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Non-alcoholic fatty liver disease represents a continuum of excessive hepatic steatosis,
inflammation and fibrosis. It is a growing epidemic in the United States of America
and worldwide. Progression of non-alcoholic fatty liver disease can lead to morbidity
and mortality due to complications such as cirrhosis or hepatocellular carcinoma.
Pathogenesis of non-alcoholic fatty liver disease is centered on increased hepatic
lipogenesis and decreased hepatic lipolysis in the setting of hepatic and systemic insulin
resistance. Adipose tissue and hepatic inflammation can further perpetuate the severity
of illness. Currently there are no approved therapies for non-alcoholic fatty liver disease.
Most of the drugs being explored for non-alcoholic fatty liver disease focus on classical
pathogenic pathways surrounding hepatic lipid accumulation, inflammation or fibrosis.
Studies have demonstrated that the autonomic nervous system innervating the liver
plays a crucial role in regulation of hepatic lipid homeostasis, inflammation and fibrosis.
Additionally, there is growing evidence that neurotrophic factors can modulate all stages
of non-alcoholic fatty liver disease. Both the autonomic nervous system and neurotrophic
factors are altered in patients and murine models of non-alcoholic fatty liver disease. In
this review we focus on the pathophysiological role of the autonomic nervous system and
neurotrophic factors that could be potential targets for novel therapeutic approaches to
treat non-alcoholic fatty liver disease.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is rapidly becoming a significant global burden by
affecting over 25% of the adult population (1). NAFLD encompasses a continuous range of liver
conditions covering steatosis, steatohepatitis, fibrosis, and cirrhosis (2). It is projected to be the
leading indication for liver transplantation in the next 20 years (3). The pathogenesis of NAFLD
remains poorly understood and therapeutic approaches are still being explored. Currently there
is no approved drug therapy for NAFLD by the Food and Drug Administration. Mechanisms for
hepatic steatosis involve insulin resistance, an excess influx of fatty acids into the liver, enhanced
de novo lipogenesis, impaired lipophagy and resultant triglyceride accumulation in hepatocytes
(2, 4). Steatosis progresses to non-alcoholic steatohepatitis (NASH) when inflammation develops
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due to mitochondrial dysfunction, endoplasmic reticulum stress,
activation of the innate immune system, and dysregulation of
autophagy (2, 3). Fibrosis is primarily mediated by hepatic stellate
cells (HSCs), which are mesenchymal cells and part of the repair
system of injured liver. Stellate cells are quiescent in homeostatic
condition, but are transformed to myofibroblast-like cells in
response to oxidative stress, lipopolysaccharide (LPS), apoptotic
bodies and paracrine stimuli from neighboring cells. Activated
stellate cells are the main source of extracellular fibrous matrix in
the development of fibrosis and cirrhosis (5-7).

Both murine and primate livers are innervated by autonomic
nervous system (ANS). Sympathetic and parasympathetic
branches of ANS play critical roles in energy homeostasis,
liver injury and repair (8-10). Both parenchymal and non-
parenchymal cells in liver express receptors for common
neurotransmitters (11-14). HSCs are considered as resident
hepatic neuroglia functioning as neuroendocrine cells in close
proximity with hepatic nervous system. HSCs express various
neuroglial marker proteins such as nestin, neural cell adhesion
molecule, glial acidic fibrillary protein, and synaptophysin. HSCs
also express receptors for serotonin, adrenergic or muscarinic
neurotransmitters, cannabinoids and opioids (15). Despite the
rich hepatic supply by ANS and its interactions with hepatic
cells, its role in the pathogenesis and progression of NAFLD
remains elusive.

Neurotrophic factors play an integral role in the development
and function of nervous system, and are involved in
pathogenesis of neurodegenerative and psychiatric disorders
(16). Consequently, various neurotrophic factors have been
explored as therapeutic agents in treatment of neurological
disorders (17, 18). Several neurotrophic factors and their
receptors are expressed in various hepatic cell types (19-21),
and regulate insulin sensitivity, lipid homeostasis, cellular injury
and fibrosis of the liver (22-26). However, their potential in
management of liver diseases including NAFLD remains mostly
unexplored. This review summarizes current knowledge about
the role of ANS and neurotrophic factors in modulation of
hepatic steatosis, NASH, and NASH-associated hepatic fibrosis.

