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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a common and prevalent disorder affecting
25 percent of the adults in the United States and 32 percent of adults globally. It is one of the
common causes of chronic liver disease characterized by steatosis, which can lead to inflammation,
fibrosis, and cirrhosis. NAFLD is strongly associated with obesity and insulin resistance. Multiple
genetic variants have been consistently found to be associated with NAFLD; one of them is found in
the TMC4-MBOAT7 loci. One variant (rs641738 C>T) within MBOAT7 encoding lysophosphatidyl
inositol acyltransferase increases the risk for NAFLD development and triggers hepatic inflammation
by regulating arachidonic acid levels. This review provides an overview of the MBOAT7 gene,
pathogenesis of NAFLD, understanding the regulation of MBOAT7 and mechanistic link between
MBOAT7 and NAFLD. It further summarizes pathophysiologically relevant in vivo and in vitro
studies on MBOAT7 and challenges in treating complex NAFLD with recent progress made in the
treatment of NAFLD. As such, this review provides useful information on MBOAT7 and NAFLD
interrelation, which has the potential of deciphering novel therapeutic targets rather than well-known
genetic variants such as PNPLA3 and TM6SF2.

Keywords: non-alcoholic fatty liver disease; MBOAT7; lipid metabolism; hepatic steatosis; fibrosis;
therapeutic targets; insulin resistance; pathogenesis

1. Introduction

NAFLD is a complex, multifactorial disease encompassing a broad spectrum of dis-
orders including hepatic steatosis, fibrosis, cirrhosis, and progression to hepatocellular
carcinoma and is strongly associated with metabolic syndrome including diabetes mellitus,
insulin resistance and obesity. Noteworthy, the total number of populations with non-
alcoholic fatty liver disease (NAFLD) exceeds the combined population with obesity and
diabetes mellitus globally [1]. In addition, multiple studies have established a strong associ-
ation between NAFLD and increased risk of cardiovascular diseases and its complications.
More importantly, NAFLD is recognized as an independent risk factor in cardiovascular
diseases [2]. These diseases share multiple pathophysiological features and are closely
interrelated in their progression.

According to histology, NAFLD is defined by the presence of hepatic lipid accumu-
lation in >5% of hepatocytes [2]. NAFLD has been predicted to be the most frequent
indication for liver transplantation by 2030 [3]. It further contributes to extra-hepatic
chronic complications and regulatory pathways [4]. The current gender-based prevalence
of NAFLD is approximately 30–40% in men and 15–20% in women [5].

Recent studies have identified several genetic susceptibility variants comprising of
single-nucleotide polymorphisms in PNPLA3 (rs738409), TM6SF2 (rs8542926), and LX-
PLAL1 (rs12137855) [6]. The contributions of the PNPLA3 polymorphism in NAFLD have
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been widely studied, while in contrast, the molecular biochemical mechanistic insights un-
derlying the MBOAT7 polymorphism are little understood [6]. Recently, the identification
of genetic variant rs641738 near two genes encoding the MBOAT7 gene and transmem-
brane channel-like 4 (TMC4) in determining the risk of NAFLD and its complications has
gained utmost importance and still needs further exploration for a targeted drug design
to treat complex NAFLD [7]. However, the available data presently suggest that TMC4
is not expressed abundantly in the human liver, and previous studies revealed that the
CRISPR/Cas9-mediated TMC4 knockout in mice does not provoke hepatic steatosis [8].
More importantly, it has been reported that MBOAT7 loss of function alone promotes
liver disease progression via the accumulation of lysophosphatidylinositol lipids, thereby
highlighting the unique role of MBOAT7 in NAFLD pathogenesis [8].

MBOA7 is a lysophophosphatidylinositol (LPI) acyltransferase preferentially trans-
ferring polyunsaturated fatty acids (PUFAs) to LPI. Emerging genome-wide association
studies reported that a genetic variant within the MBOAT7 gene is closely related to non-
alcoholic steatohepatitis (NASH), attributed to an increase in triglyceride synthesis through
canonical and non-canonical pathways of de novo lipogenesis [9]. This review summa-
rizes our knowledge of MBOAT7 and NAFLD association, which potentially opens new
avenues for drug design strategies to treat this multi-system disease. The selectivity of
MBOAT7 for long PUFAs such as arachidonic acids suggests that an abundance of specific
phosphoinositols are regulated by MBOAT7 without alterations in total phosphoinositol
content [8].

