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Abstract: Non-alcoholic fatty liver disease(NAFLD) is an umbrella term for a range of diseases ranging from hepatic fat accumula-
tion and steatosis to non-alcoholic steatohepatitis (NASH) in the absence of excessive alcohol consumption and other definite liver
damage factors. The incidence of NAFLD has increased significantly in recent years and will continue to grow in the coming decades.
NAFLD has become a huge health problem and economic burden. SIRT1 is a member of Sirtuins, a group of highly conserved histone
deacetylases regulated by NAD+, and plays a vital role in regulating cholesterol and lipid metabolism, improving oxidative stress,
inflammation, and insulin resistance through deacetylating some downstream transcription factors and thus improving NAFLD.
Although there are no currently approved drugs for treating NAFLD and some unresolved limitations in developing SIRT1 activators,
SIRT1 holds promise as a proper therapeutic target for NAFLD and other metabolic diseases. In recent years, natural products have
played an increasingly important role in drug development due to their safety and efficacy. It has been discovered that some natural
products may be able to prevent and treat NAFLD by targeting SIRT1 and its related pathways. This paper reviews the mechanism of
SIRT1 in the improvement of NALFD and the natural products that regulate NAFLD through SIRT1 and its associated pathways, and
discusses the potential of SIRT1 as a therapeutic target for treating NAFLD and the effectiveness of these related natural products as
clinical drugs or dietary supplements. These works may provide some new ideas and directions for finding new therapeutic targets for
NAFLD and the development of anti-NAFLD drugs with good pharmacodynamic properties.
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Introduction

NAFLD, a metabolic syndrome characterized by hepatic steatosis and fat accumulation, has developed into the most
prevalent chronic liver disease worldwide. The incidence of NAFLD has increased significantly over the past decade,
reaching 25% in the global population and 27% in Asia. In recent years, the increase in the incidence of metabolic
complications such as obesity, type 2 diabetes, hyperlipidemia, and hypertension has also exacerbated the prevalence and
burden of NALFD. NAFLD is most likely to eventually develop into end-stage liver disease such as hepatocellular
carcinoma (HCC) and seriously endangers patients’ life safety and quality of life, causing severe economic and social
burdens."? Moreover, a population-based cohort study pointed out that NAFLD not only increases the risk of liver cancer
such as HCC but may also increase the risk of cancers in the colorectum, kidney, bladder, and uterus.’ The development
of NAFLD will cause changes in the physiological functions of the pancreas, brain and other organs, leading to insulin
resistance. This may be one of the reasons why NAFLD leads to non-metastatic bladder cancer and other extrahepatic
cancers common in the elderly.* In recent years, the term “metabolic dysfunction-associated fatty liver disease
(MAFLD)” has also been used internationally to define chronic liver disease, excluding other factors such as excessive
drinking to reflect better the disease process as well as diagnose and treat it.” Compared with “NAFLD”, “MAFLD”
emphasizes the main role of metabolic disorders such as type 2 diabetes and obesity in the occurrence, development,
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diagnosis and treatment of the disease.This term has also been recognized by more and more institutions around the
world.® Although steady progress in research on the pathogenesis, therapeutic targets, and drug development of NAFLD,
the development of some drugs has entered Phase 2 and Phase 3 clinical trials, and no drugs are currently approved to
treat NAFLD.” Therefore, due to the severe harm of NAFLD and the lack of existing therapeutic drugs, it is increasingly
important to find new therapeutic targets to provide ideas and directions for the development of new anti-NAFLD drugs.
In the past, hepatic steatosis from insulin resistance and excess fatty acids was called “first-hit”. ““Second-hit” mainly includes
liver cell damage, inflammation, fibrosis, and other pathological changes caused by oxidative stress and lipid peroxidation. The
“Second-hit” theory has gradually been replaced by the “multiple hits” theory as it is difficult to fully interpret the pathological
changes and metabolic mechanisms in the development of NAFLD. The “multiple hits” theory based on the “second hits” theory
also includes changes in gut microbiota, nutritional factors, endoplasmic reticulum stress, mitochondrial dysfunction, lipotoxicity,
and genetic and epigenetic factors.® Therefore, regulating lipid and cholesterol metabolism, reducing hepatic steatosis and
oxidative Stress, anti-inflammation, and improving fatty acid oxidation(FAO) and insulin resistance(IR) is the focus of developing
drugs for preventing and treating NAFLD to minimize potential morbidity and mortality in the patient population (Figure 1).
In recent studies, it has been found that sirtuins (SIRTs) play a crucial role in the course of treatment of diseases related to
metabolic syndrome. Sirtuins have an essential role in the dynamic pathophysiology of NAFLD. SIRTs are NAD +
(nicotinamide adenine dinucleotide) -dependent histone and protein deacetylases that are highly conserved and classified as
class III histone deacetylases (HDACs). They also belong to silent information regulator 2 (Sir2). Previous studies have
identified seven mammalian sirtuin homologs (SIRT1-7). There are different subcellular regions where they are located,;
among them, SIRT1 is distributed in the nucleus and cytoplasm. SIRT1 is a protein that regulates adipocyte accumulation and
maturation, hepatic lipid metabolism, and systemic inflammation due to its therapeutic activity on insulin sensitivity,
antihyperlipidemic activity on lipid homeostasis, anti-inflammatory activity, antiaging activity, and positive effects on
autophagy, apoptosis and cancer. So far, SIRT1 is the most extensively studied among the sirtuins in the pathophysiology
of many metabolic diseases, especially NAFLD. SIRT1 deacetylates cellular proteins, thereby linking the metabolic state of
the cell to protein function.” SIRT1 is expressed in the liver, pancreas, adipose tissue, muscle, and heart and plays a vital role in

maintaining metabolic functions through its capacity for protein deacetylation. Recent studies have shown that SIRT1 is
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Figure | The occurrence and development of NAFLD are currently caused by “multiple hits”. On the one hand, excessive intake of fat and sugar in daily diet will lead to
adipose tissue dysfunction and increased De novo lipogenesis (DNL) activity, leading to an increase in free fatty acids (FFAs) in the liver. On the other hand, insulin resistance
leads to increased lipolysis in adipose tissue, which in turn leads to more FFAs being transported into the liver. Excessive FFAs in the liver will not only lead to an increase in
Triglycerides (TG) accumulation but also lead to mitochondrial dysfunction and lipotoxicity, which will lead to the generation and development of oxidative stress,
endoplasmic reticulum stress and an increase in pro-inflammatory factors in the liver. Excessive FFAs in the liver will not only lead to an increase in TG accumulation but also
lead to mitochondrial dysfunction and the production of lipotoxic lipids, which will lead to the generation and development of oxidative stress and endoplasmic reticulum
(ER) stress and an increase in pro-inflammatory cytokines in the liver. Ultimately, the development of liver inflammation, liver fibrosis, and an increase in hepatocyte
autophagy lead to the occurrence and development of NAFLD. In addition, some special intestinal microbiota can lead to the development of NAFLD by increasing energy
intake and liver fat production. Genetic variations such as single nucleotide polymorphisms can lead to increased flux of FFAs and increased liver fibrosis, which in turn leads
to the occurrence and exacerbation of NAFLD.

