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Abstract: Nonalcoholic fatty liver disease (NAFLD) is a long-lasting condition that affects the liver, destroying its
function. Liver injury can cause steatosis and inflammation, and further activation of hepatic stellate cells (HSCs)
often leads to the development of nonalcoholic liver fibrosis. The patient with NAFLD is at risk of developing
advanced liver disease and complications, such as liver failure, hepatocellular carcinoma (HCC), and portal
hypertension. Although our understanding of the cellular and molecular mechanisms of NAFLD has greatly improved
in recent years, treatment remains limited. Analysis and characterization of protein posttranslational modifications
(PTMs) could improve our understanding of NAFLD pathology and leading to the development of new and more
effective treatments. In recent years, a number of studies have described how ubiquitin-like (Ubl)-PTMs change
during NAFLD and how treatments targeting specific enzymes mediating these Ubl-PTMs can improve various liver
diseases, particularly in relation to NAFLD and nonalcoholic liver fibrosis. New strategies for evaluating modified
proteomes could provide novel insights into the roles of Ubl-PTMs in NAFLD progression and the therapeutic value

of targeting the proteins involved in these Ubl-PTMs.

Introduction

NAFLD is a long-lasting condition that affects the liver,
destroying its ability to regenerate after injury and triggering
wound healing reactions (Giannitrapani et al, 2014).
NAFLD progression involves multiple cell types and
mediators (Fig. 1) and is a major global public health
problem, with about 800 million cases worldwide and about
2 million deaths each year (Marcellin and Kutala, 2018;
Parola and Pinzani, 2019). Additionally to the global
prevalence of NAFLD and its risk factors, including obesity,
metabolic syndrome, and type 2 diabetes, means that the
prevalence of chronic liver disease (CLD) is expected to
continue to increase (Adams and Lindor, 2007).

Although our understanding of the cellular and molecular
mechanisms of NAFLD has greatly improved in recent years,
treatment for NAFLD remains limited. Analysis and charact-
erization of the protein posttranslational modifications (PTMs)
could improve our understanding of NAFLD pathology and
lead to the development of new and more effective treatments.
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In recent years, many studies have described that alterations in
ubiquitin-like (Ubl)-PTMs occur during the NAFLD process
and that targeting the specific enzymes that mediate these Ubl-
PTMs could improve NAFLD. Therefore, this review discusses
NAFLD, nonalcoholic liver fibrosis, and treatment strategies,
including the roles of Ubl-PTMs and their value in the
development of new potential treatments.

Ubiquitin-Like PTMs

The most common PTMs include ubiquitination, neddylation,
SUMOylation, phosphorylation, acetylation, glycosylation, and
hydroxylation. Many PTMs are mediated by ubiquitination, an
important system for processing abnormally folded or damaged
proteins. Unlike ubiquitination that is mainly involved in
protein degradation, neddylation and SUMOylation have
diverse roles, including directly or indirectly affecting
ubiquitination and stabilizing protein levels (Figs. 2 and 3).
Ubiquitination, SUMOylation, and neddylation are crucial
post-translational modifications that control a wide range of
biological processes, including DNA repair, transcriptional
regulation, inflammation, protein stability, and cell cycle
progression (Husnjak and Dikic, 2012; Yao et al, 2020;
Zeng et al., 2020).
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FIGURE 1. Initiation, progression, and resolution of nonalcoholic fatty liver disease (NAFLD) involving Ubl-PTMs. NAFLD is a long-lasting
condition that affects the liver, destroying its function. Liver injury can cause steatosis (hepatocytes), inflammation (hepatocytes and Kupfer
cells), liver cell necrosis, angiogenesis (HSEC), wound healing responses, and accumulation of extracellular matrix (ECM) protein (HSCs).
Liver fibrosis usually recovers after eliminating the pathogenic factors. However, if the damage persists and a chronic reaction is
established, liver fibrosis can develop into cirrhosis, which may eventually lead to loss of liver function and potential loss of reversibility.
At this stage, if the pathogenic factors are not withdrawn, the patient is at risk of developing advanced liver disease and complications,
such as liver failure, hepatocellular carcinoma (HCC), and portal hypertension. Abbreviation: CLD, chronic liver disease; NAFLD,
nonalcoholic fatty liver disease; HSEC, liver sinusoidal endothelial cell; HSC, hepatic stellate cell; HCC, hepatocellular carcinoma.
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Ubiquitination