2. MBOAT7 Gene—An Overview

The MBOAT7 gene, also known as lysophosphatidylinositol acyltransferase 1 (LPLAT1),
is located on the long arm of human chromosome 19 (19q13.42) and encodes an enzyme
with a size of 472 amino acids. The protein is highly expressed in liver, heart, testis, and
adipose tissue, and has a molecular mass of 52,765 Da [10]. The MBOAT7 protein is a
highly conserved member of the membrane-bound O-acyltransferases family of integral
membrane proteins composed of six transmembrane domains present on the endoplasmic
reticulum, lipid droplets, and mitochondria-associated membranes (Figure 1) [10–12].

The encoded protein is a lysophosphatidylinositol acyltransferase having specificity
for the arachidonoyl-CoA acyl donor, involved in reacylation of phospholipids (PLs) as a
part of Land cycle (remodeling of PL) [9]. The lysophospholipid acyl transferase activity of
MBOAT7 preferentially incorporates arachidonic acid into PLs [9]. In the liver, MBOAT7
participates in the regulation of triglyceride metabolism through the phosphatidylinositol
acyl-chain remodeling regulation. MBOAT7 plays a unique role in Land’s cycle, in diversi-
fying the fatty acid composition of membrane phosphatidylinositol (PI) species and not
PLs with other head groups.

The two enzymatic reactions of the Land’s cycle include diacylation of unsaturated PLs
from the sn-2 position of PLs catalyzed by phospholipases and esterification of fatty acids
to lysophospholipid catalyzed by acyltransferases resulting in the release of newly modeled
PLs [11,12]. MBOAT7 incorporates free PUFAs such as arachidonic acid into lysophospho-
lipids and releases newly modeled PLs with a higher degree of unsaturation [11]. The
MBOAT7 mutations thus lead to the accumulation of intracellular free arachidonic acid,
which is used as a substrate for the synthesis of inflammatory lipid mediators. In addition,
the higher PI availability associated with weak MBOAT7 enzymatic activity is used to
synthesize diacylglycerols, which are the main precursors of triglycerides stored in lipid
droplets [11].

In a cryo-EM structure model proposed by Wang and colleagues [12], the arachidonoyl-
CoA substrate enters the enzyme tunnel from the cytoplasmic leaflet of the ER and lyso-PI
enters the tunnel from a luminal leaflet with a side channel harboring its single acyl chain
and positions the sn-2 hydroxyl group of the glycerol backbone near the His356 residue
located in the catalytic domain [12].
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Figure 1. MBOAT7, a highly conserved O-acyltransferase. Sequence comparison of human, rat, and 

mouse MBOAT7 proteins demonstrating the high degree of sequence similarity. Amino acid residues 

conserved in all three sequences are indicated by asterisks, while conserved amino acid residues with 

strongly similar properties are marked by colons, and amino acids with weakly similar properties are 

indicated by periods. The protein sequences were taken from protein sequences (human: NP_077274, 

rat: XP_038966897, mouse: NP_084210) deposited in the National Library of Medicine [13] and the 

alignment was performed using the EMBL-EBI Clustal Omega multiple sequence alignment tool 

[14]). Human MBOAT7 is composed of 11 transmembrane helical segments that are connected by 

short intervening helices and loops. For more details about the structure of human MBOAT7, refer to 

[12]. The structure of human MBOAT7 was generated with Jmol using the structure coordinates de-

posited in the RCSB Protein data base (access. no.: 8ERC). 
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Figure 1. MBOAT7, a highly conserved O-acyltransferase. Sequence comparison of human, rat, and
mouse MBOAT7 proteins demonstrating the high degree of sequence similarity. Amino acid residues
conserved in all three sequences are indicated by asterisks, while conserved amino acid residues with
strongly similar properties are marked by colons, and amino acids with weakly similar properties are
indicated by periods. The protein sequences were taken from protein sequences (human: NP_077274,
rat: XP_038966897, mouse: NP_084210) deposited in the National Library of Medicine [13] and the
alignment was performed using the EMBL-EBI Clustal Omega multiple sequence alignment tool [14]).
Human MBOAT7 is composed of 11 transmembrane helical segments that are connected by short
intervening helices and loops. For more details about the structure of human MBOAT7, refer to [12].
The structure of human MBOAT7 was generated with Jmol using the structure coordinates deposited
in the RCSB Protein data base (access. no.: 8ERC).