HEPATIC NERVOUS SYSTEM

The liver is regulated by both sympathetic and parasympathetic
branches of the central nervous system using aminergic,
peptinergic, adrenergic, and cholinergic nerve endings (8).
Sympathetic nerve fibers supply the liver via the splanchnic nerve
and start in celiac and superior mesenteric ganglia that are under
influence of intermediolateral column of spinal cord (8, 9). In
rodents, sympathetic nerves have been detected only up to the
portal tracts surrounding hepatic artery and portal veins (27).
It is postulated that connecting gap junctions further transmit
electrical signals between the hepatocytes in rodents (28) as well
as in humans (8, 9). Sympathetic nerve fibers directly supply
nerve endings to hepatic lobules and along hepatic sinusoids
in humans and guinea-pigs. Sympathetic nerve fibers however
are absent in regenerating nodules in livers affected by cirrhosis
(27, 29). The Vagus nerve supplies parasympathetic neurons

originating in dorsal motor nucleus and relays their nerve
endings directly to the liver or indirectly via hepatic hilar ganglia
(8, 9, 30). Like sympathetic nerve fibers, parasympathetic or
cholinergic fibers penetrate deep into hepatic parenchyma (31).
Cholinergic fibers directly interact with HSCs and the quantity
of these nerve fibers increases in fibrous septa in livers of carbon
tetrachloride (CCly)-treated rats (32, 33). Alpha/beta-adrenergic
receptors and muscarinic cholinergic receptors are expressed
by hepatocytes and HSCs (11, 12, 34-37), while nicotinic
acetylcholine receptors are present in hepatocytes, Kupffer cells,
macrophages, and dendritic cells (13, 14). Overall, sympathetic
and parasympathetic nerve endings can relay signals to liver
cells through three different mechanisms: (1) direct innervation
onto or near cells by secreting norepinephrine, acetylcholine and
neuropeptides such as galanin, neuropeptide Y, etc.; (2) spreading
of ions or small molecules using gap junctions; (3) innervation of
sinusoidal endothelial and Kupfter cells which communicate with
hepatocytes via eicosanoids, cytokines, endothelin, and nitric
oxide (38).

Afferent fibers of the sympathetic nervous system (SNS) and
parasympathetic nervous system (PSNS) sense levels of ions,
glucose, free fatty acids, cytokines as well as hormones such
as glucagon like peptide-1 and cholecystokinin. This sensory
information is then relayed to the hypothalamus, which in turn
modulates sympathetic or parasympathetic outflow to control
hepatic energy homeostasis (8, 9). Activation of SNS leads to
increased gluconeogenesis and decreased glycogenesis, whereas
parasympathetic activation plays an opposite role. In addition,
hepatic sympathetic supply also regulates lipoprotein secretion,
beta oxidation, ketone body synthesis and release (30).

Sympathetic Nervous System and

Non-alcoholic Steatohepatitis

Limited investigations have been done to study the role of
SNS in pathogenesis of NASH. Overexpression of adrenergic
B-receptors in cultured hepatocytes from rats or mice causes
an increase in lipid accumulation (39). Hurr et al. showed
that sympathetic nerve activity doubled after 10 weeks of
high-fat diet (HFD) feeding in mice. Chemical ablation of
sympathetic nerves significantly reversed steatosis in just 3 days
with improvement in hepatomegaly and hepatic triglyceride
content without affecting food intake, energy expenditure or
body mass. Whole body chemical sympathectomy lowered
hepatic expression of gluconeogenic enzymes and peroxisome
proliferator activated receptor (PPAR) alpha (40). PPARs such
as PPARa and PPARY are transcription factors that are central
in the regulation of lipid, glucose and amino acid metabolism,
maintaining the homeostasis of adipose tissue and hepatocytes
(41, 42). Selective hepatic sympathetic denervation using phenol
also resulted in similar impact on hepatic gluconeogenic enzymes
and led to almost complete resolution of hepatic steatosis in 1
week (40). Mechanistically, hepatic denervation attenuated HFD-
increased hepatic expression of CD36 (a fatty acid transporter),
PPAR«a, and Diacyl-glycerol O-acyltransferase (DGAT) 1 and
DGAT2, which encode critical enzymes catalyzing the final
step of triglyceride synthesis. Hepatic denervation however
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did not affect mitochondrial or peroxiosomal f-oxidation of
fatty acids (40). Hepatic B-adrenergic activity increases with
aging in murine models (39), and aging itself is linked with
development of NASH (43). Ghosh et al. reported that older rats
accumulated even more fat in livers as compared to younger
rats with pharmacologic B-adrenergic stimulation (39). Age-
related increase in sympathetic activity may thus be a critical
link toward development of NASH. In summary, HFD and
aging increase hepatic sympathetic activity elevating hepatic lipid
burden, whereas surgical or pharmacological ablation of hepatic
sympathetic supply ameliorates hepatic steatosis.

