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Nonalcoholic fatty liver disease (NAFLD) is one of the most common causes of liver diseases, and its prevalence
continues to increase worldwide. NAFLD is a spectrum of liver diseases that occur in the absence of other known causes,
such as excess alcohol use. Since NAFLD is a metabolic disease, it has been recently renamed metabolic-associated
fatty liver disease (MAFLD).
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1. Current Interventions in the Management of Nonalcoholic Fatty Liver
Disease

1.1. Lifestyle Interventions

Lifestyle interventions have positively impacted nonalcoholic fatty liver disease (NAFLD) even in the absence of weight
loss WIAE!, |t s now recognized that a 5% weight reduction is associated with reduced liver fat and improved liver injury
while body weight loss of >7% body weight improved NASH based on histology RBIBIEIZ  |mportantly, weight loss
percentage correlated with improved NASH histologic parameters Bl While inflammation is essential for disease
progression, the strongest predictor of mortality in patients with NASH is hepatic fibrosis B2, Among patients who lost
~10% body weight, 90% showed improved NASH, and about ~45% showed fibrosis regression 19 | jfestyle
interventions involving a combination of calorie restriction and exercise have a higher impact on reducing liver fat 19,
However, more than 50% of patients included in clinical trials could not achieve this weight loss level L1, Therefore, even
though lifestyle interventions positively impacted NAFLD, sustained lifestyle changes are difficult to achieve 22,

Dietary interventions improve NAFLD with or without physical activity; however, the composition of the diet and the dietary
pattern is still a matter of debate B3] The picture is a little clearer with exercise interventions, as there is agreement
that, in most clinical and preclinical studies, all exercise modalities and intensities are beneficial in NAFLD. Exercise has
been shown to decrease hepatic steatosis, liver enzymes, blood glucose, and insulin and improve lipid profile, with or
without dietary interventions [EIILA14] Eyen without weight loss, regular exercise reduced hepatic lipids E3II268], Exercise
modulates FA synthesis and oxidation, mitochondria bioenergetics, and structure in the liver, thus preventing liver damage
(L5]17I18J19] Exercise reduces hepatic fat by 1) down-regulating FA synthesis and upregulating FA oxidation, 2) decreasing
oxidative stress and increasing antioxidant enzymes, and 3) reducing inflammation 221, However, further research is
needed to understand the underpinning mechanisms involved in the role of mitochondria and the
epigenetics/posttranslational related mechanisms involved in the liver adaptation to lifestyle interventions. The 2018
ASSLD practice guidance states that weight loss reduces hepatic steatosis, achieved with hypocaloric diet, increased
physical activity, or both. A combination of hypocaloric diet and moderate-intensity exercise is likely to result in sustained
weight loss over time. Body weight loss of 3-5% improves steatosis, 7-10% body weight loss is needed to improve and
including fibrosis 221,

1.2. Bariatric Surgery

Bariatric surgery is now recommended as an effective approach to treating clinically severe obesity and its complications
(23124] Based on liver biopsy, bariatric surgery in morbidly obese patients improves steatosis, NASH, and liver fibrosis in
30% of patients, 22, However, despite the significant benefit of bariatric surgery for resolving NASH, the risk of these
surgeries currently excludes their use as first-line therapy for NAFL and NASH patients.



1.3. Pharmaceutical Therapies

As of now, no pharmacological treatment is approved to treat NAFLD. Better understanding of the pathogenesis of NAFLD
has led to the investigation of potential drug molecules in clinical trials, to determine their efficacy and safety in the
resolution of steatohepatitis and fibrosis. These drug molecules target several aspects of metabolic disruption including
lipotoxicity, oxidative stress, mitochondrial dysfunction, and fibrosis. The drugs currently used for the treatment of NAFLD
include off label treatments such antioxidant (VitE) and antidiabetic drugs such as pioglitazone. The farnesoid X receptor
agonist obeticholic acid (OCA), the thyroid hormone receptor THRB agonist (Resmetirom), and Aramchol (bile acid and
and FA conjugate, cholic acid—arachidic acid), are drugs currently in phase 3 randomized clinical trials (RCTs) for the
treatment of noncirrhotic NASH 28, Drugs in phase 3 and several drugs in phase Il phase 2 RCTs are reviewed in this
section.