3. Pathogenesis of NAFLD

NAFLD is defined by elevated hepatic lipid accumulation exceeding 5% of liver weight
in the absence of heavy alcohol consumption. NAFLD entails a wide spectrum of condi-
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tions ranging from uncomplicated steatosis to NASH progressing to fibrosis and cirrhosis
with few cases further progressing to hepatocellular carcinoma (HCC) [15]. The patho-
genesis of NAFLD is closely related to obesity, glucose intolerance, and dyslipidemia [15].
Unhealthy dietary habits, highly fructose-enriched diets, excessive calorie intake, and
lack of exercise along with genetic predisposition are the major contributors to this patho-
logical condition [16]. The biological associations between fatty liver and inherited risk
factors and their interplay with environmental factors are primary goals in the study of
NAFLD pathophysiology.

In addition, multiple studies have established a strong correlation between NAFLD
and increased risk of cardiovascular complications [17]. A recent retrospective study
showed that NAFLD determined early atherosclerosis and progression, independently
of traditional cardiovascular risk factors [18]. Few longitudinal and retrospective studies
have demonstrated interesting findings on NAFLD association with hypertension, chronic
kidney disease, and cardiometabolic comorbidities [19]. It is certainly evident that dysreg-
ulation of lipid and glucose metabolism and activation of the prothrombotic system are
some of the mechanisms involved in NAFLD leading to cardiometabolic complications.

A ‘Multi-hit’ hypothesis has been proposed in previous studies to understand NAFLD
pathogenesis [20]. Insulin resistance is the first hit responsible for hepatic steatosis either
due to impaired insulin receptor activity or derangement of insulin response through
downstream signaling cascade. Insulin resistance favors lipid storage dismissal, increas-
ing the efflux of free fatty acids from adipose tissue to the liver where they are stored
as triglycerides [21]. In addition, fat deposition is exacerbated by hyperinsulinemia by
inducing de novo lipogenesis from glucose through sterol regulatory element binding
protein 1 (SREBP1). Mitochondria dysfunctions and changes in PUFAs are also responsible
for steatosis onset [22].

Under normal conditions, there is a balance and dynamic equilibrium between fatty
acid storage and expenditure, in which the liver is the key organ involved in regulatory
systemic lipid metabolism via coordinating lipid uptake, synthesis, oxidation, and export.
Peripheral lipolysis, de novo lipogenesis, dietary-derived chylomicrons, and intermediate
density lipoprotein particles are the main free fatty acid sources contributing to hepatic
lipid accumulation [23]. Insulin resistance decreases the utilization of triglycerides in
peripheral tissues and increased lipolysis in adipose tissue, leading to increased influx
of free fatty acids to the liver. In addition, increased hepatic influx of chylomicrons and
very-low-density lipoprotein (VLDL) can be caused by decreased lysophosphatidylinositol
activity. These mechanisms mainly contribute to excess triglycerides and TC accumulation
in the liver, which in turn enhances the assembly of VLDL particles, further worsening
dyslipidemia [23].

There is much evidence illustrating the association between NAFLD pathogenesis
and inflammatory responses [24]. In NAFLD, hepatic immune cell populations exhibit
an immunogenic phenotype composed of Kupffer cells, monocyte-derived macrophages,
and dendritic cells, whose transcriptional alterations were elucidated by single-cell RNA-
seq technology determining NAFLD progression [24]. In line with this, an interesting
finding illustrated a NASH-associated macrophage subset, with TREM2 expression linked
to NASH severity. In particular, a specialized circulating monocyte-derived TREM2 CD9+

macrophage subpopulation that promotes liver fibrosis seems to play an essential role in
NASH-associated fibrogenesis [25].

Recent clinical studies have shed light on NAFLD severity being associated with
inflammatory markers such as TNF, IL-1, IL-6, and high-sensitivity C-reactive protein.
It is suggested that NAFLD may induce systemic inflammation, insulin resistance, and
oxidative stress via these pro-inflammatory molecules [26].

