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Abstract

Non-alcoholic fatty liver disease (NAFLD) as the most common chronic liver disease poses a significant
impact on public healthcare and economic risk worldwide. As a multifactorial disease, NAFLD is usually
associated with many comorbidities such as obesity, insulin resistance, hypertension, hyperlipidemia,
diabetes, and cardiovascular disease. Without effectively preventive intervention, the advanced stage of
NAFLD, non-alcoholic steatohepatitis (NASH), can progress to cirrhosis and hepatocellular carcinoma (HCC).
However, there is no approved therapeutic treatment. Excessive fat accumulation in the liver is the hallmark
of NAFLD, which can lead to mitochondrial dysfunction and endoplasmic reticulum (ER) stress. Dysfunction
of two organelles also induces the upregulation of reactive oxygen species (ROS), activation of the unfolded
protein response (UPR), and disruption of calcium transport, which promote NAFLD progression. Herein,
this review summarized the current understanding of the roles of mitochondrial dysfunction and ER stress
in the pathogenesis of NAFLD. Specifically, this review focused on the key molecules associated with the
ER-mitochondria communication and different treatment options by targeting ER stress and mitochondrial
dysfunction to treat NAFLD or NASH. Clinical trials to evaluate the therapeutic efficacy of representative
agents, such as natural products, metabolites, and modulators of stress, have been reviewed and analyzed.
Overall, recent findings suggest that targeting ER stress and mitochondrial dysfunction holds a promise for
NAFLD treatment.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease, posing significant

problems to public health and increasing the economic burden worldwide [1]. The pathogenesis of
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NAFLD ranges from non-alcoholic fatty liver (NAFL) to non-alcoholic steatohepatitis (NASH) with the
progression of liver inflammation, associated with or without liver fibrosis [2, 3]. NAFLD/NASH is
commonly associated with other comorbidities, including obesity, insulin resistance, type 2 diabetes
(T2D), hyperlipidemia, hypertension, and cardiovascular disease [4, 5]. Without effective treatment,
NAFLD/NASH can lead to liver cirrhosis and hepatocellular carcinoma (HCC). However, the underlying
mechanisms in the progression of NAFLD are not fully understood, consisting of multiple hits such
as oxidative stress (0S)-induced mitochondrial dysfunction, endoplasmic reticulum (ER) stress,
endotoxin [lipopolysaccharide (LPS)]-induced release of inflammatory cytokines, and iron overload [6-10].

Factors that trigger NAFLD can be divided into two origins, including external factors (e.g., adipose
tissue and intestinal products) and intrahepatic factors (e.g., cell death and inflammation). Emerging
evidence suggests that mitochondrial dysfunction and/or ER stress play essential roles in the pathogenesis
of NAFLD [11, 12] and NASH [13]. Excessive lipid accumulation causes liver inflammation and metabolic
dysfunction. Alteration of lipid species is also related to mitochondrial function. Change of lipid species is
associated with mitochondrial function. For example, cardiolipin and ubiquinone were accumulated in NAFL
with a protective effect on mitochondrial function, whereas acylcarnitine was increased in NASH with a
decreased mitochondrial function [9]. Mitochondrial dysfunction further contributes to the disturbance of
reactive oxygen species (ROS) production, inflammation, and cell death [11].

Neighboring mitochondria, ER is an important organelle for regulating protein synthesis and storage. The
transient generation or accumulation of toxic lipids in hepatocytes can cause ER stress [14]. In response to
ER stress, activation of unfolded protein response (UPR) is usually triggered, an adaptive pathway to maintain
protein folding homeostasis [10]. Under a non-resolvable condition, persistent ER stress causes pathological
consequences, including fat accumulation, insulin resistance, inflammation, and apoptosis [12, 15]. ER stress
has been reported to contribute to the etiology of steatosis, NASH, and HCC [15]. Therefore, understanding
the role of ER stress in the pathogenesis of NAFLD provides new therapeutic strategies.

Besides their independent functions, mitochondria and ER mutually impact each other. Disturbance
of their interaction is implicated in many human diseases, including liver illnesses [16]. For instance,
liver-specific ablation of the mitochondrial protein mitofusin 2 (Mfn2) in mice can trigger liver inflammation,
triglyceride accumulation, fibrosis, and cancer [17]. Similarly, Mfn2 expression was downregulated
in liver biopsies from NASH patients. Hepatic Mfn2 deficiency can decrease ER-mitochondrial
phosphatidylserine (PS) transfer and phospholipid synthesis, leading to ER stress and liver diseases [17].

Herein, the current understanding of mitochondrial dysfunction and ER stress in NAFLD pathogenesis
was summarized, specifically focusing on some important molecules involved in ER-mitochondria
communication. Then, some potential therapeutic options by targeting ER stress and/or mitochondrial
dysfunction to treat NAFLD were discussed. Finally, the current clinical trials that evaluate the potential
effects of relative therapeutic agents were reviewed.

Function of mitochondria and ER in hepatic cells
Hepatocytes

Hepatocytes account for 60-80% of the liver mass and play essential roles in liver function [18], including
nutrient metabolism, storage of vitamins, detoxification, bile acid production and secretion, and protein
synthesis. Intracellular mitochondria occupy about 20% of the cytoplasmic area in hepatocytes [19] and
display diverse functions, such as maintaining metabolic (carbohydrate, lipid, and protein metabolism) and
ROS homeostasis [20]. Beta-oxidation is processed to break down fatty acids in mitochondria, the important
energy generators, and it can impact lipid accumulation in hepatocytes, as well as the subsequent production
of ROS and ER stress [21]. Abnormal lipid metabolism causes mitochondrial dysfunction and ER stress in
the pathogenesis of NAFLD. For instance, free cholesterol accumulation in the liver induces mitochondrial
dysfunction, ROS production, and triggers UPR in the ER, resulting in ER stress and cell apoptosis. ER stress
and mitochondrial dysfunction ultimately promote hepatocyte death and ongoing liver injury [22].
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Mitochondria and adjacent ER are connected by mitochondria-associated membranes (MAMs) that
regulate cell death and the exchange of lipids and lipid-derived molecules [23, 24]. Interruption of the
integrity of MAMs happens during mitochondrial dysfunction and ER stress. Furthermore, persistent
ER stress causes hepatocyte apoptosis and liver injury by impacting calcium (Ca®") homeostasis [25]
and accelerating the accumulation of toxic levels of ROS [26], leading to NAFLD progression. A schematic
figure shows an example of how mitochondrial dysfunction and ER stress in hepatocytes function in the
pathogenesis of NAFLD (Figure 1).

