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Abstract Nonalcoholic fatty liver disease (NAFLD) and

nonalcoholic steatohepatitis (NASH) are becoming the

dominant liver diseases in the US and Western World.

Extensive work is being done to diagnose, understand, and

explore the pathogenesis of these multivariable complex

diseases. Recently, a new avenue of biologic regulation is

being explored. MicroRNAs are noncoding RNAs that

modulate the expression of multiple genes and have been

implicated in multiple diseases. Recently, there is a

growing body of evidence supporting a significant role of

microRNAs in NAFLD pathogenesis and progression to

NASH, and hinting at their use as targets, biomarkers, and

potential therapeutic tools. This review is designed to

highlight some of the recent work on a few of the key

microRNAs involved in the pathogenesis of NAFLD and

NASH.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) encompasses a

spectrum of disease that spans from isolated fatty liver

(IFL) to nonalcoholic steatohepatitis (NASH) to cirrhosis

and hepatocellular carcinoma (HCC). NASH can be

defined by necro-inflammation with hepatocyte injury and

ballooning, along with a variable amount of fibrosis and

potential for progression to cirrhosis. NALFD is considered

by most to be the hepatic manifestation of the metabolic

syndrome, which is defined by the presence of three or

more of the following: visceral obesity, elevated fasting

plasma glucose, hypertension, hypertriglyceridemia, or low

high-density lipoprotein levels [1].

Global NAFLD prevalence rates ranges from 2.8 to

46 % [2, 3•]. With time, NAFLD has become the most

common cause of chronic liver disease in the United States

and other western countries, and its prevalence has mir-

rored the rising obesity and diabetes mellitus (DM) epi-

demics. Recent global analysis estimates that 1.6 billion

adults are overweight with a body mass index (BMI) of

25 kg/m2 or greater, and 500 million adults are obese with

a BMI of 30 kg/m2 or greater [4]. In the United States,

approximately 33.8 % of the populations are obese and

10.6 % have type 2 DM [5].

The National Health and Nutrition Examination Surveys

(NHANES) performed in the United States from 1988 to

2008 showed stable prevalence rates for particular chronic

liver diseases, such as hepatitis B, hepatitis C, and alco-

holic liver disease. Recent advances in the treatment of

HCV will likely lessen its prevalence and impact on public

health [6]. However, the prevalence of NAFLD dramati-

cally increased from 5.5 to 11 %, in the same time period.

Overall, NAFLD represented approximately 47 % of all

chronic liver disease in 1988, rising to 75 % by 2008 [7].

Estimating the true incidence and prevalence of NA-

FLD, specifically NASH, remains a challenge due both to

the asymptomatic presentation of the disease as well as the

lack of accurate and noninvasive diagnostic measurements.
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The prevalence of NAFLD was first estimated to be 36 %

in lean patients and 72 % in obese patients in 1990 via

autopsy. The prevalence of NASH in this same cohort was

found to be 2.7 % in lean patients and 18.5 % in obese

patients [8]. The evaluation of patients undergoing bariatric

surgery confirmed the high prevalence rates among obese

populations in which the prevalence of NAFLD and NASH

was found to be 91 % and 37 %, respectively [9]. Of note,

although NAFLD is strongly associated with obesity and

other metabolic syndrome components, it can occur in

patients without obesity and obesity does not portend the

presence of NAFLD.

What is especially concerning, NASH may progress to

cirrhosis from any stage [10]. After the development of

cirrhosis, the patient is at risk for development of hepato-

cellular carcinoma (HCC) [11] and liver-related mortality

[12]. Even without the development of NASH, obesity

alone is associated to the risk of developing HCC. Large

meta-analysis of cohort studies investigating nonviral

causes of HCC shows a 90 % increased risk of HCC in

obese patients [13, 14]. This has been suggested as a major

cause of the growing rates of HCC in developed countries.