Sympathetic Nervous System and Hepatic

Fibrosis

SNS is overly activated in humans with advanced fibrosis
or cirrhosis and in animal models of liver fibrosis. Patients
with cirrhosis elicit increased levels of catecholamines in blood
and enhanced sympathetic nerve activity (44, 45). In mice,
over-activity of SNS worsens CCly-mediated fibrosis, whereas
dampened sympathetic tone renders lowered susceptibility
(46). Norepinephrine, a type of catecholamine, increases
the proliferation of cultured HSCs, which is inhibited by
alpha- and beta-adrenergic receptor antagonists. Moreover,
murine HSCs produce catecholamine and norepinephrine (12).
Norepinephrine promotes HSC proliferation likely through
the activation of PI3K and MAPK/ERK signaling cascades.
Norepinephrine also induces HSC expression of collagen (12, 47).
Oben et al. further showed that treatment with norepinephrine
induces proliferation of HSCs in vivo in ob/ob mice. This
catecholamine stimulation also results in increased expression of
transforming growth factor beta (TGF-f) along with accentuated
fibrosis (12). The above stimulatory effects of catecholamines on
HSC proliferation as well as the expression of collagen and TGF-
p were also found in cultured human HSCs as reported by Sigala
et al. (48). Thus, the SNS branch of ANS is pro-fibrogenic in
nature. These findings implicate that pharmacological or surgical
disruption of sympathetic supply may be effective in preventing
the progression to steatohepatitis and fibrosis.

Parasympathetic Nervous System and

Non-alcoholic Steatohepatitis

Anti-inflammatory effects of the PSNS was first demonstrated
in a landmark paper by Borovikova et al. They identified that
nicotine, acetylcholine and cholinergic agonist carbachol inhibit
LPS-mediated production of tumor necrosis factor (ITNF) by
peripheral blood macrophages. In addition, acetylcholine can
inhibit the release of several other pro-inflammatory cytokines
including IL-1B, IL-6, and IL-18, but not anti-inflammatory
cytokine IL-10. Their work further revealed that electrical
stimulation of vagus nerve decreases LPS-mediated hepatic
TNF production whereas vagotomy stimulates TNF production
(49). This inhibitory effect of vagal electrical stimulation
or acetylcholine receptor (AChR) agonism on hepatic TNF
production was validated in ischemia/reperfusion injury model.
Inhibition of TNF production was at least in part mediated by
decreased nuclear translocation of NF-kB (13). Li et al. reported

that vagus nerve flow suppresses LPS/galactosamine-induced
hepatocyte injury by attenuation of Kupffer cell activation
through the activation of nicotinic a7nAchR receptors (50).
PSNS also elicits anti-inflammatory effects in db/db and HFD-
fed obese mice. Low dose nicotine improved insulin resistance
in these mice whereas knockout of a7nAChR exacerbated
insulin resistance with pro-inflammatory M1 macrophages
infiltrating white adipose tissue (WAT). Nicotine also attenuated
the production of pro-inflammatory cytokines in peritoneal
macrophages induced by stearic acid or TNF (51).

