synthesis of
lipotoxic chemicals, subsequently lowering the release of profibrotic cytokines and the
inflammatory response [125]. Another in vivo study also showed that gastrodin can inhibit
liver steatosis by activating AMPK and improving lipid metabolism. Furthermore, it can
also improve liver oxidative stress and inflammatory response by activating the Nrf2
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pathway [126]. Due to its long history of safe use, gastrodin has the potential to become a
new drug for the treatment of NAFLD in the future. However, further clinical trials are
required to establish its effectiveness and safety (Table 3).

3.4. Saponins

Numerous natural plants contain saponins, which possess anti-inflammatory, antiox-
idant, hypocholesterolemic, and hepatoprotective effects. Saponins offer several health
benefits and can be utilized to treat NAFLD [127]. The treatment of NAFLD with saponins
primarily occurs through their antioxidant stress effects.

3.4.1. Panax Notoginseng Saponins

Panax Notoginseng Saponins (PNS) are among the primary active ingredients found
in Panax notoginseng root, which is useful in cardiovascular protection, neuroprotection,
gastrointestinal protection, liver protection, etc. [128]. The activation ofhepatic stellate cells
and liver fibrosis are among the mechanisms leading to the development of NAFLD [129].
Researchers have found that PNS can inhibit the activation of hepatic stellate cells and block
NF-κB and MAPK signaling. Furthermore, PNS can reduce PPAR-α expression induced
by carbon tetrachloride and coll-a1 expression levels in liver tissue, thereby reducing
liver fibrosis [130]. Another study discovered that PNS improved the dysfunction of
lipid metabolism in hepatocytes induced by fatty acids via Toll-like receptor 4 (TLR4) and
AMPKα signaling [131]. Clinical studies revealed that consuming PNS resulted in mild side
effects such as subcutaneous bleeding, fecal occult blood, and skin rash [132]. However,
further clinical trials are necessary to confirm its safety.

3.4.2. Saikosaponin

Saikosaponin is the main active ingredient in Chai Hu, In vitro and in vivo, it exhibits
anti-inflammatory, anti-tumor, antiviral, and liver protection properties [133]. Saikosaponin
can significantly reduce the amount of lipids in adipose tissue. Its mechanism of action
involves being an effective PPAR-α Activator, which can activate PPAR-α, Promote the
oxidation of fatty acid (FA) and induce the expression of anchor protein insulin-induced
gene (INSIG1/2), thus inhibiting the expression of SREBP1 and the synthesis of FA [71].
Another study found that saikosaponin could downregulate the expression of fatty acid
synthase (FASN) and ACACA (acetyl coenzyme A carboxylase) to reduce FA biosynthesis
and induce carnitine palmitoyltransferase-1 (CPT-1), acyl-coenzyme A oxidase 1 (ACOX1)
expression to promote FA degradation, thereby reducing fat accumulation [134]. Bupleu-
rum has a hepatoprotective effect, and several studies have explored the potential of its
active ingredient, saikosaponin, in treating NAFLD. In addition, toxicological studies
have indicated that high doses of saikosaponin may cause nephrotoxicity in humans [133].
Therefore, additional clinical trials are needed to determine its safe dosage.

3.4.3. Ginsenoside Rg1

The natural pharmaceutical ingredient ginsenoside Rg1 is derived from Ginseng and
has pharmacological effects such as anti-aging, anti-inflammatory, and oxidative stress [135].
Recent studies have shown that ginsenoside Rg1 exhibits strong antioxidant properties
and can be used in the treatment NAFLD by minimizing liver damage caused by oxida-
tive stress [136]. Bioinformatics analysis has showen that Ginsenoside Rg1 can effectively
decrease liver fat accumulation, promote liver glycogen synthesis, reduce oxidative stress-
induced liver damage, and regulate liver cell metabolism through the ECM receptor and
PI3K-AKT pathway, Key proteins such as EGFR and STRT1 may be involved in these
processes [135]. Ginsenoside Rg1 can prevent the increase in phosphorylation of FOXO1 in
NAFLD, increase the levels of the antioxidant enzymes SOD and CAT, and maintain the ac-
tivity of FOXO1 in the liver. These effects enhance the antioxidant capacity of Ginsenoside
Rg1, promote metabolic homeostasis, and protect the liver from aging-related liver diseases
like NAFLD [137]. In addition to its antioxidant properties, Ginsenoside Rg1 has also been
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found to increase the expression of PPAR-α, which enhances the metabolism of FFA and
TG while reducing ER stress. The main proteins in this process are cysteine-containing
aspartate-specific protease 12 (Caspase-12) and GRP78. Additionally, Ginsenoside Rg1
reduces the production of inflammatory cytokines like interleukin 1 (IL-1) and interleukin
18 (IL-18), thereby alleviating NAFLD through its anti-inflammatory function [138]. Several
studies have shown that the anti-inflammatory activities of Ginsenoside Rg1 can also
prevent the development of NAFLD. Ginsenoside Rg1 improves hepatocyte morphology,
reduces hepatic lipid accumulation, reduces the hepatic inflammatory response, and lessens
liver degeneration through the AMPK-NF-κB pathway, thereby reducing liver injury. Gin-
senoside Rg1 has also been found to decreases the release of cytokines such as IL-1, IL-6,
IL-18, and TNF-α [139,140]. However, it should be noted that Ginsenoside Rg1 has limited
oral bioavailability because the intestinal mucosa has a low mucosal permeability [141].
Therefore, a large number of clinical studies are needed to further verify its effectiveness.

3.4.4. Diosgenin

Diosgenin is a steroidal saponin that is widely present in nature. It has anti-inflammatory
and antioxidant properties, making it useful for the treatment of various diseases. In
addition, it can also play a key therapeutic role in the treatment of liver fat diseases by
acting as a key regulator in lipid metabolism [142]. Studies have shown that diosgenin can
inhibit the accumulation of fatty acids and triglycerides in the liver by suppressing the
SREBP-1c and FASN genes, thereby improving histopathological fat changes [143]. In vitro
studies have also shown that diosgenin can significantly ameliorate palmitic-acid-induced
steatosis in LO2 cells by activating the AMPK/ACC/CPT-1A pathway and inhibiting the
SREBP-1c/FAS pathway [144]. However, a large number of clinical trials are required to
determine the safety and efficacy of diosgenin for the treatment of NAFLD (Table 4).

3.5. Plant Polysaccharides

Plant polysaccharides are active components that help maintain living organisms. They
consist of many identical or different monosaccharides, linked together through α or β gly-
cosidic bonds. These compounds are commonly found in natural plants, including starch,
cellulose, polysaccharide and pectin [145]. Plant polysaccharides have biological activities,
including immune regulation, anti-tumor, hypoglycemic, and liver-protective properties.

3.5.1. Lycium barbarum Polysaccharides

Lycium barbarum polysaccharides are one of the main components of lycium barbarum,
and as heteropolysaccharides, they have the effects of lowering blood sugar and blood
lipids [146]. Lycium barbarum polysaccharides have been found to be effective in treating
NAFLD by reducing inflammation and steatosis in the liver. Studies have shown that
SIRT1 plays an important role in regulating lipid metabolism in liver cells. Lycium barbarum
polysaccharides can promote AMPK phosphorylation through SIRT1-dependent signaling,
while activating the STRT1/AMPK pathway to reduce FAS expression, thereby achieving
the goal of inhibiting liver steatosis [147]. An in vivo study has shown that lycium bar-
barum polysaccharides can reduce NF-κB activity to alleviate liver inflammation and liver
injury [148]. Moreover, clinical trials also showed that lycium barbarum polysaccharides can
regulate the human gut microbiota to improve NAFLD, providing a promising basis for
the treatment of NAFLD by lycium barbarum polysaccharides in the future [134].
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Table 3. Mechanisms of phenolic compounds in the treatment of NAFLD.

Natural Compound Model Function Mechanism/Target Reference

Curcumin

In vivo: HFHFr-induced mouse NAFLD models
Inhibits hepatic steatosis

LXRα-FAS-Nrf2 path-
way,CYP3A,CYP7A,CD36,SREBP1c,SHP [102]

In vitro: palmitic-acid-induced NAFLD model of HepG2 cells AMPK pathway, SLC13A5, ACLY [103]
In vivo: HFD-induced mouse NAFLD models MyD88 [105]

In vitro: OA-induced rat NAFLD models Oxidative stress regulates lipid metabolism pAKT, P13K [107]

EGCG
In vivo: HFD-induced mouse NAFLD models Reduces apoptosis and promotes

autophagy ROS/MAPK pathway [109]

In vitro: FFA-induced primary mouse hepatocytes Oxidative stress FGFR/AMPK pathway, FGF21, Nrf2 [2]

Resveratrol
In vitro: palmitic-acid-induced NAFLD model of HepG2 cells Reduces fat accumulation

SIRT1
[112,113]

In vivo: HFD-induced mouse NAFLD models Regulates metabolic balance [116]
In vivo: OA-induced model of NAFLD in L02 cells Antioxidants, reduce liver lipid toxicity caspase-3, p53, Bcl-2 [117]

Caffeic acid
In vivo: HFD-induced mouse NAFLD models

Regulates intestinal flora
Anti-inflammatory FAS [120]

Reduces lipid accumulation ER stress and autophagy [121]

In vitro: OA-induced models of NAFLD in HepG2 cells Inhibits fat production AMPK pathway, SREBP1, FAS, GPAT,
HMGCR [122]

Gastrodin In vivo: HFD-induced mouse NAFLD models inhibits liver steatosis
AMPKα [125]

Nrf2 pathway [126]
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Table 4. Mechanisms of saponins in the treatment of NAFLD.