Figure 1. The role of mitochondria and endoplasmic reticulum in NAFLD pathogenesis. Abnormal lipid and glucose metabolism
caused by diet and other environmental factors can lead to lipid accumulation in hepatocytes, resulting in liver injury and steatosis.
Hepatic lipid accumulation causes mitochondrial dysfunction and ER stress, accompanied by the increase of ROS and the
activation of the unfolded protein response. In addition, disruption of the integrity of MAM destroys Ca2+ homeostasis. Above
factors adverse liver inflammatory by inducing overexpression of pro-inflammatory cytokines, such as interleukin-13 (IL-13) and
tumor necrosis factor-a (TNF-a)

Liver non-parenchymal cells

Liver non-parenchymal cells (NPCs) consist of Kupffer cells (KCs), liver sinusoidal endothelial cells (LSECs),
hepatic stellate cells (HSCs), and other lymphocytes. All of them are implicated in the pathogenesis of
NAFLD [27]. As large abundant NPCs, LSECs as liver gatekeeping cells protect liver injury and filter the
transport of nutrients, including lipids and lipoproteins [28]. Under the pathological condition, liver injury
causes LSEC defenestration, inflammation, and impaired lipid transport. Meanwhile, inflammation also can
increase ROS production and cytokines (e.g., TNF-a) in LSECs accompanying with alteration of mitochondrial
permeability, resulting in the activation of KCs and HSCs [29, 30]. Meanwhile, lipid metabolism is critical
for the survival and function of T cells, such as regulatory T cells (Tregs). For example, fatty acid-binding
protein 5 (FABP5), alipid chaperone, is required for the uptake and intracellular trafficking of lipid. Inhibition
of FABP5 expression in Tregs caused impaired lipid metabolism and mitochondrial integrity, and induced loss
of cristae structure [31]. ER-mitochondria communication in macrophages modulates fatty acid metabolism
that is associated with inflammation and ER stress [32]. ER stress can further induce the activation of
inflammasomes and production of proinflammatory cytokine IL-1f in KCs by triggering UPR, leading to
hepatic inflammation and steatosis [33]. Furthermore, ER stress plays an important role in HSC activation
and hepatic fibrosis [34, 35]. Overall, ER and mitochondria play pivotal roles in hepatocytes and liver NPCs
and are involved in the pathogenesis of NAFLD.

ER-mitochondria communication in NAFLD: molecular mechanism

Given the critical roles of mitochondria and ER in NAFLD pathogenesis [36], they are the therapeutic
targets [37]. ER and mitochondria communicate with each other via MAMs to exchange Ca?* and
lipids [38]. Some important proteins associated with ER-mitochondria communication, such as
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glucose-regulated protein 75 (GRP75) and Mfn2, impact hepatic lipid and cholesterol metabolism
in NAFLD [39].

Ca?* transporters

Recent studies show that intracellular Ca** signaling plays a key role in the regulation of lipid
and carbohydrate metabolism in hepatocytes [40], such as modulating the phosphorylation and
dephosphorylation of enzymes in glucose metabolism [41]. Disrupting Ca?* signaling can increase lipid
accumulation via inhibiting lipolysis and activating lipogenesis, resulting in HCC progression [42]. These
changes are associated with ER stress, generation of ROS, and mitochondrial dysfunction. Besides, Ca?*
signaling is implicated in the MAM [43]. Proteins such as sarcoendoplasmic reticulum calcium ATPase
(SERCA) located in the MAM control the influx of cytosolic free Ca?* into mitochondria to prevent overload
of Ca** that can induce mitochondrial damage, ER stress, and overexpression of ROS [44]. Another study
also showed that matrine treatment can significantly suppress ER stress and restore mitochondrial function
via directly inhibiting SERCA to regulate Ca?* level [45]. Therefore, agents targeting Ca** transporters,
channels, or binding proteins are potential options for NAFLD treatment.

Mitofusin

Mfn proteins include two homologous transmembrane proteins, Mfnl and Mfn2. Both Mfn1l and Mfn2
play important roles in mitochondrial fusion, but they also have their distinct functions [46]. Studies have
shown that Mfn2 is implicated in ER-mitochondria crosstalk. For example, acute Mfn2 depletion can inhibit
mitochondrial uptake of Ca®* released from the ER in mouse embryo fibroblasts and enlarge the distance
between ER and mitochondria [47]; however, this phenomenon was not shown in Mfn1-depleted cells.
Hepatic Mfn2 protein expression was decreased in mice fed with a high fat-high sugar diet compared to
that in mice fed with a normal chow diet [39]. Meanwhile, this study further showed that silencing Mfn2
expression mediated by small interfering RNAs (siRNAs) in human liver cancer cell line Huh7 cells can
decrease ER-mitochondria interactions and mitochondrial oxidative capacity, resulting in triglyceride (TG)
storage [39]. Furthermore, Mfn2 expression was reduced in the livers of human patients and mice with
NASH, and Mfn2-deficient mice showed increased liver inflammation, fat accumulation, fibrosis, and HCC
compared to wild-type controls [17]. A molecular mechanism study revealed that Mfn2 was implicated in
mitochondrial PS and phosphatidylethanolamine (PE) synthesis [17].

C-X-C motif chemokine receptor 3 (CXCR3) has been found to be upregulated in the liver tissues of human
NAFLD patients and mice with diet-induced NASH models [48]. Overexpression of CXCR3 in steatohepatitis
was positively associated with liver inflammation and infiltration of macrophages and T cells, as well as ER
stress. The expression of Mfn1 was reduced in CXCR3 knockout (CXCR3”) mice, which was associated with
improved mitochondrial integrity compared to wild-type mice while they were fed either methionine and
choline-deficient diet for 4 weeks or high fat-high carbohydrate-high cholesterol diet for 12 weeks [48].

Dynamin-related protein 1

Mitochondrial fission, an effector stimulating ROS production in the metabolic process, plays an
important role in NAFLD progression [49]. Dynamin-related proteins (DRPs) and cofactors regulate
mitochondrial fission [50]. DRP1 (also known as DLP1) is a guanosine triphosphatase (GTPase) that
controls mitochondrial and peroxisomal fission [51]. Upregulation of DRP1 has been shown to be positively
associated with liver metabolic dysfunction in animal models, accompanying an increased expression
of peroxisome proliferator-activated receptor-gamma (PPARY) and sterol regulatory element-binding
protein 1 (SRBEP1) [52]. Given the decreased mitochondrial fission, hepatic steatosis and oxidative stress
were suppressed in DLP1-K38A mutant mice while feeding a high-fat diet containing 60% of daily caloric
intake compared to that in wild-type mice [49].

Glucose-regulated proteins

GRP75 is a tethering protein of the MAM interface, which regulates Ca?* transfer between mitochondria and
ER [53]. GRP75 has a similar function with Mfn2, silencing GRP75 can alter MAM integrity and promote
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TG accumulation in Huh7 cells [39]. GRP78 is mainly located in ER but also shown in mitochondria and
other locations, which plays multiple roles in maintaining cellular homeostasis [54], such as control of UPR
and macroautophagy. One study showed that hepatic overexpression of GRP78 in ob/ob mice with infection
of adenoviruses can inhibit liver triglyceride and cholesterol content and improve insulin resistance [55].
Molecular studies showed that overexpression of GRP78 decreased the expression of sterol regulatory
element-binding protein-1c (SREBP-1c) and reduced ER stress markers, such as activating transcription
factor 6a (ATF6a) and X box-binding protein-1 (XBP-1) [55].

Voltage-dependent anion channel 1

Voltage-dependent anion channel 1 (VDAC1), an outer mitochondrial membrane protein, plays a pivotal
role in cellular homeostasis of energy metabolism and crosstalk of mitochondria and the rest of the
cell [56, 57], including Ca?* homeostasis. Multi-omics analysis showed that VDAC1 was associated
with cardiolipin composition shift in mitochondria membrane lipids and mitochondrial dysfunction in
NAFLD [58]. Overdose of acetaminophen can cause hepatocyte ferroptosis, associated with mitochondrial
dysfunction and suppression of tricarboxylic acid cycle (TCA) and fatty acid (3-oxidation, which may be
driven by VDAC1 oligomerization [59]. Therefore, VDAC1 is a therapeutic target for NAFLD by suppressing
mitochondrial dysfunction.

Mitochondrial uncoupling proteins

Mitochondrial uncoupling affects mitochondrial proton influx and ATP generation [60], which is implicated
in many chronic diseases such as obesity, cardiovascular diseases, and cancer liver metastasis [60, 61].
Mitochondrial uncoupling proteins play an essential role in NAFLD and NASH [61], and Dr. Goedeke and
Dr. Shulman [62] report that mitochondrial uncouplers are therapeutic targets for metabolic-associated
fatty liver disease (MAFLD) and NASH. For example, disruption of mitochondria proton flux was shown in the
livers of rats fed with a high-fat or high-fat and high-cholesterol diet compared to the livers of control
rats fed with a chow diet. This abnormal potential of the mitochondrial membrane was associated with
increased expression of uncoupling protein-2 (UCP-2) in the liver [63].