Vitamin E

Vitamin E, the bioactive a-tocopherol, is a potent antioxidant that helps maintain intracellular redox status by counteracting
the increase in oxidative stress. In the PIVENS, phase 3 RCT, non-diabetic participants with NASH, based on liver biopsy,
were administered daily treatments of 30 mg Pioglitazone, 800 IU VitE, or placebo for 96 weeks. Vitamin E therapy, as
compared with placebo improved NASH. Both VitE and Pioglitazone significantly lowered ALT and AST levels, reduced
hepatic steatosis and lobular inflammation but without improvement in fibrosis scores. The side effects were weight gain
with Pioglitazone (ClinicalTrials.gov number, NCT00063622) [Z. |n the TONIC trial, VitE (800 IU/day) or metformin 500
mg twice-daily were tested against placebo in children with biopsy-proven NAFLD [28], VitE improved NASH compared to
placebo (28 The 2018 AASLD updated practice guidance stated that VitE administered at a of 800 |U/day may be
considered for this patient population. However, VitE is not recommended to treat NASH in diabetic patients, NAFLD
without liver biopsy, NASH cirrhosis, or cryptogenic cirrhosis 22, Long-term safety of high-dose vitamin E need further
evaluation for efficacy and safety. Metformin is not recommended for treating NASH in adult patients (22,

Pioglitazone, PPAR Agonist

PPAR targeting drugs, including thiazolidinediones such as Pioglitazone, are clinically used to treat T2D. In the PIVENS
trial, treatment of nondiabetic NASH subjects with Pioglitazone (30mg/day) reduced hepatic steatosis, lobular
inflammation, hepatocellular ballooning, improved insulin resistance and liver-enzyme levels, and reduced liver injury Z4.
However, Pioglitazone treatment was associated with increased body weight gain 2. Pioglitazone is contraindicated in
patients with established heart failure or with an increased risk of heart failure 23, Low dose of Pioglitazone (15mg/day) is
being evaluated in a phase Il clinical trial (Clinicaltrials.gov, NCT04501406) to evaluate the effect Pioglitazone on liver
histology in patients with NASH. Clinical trials evaluating other PPAR agonists are ongoing B%. The 2018 AASLD practice
guidance states that Pioglitazone may be used to treat patients with and without T2D, with biopsy-proven NASH. Further
pioglitazone efficacy and safety evaluation is needed. The 2018 ASSLD practice guidance states that Pioglitazone should
not be used to treat NAFLD without biopsy-proven NASH [22],

Obeticholic Acid, Farnesoid X Receptor

Farnesoid X receptor FXR is a ligand-activated nuclear receptor transcription factor abundantly expressed in the liver,
intestine, and kidney B, FXR regulates several metabolic functions, including bile acid synthesis, glucose homeostasis,
and lipid metabolism 2. Activation of FXR by ligands induces a small heterodimer partner, which suppresses CYP7A1
gene expression. CYP7AL is a rate-limiting enzyme that converts cholesterol to bile acids, inhibition of which results in the
reduced rate of bile synthesis in the liver Bl. Bile acids are FXR natural ligands. Activation of FXR in both hepatocytes
and enterocytes reduced bile acid synthesis and improved hepatic steatosis and inflammation 2. In preclinical studies,
FXR agonists have shown beneficial effect on NASH B2, |n the FLINT study 23 FXR ligand obeticholic acid (OCA) was
evaluated for the treatment of NASH (clinicaltrail.gov, NCT01265498). OCA improved NASH, fibrosis, and markers of
hepatic damage B3l REGENERATE is a phase 3 global RCT to evaluate the impact of OCA on NASH with fibrosis
(clinicaltrials.gov, NCT02548351). Histologic assessment of patients with NASH and F2-F3 fibrosis demonstrated
significant improvement in fibrosis by one stage with no resolution of NASH. The most adverse effect of OCA treatment
are high rates of pruritus 24,