Natural Compound Model Function Mechanism/Target Reference

Panax Notoginseng Saponins In vivo: HFD-induced mouse NAFLD models
Anti-inflammatory

Antioxidant
Anti-fibrosis

MAPK, NF-κB pathway, PPAR-α, coll-a1 [130]

CD14, TLR4 [131]

Saikosaponin
In vitro: NAFLD model of HepG2 cells

Reduces lipid accumulation
PPAR-α, INSIG1/2, SREBP-1 [71]

In vivo: HFD-induced mouse NAFLD models FASN, ACACA, ACOX1, CPT-1α [134]

Ginsenoside Rg1

In vivo: D-galactose-induced mouse NAFLD models Oxidative stress FOXO1, SOD, CAT [137]

In vivo: HFD-induced mouse NAFLD models
Antioxidant

Reduce ER stress
Anti-inflammatory

PPAR-α, Caspase-12, GRP78, IL-1β, IL-18 [138]

In vitro: palmitic-acid-induced DAFLD models of
HepG2 cells

Anti-inflammatory
IL-1, IL-6, IL-18, TNF-α [139]

AMPK-NF-κB pathway [140]

Diosgenin

In vivo: HFD-induced mouse NAFLD models Inhibit the accumulation of fatty acids and
triglycerides in the liver SREBP-1c, FASN [143]

In vitro: LO2 cell NAFLD models induced by
palmitic acid Improve steatosis AMPK/ACC/CPT-1A pathway,

SREBP-1c/FAS pathway [144]



Molecules 2023, 28, 5645 17 of 28

3.5.2. Schisandra chinensis Polysaccharides

Schisandra chinensis polysaccharides are the main active ingredient in Schisandra chi-
nensis. Schisandra chinensis is mostly used for liver protection in clinical practice, with
obvious therapeutic effect. Schisandra chinensis can improve NAFLD by reducing lipid
accumulation. Some studies have shown that Schisandra chinensis polysaccharides can
reduce the expression of FAS, SREBP-1c and LXRα in mice with t NAFLD induced by
HFD, reducing the levels of TC and TG in the body, alleviating liver cell steatosis and
necrosis [149]. Moreover, some studies have shown that Schisandra chinensis polysac-
charides also have a certain protective effect against liver injury. By downregulating the
expression of Nrf2 and HO-1, this can significantly reduce immune liver injury [150]. The
metabonomic enrichment analysis showed that the therapeutic pathways of Schisandra
chinensis polysaccharide in NAFLD mainly included the metabolism of ascorbic acid and
uronic acid, the mutual transformation of pentose and glucuronic acid, the metabolism of
nicotinic acid and nicotinamide, the citric acid cycle, the metabolism of butyric acid, and the
metabolism of inositol phosphate [151]. The research on Schisandra chinensis polysaccharide
should be deepened to find the optimal extraction method, enhance chemical structure
analysis, and advance the understanding of its mechanism for treating NAFLD. Moreover,
increasing the number of clinical trials to demonstrate its efficacy is crucial.

3.5.3. Astragalus Polysaccharides

Astragalus polysaccharides are a key active component isolated from Astragalus
membranaceus. They have good regulatory effects on blood lipids and blood sugar, as well
as antioxidant stress and antifibrosis effects [152]. A previous study showed that Astragalus
polysaccharides can improve NAFLD by regulating the gut microbiota, by increasing the
expression of AMPK and PPAR, thereby reducing their lipid accumulation. This is also
related to the reduced expression of SREBP-1 [153]. Astragalus polysaccharide also has
a regulatory effect on metabolic disorder. Research shows that through metagenomic
sequencing and metabonomic analysis, Astragalus polysaccharide changes the pathway of
glutathione metabolism and purine metabolism, and improves the symptoms of metabolic
disorder by regulating the intestinal microbiota [154]. However, due to the low oral
availability of Astragalus polysaccharides, further clinical trials are needed to support these
findings (Table 5).

3.6. Other Compounds

Paeoniflorin is a monoterpene glucoside component with hepatoprotective, antioxi-
dant and other pharmacological properties that play a crucial role in managing NAFLD.
Its mechanism of hepatoprotection involves activating the AMPK pathway, which inhibits
hepatic steatosis, stimulating β-oxidation and gluconeogenesis. Additionally, paeoniflorin
regulates lipid metabolism, and improves fructose-induced hepatic steatosis and insulin
resistance, further inhibiting steatosis [155,156]. It has been shown by pharmacokinetic stud-
ies that paeoniflorin is poorly absorbed by the body when administered orally, with only
about 3–4% of the drug being absorbed after oral administration to rats [157]. Therefore,
further research is needed to develop the therapeutic applications of paeoniflorin.

Andrographolide is a plant compound that exhibits anti-inflammatory activity and
ameliorates NAFLD by inhibiting the NF-κB pathway. It has been shown that andro-
grapholide reduces IL-1β protein expression by inhibiting the NF-κB pathway, thereby
reducing the liver’s inflammatory response and liver fibrosis [158]. Additionally, andro-
grapholide was demonstrated to treat NAFLD in an in vitro experiment by preventing
steatosis through lower fatty acid uptake in oleic-acid-treated LO2 cells and downregulating
the expression of fatty acid transport protein (FATP2) [159].

Ursolic acid is a secondary plant metabolite that is commonly found in fruit peels,
stems, and leaves, which possesses anticancer and liver-protective properties [160]. Through
in vivo experiments conducted on rats, researchers found that ursolic acid can reverse hep-
atic steatosis in the context of high-fat diets by improving the levels of key proteins involved
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in lipid metabolism through the PPAR-α pathway [161]. Liver X receptor alpha (LXRα) is
a multifunctional nuclear receptor that regulates lipid homeostasis. Studies have demon-
strated that ursolic acid decreases LXR response element and SREBP1c gene initiation
and activity, which decreases liver steatosis and improves NAFLD [90]. However, studies
have also reported that ursolic acid can cause tolerable toxicity and adverse effects such
as nausea and diarrhea. Therefore, further investigation is necessary, including phase II
clinical trials, to fully understand the efficacy and side effects of ursolic acid as a treatment
for NAFLD [160].

Osthole, also known as osthol, is a coumarin derivative that is present in several medic-
inal plants such as Cnidium monnieri and Angelica pubescens. It has anti-inflammatory,
anti-tumor, antibacterial, and other biological activities [162]. Several studies have shown
that osthole can treat NAFLD by upregulating PPAR-α and downregulating liver proteins
like NF-κB, SREBP1c, and FAS, which ultimately reduces liver steatosis and inflamma-
tion [144,163]. However, to support the therapeutic efficacy of osthole on NAFLD, more
clinical evidence is needed, as there are only a limited number of clinical research tri-
als available.

Lycopene, the most abundant carotenoid in tomatoes, contains 11 conjugated dou-
ble bonds, making it a powerful antioxidant [164]. CYP2E1 is one of the microsomal
cytochromes that produce ROS, and lycopene has been shown to minimize fatty infiltration
in the liver. The mechanism is based on the fact that lycopene can reduce the generation of
ROS by downregulating the expression of the proteins CYP2E1 and TNF-α [165]. Lycopene
also has been found to have protective effects on HFD-induced NAFLD in mice. Lycopene
ameliorated liver inflammation and fibrosis in a dose-dependent manner by reducing the
mRNA expression levels of LPS, interferon-gamma (IFN-γ), TNF-α-induced macrophage
M1 markers, and transforming growth factor β1 (TGF-β1)-induced fibrogenic expression
in stellate cells, all of which can be attributed to its antioxidant properties [166]. A previous
study found that lycopene inhibited stearic acid (SA) by downregulating fatty acid binding
protein 7 (FABP7) through the normalization of miR-21 levels [167]. Lycopene may also
prevent liver cell damage. Through the activation of the Nrf2-HO-1 pathway in hepatocytes,
lycopene promotes the transfer of Nrf2 from the cytoplasm to the nucleus, ultimately pro-
tecting the liver cells [168]. Lycopene reduces α7 nicotinic acetylcholine receptor expression
in the lung and NF-κB and CYP2E1 expression in the liver in a tobacco-carcinogen-induced
ferret model of NAFLD, resulting in ameliorative effects on hepatocyte injury [169]. In addi-
tion, co-administering calcium supplements significantly reduces lycopene’s bioavailability
by 84% [170]. In recent years, lycopene has emerged as a potentially effective treatment
for NAFLD, although further clinical trials are needed to assess its adverse effects and
pharmacokinetic profile (Table 6).
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Table 5. Mechanisms of plant polysaccharides in the treatment of NAFLD.

Natural Compound Model Function Mechanism/Target Reference

Lycium barbarum polysaccharides
In vivo: HFD-induced mouse NAFLD models Inhibiting steatosis STRT1/AMPK pathway [147]

In vivo: MCD-induced rat models of NAFLD Anti-inflammatory NF–κB [148]

Schisandra chinensis polysaccharides In vivo: HFD-induced mouse NAFLD models Reducing lipid accumulation FAS, SREBP-1c, LXRα [149]

Astragalus polysaccharides In vivo: HFD-induced mouse NAFLD models
Regulating the gut microbiota PPARα, AMPK [153]

Improve metabolic disorders [154]

Table 6. Mechanisms of other compounds in the treatment of NAFLD.

