obesity reviews

doi: 10.1111/0br.12765

Obesity Comorbidity/Etiology and Pathophysiology

Adipose may actively delay progression of NAFLD by
releasing tumor-suppressing, anti-fibrotic miR-122 into

circulation

A. Baranova'?

"School of Systems Biology, George Mason
University, Fairfax, VA, USA; ?Research Center
for Medical Genetics, Moscow, Russia;
SDepartment of Fundamental Medicine, School
of Biomedicine, Far Eastern Federal University
(FEFU), Vladivostok, Russia; “Scientific
Research Center Bioclinicum (SRC
Bioclinicum), Moscow, Russia; and 5Higher
School of Economics, Moscow, Russia

Received 9 May 2018, revised 7 August 2018;
accepted 9 August 2018

Address for correspondence: Prof. A Baranova,
School of Systems Biology, George Mason
University, 4400 University Dr., Fairfax, VA,
USA.

E-mail: abaranov@gmu.edu

, D. Maltseva®“ and A. Tonevitsky*®°

Summary

Nonalcoholic fatty liver disease (NAFLD) is the most common liver pathology. Here
we propose tissue-cooperative, homeostatic model of NAFLD. During early stages
of NAFLD the intrahepatic production of miR-122 falls, while the secretion of
miRNA-containing exosomes by adipose increases. Bloodstream carries exosome
to the liver, where their miRNA cargo is released to regulate their intrahepatic tar-
gets. When the deterioration of adipose catches up with the failing hepatic paren-
chyma, the external supply of liver-supporting miRNAs gradually tapers off,
leading to the fibrotic decompensation of the liver and an increase in hepatic carci-
nogenesis. This model may explain paradoxical observations of the disease-associ-
ated decrease in intrahepatic production of certain miRNAs with an increase in
their levels in serum. Infusions of miR-122 and, possibly, some other miRNAs
may be efficient for preventing NAFLD-associated hepatocellular carcinoma. The
best candidates for exosome-wrapped miRNA producer are adipose tissue-derived
mesenchymal stem cells (MSCs), known for their capacity to shed large amounts
of exosomes into the media. Notably, MSC-derived exosomes with no specific load-
ing are already tested in patients with liver fibrosis. Carrier exosomes may be co-
manufactured along with their cargo. Exosome-delivered miRNA cocktails may
augment functioning of human organs suffering from a variety of chronic diseases.
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Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver
pathology with the risk factors almost identical to that of the
metabolic syndrome (MS) (1,2). Moreover, NAFLD is
considered to be the hepatic manifestation of MS (3,4). Sim-
ple, non-inflammatory steatosis is the most common form of
NAFLD, which remains stable in a majority of individuals,
or may even resolve (5,6). However, in ~5% to 20% of indi-
viduals with NAFLD, steatosis eventually develops into non-
alcoholic steatohepatitis (NASH), and subsequently, with
fibrotic progression, into liver cirrhosis (3,7,8). Importantly,
fibrosis progression may be seen not only in NASH but also
in non-inflammatory NAFLD (9). In patients with fatty liver,
but no lobular inflammation or hepatocellular ballooning,
the annual fibrosis progression rate is about one stage of
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progression over 14.3 years; patients with NASH attain next
fibrotic grade, on average, in 7.1 years (10). Both NAFLD
variants, the fibrotic and the not yet fibrotic, predispose to
the development of hepatocellular carcinoma (HCC)
(3,11), with the estimated annual HCC incidence in the
progressive form of NAFLD being at about 0.3% (12).

The pathophysiological complexity of the non-
alcoholic fatty liver disease involves inter-organ
communications

It seems that all four pathophysiological processes involved
in the pathogenesis of NAFLD and its sequelae, namely, the
accumulation of intrahepatic fat, the inflammation of the
liver parenchyma, the fibrosis and the tumorigenesis, may
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proceed simultaneously, within the same organ. While has-
tening each other and serving as mutual confounders, these
processes develop by deregulation of distinct regulatory net-
works (13,14). Moreover, all four pathophysiological com-
ponents of NASH are influenced by the cellular and
molecular changes taking place in distant tissues and organs.
A major extrahepatic player in the progression of NAFLD is
cytokine-producing and adipokine-producing visceral adi-
pose tissue (15-17). Other named important contributors
are the gut (18), the gastric tissue (19), the muscle (20,21),
the thyroid (22) and even the brain (23).