Direct evidence of the role of parasympathetic anti-
inflammatory pathway in NAFLD comes from work done by
Nishio et al. They demonstrated that hepatic vagotomy worsened
methionine-choline deficient diet induced steatohepatitis.
Moreover, vagotomy led to activation of Kupffer cells along
with downregulation of hepatic PPARa and an aggravated
hepatic pro-inflammatory cytokine profile. Beneficial effect of
cholinergic stimulation was mediated by activation of STAT3
pathway and inhibition of nuclear translocation of NF-kB.
Chimeric mice with a7nAChR deficiency in Kupffer cells
had significant aggravation of steatohepatitis. These mice had
increased expression levels of enzymes responsible for fatty acid
synthesis such as fatty acid synthase (FASN) (52). Galantamine
is a cholinergic activator with a unique dual-mode of action
via inhibition of acetylcholinesterase and by modulation of
nicotinic acetylcholine receptors, and has been used in patients
with Alzheimer’s disease (53). Galantamine improves insulin
resistance and serum lipid profile in streptozotocin-induced
diabetic rats (54). HFD-fed mice treated by galantamine show
decreased bodyweight and expression of pro-inflammatory
cytokines as well as improved insulin resistance. These changes
are accompanied by significant reduction in hepatic triglyceride
content and marked improvement in hepatic steatosis and
inflammation (55).

Taken together, PSNS plays anti-inflammatory role in multiple
sites of the body including the liver primarily through
modulation of cytokine production in macrophages and via
reduction in hepatic lipid content.

Parasympathetic Nervous System and

Hepatic Fibrosis

The role of PSNS in modulation of hepatic fibrosis remains
mostly unclear due to limited number of studies. Given the
anti-inflammatory role of PSNS in the setting of NAFLD, it is
postulated that PSNS is anti-fibrotic indirectly by inhibition
of HSC activation. However, Oben et al. showed that PSNS
exerts pro-fibrotic effects. Treatment of HSCs in culture with
acetylcholine increases the proliferation and collagen expression
of HSCs whereas mecamylamine, an inhibitor of nAChRs
receptor, abolishes this response (33). Luo et al. demonstrated
that treatment with anisodamine, a non-specific cholinergic
inhibitor, improves hepatic inflammation, accompanied by
decreased production of TGF-B1, malondialdehyde, and
hydroxyproline in the liver of CCly-treated mice (56). Of note,
anisodamine is also an anti-oxidant agent (57). Thus, it is unclear
whether anisodamine’s effects attribute to decreased activity of
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the PSNS or inhibition of oxidative stress. Further studies are
warranted toward a better understanding of the role of PSNS in
the pathogenesis and progression of hepatic fibrosis.

NEUROTROPHIC FACTORS

Neurotrophic factors are small proteins or polypeptides that play
crucial roles in the development, differentiation, migration, and
survival of various neurons in central and peripheral nervous
system (17, 58, 59). Major families of neurotrophic factors
include neurotrophins or nerve growth factors (NGF), ciliary
neurotrophic family (CNTF), glial cell line-derived neurotrophic
factor (GDNF) family, and neuropoietic cytokines (17, 60).
Early studies demonstrated the important role of neurotrophic
factors in neuronal regeneration in neurodegenerative diseases
(59, 60). Recent evidence has identified extra-neuronal role of
neurotrophic factors in many other tissues, such as the liver,
pancreas, heart, breast, lung, testis, ovary, etc. (61). Neurotrophic
factors also regulate systemic energy homeostasis and insulin
sensitivity. GDNEF, brain-derived neurotrophic factor (BDNF, a
NGF family member), CNTF and Neuregulin-4 (NRG4) are
among the most studied neurotrophic factors in the context of
NAFLD, and their roles are discussed below.

Glial Cell-Line Derived Neurotrophic Factor
GDNF is the most studied neurotrophic factor in GDNF
family of proteins. Other members include neurturin, artemin
and persephin (62). GDNF is a glycosylated, disulfide-bonded
homodimer that has distant relation with TGF-f superfamily
(63). It binds its cognate GDNF family receptor o; (GFRal)
(64, 65) stimulating intracellular PI3K/AKT and Ras/MAPK
pathways (66). GDNF promotes the survival and differentiation
of dopaminergic neurons (59, 63). GDNF also acts on non-
neuronal cells by regulating spermatogenesis, salivary stem cell
survival, and ureteral budding in embryonic kidney (67, 68).
Our work has shown that GDNF and its cognate receptor are
expressed in white adipose tissue (WAT), brown adipose tissue
and the liver, playing an important role in lipid metabolism and
the progression of NAFLD (69).