Natural Compound Model Function Mechanism/Target Reference

Paeoniflorin
In vivo: HFD-induced mouse NAFLD models Regulates lipid metabolism Insulin signaling pathway [155]

In vivo: a fructose-induced model of rat NAFLD

Inhibits hepatic steatosis,
Anti-inflammatory

AMPK pathway [156]

Andrographolide In vivo: choline-deficient amino-acid-induced mouse NAFLD model NF-κB, IL-1β [158]

Ursolic acid In vivo: HFD-induced rat NAFLD models PPAR-α
PPAR-α

[161]

Osthole
In vitro: lipopolysaccharide-induced hepatocytes [144]

In vivo: high-fat, high-sugar-induced model of rat NAFLD SREBP1c, FAS [163]

Lycopene In vivo: HFD-induced rat models of NAFLD
Antioxidant

CYP2E1,TNF-α [165]
LPS,IFN-γ, TNF-α,TGF-β1 [166]

In vitro: stearic-acid-induced Hepa1-6 cells Regulates lipid metabolism in the liver FABP7 [167]
In vivo: a model of tobacco-carcinogen-induced NAFLD in ferrets Anticancer NF-κB, CYP2E1 [168]
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4. Discussion

Non-alcoholic fatty liver disease (NAFLD) is a prevalent chronic liver disease world-
wide, and its incidence is increasing every year. Unfortunately, there is no definitive drug
available to halt its progression, and the existing drugs with therapeutic effects have limita-
tions. Despite the scientific community’s efforts, early diagnostic methods are limited due
to the benign and reversible nature of the disease, which hinders the successful creation
of treatments. Although diet and exercise are well-known methods to improve NAFLD,
their effectiveness and applicability are limited. However, several natural substances have
been extensively studied and have been proven to have beneficial pharmacological effects
on NAFLD.

This paper provides a summary of natural monomeric compounds derived from
plants that have shown promise in treating NAFLD. Although some of these compounds
have been studied for their mechanism of action, their clinical use is limited due to the
absence of clinical trials. Compounds such as naringenin, silymarin, anthocyanin, be-
taine, and serpentine have not undergone clinical studies, but may hold potential for the
treatment of NAFLD and require further research to confirm their effectiveness. Various
natural compounds, including rutin, kaempferol, lycopene, quercetin, caffeic acid, cur-
cumin, ginsenoside Rg1, and paeoniflorin, have been found to have low oral bioavailability.
While these compounds have shown promise in treating non-alcoholic fatty liver disease
(NAFLD), more research is needed to understand their mode of administration and specific
effects. The substances berberine, catechin, panaxoside, chai hu saponin, and ursolic acid
have been associated with adverse effects such as vomiting and diarrhea after adminis-
tration, and further investigation is needed into their safety, resistance, and dosage. The
low oral availability of natural compound components and the lack of clinical trials are
contributing factors that hinder the development of effective drugs and require further
proof from specialized researchers.

NAFLD is consistent with the “multiple-hit” theory and is caused by multiple factors
(lipotoxicity, oxidative stress, inflammation, and dysbiosis of the intestinal flora). However,
there is no conclusive evidence to suggest that these compounds are expressed through a
single protein pathway or that multiple protein pathways are expressed in a coordinated
manner to exert therapeutic effects. Some natural compounds may have modulatory effects
on multiple pathways or targets. There is a need for in-depth research using various
techniques, including metabolomics, transcriptomics, proteomics, and macro genetic se-
quencing, in this area of natural chemical research, which is becoming increasingly popular.

While diet and exercise are typically the first steps in treating NAFLD, pharmacological
treatment can also be necessary. This paper examines the mechanisms and roles of natural
compounds in the prevention and treatment of NAFLD, providing valuable information
for the development of new drugs. These compounds have been shown to reduce oxidative
stress, insulin resistance, and lipid accumulation in the liver, and to interact with hepatic
lipid metabolism and inflammation. In order to improve the treatment of NAFLD, we
should consider the combination of natural compounds with existing drugs. To further
investigate this possibility, we recommend conducting larger, randomized clinical trials
over a longer duration to determine the role of these compounds in the treatment of NAFLD.

This review provides an update on the potential benefits of some natural compounds
in preventing and treating NAFLD, with the aim of providing new potential therapeutic
lead compounds and references for innovative drug development and clinical treatment.
Many natural compounds have shown potential in the treatment of NAFLD. Most current
research is focused on compounds with antioxidant effects and anti-inflammatory powers,
compounds that can reduce the symptoms of NAFLD. In the future, combining natural
compounds with existing drugs may be possible to better protect the liver by exerting
the antioxidant and anti-inflammatory abilities of natural compounds while inhibiting
liver steatosis.
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5. Methodology

In this review, we searched the PubMed database (https://pub-med.ncbi.nlm.nih.
gov/ (accessed on 11 January 2023)) and Google Chrome (https:///scholar.Google.com/
(accessed on 11 January 2023)). In this methodology, the names of natural compounds
are replaced with “NC”, and search terms include “(non-alcoholic fatty liver disease) OR
(non-alcoholic fatty liver)”, “(non-alcoholic fatty liver disease) OR (non-alcoholic fatty liver)
AND (NC)”, “(Clinical) AND (NC)”, and “(pharmacokinetics) AND (NC)”.

6. Conclusions

To summarize, this review highlights the potential of natural compounds to treat
NAFLD. Natural compounds can treat diseases through multiple components, multiple
targets, and multiple approaches. The natural compounds described in this article have
therapeutic and beneficial effects on NAFLD, and can provide a reference for potential drugs
in the future clinical treatment of NAFLD. However, when considering the development of
natural compounds for the treatment of NAFLD, their safety issues cannot be ignored, and
more experiments are therefore needed.
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37. Domaszewska-Szostek, A.; Puzianowska-Kuźnicka, M.; Kuryłowicz, A. Flavonoids in Skin Senescence Prevention and Treatment.
Int. J. Mol. Sci. 2021, 22, 6814. [CrossRef]

38. Wang, Y.; Liu, X.J.; Chen, J.B.; Cao, J.P.; Li, X.; Sun, C.D. Citrus flavonoids and their antioxidant evaluation. Crit. Rev. Food Sci.
Nutr. 2022, 62, 3833–3854. [CrossRef]

39. Sotiropoulou, M.; Katsaros, I.; Vailas, M.; Lidoriki, I.; Papatheodoridis, G.V.; Kostomitsopoulos, N.G.; Valsami, G.; Tsaroucha, A.;
Schizas, D. Nonalcoholic fatty liver disease: The role of quercetin and its therapeutic implications. Saudi J. Gastroenterol. 2021, 27,
319–330.

40. Gnoni, A.; Di Chiara Stanca, B.; Giannotti, L.; Gnoni, G.V.; Siculella, L.; Damiano, F. Quercetin Reduces Lipid Accumulation in a
Cell Model of NAFLD by Inhibiting De Novo Fatty Acid Synthesis through the Acetyl-CoA Carboxylase 1/AMPK/PP2A Axis.
Int. J. Mol. Sci. 2022, 23, 1044. [CrossRef]

41. Yang, H.; Yang, T.; Heng, C.; Zhou, Y.; Jiang, Z.; Qian, X.; Du, L.; Mao, S.; Yin, X.; Lu, Q. Quercetin improves nonalcoholic fatty
liver by ameliorating inflammation, oxidative stress, and lipid metabolism in db/db mice. Phytother. Res. 2019, 33, 3140–3152.
[CrossRef] [PubMed]

42. Porras, D.; Nistal, E.; Martínez-Flórez, S.; Pisonero-Vaquero, S.; Olcoz, J.L.; Jover, R.; González-Gallego, J.; García-Mediavilla, M.V.;
Sánchez-Campos, S. Protective effect of quercetin on high-fat diet-induced non-alcoholic fatty liver disease in mice is mediated
by modulating intestinal microbiota imbalance and related gut-liver axis activation. Free Radic. Biol. Med. 2017, 102, 188–202.
[CrossRef] [PubMed]

43. Zhu, X.; Xiong, T.; Liu, P.; Guo, X.; Xiao, L.; Zhou, F.; Tang, Y.; Yao, P. Quercetin ameliorates HFD-induced NAFLD by promoting
hepatic VLDL assembly and lipophagy via the IRE1a/XBP1s pathway. Food Chem. Toxicol. 2018, 114, 52–60. [CrossRef] [PubMed]

44. Li, X.; Wang, R.; Zhou, N.; Wang, X.; Liu, Q.; Bai, Y.; Bai, Y.; Liu, Z.; Yang, H.; Zou, J.; et al. Quercetin improves insulin resistance
and hepatic lipid accumulation in vitro in a NAFLD cell model. Biomed. Rep. 2013, 1, 71–76. [CrossRef]

45. Zhao, X.; Wang, J.; Deng, Y.; Liao, L.; Zhou, M.; Peng, C.; Li, Y. Quercetin as a protective agent for liver diseases: A comprehensive
descriptive review of the molecular mechanism. Phytother. Res. 2021, 35, 4727–4747. [CrossRef] [PubMed]

46. Jiang, J.J.; Zhang, G.F.; Zheng, J.Y.; Sun, J.H.; Ding, S.B. Targeting Mitochondrial ROS-Mediated Ferroptosis by Quercetin
Alleviates High-Fat Diet-Induced Hepatic Lipotoxicity. Front. Pharmacol. 2022, 13, 876550. [CrossRef] [PubMed]

47. Kim, C.S.; Kwon, Y.; Choe, S.Y.; Hong, S.M.; Yoo, H.; Goto, T.; Kawada, T.; Choi, H.S.; Joe, Y.; Chung, H.T.; et al. Quercetin reduces
obesity-induced hepatosteatosis by enhancing mitochondrial oxidative metabolism via heme oxygenase-1. Nutr. Metab. 2015, 12,
33. [CrossRef]

48. Nishimura, M.; Muro, T.; Kobori, M.; Nishihira, J. Effect of Daily Ingestion of Quercetin-Rich Onion Powder for 12 Weeks on
Visceral Fat: A Randomised, Double-Blind, Placebo-Controlled, Parallel-Group Study. Nutrients 2019, 12, 91. [CrossRef] [PubMed]