Abbreviations: DNL, De novo lipogenesis; FFA, free fatty acid; TG, Triglyceride; TG; ROS, Reactive oxygen species.

required for lipid/cholesterol homeostasis and insulin sensitivity through its protective actions on mitochondrial biogenesis
and beta-oxidation.'® Moreover, SIRT1 and its activators indirectly reduce oxidative stress through its anti-inflammation effect
and contribute to improving obesity, hypertension, cardiovascular protection, apoptosis, and autophagy. A recent clinical study
has shown that levels of SIRT1 in patients with NAFLD were markedly reduced, and activating SIRT1 and its associated
pathways with drugs can significantly reduce the severity of NAFLD."

Although there are no FDA-approved SIRT1-related drugs, studies have shown that the activation of SIRT1 may play
a role in the treatment of NAFLD by affecting the pathogenic molecular cascade and therapeutic mechanism of NAFLD.
Besides, many natural products are reported to act on SIRT1 and its signaling pathway to prevent or alleviate NAFLD. In
this review, we will summarize the mechanisms by which SIRT1 and its signaling pathways play a role in preventing and
treating NAFLD and natural products in preventing and treating NAFLD via the SIRT1 and its pathway, and evaluate the
possibility of SIRT1 as a target for the prevention and treatment of NAFLD and search for relevant natural products that
have the potential to be developed as drugs for metabolic diseases.

The Role of SIRTI and Its Downstream Targets in the Occurrence,
Development and Treatment of NAFLD

De Novo Lipogenesis

De novo lipogenesis(DNL), a metabolic pathway active primarily in the liver and adipose tissue, is the process of
converting excess carbohydrates to fatty acids, followed by esterification into triglycerides(TG), and then provides energy
to the body through beta-oxidation. DNL disorders are closely related to the occurrence and development of obesity,
NAFLD and other metabolic syndromes.'? Hepatic DNL is one of the crucial factors for lipid accumulation in NAFLD
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patients, and its increased activity may lead to excessive release of fatty acids and hepatic steatosis. Therefore, DNL
plays an essential role in the actiology of fatty liver disease and is promising to be a therapeutic target for NAFLD.'?
Sterol regulatory element-binding protein-1c (SREBP-1c), primarily expressed in the liver, can control glucose synthesis
of lipids in the liver and promote hepatic TG synthesis.'* Carbohydrate response element-binding protein (ChREBP),
a central regulator of de novo fatty acid synthesis in the liver, is another master lipogenic transcription factor and
regulates the expression of critical genes involved in glucose and lipid metabolism.'®> Under the induction of glucose flow
and insulin signalling, ChREBP acts in synergy with SREBP-1c to fully induce the synthesis of TG and fatty acid, mainly
through phosphorylation and acetylation.'® Because SREBP-1c and ChREBP bind to promoter gene targets in the
nucleus, they are also positive regulators of lipogenic genes such as acetyl-CoA carboxylase 1 (ACCI), fatty acid
synthase (FAS) and Stearoyl-CoA Desaturase 1 (SCD1)."”'® High-fat diet-induced hepatic steatosis promotes increased
acetylation of SREBP-1C and CHREBP and leads to liver steatosis, insulin resistance and inflammation, which
aggravates the development of NAFLD.'**° Overexpression of SIRT1 enhances the expression of AMPK (Adenosine 5¢-
monophosphate (AMP)-activated protein kinase) through the interaction of two proteins and inhibits lipogenesis by
deacetylating SREBP-1C and CHREBP and blocking its downstream lipogenic genes.'”'? Thus, activation of SIRT]
inhibits DNL to reduce hepatic lipid accumulation and attenuate NAFLD.

In addition, SIRT1 also regulates hepatic fatty acid metabolism and lipid metabolism in hepatocytes by activating the
LKBI (Liver kinase B1) /AMPK signaling pathway and reducing FAS expression and lipid accumulation (Figure 2).

Cholesterol
N ! - Peripheral tissues and cells
P e e e e

Bile fds \\

@ SREBP 1c Hedtall®

I

I

I

|

I

I

:

I

| (ixrs) €19J (Foxos)

I

| l \

I

I

: - Apoptosis
| -
I

I

I

I

I

x,( &

| Apoptosis |

l [ Apoptosis |

g T 81
Qo

ROS

L

Figure 2 SIRT| can promote cholesterol efflux, reverse cholesterol transport (RCT), and form high-density lipoprotein (HDL) by activating liver X receptors (LXRs) and
their downstream target genes ATP-binding cassette transporter-Al (ABCAI) and ATP-binding cassette transporter-G|(ABCGI). Cholesterol synthesizes bile acids in the
liver, and activation of LXR leads to the excretion of cholesterol and bile acids from the body. SIRT| can suppress the synthesis of free fatty acid(FFA) and triglycerides(TG)
by downregulation of SREBP-1C and ChREBP and their downstream target genes acetyl-CoA carboxylase | (ACCI), fatty acid synthase (FAS), Stearoyl-CoA Desaturase |
(SCDI) to inhibit De novo lipogenesis(DNL). In addition, SIRT| can also activate LKBI/AMPK signaling pathway, thereby inhibiting the expression of FAS and reducing lipid
accumulation. SIRT| can increase the expression of PPAR-y coactivator |-o (PGC-Ia) and forkhead box O (FOXO) proteins and then activate superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPX), and other antioxidant enzyme genes to reduce the production of reactive oxygen species (ROS) and alleviate oxidative stress
and inhibit the Nuclear factor-kB (NF-kB) inflammation pathway. Moreover, PGC-la can improve mitochondrial Fatty Acid Oxidative(FAO) and reduce FFA by activating
Peroxisome proliferator-activated receptor alpha (PPARa) and reduce inflammation by inhibiting macrophage-activating protein-1 (AP-1) and its downstream target
cyclooxygenase 2 (COX2). SIRT| can also reduce oxidative stress by activating endothelial nitric oxide synthetase (eNOS) and inhibiting P53 to reduce apoptosis caused
by oxidative stress.

Abbreviations: SIRT, sirtuinl; LXRs, liver X receptors; ABCAI, ATP-binding cassette transporter-Al; ABCGI, ATP-binding cassette transporter-Gl; HDL, high-density
lipoprotein; LKBI, Liver kinase Bl; AMPK, Adenosine 5‘-monophosphate (AMP)-activated protein kinase; FAS, fatty acid synthase; SREBP-Ic, sterol regulatory element-
binding protein- | c; ChREBP, carbohydrate response element-binding protein; ACCI, acetyl-CoA carboxylase |; SCDI, Stearoyl-CoA Desaturase |; FFA, free fatty acids; TG,
triglycerides; PGC-la, PPAR-y coactivator |-a; PPARe, Peroxisome proliferator-activated receptor alpha; FAO, Fatty Acid Oxidative; FOXOs, forkhead box Os; AP-1,
macrophage-activating protein-|; COX2, cyclooxygenase 2; IL-6, interleukin 6; TNF-0, tumor necrosis factor-alpha; NF-kB, Nuclear factor-kB; SOD, superoxide dismutase;
CAT, catalase; GPX, glutathione peroxidase; ROS, reactive oxygen species; eNOS, endothelial nitric oxide synthetase.
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Cholesterol Metabolism