In particular, the annual incidence of HCC over the last two

decades in the United States has increased by 80 % [15–

17]. The association between NASH and HCC represents a

growing area of study and concern as metabolic syndrome

and obesity rates continue to rise.

The pathogenesis of NASH may be inherently involved

with the metabolic syndrome and its associated insulin

resistance, both of which are thought to be proinflamma-

tory processes [18]. For example, obesity is frequently

linked to type-II diabetes and consequently, to hyperinsu-

linemia, which leads to increased insulin-like factor 1

(IGF-1) and elevated production of sex steroids and cyto-

kines. In 2010, it was reported that obesity is associated

with a chronic inflammatory state characterized by the

release of IL-6 and TNFa, two well-known inflammation

promoting cytokines [19]. However, the cause(s) of NA-

FLD and the progression of NAFLD to NASH have yet to

be defined.

Further hindering the study of NAFLD and NASH is the

difficulty in determining the presence of NASH by non-

invasive means. To that end, multiple avenues investigat-

ing different markers and pathways associated with the

development of NASH are being investigated. One of the

promising possible mechanisms in the development of

NASH is altered expression of microribonucleic acids

(microRNAs). This review will discuss the current break-

throughs in the investigation of microRNAs and their

relation to the development of NASH. After covering the

background of how microRNAs function, we will discuss

new data relating to miR-122, miR-33, miR-34a, and miR-

24.

The Significance of MicroRNA in Human disease

Investigations of the human transcriptome following

completion of the Human Genome Project in 2003 revealed

that our genome encodes noncoding RNAs. First described

in 1993 [20], microRNAs play an important role in post-

transcriptional gene-expression regulation [21]. MicroRNAs

are thought to fine-tune entire intracellular molecular cas-

cades such as intracellular signaling [22]. MicroRNA net-

works are differentially expressed: microRNA expression

is organ/tissue specific [23] and is differentially altered

during disease states. Thus, induction or inhibition of

microRNA expression may provide unique therapeutic

tools [24, 25]. Aberrant expression of microRNAs in liver

tissue has been implicated in the progression of liver

fibrosis and hepatocarcinogenesis [26–28].

MicroRNAs are small noncoding RNAs 21–25 nucleo-

tides in size that play an important role in the regulation of

gene expression. They are produced as a pre-microRNA

and exported from the nucleus to the cytoplasm where they

are cleaved by the endoribonuclease called Dicer. During

this process, the cleaved portion(s) are unwound to single

strands and loaded into the RNA-induced silencing com-

plex (RISC). This microRNA–RISC complex can interact

with the 30-end untranslated region (30 UTR) of the target

gene’s messenger-RNA resulting in the suppression of

mRNA translation or direct degradation of target mRNA

[29]. It has been found that a single microRNA can have

several target genes, allowing it to play a broad role in gene

regulation.

MicroRNAs and mRNA can be released from cells and

carried by exosomes produced from the endoplasmic

reticulum (ER) [30]. Recent work has demonstrated that

intercellular signaling performed by the exosome is

through the action of microRNA. From the donor cell,

microRNA-containing exosomes are released through cer-

amide-dependent secretory machinery and transferred to a

receiving target cell [31]. The transfer can occur through

actively secreted micro vesicles, as demonstrated in human

blood and cell cultures [32]. Viruses such as EBV may

produce microRNAs themselves that are then brought to

target cells by exosomes where then modulate the immune

response [33]. In the setting of liver disease, HCC has been

demonstrated to use microRNA exchange via exosomes in

intercellular communication [34].

Since their discovery, microRNAs have been investi-

gated for possible connections in human disease. Altera-

tions in their expression patterns have been seen in multiple

disease states compared to normal tissues and serum. In

particular, changes in microRNA expression in heart dis-

ease, sepsis, malignancies, and autoimmune diseases

(reviewed in [35]) have suggested a new avenue of

research and targets for treating human disease. This
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promising new field has propelled research and opened the

possibility that stable microRNAs which are detectable in

serum and plasma may serve as biomarkers for early dis-

ease states or be noninvasive means of determining the

severity of disease [36, 37]. In particular, miR-122, miR-

33a, miR-34a, and miR-24 have shown recent promise as

markers for hepatic inflammation in the setting of NASH/

NAFLD or as factors contributing to or involved in the

development of NASH/NAFLD.