49. Patel, K.; Singh, G.K.; Patel, D.K. A Review on Pharmacological and Analytical Aspects of Naringenin. Chin. J. Integr. Med. 2018,
24, 551–560. [CrossRef]

50. Wang, Q.; Ou, Y.; Hu, G.; Wen, C.; Yue, S.; Chen, C.; Xu, L.; Xie, J.; Dai, H.; Xiao, H.; et al. Naringenin attenuates non-alcoholic
fatty liver disease by down-regulating the NLRP3/NF-κB pathway in mice. Br. J. Pharmacol. 2020, 177, 1806–1821. [CrossRef]

51. Yang, Y.; Wu, Y.; Zou, J.; Wang, Y.H.; Xu, M.X.; Huang, W.; Yu, D.J.; Zhang, L.; Zhang, Y.Y.; Sun, X.D. Naringenin Attenuates
Non-Alcoholic Fatty Liver Disease by Enhancing Energy Expenditure and Regulating Autophagy via AMPK. Front. Pharmacol.
2021, 12, 687095. [CrossRef] [PubMed]

52. Ke, J.Y.; Kliewer, K.L.; Hamad, E.M.; Cole, R.M.; Powell, K.A.; Andridge, R.R.; Straka, S.R.; Yee, L.D.; Belury, M.A. The flavonoid,
naringenin, decreases adipose tissue mass and attenuates ovariectomy-associated metabolic disturbances in mice. Nutr. Metab.
2015, 12, 1. [CrossRef] [PubMed]

53. Chtourou, Y.; Fetoui, H.; Jemai, R.; Ben Slima, A.; Makni, M.; Gdoura, R. Naringenin reduces cholesterol-induced hepatic
inflammation in rats by modulating matrix metalloproteinases-2, 9 via inhibition of nuclear factor κB pathway. Eur. J. Pharmacol.
2015, 746, 96–105. [CrossRef] [PubMed]

54. Naeini, F.; Namkhah, Z.; Tutunchi, H.; Rezayat, S.M.; Mansouri, S.; Yaseri, M.; Hosseinzadeh-Attar, M.J. Effects of naringenin
supplementation on cardiovascular risk factors in overweight/obese patients with nonalcoholic fatty liver disease: A pilot
double-blind, placebo-controlled, randomized clinical trial. Eur. J. Gastroenterol. Hepatol. 2022, 34, 345–353. [CrossRef]

55. Camini, F.C.; Costa, D.C. Silymarin: Not just another antioxidant. J. Basic Clin. Physiol. Pharmacol. 2020, 31, 20190206. [CrossRef]
56. Sahin, E.; Bagci, R.; Bektur Aykanat, N.E.; Kacar, S.; Sahinturk, V. Silymarin attenuated nonalcoholic fatty liver disease through

the regulation of endoplasmic reticulum stress proteins GRP78 and XBP-1 in mice. J. Food Biochem. 2020, 44, e13194. [CrossRef]
57. Mengesha, T.; Gnanasekaran, N.; Mehare, T. Hepatoprotective effect of silymarin on fructose induced nonalcoholic fatty liver

disease in male albino wistar rats. BMC Complement. Med. Ther. 2021, 21, 104.
58. Carvalho, L.C.F.; Ferreira, F.M.; Dias, B.V.; Azevedo, D.C.; de Souza, G.H.B.; Milagre, M.M.; de Lana, M.; Vieira, P.M.A.; Carneiro,

C.M.; Paula-Gomes, S.; et al. Silymarin inhibits the lipogenic pathway and reduces worsening of non-alcoholic fatty liver disease
(NAFLD) in mice. Arch. Physiol. Biochem. 2022; ahead-of-print.

59. Wah Kheong, C.; Nik Mustapha, N.R.; Mahadeva, S. A Randomized Trial of Silymarin for the Treatment of Nonalcoholic
Steatohepatitis. Clin. Gastroenterol. Hepatol. 2017, 15, 1940–1949.e8. [CrossRef]

https://doi.org/10.3390/ijms20133177
https://doi.org/10.3390/ijms22136814
https://doi.org/10.1080/10408398.2020.1870035
https://doi.org/10.3390/ijms23031044
https://doi.org/10.1002/ptr.6486
https://www.ncbi.nlm.nih.gov/pubmed/31452288
https://doi.org/10.1016/j.freeradbiomed.2016.11.037
https://www.ncbi.nlm.nih.gov/pubmed/27890642
https://doi.org/10.1016/j.fct.2018.02.019
https://www.ncbi.nlm.nih.gov/pubmed/29438776
https://doi.org/10.3892/br.2012.27
https://doi.org/10.1002/ptr.7104
https://www.ncbi.nlm.nih.gov/pubmed/34159683
https://doi.org/10.3389/fphar.2022.876550
https://www.ncbi.nlm.nih.gov/pubmed/35496312
https://doi.org/10.1186/s12986-015-0030-5
https://doi.org/10.3390/nu12010091
https://www.ncbi.nlm.nih.gov/pubmed/31905615
https://doi.org/10.1007/s11655-014-1960-x
https://doi.org/10.1111/bph.14938
https://doi.org/10.3389/fphar.2021.687095
https://www.ncbi.nlm.nih.gov/pubmed/34163366
https://doi.org/10.1186/1743-7075-12-1
https://www.ncbi.nlm.nih.gov/pubmed/25745505
https://doi.org/10.1016/j.ejphar.2014.10.027
https://www.ncbi.nlm.nih.gov/pubmed/25446569
https://doi.org/10.1097/MEG.0000000000002323
https://doi.org/10.1515/jbcpp-2019-0206
https://doi.org/10.1111/jfbc.13194
https://doi.org/10.1016/j.cgh.2017.04.016


Molecules 2023, 28, 5645 24 of 28

60. Curcio, A.; Romano, A.; Cuozzo, S.; Nicola, A.D.; Grassi, O.; Schiaroli, D.; Nocera, G.F.; Pironti, M. Silymarin in Combination
with Vitamin C, Vitamin E, Coenzyme Q10 and Selenomethionine to Improve Liver Enzymes and Blood Lipid Profile in NAFLD
Patients. Medicina 2020, 56, 544. [CrossRef]

61. Ganeshpurkar, A.; Saluja, A.K. The Pharmacological Potential of Rutin. Saudi Pharm. J. 2017, 25, 149–164. [CrossRef]
62. Liu, Q.; Pan, R.; Ding, L.; Zhang, F.; Hu, L.; Ding, B.; Zhu, L.; Xia, Y.; Dou, X. Rutin exhibits hepatoprotective effects in a mouse

model of non-alcoholic fatty liver disease by reducing hepatic lipid levels and mitigating lipid-induced oxidative injuries. Int.
Immunopharmacol. 2017, 49, 132–141. [CrossRef] [PubMed]

63. Ziaee, A.; Zamansoltani, F.; Nassiri-Asl, M.; Abbasi, E. Effects of rutin on lipid profile in hypercholesterolaemic rats. Basic Clin.
Pharmacol. Toxicol. 2009, 104, 253–258. [CrossRef]

64. Tung, Y.T.; Zeng, J.L.; Ho, S.T.; Xu, J.W.; Li, S.; Wu, J.H. Anti-NAFLD Effect of Djulis Hull and Its Major Compound, Rutin, in
Mice with High-Fat Diet (HFD)-Induced Obesity. Antioxidants 2021, 10, 1694. [CrossRef] [PubMed]

65. Calderón-Montaño, J.M.; Burgos-Morón, E.; Pérez-Guerrero, C.; López-Lázaro, M. A review on the dietary flavonoid kaempferol.
Mini Rev. Med. Chem. 2011, 11, 298–344. [CrossRef]

66. Tie, F.; Ding, J.; Hu, N.; Dong, Q.; Chen, Z.; Wang, H. Kaempferol and Kaempferide Attenuate Oleic Acid-Induced Lipid
Accumulation and Oxidative Stress in HepG2 Cells. Int. J. Mol. Sci. 2021, 22, 8847. [CrossRef]

67. Lu, Y.; Shao, M.; Xiang, H.; Zheng, P.; Wu, T.; Ji, G. Integrative transcriptomics and metabolomics explore the mechanism of
kaempferol on improving nonalcoholic steatohepatitis. Food Funct. 2020, 11, 10058–10069. [CrossRef] [PubMed]

68. Hu, Y.; Cheng, Z.; Heller, L.I.; Krasnoff, S.B.; Glahn, R.P.; Welch, R.M. Kaempferol in red and pinto bean seed (Phaseolus
vulgaris L.) coats inhibits iron bioavailability using an in vitro digestion/human Caco-2 cell model. J. Agric. Food Chem. 2006, 54,
9254–9261. [CrossRef]

69. Lee, Y.M.; Yoon, Y.; Yoon, H.; Park, H.M.; Song, S.; Yeum, K.J. Dietary Anthocyanins against Obesity and Inflammation. Nutrients
2017, 9, 1089. [CrossRef]

70. Guo, H.; Li, D.; Ling, W.; Feng, X.; Xia, M. Anthocyanin inhibits high glucose-induced hepatic mtGPAT1 activation and prevents
fatty acid synthesis through PKCζ. J. Lipid Res. 2011, 52, 908–922. [CrossRef]

71. Zhu, X.; Lin, X.; Zhang, P.; Liu, Y.; Ling, W.; Guo, H. Upregulated NLRP3 inflammasome activation is attenuated by anthocyanins
in patients with nonalcoholic fatty liver disease: A case-control and an intervention study. Clin. Res. Hepatol. Gastroenterol. 2022,
46, 101843. [CrossRef]