Excess cholesterol accumulation eventually leads to the development of NAFLD with steatosis, steatohepatitis, fibrosis
and insulin resistance.”’ The liver X receptors (LXRs) act as nuclear receptors, essential in regulating lipid homeostasis
and hepatic fat metabolism, and play a preventive and therapeutic role in various metabolic and lipid-related diseases.
LXRs promote reverse hepatic cholesterol transport by promoting the cholesterol efflux to apolipoprotein Al from
peripheral tissues and cells and form high-density lipoprotein (HDL) via ATP-binding cassette transporter-A1 (ABCA1)
and -G1 (ABCG1). Cholesterol is synthesized in the liver into bile acids, and then cholesterol and bile acids are excreted
by LXR activation. Furthermore, LXRS can also promote the conversion of cholesterol into bile acids by upregulating
the expression of cytochrome P450 7a-hydroxylase (CYP7A1).%* SIRT1 directly interacts with and deacetylates FXR at
lysine K432 and increases the expression of LXRS and its downstream target genes.'’ Although LXRs also promote
hepatic lipogenesis mainly through increasing transcription of SREBP-1¢,”* SIRT1-mediated deacetylation can down-
regulate the level of SREBP-1c, as mentioned above. At the same time, SIRT1 also regulates lipid/cholesterol home-
ostasis and improves lipid metabolic disorders by inhibiting the expression of SREBP target genes. Activation of SIRT1
leads to deacetylation of SREBP, thereby reducing hepatic lipid and cholesterol levels and attenuating hepatic steatosis.>*
Therefore, SIRT1 show beneficial effects on hepatic cholesterol metabolism to improve hepatic steatosis by enhancing
the expression of LXRS and inhibiting the expression of the SREBP gene (Figure 2).

Fatty Acid Oxidative
Fatty acid oxidative(FAO), the primary way for the liver to utilize fatty acid, is essential for energy homeostasis. Moore
MP et al* reported that increasing NAFLD severity in obese patients was closely related to mitochondrial dysfunction
and FAO impairment. In hepatocytes, FAO deficiency leads to lipid accumulation, produces excess reactive oxygen
species (ROS), and undergoes oxidative damage, thus leading to the generation or aggravation of oxidative stress and
NALFD. At the same time, the increased severity of NAFLD will also exacerbate ROS production and impaired FAO
and affect mitochondrial biogenesis, autophagy, mitophagy, fission and fusion. The PGC-10/PPAR« signaling pathway is
vital in regulating this process.”® Peroxisome proliferator-activated receptor alpha (PPARa) is a ligand-activated
transcription factor whose primary endogenous ligands include fatty acids. PPARa binding to fatty acids can activate
fatty acids catabolic genes, such as CD36 and CTPal, in the mitochondrial matrix and play a central role in
metabolism.?” SIRT1 increases the transcriptional activity of PPARa by activating its deacetylated coactivator PPAR-y
coactivator 1-o (PGC-1a), which promotes liver fatty acid oxidation, increases lipid utilization, and improves fatty liver,
thus playing a crucial role in regulating energy and hepatic lipid homeostasis.”® We propose targeting SIRT1 improves
mitochondrial function and FAO, promoting hepatic lipid metabolism and ameliorating NAFLD phenotype (Figure 2).
Moreover, SIRT1 upregulates SIRT6 expression by forming a complex with FOXO3a and NRF1 on the SIRT6
promoter, which can reduce triglyceride synthesis, enhancing FAO and alleviating fatty liver.>

Oxidative Stress

Oxidative stress can cause or aggravate liver cell damage and contributes to mitochondrial dysfunction, lipid peroxidation,
and cell apoptosis. Excessive reactive oxygen species (ROS) produced by the development of NAFLD and impaired FAO,
may also stimulate additional mitochondrial DNA (mtDNA) damage and exacerbate mitochondrial damage.’® PGC-1a and
forkhead box O (FOXO) proteins, which include FOXO1, FOXO3, FOX04 and FOXO6 are key transcription factors in
redox regulation. They can activate the transcription of antioxidant enzyme genes such as NADPH oxidase, superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX) to enhance the detoxification of oxidative stress caused
by excess ROS.*!*? Moreover, PGC-1a also activates the expression of antioxidant proteins MnSOD and NRF1 to protect
against long-term HFD-induced hepatic oxidative stress and metabolic damage. Moreover, PGC-1a also activates the
expression of antioxidant proteins MnSOD and NRF1 to protect against long-term HFD-induced hepatic oxidative stress
and metabolic damage.>* On the one hand, SIRTI physically interacts with and deacetylates PGC-1a and FOXO proteins,
which leads to the production of ROS-detoxifying enzymes, the decrease in hepatic malondialdehyde (MDA) levels and
nitric oxide synthase, and enhancement of antioxidant enzyme activities. On the other hand, SIRT1 deacetylates the p53
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tumor suppressor protein, inhibiting oxidative stress-induced apoptosis.***> SIRT1 also increases the expression of vascular
nitric oxide synthase via endothelial nitric oxide synthetase (eNOS) and improves oxidative stress.>® Several clinical studies
have shown that the activation of SIRT1 by resveratrol significantly reduces the ROS level of subjects (subjects in these
clinical trials included healthy people, diabetics, obese patients and smokers) and enhances the antioxidant effect.>”** In

summary, SIRT1 activation increases antioxidant activity and reduces lipid peroxidation and liver cell damage (Figure 2).

Inflammation

Inflammation is associated with liver damage and the development of NAFLD. Adipose tissue-derived inflammation plays
a crucial role in the pathogenesis of NAFLD. The M1 macrophages in visceral adipose tissue induce insulin resistance and
inflammation, resulting in liver inflammation.*® Nuclear factor-kB (NF-kB) and its signaling pathway are considered to be
central in the inflammatory process. Once the inflammatory response is triggered, NF-kB can be released by IkB kinase
(IKK)-mediated phosphorylation of IkB, translocated into the nucleus and then mediates recruitment of p300/CBP, and
acetylated rela/p65 to activate transcription of NF-kB and enhance the expression of genes involved in inflammatory
pathways.*® SIRT1 reduces macrophage infiltration and production of pro-inflammatory cytokines such as interleukin 6
(IL-6), tumor necrosis factor-alpha (TNF-a) in liver and adipose tissue, mainly through deacetylating NF-xB and down-
regulating its transcriptional activity. As an inhibitor of NF-kB, AMPK plays a significant anti-inflammatory role, and
PPARu interacts with P65 to inhibit the activation of NF-kB. Therefore, SIRT1 can also indirectly inhibit NF-«kB signaling
pathway by activating AMPK and PPARa.*' Furthermore, macrophage-activating protein-1 (AP-1), a transcription factor, is
involved in the expression of genes involved in inflammatory and other stimulatory responses through the action of growth
factors and cytokines. SIRT1 exerts anti-inflammatory activity by deacetylating PGC-1a and inhibiting AP-1 transcriptional
activity and the expression of its downstream inflammatory mediator cyclooxygenase 2 (COX2).** Thus, SIRT1, an essential
negative inflammatory regulator, has an anti-inflammatory effect on the inflammatory mechanism in NAFLD (Figure 2).