MiR-122

In 2008, expression profiling studies of patients identified

miR-122 as differentially expressed after comparing nor-

mal patients and NASH patients’ microRNA profiles,

indicating a possible role in the pathogenesis of NASH

[38]. MiR-122 has received considerable attention as a

biomarker of liver disease because it comprises approxi-

mately 70 % of microRNAs in the liver [39, 40]. In fact

compared to the rest of the body, miR-122 has been found

to be the most abundant in the liver, and is released into

circulation during hepatocyte damage [41, 42•].

In the liver, increased expression of miR-122 is modu-

lated by multiple transcription factors involved in hepato-

cyte development and regulation such as HNF1A, HNF3A,

and HNF3B [43]. Within liver tissue, miR-122 has been

found to be a key regulator of cholesterol and fatty-acid

metabolism [44]. Mir-122 has also been found to be

increased in multiple disease states including hepatitis B

and C infections, drug-induced liver injury, and NAFLD

[38, 44–49, 50•]. Due to its increased expression in a broad

range of diseases with necro-inflammatory activity, miR-

122 has been suggested as a serum or tissue marker of

general hepatic inflammation. Unfortunately, the circulat-

ing level of mirR-122 does not correlate with fibrosis stage

and functional capacity of the liver and cannot serve as a

noninvasive means of staging chronic liver disease [46].

In the setting of acute inflammation, miR-122 shows

more promise. It has been found that circulating levels of

miR-122 correlated with the age of patients with HBV

acute-on-chronic liver failure [50•, 51]. Two independent

studies addressing acetaminophen (APAP) toxicity, a

common toxin precipitating DILI, in experimental murine

models identified miR-122 and miR-192 as potential cir-

culating biomarkers in this setting of acute toxicity [52, 53].

Most recently, a study demonstrated that miR-122 serum

levels were robustly increased early on in a diet-induced

model of NAFLD and correlated with ALT and AST lev-

els. Though most work has supported miR-122 as a broad

marker for liver inflammation, this work supports the

notion that miR-122 correlates to and can indicate

inflammation in the setting of NASH [54•].

One function of miR-122 is post-transcriptional regula-

tion of CYP7A1, the rate-limiting enzyme controlling bile

acid synthesis in human hepatocytes [55]. Recent studies

showed that miR-122 knockout mice accumulate triacyl-

glycerol in the liver, due to an up regulation of enzymes

responsible for triacylglycerol synthesis and storage [56••].

Within this same miR-122 knock out model, the micr-

oRNA was also found to regulate fibrogenic factors, such

as Kruppel-like factor 6 that targets transforming growth

factor b1. When miR-122 is increased, there is an activa-

tion of hepatic stellate cells and fibrogenic processes. Also

coordinated role for miR-122 in liver health is supported

the development of steatosis and abnormal levels of very-

low density lipoproteins and high-density lipoproteins, in

these miR-122 knockout mice [56••].

MiR-33a

MiR-33a is another microRNA that has been found to be

involved in bile acid regulation, in addition to fatty-acid

oxidation and cholesterol homeostasis [57, 58••]. When

cellular cholesterol levels decrease, miR-33a expression is

co-induced with its host gene sterol regulatory element-

binding protein 2 (SREBP2) mRNA. MiR-33a silencing

studies demonstrated regression of atherosclerosis in mice,

which suggests that miR-33a acts in synergy with SREBP2

to regulate cholesterol homeostasis [59]. Unfortunately,

this decrease in atherosclerosis comes with the price of

increased intrahepatic cholesterol. It was found when

SREBP2 and miR-33a are activated; hepatic efflux trans-

porters and bile acid synthesis are down regulated [60•].