Resmetirom, Thyroid Hormone Receptor THR[3 Agonists

Thyroid hormones (THSs) regulate many processes involved in hepatic TG and cholesterol metabolism. Triiodothyronine
(T3) is the major active form of THs and exerts its action by binding to two TH receptor, THRa and THR[, which act as
ligand-inducible transcription factors. THs increases influx of FAs in the liver by upregulating the expression of CD36,
FABP and lipogenic genes B2, However, THs increases TAG hydrolysis by stimulating the transcription and activities of



ATGL, therefore mediating the mobilization of free FAs from TG stores and their subsequent B-oxidation 22, THs also
downregulate stearoyl-CoA desaturase-1 (SCD1), a key enzyme involved in triglyceride biosynthesis and GPAT,
consequently limiting the storage of LDs in the liver B2, THRp is expressed in the liver while THRa is expressed in the
heart and bone. Resmetirom is a selective THR[ agonist that has been developed to specifically activate THR in the liver
and eliminate the side effects associated with the activation of THs in other tissues. Resmetirom was evaluated in adults
with NASH (clinicaltrials.gov, NCT02912260) 28, Compared to patients treated with placebo, Resmetirom reduced liver fat
on MRI-PDFF, and reduced NASH 28], Resmetirom treatment appears to be safe, the adverse effects are mild diarrhea
and nausea. Resmetirom is being evaluated in phase Il MAESTRO-NASH trial to assess its efficacy and safety of in
patients with NASH and fibrosis (clinical trial.gov, NCT03900429).

Cholic Acid-Arachidic Acid Conjugate

Aramchol is a synthetic conjugate of bile acid (cholic acid) and FA (arachidic acid) that inhibits SCD-1. Treatment of
methionine and choline deficient (MCD) mouse, a mouse model of NASH, with Aramchol improved NASH and fibrosis B2,
In the phase Il 2b RCT, Aramchol was evaluated for its efficacy and safety versus placebo, in patients with NASH who had
overweight or obesity and had confirmed prediabetes or T2D (ARREST, clinical trial NCT02279524). Aramchol (daily
doses of 400 mg or 600 mg) for 52 weeks decreased liver fat and improved liver enzymes with a trend toward higher
NASH improvement with the 600 mg dose (28 Aramchol is currently being investigated in the ARMOR phase Il clinical
trial (clinical trial.gov, NCT04104321) to evaluate its efficacy and safety in patients with NASH and F2-F3 fibrosis.

Glucagon-Like Peptide Receptor Agonist

Glucagon-like peptide (GLP-1) and glucose-dependent insulinotropic peptide (GIP) are the two primary incretin hormones
secreted by the L-cells and K-cells of the small intestine, respectively 2. GIP and GLP-1 hind to their specific G-protein
coupled receptors to initiate downstream signaling events in pancreatic B cells to stimulate glucose-dependent insulin
secretion B2, |n a phase Il study in patients with NASH and fibrosis, the GLP-1 receptor Semaglutide, improved NASH
without worsening of fibrosis 22, In the LEAN clinical trial, the GLP-1 receptor agonist Liraglutide, showed efficacy in
reducing liver fat content as well as liver enzymes in patients with NASH (clinical trial.gov, NCT01237119). Liraglutide was
safe, well tolerated, and led to histological resolution of NASH 4. Liraglutide was associated with greater weight loss but
also gastrointestinal side effects 4. The SYNERGY-NASH, a phase Il study to assess Tirzepatide, a dual GIP/GLP-1
receptor agonist in participants with NASH (clinicaltrials.gov, NCT04166773) is underway (NCT04166773). Phase Il
clinical trials using other agonists, or a combination of agonists are currently ongoing. The 2018 ASSLD practice guidance
states GLP-1 agonists are not currently considered to specifically treat liver disease in patients with NAFLD or NASH [22],