Ubiquitin (Ub) is a small 76-amino acid protein and is a
member of the Ubl protein. Ubiquitination is reversible and
is involved in the main cellular processes that define cellular
phenotypes and behaviors. In the cell, deubiquitinating
enzymes (DUBs) offset ubiquitination (Wilson ef al., 2015).
A variety of proteins containing Ub-binding domains can
recognize Ub chains and mediate the downstream effects of
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FIGURE 2. The ubiquitin-proteasome
Q(@ system (UPS). Protein degradation
/lg by the ubiquitin-proteasome system
involves several steps. First, a Ub
activating enzyme (El) activates
ubiquitin (Ub) in an ATP-dependent
manner and connects it to the Ub-
conjugating enzyme (E2). A Ub
ligating enzyme (E3) then mediates
the transfer of the activated Ub to the
target protein. There are different
forms of ubiquitination. For example,
K11-/K48 linked polyubiquitin chains
generally target substrates for degradation
by the 26S proteosome, whereas
Ké63-linked  polyubiquitin  chains
induce receptor modulation, quality
control, signal transduction, cell cycle,
transcription regulation, immune
response, metabolism, and DNA
damage repair activation. The process
S of ubiquitination can be reversed
& by deubiquitin enzymes (DUBs).
Abbreviation: Ub, ubiquitin; E1, Ub
activating enzyme; E2, Ub coupling
enzyme; E3, Ub ligase; DUB,
deubiquitinating enzyme.
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the Ub signals (Husnjak and Dikic, 2012; Ramanathan and
Ye, 2012). The addition of Ub to a target protein is
controlled by the coordinated activities of three types of
enzymes: Ub-activating enzymes (E1), Ub-conjugating
enzymes (E2), and Ub ligases (E3) (Wilson et al., 2015). First,
the C-terminal glycine of Ub is covalently linked to the
catalytic cysteine of the El enzyme for activation. It is then
passed to the E2 Ub-conjugating enzyme to form an E2-Ub
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FIGURE 3. The pathway of SUMOylation and NEDDylation. Like ubiquitin, SUMO and NEDDS proteins are small protein tags that are
conjugated to proteins to modify their function. Three different SUMO proteins, SUMO1, SUMO2, SUMO3, are conjugated to proteins.
These SUMO proteins have distinct functions, with SUMO1 conjugated to proteins as a monomer, while SUMO2 and SUMO3 are
conjugated to proteins as higher molecular weight polymer with SUMOL1 terminating further SUMO addition. SUMO proteins are first
activated by adenylation by one enzyme complex (SAE1/SAE2), then transferred to the terminal amino group of a lysine side chain in
target proteins. The Nedd8 precursor molecule is activated by the hydrolysis of glycine at 76 by UCH-L3. The mature NEDD8 molecule
can form a high-energy thioester bond with the active site of UBA3 cysteine through its C-terminal glycine. Activated Nedd8 is then
transferred to UBCI12 and forms an isopeptide bond with the lysine residue of the substrate. Abbreviation: NEDD8, neural precursor cell
expressed developmentally downregulated-8; SUMO, small ubiquitin-like modifiers; SAE, sumo-activating enzyme.

thioester. The E2-Ub thioester then coordinates with the E3 Ub
ligase to transfer the Ub to the target protein (Wenzel et al,
2011). The most characteristic form of ubiquitination involves
a K48-linked poly-Ub chain, which targets the protein in
question for processing or degradation by the 26S proteasome.

In contrast, the K63-linked poly-Ub chain does not target the
protein to the 26S proteasome. Instead, this modification is
functionally similar to phosphorylation in that it can regulate
multiple signaling events, including nuclear factor (NF)-«xB
activation (Heride et al, 2014). A substrate can undergo
mono-ubiquitination or polyubiquitination through different
mechanisms. The diversity of the ubiquitination topology is
determined by different E2 and E3 enzyme combinations. The
reversible nature of ubiquitination is very important for the
termination of signaling events, editing Ub modifications, and
Ub recovery (Kulathu and Komander, 2012; Wenzel et al., 2011).

Neddylation and SUMOylation

Ubiquitin-like proteins (Ubls) are a family of small proteins
involved in PTMs, whose name is derived from ubiquitin,
the first discovered member of the family. In addition to

ubiquitin, the human genome encodes at least eight
different Ubl families (Cappadocia and Lima, 2018).

Neural precursor cell-expressed developmentally
downregulated 8 (NEDD8) is composed of 81 amino
acids and is covalently bound to target proteins to
participate proteins PTM, in a process known as
Neddylation (Dye and Schulman, 2007; Mendoza et al., 2003).
Similar to the multienzyme cascade of ubiquitination, the
enzymes involved in the neddylation reaction include Nedd8
activating enzymes 1, Nedd8 conjugating enzymes 2, and
Nedd8 ligase enzymes 3. E3 ligase enzymes come from a
variety of families, including the Cullin-Ring family and the
non-Cullin Hect family. However, neddylation is mainly linked
to Cullin-Ring family C-terminal residues, thereby activity
Cullin activities and regulating target protein ubiquitination
levels (Dye and Schulman, 2007; Rabut and Peter, 2008).