72. Ponikvar-Svet, M.; Zeiger, D.N.; Liebman, J.F. Alkaloids and Selected Topics in Their Thermochemistry. Molecules 2021, 26, 6715.
[CrossRef]

73. Bai, R.; Yao, C.; Zhong, Z.; Ge, J.; Bai, Z.; Ye, X.; Xie, T.; Xie, Y. Discovery of natural anti-inflammatory alkaloids: Potential leads
for the drug discovery for the treatment of inflammation. Eur. J. Med. Chem. 2021, 213, 113165. [CrossRef]

74. Song, D.; Hao, J.; Fan, D. Biological properties and clinical applications of berberine. Front. Med. 2020, 14, 564–582. [CrossRef]
[PubMed]

75. Wang, Y.; Zhou, X.; Zhao, D.; Wang, X.; Gurley, E.C.; Liu, R.; Li, X.; Hylemon, P.B.; Chen, W.; Zhou, H. Berberine inhibits free fatty
acid and LPS-induced inflammation via modulating ER stress response in macrophages and hepatocytes. PLoS ONE 2020, 15,
e0232630. [CrossRef] [PubMed]

76. Zhu, X.; Bian, H.; Wang, L.; Sun, X.; Xu, X.; Yan, H.; Xia, M.; Chang, X.; Lu, Y.; Li, Y.; et al. Berberine attenuates nonalcoholic
hepatic steatosis through the AMPK-SREBP-1c-SCD1 pathway. Free Radic. Biol. Med. 2019, 141, 192–204. [CrossRef]

77. Zhao, L.; Cang, Z.; Sun, H.; Nie, X.; Wang, N.; Lu, Y. Berberine improves glucogenesis and lipid metabolism in nonalcoholic fatty
liver disease. BMC Endocr. Disord. 2017, 17, 13. [CrossRef]

78. Lu, Z.; Lu, F.; Wu, L.; He, B.; Chen, Z.; Yan, M. Berberine attenuates non-alcoholic steatohepatitis by regulating chemerin/CMKLR1
signalling pathway and Treg/Th17 ratio. Naunyn-Schmiedebergs Arch. Pharmacol. 2021, 394, 383–390. [CrossRef]

79. Yang, L.; Yu, S.; Yang, Y.; Wu, H.; Zhang, X.; Lei, Y.; Lei, Z. Berberine improves liver injury induced glucose and lipid metabolic
disorders via alleviating ER stress of hepatocytes and modulating gut microbiota in mice. Bioorg. Med. Chem. 2021, 55, 116598.
[CrossRef] [PubMed]

80. Yang, S.; Cao, S.; Li, C.; Zhang, J.; Liu, C.; Qiu, F.; Kang, N. Berberrubine, a Main Metabolite of Berberine, Alleviates Non-Alcoholic
Fatty Liver Disease via Modulating Glucose and Lipid Metabolism and Restoring Gut Microbiota. Front. Pharmacol. 2022, 13,
913378. [CrossRef] [PubMed]

81. Li, D.H.; Liu, Y.T.; Hao, S.R.; Zheng, J.M.; Hou, H.T.; Wang, Y.Z. Discussion on the curative effect and mechanisms of berberine in
rats with non-alcoholic fatty liver. Zhonghua Gan Zang Bing. Za Zhi 2020, 28, 338–344.

82. Chen, P.; Li, Y.; Xiao, L. Berberine ameliorates nonalcoholic fatty liver disease by decreasing the liver lipid content via reversing
the abnormal expression of MTTP and LDLR. Exp. Ther. Med. 2021, 22, 1109. [CrossRef]

83. Shan, M.Y.; Dai, Y.; Ren, X.D.; Zheng, J.; Zhang, K.B.; Chen, B.; Yan, J.; Xu, Z.H. Berberine mitigates nonalcoholic hepatic
steatosis by downregulating SIRT1-FoxO1-SREBP2 pathway for cholesterol synthesis. J. Integr. Med. 2021, 19, 545–554. [CrossRef]
[PubMed]

84. Yang, Q.H.; Hu, S.P.; Zhang, Y.P.; Xie, W.N.; Li, N.; Ji, G.Y.; Qiao, N.L.; Lin, X.F.; Chen, T.Y.; Liu, H.T. Effect of berberine on
expressions of uncoupling protein-2 mRNA and protein in hepatic tissue of non-alcoholic fatty liver disease in rats. Chin. J. Integr.
Med. 2011, 17, 205–211. [CrossRef] [PubMed]

https://doi.org/10.3390/medicina56100544
https://doi.org/10.1016/j.jsps.2016.04.025
https://doi.org/10.1016/j.intimp.2017.05.026
https://www.ncbi.nlm.nih.gov/pubmed/28577437
https://doi.org/10.1111/j.1742-7843.2008.00368.x
https://doi.org/10.3390/antiox10111694
https://www.ncbi.nlm.nih.gov/pubmed/34829565
https://doi.org/10.2174/138955711795305335
https://doi.org/10.3390/ijms22168847
https://doi.org/10.1039/D0FO02123G
https://www.ncbi.nlm.nih.gov/pubmed/33135718
https://doi.org/10.1021/jf0612981
https://doi.org/10.3390/nu9101089
https://doi.org/10.1194/jlr.M013375
https://doi.org/10.1016/j.clinre.2021.101843
https://doi.org/10.3390/molecules26216715
https://doi.org/10.1016/j.ejmech.2021.113165
https://doi.org/10.1007/s11684-019-0724-6
https://www.ncbi.nlm.nih.gov/pubmed/32335802
https://doi.org/10.1371/journal.pone.0232630
https://www.ncbi.nlm.nih.gov/pubmed/32357187
https://doi.org/10.1016/j.freeradbiomed.2019.06.019
https://doi.org/10.1186/s12902-017-0165-7
https://doi.org/10.1007/s00210-020-01914-1
https://doi.org/10.1016/j.bmc.2021.116598
https://www.ncbi.nlm.nih.gov/pubmed/34979291
https://doi.org/10.3389/fphar.2022.913378
https://www.ncbi.nlm.nih.gov/pubmed/35873595
https://doi.org/10.3892/etm.2021.10543
https://doi.org/10.1016/j.joim.2021.09.003
https://www.ncbi.nlm.nih.gov/pubmed/34686466
https://doi.org/10.1007/s11655-011-0668-4
https://www.ncbi.nlm.nih.gov/pubmed/21359922


Molecules 2023, 28, 5645 25 of 28

85. Yan, H.M.; Xia, M.F.; Wang, Y.; Chang, X.X.; Yao, X.Z.; Rao, S.X.; Zeng, M.S.; Tu, Y.F.; Feng, R.; Jia, W.P.; et al. Efficacy of Berberine
in Patients with Non-Alcoholic Fatty Liver Disease. PLoS ONE 2015, 10, e0134172. [CrossRef]

86. Zhao, G.; He, F.; Wu, C.; Li, P.; Li, N.; Deng, J.; Zhu, G.; Ren, W.; Peng, Y. Betaine in Inflammation: Mechanistic Aspects and
Applications. Front. Immunol. 2018, 9, 1070. [CrossRef] [PubMed]

87. Ge, C.X.; Yu, R.; Xu, M.X.; Li, P.Q.; Fan, C.Y.; Li, J.M.; Kong, L.D. Betaine prevented fructose-induced NAFLD by regulating
LXRα/PPARα pathway and alleviating ER stress in rats. Eur. J. Pharmacol. 2016, 770, 154–164. [CrossRef]

88. Veskovic, M.; Mladenovic, D.; Milenkovic, M.; Tosic, J.; Borozan, S.; Gopcevic, K.; Labudovic-Borovic, M.; Dragutinovic, V.;
Vucevic, D.; Jorgacevic, B.; et al. Betaine modulates oxidative stress, inflammation, apoptosis, autophagy, and Akt/mTOR
signaling in methionine-choline deficiency-induced fatty liver disease. Eur. J. Pharmacol. 2019, 848, 39–48. [CrossRef]

89. Kojima, I.; Umezawa, K. Conophylline: A novel differentiation inducer for pancreatic beta cells. Int. J. Biochem. Cell Biol. 2006, 38,
923–930. [CrossRef]

90. Umezawa, K.; Kojima, I.; Simizu, S.; Lin, Y.; Fukatsu, H.; Koide, N.; Nakade, Y.; Yoneda, M. Therapeutic activity of plant-derived
alkaloid conophylline on metabolic syndrome and neurodegenerative disease models. Hum. Cell 2018, 31, 95–101. [CrossRef]

91. Qin, R.; Zhao, Q.; Han, B.; Zhu, H.P.; Peng, C.; Zhan, G.; Huang, W. Indole-Based Small Molecules as Potential Therapeutic
Agents for the Treatment of Fibrosis. Front. Pharmacol. 2022, 13, 845892. [CrossRef]

92. Tanaka, N.; Takahashi, S.; Fang, Z.Z.; Matsubara, T.; Krausz, K.W.; Qu, A.; Gonzalez, F.J. Role of white adipose lipolysis in
the development of NASH induced by methionine- and choline-deficient diet. Biochim. Biophys. Acta 2014, 1841, 1596–1607.
[CrossRef]

93. Sahai, A.; Malladi, P.; Pan, X.; Paul, R.; Melin-Aldana, H.; Green, R.M.; Whitington, P.F. Obese and diabetic db/db mice develop
marked liver fibrosis in a model of nonalcoholic steatohepatitis: Role of short-form leptin receptors and osteopontin. Am. J.
Physiol. 2004, 287, G1035–G1043. [CrossRef]