Sodium-Glucose Co-Transporter Type 2 Inhibitor

Sodium-glucose co-transporter type 2 inhibitors (SGLT2i) are used as antidiabetic drugs. SGLT2 is almost exclusively
expressed in the kidney and reabsorbs >90% of the glucose filtered at the glomerulus ¥2. Pharmacological inhibition of
SGLT2 using Dapagliflozin improved liver steatosis and attenuated liver fibrosis only in patients with significant liver
fibrosis 43, In patients with T2D and NAFLD, Dapagliflozin improved liver function parameters and decreased serum level
of hepatocytes-secreted soluble dipeptidyl peptidase-4 (DPP4) which is responsible for adipose tissue inflammation and
insulin resistance 3. A phase Ill multi-center RCT is ongoing to assess the safety and the efficacy of Dapagliflozin in
improving NASH (clinicaltrial.gov, NCT03723252). Other SGLT2i are being evaluated in phase Il clinical trials.

Fibroblast Growth Factors Activators

Fibroblast growth factors (FGFs) are a superfamily of metabolic hormones that regulate many aspects of the whole-body
health. Circulating FGF21 is liver-derived 44 put it is also expressed in several other tissues, such as the pancreas,
muscle, and adipose. FGF19 and its mouse ortholog FGF15 4] are gut-produced hormones with the highest expression
in the ileum 4], Both FGF19 and FGF21 play an important role in the liver 4445 FGF19 and FGF21 signal through FGF
receptors in the body. The activity of FGF19 and FG21 requires a transmembrane scaffold protein bKlotho (KLB) 4!,
FGF21 analogs have demonstrated efficacy in animal models and humans with NASH, and several clinical trials with
FGF21 analogs are currently underway. Two FGF21 molecule in RCTs are reviewed here, Pegbefermin and Efruxifermin.

Pegbelfermin, FGF21 Analog

Pegbelfermin, a PEGylated, recombinant human FGF21 analog, was evaluated for its efficacy and safety in a phase Il
RCT. Subcutaneous treatment with Pegbelfermin, in obese/overweight subjects with NASH, for 16 weeks reduced liver fat
measured by MRI-PDFF, improved biomarkers of metabolic function (adiponectin and lipid concentrations), and
biomarkers of fibrosis. Pegbelfermin is being evaluated for its efficacy and safety in a two phase 2b RCT in patients with



NASH and stage 3 fibrosis FALCON 1 (clinicaltrials.gov, NCT03486899), or in cirrhosis, FALCON 2 (clinicaltrials.gov,
NCT03486912).

Efruxifermin, Fc-FGF21 Fusion Protein

BALANCED, a Phase 2a RCT in patients with histologically confirmed NASH, evaluated the safety and efficacy of
fruxifermin, a long-acting Fc-FGF21 fusion protein, in a 16-week study (clinicaltrials.gov NCT03976401) 48], The treatment
with Efruxifermin was safe, except for diarrhea and nausea in approximately 30% of participants. Efruxifermin improved
NAFLD activity score (NAS) and fibrosis, reduced body weight and liver fat content, and improved circulating TG and
increased HDL.

mRNA Encoding Human FGF21

The therapeutic levels of FGF21 were achieved following subcutaneous administration of mMRNA encoding human FGF21
proteins. FGF21 mRNA was assessed following 2-weeks repeated subcutaneous injections in diet-induced obese mice,
which resulted in marked decreases in body weight, plasma insulin levels, and hepatic steatosis 44, Studies in both lean
and diet induced obesity mice showed that mMRNA encoding human proteins provided better therapeutic coverage than
recombinant proteins, in vivo suggesting that FGF 21 mRNA therapy might have the potential to treat T2D and NASH.