In each pair of communicating organs, the long-distance
conversation is maintained by a set of soluble messengers.
When secreted into circulation, these messengers are carried
to their target tissues where they are either internalized or
bind to surface receptors and elicit the transduction of re-
spective signals. In the case of the thyroid, a classical endo-
crine organ, the inter-tissue communication relies on the
secretion of the soluble thyroid hormones thyroxine (T4)
and 3,3',5-triiodo-L-thyronine (T3), which stimulate hepatic
lipid synthesis, oxidation and autophagy (24). These hor-
mones bind to specific thyroid hormone receptors (TR), of
which the TR isoform is liver specific (25). In the case of
the brain, a link has been suggested between the deregula-
tion of the hypothalamic—pituitary—adrenal axis to the sub-
clinical hypercortisolemia, and to the liver histopathology
(26,27). Both the thyroid and the brain influence the liver
through classical endocrine mechanisms by producing hor-
mones being transported by the circulatory system to target
distant organs.

The visceral and subcutaneous adipose tissue compart-
ments are now considered endocrine organs (28) because
they release multiple bioactive substances known as
‘adipose-derived secreted factors’, or ‘adipokines’. A partial,
incomplete list of adipose-derived cytokines and adipokines
includes tumor necrosis factor-a, interleukin 6, plasminogen
activator inhibitor 1, adiponectin, visfatin and other well-
characterized molecules known to be involved in NAFLD
(29-31). Recently, skeletal muscles were also added to the
ranks of endocrine-active tissues (32). Muscles produce
multiple myokines, primarily represented by insulin-secre-
tion-promoting interleukin 6 (33), and myostatin, a nega-
tive regulator of muscle growth that plays an important
role in the development of insulin resistance (34). On top
of this, dyslipidemia-preventing myonectin and irisin were
also recently discovered (35). As insulin sensitivity and dys-
lipidemia are well known as key factors in the pathophysiol-
ogy for NAFLD, a reasonable inference is that muscle is
likely a factor in the development of NAFLD.

Similarly, one may propose that gastric tissue is also an en-
docrine gland on the basis that it secretes a number of soluble
molecules involved in metabolic and inflammatory pathways.
This organ secretes acetylated and des-acetylated forms of
ghrelin, and obestatin (36,37). The gut communicates to the
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liver through the alteration of the levels of small metabolites
produced by residing microbiome, and through increasing
the permeability of its walls to various injurious substances
(38). In addition, intestines secrete a variety of physiologically
active gut peptides such as secretins, cholecystokinin, sub-
stance P and others (39,40). Importantly, gastric-derived and
intestine-derived substances have been also suggested as con-
tributors to either the initiation or the progression of NAFLD.

Given this complexity, it is not surprising that organ inter-
play may complicate the development of the blood-based,
non-invasive diagnostic and prognostic tests necessary for
the risk stratification of patients with NAFLD.

miRNAs are proposed both as biomarkers and
as regulators of non-alcoholic fatty liver disease
phenotypes

A majority of proposed candidate biomarkers for non-
invasive assessment of NAFLD were selected among either
soluble proteins (41,42) or small metabolites (43-45). Re-
cently, short, noncoding RNAs, also known as microRNAs
(miRNAs), have been associated with histological features
of NAFLD (46,47). These intracellularly produced mole-
cules may be shed into circulation where they remain stable.
Importantly, circulating miRNAs are detectable by a poly-
merase chain reaction, thus providing for much higher sen-
sitivity than protein biomarkers.