Glial Cell-Line Derived Neurotrophic Factor and
Non-alcoholic Steatohepatitis

Hepatic deposition of fat leads to an increase in hepatic
infiltration by inflammatory cells along with increased synthesis
of cytokines such as TNE, IL-1p, and IL-6 (70-72). Thus, tight
regulation of lipid metabolism in the liver has an important
role in the progression of NAFLD. We used a transgenic
mouse strain that overexpresses GDNF in central nervous
system, enteric nervous system, WAT, brown adipose tissue
and liver as described earlier. We have shown that GDNF
has a protective effect on HFD induced obesity and hepatic
steatosis (69). GDNF transgenic mice are resistant to HFD-
induced obesity as well as insulin and leptin resistance. GDNF
transgenic mice are also protected from developing hepatic
steatosis as manifested by decreased steatosis and substantially
lower triglyceride accumulation in the liver as compared to
controls (20, 69). Mechanistically, overexpression of GDNF in

transgenic mice reduced the expression of master regulators of
lipid homeostasis, including sterol regulatory element binding
transcription factor 1 (SREBFI), PPAR«, PPARy, and carnitine
palmitoyltransferase 1 (CPT1), all of which are elevated in models
of NAFLD. Specific analysis of PPARy promoter has revealed
an inhibitory effect of GDNF on PPARy promoter activity in
HepG2 cells (20). The CD 36 gene, which encodes fatty acid
translocase mediating fatty acid uptake in hepatocytes, is under
direct control by transcription factor PPARa and PPARy (42,
73). Transgenic expression of GDNF abrogated HFD-induced
expression of CD 36 protein. De novo lipogenesis machinery
was also diminished in GDNF transgenic mice as seen by
significant reduction in the mRNA levels of FASN, stearoyl-
CoA desaturase (SCD-1) and DGAT2 while on HFD (20). The
protective role of transgenic expression of GDNF against hepatic
steatosis was recapitulated in a more therapeutic approach by
using GDNF-loaded nanoparticles. Direct role of GDNF in
improving hepatic lipid homeostasis has also been confirmed
in heterozygous GFRal receptor-knockout mice, whereby the
expression of PPAR«a, PPARy, CD36, FASN, DGAT2, and SCD-
I are all increased (20). Autophagy maintains insulin sensitivity,
regulates lipid stores, and protects against the development
of inflammation (4). Work in our lab has demonstrated a
stimulatory effect of GDNF on hepatic macroautophagy (20,
74). As compared to HFD-fed WT mice, GDNF transgenic
mice displayed reduced expression of autophagic marker
p62/sequestosome-1 and increased expression of autophagy
related 5 (Atg5), Beclin 1 and microtubule-associated protein-
1 light chain 3 (20). This in vivo effect of GDNF was further
confirmed by in vitro analysis of autophagic flux in primary
mouse hepatocytes and secondary rat cell line (74).

In line with reduced hepatic steatosis, GDNF transgenic
mice resist the development of hepatic inflammation when
challenged with HFD (20, 69). GDNF-loaded nanoparticles also
successfully attenuated hepatic inflammation in HFD-fed mice
(20). Overall, these findings have revealed that GDNF plays a
crucial role in HFD-induced hepatic steatosis through its effect
on autophagy and critical transcription factors such as PPARa,
PPARy, and Srebfl. Thus, GDNF may be a therapeutic agent
in reversing steatosis and steatohepatitis (20, 69). It however
remains unexplored as to the source of GDNF in native hepatic
tissues. Regardless, it is possible that GDNF functions as a trophic
factor for hepatic neurons as well as executing direct effects on
hepatic parenchymal and possibly non-parenchymal cells. Tao et
al. analyzed human liver tissue specimens and primary cell lines
from human livers, and showed that GDNF is likely present in
human HSCs as it is colocalized with a-smooth muscle actin
positive cells (21).