Small ubiquitin-related modifier (SUMO) is a highly
conserved post-translational modification protein found in
eukaryotes (Cappadocia and Lima, 2018). To date, at least
five SUMO isoforms have been identified, including
SUMO1, SUMO2, SUMO3, SUMO4, and SUMOS5 (Pichler
et al, 2017). All SUMO proteins undergo the same
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enzymatic catalysis of binding and dissociating with the
substrate. SUMOylation is achieved through the cooperative
action of three enzymes: ubiquitin-activating enzyme (E1),
ubiquitin-transferring enzyme (E2), and ubiquitin ligase (E3).
Specifically, the E1 activating enzyme catalyzes the formation
of thioester bonds between the SUMO active cysteine and
UBA2 in an ATP-dependent manner and subsequently
transfers to the E2 binding enzyme in order to form
E2-SUMO thioesters. The E3 ligase then recruits E2-SUMO
thioesters and substrates to form complexes to increase
specificity (Dohmen, 2004; Gareau and Lima, 2010).
However, the E2 enzyme can specifically recognize SUMO
and bind it to the substrate without E3 ligase action (Hoeller
et al., 2007). Furthermore, SUMOylation may also influence
ubiquitination and protein stability indirectly.

NAFLD etiology and pathophysiology
NAFLD is one of the most important public health issues
worldwide in the 21st century. In recent years, with the
acceleration of urbanization and changes in people’s
lifestyles and diet, the incidence of NAFLD has rapidly
grown. NAFLD is now recognized as the most common
form of CLD in adults and children worldwide (Nobili
et al., 2016; Perumpail et al, 2017). NAFLD occurs as the
result of a combination of genetic, environmental, and other
factors, and its pathogenesis is very complicated. The most
well-known the theories of NAFLD development is the
“second strike” theory proposed by Day and James (Day
and James, 1998). The second-strike theory describes the
formation of simple fatty liver in hepatocytes caused by
insulin resistance and lipid metabolism disorders are the
first attack. The second attack involves the processes of
oxidative stress and lipid peroxidation damage caused by
various means, leading to non-alcoholic steatohepatitis, liver
fibrosis, and fatty cirrhosis (Koyama and Brenner, 2017).
The forms of NAFLD include simple fatty liver and NASH
caused by liver lipid accumulation, and typical pathological
features vary based on the underlying pathogenesis. Studies
have shown that simple fatty liver is a benign disease, but
NASH (involving hepatocellular injury and inflammatory
responses) can progress to more severe conditions, including
liver fibrosis, cirrhosis, or liver cancer (Brown and Kleiner,
2016). Although several drugs are being evaluated for NASH
treatment, none have yet been approved.

Ub-mediated PTMs in NAFLD

Ubiquitination involves Ub activation (E1), binding (E2),
ligation (E3), and various eukaryotic physiological processes
are regulated by the continuous action of the three types
that mediate these steps. Over the past few decades,
extensive studies have been conducted on PTMs,
particularly Ub-mediated PTMs, and their roles in the
development and progression of NAFLD (Tab. 1).

E3 Ub ligases are important across the entire UPS.
Therefore, many studies have explored the role of various
E3 Ub ligases in NAFLD and their potential mechanisms of
action. A recent study showed that tripartite motif 8
(TRIMS8), an E3 Ub ligase, can directly bind to and
ubiquitinate transforming growth factor P-activated kinase 1
(TAK1) to promote its phosphorylation and the activation
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of c-Jun N-terminal kinase (JNK)/p53 and NF-«B signaling.
In mice, this exacerbates NASH and complications
associated with a high-fat diet (HFD) and genetic defects
(ob/ob) (Yan et al, 2017). In a study of obese mice,
upregulated KCTD17 (which is involved in ubiquitination)
in the liver binds phosphorylated PHLPP2 and leads to its
degradation,  causing lipogenesis  regulatory  gene
upregulation and promotion of hepatic steatosis (Kim et al,
2017). The three PPAR subtypes, PPARa, PPARy, and
PPARP/S, play integral roles in inflammation and metabolic
signal network integration, and they have been widely
investigated as targets for the treatment of metabolic
diseases (Gross et al, 2016). Several E3 Ub ligases are
involved in PPARy polyubiquitination during fat
differentiation (Kim ef al, 2013; Li et al., 2016; Watanabe
et al, 2015). Additionally, the MDM2 E3 Ub ligase can
interact with PPARa and regulate its transcriptional activity
at the cellular level (Gopinathan et al, 2009). In recent
in vivo and in vitro experiments, progestin and adipoQ
receptor 3 (PAQR3) were found to promote PPARa HUWEL1
E3 Ub ligase-mediated ubiquitination to negatively regulating
PPARa. Moreover, loss of PAQR3 alleviated hepatic steatosis
in HFD-fed mice (Zhao et al, 2018). In the liver, insulin-
induced gene (Insig) proteins negatively regulate sterol
regulatory element-binding protein (SREBP)-1C-induced lipid
synthesis, and AMPK regulates energy metabolism in response
to changes in physiological and nutritional status. Han et al.
(2019) found that Insig protein stability involves Thr222
phosphorylation by AMPK and that this phosphorylation
prevents the E3 Ub ligase glycoprotein 78 (GP78) from
ubiquitinating Insig proteins and causing their degradation.
Thus, Insig proteins can negatively regulate SREBP-1C and
lipid synthesis-related gene expression (Han et al, 2019).
Additionally, knockout of the MKRNI1 E3 Ub ligase can
reverse NAFLD by preventing AMPK ubiquitination to allow
AMPK activation, thereby promoting glucose consumption
and inhibiting lipid accumulation (Lee et al, 2018). Several
recent studies have focused on Parkin, a component of the
multiprotein E3 Ub ligase complex that is associated with liver
lipid accumulation. Earlier studies reported that Parkin
knockout in mice prevented liver lipid accumulation by
inhibiting (-catenin degradation (Lee ef al,, 2019). Similarly, in
HFD-fed mice, Parkin 2 knockout protected against diet-
induced obesity by increasing AMPK activation and
improving insulin sensitivity in the liver (Edmunds et al., 2019).