Shortly after the discovery of these molecules, the remark-
able diagnostic capacity of circulating miRNAs became evi-
dent in relation to liver diseases. In their groundbreaking
animal work, Wang and colleagues reported significant
changes in the levels of many cell-free miRNAs in the blood
of mice treated with acetaminophen, a liver-injuring agent
(48). For two liver-specific miRNAs, miR-122 and miR-
192, elevations in their levels were dose dependent; more-
over, these increases preceded changes in the activity of ala-
nine aminotransferase (48). Soon after, Laterza et al.
observed that blood plasma concentrations of miR-122,
miR-133a and miR-124 reflect the respective degrees of
liver, muscle and brain tissue injuries (49). In human stud-
ies, Zhang et al. have further noted correlations between in-
creases in serum levels of miR-122 and other miRNAs and
the histological stage of NAFLD (50), while Xu and
colleagues expanded these findings into HCC and chronic
hepatitis (51). Moreover, a miRNA panel consisting of
miR-122, miR-192; miR-21, miR-223,; miR-26a, miR-27a
and miR-801 was shown to effectively diagnose HCC with
a high degree of accuracy, even in patients with underlying
non-malignant liver pathologies (52).

The NAFLD-associated changes in the spectrum of extra-
cellular miRNA species present in human blood have been
the subject of more than one intensive investigation (50,53-
63). Each of these reports showed that circulating miRNAs
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reflect liver damage more precisely than do serum transami-
nases. In particular, serum levels of miR-122 were repeatedly
reported as steadily increasing with the progression of the dis-
ease from simple steatosis to steatohepatitis (53-56). In fact,
the top candidate position of miR-122 remained unchal-
lenged in a number of follow-up studies highlighting addi-
tional serum miRNA candidates, including miR-34a, miR-
16, miR-1290, miR-27b, miR-192 and miR-375 as promis-
ing biomarkers for staging of NAFLD (56,57,59).

To date, however, the appeal of circulating miRNA mole-
cules for the diagnosis of various liver diseases including
monitoring NAFLD progression into NASH and/or signifi-
cant hepatic fibrosis has so far not resulted in diagnostic
breakthrough. Ranked lists of miRNA
highlighted by studies cited earlier certainly revolve around

candidates

same core group of miRNAs causally related to various path-
ophysiological aspects of NAFLD but fail to zero in on a con-
sensus diagnostic panel. Most likely, this situation is due to
the differences in the processing of collected serum samples,
with larger or smaller portions of exosomal miRNAs being
extracted in each protocol (64). It is expected that future
studies of miRNA biomarkers of liver diseases would concen-
trate on using the state-of-the-art exosome or microvesicle
(MV) preparation techniques rather than perform total
nucleic acid extraction from the serum.

Beside technical difficulties with proper assessment of
miRNA concentration in serum, plasma or various vesicular
compartments, an assembly of NAFLD or NASH diagnosing
panels is complicated by possibility that each pathophysio-
logical process in the development of NAFLD may be
governed or, at least, reflected by its own miRs. The patterns
of miRNA expression and subsequent release to biological
fluids are far from simple (65), possible owing to an intricate
interplay between various pools of miRNAs and NAFLD-
associated soluble proteins. Table 1 summarizes tissue
sources of various miRNAs proposed as NAFLD and NASH
biomarkers, and their putative physiological roles. As could
be seen for this table, the production of a majority of these
miRNA species is not restricted to liver, but rather ubiqui-
tous, while the effects are pleiotropic, and, likely, tissue spe-
cific. Accordingly, we should assume that concentrations of
individual miRNAs in serum may not be collinear with the
temporal pattern of liver parenchyma deterioration.

To illustrate this point, provided subsequently is an anal-
ysis of the current state of the knowledge regarding
intrahepatic and serum expression levels of the most studied
NAFLD-associated noncoding RNA molecule miR-122.

miR-122: intracellular—extracellular seesaw
expression paradox

According to a very thorough RNA-Seq-based study by Hou
et al., miR-122 is expressed almost exclusively in the liver,
comprising more than 52% of the total pool of liver miRNAs
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(66). Overwhelming majority of published reports agree that
the levels of miR-122 in sera of NAFLD individuals are ele-
vated (53-57,59-62). If a majority of miRNAs present in cir-
culation of individuals with NAFLD originate from the liver,
it would be reasonable to expect an increase in the expression
of miR-122 in hepatic parenchyma, along with a progression
of NAFLD across its stages. However, in the diseased paren-
chyma of the livers of patients with NAFLD, intracellular
levels of miR-122 are lower than those in the livers of healthy
individuals (56,67,68) (Fig. 1A).