94. Ohashi, T.; Nakade, Y.; Ibusuki, M.; Kitano, R.; Yamauchi, T.; Kimoto, S.; Inoue, T.; Kobayashi, Y.; Sumida, Y.; Ito, K.; et al.
Conophylline inhibits high fat diet-induced non-alcoholic fatty liver disease in mice. PLoS ONE 2019, 14, e0210068. [CrossRef]
[PubMed]

95. Kubo, N.; Saito, R.; Hamano, K.; Nagasawa, M.; Aoki, F.; Takei, I.; Umezawa, K.; Kuwano, H.; Kojima, I. Conophylline suppresses
hepatic stellate cells and attenuates thioacetamide-induced liver fibrosis in rats. Liver Int. 2014, 34, 1057–1067. [CrossRef]
[PubMed]

96. Xu, H.; Chen, G.F.; Ma, Y.S.; Zhang, H.W.; Zhou, Y.; Liu, G.H.; Chen, D.Y.; Ping, J.; Liu, Y.H.; Mou, X.; et al. Hepatic Proteomic
Changes and Sirt1/AMPK Signaling Activation by Oxymatrine Treatment in Rats With Non-alcoholic Steatosis. Front. Pharmacol.
2020, 11, 216. [CrossRef] [PubMed]

97. Shi, L.J.; Shi, L.; Song, G.Y.; Zhang, H.F.; Hu, Z.J.; Wang, C.; Zhang, D.H. Oxymatrine attenuates hepatic steatosis in non-alcoholic
fatty liver disease rats fed with high fructose diet through inhibition of sterol regulatory element binding transcription factor 1
(Srebf1) and activation of peroxisome proliferator activated receptor alpha (Pparα). Eur. J. Pharmacol. 2013, 714, 89–95.

98. Johnson-Huang, L.M.; Pensabene, C.A.; Shah, K.R.; Pierson, K.C.; Kikuchi, T.; Lentini, T.; Gilleaudeau, P.; Sullivan-Whalen,
M.; Cueto, I.; Khatcherian, A.; et al. Post-therapeutic relapse of psoriasis after CD11a blockade is associated with T cells and
inflammatory myeloid DCs. PLoS ONE 2012, 7, e30308. [CrossRef] [PubMed]

99. Liu, D.; Ye, J.; Yan, Y.; Chen, Y.; Wang, H.; Wang, M.; Feng, Y.; Li, R.; Xu, X.; Jiang, Y.; et al. Ramulus mori (Sangzhi) alkaloids
regulates gut microbiota disorder and its metabolism profiles in obese mice induced by a high-fat diet. Front. Pharmacol. 2023, 14,
1166635. [CrossRef]

100. Albuquerque, B.R.; Heleno, S.A.; Oliveira, M.; Barros, L.; Ferreira, I. Phenolic compounds: Current industrial applications,
limitations and future challenges. Food Funct. 2021, 12, 14–29. [CrossRef]

101. Anand, P.; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of curcumin: Problems and promises. Mol. Pharm.
2007, 4, 807–818. [CrossRef]

102. Yan, C.; Zhang, Y.; Zhang, X.; Aa, J.; Wang, G.; Xie, Y. Curcumin regulates endogenous and exogenous metabolism via Nrf2-FXR-
LXR pathway in NAFLD mice. Biomed. Pharmacother. 2018, 105, 274–281. [CrossRef] [PubMed]

103. Sun, Q.; Niu, Q.; Guo, Y.; Zhuang, Y.; Li, X.; Liu, J.; Li, N.; Li, Z.; Huang, F.; Qiu, Z. Regulation on Citrate Influx and Metabolism
through Inhibiting SLC13A5 and ACLY: A Novel Mechanism Mediating the Therapeutic Effects of Curcumin on NAFLD. J. Agric.
Food Chem. 2021, 69, 8714–8725. [CrossRef] [PubMed]

104. Kuo, J.J.; Chang, H.H.; Tsai, T.H.; Lee, T.Y. Positive effect of curcumin on inflammation and mitochondrial dysfunction in obese
mice with liver steatosis. Int. J. Mol. Med. 2012, 30, 673–679. [CrossRef]

105. Feng, D.; Zou, J.; Su, D.; Mai, H.; Zhang, S.; Li, P.; Zheng, X. Curcumin prevents high-fat diet-induced hepatic steatosis in
ApoE(-/-) mice by improving intestinal barrier function and reducing endotoxin and liver TLR4/NF-κB inflammation. Nutr.
Metab. 2019, 16, 79. [CrossRef]

106. Li, Y.Y.; Tang, D.; Du, Y.L.; Cao, C.Y.; Nie, Y.Q.; Cao, J.; Zhou, Y.J. Fatty liver mediated by peroxisome proliferator-activated
receptor-α DNA methylation can be reversed by a methylation inhibitor and curcumin. J. Dig. Dis. 2018, 19, 421–430. [CrossRef]
[PubMed]

107. Yu, Q.; Liu, Y.; Wu, Y.; Chen, Y. Dihydrocurcumin ameliorates the lipid accumulation, oxidative stress and insulin resistance in
oleic acid-induced L02 and HepG2 cells. Biomed. Pharmacother. 2018, 103, 1327–1336. [CrossRef]

https://doi.org/10.1371/journal.pone.0134172
https://doi.org/10.3389/fimmu.2018.01070
https://www.ncbi.nlm.nih.gov/pubmed/29881379
https://doi.org/10.1016/j.ejphar.2015.11.043
https://doi.org/10.1016/j.ejphar.2019.01.043
https://doi.org/10.1016/j.biocel.2005.09.019
https://doi.org/10.1007/s13577-017-0196-4
https://doi.org/10.3389/fphar.2022.845892
https://doi.org/10.1016/j.bbalip.2014.08.015
https://doi.org/10.1152/ajpgi.00199.2004
https://doi.org/10.1371/journal.pone.0210068
https://www.ncbi.nlm.nih.gov/pubmed/30689650
https://doi.org/10.1111/liv.12328
https://www.ncbi.nlm.nih.gov/pubmed/24119135
https://doi.org/10.3389/fphar.2020.00216
https://www.ncbi.nlm.nih.gov/pubmed/32210812
https://doi.org/10.1371/journal.pone.0030308
https://www.ncbi.nlm.nih.gov/pubmed/22348003
https://doi.org/10.3389/fphar.2023.1166635
https://doi.org/10.1039/D0FO02324H
https://doi.org/10.1021/mp700113r
https://doi.org/10.1016/j.biopha.2018.05.135
https://www.ncbi.nlm.nih.gov/pubmed/29860219
https://doi.org/10.1021/acs.jafc.1c03105
https://www.ncbi.nlm.nih.gov/pubmed/34323067
https://doi.org/10.3892/ijmm.2012.1049
https://doi.org/10.1186/s12986-019-0410-3
https://doi.org/10.1111/1751-2980.12610
https://www.ncbi.nlm.nih.gov/pubmed/29802754
https://doi.org/10.1016/j.biopha.2018.04.143


Molecules 2023, 28, 5645 26 of 28

108. Du, Y.; Paglicawan, L.; Soomro, S.; Abunofal, O.; Baig, S.; Vanarsa, K.; Hicks, J.; Mohan, C. Epigallocatechin-3-Gallate Dampens
Non-Alcoholic Fatty Liver by Modulating Liver Function, Lipid Profile and Macrophage Polarization. Nutrients 2021, 13, 599.
[CrossRef]

109. Wu, D.; Liu, Z.; Wang, Y.; Zhang, Q.; Li, J.; Zhong, P.; Xie, Z.; Ji, A.; Li, Y. Epigallocatechin-3-Gallate Alleviates High-Fat Diet-
Induced Nonalcoholic Fatty Liver Disease via Inhibition of Apoptosis and Promotion of Autophagy through the ROS/MAPK
Signaling Pathway. Oxidative Med. Cell. Longev. 2021, 2021, 5599997. [CrossRef]

110. Abunofal, O.; Mohan, C. Salubrious Effects of Green Tea Catechins on Fatty Liver Disease: A Systematic Review. Medicines 2022,
9, 20. [CrossRef]

111. Hou, C.Y.; Tain, Y.L.; Yu, H.R.; Huang, L.T. The Effects of Resveratrol in the Treatment of Metabolic Syndrome. Int. J. Mol. Sci.
2019, 20, 535. [CrossRef]

112. Wang, G.L.; Fu, Y.C.; Xu, W.C.; Feng, Y.Q.; Fang, S.R.; Zhou, X.H. Resveratrol inhibits the expression of SREBP1 in cell model of
steatosis via Sirt1-FOXO1 signaling pathway. Biochem. Biophys. Res. Commun. 2009, 380, 644–649. [CrossRef] [PubMed]

113. Ponugoti, B.; Kim, D.H.; Xiao, Z.; Smith, Z.; Miao, J.; Zang, M.; Wu, S.Y.; Chiang, C.M.; Veenstra, T.D.; Kemper, J.K. SIRT1
deacetylates and inhibits SREBP-1C activity in regulation of hepatic lipid metabolism. J. Biol. Chem. 2010, 285, 33959–33970.
[CrossRef] [PubMed]

114. Purushotham, A.; Schug, T.T.; Xu, Q.; Surapureddi, S.; Guo, X.; Li, X. Hepatocyte-specific deletion of SIRT1 alters fatty acid
metabolism and results in hepatic steatosis and inflammation. Cell Metab. 2009, 9, 327–338. [CrossRef] [PubMed]

115. Yoshizaki, T.; Milne, J.C.; Imamura, T.; Schenk, S.; Sonoda, N.; Babendure, J.L.; Lu, J.C.; Smith, J.J.; Jirousek, M.R.; Olefsky,
J.M. SIRT1 exerts anti-inflammatory effects and improves insulin sensitivity in adipocytes. Mol. Cell. Biol. 2009, 29, 1363–1374.
[CrossRef] [PubMed]