E3 Ub ligases and DUBs play important roles in
proteolysis and assembly via protein ubiquitination and
deubiquitination, respectively. In the highly dynamic
process of ubiquitination metabolism, DUBs catalyze the
removal of ubiquitin from target proteins. Relatively few
recent studies have examined the role of DUBs in NAFLD.
Ubiquitin-specific peptidase 10 (USP10) is associated with
environmental stress responses (Takahashi et al, 2013),
tumor growth (Lin et al, 2013), inflammation (Niu et al,
2013), and cell metabolism (Deng et al., 2016). USP10
expression is significantly reduced in patients with
NAFLD, obese mice, and palmitate-treated hepatocytes
(Luo et al, 2018). Furthermore, USP10 overexpression
significantly inhibits metabolic dysfunction in mice by
inhibiting the ubiquitination and degradation of sirtuin
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TABLE 1

Overview of Ubl-PTMs in NAFLD

Protein Types Targets Mechanism of action and effects References
TRIM8 E3 TAK1 Exacerbation of NASH (Yan et al,, 2017)
KCTD17 E3 PHLPP2  Upregulation of lipogenesis regulatory genes (Kim et al., 2017)
MDM2 E3 PPARa  Regulation of its transcriptional activity (Gopinathan et al,
2009)
HUWE1 E3 PPARa  Alleviation hepatic steatosis (Zhao et al., 2018)
GP78 E3 Insig Negatively regulation of SREBP-1c and the lipid synthesis related gene (Han et al., 2019)
expression
MKRN1 E3 AMPK  Promoting of glucose consumption and inhibition of lipid accumulation (Lee et al., 2018)
Parkin  E3 B-catenin Prevention of liver lipid accumulation (Lee et al., 2019)
Parkin2 E3 AMPK  Protection against diet induced obesity and improved insulin sensitivity (Edmunds et al.,
2019)
USP10 DUB SIRT6 Amelioration of hepatic steatosis (Luo et al., 2018)
USP14 DUB FAS Enhancement of the stability of FAS (Liu et al., 2018)
USP14 DUB CBP Improved hyperglycemia and glucose tolerance (Liu et al,, 2019)
NEDD8 NEDDylation SRSF3 Aggravation of hepatic steatosis (Kumar et al., 2019)
NEDD8 NEDDylation ETFs Inhibition of fatty acid p-oxidation (Zhang et al., 2020)
NEDD8 NEDDylation SREBP-  Promotion of hepatic steatosis (Ju et al., 2020)
1C
NEDD8 NEDDylation NRF2 Aggravation of NASH (Dehnad et al., 2020)
SUMO SUMOylation LRH1 Enhancement of SREBP1 processing to promote de novo lipogenesis (Stein et al., 2017)
UBC9 SUMOylation SREBP-  Inhibition of lipid production (Hirano et al., 2003)
la
SUMO  SUMOylation SHARP1 Repression of lipid droplet formation (Liu et al,, 2014)
SUMO2 SUMOylation FXR Causing liver metabolic disorders (Kim et al., 2015)

Note: TRIMS, tripartite motif 8; E3, Ub ligase; TAK1, transforming growth factor B-activated kinase 1; KCTD17, potassium channel tetramerization domain
containing 17; PHLPP2, PH domain and leucine-rich repeat protein phosphatase 2; PPARa, peroxisome proliferators activated receptors a; HUWE1, HECT,
UBA and WWE domain-containing E3 ubiquitin-protein ligase 1; GP78, Ub ligase glycoprotein 78; Insig, insulin-induced gene; MKRN1, makorin ring
finger protein 1; AMPK, AMP-activated protein kinase; USP, ubiquitin-specific peptidase; DUB, deubiquitinating enzymes; SIRTS, sirtuin 6; FAS, fatty acid
synthase; CBP, 3’,5’-cyclic monophosphate-responsive element binding protein; SRSF3, serine and arginine-rich splicing factor 3; ETFs, electron transfer
flavoprotein alpha polypeptide; SREBP, sterol-regulatory element-binding protein; NRF2, nuclear factor erythroid-2 related factor 2; LRHI, liver receptor
homolog 1; FXR, farnesoid X receptor; SHARPI, the enhancer of split and hairy related protein-1.