This was confirmed in work with hepatic stellate cells

exposed to free cholesterol, which resulted in enhanced

SREBP2 and miR-33a signaling with suppression of per-

oxisome proliferator-activated receptor c signaling. This

altered signaling results increased free cholesterol in the

hepatic stellate cells, leading TGFb-induced activation and

exaggerated liver fibrosis in NASH [61••]. The picture is

complex, however, miR-33a knockout mice develop

obesity and liver steatosis, possibly due to expression of

SREBP1 which was enhanced in the absence of miR-33a

[62•]. MiR-33a and -33b have been also described to

inhibit genes involved in fatty-acid metabolism and insulin

signaling in hepatocytes [63], further implying their path-

ogenic role during NAFLD.

MiR-34a

As previously discussed, expression profiling studies have

identified several differentially expressed microRNAs,

including miR-21, miR-34a, miR-122, and miR-155, in
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human [37] and mouse NASH, [64–66] and that the altered

expression of these microRNAs suggests a significant role

in the pathogenesis of NASH. However, despite some

recent success in the investigation and clinical management

of NASH, major gaps remain in our understanding. This

includes our limited understanding of the biochemical

etiology, the broad spectrum of its presentation, and the

basic process of the diseases progression from NAFLD to

NASH [67, 68]. In particular, whether there is different

susceptibility of certain patients or tissues to progress to

NASH, and could this susceptibility be associated with an

altered expression of microRNAs.

MiR-34a has been implicated as a central factor in the

development of NASH. Past work has shown miR-34a

involvement in cell maintenance through activity and

activation of senescence, cell cycle arrest, and apoptosis

[69]. MiR-34a induction of apoptosis has been theorized to

involve interactions with target proteins in the proper

biological setting. The best characterized target of miR-34a

is Sirtuin 1 (SIRT1), a NAD-dependent deacetylase that

modulates apoptosis in the context of oxidative stress and

genomic damage [70]. Specifically, SIRT1 decreases p53

activity. When upregulated, miR-34a suppresses SIRT1,

thereby increasing p53 acetylation and transcription and in

turn leads to the induction of proapoptotic genes such as

PUMA. This effect on apoptosis may be partially due to

miR-34a suppression of KLF4 (Kruppel-like factor 4)

[71••], which is transcriptionally activated by p53 follow-

ing DNA damage [72] and causes cell cycle arrest at both

the G1/S and G2/M boundaries [73, 74].

This miR-34a/SIRT1/p53 proapoptotic pathway in NA-

FLD represents a positive feedback loop whereby miR-34

and similar microRNAs are direct transcriptional targets

upregulated by p53 [75]. Other work has observed that the

inflammation in human liver that occurs with NAFLD and

NASH is paralleled with increases in p53 [76]. This has

also been supported by p53 activation of mitochondrial

pathways of apoptosis in an animal model of NASH [77].

Together these data suggest a key role of miR-34a in

hepatocyte apoptosis in the pathogenesis of NAFLD and

NASH. Inhibition of miR-34a and p53 activity, or pre-

serving SIRT1 function is logical therapeutic approaches

that may benefit patients who have NAFLD and NASH.

One such advance has been made in modulating the

miR-34a/SIRT1/p53 proapoptotic pathway through treat-

ment with ursodeoxycholic acid (UDCA) [78••]. Rui et al.

treated rat hepatocytes with UDCA resulting in increased

SIRT1 expression and subsequent decreased acetylation of

p53. As expected by the reduced p53 activity, apoptosis

was also reduced. This protective activity of UDCA was

effective even in a model of miR-34a overexpression. Their

work indicates that the mechanism of UDCA and its

inhibition of miR-34a are partly due to the prevention of

p53 transactivation, and thus preventing the positive

feedback loop. In turn, the decrease of miR-34a (by

reducing p53 positive feedback) leads to increased SIRT1.