Insulin Resistance

Studies have shown that NAFLD is closely related to type 2 diabetes mellitus (T2DM). T2DM is a significant dangerous
factor for the progression of hepatic steatosis to steatohepatitis.** Similarly, Patients with NAFLD have a significantly
increased risk of T2DM.* The relationship between T2DM and NAFLD is associated with Insulin resistance(IR) support and
mediation. IR causes disturbance of fatty acid metabolism, leading to hepatic steatosis, inflammation, and fibrosis. Therefore,
IR is a significant risk factor for NAFLD. Meanwhile, chronic hepatitis is also an important pathophysiological mechanism of
the decrease of systemic insulin sensitivity.** Fibroblast growth factor 21 (FGF21), a hepatocyte-derived hormone, restores
glucose and lipid homeostasis and insulin sensitivity in obesity-induced diabetes. FGF21 down-regulates blood glucose,
insulin, and lipid levels and alleviates hepatic steatosis, thereby exerting therapeutic effects on NAFLD and T2DM.*® SIRT1
plays a crucial role in glucose homeostasis. SIRT1 enhances insulin sensitivity and regulates energy homeostasis and hepatic
lipid metabolism by activating FGF21.*” SIRT1 activation in the central arcuate nucleus of the hypothalamus also reduces
hepatic glucose production and increases insulin sensitivity.*® Furthermore, Overexpression of SIRT1 inhibits the NF-xB
signaling pathway and deacetylates FOXO1 as described above, so SIRT1 not only protects pancreatic beta-cells and insulin
secretion from cytokine-mediated apoptosis and damage but also regulates the production of insulin-sensitizing adipokines
such as adiponectin.**° SIRT1 activation improves insulin resistance by producing anti-inflammatory effects and enhancing
insulin sensitivity, thereby improving glucose homeostasis and mitigating the development of NAFLD (Figure 3).

Other Regulation of SIRT | Targets in NAFLD Development and
Treatment

miR-34a

MiR-34a, as a microRNA (miRNA), induces senescence and apoptosis and plays a vital role in developing metabolic
diseases, especially NAFLD. MiR-34a is a potential biomarker of NAFLD, whose expression increases in NAFLD
patients.”" A previous study showed that miR-34a directly targets NAMPT and reduces hepatic NAD+ levels and SIRT]1
deacetylase activity. Former research proves inhibition of miR-34 expression upregulates the expression of SIRT1 and
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Figure 3 SIRT| improves insulin sensitivity and lipid metabolism in the liver by activating the hepatocyte-derived hormone FGF21. Activation of SIRT| in the central arcuate
nucleus of the hypothalamus reduces glucose production in the liver and enhances insulin sensitivity. In the pancreas, SIRT| can protect pancreatic cells and insulin secretion
by inhibiting the NF-kB inflammatory signaling pathway and alleviating hepatocyte apoptosis and damage.SIRT | also enhances the excretion of insulin-sensitizing adipokines,
such as adiponectin, by deacetylating FOXO1. However, SIRT| can promote lipolysis by inhibiting PPARy and activating FOXO |/ATGL signaling pathway, thereby enhancing
the release of FFA and increasing fatty acid flux from adipose tissue to the liver; which may, in turn, cause or aggravate hepatic steatosis.

Abbreviations: SIRT, sirtuinl; FOXOI, forkhead box OI; NF-kB, Nuclear factor-kB; FGF21, Fibroblast growth factor 21; FFA, free fatty acid.

its downstream genes, thereby improving lipid metabolism, hepatocyte steatosis, inflammation, and apoptosis in
NAFLD.> ™

Furthermore, a study suggested that inhibition of p53 also induced the activation of SIRT1 and suppressed steatosis,
oxidative stress, and apoptosis in NAFLD by preventing the HFD-induced upregulation of miR-34a.>®

FLRL2

Fatty liver-related IncRNA2 (FLRL2), a potential master therapeutic target of NAFLD, can activate circadian gene aryl-
hydrocarbon receptor nuclear translocator-like (Arntl) and SIRTI, thereby participating in NAFLD pathogenesis
mediated. Chen Y et al®’ showed that FLRL2 enhancement improved NAFLD by activating the Arntl-Sirtl axis and
inhibiting lipogenesis, endoplasmic reticulum (ER) stress, and inflammation in vivo and in vitro. FLRL2 and its
downstream Arntl-Sirtl axis may become a potential therapeutic target for NAFLD.

PLINS

Perilipin 5 (PLINS), a member of the perilipin family of lipid droplet (LD)-associated proteins, is highly expressed in the
liver and protects against hepatic lipotoxicity. A previous study showed that activation of PLINS enhanced the expression
of its downstream target gene, SIRT1 and protected against palmitate-induced hepatocyte lipoapoptosis and inflammatory

responses.58

IGF2

Normal mitochondrial function regulates lipid metabolism in the liver and maintains its optimal state. Steatosis disrupts
mitochondrial function and oxidative metabolism, forming and exacerbating a vicious circle. Gui W et al’® found that
IGF2 knockdown in HepG2 and AML12 cells impaired mitochondrial respiration, decreased mitochondrial contents and
mitochondrial membrane potential MMP), promoted ROS production, and disrupted the balance between mitochondrial
fission and fusion. In the liver tissues of obese mice, IGF2 upregulated the expression of SIRT1 and its downstream gene
PGC-1la and improved mitochondrial functions by regulating the transcription of mitochondria and downstream ETC-
related genes, and then prevent the occurrence and development of NAFLD.
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Moreover, Zhang L et al®® showed that activation of IQGAP2 upregulated SIRT1 expression and regulated the
expression of its downstream target genes, such as SREBP and PPARa, by promoting the phosphorylation of CREB to
treat NAFLD.

Mstl overexpression upregulated the expression of SIRT1 by inhibiting SIRT1 ubiquitination and regulated hepatic
lipid metabolism in vivo and in vitro.®' Therefore, IQGAP2 and MstI are also potential targets for treating NAFLD by
regulating SIRT1 and its downstream pathways.

Natural Products That Affect the Occurrence and Development of NAFLD
by Acting on SIRTI

We reviewed a total of 36 natural products that have been shown to improve NAFLD or its related pathogenesis by
activating SIRT1 and its associated pathways in experimental animal data or cell culture (Table 1).

Natural Polyphenols

Polyphenols, found in various edible plants, can reduce the risk of various metabolic diseases, especially NAFLD.
Polyphenols have anti-inflammatory and antioxidant properties and improve lipid metabolism and insulin resistance,
thereby playing a role in preventing and treating NAFLD.'"!

Curcumin is a natural polyphenol compound extracted from turmeric that can protect the liver and prevent the
development of NASH because of its anti-inflammatory and antioxidant properties.'”” Lee DE et al®® found that
Curcumin upregulated the protein expression of SIRT1 and its downstream antioxidant proteins, such as SODI, by
inhibiting O-GlcNAcylation in AML12 Cells, leading to antioxidant responses in the development of NAFLD.

Resveratrol (Res), a natural polyphenol found in the skins of grapes and nuts, has anti-inflammatory, anti-tumor, anti-
diabetic and heart-protecting activities.'**

Zhu W et al®® showed that Res upregulated the protein expression of SIRT1 and AMPK and subsequently attenuated

1% also found that Res enhanced the

fat deposition and ameliorated oxidative stress in a KKAy mouse model. Tian Y et a
protein expression of SIRT1 and AMPK, thereby inhibiting the NF-kB inflammation pathway in mice with
steatohepatitis.