6 (SIRT6). This ameliorates hepatic steatosis and inhibits
the development of NAFLD in HFD-fed ob/ob mice
(Luo et al, 2018). Additionally, ubiquitin-specific
protease 14 (USP14) is a DUB that is essential for the
protease/antiprotease balance. USP14 can directly interact
with and enhance the stability of fatty acid synthase (FAS),
which plays an important role in liver steatosis (Liu et al,
2018). Liu et al. (2019) reported that liver-specific
knockout of USP14 in obese mice eliminated the effect
of ER stress on glucose metabolism and improved
hyperglycemia and glucose tolerance. USP14 was proposed
as a potential therapeutic target for obesity. In conclusion,
Ubl-PTMs play a variety of roles in fatty acid oxidation,
synthesis, oxidative stress, and insulin resistance, which are
pivotal in the development and progression of NAFLD.
These insights reveal many opportunities for the
development of relevant drugs.

NEDDS8 and SUMO-mediated PTMs in NAFLD
Ubl proteins are a small family of proteins including NEDD8
and SUMO, which are involved in ubiquitin-mediated PTMs.

The relevance of NEDD8 and SUMO in NAFLD has
been extensively studied (Tab. 1). For example, SRSF3
degradation via lysinll neddylation partially contributes to
the aggravation of hepatic steatosis and prevention of SRSF3
degradation in vivo to protect mice from NAFLD (Kumar
et al, 2019). Furthermore, another study revealed that
mouse models with liver-specific deficiency of NEDD8 or
of ubiquitin-like modifier activating enzyme 3 (UBA3),
which inhibits electron transfer flavoprotein alpha
polypeptide  (ETF), exhibit neonatal death with
spontaneous fatty liver. This occurs through the inability of
impaired ETFs, stability and inhibition of fatty acid p-
oxidation (Zhang et al., 2020). Recently, it was reported
that neddylation of SREBP-1lc regulated by the human
homolog of mouse double minute 2 (HDM2) competes with
its ubiquitination and stabilizes SREBP-1c protein levels,
eventually promoting hepatic steatosis (Ju et al, 2020).
Additionally, exposure to high AGEs promotes an AGERI/
RAGE imbalance to promote NRF2 degradation via cullin3
neddylation, eventually causing AGER1 downregulation
and NASH aggravation (Dehnad et al., 2020).
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Similar studies have examined SUMOylation. For example,
in the liver, liver receptor homolog 1 (LRH1) is an important
triglyceride ~ metabolism regulator. Mice expressing a
SUMOylation-defective LRH1 mutant developed NAFLD and
early signs of NASH. Mechanistically, this occurred via reduced
expression of oxysterol binding protein-like 3 (OSBPL3) and
enhanced SREBP1 processing to promote de novo lipogenesis
(Stein et al, 2017). Similarly, modification of SREBP-la at
lys123 and lys418 by UBC9, a SUMO-1-conjugating enzyme,
reduced its transcription activity and inhibited lipid production
(Hirano et al, 2003). Furthermore, SHARP1 SUMOylation can
repress lipid droplet formation (Liu et al, 2014). Additionally,
Farnesoid X receptor acetylation inhibits SUMO2-mediated
farnesoid X receptor (FXR) SUMOylation in obese mice,
eventually causing liver metabolic disorders (Kim et al., 2015).
These data indicate that neddylation and SUMOylation perform
their important roles in NAFLD through competitive
combination with ubiquitination substrates.

Therapeutic strategies targeting Ubl-PTMs in NAFLD

Although it was thought that NAFLD was a benign condition,
we now know that it may progress, causing more advanced
liver injury that is sometimes accompanied by complications
such as HCC and liver failure. Additionally, NAFLD has
important deleterious effects in patients with diabetes,
increasing the risk of cardiovascular complications. Many
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recent studies have explored new drugs for treating liver
disease, such as NAFLD (Fig. 4).

Nicotinic acid (NA), a naturally occurring form of
vitamin B3, is a precursor of NAD+ and its analog NADP,
both of which play vital roles in energy metabolism (Godin
et al, 2012). In addition to being a nutritional factor, NA
has been used for decades as a broad-spectrum lipid-
regulating agent, and it was the first lipid-regulating agent
identified for the prevention of cardiovascular disease
(Karpe and Frayn, 2004). Recent studies have reported the
effect of NA dietary supplementation on the development of
the fatty liver. NA supplementation significantly increased
hepatic levels of total NAD, NAD+, NADH, cytochrome
P450 4A1 (CYP4Al), and acyl-CoA oxidase 1, while
reducing the level of FAS and the CYP4A1l ubiquitination.
Nevertheless, NA supplementation clearly increased fatty
acid oxidation and decreased de novo fatty acid formation in
the liver, which can improve fatty liver (Li ef al., 2014).