Recent results have also demonstrated that miR-34a

expression in both human liver and human serum is

increased in patients with NAFLD. Importantly a correla-

tion was made of the liver miR-34a level and the severity

of NAFLD [79]. Due to both of these factors, miR-34a may

not only represent a therapeutic target in the treatment of

NAFLD progression, but may also be useful as a nonin-

vasive biomarker to assess disease progression. However,

an association of increased circulating miR-34a with type 2

diabetes may complicate the use of this marker [80].

MiR-24

One group has started to investigate miR-24 in the devel-

opment of NASH stemming from hepatocyte-specific

microRNA profiling studies in mouse livers. They showed

that miR-24 is highly and specifically expressed in hepa-

tocytes [81••]. Ng et al. performed this study by microRNA

profiling of livers from hepatocyte-specific Dicer1 knock-

out and wild-type (WT) mice. The microRNAs whose

expression was at least 1.7-fold higher in WT than Dicer1

knockout mice were defined as hepatocyte-specific mi-

croRNAs. This experiment also confirmed the importance

of proinflammatory miR-122 and miR-192, which were

also enriched in this study.

They then confirmed the importance of miR-24 in

NASH through high fat diet (HFD) treatment of C57Bl/6

mice, which demonstrated up regulation of miR-24. MiR-

24 up regulation in the setting of fatty acid exposure was

then confirmed with Oleic acid treatment of primary human

hepatocyte and HepG2 cell cultures. Both cell cultures also

demonstrated increased miR-24 expression.

Using the PubMed GEO Database, five normal and eight

human NAFLD/NASH liver samples were compared to

identify possible targets of miR-24. With this analysis, 411

down-regulated genes were identified in human fatty livers.

The 30 UTR of mRNA of these potential targets was then

compared with the conserved seed region of miR-24. This

led the group to identify 48 potential target genes that have

binding motifs for miR-24. These 48 targets were cross-

referenced with the 411 down-regulated genes found in the

control fatty liver array comparison, identifying 3 genes

Insig1, KFL6 (Kruppel-like factor 6), and CXADR (Cox-

sackie virus and adenovirus receptor).

Insig1 is a polytopic membrane protein of the ER that

regulates lipid synthesis by retaining sterol regulatory

element–binding proteins (SREBPs) in the ER and pre-

venting their proteolytic activation in the Golgi apparatus

[82–84]. The movement of SREBPs from ER to the Golgi
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complex is a central event in lipid homeostasis in animal

cells [85–87]. Significantly, 18-20 SREBPs have been

identified as membrane-bound transcription factors that

activate genes encoding enzymes required for synthesis of

cholesterol and triglycerides [86, 87].

The three SREBP isoforms, SREBP1a, SREBP1c, and

SREBP2, have different roles in lipid synthesis. SREBP1c

is involved in fatty acid and triglyceride synthesis, whereas

SREBP2 is relatively specific to cholesterol synthesis [87].

Immediately after their synthesis, SREBPs bind to SCAP

(SREBP cleavage-activating protein). When Insig1 protein

levels are low, SCAPs escort SREBPs to the Golgi where

they are processed and released into the cytosol, and can

then enter the nucleus and activate transcription of lipo-

genic genes [86].

Next, they assessed the functional contribution of

increased Insig1 expression to the development of fatty liver

by reducing miR-24 expression in obese mice. They syn-

thesized LNA (locked nucleic acid) anti-miR-24 anti-sense

oligonucleotide (ASO) specifically targeting miR-24. To

confirm that the phenotype observed in miR-24-ASO-

injected mice was due to specific microRNA deficiency, and

not toxicity caused by the ASO, they generated miR-24-

mismatched-anti-sense oligo (miR-24-MM-ASO), a control

ASO that differs from microRNAs in 4 mismatched base

pairs. C57Bl/6 mice, which had been on a HFD for 8 weeks,

were injected with either miR-24-ASO or miR-24-MM-ASO

for 4 weeks. They observed an 88 % reduction of hepatic

miR-24 expression in mice that received miR-24-ASO

compared to miR-24-MM-ASO, and a threefold increase of

Insig1, as revealed by qRT-PCR and immunostaining [81••].