In addition, genetic factors impact the progression of NAFLD and NAFLD-related
HCC [64, 65], such as the rs738409 C > G single nucleotide polymorphism (SNP) variant of patatin-like
phospholipase domain-containing protein 3 (PNPLA3) gene and the rs58542926 C > T genetic variant
of transmembrane-6 superfamily member 2 (TM6SF2) gene. Increasing evidence also shows that NAFLD
patients have an increased proportion of liver mitochondrial DNA (mtDNA) mutations compared to those
in healthy controls [66], such as gene mutations in oxidative phosphorylation (OXPHOS) chain. For example,
feeding a western diet caused liver injury and alteration of liver mtDNA, evidenced by downregulation of
mitochondrial OXPHOS, reduction in part of the fusion machinery Mfn1, and upregulation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) inflammatory singling pathway [67]. Mutations of
mtDNA and SNPs could be potential diagnostic markers and treatment targets for NAFLD, which is reviewed
by another publication recently [68], which will not be discussed here.

Treatments

Current pharmacological options are limited in the treatment of NAFLD; therefore, new treatment options
are urgently needed. Changes in lifestyle and caloric consumption help to prevent NAFLD development.
However, it is hard to treat advanced-stage NASH. Here, we summarize some ongoing research studies in
NAFLD treatment, specifically for interventions that can inhibit ER stress and mitochondrial dysfunction.

Lifestyle change

Physical exercise can prevent NAFLD development through modulating mitochondria function by
increasing cytochrome c content, enzyme activities, and fatty acid oxidation [69]. Excessive fructose taken
from foods and beverages can augment lipogenesis and insulin resistance [70] and lead to mitochondrial
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dysfunction [71], resulting in the development of NAFLD. Therefore, a change of diet and/or physical activity
can prevent NAFLD by maintaining mitochondrial function.

Modulating gut microbiota

Gut microbiota-derived components and metabolites are involved in the pathogenesis of liver diseases [72].
Alteration of gut microbiota through bariatric surgery [73], such as sleeve gastrectomy and Roux-en-Y gastric
bypass (RYGB), has been shown to ameliorate hepatic inflammation, NAFLD, and NASH [74, 75]. However,
the underlying mechanisms are not completely clear. Ezquerro et al. [74] reported that bariatric surgery
increases the hormone ratio of acylated/desacyl ghrelin, which is associated with diminished hepatic
steatosis, apoptotic cells, and inflammation. In addition, surgical treatment can reduce mitochondrial
dysfunction, oxidative phosphorylation complexes 1 and II, and ER stress markers [e.g, ATF4 and
C/EBP homologous protein (CHOP), as well as chaperone GRP78]. Moreover, acylated ghrelin ameliorates
palmitate-induced hepatocyte steatosis and inflammation, associated with a reduction of ER stress [74].
Another study showed that RYGB can preserve liver mitochondrial respiratory chain complex I activity and
reduce OS and TNF-a expression [76].

Anti-inflammatory and antioxidant agents

Some natural products and their derivates with anti-inflammatory and antioxidant activity have been
applied to treat NAFLD [77, 78]. For example, a study showed that treatment of aqueous acai extract (AAE)
in vitro has a high capacity to inhibit ROS production in HepG2 cells. AAE administration in vivo protected
liver damage and inflammation, evidenced by a decrease of alanine aminotransferase (ALT), the number of
inflammatory cells, and serum level of TNF-a. In addition, AAE treatment protected mitochondrial function
and reduced OS by reducing lipid peroxidation and modulating the expression of antioxidant enzymes
(e.g., glutathione reductase and catalase) [79]. Studies in rat primary hepatocytes and NAFLD model
identified that isosteviol (ISV), a derivative of stevioside extracted from the plant Stevia Rebaudiana Bertoni,
can prevent free fatty acid (FFA)- and high-fat diet (HFD)-induced hepatic injury through modulating
protein kinase C-f/Src-homology-2-domain-containing transforming protein 1-mediated OS and ER stress,
respectively, and it decreased ER-mitochondrial interaction [80]. Another study showed that intragastrical
administration of Polygonatum kingianum (PK), a Chinese herb, significantly inhibited HFD-induced increase
of ALT, aspartate aminotransferase (AST), total cholesterol (TC), and low-density lipoprotein (LDL) cholesterol
in serum, and liver TC and triglyceride in rats. PK also promoted mitochondrial function by inhibiting
HFD-induced increase of malondialdehyde and mitochondrial UCP-2 and HFD-induced decrease of
cytochrome c and up-regulating carnitine palmitoyl transferase-1 (CPT-1), which alleviated NAFLD [81].

Targeting mitochondria fission and ER-mitochondria interaction

Melatonin, a hormone produced primarily by the pineal gland, has been found to protect liver
function in obese subjects. In a diet-induced mouse NAFLD model, melatonin supplementation with
drinking water ameliorated hepatic steatosis and metabolic dysfunction by suppressing the expression of
microRNA (miR)-34a-5p and SREBP-1-dependent on silent information regulator 1 (SIRT1) signaling [82].
In addition, it can reduce ER stress evidenced by decreased GRP78 expression and modulate the change
of mitochondrial shape. Another study showed melatonin supplementation can halt DRP1-mediated
mitochondrial fission but recover mitophagy via blockade of nuclear receptor subfamily 4 group
A member 1 DNA-dependent protein kinase catalytic subunit-p53 (NR4A1-DNA-PKcs-p53) pathway,
displaying a protective effect to hepatocytes and mitochondrial function [83]. In ob/ob mice, melatonin
treatment significantly reduced glycemia and steatosis and ameliorated the morphology and organization of
these organelles. Treatment with melatonin also improved mitochondrial and ER function, including partially
restoring ATP synthase 3 function and decreased GRP78 and CHOP expression in hepatocytes [84].

Azoramide, a small-molecule modulator of UPR with antidiabetic activity [85], has been shown
to reverse the fructose-induced increase of body and liver weights, insulin resistance, ER-stress
markers (GRP78 and XBP-1), lipid profile, AST, ALT, and histopathological changes in mice [86]. Anti-T2D
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medicines such as empagliflozin also can reduce the expression of genes involved in hepatic lipogenesis and
ER stress (CHOP and ATF4) [87].

Modulating metabolism

Metabolic abnormalities such as dyslipidemia and lipotoxicity contribute to liver injury and inflammation,
promoting NAFLD progression to NASH, cirrhosis, and HCC [88]. Metabolic modulation is a potent
effective pharmacotherapy for NAFLD. Analysis of hepatic proteomics and plasma lipidomics indicated
that 6-month treatment with n-3 polyunsaturated fatty acids (PUFA), consisting of 64% alpha-linolenic,
21% eicosapentaenoic, and 16% docosahexaenoic acid (DHA), significantly ameliorated markers of
lipid metabolism, ER stress, and mitochondrial dysfunction in NASH patients [89]. Maresin 1 (MaR1), a
DHA-derived metabolite, has anti-inflammatory and anti-OS properties [90]. MaR1 treatment improved
insulin sensitivity and attenuated adipose tissue inflammation in ob/ob mice and diet-induced obese
mice [91]. Furthermore, MaR1 treatment inhibited hepatic lipid synthesis and steatosis via activating 5’
adenosine monophosphate-activated protein kinase (AMPK)/SERCA2b-mediated suppression of ER stress
in HFD-fed mice [92].