116. Pfluger, P.T.; Herranz, D.; Velasco-Miguel, S.; Serrano, M.; Tschöp, M.H. Sirt1 protects against high-fat diet-induced metabolic
damage. Proc. Natl. Acad. Sci. USA 2008, 105, 9793–9798. [CrossRef] [PubMed]

117. Yuan, W.; Zhang, M.; Wang, C.; Li, B.; Li, L.; Ye, F.; Xu, C. Resveratrol Attenuates High-Fat Diet-Induced Hepatic Lipotoxicity by
Upregulating Bmi-1 Expression. J. Pharmacol. Exp. Ther. 2022, 381, 96–105. [CrossRef]

118. Chen, S.; Zhao, X.; Ran, L.; Wan, J.; Wang, X.; Qin, Y.; Shu, F.; Gao, Y.; Yuan, L.; Zhang, Q.; et al. Resveratrol improves insulin
resistance, glucose and lipid metabolism in patients with non-alcoholic fatty liver disease: A randomized controlled trial. Dig.
Liver Dis. 2015, 47, 226–232. [CrossRef]

119. Muhammad Abdul Kadar, N.N.; Ahmad, F.; Teoh, S.L.; Yahaya, M.F. Caffeic Acid on Metabolic Syndrome: A Review. Molecules
2021, 26, 5490. [CrossRef]

120. Mu, H.N.; Zhou, Q.; Yang, R.Y.; Tang, W.Q.; Li, H.X.; Wang, S.M.; Li, J.; Chen, W.X.; Dong, J. Caffeic acid prevents non-alcoholic
fatty liver disease induced by a high-fat diet through gut microbiota modulation in mice. Food Res. Int. 2021, 143, 110240.
[CrossRef]

121. Kim, H.M.; Kim, Y.; Lee, E.S.; Huh, J.H.; Chung, C.H. Caffeic acid ameliorates hepatic steatosis and reduces ER stress in high fat
diet-induced obese mice by regulating autophagy. Nutrition 2018, 55–56, 63–70. [CrossRef]

122. Liao, C.C.; Ou, T.T.; Huang, H.P.; Wang, C.J. The inhibition of oleic acid induced hepatic lipogenesis and the promotion of lipolysis
by caffeic acid via up-regulation of AMP-activated kinase. J. Sci. Food Agric. 2014, 94, 1154–1162. [CrossRef] [PubMed]

123. Espíndola, K.M.M.; Ferreira, R.G.; Narvaez, L.E.M.; Silva Rosario, A.C.R.; da Silva, A.H.M.; Silva, A.G.B.; Vieira, A.P.O.; Monteiro,
M.C. Chemical and Pharmacological Aspects of Caffeic Acid and Its Activity in Hepatocarcinoma. Front. Oncol. 2019, 9, 541.
[CrossRef]

124. Liu, Y.; Gao, J.; Peng, M.; Meng, H.; Ma, H.; Cai, P.; Xu, Y.; Zhao, Q.; Si, G. A Review on Central Nervous System Effects of
Gastrodin. Front. Pharmacol. 2018, 9, 24. [CrossRef] [PubMed]

125. Wan, J.; Zhang, Y.; Yang, D.; Liang, Y.; Yang, L.; Hu, S.; Liu, Z.; Fang, Q.; Tian, S.; Ding, Y. Gastrodin Improves Nonalcoholic Fatty
Liver Disease Through Activation of the Adenosine Monophosphate-Activated Protein Kinase Signaling Pathway. Hepatolology
2021, 74, 3074–3090. [CrossRef] [PubMed]

126. Qu, L.L.; Yu, B.; Li, Z.; Jiang, W.X.; Jiang, J.D.; Kong, W.J. Gastrodin Ameliorates Oxidative Stress and Proinflammatory Response
in Nonalcoholic Fatty Liver Disease through the AMPK/Nrf2 Pathway. Phytother. Res. 2016, 30, 402–411. [CrossRef]

127. Rao, A.V.; Gurfinkel, D.M. The bioactivity of saponins: Triterpenoid and steroidal glycosides. Drug Metab. Drug Interact. 2000, 17,
211–235. [CrossRef]

128. Liu, H.; Yang, J.; Yang, W.; Hu, S.; Wu, Y.; Zhao, B.; Hu, H.; Du, S. Focus on Notoginsenoside R1 in Metabolism and Prevention
Against Human Diseases. Drug Des. Dev. Ther. 2020, 14, 551–565. [CrossRef]

129. Tanwar, S.; Rhodes, F.; Srivastava, A.; Trembling, P.M.; Rosenberg, W.M. Inflammation and fibrosis in chronic liver diseases
including non-alcoholic fatty liver disease and hepatitis C. World J. Gastroenterol. 2020, 26, 109–133. [CrossRef]

130. Gong, X.; Shan, L.; Cao, S.; Li, K.; Wu, Y.; Zhang, Q. Notoginsenoside R1, An Active Compound from Panax notoginseng, Inhibits
Hepatic Stellate Cell Activation and Liver Fibrosis via MAPK Signaling Pathway. Am. J. Chin. Med. 2022, 50, 511–523. [CrossRef]

131. Xu, Y.; Wang, N.; Tan, H.Y.; Li, S.; Zhang, C.; Feng, Y. Gut-liver axis modulation of Panax notoginseng saponins in nonalcoholic
fatty liver disease. Hepatol. Int. 2021, 15, 350–365. [CrossRef]

132. Duan, L.; Xiong, X.; Hu, J.; Liu, Y.; Wang, J. Efficacy and safety of oral Panax notoginseng saponins for unstable angina patients:
A meta-analysis and systematic review. Phytomedicine 2018, 47, 23–33. [CrossRef] [PubMed]

https://doi.org/10.3390/nu13020599
https://doi.org/10.1155/2021/5599997
https://doi.org/10.3390/medicines9030020
https://doi.org/10.3390/ijms20030535
https://doi.org/10.1016/j.bbrc.2009.01.163
https://www.ncbi.nlm.nih.gov/pubmed/19285015
https://doi.org/10.1074/jbc.M110.122978
https://www.ncbi.nlm.nih.gov/pubmed/20817729
https://doi.org/10.1016/j.cmet.2009.02.006
https://www.ncbi.nlm.nih.gov/pubmed/19356714
https://doi.org/10.1128/MCB.00705-08
https://www.ncbi.nlm.nih.gov/pubmed/19103747
https://doi.org/10.1073/pnas.0802917105
https://www.ncbi.nlm.nih.gov/pubmed/18599449
https://doi.org/10.1124/jpet.121.001018
https://doi.org/10.1016/j.dld.2014.11.015
https://doi.org/10.3390/molecules26185490
https://doi.org/10.1016/j.foodres.2021.110240
https://doi.org/10.1016/j.nut.2018.03.010
https://doi.org/10.1002/jsfa.6386
https://www.ncbi.nlm.nih.gov/pubmed/24027117
https://doi.org/10.3389/fonc.2019.00541
https://doi.org/10.3389/fphar.2018.00024
https://www.ncbi.nlm.nih.gov/pubmed/29456504
https://doi.org/10.1002/hep.32068
https://www.ncbi.nlm.nih.gov/pubmed/34297426
https://doi.org/10.1002/ptr.5541
https://doi.org/10.1515/DMDI.2000.17.1-4.211
https://doi.org/10.2147/DDDT.S240511
https://doi.org/10.3748/wjg.v26.i2.109
https://doi.org/10.1142/S0192415X22500197
https://doi.org/10.1007/s12072-021-10138-1
https://doi.org/10.1016/j.phymed.2018.04.044
https://www.ncbi.nlm.nih.gov/pubmed/30166105


Molecules 2023, 28, 5645 27 of 28

133. Li, X.; Li, X.; Huang, N.; Liu, R.; Sun, R. A comprehensive review and perspectives on pharmacology and toxicology of
saikosaponins. Phytomedicine 2018, 50, 73–87. [CrossRef]

134. Gao, L.L.; Li, Y.X.; Ma, J.M.; Guo, Y.Q.; Li, L.; Gao, Q.H.; Fan, Y.N.; Zhang, M.W.; Tao, X.J.; Yu, J.Q.; et al. Effect of Lycium barbarum
polysaccharide supplementation in non-alcoholic fatty liver disease patients: Study protocol for a randomized controlled trial.
Trials 2021, 22, 566. [CrossRef] [PubMed]

135. Hou, J.; Ma, R.; Zhu, S.; Wang, Y. Revealing the Therapeutic Targets and Mechanism of Ginsenoside Rg1 for Liver Damage
Related to Anti-Oxidative Stress Using Proteomic Analysis. Int. J. Mol. Sci. 2022, 23, 10045. [CrossRef]

136. Gao, Y.; Chu, S.; Shao, Q.; Zhang, M.; Xia, C.; Wang, Y.; Li, Y.; Lou, Y.; Huang, H.; Chen, N. Antioxidant activities of ginsenoside
Rg1 against cisplatin-induced hepatic injury through Nrf2 signaling pathway in mice. Free Radic. Res. 2017, 51, 1–13. [CrossRef]
[PubMed]

137. Qi, R.; Jiang, R.; Xiao, H.; Wang, Z.; He, S.; Wang, L.; Wang, Y. Ginsenoside Rg1 protects against d-galactose induced fatty liver
disease in a mouse model via FOXO1 transcriptional factor. Life Sci. 2020, 254, 117776. [CrossRef] [PubMed]

138. Xu, Y.; Yang, C.; Zhang, S.; Li, J.; Xiao, Q.; Huang, W. Ginsenoside Rg1 Protects against Non-alcoholic Fatty Liver Disease by
Ameliorating Lipid Peroxidation, Endoplasmic Reticulum Stress, and Inflammasome Activation. Biol. Pharm. Bull. 2018, 41,
1638–1644. [CrossRef]