Statins

T2D is associated with increased risk of both cardiovascular disease (CVD), NASH and liver fibrosis. Satins are known to
lower CVD. The effect of statins on liver fibrosis and hepatic steatosis were assessed in adult patients with T2D, in a
cross-sectional study using data from the 2017-2018 cycle of the National Health and Nutrition Examination Survey
(NHANES). Statins use was associated with lower odds of advanced fibrosis 8. The updated ASSLD practice guidance
indicates that statins can be used in the treatment of dyslipidemia in patients with NAFLD and NASH. While statins may
be used in patients with NASH cirrhosis, they should be avoided in patients with decompensated cirrhosis 22, Studies
evaluating the safety and efficacy of statins in NASH and fibrosis are limited. STAT-NASH, a phase 2 RCT, is underway to
assess the treatment of NASH with statins (clinicaltrials.gov, NCT04679376).

| 2. Sirtuins as Targets for Nonalcoholic Fatty Liver Disease Treatment

SIRTs represent potential targets for the treatment of NAFLD due to their role in hepatic lipid and carbohydrate
metabolism, insulin signaling, redox signaling, and inflammation [“BABLUGAGIGAGE  SIRTs are a family of seven
members (SIRT1-7) with different cellular localization and are implicated in multiple cellular processes. SIRT1 and SIRT3
are NAD+-dependent deacetylases regulated by cellular NAD*/NADH ratio. SIRT1 and SIRT3 are upregulated by fasting,
calorie restriction, exercise, and polyphenols and downregulated by nutrient overload. This section focuses on the most
studied SIRTs, SIRT1 and SIRT3 (Figure 1 and Figure 2).
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Figure 1. Role of sirtuin (SIRT) 1 in NAFLD. Left panel: Reduced SIRT1 with nutrient overload leads to the acetylation
and inactivation of the peroxisome proliferator-activated receptor (PPAR) gamma-coactivator a (PGCla). Reduced
PGCla activity downregulates B-oxidation by reducing PPARa expression and decreasing mitochondrial biogenesis,



leading to increased lipid accumulation in LDs and hepatic steatosis. In addition, reduced SIRT1 activity decreases the
expression of the antioxidant enzymes (SOD2 and catalase), leading to increased cellular ROS. On the other hand,
reduced PGCla activity increases the expression of the transcription factor NF-kB to increase inflammatory cytokines
such as TNFa and IL6 and ROS generation. In addition, reduced AMP/ATP ratio with nutrient overload inactivates AMP-
activated protein kinase (AMPK), leading to reduced NAD/ATP ratio and reduced SIRT1 and PGC1la activities. AMPK also
directly regulates PGC1 via modulation of its phosphorylation. Reduced AMPK also reduces ACC1 phosphorylation and
increases its activity leading to increased malonyl CoA and inhibition of B-oxidation. Right panel: Upregulation of SIRT1 by
exercise, calorie restriction, and fasting upregulates SIRT1 leading to a healthier liver via opposite effects on B-oxidation,
inflammation, and ROS generation than chronic nutrient overload.
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Figure 2. Role of sirtuins (SIRT) 3 in NAFLD. Calorie overload and liver lipotoxicity downregulate SIRT3 activity leading to
the inactivation of PGCla. The inactivation of PGCla downregulates the downstream pathways, including B-oxidation,
antioxidant enzymes (superoxide dismutase (SOD)2 and isocitrate dehydrogenase (IDAH)2, the ETC, ketogenesis,
biogenesis, and mitophagy, leading to the development of hepatic steatosis, inflammation, and fibrogenesis. Activation of
SIRT3 by exercise and calorie restriction activates PGCla with opposite effects on PGC1 downstream pathways than
nutrient overload and lipotoxicity, leading to metabolic health.