Saturated palmitic acid (PA) can induce hepatocyte lipotoxicity to induce NASH. Treatment with
monounsaturated oleic acid (OA) markedly improved PA-induced cellular apoptosis, 0S, ER stress,
mitochondrial dysfunction, as well as inflammation in hepatocytes. In rats, half replacement of HFD with
OA producing olive oil decreased NASH symptoms, while full replacement of HFD with olive oil profoundly
reversed NASH, reducing hepatocyte ballooning, liver inflammation, and liver fibrosis [93].

Modulating miRs

Over the past decade, miRs have been recognized to be involved in the pathogenesis of NAFLD and NASH [94].
For instance, in a fast-food diet-induced NASH model, miR-21 ablation inhibited the progression of hepatic
steatosis, lipoapoptosis, and fibrosis [95], via modulating the expression of PPARa. Increased expression of
the miR-21 signaling pathway was found in liver biopsies of NAFLD patients. In addition, supplementation of
farnesoid X receptor (FXR) agonist obeticholic acid was helpful to markedly improve metabolic symptoms of
NASH, showing a potential therapy for NAFLD [95]. Similarly, miR-34a levels were significantly upregulated
in liver tissues of HFD-fed mice, associated with the downregulation of SIRT1. Suppressing miR-34a
expression with inhibitor reduced lipid accumulation and improved the degree of steatosis, ameliorating the
development of NAFLD [96]. Overall, potential treatment agents that can function on energy metabolism have
effects on ameliorating mitochondrial dysfunction and ER stress (Table 1).

Table 1. Treatment options for NAFLD

Molecules Target Function References
AAE (O] AAE protected mitochondrial function and reduced OS by reducing lipid [79]

peroxidation and modulating the expression of antioxidant enzymes
(e.g., glutathione reductase and catalase).

ISV Oxidative ISV, a derivative of stevioside extracted from the plant Stevia Rebaudiana [80]
and ER Bertoni, prevents FFA- and HFD-induced hepatic injury through modulating
stress protein kinase C-f/Src-homology-2-domain-containing transforming protein

1-mediated oxidative and ER stress. ISV also decreased ER-mitochondrial
interaction.

PK Mitochondrial PK promoted mitochondrial function by inhibiting HFD-induced increase of [81]
UCP-2 mitochondrial UCP-2 and HFD-induced decrease of cytochrome ¢ and by

up-regulating CPT-1, which alleviates NAFLD.

Melatonin Mitochondrial Melatonin supplementation halted mitochondrial fission but recovered [83]
fission mitophagy via blockade of NR4A1-DNA-PKcs-p53 pathway, conferring a

protective effect to hepatocytes and mitochondrial function.

n-3 PUFA ER stress Analysis of hepatic proteomics and plasma lipidomics indicated that 6-month [89, 97]
and treatment with n-3 PUFA significantly ameliorated markers of lipid metabolism,
mitochondrial ER stress, and mitochondrial functions in patients with NASH.
dysfunction
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Table 1. Treatment options for NAFLD (continued)

Molecules Target Function References
MaR1 SERCA2b MaR1, a DHA-derived metabolite, inhibited hepatic lipid synthesis and [81, 92]
steatosis via activating AMPK/SERCA2b-mediated suppression of ER stress
in HFD-fed mice.
Monounsaturated ER stress, Treatment with monounsaturated OA markedly improved PA-induced cellular  [93]
OA mitochondrial apoptosis, OS, ER stress, mitochondrial dysfunction, as well as inflammation
dysfunction, in hepatocytes.
oS
Astragaloside IV ER stress Treatment with AS-1V, a bioactive compound isolated from Astragali Radix, [89, 97]
(AS-1V) attenuated FFA-induced hepatic ER stress in a dose-dependent manner,
evidenced by the reduction of the critical markers, GRP78, CHOP, and
phospho-protein kinase R-like endoplasmic reticulum kinase (p-PERK).
These results suggest that AS-IV is a promising therapeutic agent for hepatic
steatosis and NAFLD.
R-Tf-D-LP4 VDAC1 R-Tf-D-LP4 treatment eliminated hepatocyte ballooning degeneration, [98]
inflammation, and liver fibrosis associated with steatosis, NASH, and
hepatocarcinoma, and it restored liver pathology-associated enzyme and
glucose levels.
Silymarin ER stress Silymarin ameliorated NAFLD via inhibiting ER stress proteins GRP78 and [99]

XBP-1.

Clinical trials

Clinical trials have been performed to investigate different interventions in patients with NAFLD,
including natural products, lifestyle change, dietary supplementation, bariatric surgery, and therapies

modulating signaling pathways involved in lipid and glucose metabolism. Some representative trials are
summarized in Table 2 (data selected from https://clinicaltrials.gov/).

Table 2. Clinical trials for the intervention of NAFLD

NCT number Title Intervention Phase Outcome measures
NCT01677325 The clinical trial of Chinese herb | Computed tomography (CT) ratio of liver/spleen
{\‘AdF_tI,‘D trleca;tr:e.d by ;:('q' Sa;nju BMI (body mass index) and insulin sensitivity homeostatic
r;Zdli::?r?: inese (\(()ggljﬁ) model assessment (HOMA) index
Liver function
Lipid profile and non-esterified fatty acid (NEFA)
Adiponectin, leptin, IL-6, TNF, and hs-C-reactive protein
(CRP)
NCT00230113 Effect of n-3 PUFA n-3 fatty Il Reduction of intrahepatic fat content as determined by
supplementation in  acid diet magnetic resonance spectroscopy
NAFLD patients supplementation Change in lipid profile and serum aminotransferase levels
Change in levels of proinflammatory cytokines
Change in insulin resistance determined by HOMA
NCT04019561 A study to evaluate  MEDI0382, a Il Assess the safety and tolerability of MEDI0382
the safety and . peptide targeted Change in hepatic fat, liver volume, and fat volume
pharmacodynamic on glucagon-
efficacy of like peptide-1 Change in visceral adipose tissue and subcutaneous
MEDI0382 in (GLP-1) adipose tissue
obese subjects with Change in circulating markers of hepatic inflammation
NAFLD/NASH And others
NCT02098317 DHA and Vitamin DHA plus 1 Improvement in NAFLD activity score (NAS) and safety
D in children with Vitamin D

biopsy-proven
NAFLD

Improvement of laboratory parameters of metabolic
syndromes, such as lipids and gluco-insulinemic profile
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Table 2. Clinical trials for the intervention of NAFLD (continued)