A paradox of the fall in the levels of miR-122 within the dis-
eased tissue being accompanied by the increase in levels of
same miRNA in the serum may have two possible explana-
tions, either alternative or perhaps realized in combination.
One of these explanations is that intracellular levels of hepatic
miRNAs fall owing to stress-associated, possibly selective
(69) excretion of these miRNAs with an increase in the pro-
duction of exosomes or MVs, which is known to rise upon ex-
posure to inflammatory or apoptotic signals of varying nature
(70). Importantly, increased production of exosome and M Vs
may be accompanied by the suppression of the activity of
macrophages, which normally clear up the MVs released by
liver (71). Jointly, these two processes resolve the paradox
outlined in the beginning of this paragraph (Fig. 1B).

Here, we propose an alternative explanation to the para-
dox of opposing directionality in the intrahepatic and serum
levels of same miRNA (Fig. 1C). This explanation implies
that serum pools of miRNAs are a sum of the tissue-specific
pools produced by more than one peripheral organ. This ex-
planation also implies that relative contributions of these
tissue-specific pools of miRNA may change with a progres-
sion of a disease. For example, while a majority of miR-122
molecules present in serum of healthy individual originate
from the liver, in the patients with NASH, the levels of se-
rum miRNAs would be defined by their extrahepatic
production.

miR-122 in a larger context of endocrine
signaling

In order to further understand the ‘up in the serum, down
in the liver’ paradox, let us have a closer look onto the
roles of miR-122 in human physiology by placing this
molecule in larger context of endocrine signaling. It is well
known that miRNAs secreted by one organ may then be
internalized into the cells of other organs where they
would regulate their respective physiological targets (72).
In particular, miRNA-containing MVs serve as mediators
of stem cell function, enabling and guiding their regenera-
tive effects (73). According to endocrine regulation para-
digm, organs communicate with each other by emitting
molecular signals. These endocrine signals coordinate all
aspects of the functioning of human body, from the devel-
opment of the fetus to fine-tuning the metabolism in a
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Table 1 Circulating miRNAs highlighted as possible biomarkers of NAFLD in previous studies

miRNA

Physiological role, if known

Tissue expression patterns

miR-122 (-5p and -3p)

miR-15b (-5p and -3p)*
miR-16 (-2-3p and -5p)*

miR-21 (-5p and -3p)

miR-34a (-5p and -3p)

miR-451

miR-1290
miR-27b (-5p and -3p)

miR-192 (-5p and -3p)

miR-19a
miR-19b (-1-5p and -3p)

miR-125b (-1-3p, -2-3p
and -5p)

miR-375

miR-181d

miR-99a

miR-197 (-5p and -3p)
miR-146b

miR-103a (-2-5p and -3p)
miR-30c (-1-3p, -2-3p
and -5p)

miR-331-3p
miR-24-2-5p
mR-29a-3p
miR-885-5p

miR-199a (5p and -3p)

miR-505

Promotes differentiation of hepatocytes, regulates
lipid metabolism and serves as liver-specific tumor
suppressor

Regulates a cross-talk between hypoxia with
angiogenesis while linking cell proliferation with
metabolic needs

Amplifies TGF-B signaling and promotes fibrosis;
master regulators of the metastatic program in many
cancers

Tumor suppressor, with some recent contradicting
data

Promotes erythropoiesis and progression of some
tumors; limits CD4+ T cell proliferative responses to
infection

Promotes proliferation and migration of cells

May promote or inhibit proliferation depending on
context; regulates browning of visceral adipocytes

Suppresses lipid synthesis; inhibits cell proliferation

Promotes cell migration, cancer metastasis and
stemness

Promotes atherosclerosis, may promote or inhibit
proliferation depending on context

Tumor suppressor, stress biomarker in brain disorders

Suppresses core hallmarks of cancer; contributes to
pancreatic differentiation and glucose-regulated
insulin secretion

Tumor suppressor, promotes differentiation of
dendritic cells and neurons

Inhibits inflammation and carcinogenesis
Suppressed the proliferation, migration and invasion
of some cells, induces epithelia-mesenchymal
transition in other cells