NAFLD is a perfect example of ectopic fat accumulation, meaning that lipid accu-
mulation occurs in another site other than adipose tissue. This in turn is associated with
increased secretion of hepatokines, increased gluconeogenesis, and inhibition of insulin
signaling [27]. Hepatic lipid accumulation causes insulin resistance and chronic inflam-
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mation, increasing the risk of fibrosis, cirrhosis, and HCC. Besides liver lipid metabolism,
the other possibilities contributing to the pathogenesis of NAFLD include adipose tissue
dysfunction/inflammation, dysbiosis of gut microbiota, and gut barrier function regulating
several intrahepatic metabolic and inflammatory pathways (Figure 2) [28,29].
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Figure 2. Factors driving pathogenesis of NAFLD and formation of atherosclerosis. Lipopolysaccha-
rides that destroy the gut barrier function, high-caloric diets and elevated concentrations of free fatty
acids (FFAs) lead to hepatic inflammation. This in turn leads to activation of hepatic stellate cells and
production of cytokines (e.g., PDGF, TGF-β1) that drive fibrogenesis. Additionally, adipose tissue
dysfunction and lipolysis leads to formation of insulin resistance and reactive oxygen species (ROS)
that further drive the inflammatory process. Hepatic inflammation can result in systemic inflamma-
tion and factors (e.g., TNF-α, IL-6, CRP, oxLDL, PAI-1) that in concert with elevated concentrations of
fat trigger atherosclerosis. Upward pointing arrows indicate increased concentrations/symptoms,
while arrows pointing downwards lower concentrations/symptoms. This figure was redrawn in
modified form from [29].

It is interesting to note that obesity is strongly associated with NAFLD but not an
independent factor. Adipose tissue dysfunction is the key contributor to NAFLD in patients
with lipodystrophy by increasing the hepatic/peripheral insulin resistance and promoting
hepatic inflammation (Figure 3) [8,30].

In addition to these factors, the long chain fatty acids are esterified with glycerol-3-
phosphate to mono-acylglycerols, diacylglycerols, and triacylglycerols in hepatocytes. The
production of these intermediates is increased by lipid synthesis and lipid products like
ceramides, which play crucial roles in causing resistance in the insulin signaling pathway,
promoting hepatic inflammation and the progression of NAFLD [2,27].

Further, it is likely that the putative underlying mechanisms linking NAFLD, chronic
kidney disease, and cardiovascular disease have their origin from inflamed visceral adipose
tissue [4]. This in turn exacerbates atherogenic dyslipidemia, releasing a myriad of pro-
inflammatory molecules, thrombogenic molecules, contributing to the pathophysiology
of cardiovascular disease and chronic kidney disease. The co-existence of obesity further
exerts additional effects, leading to functional derangements in the heart, kidneys, and
vasculature [4].
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Figure 3. NAFLD as a result of obesity and metabolic syndrome. Increased free fatty acids (FFAs)
result in dysfunction of peripheral adipose tissue (AT), expansion of subcutaneous adipose tissue SAT),
central obesity, type 2 diabetes, insulin resistance (IR), and central obesity that form key features in
the metabolic syndrome. These changes can be monitored by alterations in blood parameters (VLDL,
triglyceride, small dense LDL, glucose). These changes are further associated with increased activity
of sympathetic nervous system (SNS), glucagon increase, hepatic clearance of amino acids (AA), and
increased ureagenesis. Epigenetic and genetic factors predispose to NAFLD pathogenesis. Upward
pointing arrows indicate increased concentrations/symptoms, while arrows pointing downwards
lower concentrations/symptoms. Solid arrows mark stimulatory effects, while dashed lines indicate
inhibitory effects. For more information refer to the text. Abbreviations used are AA: arachidonic
acid; GR: glucagon resistance; LDL: low-density lipoprotein(s). This figure was redrawn in modified
form from [30].

4. Mechanistic Link between MBOAT7 and NAFLD and Related In Vivo/In Vitro Studies

It is crucial to further understand the molecular mechanisms underlying the progres-
sion of liver disease from simple steatosis to more advanced fibrotic disease. MBOAT7 asso-
ciation with NAFLD has emerged as a new lipid metabolic pathway as growing evidence
suggests the pivotal role of MBOAT7 as a driver of NAFLD development and progression.
Few studies have provided vital clues into its broader role and mechanistic insights.

MBOAT7 preferentially esterifies lysophosphatidylinositol (LPI) lipids to arachidonoyl-
CoA to form major phosphoinositol (PI) species (38:4) in the inner leaflet of cell membranes.
Phospholipases, prominently phospholipase A2 (PLA2), cleave fatty acid from the sn2
position and MBOAT7 selectively re-esterifies new PUFAs in that position, completing the
remodeling cycle [31]. MBOAT7 loss of function could alter cellular signal transduction,
protein–lipid interactions, vesicular transport, and membrane fusion events, given the fact
that MBOAT7 generates the most abundant PI species (38:4) and key cellular phosphatidyli-
nositol phosphates (PI 18:0/20:4) and PI ([18:0/20:4]-4,5P2). Another potential way by
which MBOAT7 loss of function could promote NASH is by abnormal accumulation of LPI
substrates in liver, as evidenced by multiple mice studies. These LPI substrates serve as
relevant lipid signals promoting pro-inflammatory and pro-fibrotic effects [31].