NCT number Title Intervention Phase Outcome measures
NCT03970031 A study of MSDC- MSDC-0602K, a Il Change in glycosylated hemoglobin A1c (HbA1c) from
0602K to assess modulator of the baseline to week 26
glygemlg.controll m'tOCh?nd”al, Change in the weighted average of standardized AST,
and cardiovascular  pyruvate carrier cytokeratin 18 (CK-18), and HbA1c values
outcomes in patients
with pre-T2D or T2D
and NAFLD/NASH
NCT02973295 Silymarin in NAFLD  Silymarin, a IV Change (Reduction) of parameters of liver steatosis defined
flavonolignan by controlled attenuation parameter (CAP) and liver fibrosis
extracted defined by liver stiffness measurements (LSM) during the 6
from the milk months
th'St!e [Silybum Change in liver enzymes in a period of 6 months
marianum (L.)
Gaernt.] Change in insulin resistance in a period of 6 months
Change in lipidogram in a period of 6 months
NCT02564679 Sleeve gastrectomy Laparoscopic NA Improvement of metabolic parameters
n ado]escents W't.h sleeve Improvement of liver parameters
complicated morbid  gastrectomy
obesity and NAFLD  (LSG) Improvement of liver histology
NCT04049396 Berberine and Berberine, a NA Change from baseline of ALT, AST, alkaline phosphatase
NAFLD chemical found (ALP), TC, fasting blood sugar (FBS), TG, LDL, and
in several high-density lipoprotein (HDL)
plants such
as European
barberry and
Oregon grape
NCT04073368 Study of the safety  Dietary NA Incidence of study product emergent adverse events (AEs)
and tolerability supplement and serious adverse events (SAEs)
of AXA1125 and AXA1125 or .
P t ch I fat
AXA1957 in subjects AXA1957 ercent change In fiverfa
with NAFLD Change in HOMA-insulin resistance (HOMA-IR)
Change in plasma glucose, insulin, ALT, and AST
NCT01680640 Investigation of Synbiotic, a NA Change in biomarkers for NAFLD and change in liver fat
synbiotic treatment  mixture of Change i . . . . . .
; L ge in adipose tissue inflammation, satiety, and risk
in NAFLD prob!ot!cs and factors for T2D
prebiotics
NCT03737071 The effects of low Low NA Change in hepatic triglyceride content
(?arbohydrate dieton cgrbohydrate Change in hepatic mitochondrial flux
liver fat contentand  diet
mitochondrial fluxes Change in beta-hydroxybutyrate production rate
Change in glucose production rate
NCT03193125 Effects of carnitine Dietary NA Change from baseline in liver mitochondrial fatty acid
supplementation on  supplement of processing during high-fructose drink challenge
liver mitochondria L-carnitine
fatty acid processing
NCT03151798 Nutrient overload, Lifestyle NA Liver mitochondrial gene expression
insulin resllstance, treatment Liver mitochondrial fat oxidation
and hepatic
mitochondrial Histology to determine the amount of fibrosis in the liver
dysfunction
NCT02457702 Mitochondrial Orally NA Detection of '*C in plasma glucose by nuclear magnetic
function in patients  administered resonance of a blood sample
with severe liver labeled glycerol
disease ([U-3C,]glycerol)
NCT03587727 Hepatic fat content  Weight loss NA Changes in hepatic mitochondrial function
and mitochondrial surgery or

flux in obese youth
before and after
bariatric surgery

bariatric surgery

Changes in insulin resistance/pancreas/gastrointestinal
hormones

Changes in NAFLD status via tissue
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Table 2. Clinical trials for the intervention of NAFLD (continued)

NCT number Title Intervention Phase Outcome measures

NCT03480594 Effect of fatty liver Hyperpolarized | Bicarbonate/lactate ratio

on TCA cycle flux [*Clpyruvate

Labeled glycerol fraction

and the pentose injection
phosphate pathway The fraction of [U-"3C]glycerol that has passed through
(HP FFF) mitochondrial pathways prior to gluconeogenesis and the

fraction of glucose, derived from [U-'*C]glycerol, that has

passed through the pentose phosphate pathway
NCT02344186 Effects of liraglutide Liraglutide, a NA Changes in unfolded protein response markers

on endoplasmic GLP-1 receptor
(ER) stress in obese agonist
patients with T2D

NA: not applicable

Conclusion

NAFLD, the most common chronic liver disease, is a deleterious factor for other metabolic disorders, such as

diabetes, obesity, and cardiovascular diseases. It is a complex and multifactorial disease with severity from
NAFL to NASH, which can be initiated by genetic and non-genetic factors. Both mitochondria and ER are

critical organelles for cellular metabolic function and energy production. Emerging evidence indicates that
mitochondrial dysfunction and ER stress are involved in the initiation and progression of NAFLD. Herein,

we summarize some recent findings for ER-mitochondria crosstalk in NAFLD, the associated molecular

mechanisms, and treatments targeting mitochondrial dysfunction and ER stress. In addition, clinical studies
have been processed to investigate the application of some potential interventions for NAFLD treatment.

Better investigating of the precise cellular mechanisms involved in the ER and mitochondrial functions

provides new therapeutic targets for NAFLD.
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ALT: alanine aminotransferase

AST: aspartate aminotransferase

ATF6a: activating transcription factor 6a
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CXCR3: C-X-C motif chemokine receptor 3
DHA: docosahexaenoic acid

DLP/DRP: dynamin-related protein

ER: endoplasmic reticulum

FFA: free fatty acid

GRP75: glucose-regulated protein 75
HCC: hepatocellular carcinoma

HFD: high-fat diet

HOMA: homeostatic model assessment
HSCs: hepatic stellate cells

IL-1B: interleukin-1f3
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LSECs: liver sinusoidal endothelial cells
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MAMs: mitochondria-associated membranes
MaR1: maresin 1

Mfn2: mitofusin 2

miR: microRNA

mtDNA: mitochondrial DNA

NAFL: non-alcoholic fatty liver

NAFLD: non-alcoholic fatty liver disease
NASH: non-alcoholic steatohepatitis

NPCs: non-parenchymal cells

OA: oleic acid

0S: oxidative stress

PA: palmitic acid

PK: Polygonatum kingianum

PUFA: polyunsaturated fatty acids

ROS: reactive oxygen species

SERCA: sarcoendoplasmic reticulum calcium ATPase
T2D: type 2 diabetes

TC: total cholesterol

TG: triglyceride

TNF-a: tumor necrosis factor-a

UCP-2: uncoupling protein-2

UPR: unfolded protein response

VDAC1: voltage-dependent anion channel 1
XBP-1: X box-binding protein-1

Declarations
Author contributions

MY and CZ contributed conception, drafted the review, and contributed equally.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding
Not applicable.

Explor Med. 2021;2:494-510 | https://doi.org/10.37349 /emed.2021.00066

Page 504


https://doi.org/10.37349/emed.2021.00066

Copyright
© The Author(s) 2021.

References

1. Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L, Eslam M, et al. Global burden of NAFLD and
NASH: trends, predictions, risk factors and prevention. Nat Rev Gastroenterol Hepatol. 2018;15:11-20.

2.  Eslam M, Valenti L, Romeo S. Genetics and epigenetics of NAFLD and NASH: clinical impact. ] Hepatol.
2018;68:268-79.

3.  Drescher HK, Weiskirchen S, Weiskirchen R. Current status in testing for nonalcoholic fatty liver
disease (NAFLD) and nonalcoholic steatohepatitis (NASH). Cells. 2019;8:845.

4.  Younossi ZM. Non-alcoholic fatty liver disease-a global public health perspective. ] Hepatol
2019;70:531-44.

5.  Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of NAFLD development and
therapeutic strategies. Nat Med. 2018;24:908-22.

6. Bessone F, Razori MV, Roma MG. Molecular pathways of nonalcoholic fatty liver disease development
and progression. Cell Mol Life Sci. 2019;76:99-128.

7.  Schuster S, Cabrera D, Arrese M, Feldstein AE. Triggering and resolution of inflammation in NASH. Nat
Rev Gastroenterol Hepatol. 2018;15:349-64.

8. Simodes ICM, Fontes A, Pinton P, Zischka H, Wieckowski MR. Mitochondria in non-alcoholic fatty liver
disease. Int ] Biochem Cell Biol. 2018;95:93-9.

9. Peng KY, Watt M], Rensen S, Greve JW, Huynh K, Jayawardana KS, et al. Mitochondrial
dysfunction-related lipid changes occur in nonalcoholic fatty liver disease progression. ] Lipid Res.
2018;59:1977-86.

10. Lebeaupin C, Vallée D, Hazari Y, Hetz C, Chevet E, Bailly-Maitre B. Endoplasmic reticulum stress
signalling and the pathogenesis of non-alcoholic fatty liver disease. ] Hepatol. 2018;69:927-47.