Zhang Y et al®® found that Res increased the protein expression and activity of SIRT1 in HepG2 cells in dose- and
time-dependent manners and mitigated the development of NAFLD by inducing autophagy via the cAMP-PRKA-AMPK
-SIRT1 signaling pathway in vitro and in vivo.
1°% showed that Res significantly elevated mRNA expression of SIRT1 in the livers of NAFLD rats.

Combined with physical activities it could enhance the effect of decreasing NAFLD-induced abnormalities. Andrade JM
168

Hajighasem A et a
et al””® also showed that oral treatment with Res upregulated SIRT1 mRNA expression and improved liver inflammation
and lipid metabolism in HFD mice.

Wang GL et al®” showed that Res notably increased the mRNA and protein expression of SIRT1 and then activated
the SIRT1-FOXO1 pathway and inhibited the expression of SREBP1 in the cell model of steatosis.

Xu K et al® found that Res significantly enhanced the mRNA and protein expression of SIRTI and reversed
hyperuricemia, improved insulin resistance, inhibited hepatic steatosis, and reduced oxidative stress and hepatic inflam-
mation in a rat model of NAFLD with hyperuricemia.

These studies collectively show that Res can increase the protein and mRNA levels of SIRT1, activate its related
pathways in vivo and in vitro, and alleviate the occurrence and development of NAFLD by reducing lipid accumulation,
promoting lipid metabolism, improving oxidative stress and insulin resistance, and anti-inflammation. In addition,
resveratrol can also play a role in improving other subtypes of metabolic syndrome, such as hyperuricemia.

However, in a randomized controlled clinical trial, Asghari S et al'® found that the serum levels SIRT1 of the study
participants receiving 600 mg pure trans-resveratrol (2 X 300 mg) daily cannot be influenced at the end of three months
of treatment. The treatment only had the effect of reducing the weight and BMI of the participants. In the future, we
should further study resveratrol’s long-term and dose-dependent effects on SIRT1 transcription and physiological levels
in clinical trials.
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Table | Natural Products That Affect the Occurrence and Development of NAFLD by Acting on SIRT |

Name Structure Classification Sources Type of Dosage Medical Effects References
Study
Curcumin Polyphenols Turmeric In vivo and In vivo: 100mg/kg/d In vitro:1 protein levels of SIRTI [62]
in vitro in vitro: 0.3,3uM
Resveratrol ) Polyphenols The skins of grapes In vivo In vivo: 2,4 g/kg In vivo:1 protein expression of SIRT| [63]
: and nuts ] ]
@ In vivo In vivo: 25 mg/kg In vivo:} mRNA levels of SIRTI [64]
|
| ] ‘ In vivo In vivo: 30mg/kg/d In vivo:1 protein expression of SIRT| [65]
]
In vivo and In vivo: 0.4% in the diet In vivo: Tprotein expression and activity of SIRT| [66]
in vitro In vitro: 20.40,80uM in vitro:1 protein expression and activity of SIRT|
In vitro In vitro: 40uM In vitro:? mRNA and protein expression of SIRT| [67]
In vivo In vivo: 30 mg/kg/d In vivo: Tprotein expression of SIRT| [68]
In vivo In vivo:100 mg/kg/d In vivo:T mRNA and protein expression of SIRT| [69]
Epigallocatechin- Polyphenols Green tea In vivo In vivo: 50mg/kg/d In vivo:Tprotein expression of SIRT| [70]
3-gallate
Salvianolic acid A Polyphenols RadixSalvia In vivo and In vivo: 20,40mg/kg/d In vivo:tprotein expression of SIRT| [711
miltiorrhiza(Danshen) in vitro In vitro: 25,50,100pM in vitro:T protein expression of SIRTI
Salvianolic acid B Polyphenols RadixSalvia In vivo and In vivo: 15,30mg/kg/d In vivo:tprotein expression of SIRT| [72]
miltiorrhiza(Danshen) in vitro In vitro: 3uyM in vitro:1 protein expression of SIRT|
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Table | (Continued).

Name Structure Classification Sources Type of Dosage Medical Effects References
Study
Carnosic acid Polyphenols The leaf of In vivo and In vivo: 30,60mg/kg/d In vivo:tprotein expression of SIRT| [55]
rt Rosmarinus officinalis in vitro in vitro: [0uM in vitro:1 protein expression of SIRT|
L(Lamiaceae)
Licochalcone A Flavonoids Licorice In vivo and In vivo: 5,10mg/kg/d In vivo: T mRNA expression and protein levels of [73]
in vitro in vitro:1.5,3,6 and 12uM SIRTI
in vitro: 1 protein levels of SIRT|
Isoliquiritigenin Flavonoids Licorice In vitro In vitro:5,10,20,50,100 and Tprotein expression of SIRT| [74]
200uM
Phloretin Flavonoids Apple trees In vivo and In vivo: 10,20mg/kg/d In vivo:? mRNA expression and protein levels of [75]
in vitro in vitro: 10,30uM SIRTI
in vitro:1 protein levels of SIRT|
Nobiletin Flavonoids Citrus fruits In vitro In vitro:50, 100,200 uM In vitro:1 protein expression of SIRT] [76]
Quercetin Flavonoids Edible plants In vivo In vivo: 15,30,60 mg/kg In vivo:] protein expression of SIRT | [77]
In vivo In vivo: 10,50 mg/kg In vivo:1 protein expression [78]
and the activity of SIRTI
Silibinin Flavonoids Silymarin In vivo and In vivo: 5mg/kg/d In vivo:1 mRNA expression and activity of SIRTI [79]
(a lipophilic milk in vitro in vitro: 25 pmol/L in vitro:T mRNA expression and activity of SIRT|

thistle extract)
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Tomatidine Alkaloid Leaves and unripe In vivo and In vivo: 5,10mg/kg In vivo:? mRNA expression of SIRT | [80]
fruit of tomatoes or in vitro In vitro: 3,10uM in vitro:1 protein level of SIRT |
eggplant
Oxymatrine Alkaloid Root of Sophora In vivo In vivo:100 mg/kg/d In vivo: 1 protein levels of SIRTI [81]
i flavescens Ait
Berberine Alkaloid Rhizoma Coptidis In vitro In vitro: 1.5, 25ug/mL In vitro:t mRNA and protein levels of SIRT | [82]
Low molecular Not found Polysaccharides Brown seaweed In vivo In vivo: 40,80 mg/kg/d In vivo:1 protein expression of SIRT| [83]
weight fucoidan Laminaria japonica
Areschoug
Angelica sinensis Not found Polysaccharides | The roots of Angelica In vivo In vivo: 80,160,320 mg/kg/d In vivo:Tprotein expression of SIRTI [84]
polysaccharide sinensis
Lycium barbarum Not found Polysaccharides Wolfberry plants In vivo and In vivo: 100,200 mg/kg In vivo:Tprotein expression of SIRTI [85]
polysaccharide in vitro In vitro: 30,100,300,600,900 in vitro:1 protein expression of SIRT|
pg/mL

Antrodan Not found Polysaccharides A. cinnamomea In vivo In vivo: 20,40mg/kg/d In vivo:1 protein levels of SIRT | [86]
a-Eleostearic acid Fatty acid Bitter melon seed oil In vitro In vitro: 25 umol/l In vitro:1 protein expression of SIRTI [87]
Glycycoumarin Coumarin Licorice In vivo and In vivo: |5mg/kg/d In vivo:Tprotein expression of SIRTI [58]

compound in vitro in vitro:1.5,3,6 and 12uM in vitro:1 protein expression of SIRTI
Ginsenoside Rb2 Triterpenoid Ginseng In vivo and In vivo: 10mg/kg In vivo:Tprotein expression of SIRTI [88]

saponin in vitro In vitro: 10,50umol/L in vitro:1 protein expression of SIRTI

(Continued)
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Table | (Continued).