Regulates the innate immune response in the context
of various pathologies

Promotes proliferation and inhibits apoptosis;
regulates endothelial function

Tumor suppressor, also inhibits macrophage-
mediated inflammation

Tumor suppressor for some cells, oncogene for other
cells

Tumor suppressor for some cells, oncogene for other
cells

Tumor suppressor for some cells, oncogene for other
cells

Tumor suppressor for some cells, oncogene for other
cells

Tumor suppressor; inhibits functioning of brown
adipose tissue

Tumor suppressor

Predominantly liver, but also endotheliocytes, adipocytes, intestinal
epithelial cells, fibroblasts, gallbladder and spleen

Ubiquitous, the levels of -5p form are highest in the muscle, bone,
adipose and thyroid; -3p — in the veins and skin

Ubiquitous, the levels of -2-3p form are highest in the muscle, bone,
adipose, skin, spleen and thyroid; -5p — in the veins

Ubiquitous, the levels of -5p form are highest in the arteries, fascia
and nerve; -3p - in the spleen, lungs and colon

Ubiquitous, -3p evenly distributed; the levels of -5p form are
highest in the epididymis, colon and brain

miR-451a is expressed in endotheliocytes of the arteries and veins;
miR-451b — in the spleen

Ubiquitous; the levels are highest in the epididymis and colon
Ubiquitous, -3p has the highest levels in the thyroid, skin, heart and
muscle; the levels of -5p form are highest in the arteries, bladder
and nerves

-3p form is ubiquitous, the levels are highest in the arteries, bladder
and nerves; -5p form is specific for the colon and intestine, with
some expression in the liver and thyroid

Ubiquitous, with highest levels in the veins, thyroid, liver and lungs

Ubiquitous, the levels of -3p form are highest in the veins
Ubiquitous, the levels of -1-3p are highest in the bladder,
gallbladder and colon; the levels of -5p are highest in the brain and
spinal cord

Pituitary gland

Ubiquitous, the levels are highest in the brain

Ubiquitous

Ubiquitous, the levels of -5p are highest in the colon and skin
Levels are highest in the lung, thyroid, spleen, epididymis

-2-5p is ubiquitous; the levels of -3p form are highest in the brain
-1-8p and -2-3p are ubiquitous; the levels of -5p form are highest in
the thyroid, muscle and brain

Levels are highest in the brain, muscle and thyroid

Not described in tissue atlas; closely related forms are ubiquitous,
with highest levels in the skin, muscle, nerves

Ubiquitous; the levels are highest in the brain and muscle

Levels are highest in the brain

Both isoforms are ubiquitous with exception of the brain; the levels

are highest in the thyroid, skin, epididymis and bone
Ubiquitous

*Related molecules that belong to the miR-15/107 group with a common seed. Tissue expression patterns are shown according to Ludwig et al. (65).

particular body compartment according to current needs
of the entire organism. The principles of endocrine regula-
tions serve as a foundation for the following surmise:

Obesity Reviews

Organs may actively help maintain the homeostasis of
the entire body through the cooperative contribution to
the collective well-being.
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miR-122 expression paradox: observed intracellular-extracellular seesaw and its possible explanations. (A) The levels of miR-122 are elevated

in the sera of NAFLD individuals, while intracellular levels of miR-122 in patients with NASH are lower than those in the livers of healthy individuals. (B) In-
tracellular-extracellular seesaw paradox may be explained by stress-associated excretion of these miRNAs within exosomes or MVs. (C) Relative contri-
butions of these tissue-specific pools of mMIRNA may change with a progression of a NAFLD to NASH, where the levels of serum miRNAs may be defined by
external rather than internal supply of miRNA. [Colour figure can be viewed at wileyonlinelibrary.com]

While observing an increase in the tissue production of a
certain molecule proceeding in concert with progressive de-
terioration of this tissue, we should assume either that this
molecule promulgates the pathology or that an increase in
its expression is compensatory by its nature. Thorough re-
view of the known physiological functions of miR-122 does
not support its pathogenic role. Moreover, many indepen-
dent lines of evidence point at miR-122 as an endogenous
liver-specific tumor suppressor (74,75).