The liver-specific knockout of MBOAT7 induces hepatic fat accumulation by increasing
de novo lipogenesis driven by SREBP1, which is a key lipogenic transcription factor
involved in fatty acid biosynthesis [22]. The non-canonical pathway, on the other hand,
suggests that MBOAT7 depletion causes a simultaneous increase in PI synthesis and PI
degradation mediated by a protein with PLC activity resulting in diacylglycerol, a substrate
of triglyceride synthesis [32].
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Lee and coworkers unraveled the first evidence of MBOAT7 enzymatic activity in
Caenorhabditis elegans by RNA-interference-based genetic screening [33]. In C. elegans,
eicosapentaenoic acid is the predominant PUFA, which is decreased by MBOAT7 deletion.
It also exhibited reduced PI species and PI3P-related events [33]. Similarly, it has been
shown that obese people have low levels of MBOAT7 in their livers and genetically modified
obese mice with low MBOAT7 levels developed more severe NAFLD [8]. Strikingly, excess
fat accumulation was noticed in human liver cells with low levels of MBOAT7. New
approaches to therapeutic strategies in treating NAFLD in patients with MBOAT7 mutations
can be developed with MBOAT7 being a critical mediator of NAFLD.

Several studies revealed that the hepatic MBOAT7 expression levels were suppressed
in high-fat-diet mice and obese leptin-deficient mice and that MBOAT7 levels in adipose
tissue were negatively correlated with insulin sensitivity and impaired glucose tolerance
(Figure 4) [21,34].
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Figure 4. Factors promoting insulin resistance. High-caloric diets enriched in fat, sucrose, and fruc-
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Figure 4. Factors promoting insulin resistance. High-caloric diets enriched in fat, sucrose, and
fructose are risk factors for insulin resistance development. In the gut, the unbalanced diet results in
downregulation of MBOAT7 and formation of chylomicrons. Elevated concentrations of systemic
free fatty acids are taken up by hepatocytes, resulting in increased de novo lipogenesis and fatty
liver. This provokes the infiltration of the liver with inflammatory cells, which results in elevated
concentrations of cytokines and chemokines, provoking steatohepatitis and transdifferentiation
of quiescent hepatic stellate cells (HSCs) to extracellular-matrix-producing (ECM) myofibroblasts
leading to hepatic fibrosis. Similarly, to the liver and the gut, MBOAT7 is downregulated in the
adipose, triggering peripheral insulin resistance. Solid arrows mark stimulatory effects. Small red
lines indicate free fatty acids in the circulation, while small purple lines indicate tissue-bound free
fatty acids. All these factors promote formation of hyperglycemia, hyperinsulinemia, and insulin
resistance. This figure was redrawn in modified form from [34].

On a similar context, liver-specific deletion of MBOAT7 increased liver fat content in
chow-diet-fed mice under fasting-re-feeding conditions. This hepatic lipid accumulation is
shown to be caused due to an increase in de novo lipogenesis driven by SREBP1, supported
by normalization of hepatic fat content by liver-specific deletion of MBOAT7 and SREBP
cleavage-activating protein Scap [22].

In addition to the in vivo studies, Tanaka et al. investigated the impact of MBOAT7
deletion on PI content and fat accumulation in cultured hepatocytes. This study suggested
that depletion of MBOAT7 in hepatocytes resulted in hepatic fat accumulation through
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increased triglyceride synthesis [32]. Here, it was proposed that hepatic lipid accumulation
is due to a novel non-canonical pathway supplying substrates from PI to triglycerides
through a futile cycle [32].

A wealth of recent data show that MBOAT7 overexpression in mice had beneficial
effects on NASH pathology by significantly decreasing hepatic triglyceride levels and
normalizing liver injury markers such as alanine aminotransferase and aspartate amino-
transferase [35]. Longo et al. showed that MBOAT7 rs641738 and TM6SF2 E167k alters lipid
droplet accumulation, mitochondrial morphology, and metabolic reprogramming towards
HCC in vitro [36]. Strikingly, Krawczyk et al. confirmed the association of MBOAT7 with a
more severe stage of fibrosis increasing plasma triglycerides, cholesterol, LDL, and glucose
levels [37].