Name Structure Classification Sources Type of Dosage Medical Effects References
Study
Ginsenoside Rg2 Triterpenoid Ginseng In vivo and In vivo: 5,10mg/kg/d In vivo: Tprotein expression of SIRT| [89]
& saponin in vitro In vitro: 25uM in vitro:1 protein expression of SIRT|
Dioscin Steroid saponin Roots of Dioscorea In vivo and In vivo:20,40,80mg/kg/d for In vivo:1 protein levels of SIRT | [90]
s plants in vitro mice Tthe levels of SIRTI in plasma
e & ' 15,30,60mg/kg for rats in vitro: 1 protein levels of SIRTI
in vitro:125, 250 and 500 ng/
mL for primary cultured
hepatocytes; 150, 300 and
600 ng/mL for AML-12 cells;
200, 400 and 800 ng/mL for
HepG-2 cells
Acanthoic acid Terpenoids Acanthopanax In vivo In vivo: 20,40 mg/kg In vivo:1 protein levels of SIRT | [on
I~ koreanum Nakai
A (Araliaceae)
Atractylenolide llI Terpenoids Atractylodes In vivo and In vivo:10mg/kg In vivo:t protein levels of SIRTI [92]
| N
macrocephala koidz in vitro in vitro:12.5,25,50pg/mL in vitro:1 protein levels of SIRT|
Pinolenic acid Polyunsaturated | Pine nuts oil in Pinus In vitro In vitro: 10,15,20,25uM In vitro:1 protein levels of SIRTI [93]
fatty acid koraiensis
(-)-Epicatechin Flavanol Plant foods In vivo In vivo: 20,40mg/kg In vivo:? mRNA and Protein expression of SIRT| [94]
3 monomer
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Mangiferin Xanthone The leaves of In vivo In vivo: 100,200mg/kg In vivo:Tprotein expression of SIRT| [95]
Mangifera indica or and in vitro: 5, 25, 50, 100 pmol/l in vitro:7 protein expression of SIRT|
the root of in vitro
Anemarrhena
asphodeloides
Purple sweet Anthocyanins Purple sweet potato In vivo In vivo: 700 mg/kg/d In vivo:Tprotein expression and activity of SIRTI [96]
potato color storage roots and in vitro: 50pg/mL in vitro:1 protein expression of SIRT|
in vitro
Acai seed extract Not found Hydroalcoholic Acai seed In vivo In vivo: 300 mg/kg/d In vivo:fprotein expression of SIRTI [97]
extract
Bitter melon Not found Extracts Bitter melon In vivo In vivo: 1.2% WIW In vivo:{ protein expression of SIRT| [98]
extract
Ethanol extract of Not found Extracts Cynanchum atratum In vivo In vivo: 100,200 mg/kg/d In vivo:T mRNA expression of SIRT| [99]
Cynanchum
atratum
P. grandiflorus Not found Extracts Platycodon In vivo In vivo: 5% WIW In vivo:} mRNA expression of SIRT| [100]

root ethanol

extract

grandiflorus root
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Green tea (GT) is among the world’s most popular beverages. Green tea has antioxidant, anti-inflammatory, anti-
diabetic and liver protective activities because it contains a high content of polyphenols.105 Torres LF et al'% found
that GT prevents NAFLD in a high-fat diet mouse model. Epigallocatechin-3-gallate (EGCQ) is the most abundant
and biologically active catechin (one of the polyphenol compounds in green tea) in green tea. It has anti-fibrotic, anti-
inflammatory and antioxidant effects in the NAFLD rat model.'®” Santamarina AB et al’® showed that EGCC
improved SIRT1 protein expression and stimulated the activation of the AMPK via LKB1 through adiponectin in
HFD-fed mice.

RadixSalvia miltiorrhiza(Danshen) is a traditional herb. Its extract has the effect of alleviating lipid accumulation in
the liver, promoting fatty acid catabolism, and attenuating cellular oxidative stress-induced liver damage.'®®

Li S et al’' showed that Salvianolic acid A (SalA), a natural polyphenolic compound extracted from RadixSalvia
miltiorrhiza, upregulated SIRT1 protein expression in a dose-dependent manner and activated the AMPK-SIRT1
signaling pathway to protect against hepatic lipotoxicity in vivo and in vitro.

Zeng W et al’? found that salvianolic acid B (SalB), a water-soluble phenolic acid extracted from Radix Salvia
miltiorrhiza, also enhanced the protein expression of SIRT1 and had a protective effect against HFD/PA-induced NAFLD
by reducing steatosis and anti-inflammation in vivo and in vitro.

Carnosic acid (CA), a phenolic compound possessing anti-steatosis and antioxidant activity, is present abundantly in
the leaf of Rosmarinus officinalis L(Lamiaceae).'® Shan W et al*> showed that CA enhanced the protein expression of
SIRT1 by inhibiting miR-34a expression in a dose-dependent manner, whether in vivo or in vitro, and then reducing the
accumulation of lipids in the body, inhibiting apoptosis, and reducing the damage of NAFLD to the body of the rat.

Natural Flavonoid
Flavonoids can produce hepatoprotective effects through their anti-inflammatory, antioxidant, anticancer, and anti-fibrotic
activities. Thus, it can alleviate the occurrence and development of various chronic liver diseases and their complications,
such as hepatitis and cirrhosis.'''"! Previous studies have shown that several natural flavonoids can improve NAFLD by
activating SIRT1.

Licorice, a commonly used traditional Chinese medicine, has anti-inflammatory and hepatoprotective activity.
Licochalcone A (LicA) and Isoliquiritigenin (ISL) are two characteristic chalcone abundant in licorice, and both have

anti-inflammatory, anti-tumor, and anti-oxidative properties.''?

Chian-Jiun Liou et al”

discovered that LicA upregulated the mRNA and protein expression of SIRT1 and reduced
lipid accumulation in the liver of HFD-induced obese mice. LicA also increased SIRT1 expression in oleic acid (OA)(0.5
mM)-induced HepG2 cells and decreased lipid accumulation dose-dependently.

Na AY et al’* showed that ISL obviously and dose-dependently upregulated protein expression of SIRT1 and protects
against ethanol-induced hepatic steatosis in AML-12 cells.

Phloretin (PT) is a flavonoid of the chalcone class derived from apple trees and has a variety of biological functions,
such as inhibiting inflammation and regulating lipid metabolism.'"* Liou CJ et al”> showed that Phloretin enhanced the
mRNA expression and protein levels of SIRT1 in HFD-induced obese mice and upregulated protein levels of SIRT1 in
OA-induced HepG2 cells, thereby improving hepatic steatosis.

Nobiletin (Nob) is a polymethoxylated flavonoid abundant in citrus fruits and exhibits antioxidant and antitumor
effects. Peng Z et al’® found that Nob inhibits the activation of inflammatory factors such as NLRP3 by upregulating
SIRT1 protein expression and ameliorated palmitic acid-induced lipotoxicity in AML-12 cells.