In a murine model of increased exposure to dietary triglyc-
erides (TG) — fetal exposure to maternal consumption of high-
fat diet in prenatal or postnatal period — the levels of hepatic
expression of miR-122 in the offspring are suppressed by
high-fat diet proportionally to observed metabolic damages
(76). In miR-122 knockout mice, the hepatic metabolism of
the lipids is perturbed, leading to the development of
microvesicular steatosis and inflammation with eventual
progress to NASH and fibrosis (74,77). Even in adult mice, ef-
fects of even a small reduction in the whole miR-122 pool are
profound and sufficient for both the de-repression of target
mRNAs and the developing prominent features of liver toxic-
ity, such as hepatocyte turnover (78).

In an in vitro model of NAFLD-cultured HepG2 and Huh7
hepatocytes, an exposure to overwhelming influx of free fatty
acids leads to suppression of endogenous expression of miR-
122, thus de-repressing its target YY1, a transcription factor
of the Polycomb group protein family, which, in turn, increases
in its levels and inhibits bile acid—farnesoid X receptor signal-
ing axis, thus promoting further accumulation of TG (79).
When the supply of miR-122 mimics comes from an extrinsic
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source, through tail-vein injection into the bloodstream of
NASH model mice, the TG accumulation in their liver de-
creases and the steatosis scores improve (79). Importantly,
these beneficial changes are accompanied by miR-122-driven
reversal of the expression trends previously described for
YY1 and farnesoid X receptor-encoding genes (79).

The review of the tissue-expression profiles of miR-122
shows that both of its isoforms, miR-122-3p and miR-122-
5p, are expressed outside of the liver, in endotheliocytes and
adipocytes (65), as well as in intestinal epithelial cells and in fi-
broblasts (80). In omental fat of patients with obesity, miR-122
is expressed at the levels more than two times higher than those
of omental tissue of individuals with healthy weight (81). The
same study also reported correlations between expression on
various miRNAs in the omental and subcutaneous fat, and
concentration of these molecules in serum, showing that circu-
lating miRNA levels reflect expression in omental fat (81).

On the basis of the physiological role of miR-122 and on
observed expression patterns of this regulatory molecule in
liver parenchyma, in omental fat and in serum, we hypothe-
size the following. When accumulation of fat and a develop-
ment of inflammation lead to a suppression of the miR-122
encoding gene in the liver, the miR-122 concentrations within
hepatocyte-derived exosomes drop. Somehow, by not-yet-
clear mechanism, peripheral tissues sense this drop, possibly
through a release from an expression control normally pro-
vided by external supply of miRNA. Recent experiments, in-
deed, show that adipose cells respond to miRNA-carrying
exosomes by reproducible change in transcription levels from
certain promoters (82). It is also possible that in response to
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initial steatosis-induced drop in serum concentrations of miR-
122, adipose and other issues chime in by collectively building
up serum pool of miR-122, thus supporting its hepatic func-
tions (Fig. 1C). Thus, miR-122 and possibly some other
miRNAs form a basis for an additional loop of endocrine reg-
ulation connecting the liver and the adipose compartments.
Remarkably, the recent work of Thomou and co-authors
showed that exosomal miRNAs found in human and animal
sera are predominantly derived from adipose tissue (83). In
their elegant series of experiments with white and brown ad-
ipose tissue transplants, as well as with the preparations of
serum exosomes, these authors showed that secreted
miRNAs, indeed, regulate gene expression in distant tissues
(83). The loss of adipose compartments is known as
‘lipodystrophy’, an enigmatic condition that is intimately
connected to the functioning of miRNA machinery. In partic-
ular, mice with a fat-specific knockout of Dicer-encoding
gene lose intra-abdominal and subcutaneous white fat and
develop severe insulin resistance within peripheral organs
(84). Even more intriguing is the way that humans with
lipodystrophy exhibit a substantial decrease in the levels of
circulating exosomal miRNAs (83) and a significant propen-
sity for developing highly progressive NAFLD (85,86). These
observations point that the likely source of the compensatory
miR-122 concentrations observed in sera of patients with
NAFLD may be found within the adipose compartment.