Lysimachia vulgaris (LV) is a medicinal plant traditionally
used to treat gastrointestinal conditions, including diarrhea and
dysentery, and for hemostasis and wound sterilization (Kim
et al., 2019). Recently, in HFD-fed mice, LV extract reduced
fat metabolism and restored liver function to control levels.
Two LV extract compounds, loliolide and pinoresinol, were
identified in the dichloromethane fraction and significantly
reduced the expression of lipogenic factors. Importantly,

NAFLD regression
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FIGURE 4. The ubiquitin-proteasome system (UPS) and inhibitors in regulating nonalcoholic fatty liver disease (NAFLD) metabolism.
NAFLD is considered to be the result of metabolic disorders. Lipid metabolism disorders are caused by one or more abnormalities in the
liver that disrupt the regulation of fatty acid absorption mediated by CD36 and LDLR, synthesis mediated by SREBP1, ChREBP, SCD, and
FAS, B-oxidation mediated by CPT-1, and the secretion of very-low-density lipoprotein (ApoB). Nicotinic acid and arachidonic acid,
ezetimibe, melatonin, corylin, loliolide, and pineoresinol supplementation can restore the state of lipid metabolism disorders. Abbreviation:
NA, nicotinic acid; AA, arachidonic acid; ACL, ATP citrate lyase; ACC, acetyl CoA carboxylase; FAS, fatty acid synthetase; SCD, stearoyl CoA
desaturase; HSL, hormone-sensitive lipase; LDLR, low-density lipoprotein receptor; SREBP1, sterol-regulatory element-binding proteins;
CPT-1, carnitine palmitoyltransferasel; ChREBP, carbohydrate response element-binding protein.
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these compounds inhibit fat production by enhancing
ubiquitination to increase the degradation of liver X receptors
(LXRs). Thus, loliolide and pinoresinol are potential
therapeutic candidates for NAFLD as they increase LXR
ubiquitination and reduce fat production (Kim et al., 2019).

Ezetimibe can treat hypercholesterolemia by inhibiting
cholesterol absorption (Altmann et al, 2004). Long-term
combination therapy involving ezetimibe and acarbose
significantly increased hepatic expression of microsomal
triglyceride transfer protein (MTP) and PPARa compared to
the monotherapies (Nozaki et al, 2009). Recently, in a
laboratory NAFLD model, ezetimibe inhibited NAFLD
development by reducing hepatic reactive oxygen species
production and preventing MTP ubiquitination and
degradation by reducing S-phase kinase-associated protein 2
(SKP2) E3 Ub ligase and cell division cycle protein 20 (CDC20)
levels and promoting hepatic lipid release (Wang et al., 2014).

Melatonin (N-acetyl-5-methoxytryptamine) is closely
related to glucose and lipid metabolism (Pan et al, 2006;
Yin et al, 2018). Recent research has revealed the role of
melatonin in the pathogenesis and development of NAFLD.
In the HFD-induced NAFLD mouse model, melatonin
activates the B-arrestin 1 scaffold protein, allowing it to bind
to apoptosis signal-regulating kinase 1 (ASK1) and inhibit
ASK1 deubiquitination by tumor necrosis factor receptor-
associated factors (TRAFs). In this manner, melatonin
protects against the development of NAFLD (Li et al., 2019).

Other research has shown that arachidonic acid can
selectively decrease the ACSL4 protein levels in hepatocytes
by increasing its ubiquitination (Kan et al, 2014).
Considering the important role of ACSL4 in fatty acid
metabolism regulation, arachidonic acid is considered an
attractive therapeutic agent for NAFLD, type 2 diabetes, and
metabolic syndrome, and further studies are needed. In a
mice experiment, the selective HSP90P inhibitor, corylin,
specifically promoted mature SREBP ubiquitination and
proteasome degradation through the AKT-GSK3p- FBW37
pathway, reducing the lipid content of hepatocytes (Zheng
et al, 2019). Selective HSP90P inhibitors, such as corylin,
may be useful for treating metabolic diseases.

Nonalcoholic Liver Fibrosis Etiology and Pathophysiology

Liver injury can lead to steatosis and inflammation, and
further activation of HSCs often leads to the development of
nonalcoholic liver fibrosis. Liver fibrosis is a reversible
wound healing response to various chronic liver injuries.
Liver fibrosis is characterized by excessive extracellular
matrix protein deposition and structural disruption of the
liver (Hernandez-Gea and Friedman, 2011). HSCs are the
main cell source of matrix components and play a vital role
in the development and maintenance of liver fibrosis (Novo
et al., 2014; Puche et al, 2013). HSCs can be transformed
from static cells, which are rich in vitamin A, into highly
proliferative myofibroblasts, which are the key to stress fibers
accumulation and thus contribute to the development of
fibrosis (Friedman, 2008). Although liver fibrosis is reversible
(Fallowfield, 2011), and patients usually recover after the
pathogenic factors are eliminated, if the damage persists and
a chronic reaction is established, cirrhosis can develop (Yoon
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et al., 2016). At this stage, if the pathogenic factors are not
eliminated, the patient is at risk of developing advanced liver
disease and complications, including portal hypertension,
hepatic failure, and HCC (Parola and Pinzani, 2019; Yoon
et al, 2016), which are major causes of morbidity and
mortality worldwide (Seki and Brenner, 2015). Basic research
over the past two decades has provided many clues to explain
the cellular and molecular mechanisms of liver fibrosis and
has led to the development of anti-fibrosis therapies.