An interesting study by Raja et al. shed light on MBOAT7 rs641738 associations with
NAFLD based on ethnicity [38]. It was shown that MBOAT7 is a strong contributor to the
progression of NAFLD in the Caucasian and Chinese population, while it is not significant
in Afro-American and Hispanic populations [39]. Yet another unique finding by Massey
et al. showed diet-induced metabolic disturbances, hyperinsulinemia, and systemic insulin
resistance in mice with adipocyte-specific disruption of the MBOAT7 gene [21].

Furthermore, liver-specific knockdown of MBOAT7 by antisense oligonucleotides
revealed large alterations in liver lipid storage characterized by the accumulation of triglyc-
erides, free cholesterol, and cholesterol esters in high-fat-diet-fed mice [8]. In addition,
MBOAT7 knockdown was associated with liver injury as indicated by elevated aspartate
aminotransferase and alanine aminotransferase in these animals. Aligned with these alter-
ations, knockdown of MBOAT7 in high-fat-diet-fed mice resulted in alterations in LPI and
PI lipids in a tissue-specific manner such as selective reduction in 38:3 and 38:4 species of
circulating PI lipids and significant accumulation of 16:0 and 18:1 LPI species in the liver,
inducing an imbalance of local lipid mediators that originate from PI metabolism.

A recent meta-analysis of 42 studies including more than 1 million participants showed
that the MBOAT7 variation is firmly associated with the severity of NAFLD in European
adults [40]. Another interesting study suggests that MBOAT7 is a negative regulator of
TLR signaling and highlights that MBOAT7 modulation can be beneficial for suppressing
inflammation associated with the dysregulation of Toll-like receptor signaling such as
metabolic-associated fatty liver diseases (MAFLD) [24].

5. Challenges and Recent Progress in Treating Complex NAFLD

NAFLD represents a ‘silent epidemic’ as it is often asymptomatic in nature with in-
creased prevalence among adults with obesity, type 2 diabetes, insulin resistance, and
metabolic syndrome [41]. It represents a growing public health challenge owing to lack of
approved therapies at present [42]. Individuals with NAFLD present at least one feature of
metabolic syndrome, making it an even more challenging multi-systemic disease. In addi-
tion, the complexity is increased by the fact that many patients remain undiagnosed in early
phases of the disease [43]. Variability in NAFLD-related risk factors, substantial mortality,
and morbidity are a few other challenges in the management of this disease [43]. Therefore,
it is important to adopt a holistic approach in managing this diversified condition.

At present, NAFLD is treated with lifestyle modifications such as weight loss and
dietary changes as there is no approved therapy yet for this multi-factorial disease [42].
Multiple drug strategies are being developed and tested to treat advanced NAFLD and
target inflammatory, fibrotic, and metabolic pathways. More recently, a structure and model
were reported for the catalytic mechanism of human MBOAT7, which reveals a twisted
tunnel from the cytosol and luminal side providing access for arachidonoyl-CoA and
lyso-PI. This structure might be important in the identification of small molecule inhibitors
for targeted drug therapy in treating NAFLD [12].

There is one other study, which elucidated that increased expression of MBOAT7 is
co-related with detrimental outcomes in HCC, emphasizing the role of MBOAT7 inhibitors
as useful therapeutic targets in treating HCC [44].
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A profound study by Thangapandi et al. provided combined mice and human datasets
and demonstrated that targeting PI signaling might be a potential therapeutic option for
treating NAFLD and fibrosis. Their study unfolded a novel finding that MBOAT7 deficiency
in mice and humans points to an inflammation-independent pathway of liver fibrosis medi-
ated by lipid signaling, opening new avenues for potential targets for NAFLD [45]. It was
also shown via lipidomics that in addition to PI and LPI, phosphoglycerol, lysophophatidyl-
glycerol, and phosphatidic acids were increased in MBOAT7-deficient livers.

For patients with biopsy-proven NASH, vitamin E and pioglitazone supplements
are recommended, although there are concerns regarding side effects [46]. As previously
mentioned, intestinal microbiota play an important role in NAFLD pathogenesis. Thus,
probiotics, antibiotics, and prebiotics might play a therapeutic role via modulating gut
microbiota [47].

Genetic screening for polymorphisms to identify the individuals at high risk for
NAFLD will help in deeper understanding of specific therapeutic strategies. Modulators of
bile acid signaling medications to improve insulin sensitivity are being tested in patients
with NASH as a possible therapeutic approach [48].