MiR-24-ASO treatment had no effect on body and liver

weight. However, antagonizing miR-24 significantly

reduced high levels of triglycerides and cholesterol in liver

and triglycerides in plasma in HFD animals treated with

miR-24-ASO, in contrast to plasma total cholesterol levels.

Nile-Red and H&E staining further confirmed that miR-24

knockdown reduced hepatic lipid accumulation in livers of

HFD-treated mice. These findings suggest that the crosstalk

between miR-24 and Insig1 plays an important role in

NAFLD and hypertriglyceridemia, and miR-24-ASO may

be a potential therapeutic target for these disorders. This is

supported by past work where the overexpression of Insig1

in liver inhibits lipogenesis and knockout of Insig1 leads to

increased total content of both liver and plasma triglycer-

ides [88, 89], suggesting that the relationship between miR-

24 and Insig1 may play an important role in the develop-

ment of NAFLD and hyperlipidemia.

MiR-24 has been shown to be upregulated in NAFLD/

NASH and hepatocyte cell culture models of fatty acid

exposure. Up regulation of miR-24 leads to deceased

Insig1, increased nuclear SREBP1c and SREBP2, and

subsequently elevated lipid accumulation in primary

human hepatocytes and HepG2 cells. In contrast, antago-

nizing miR-24 leads to the opposite and more potentially

therapeutic effects. These data suggest that miR-24 may

have a significant role in the development of NAFLD/

NASH and so far shows promise as a therapeutic target.

A summary of the discussed microRNAs can be found

in Table 1. Figure 1 is a representation of the expression

and activity of the discussed microRNAs.

Table 1 Selected microRNA activities

MicroRNA Human

disease

Activity in NAFLD/

NASH

References

miR-24 NASH Insig1 down

regulation

Ng et al. [81••]

miR-33 NASH Bile acid regulation Allen et al.

[58••]

miR-34a Elevated in

HCV,

NAFLD

and

NASH

Senescence, cell

cycle arrest, and

apoptosis by

suppressing SIRT1

Panasiuk et al.

[76] and

Najafi-

Shoushtari

et al. [57]

miR-122 Elevated in

HBV,

HCV and

NAFLD

Correlates with

necro-inflammatory

activity. Regulate

CYP7A1-bile acid

synthesis. Also loss

of miR-122 may

lead to increased

fibrosis through

Klf6

Bihrer et al. [46]

and Cermelli

et al. [47, 79]

Fig. 1 MiR-122 increases in expression with steatosis which leads to

Fibrosis, while being detected in the patient’s serum. MiR-24

increases with hepatic exposure to fatty acids, resulting in increased

Insig1 expression which may increase steatosis. Steatosis may also

increase miR-34a expression which then decreases SIRT1, leading to

increased fibrosis
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Conclusion

The incidence of NAFLD and NASH is increasing dra-

matically in the world population with the increase of

metabolic syndrome across the globe. As the prevalence of

more western HFDs spread, both NASH and metabolic

syndrome will continue to become a major concern in

human health. Furthermore, with the development of more

effective HBV and HCV treatments, NASH and NAFLD

will become the most dominant cause of liver disease

throughout the world. These developments underscore the

critical need to be able to detect and track the severity of

NASH and NAFLD in patients, through noninvasive

means. With the discovery and growing knowledge of

microRNAs, we may be able to find better noninvasive

markers of the disease to detect it earlier and to investigate

therapeutic interventions. Furthermore, microRNAs show

promise as possible targets for those interventions.
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