11. Léveillé M, Estall JL. Mitochondrial dysfunction in the transition from NASH to HCC. Metabolites.
2019;9:233.

12. Zhang XQ, Xu CF, Yu CH, Chen WX, Li YM. Role of endoplasmic reticulum stress in the pathogenesis of
nonalcoholic fatty liver disease. World ] Gastroenterol. 2014;20:1768-76.

13. Noureddin M, Sanyal A]. Pathogenesis of NASH: the impact of multiple pathways. Curr Hepatol Rep.
2018;17:350-60.

14. Song M], Malhi H. The unfolded protein response and hepatic lipid metabolism in non alcoholic fatty
liver disease. Pharmacol Ther. 2019;203:107401.

15. Wang L, Chen ], Ning C, Lei D, Ren ]. Endoplasmic reticulum stress related molecular mechanisms in
nonalcoholic fatty liver disease (NAFLD). Curr Drug Targets. 2018;19:1087-94.

16. Blas-Garcia A, Apostolova N, Valls-Bellés V, Esplugues JV. Endoplasmic reticulum and mitochondria:
independent roles and crosstalk in fatty liver diseases and hepatic inflammation. Curr Pharm Des.
2016;22:2607-18.

17. Hernandez-Alvarez MI, Sebastian D, Vives S, Ivanova S, Bartoccioni P, Kakimoto P, et al. Deficient
endoplasmic reticulum-mitochondrial phosphatidylserine transfer causes liver disease. Cell.
2019;177:881-95.e17.

18. Hosseini V, Maroufi NF, Saghati S, Asadi N, Darabi M, Ahmad SNS, et al. Current progress in hepatic tissue
regeneration by tissue engineering. ] Transl Med. 2019;17:383.

19. Das S, Hajndczky N, Antony AN, Csordas G, Gaspers LD, Clemens DL, et al. Mitochondrial morphology

and dynamics in hepatocytes from normal and ethanol-fed rats. Pfliigers Arch. 2012;464:101-9.

Explor Med. 2021;2:494-510 | https://doi.org/10.37349/emed.2021.00066 Page 505


https://doi.org/10.37349/emed.2021.00066

20.

21.

22.

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.
42,

Degli Esposti D, Hamelin ], Bosselut N, Saffroy R, Sebagh M, Pommier A, et al. Mitochondrial roles and
cytoprotection in chronic liver injury. Biochem Res Int. 2012;2012:387626.

Lee ], Park JS, Roh YS. Molecular insights into the role of mitochondria in non-alcoholic fatty liver
disease. Arch Pharm Res. 2019;42:935-46.

Arguello G, Balboa E, Arrese M, Zanlungo S. Recent insights on the role of cholesterol in non-alcoholic
fatty liver disease. Biochim Biophys Acta. 2015;1852:1765-78.

Grimm S. The ER-mitochondria interface: the social network of cell death. Biochim Biophys Acta.
2012;1823:327-34.

Perrone M, Caroccia N, Genovese I, Missiroli S, Modesti L, Pedriali G, et al. The role of
mitochondria-associated membranes in cellular homeostasis and diseases. Int Rev Cell Mol Biol.
2020;350:119-96.

Malhi H, Kaufman R]. Endoplasmic reticulum stress in liver disease. ] Hepatol. 2011;54:795-809.

Engin AB. Adipocyte-macrophage cross-talk in obesity. Adv Exp Med Biol. 2017;960:327-43.

Peters KM, Wilson RB, Borradaile NM. Non-parenchymal hepatic cell lipotoxicity and the coordinated
progression of non-alcoholic fatty liver disease and atherosclerosis. Curr Opin Lipidol. 2018;29:417-22.
Miyao M, Kotani H, Ishida T, Kawai C, Manabe S, Abiru H, et al. Pivotal role of liver sinusoidal endothelial
cells in NAFLD/NASH progression. Lab Invest. 2015;95:1130-44.

Lafoz E, Ruart M, Anton A, Oncins A, Hernandez-Gea V. The endothelium as a driver of liver fibrosis and
regeneration. Cells. 2020;9:929.

Yang M, Zhang C. The role of liver sinusoidal endothelial cells in cancer liver metastasis. Am ] Cancer Res.
2021;11:1845-60.

Field CS, Baixauli F, Kyle RL, Puleston D], Cameron AM, Sanin DE, et al. Mitochondrial integrity
regulated by lipid metabolism is a cell-intrinsic checkpoint for Treg suppressive function. Cell Metab.
2020;31:422-37.€5.

Namgaladze D, Khodzhaeva V, Briine B. ER-mitochondria communication in cells of the innate immune
system. Cells. 2019;8:1088.

Zhang ], Zhang K, Li Z, Guo B. ER stress-induced inflammasome activation contributes to hepatic
inflammation and teatosis. ] Clin Cell Immunol. 2016;7:457.

Maiers JL, Malhi H. Endoplasmic reticulum stress in metabolic liver diseases and hepatic fibrosis. Semin
Liver Dis. 2019;39:235-48.

Mannaerts I, Thoen LFR, Eysackers N, Cubero FJ], Batista Leite S, Coldham I, et al. Unfolded protein
response is an early, non-critical event during hepatic stellate cell activation. Cell Death Dis. 2019;10:98.
Yazic1 D, Sezer H. Insulin resistance, obesity and lipotoxicity. Adv Exp Med Biol. 2017;960:277-304.

Li Z, Li Y, Zhang HX, Guo JR, Lam CWK, Wang CY, et al. Mitochondria-mediated pathogenesis and
therapeutics for non-alcoholic fatty liver disease. Mol Nutr Food Res. 2019;63:e1900043.

Rieusset ]. Role of endoplasmic reticulum-mitochondria communication in type 2 diabetes. Adv Exp Med

Biol. 2017;997:171-86.

Bassot A, Prip-Buus C, Alves A, Berdeaux O, Perrier ], Lenoir V, et al. Loss and gain of function of Grp75
or mitofusin 2 distinctly alter cholesterol metabolism, but all promote triglyceride accumulation in
hepatocytes. Biochim Biophys Acta Mol Cell Biol Lipids. 2021;1866:159030.

Oliva-Vilarnau N, Hankeova S, Vorrink SU, Mkrtchian S, Andersson ER, Lauschke VM. Calcium signaling
in liver injury and regeneration. Front Med (Lausanne). 2018;5:192.

Amaya M], Nathanson MH. Calcium signaling in the liver. Compr Physiol. 2013;3:515-39.

Ali ES, Rychkov GY, Barritt G]. Deranged hepatocyte intracellular Ca?* homeostasis and the progression
of non-alcoholic fatty liver disease to hepatocellular carcinoma. Cell Calcium. 2019;82:102057.

Explor Med. 2021;2:494-510 | https://doi.org/10.37349/emed.2021.00066 Page 506


https://doi.org/10.37349/emed.2021.00066

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

Wang ], He W, Tsai PJ, Chen PH, Ye M, Guo J, et al. Mutual interaction between endoplasmic reticulum and
mitochondria in nonalcoholic fatty liver disease. Lipids Health Dis. 2020;19:72.

Xiao F Zhang ], Zhang C, An W. Hepatic stimulator substance inhibits calcium overflow through the
mitochondria-associated membrane compartment during nonalcoholic steatohepatitis. Lab Invest.
2017;97:289-301.

Gao X, Guo S, Zhang S, Liu A, Shi L, Zhang Y. Matrine attenuates endoplasmic reticulum stress and
mitochondrion dysfunction in nonalcoholic fatty liver disease by regulating SERCA pathway. ] Transl
Med. 2018;16:319.

Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan DC. Mitofusins Mfn1 and Mfn2 coordinately
regulate mitochondrial fusion and are essential for embryonic development. ] Cell Biol.
2003;160:189-200.

Naon D, Zaninello M, Giacomello M, Varanita T, Grespi F, Lakshminaranayan S, et al. Critical reappraisal
confirms that Mitofusin 2 is an endoplasmic reticulum-mitochondria tether. Proc Natl Acad Sci U S A.
2016;113:11249-54,

Zhang X, Han ], Man K, Li X, Du ], Chu ES, et al. CXC chemokine receptor 3 promotes steatohepatitis
in mice through mediating inflammatory cytokines, macrophages and autophagy. ] Hepatol.
2016;64:160-70.

Galloway CA, Lee H, Brookes PS, Yoon Y. Decreasing mitochondrial fission alleviates hepatic steatosis
in a murine model of nonalcoholic fatty liver disease. Am ] Physiol Gastrointest Liver Physiol.
2014;307:G632-41.

Westermann B. Mitochondrial fusion and fission in cell life and death. Nat Rev Mol Cell Biol.
2010;11:872-84.

Kamerkar SC, Kraus F, Sharpe A], Pucadyil T], Ryan MT. Dynamin-related protein 1 has membrane
constricting and severing abilities sufficient for mitochondrial and peroxisomal fission. Nat Commun.
2018;9:5239.

Cruz Hernandez JH, Rosado Loman WN, Gomez-Cris6stomo NP, De la Cruz-Hernandez EN, Guzman Garcia
LM, Gémez Gomez M, et al. High sugar but not high fat diet consumption induces hepatic metabolic
disruption and up-regulation of mitochondrial fission-associated protein Drp1 in a model of moderate
obesity. Arch Physiol Biochem. 2020;[Epub ahead of print].

Honrath B, Metz I, Bendridi N, Rieusset ], Culmsee C, Dolga AM. Glucose-regulated protein 75 determines
ER-mitochondrial coupling and sensitivity to oxidative stress in neuronal cells. Cell Death Discov.
2017;3:17076.

Casas C. GRP78 at the centre of the stage in cancer and neuroprotection. Front Neurosci. 2017;11:177.

Kammoun HL, Chabanon H, Hainault I, Luquet S, Magnan C, Koike T, et al. GRP78 expression inhibits
insulin and ER stress-induced SREBP-1c activation and reduces hepatic steatosis in mice. ] Clin Invest.
2009;119:1201-15.

Pittala S, Levy [, De S, Kumar Pandey S, Melnikov N, Hyman T, et al. The VDAC1-based R-Tf-D-LP4 peptide
as a potential treatment for diabetes mellitus. Cells. 2020;9:481.

Shoshan-Barmatz V, De Pinto V, Zweckstetter M, Raviv Z, Keinan N, Arbel N. VDAC, a multi-functional
mitochondrial protein regulating cell life and death. Mol Aspects Med. 2010;31:227-85.

Zhu Y, Zhang C, Xu F, Zhao M, Bergquist ], Yang C, et al. System biology analysis reveals the role of
voltage-dependent anion channel in mitochondrial dysfunction during non-alcoholic fatty liver disease
progression into hepatocellular carcinoma. Cancer Sci. 2020;111:4288-302.

Niu B, Lei X, Xu Q, Ju Y, Xu D, Mao L, et al. Protecting mitochondria via inhibiting VDAC1
oligomerization alleviates ferroptosis in acetaminophen-induced acute liver injury. Cell Biol
Toxicol. 2021;[Epub ahead of print].

Explor Med. 2021;2:494-510 | https://doi.org/10.37349 /emed.2021.00066 Page 507


https://doi.org/10.37349/emed.2021.00066

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Alasadi A, Chen M, Swapna GVT, Tao H, Guo ], Collantes ], et al. Effect of mitochondrial uncouplers
niclosamide ethanolamine (NEN) and oxyclozanide on hepatic metastasis of colon cancer. Cell Death
Dis. 2018;9:215.

Demine S, Renard P, Arnould T. Mitochondrial uncoupling: a key controller of biological processes in
physiology and diseases. Cells. 2019;8:795.

Goedeke L, Shulman GI. Therapeutic potential of mitochondrial uncouplers for the treatment of
metabolic associated fatty liver disease and NASH. Mol Metab. 2021;46:101178.

Bellanti F, Villani R, Tamborra R, Blonda M, Iannelli G, di Bello G, et al. Synergistic interaction of fatty
acids and oxysterols impairs mitochondrial function and limits liver adaptation during nafld progression.
Redox Biol. 2018;15:86-96.

Tang S, Zhang ], Mei TT, Guo HQ, Wei XH, Zhang WY, et al. Association of PNPLA3 rs738409 G/C gene
polymorphism with nonalcoholic fatty liver disease in children: a meta-analysis. BMC Med Genet.
2020;21:163.

Zhang C, Yang M. The emerging factors and treatment options for NAFLD-related hepatocellular
carcinoma. Cancers (Basel). 2021;13:3740.

Sookoian S, Flichman D, Scian R, Rohr C, Dopazo H, Gianotti TF, et al. Mitochondrial genome architecture
in non-alcoholic fatty liver disease. ] Pathol. 2016;240:437-49.

Malik AN, Simoes ICM, Rosa HS, Khan S, Karkucinska-Wieckowska A, Wieckowski MR. A diet induced
maladaptive increase in hepatic mitochondrial DNA precedes OXPHOS defects and may contribute to
non-alcoholic fatty liver disease. Cells. 2019;8:1222.

Dabravolski SA, Bezsonov EE, Baig MS, Popkova TV, Nedosugova LV, Starodubova AV, et al. Mitochondrial
mutations and genetic factors determining NAFLD risk. Int ] Mol Sci. 2021;22:4459.

Gongalves 10, Oliveira PJ, Ascensdo A, Magalhdes |. Exercise as a therapeutic tool to prevent mitochondrial
degeneration in nonalcoholic steatohepatitis. Eur ] Clin Invest. 2013;43:1184-94.

Geidl-Flueck B, Hochuli M, Németh A, Eberl A, Derron N, Kofeler HC, et al. Fructose- and sucrose- but

not glucose-sweetened beverages promote hepatic de novo lipogenesis: a randomized controlled trial. ]
Hepatol. 2021;75:46-54.

Softic S, Meyer ]G, Wang GX, Gupta MK, Batista TM, Lauritzen HPMM, et al. Dietary sugars alter hepatic
fatty acid oxidation via transcriptional and post-translational modifications of mitochondrial proteins.
Cell Metab. 2019;30:735-53.e4.

Yang M, Zhang CY. G protein-coupled receptors as potential targets for nonalcoholic fatty liver disease
treatment. World ] Gastroenterol. 2021;27:677-91.

Ciobarca D, Catoi AF, Copaescu C, Miere D, Crisan G. Bariatric surgery in obesity: effects on gut microbiota
and micronutrient status. Nutrients. 2020;12:235.

Ezquerro S, Becerril S, Tuero C, Méndez-Giménez L, Mocha F, Moncada R, et al. Role of ghrelin isoforms
in the mitigation of hepatic inflammation, mitochondrial dysfunction, and endoplasmic reticulum stress
after bariatric surgery in rats. Int ] Obes (Lond). 2020;44:475-87.

Zhang C, Yang M. Current options and future directions for NAFLD and NASH treatment. Int ] Mol Sci.
2021;22:7571.

Verbeek ], Lannoo M, Pirinen E, Ryu D, Spincemaille P, Vander Elst I, et al. Roux-en-y gastric bypass
attenuates hepatic mitochondrial dysfunction in mice with non-alcoholic steatohepatitis. Gut.
2015;64:673-83.