2.1. SIRT1 and NAFLD

SIRT1 is found in the nucleus and shuttles between the nucleus and cytoplasm under physiological and pathological
conditions B3I56l. SIRT1 regulates, via deacetylation of transcription factors and proteins, multiple metabolic pathways in
the liver, including FA synthesis and oxidation, oxidative phosphorylation, inflammation, mitochondrial biogenesis, and
autophagy BUBSIENEE (Figure 2). The involvement of SIRTs in NAFLD has been shown in both human and animal
models of NAFLD. SIRT1 is downregulated in humans with NAFLD, and this was associated with increased expression of
lipogenic proteins, such as SREBP1, ACC, and FAS 9. Furthermore, the lack of SIRT1 catalytic activity promoted the
release of free FAs from mesenteric adipose tissue and aggravated NAFLD 6%, SIRT1 levels were low in obese
compared to lean patients and lower in obese patients with severe hepatic steatosis compared to obese patients with mild
hepatic steatosis [81. PPARy coactivator-a (PGC1la) directly coactivates multiple transcription factors, including nuclear
receptors such as PPARs, the thyroid hormone receptor, estrogen receptors, and estrogen-related receptors (ERRS). In
addition, PGC1la coactivates transcription factors such as the family of forkhead O-box (FOXO) transcription factors 62,
PGC1la activity is regulated by expression levels and posttranslational modifications such as acetylation and
phosphorylation. SIRT1 can directly deacetylate and activate PGCla 3. |n addition, SIRT1 interacts with multiple
transcriptional factors, resulting in enhanced B-oxidation and mitochondrial biogenesis 28, PPARa is a transcription factor
able to bind FAs and increase the expression of genes related to FA catabolism in the mitochondria. In fasting conditions,
SIRT1 deacetylates PGC1a, which activates PPAR-a to promote FA oxidation and ATP production B4IE3 (Figure 2).
Interestingly, SIRT1 transgenic mice have similar phenotypes to mice on a calorie-restricted diet €8, ATGL positively
regulates SIRT1 deacetylase activity to promote PGC1a signaling. ATGL increases LDs lipolysis and the activity of the
nuclear receptor PPARa to promote FA oxidation €4, Liver-specific deletion of SIRT1 resulted in fatty liver, inflammation,
and endoplasmic reticulum stress, due to impaired PPARa/PGC1la pathway 367 SIRT1/PGCla pathway mediates the
beneficial effect of antioxidant treatment on mitochondrial function and oxidative stress in hepatocytes 68, PGCila
increases the expression of ROS detoxifying enzymes such as SOD2, catalase, and antioxidant treatment improves
oxidative stress caused by excess fructose via upregulation of SIRT-1 expression 8. PGCla, SIRT1, and AMPK



represent an energy sensing network that controls metabolic homeostasis €2 (Figure 2). In addition to AMPK, cGMP,
endothelial NO synthase, and exogenous NO are all upstream mediators of PGCla and can increase mitochondrial
biogenesis via PGC1la activation 9. In high energy demands conditions, AMPK is activated by a high AMP/ATP ratio [Z4,
Once activated, AMPK turns on catabolic pathways to produce ATP while simultaneously turning off energy-consuming
anabolic processes. To perform these actions, AMPK quickly regulates metabolic enzymes through direct phosphorylation,
but additionally, AMPK can enhance SIRT1 activity by increasing cellular NAD* levels, resulting in the deacetylation of
PGC1la. Indeed, AMPK and SIRT1 share common target molecules, including PGCla, PPARy, and NF-kB [AZ3I74]
Moreover, the treatment of mice fed HFD with resveratrol, a SIRT1 activator, activated the AMPKa-SIRT1 pathway,
improved hepatic steatosis, and decreased inflammation 2. The nicotinamide phosphoribosyltransferase (NAMPT) is a
rate-limiting enzyme in NAD™ biosynthesis that regulates the activity of NAD*-dependent enzymes, such as SIRTs. SIRT1
mediates NAMPT’s effects on lipid metabolism and inflammation Z8IZAIEIS  |nhibition of NAMPT aggravated the HFD-
induced hepatic steatosis by suppressing the SIRT1-mediated signaling pathway 9. NAD* precursors improved hepatic
mitochondrial function and decreased oxidative stress in Pre-clinical NAFLD models 3. NAD* repletion, using
NAD* precursors such as nicotinamide riboside and nicotinamide mononucleotide, reduced the activation of HSCs and
prevented fibrosis and NASH progression. However, initial clinical trials have only shown modest effects when
NAD* precursors in obesity 78],