Currently, there are several innovative pipeline drugs that are tested in clinical trials
for the treatment of NAFLD/NASH (Figure 5).
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Figure 5. Drug candidates for treatment of NAFLD/NASH. Depicted are the oral, dual PPARα/δ
agonist Elafibranor, the semi-synthetic bile acid analogue obeticholic acid, the ASK-1 inhibitor
Selonsertib, and the CCR2/CCR5 antagonist Cenicriviroc. These are only some drugs that are tested
in ongoing studies. In addition, there are several TLR4 antagonists and macrolide antibiotics that are
tested in ongoing trials. Their variable mode of action demonstrates that there are many independent
options to target the pathogenesis of NAFLD/NASH. All structures depicted were generated with
the open-source molecule viewer Jmol, version 14.2.15_2015.07.09 [49] using information depicted in
PubChem [50] for Elafibranor (PubChem CID: 9864881), obeticholic acid (PubChem CID: 447715),
Selonsertib (PubChem CID: 71245288), and Cenicriviroc (PubChem CID: 11285792), respectively.

Elafibranor, which acts as a dual-peroxisome proliferation-activated receptor (PPAR)
α/δ agonist, improves glucose metabolism and insulin sensitivity and decreases inflam-
mation. In a phase 2b randomized control study (NCT0164849, GOLDEN-505), the effects
of Elafibranor (120.80 mg/day) were studied for 52 weeks. NASH was resolved in 19% of
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patients compared to 9% in the placebo group. In addition, a phase 3 RCT (NCT02704403,
RESOLVE-IT) is being evaluated on the effects of Elafibranor (120 mg/day for 72 weeks).
Additional novel PPAR agonists such as Saroglitazar and Lanifibranor are also being
tested [51].

Obeticholic acid, a semi-synthetic bile activator of Farnesoid X receptors, regulates
lipid/glucose homeostasis, promotes insulin sensitivity, and modulates liver fibrosis. In
a phase 2b RCT (NCT01264598, FLINT), obeticholic acid (25 mg/day) was tested for
72 weeks in patients with a NAFLD score greater than 4. Remarkably, 45% of the patients
showed histological improvement compared with 21% in the placebo group [52]. This trial
progressed to a phase 3 RCT (NCT02548351 REGENERATE), which is currently recruiting
patients with biopsy-proven NASH to assess obeticholic acid’s effects and to evaluate the
long-term effects over a 7-year period [53].

The involvement of inflammatory cells and cascade of inflammatory events is well
known in hepatocyte injury. Cenicriviroc (CVC) functions as a dual antagonist of CCR2
and CCR5 and demonstrated decreased fibrosis in preclinical models. A phase 2 RCT
(NCT02217475, CENTAUR) with CVC 150 mg/day was evaluated in 289 patients with
NASH, fibrosis, and diabetes mellitus. Although there was no significant improvement
in NASH after 12 months, liver fibrosis improved in 20% patients as compared to 10% in
the placebo group. A phase 3 RCT (NCT03028740 AURORA) was initiated to evaluate the
effects of 150 mg/day CVC with long-term follow-up over a 5-year period [54].

TNF-α signaling plays an important role in hepatocyte injury and apoptosis, which in
turn activates the apoptosis signal-regulating kinase 1 (ASK1) leading to hepatic inflam-
mation, fibrosis, and hepatocyte apoptosis. Selonsertib, a selective inhibitor of ASK1, was
tested for its effects on patients with NASH and fibrosis in a phase 2 RCT (NCT02466516).
The patients showed fibrosis improvement after 24 weeks of treatment. Two phase 3 trials
(NCT03053050 STELLAR3, NCT03053063 STELLAR 4) are being conducted currently to
evaluate the effects of Selonsertib at week 48 and further monitor at 240 weeks [55].

In principle, there are also ways to directly target MBOAT7 gene expression or activity.
Since the suppression of MBOAT7 was shown to drive hepatic fat accumulation and NAFLD
development [8,56], the overexpression of MBOAT7 or approaches leading to increased
endogenous expression of MBOAT7 should have beneficial effects on the outcome of
NAFLD. Therapeutic gene therapy has been used in a plethora of diseases so far [57].
In particular, engineered hepatotropic adeno-associated viruses, retroviral vectors, or
lentiviral delivery systems expressing MBOAT7 under transcriptional control of liver-
specific promoters could be used to increase the overall concentration of MBOAT7 in the
liver. Similarly, the transfer of nanoparticles, liposomes, polymers, virus-like particles,
erythrocyte ghosts, and exosomes that are loaded with MBOAT7 expression constructs, or
special in vivo or ex vivo gene transfer techniques might be scalable alternatives to increase
MBOAT quantities [57].