139. Xiao, Q.; Zhang, S.; Yang, C.; Du, R.; Zhao, J.; Li, J.; Xu, Y.; Qin, Y.; Gao, Y.; Huang, W. Ginsenoside Rg1 Ameliorates Palmitic
Acid-Induced Hepatic Steatosis and Inflammation in HepG2 Cells via the AMPK/NF-κB Pathway. Int. J. Endocrinol. 2019, 2019,
7514802. [CrossRef]

140. Hou, Y.; Gu, D.; Peng, J.; Jiang, K.; Li, Z.; Shi, J.; Yang, S.; Li, S.; Fan, X. Ginsenoside Rg1 Regulates Liver Lipid Factor Metabolism
in NAFLD Model Rats. ACS Omega 2020, 5, 10878–10890. [CrossRef]

141. Han, M.; Fang, X.L. Difference in oral absorption of ginsenoside Rg1 between in vitro and in vivo models. Acta Pharmacol. Sin.
2006, 27, 499–505. [CrossRef]

142. Izar, M.C.; Tegani, D.M.; Kasmas, S.H.; Fonseca, F.A. Phytosterols and phytosterolemia: Gene-diet interactions. Genes. Nutr. 2011,
6, 17–26. [CrossRef] [PubMed]

143. Khateeb, S.; Albalawi, A.; Alkhedaide, A. Regulatory effect of diosgenin on lipogenic genes expression in high-fat diet-induced
obesity in mice. Saudi J. Biol. Sci. 2021, 28, 1026–1032. [CrossRef] [PubMed]

144. Fang, K.; Wu, F.; Chen, G.; Dong, H.; Li, J.; Zhao, Y.; Xu, L.; Zou, X.; Lu, F. Diosgenin ameliorates palmitic acid-induced lipid
accumulation via AMPK/ACC/CPT-1A and SREBP-1c/FAS signaling pathways in LO2 cells. BMC Complement. Altern. Med.
2019, 19, 255. [CrossRef] [PubMed]

145. Xu, X.; Wang, L.; Zhang, K.; Zhang, Y.; Fan, G. Managing metabolic diseases: The roles and therapeutic prospects of herb-derived
polysaccharides. Biomed. Pharmacother. 2023, 161, 114538. [CrossRef] [PubMed]

146. Masci, A.; Carradori, S.; Casadei, M.A.; Paolicelli, P.; Petralito, S.; Ragno, R.; Cesa, S. Lycium barbarum polysaccharides:
Extraction, purification, structural characterisation and evidence about hypoglycaemic and hypolipidaemic effects. A review.
Food Chem. 2018, 254, 377–389. [CrossRef]

147. Jia, L.; Li, W.; Li, J.; Li, Y.; Song, H.; Luan, Y.; Qi, H.; Ma, L.; Lu, X.; Yang, Y. Lycium barbarum polysaccharide attenuates high-fat
diet-induced hepatic steatosis by up-regulating SIRT1 expression and deacetylase activity. Sci. Rep. 2016, 6, 36209. [CrossRef]

148. Xiao, J.; Wang, F.; Liong, E.C.; So, K.F.; Tipoe, G.L. Lycium barbarum polysaccharides improve hepatic injury through NFkappa-B
and NLRP3/6 pathways in a methionine choline deficient diet steatohepatitis mouse model. Int. J. Biol. Macromol. 2018, 120,
1480–1489. [CrossRef]

149. Wang, C.M.; Yuan, R.S.; Zhuang, W.Y.; Sun, J.H.; Wu, J.Y.; Li, H.; Chen, J.G. Schisandra polysaccharide inhibits hepatic lipid
accumulation by downregulating expression of SREBPs in NAFLD mice. Lipids Health Dis. 2016, 15, 195. [CrossRef]

150. Shan, Y.; Jiang, B.; Yu, J.; Wang, J.; Wang, X.; Li, H.; Wang, C.; Chen, J.; Sun, J. Protective Effect of Schisandra chinensis
Polysaccharides Against the Immunological Liver Injury in Mice Based on Nrf2/ARE and TLR4/NF-κB Signaling Pathway. J.
Med. Food 2019, 22, 885–895. [CrossRef]

151. Feng, Y.; Li, H.; Chen, C.; Lin, H.; Xu, G.; Li, H.; Wang, C.; Chen, J.; Sun, J. Study on the Hepatoprotection of Schisandra chinensis
Caulis Polysaccharides in Nonalcoholic Fatty Liver Disease in Rats Based on Metabolomics. Front. Pharmacol. 2021, 12, 727636.
[CrossRef]

152. Qi, Y.; Gao, F.; Hou, L.; Wan, C. Anti-Inflammatory and Immunostimulatory Activities of Astragalosides. Am. J. Chin. Med. 2017,
45, 1157–1167. [CrossRef] [PubMed]

153. Zhong, M.; Yan, Y.; Yuan, H.; Rong, A.; Xu, G.; Cai, F.; Yang, Y.; Wang, Y.; Zhang, W. Astragalus mongholicus polysaccharides
ameliorate hepatic lipid accumulation and inflammation as well as modulate gut microbiota in NAFLD rats. Food Funct. 2022, 13,
7287–7301. [CrossRef]

154. Hong, Y.; Li, B.; Zheng, N.; Wu, G.; Ma, J.; Tao, X.; Chen, L.; Zhong, J.; Sheng, L.; Li, H. Integrated Metagenomic and Metabolomic
Analyses of the Effect of Astragalus Polysaccharides on Alleviating High-Fat Diet-Induced Metabolic Disorders. Front. Pharmacol.
2020, 11, 833. [CrossRef]

155. Li, Y.C.; Qiao, J.Y.; Wang, B.Y.; Bai, M.; Shen, J.D.; Cheng, Y.X. Paeoniflorin Ameliorates Fructose-Induced Insulin Resistance and
Hepatic Steatosis by Activating LKB1/AMPK and AKT Pathways. Nutrients 2018, 10, 1024. [CrossRef] [PubMed]

156. Ma, Z.; Chu, L.; Liu, H.; Wang, W.; Li, J.; Yao, W.; Yi, J.; Gao, Y. Beneficial effects of paeoniflorin on non-alcoholic fatty liver disease
induced by high-fat diet in rats. Sci. Rep. 2017, 7, 44819. [CrossRef] [PubMed]

https://doi.org/10.1016/j.phymed.2018.09.174
https://doi.org/10.1186/s13063-021-05529-6
https://www.ncbi.nlm.nih.gov/pubmed/34521466
https://doi.org/10.3390/ijms231710045
https://doi.org/10.1080/10715762.2016.1234710
https://www.ncbi.nlm.nih.gov/pubmed/27931128
https://doi.org/10.1016/j.lfs.2020.117776
https://www.ncbi.nlm.nih.gov/pubmed/32437790
https://doi.org/10.1248/bpb.b18-00132
https://doi.org/10.1155/2019/7514802
https://doi.org/10.1021/acsomega.0c00529
https://doi.org/10.1111/j.1745-7254.2006.00303.x
https://doi.org/10.1007/s12263-010-0182-x
https://www.ncbi.nlm.nih.gov/pubmed/21437027
https://doi.org/10.1016/j.sjbs.2020.11.045
https://www.ncbi.nlm.nih.gov/pubmed/33424396
https://doi.org/10.1186/s12906-019-2671-9
https://www.ncbi.nlm.nih.gov/pubmed/31519174
https://doi.org/10.1016/j.biopha.2023.114538
https://www.ncbi.nlm.nih.gov/pubmed/36931026
https://doi.org/10.1016/j.foodchem.2018.01.176
https://doi.org/10.1038/srep36209
https://doi.org/10.1016/j.ijbiomac.2018.09.151
https://doi.org/10.1186/s12944-016-0358-5
https://doi.org/10.1089/jmf.2018.4377
https://doi.org/10.3389/fphar.2021.727636
https://doi.org/10.1142/S0192415X1750063X
https://www.ncbi.nlm.nih.gov/pubmed/28830214
https://doi.org/10.1039/D2FO01009G
https://doi.org/10.3389/fphar.2020.00833
https://doi.org/10.3390/nu10081024
https://www.ncbi.nlm.nih.gov/pubmed/30081580
https://doi.org/10.1038/srep44819
https://www.ncbi.nlm.nih.gov/pubmed/28300221


Molecules 2023, 28, 5645 28 of 28

157. Zhou, Y.X.; Gong, X.H.; Zhang, H.; Peng, C. A review on the pharmacokinetics of paeoniflorin and its anti-inflammatory and
immunomodulatory effects. Biomed. Pharmacother. 2020, 130, 110505. [CrossRef]

158. Cabrera, D.; Wree, A.; Povero, D.; Solís, N.; Hernandez, A.; Pizarro, M.; Moshage, H.; Torres, J.; Feldstein, A.E.; Cabello-Verrugio,
C.; et al. Andrographolide Ameliorates Inflammation and Fibrogenesis and Attenuates Inflammasome Activation in Experimental
Non-Alcoholic Steatohepatitis. Sci. Rep. 2017, 7, 3491. [CrossRef]

159. Ran, L.S.; Wu, Y.Z.; Gan, Y.W.; Wang, H.L.; Wu, L.J.; Zheng, C.M.; Ming, Y.; Xiong, R.; Li, Y.L.; Lei, S.H.; et al. Andrographolide
ameliorates hepatic steatosis by suppressing FATP2-mediated fatty acid uptake in mice with nonalcoholic fatty liver disease. J.
Nat. Med. 2022, 77, 73–86. [CrossRef]
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