Ub-mediated PTMs in nonalcoholic liver fibrosis
Ubiquitination is associated with the pathogenesis of multiple
diseases in humans, including nonalcoholic liver fibrosis. In
recent years, several studies have described changes related
to Ub cascade intermediates during nonalcoholic liver
fibrosis and how targeting the specific enzymes that mediate
Ub-mediated PTMs can improve fibrosis, mainly in the liver.

Ub is a marker of nonalcoholic liver fibrosis, often being
detected at the border of, or within, the fibrous matrix (Banner
et al., 2000; Guy et al., 2012). Ubiquitination in liver fibrosis
has been studied by many researchers (Tab. 2). For example,
the synoviolin E3 Ub ligase is closely related to collagen I
maturation, and reducing synoviolin expression can help to
alleviate liver fibrosis (Hasegawa et al., 2010). The Smurf2
E3 Ub ligase is homologous to the E6-associated protein
(E6AP) C-terminus (HECT)-type E3 Ub ligase and regulates
transforming growth factor (TGF)-P signaling via the UPS.
Cai ef al, (2012) found that Smurf2 interacts with the
Smad7 adaptor protein to mediate ubiquitination-dependent
degradation of TGF-Pp type I receptor (TPRI) thereby
inhibiting TGF-p-mediated early liver fibrosis. In another
study, Smurf2 overexpression in the liver improved liver
fibrosis by inhibiting connective tissue growth factor
(CTGF) (Cai et al, 2018). Moreover, the role of the E6AP
E3 Ub ligase in cell processes such as proliferation and
stress has been extensively studied. In particular, miR-302c
downregulation in HSCs leads to TGF-B-induced E6AP
upregulation, E6AP inhibits TGF-p-induced mitogen-activated
protein kinase (MAPK) signaling, thereby attenuating liver
fibrosis (Kim et al., 2020). Recent studies have also found that
co-culture of mesenchymal stem cells with HSCs can inhibit
HSC proliferation and promote HSC apoptosis by reducing
SKP2 E3 Ub ligase levels, thereby reducing p27 ubiquitination
and increasing p27 stability (Wang et al,, 2017). Additionally,
Wilson et al. (2015) showed that pharmacological inhibition of
ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1) in
CCl4-treated and bile duct-ligated mice or in vitro UCHL1
knockdown in cultured HSCs reduces the occurrence of liver
fibrosis. These convincing findings related to ubiquitination
in nonalcoholic liver fibrosis have prompted researchers to
further evaluate the roles of Ub-mediated PTMs in
nonalcoholic liver fibrosis.

NEDDS8 and SUMO-mediated PTMs in nonalcoholic liver
fibrosis

The relevance of neddylation and SUMOylation in non-alcoholic
liver fibrosis and in the development of treatments for
nonalcoholic liver fibrosis have been extensively studied (Tab.
2). Zubite-Franco et al. (2016) described for the first time the
increase in the neddylation proteome in patients with liver
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TABLE 2
Overview of Ubl-PTMs in nonalcoholic liver fibrosis
Protein  Types Targets  Mechanism of action and effects References
Synoviolin E3 Collagen- Alleviates liver fibrosis (Hasegawa et al., 2010)
I
Smurf2 E3 Smad7 Inhibits TGF-  mediated early liver fibrosis (Cai et al., 2012)
Smurf2 E3 CTGF Improves liver fibrosis (Cai et al., 2018)
E6AP E3 MAPK  Inhibits TGF-P induced MAPK signaling and attenuates liver (Kim et al., 2020)
fibrosis
SKP2 DUB p27 Inhibits HSC proliferation (Wang et al., 2017)
UCHL1 DUB Rb Reduces the occurrence of liver fibrosis (Wilson et al., 2015)
NEDDS8 NEDDylation Cullinl Inhibits NF-kB stability and decreased inflammation (Abidi and Xirodimas,
2015)
NEDD8  NEDDylation  SRSF3 Prevents of its degradation and protects mice from fibrosis (Kumar et al., 2019)
UBC9 SUMOylation ~ NF-kB Prevents and treatment of liver fibrosis (Fang et al., 2017)
SENP2 de- B-catenin Induces HSC apoptosis (Bu et al., 2018)
SUMOylation

Note: E3, Ub ligase; Smurf2, smad specific E3 ubiquitin-protein ligase 2; Smad7, smad family member 7; CTGF, connective tissue growth factor; EGAP, E6-
associated protein; MAPK, mitogen-activated protein kinase; UCHLI, ubiquitin carboxyl-terminal hydrolase isozyme L1; Rb, retinoblastoma protein; DUB,
deubiquitinating enzymes; NEDD8, NEDDS8 ubiquitin-like modifier; SRSF3, serine and arginine-rich splicing factor 3; NF-kB, nuclear factor kappa-B; UBC9,
ubiquitin-conjugating enzyme 9; SENP2, SUMO specific peptidase 2; TGF-p, transforming growth factor-beta; SKP2, S-phase kinase-associated protein 2.

fibrosis and in mouse models of liver fibrosis induced by CCl4
and bile duct ligation (Zubiete-Franco et al., 2016). In these
mouse models, neddylation inhibition leads to decreased
inflammation, which can partly be explained by the lack of
cullin-1 NEDDylation. Cullin-1 is a component of SCFB-TrCP
(an E3 Ub ligase complex), and lack of cullin-1 nedd-ylation
means that the complex cannot ubiquitinate and degrade IKB.
This promotes NF-kB stability in the cytoplasm (Abidi and
Xirodimas, 2015). Consistent with this evidence, other
researchers have recently shown that in vivo inhibition of the
serine-rich splicing factor 3 (SRSF3) neddylation and the
resultant prevention of its degradation protect mice from liver
fibrosis (Kumar et al., 2019).