A tissue-cooperative homeostatic model of non-
alcoholic fatty liver disease

A fine balance in the production of miR-122 from the liver
to the adipose and other peripheral tissues forms a basis
for tissue-cooperative homeostatic model of NAFLD. In this
model, the so-called simple or benign steatosis cases remain
non-progressive owing to successful compensation of the
drop in hepatic production of miR-122, while the instances
of the NASH-related liver carcinogenesis or the rapid fi-
brotic progression are explained by the failure of adipose
compartment with subsequent local (cancerous) or global
(cirrhotic) decompensation of liver parenchyma (Fig. 2).
To validate the proposed model, paralleled investigation of
miRNA expression levels in the liver parenchyma, in the adi-
pose and in the serum is warranted. We expect that with gradual
accumulation of fat in the liver, the measured levels of
intrahepatic production of miR-122, and, possibly, other liver-
aiding miRNAs, would fall. Observed decreases would be
paralleled by the ramping up of the production of miR-122 by
adipose, and a notable increase in the concentrations of these
molecules in serum, which may allow using the concentration
of these molecules for diagnosing NAFLD. At later stages of
liver disease, which coincide with the metabolic deterioration
of other organs and tissues (15,16,87), the ability of adipose
to correct for hepatic miRNA production should become

Homeostatic state of health

miR-122
Normal is secreted
liver predominantly
by liver
Adipose aids failing liver
)
. iR-122
Steatosis/ m
is secreted
earlv NASH predominantly
by adipose
Advanced Systemic lack
fibrosis/ ofFMIR=L22
leads to liver
Late-stage fibrosisand
NASH carcinogenesis

Figure 2 Homeostatic, tissue-cooperative model of NAFLD progression. While the drop in hepatic production of miR-122 remains compensated by ad-
ipose, liver steatosis remains non-progressive. With time, progressive changes in adipose histology and/or biochemistry lead to the failure of compensa-
tion, and the tapering of external supply of miR-122 to the liver. The instances of the NASH-related liver carcinogenesis or the rapid fibrotic progression are
explained by with subsequent local (cancerous) or global (cirrhotic) decompensation of liver parenchyma. [Colour figure can be viewed at

wileyonlinelibrary.com]
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exhausted, and the resultant serum levels of miR-122 should
gradually fall. This decrease in miR-122 serum levels should
precede the accumulation of the collagen in hepatic parenchyma
and the decompensation of liver miRNA homeostasis. Addi-
tionally, as the supply of tumor-suppressing miR-122 peters
out, the inflamed milieu of fibrotic liver should become more
supportive of malignant growth, thereby contributing to the in-
creased incidence of HCC seen in patients with NAFLD (Fig. 3).

Recent longitudinal studies of miRNA production dynamics
in patients with NAFLD support the hypothesis proposed ear-
lier. In particular, the study of serum miR-122 levels in 305 lon-
gitudinally assessed Japanese patients with histologically
proven NAFLD showed that patients with higher serum levels
of miR-122 are less likely to develop HCC (60). These observa-
tions are in agreement with the loss of hepatocyte differentia-
tion and the acquisition of invasive properties in hepatic
parenchyma deficient for this miRNA (88). It is notable that
the specific microenvironment of the HCC stem cell niche is
embodied within the so-called fibrous nests (89) that share
the signaling environment for both the fibrosis and the carcino-
genesis. Common features of these hepatic processes include
their dependence on the lack of miR-122, which normally sup-
presses the Wnt signaling (75,90) and the remodeling of the
laminin-containing basement membranes (91).

In HCCHree patients with severe fibrosis stages (especially
with fibrosis stage 4), the levels of miR-122 in serum tend to
be lower than those in individuals with a lesser degree of liver
fibrosis (60). In another longitudinal study of 36 HCC-free
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patients with NAFLD, the serum levels of miR-122 were quan-
tified at the visits when serial biopsies were collected (92). In
cases in which improvements of histopathological scores were
detected (steatosis, ballooning and stage), serum miR-122
levels were significantly lower at the second biopsy than noted
at the first biopsy, while the levels of miR-122 in patients who
showed no improvement at second biopsy were no different
than those of the first biopsy (92).