Quercetin, a typical flavonol-type flavonoid, is abundant in various edible plants and has antioxidant, anti-
inflammatory, hypolipidemic, anti-apoptosis and hepatoprotective activities.''* Tang Y et al”’ showed that Quercetin
upregulated SIRT1 protein expression and attenuated hepatic lipid accumulation and inflammatory responses in HFD-

178

gerbils. Peng J et al’® found that Quercetin also could improve glucose and lipid metabolism disorders by upregulating

the activity and protein level of SIRT1 in diabetic rats.

Silibinin, a flavonolignan, has been used for years as a nutraceutical with solid antioxidant activity for liver

179

diseases. Salomone F et al’”” showed that Silibinin upregulated the mRNA expression and activity of SIRT1 and
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AMPK by restoring NAD+ levels and improved lipid metabolism, reduced oxidative stress and inflammation in vitro
and in vivo.

Natural Alkaloid

Tomatidine is a steroidal alkaloid extracted from a few plants in the Solanaceae family. Wu SJ et al*® showed that
tomatidine significantly upregulated the mRNA expression of SIRT1 in the liver tissue of HFD mice and markedly
enhanced the protein level of SIRT1 in oleic acid-induced FL83B cells, thus promoting the SIRT1/AMPK signaling
pathway to increase lipolysis and B-oxidation in fatty liver cells.

Oxymatrine (OMT) is a monosomic alkaloid isolated from the root of Sophora flavescens Ait and has antioxidant,
anti-inflammatory, and hepatoprotective effects.''®> Xu H et al®' showed that OMT significantly increased in protein
expression of SIRT1 and its critical downstream regulators of lipid metabolism in the liver of rats with steatosis.

Berberine(BBR) is an isoquinoline alkaloid derived from Rhizoma copies, which has been widely applied in Chinese
medicine to treat diabetes. Recent studies showed that BBR could ameliorate hepatic steatosis and insulin resistance in
NAFLD patients and animal models.''® Shan MY et al** found that BBR upregulated the mRNA and protein levels of
SIRT1 and activated the SIRT1-FoxO1-SREBP2 signal pathway, thereby reducing cholesterol synthesis in FFA-fed
HepG2 cells.

Natural Polysaccharides

Polysaccharides are polymeric carbohydrate macromolecules composed of long chains of monosaccharide units linked by
various glycosidic bonds. Many polysaccharides extracted from Chinese medicines have potential pharmacological
activities and can effectively and efficiently attenuate NAFLD.**

Low molecular weight fucoidan (LMWF) has antioxidant and anti-inflammatory activities and regulates plasma
triglycerides and total cholesterol. Zheng Y et al®® showed that LWWF markedly upregulated protein expression of
SIRT1 and its downstream target genes, such as AMPK and PGCla, thereby improving liver oxidative stress and
inflammation in a SIRT1-dependent manner in db/db mice.

Wang K et al® found that chronic administration of Angelica sinensis polysaccharide (ASP), a natural compound
derived from the roots of Angelica sinensis with bioactivity that ameliorates liver damage and oxidative stress,
effectively reduced liver lipid accumulation and steatosis in high-fat diet-fed mice. SIRT1 protein expression was also
significantly increased by ASP.

Jia L et al® showed that Lycium barbarum polysaccharide(LBP), a novel natural antioxidant, significantly increased
SIRT1 protein expression and deacetylase activity and attenuated high-fat-induced hepatic steatosis in a dose- or time-
dependent manner, both in vitro and in vivo.

Antrodan (Ant) is a B-glucan derived from Antrodia cinnamomea, which has been reported to possess anti-

inflammatory, antioxidant, and hepatoprotective activities. Chyau CC et al®*® showed that Ant enhanced protein expres-
sion of the SIRT1 and pAMPK and decreased PPARy and SREBP-1c expression, thereby significantly suppressing lipid

synthesis, hepatic steatosis, inflammation, and alleviating insulin resistance in HFD mice.

Other Natural Monomer
Bitter melon seed oil (BMSO) has anti-inflammatory properties and effectively improves hepatic steatosis. Chen GC

etal®’

found that a-Eleostearic acid (a-ESA), a special fatty acid present in abundance in BMSO, upregulated the protein

expression of SIRT1 and played an active role in enhancing lipid metabolism and lowering lipid levels in rat hepatoma

H4IIEC3 cells.
Zhang Ecta

protein expression of SIRTI via targeting the PLINS5-SIRT1 pathway and protected palmitate-induced hepatocytes

1°® showed that Glycycoumarin (GCM), a major coumarin compound isolated from licorice, upregulated

lipoapoptosis and inflammatory responses in vivo and in vitro.

Panax ginseng, one of the most famous traditional herbal tonics, has the effects of lowering blood fat and improving
insulin resistance and hepatic steatosis in the treatment of metabolic diseases. Ginsenosides, the main active ingredient of
ginseng, has anti-inflammatory effects and can prevent NAFLD.'"”
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Huang Q et al®*® showed that Ginsenoside Rb2 could restore autophagy via upregulating the expression of SIRT1 and
AMPK, thereby alleviating hepatic lipid accumulation and improving NAFLD.

Cheng B et al*’ found that Ginsenoside Rg2 treatment upregulated SIRTI expression in vivo and in vitro and
significantly increased the deacetylase activity of SIRT1, thus ameliorating high-fat diet-induced metabolic disease.

Dioscin, a steroidal saponin extracted from the roots of Dioscorea plants, has a significant role in anti-inflammatory,

anti-tumor, and hypolipidemic. Tao X et al®

showed that dioscin upregulated SIRT1 protein levels and the levels of
SIRT1 in plasma in mice and rats. In addition, dioscin significantly enhanced the expression levels of SIRT1 based on
immunofluorescence staining and Western blotting assay in primary cultured hepatocytes, AML-12, and HepG-2 cells.
Dioscin protects against NAFLD by targeting the SIRT1/AMPK pathway, reduces lipid accumulation in vivo and in vitro
and lowers serum and liver lipid levels.

Acanthoic acid (AA), a pimaradiene diterpene, can protect the liver and improve liver fibrosis in mice. Han X et al’'
showed that AA significantly upregulated the protein expression of SIRT1 in mice with NAFLD and enhanced fatty acid
homeostasis in their liver.

Atractylenolide III (ATLIII) is one of the main active products in Atractylodes macrocephala Koidz (AMK) and has
anti-inflammatory and antioxidant effects. Li Qet al®? found that ATLIII significantly upregulated the protein expression
of SIRT1 and downstream signaling molecules by activating hepatic adiponectin receptor 1 in HFD-fed induced NAFLD
mice and FFAs-induced HepG?2 cells.

Zhang J et al”® showed that Pinolenic acid, a polyunsaturated fatty acid extracted from pine nuts oil, enhanced the
protein expression of SIRT1 and AMPK in OA-induced HepG2 cells and decreased synthesis of the fatty acid chain for
lipid metabolism.

(-)-Epicatechin (EC), a flavanol monomer in plant foods such as green tea, has anti-inflammatory and antioxidant
activity.''® Cheng H et al®* showed that EC increased mRNA and protein expression of SIRT1 in a dose-dependent
manner in rats fed a high-fat diet.