SUMOylation is a highly dynamic process that enables
rapid global changes in the SUMOylation state of the
proteome in response to both internal and external stimuli
(Psakhye and Jentsch, 2012; Yang et al., 2012). A recent study
reported that UBCY, the only identified E2 SUMO-conjugating
enzyme, is a potential therapeutic target for the prevention and
treatment of liver fibrosis (Fang et al, 2017). Another study
used the de-SUMOylation enzyme SENP2 as a key protein to
induce HSC apoptosis via Wnt/B-catenin signaling inhibition,
thereby reducing CCl4-induced liver fibrosis in mice (Fang et
al., 2017). Various members of the TGF-p/Smad canonical
pathway, which is common to fibrotic processes, are
SUMOylated (Bu et al, 2018), although no specific research
has been conducted on the liver. Overall, neddylation and
SUMOylation are highly dynamic processes that have
beneficial and pathological effects on cell physiology depending
on the protein substrate, cell type, and environment.

Therapeutic strategies targeting Ubl-PTMs in nonalcoholic
liver fibrosis

Over the past few decades, our increasing understanding of
the role of Ubl-PTMs in disease has led to the development

of many therapeutic agents related to these modifications
(Hendriks and Vertegaal, 2016; Liu et al, 2016; Veggiani
et al., 2019; Wertz and Murray, 2019; Zhou et al., 2017).
However, only some of these agents have been tested in
nonalcoholic liver fibrosis (Fig. 5).

Liver fibrosis is an excessive wound healing response to
various chronic liver injuries and is characterized by excessive
extracellular matrix protein deposition. Hepatic stellate cells
(HCSs) are the main cell source of matrix components and can
be activated by multiple factors, including lipotoxicity, oxidative
stress, mitochondrial dysfunction, and inflammation, and plays
a vital role in the development and maintenance of liver
fibrosis. ~LDN57444, MILN4924, 1I3C, and synergize
supplementation can inhibit HSC activation and improve ECM-
deposition, respectively, by acting on different influencing
factors.  Abbreviation: = I3C, Indole-3-Carbinol; ECM,
extracellular matrix; FFA, free fatty acids; HSC, hepatic stellate cell.

Furthermore, treatment strategies related to neddylation
and SUMOylation in nonalcoholic liver fibrosis have been
evaluated. Preclinical studies conducted in mouse models
have shown that MLN4924 (also known as pevonedistat), a
small-molecule inhibitor of neddylation mediated by
NEDDS8-activating enzyme E1 regulatory subunit (NAE1),
can reverse liver fibrosis (Li et al., 2017). Additionally,
recent research has investigated the combination of a
SUMOylation inhibitor and FXR agonist obeticholic acid
(OCA) for the treatment of liver fibrosis. Using a
SUMOylation inhibitor makes the FXRs responsive to OCA
and leads to perilipin-1 upregulation. This stabilizes lipid
droplets and enhances the efficacy of OCA against HSC
activation and fibrosis. The combination therapy of a
SUMOylation inhibitor and OCA can significantly reduce
liver fibrosis induced by CCL4, bile duct ligation, and more
importantly, NASH (Zubiete-Franco et al., 2016).



UBL-PTMS IN NAFLD

I3C

oxidative
stress

inflammatory
processes

ECM-
Deposition

LDN57444
\ ﬁ
\ (a
\
pY
q
HSC

MLN4924

Microbiota
Synergize Products

397

FIGURE 5. Pharmacological inhibitors of the ubiquitin-proteasome system (UPS) and targets for nonalcoholic liver fibrosis.

Conclusions

Ubl-PTMs regulate various physiological processes in
eukaryotic cells and have pivotal roles in NAFLD and
nonalcoholic liver fibrosis. Liver injury can cause steatosis
and inflammation, and further activation of HSCs often
leads to the development of nonalcoholic liver fibrosis. The
patient with NAFLD is at risk of developing advanced liver
disease and complications, such as liver failure, HCC, and
portal hypertension. In recent years, research exploring the
role of Ubl-PTMs in NAFLD progression has made
significant progress, and many therapeutic agents related to
these modifications have been developed.

In this review, we summarize the important roles of
ubiquitination, SUMOylation, and NEDDylation of three
Ubl-PTMs in NAFLD and nonalcoholic liver fibrosis. The
individual and combined effects of these processes on
substrate proteins are of great significance for disease
development. Ubl-PTMs can be used both as drug targets
and as promising prognostic biomarkers. We believe that
the development of Ubl-related drugs for NAFLD
progression is a promising area of research.
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