2.2. SIRT3 and Nonalcoholic Fatty Liver Disease

SIRT3 is a mitochondrial NAD+-dependent deacetylase that regulates the activity of proteins involved in cellular
metabolism BBl SIRT3 gene expresses three isoforms, the two long isoforms of murine SIRT3 proteins (M1 and M2)
are in the mitochondria. In contrast, the short form of SIRT3 protein (M3) lacks an N-terminal mitochondrial targeting
signal in the cytosol. All isoforms have deacetylase activity [B2B3IB4IBSI8E] | fasting conditions, SIRT3 upregulated pB-
oxidation and ATP production B2, suppressed ROS, and increased mitochondrial biogenesis through activation of PGCla
881 Mice deficient in SIRT3 have hyperacetylated mitochondrial proteins BZ. SIRT3 is the highly expressed sirtuin in
mouse liver Bd, SIRT3 has been shown to improve mitochondrial function and NAFLD by regulating B-oxidation,
ketogenesis, mitophagy, and the antioxidant response system (Figure 2).

SIRT3 is downregulated in human and mouse models of NAFLD. SIRT3 and PGC1a can regulate each other, and both
are reduced in HFD-fed mice [88l. Downregulation of SIRT3 with HFD feeding in mice induced hyperacetylation of
mitochondrial proteins and increased hepatic fat storage and oxidative stress (2829 (Figure 2). Exposure of mice lacking
SIRT3 to HFD further increased the acetylation status of liver proteins and reduced respiratory complexes Ill and IV
activity and increased oxidative stress 2152 palmitate-induced lipotoxicity enhances ROS production and hepatocyte
death in SIRT3-deficient primary hepatocytes [2384, SIRT3 overexpression reversed the suppression of ATP production
induced by palmitate treatment 2393 |n addition, SIRT3 overexpression repressed ROS generation 1. HFD feeding in
mice lacking SIRT3 exacerbated obesity, insulin resistance, hyper-lipidemia, hepatic steatosis, and inflammation 2S5,
Adenoviral overexpression of SIRT3 in these mice rescued the phenotype RUIR2 |n addition to its effect on the
mitochondria, SIRT3 deficiency in the liver aggravated hepatic steatosis in HFD-fed mice through upregulation of proteins
involved in the FA uptake, such as CD36 and the VLDL receptor [24],

SIRT3 activates multiple targets such as long-chain acyl-CoA dehydrogenase (LCAD) and the acetyl-CoA synthase
(AceCS) for acetyl-CoA formation 23], Researchers have recently shown that SIRT3 is downregulated in the mitochondrial
trifunctional protein heterozygous (MTP*") mice B, Overexpression of SIRT3 in MTP*~ mice deacetylates MTP,
increases hepatic levels, and increases mitochondrial function B9, SIRT3 is a positive regulator of autophagy and
macroautophagy 28!, In primary hepatocytes from HFD-fed mice and mouse hepatocytes exposed to palmitic and oleic
acid mixture, lipotoxicity decreased SIRT3 expression and lipophagic flux [28. The decrease in lipophagy further worsened
LDs accumulation, eventually leading to severe steatosis and hepatotoxicity. However, SIRT3 overexpression promoted
macroautophagy in LDs through activating AMPK 28], Treatment with Honokiol, a SIRT3 agonist, attenuated hepatic
lipotoxicity by promoting SIRT3-AMPK-mediated lipophagy on lipid droplets 28, In addition to lipophagy, SIRT3 has been
shown to regulate mitophagy. Downregulation of SIRT3 with HFD-feeding inhibited Bnip3-mediated mitophagy, causing
mitochondria-dependent hepatocyte death 23, Furthermore, SIRT3 deletion aggravated hepatic steatosis, inflammation,
and fibrogenesis in the methionine choline (MCD) mouse model of NAFLD partly by reducing the activity of the antioxidant
enzyme SOD2 97, SIRT3 over-expression alleviated the MCD-induced phenotype 4, implicating SIRT3 deletion in
NASH aggravation with MCD.

SIRTs are a potential therapeutic target for NAFLD as they protect hepatocytes against lipotoxicity 8. The current state of
sirtuin-targeted drug discovery and development has been recently reviewed in B89 Small molecule sirtuin regulators



have been developed, with a few compounds targeting human SIRTs still being in clinical development. The fundamental

issues are the identification of isoform-specific and site-specific delivery of SIRTs activators 221001,
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