Li XX et al'" showed that Sodium tanshinone ITA sulfonate(STS), a water-soluble compound derived from
traditional Chinese medicine Salvia miltiorrhiza (danshen), activated SIRT1 and p-PRKAAI1 protein expression, thereby
suppressing lipogenesis and inflammation.

Mangiferin(MGF), a natural xanthone extracted from the leaves of Mangifera indica or the root of Anemarrhena
asphodeloides, regulates lipid metabolism. Li J et al’® found that MGF upregulated the protein expression of SIRT1
in vivo, and its metabolites M1 significantly enhanced the protein expression of SIRT1 in a dose-dependent manner in
Sodium Oleate (SO)-induced HepG2 Cells.

Purple sweet potato color(PSPC), a class of natural anthocyanins, can significantly decrease some symptoms of HFD-
induced NAFLD through its anti-inflammatory, antioxidant, anti-diabetic, and hepatoprotective activities.'*° Su W et al’®
showed that PSPC alleviated oxidative stress to restore NAD-level and upregulated the protein expression and activity of
SIRT1, thereby inhibiting the pS53-apoptotic pathway and enhancing the Akt survival pathway, ultimately protecting
against HFD-induced hepatic apoptosis in vivo and in vitro.

Other Natural Plant Extracts

Tavares TB et al’’

found that agai seed extract (ASE) augmented the protein expression of SIRT1, improving oxidative
stress and hepatic lipidosis in HFD-induced obesity in male mice.

Yu Y et al’® showed that Bitter melon extract enhanced the protein expression of SIRT1 and its downstream target
genes in mice fed an HFD, thereby increasing insulin sensitivity and attenuating hepatic steatosis.

Cynanchum atratum, a medicinal herb in eastern Asia, is traditionally believed to have diuretic, detoxifying,
antipyretic, and anti-inflammatory effects. Wang JH et al®® found that ethanol extract of Cynanchum atratum(CAE)
significantly upregulated the mRNA expression of SIRT1 and other B-oxidation-related genes.

Kim YJ et al'® found that P. grandiflorus root ethanol extract (PGE) significantly upregulated mRNA expression
levels of thermogenic genes such as SIRT1 and improved glucose and lipid homeostasis in high-fat diet mice and

protected the occurrence and development of liver injury.
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Conclusions and Prospects

Due to the rising prevalence of NAFLD worldwide and the lack of available therapeutic drugs, the potential limitations of
current approaches to the prevention, diagnosis, and treatment of NAFLD are becoming increasingly apparent. The
number of NAFLD cases in China, the United States, and others will still grow. Especially in China, the number of issues
and disease burdens will increase significantly due to urbanization, ageing, and the prevalence of obesity and diabetes.
This further increases advanced liver disease and liver-related mortality and disease burden. Therefore, improving the
understanding, diagnosis and treatment of NAFLD is essential.'*' In addition, since NAFLD is often caused by
a combination of factors such as lipid accumulation, inflammation, oxidative stress and insulin resistance, and in some
clinical trials, only no more than 40% of patients can be treated with a single therapy, most patients need to take weight-
loss, blood-lipid-lowering, insulin-sensitizing drugs and liver-protecting drugs with anti-inflammatory and anti-oxidative
effects at the same time to improve the development of NAFLD and prevent complications such as liver cirrhosis and
liver cancer. Thus, it is indispensable to constantly explore new therapeutic targets for NAFLD and develop new multi-
target medicinal drugs with few side effects. We summarized that SIRT1 maintain normal liver development and function
by regulating lipid and cholesterol metabolism, insulin sensitivity, hepatic oxidative stress and hepatic inflammation.
SIRT1 can deacetylate some transcriptional regulators associated with hepatic steatosis, showing potential as an
important therapeutic target for NAFLD.'*?

Due to their excellent efficacy, safety, and low cost of use, a large amount of literature data shows that many natural
products have the potential to become alternative therapies for NAFLD treatment or to be developed as anti-NAFLD
drugs through different mechanisms and have received widespread attention from many clinicians to meet the needs for
prevention and treatment of NAFLD.'?® This review summarizes 36 natural products that can alleviate NAFLD in vivo
and/or in vitro by activating SIRT1 and its related pathways. Some of these natural products, such as Resveratrol and
Silibinin, have been used as dietary supplements or drugs to prevent and improve the occurrence of and development of
NALFD, and these studies provide new ideas and research directions for preventing and treating NAFLD.

However, taking resveratrol as an example, the results of clinical trials related to treating fatty liver with natural
1'** showed that resveratrol benefits NAFLD patients by
improving liver damage and insulin resistance, lowering total cholesterol, anti-inflammation and anti-fibrosis.

products targeted by SIRTI are inconsistent. Chen S et a

Faghihzadeh F et al'* also found that resveratrol has hepatoprotective and anti-inflammatory activities, but their results

suggest that resveratrol does not improve insulin resistance. Heebell S et al'*®

showed that resveratrol not only does not
improve insulin resistance but also may cause a few adverse reactions, such as fever and bicytopenia. Even studies point
out that resveratrol can not benefit patients with NAFLD.'*” There may be several reasons for the inconsistent findings.
On the one hand, the daily dose and duration of resveratrol administration varied in these trials. For example, a previous
study showed when resveratrol was administered at moderate levels (25 mM), SIRT1 might be activated first, and then
AMPK is activated, while a high dose (50 mM) might activate AMPK directly.'*® On the other hand, activation of SIRT1
in adipocytes stimulates lipolysis by inhibiting peroxisome proliferator-activated receptor gamma (PPARY) and activating
the FOXO1/adipose triglyceride lipase (ATGL) signaling pathway, releasing large amounts of free fatty acid(FFA) into
circulation. It increases fatty acid flux from adipose tissue to the liver, which may cause or aggravate hepatic steatosis
(Figure 3). Hence, it is necessary to further elucidate the different roles of SIRT1 at the multi-organ level, especially in
the adipose tissue-liver axis associated with fatty liver.'*” In addition, although the current research has proved that many
natural products can prevent and treat diseases by activating multiple target genes, including SIRT1, in animal
experiments or cell culture, it remains unclear whether they can improve the occurrence and development of NAFLD
by activating SIRT1 and its related pathways in humans as in animal and in vitro cell experiments due to their rarity of
clinical trials.

Based on many high-quality studies and reviews in recent years, we believe that SIRT1 may be able to be used as
a promising target for the treatment of NAFLD and applied to the development of related drugs. Some natural agonists of
SIRT1 have been studied in vivo and in vitro, showing good potential for the prevention and treatment of NAFLD.
However, more clinical application research is still needed in the future. We must demonstrate the safety and efficacy of
these natural products for disease prevention and treatment in clinical applications and further understand the optimal
dosage of these natural products to ensure their proper biological activity. Although most of these natural agonists of
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SIRT1 summarized in this paper cannot be directly applied in the clinic, they provide a new idea for developing anti-
NAFLD drugs with more favorable pharmacokinetic and pharmacodynamic properties.

Abbreviations

NAFLD, Non-alcoholic fatty liver disease; FFA, free fatty acids; MAFLD, metabolic dysfunction-associated fatty liver
disease; SIRTs, sirtuins; HDACs, histone deacetylases; Sir2, silent information regulator2; DNL, De novo lipogenesis;
TG, triglycerides; SREBP-1c, sterol regulatory element-binding protein-1c; ChREBP, carbohydrate response element-
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