Chen Q,Wang T, Li]J, Wang S, Qiu F, Yu H, et al. Effects of natural products on fructose-induced nonalcoholic
fatty liver disease (NAFLD). Nutrients. 2017;9:96.

Xu L, Nagata N, Ota T. Impact of glucoraphanin-mediated activation of Nrf2 on non-alcoholic fatty liver
disease with a focus on mitochondrial dysfunction. Int ] Mol Sci. 2019;20:5920.

Explor Med. 2021;2:494-510 | https://doi.org/10.37349/emed.2021.00066 Page 508


https://doi.org/10.37349/emed.2021.00066

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

de Freitas Carvalho MM, Lage NN, de Souza Paulino AH, Pereira RR, de Almeida LT, da Silva TF, et al.
Effects of acai on oxidative stress, ER stress, and inflammation-related parameters in mice with high fat
diet-fed induced NAFLD. Sci Rep. 2019;9:8107.

Yi H, Xu D, Wu X, Xu F, Lin L, Zhou H. Isosteviol protects free fatty acid- and high fat diet-induced hepatic
injury via modulating PKC-B/p66Shc/ROS and endoplasmic reticulum stress pathways. Antioxid
Redox Signal. 2019;30:1949-68.

Yang XX, Wang X, Shi TT, Dong JC, Li F], Zeng LX, et al. Mitochondrial dysfunction in high-fat diet-induced
nonalcoholic fatty liver disease: the alleviating effect and its mechanism of Polygonatum kingianum.
Biomed Pharmacother. 2019;117:109083.

Stacchiotti A, Grossi I, Garcia-Goémez R, Patel GA, Salvi A, Lavazza A, et al. Melatonin effects on
non-alcoholic fatty liver disease are related to microRNA-34a-5p/Sirtl axis and autophagy. Cells.
2019;8:1053.

Zhou H, Du W, Li Y, Shi C, Hu N, Ma S, et al. Effects of melatonin on fatty liver disease: the role of
NR4A1/DNA-PKcs/p53 pathway, mitochondrial fission, and mitophagy. ] Pineal Res. 2018;64:e12450.
Stacchiotti A, Favero G, Lavazza A, Golic I, Aleksic M, Korac A, et al. Hepatic macrosteatosis is partially
converted to microsteatosis by melatonin supplementation in ob/ob mice non-alcoholic fatty liver
disease. PLoS One. 2016;11:e0148115.

Fus§, Yalcin A, Lee GY, Li P, Fan ], Arruda AP, et al. Phenotypic assays identify azoramide as a small-molecule
modulator of the unfolded protein response with antidiabetic activity. Sci Transl Med. 2015;7:292ra98.
Bagci R, Sahinturk V, Sahin E. Azoramide ameliorates fructose-induced nonalcoholic fatty liver disease
in mice. Tissue Cell. 2019;59:62-9.

Petito-da-Silva TI, Souza-Mello V, Barbosa-da-Silva S. Empaglifozin mitigates NAFLD in high-fat-fed mice
by alleviating insulin resistance, lipogenesis and ER stress. Mol Cell Endocrinol. 2019;498:110539.
Farrell GC, Haczeyni F, Chitturi S. Pathogenesis of NASH: how metabolic complications of overnutrition
favour lipotoxicity and pro-inflammatory fatty liver disease. Adv Exp Med Biol. 2018;1061:19-44.
Okada LSDRR, Oliveira CP, Stefano JT, Nogueira MA, Silva IDCGD, Cordeiro FB, et al. Omega-3 PUFA
modulate lipogenesis, ER stress, and mitochondrial dysfunction markers in NASH-proteomic and
lipidomic insight. Clin Nutr. 2018;37:1474-84.

Cezar TLC, Martinez RM, Rocha CD, Melo CPB, Vale DL, Borghi SM, et al. Treatment with maresin 1,
a docosahexaenoic acid-derived pro-resolution lipid, protects skin from inflammation and oxidative
stress caused by UVB irradiation. Sci Rep. 2019;9:3062.

Martinez-Ferndndez L, Gonzalez-Muniesa P, Laiglesia LM, Sainz N, Prieto-Hontoria PL, Escoté X, et
al. Maresin 1 improves insulin sensitivity and attenuates adipose tissue inflammation in ob/ob and
diet-induced obese mice. FASEB J. 2017;31:2135-45.

Jung TW, Kim HC, Abd El-Aty AM, Jeong JH. Maresin 1 attenuates NAFLD by suppression of endoplasmic
reticulum stress via AMPK-SERCA2b pathway. ] Biol Chem. 2018;293:3981-8.

Chen X, Li L, Liu X, Luo R, Liao G, Li L, et al. Oleic acid protects saturated fatty acid mediated lipotoxicity
in hepatocytes and rat of non-alcoholic steatohepatitis. Life Sci. 2018;203:291-304.

Lin HY, Yang YL, Wang PW, Wang FS, Huang YH. The emerging role of microRNAs in NAFLD: highlight of
microRNA-29a in modulating oxidative stress, inflammation, and beyond. Cells. 2020;9:1041.
Rodrigues PM, Afonso MB, Simdo AL, Carvalho CC, Trindade A, Duarte A, et al. miR-21 ablation and
obeticholic acid ameliorate nonalcoholic steatohepatitis in mice. Cell Death Dis. 2017;8:e2748.

Ding ], Li M, Wan X, Jin X, Chen S, Yu C, et al. Effect of miR-34a in regulating steatosis by targeting PPAR«
expression in nonalcoholic fatty liver disease. Sci Rep. 2015;5:13729.

Zhou B, Zhou DL, Wei XH, Zhong RY, Xu ], Sun L. Astragaloside IV attenuates free fatty acid-induced

ER stress and lipid accumulation in hepatocytes via AMPK activation. Acta Pharmacol Sin.
2017;38:998-1008.

Explor Med. 2021;2:494-510 | https://doi.org/10.37349 /emed.2021.00066 Page 509


https://doi.org/10.37349/emed.2021.00066

98. Pittala S, Krelin Y, Kuperman Y, Shoshan-Barmatz V. A mitochondrial VDAC1-based peptide greatly
suppresses steatosis and NASH-associated pathologies in a mouse model. Mol Ther. 2019;27:1848-62.

99. Sahin E, Bagci R, Bektur Aykanat NE, Kacar S, Sahinturk V. Silymarin attenuated nonalcoholic fatty liver
disease through the regulation of endoplasmic reticulum stress proteins GRP78 and XBP-1 in mice. ]
Food Biochem. 2020;44:e13194.

Explor Med. 2021;2:494-510 | https://doi.org/10.37349 /emed.2021.00066 Page 510


https://doi.org/10.37349/emed.2021.00066

	Abstract
	Keywords
	Introduction 
	Function of mitochondria and ER in hepatic cells 
	Hepatocytes 
	Liver non-parenchymal cells 

	ER-mitochondria communication in NAFLD: molecular mechanism 
	Ca2+ transporters 
	Mitofusin 
	Dynamin-related protein 1 
	Glucose-regulated proteins 
	Voltage-dependent anion channel 1 
	Mitochondrial uncoupling proteins 

	Treatments 
	Lifestyle change 
	Modulating gut microbiota 
	Anti-inflammatory and antioxidant agents 
	Targeting mitochondria fission and ER-mitochondria interaction 
	Modulating metabolism 
	Modulating miRs 

	Clinical trials 
	Conclusion 
	Abbreviations 
	Declarations 
	Author contributions 
	Conflicts of interest 
	Ethical approval 
	Consent to participate 
	Consent to publication 
	Availability of data and materials 
	Funding 
	Copyright 

	References 