Conclusions and future directions

In the most general sense, the idea about possible participa-
tion of miRNAs in a homeostatic signal exchange between
various types of cells has been suggested earlier (93-95). Re-
cently presented experimental results (83) provide critical
evidence to support this hypothesis and provide additional
insights into NAFLD progression. According to tissue-
cooperative homeostatic model of NAFLD proposed earlier,
during early stages of this disease, the falling levels of the
intrahepatic production of miRNA are offset by an increase
in production by adipose, which secretes miRNA-
containing exosomes into the bloodstream. After delivery
to the liver, these molecules are taken up by the liver cells,
wherein they regulate their intrinsic physiological targets.
Thus, adipose-derived miRNAs augment endogenous pro-
duction of miRNA by the liver. When the deterioration of
other peripheral organs — including adipose — catches up
with the failing hepatic parenchyma, the external supply

!
!

Amounts of miR-122 in circulation

5
>
Progression of NAFLD compounded by deterioration of
metabolic health

Figure 3 Hepatic-specific and adipose-specific contributions to serum concentrations of miRNA-122 at various stages of NAFLD. According to the
model, at early stages of NAFLD, the levels of intrahepatic production of miRNAs gradually drop, while the secretion of liver-aiding miRNAs by adipose
becomes ramped up. The superposition of these two process leads to a notable increase in the concentrations of these molecules in serum. In the course
of the progression of NAFLD to NASH, the metabolic deterioration of other organs and tissues sets in, and the ability of adipose to correct for the lack of
hepatic miRNA production becomes exhausted. As a result, the serum levels of miR-122 fall right before the decompensation of liver miRNA homeostasis.
Insufficiency of the control previously provided by internally/externally supplied miR-122 leads to the increase in incidence of hepatocellular carcinoma
(HCC) seen in patients with NASH. [Colour figure can be viewed at wileyonlinelibrary.com]
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of liver-supporting miRNAs gradually falls, leading to the
fibrotic decompensation of liver functions and an increase
in hepatic carcinogenesis.

This hypothesis provides an interesting avenue for the
development of miRNA-based supportive treatment for
patients with late-stage NAFLD. In particular, purified
miR-122-containing exosomes could become a potential
cell-free therapeutics for preventing NAFLD-associated
increase in the incidence of HCCs. For other diseases,
miRNA-infusion-based therapies are proven feasible and
already are in clinical trials. For example, miR-16-loaded
minicells (TargomiRs) are currently being assessed for their
safety and optimal dosing in a phase I trial in patients with
malignant pleural mesothelioma (96). A similarly designed
trial was recently set for a cohort of patients with advanced
solid tumors refractory to standard treatment (97).

It should be noted that the preventive applications would
require much better safety profiles than those demonstrated
in cancer therapy trials described earlier. Therefore, the
development of more effective and safe methods of the
delivery of synthetic miRNA analogs is clearly warranted.
Clinical trials aimed at abatement of recently detected surge
in NAFLD-associated HCCs or, speaking generally, at the
development of maintenance therapies for patients with
NAFLD should be designed to resemble those on artificially
reconstituted high-density lipoprotein particles (98) rather
on the treatments of already progressed cancers.

On the other hand, as homeostasis-supporting miRNA infu-
sions would be more likely to find their value as a preventive
aid rather than an emergency rescue, it is plausible to surmise
that lesser, non-toxic doses may be sufficient. Another possible
way of circumventing toxicity may be the development of the
mature forms of miRNAs, which do not overload endogenous
miRNA processing machinery (78), or by co-manufacturing
carrier exosomes along with their cargo, in culture of
exosome-producing cells (99). The best candidate for
exosome-wrapped miR-122 producer is adipose tissue-derived
mesenchymal stem cells (MSCs), known for their capacity to
shed large amounts of exosomes into the media (100). This
therapy is especially promising, as MSC-derived exosomes
with no specific loading are already tested in patients with liver
fibrosis as safer, not-that-immunogenic alternative to live
MSCs (101). These and other approaches may undergo pre-
clinical testing i vitro, e.g. using microscale human liver equiv-
alents supported by advanced microfluidic (102,103) or multi-
organ chips capable of maintaining 3D tissues derived from
primary cells and biopsies (104).

It should be also noted that an inverse directionality of
the changes in serum and tissue levels has been reported
for many miRNAs, including miR-132, miR-143, miR-
192, and miR-375 (56,105). These observations open an
avenue to the development of exosome-delivered miRNA
cocktails capable of augmenting the functioning of organs
suffering from a variety of chronic diseases.
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