Similarly, strategies that enhance the translation and stability of endogenous or exoge-
nous mRNA that were already used in other disease scenarios could be applied [58]. Finally,
in the long term, there will be gene replacement techniques available (e.g., CRISPR/Cas9)
that will allow for the replacement of MBOAT7 mutations that are associated with increased
accumulation of intracellular free fatty acids and hepatic steatosis. Nevertheless, although
gene therapy is a promising therapeutic strategy that made remarkable advancements
during the last decade, there are still many hurdles in the use of this promising therapy [59].

Nevertheless, a proof-of-concept study has recently shown that the overexpression
of MBOAT7 in mice fed either a choline-deficient high-fat diet or a Gubra Amylin NASH
diet and subsequent infected with an adeno-associated virus expressing MBOAT7 failed to
improve in terms of NASH pathology [35]. However, in the mentioned study, the authors
demonstrated that MBOAT7 overexpression slightly improved liver weights, triglycerides,
and plasma alanine and aspartate transaminases [35]. It is possible that MBOAT7 needs
additional factors to be therapeutically effective in NAFLD/NASH. This again highlights
the complexity of the NAFLD/NASH pathogenesis that is driven by many genetic and
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epigenetic factors and pinpoints the fact that further studies are urgently needed to identify
proper targeted therapies for NALFD/NASH.

6. Future Directions in Management of NAFLD

Collectively, NAFLD is a complex disease associated with increased adiposity, diabetes
mellitus, and insulin resistance. Patients with mild NAFLD, which is relatively benign, are
usually managed with lifestyle modifications through diet and exercise, whereas patients
with NASH and fibrosis are usually managed with different classes of medications along
with lifestyle modifications. The treatment of the final stages of disease progression,
which are NASH-induced cirrhosis and HCC, is focused on preventing and treating the
complications associated with it and liver transplant as a last resort [60]. Although lifestyle
interventions are beneficial, the effects are short-lived. Additional research is needed
to identify the most effective and customized treatment strategies for treating NASH in
different patient populations.

7. Conclusions

NAFLD imposes a huge health burden globally due to its risk of progression to cirrho-
sis, fibrosis, and HCC and lack of well-defined approved therapies. NAFLD is the most
common chronic liver disorder affecting more than one-third of the population worldwide
and its pathogenesis is closely related to insulin resistance, dyslipidemia, obesity, and
adipose tissue dysfunction. The pathogenesis of NAFLD is based on a ‘Multihit’ hypoth-
esis with the main hit being hepatic triglyceride accumulation and susceptibility to liver
injury by the increased influx of free fatty acids in insulin resistance and obesity. This
is mediated by inflammatory cytokines, mitochondrial dysfunction, and oxidative stress
leading to steatohepatitis and fibrosis. In the last few years, some robust studies eluci-
dated the associations between genetic polymorphisms (e.g., in PNPLA3, TM6SF2, GCKR,
HSD17B13, PSD3, APOE, and MBOAT7) and NAFLD. Single-nucleotide polymorphisms
in MBOAT7 are broadly associated with increased risk of initiation and progression of
NAFLD to NASH and fibrosis and in a few cases to HCC. Multiple in vitro and in vivo
studies have unraveled that MBOAT7 deficiency in mice and humans alters the hepatic PL
composition and LPI to promote hyperinsulinemia and hepatic insulin resistance. MBOAT7
catalyzes the desaturation of the second acyl chain of PLs and transfers PUFAs, in the form
of acyl-CoA to lyso-PLs, using arachidonic acid as a substrate, regulating the amount of
free arachidonic acid, which is a potent trigger for hepatic inflammation and fibrosis and
a precursor of multiple pro-inflammatory mediators such as eicosanoids. The treatment
of this multi-spectrum disease is complex and challenging as there are plethora of factors
involved in its pathogenesis and progression. Currently, there is no approved standard
therapy for treating NAFLD. Multiple drugs are in phase 2 and phase 3 trials with the goal
of developing potent and customized treatment strategies. An improved knowledge of
pathophysiological links between NAFLD and MBOAT7 will certainly help decrease the
global burden of this complicated, wide-spectrum disease by opening new horizons in
treatment strategies.
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