Glial Cell-Line Derived Neurotrophic Factor and
Hepatic Fibrosis

Hepatic GDNF expression is elevated in patients with advanced
liver fibrosis in conditions including NASH, alcoholic liver
disease or hepatitis B virus infection. Serum GDNF level is
increased in a stepwise fashion with the advancement of fibrosis
stages. Similar results were seen in mouse fibrosis models.
GDNF expression in the liver was increased by 2-4-folds
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in mice which received bile duct ligation or were fed with
methionine-choline deficient diet, and by almost 13-fold in
mice treated with CCly (21). Whether the increase in GDNF
plays a protective or exacerbating role in the pathogenesis of
hepatic fibrosis remains elusive, and results are conflicting.
Work from our laboratory has shown that GDNF negates
hepatic fibrogenesis in HFD-fed mice. HFD-fed mice with
administration of GDNF-loaded nanoparticles exhibited 4.5-fold
less fibrosis as compared to control nanoparticles-treated mice
(20). It is unclear if this modulation of hepatic fibrosis by GDNF
was due to decreased hepatocyte injury or direct inhibition of
HSC activation. Conversely, in the study by Tao et al. mice treated
with GDNF-expressing adenovirus showed worsened fibrosis
and increased hepatic expression of pro-inflammatory and pro-
fibrotic genes in bile duct ligation and CCly fibrotic models;
whereas, GDNF knockdown lowered fibrosis burden. The same
study showed that GDNF activated mouse HSCs in vitro. This
pro-fibrotic role of GDNF in CCly and bile duct ligation models
of hepatic fibrosis is opposite to what was seen in our study with
HFD-fed model of NAFLD (20). Although Tao et al. showed
increased expression of hepatic GDNF in human and animal
models of NASH, they did not determine the role of GDNF in the
progression or prevention of NASH associated fibrosis. Further
work is warranted to clarify the precise role of GDNF in the
pathogenesis of liver fibrosis associated with NASH.

Brain-Derived Neurotrophic Factor

BDNE, a member of neurotrophin family, is the most studied
neurotrophic factor due to its abundance in nervous system
and brain. BDNF plays important roles in development,
differentiation, maintenance, and regeneration of neurons
(75, 76). It signals through p75 neurotrophin receptor and
tropomyosin receptor kinases (77), which are expressed primarily
in neurons as well as in a variety of tissues including the liver,
pancreas, colon, breast, immune system, muscles, and prostrate.
Multiple studies have shown that BDNF regulates energy
homeostasis and the development of NAFLD. BDNF improves
blood glucose and insulin resistance as well as hepatomegaly and
inflammation in db/db mice (78-80). Tsuchida et al. showed that
subcutaneous administration of BDNF to db/db mice decreased
dyslipidemia, hepatic triglyceride content and hepatic steatosis
(81). Comparison of BDNF with thiazolidinediones in db/db
mice revealed that BDNF was superior to thiazolidinediones in
decreasing food intake, reducing body weight, and ameliorating
hepatic steatosis and hepatomegaly (82). These findings point
toward the role of BDNF in improving dysregulated energy
homeostasis, insulin resistance and hepatic steatosis. Thus,
BDNF could potentially be used as an agent to treat hepatic
steatosis. Further studies are needed to establish the beneficial
effects of BDNF in the treatment of hepatic steatosis in other
models of hepatic steatosis than db/db mice.

Ciliary Neurotrophic Factor

CNTF is a well-studied neurotrophic factor that is structurally
related to IL-6 and is highly expressed in central and peripheral
nervous system including PSNS. Its attachment to cognate
CNTFa receptor initiates heterodimerization of leukemia

inhibitory factor and gp130 receptors (83). This heterodimer
then transduces signals intracellularly though JAK/STAT or
Ras/MAPK pathways (84). CNTF also signals through IL-6
receptor, at least in humans (85). CNTF prevents degeneration
and cell death of neuroglia, sensory, motor, hippocampal and
cerebellar neurons (83). Nonogaki et al. showed that treatment
of rats with CNTF promoted lipolysis and lipid export from liver
(86). Sleeman et al. demonstrated that CNTF treatment increased
basal metabolic rate of HFD-fed db/db mice. CNTF improved
hepatomegaly, hepatic steatosis, and inflammation. These effects
were associated with decreased hepatic expression of SCD-1
and glycerol-3-phosphate acyltransferase 1 that mediate de novo
lipogenesis as well as increased expression of PPARx and CPT-1
that promote mitochondrial B-oxidation (87). Cui et al. studied
effects of recombinant human CNTF in HFD-fed rat model of
obesity and hepatic steatosis. Treatment with CNTF significantly
improved hepatic steatosis and serum markers of hepatic
inflammation. In in vitro cultured HepG2 cells, CNTF increased
the levels of PPARx and CPT-1 and reduced the expression of
FASN, SCD-1, and SREBFI. Overall these changes elucidated
a peripheral role of CNTF in decreasing de novo lipogenesis
and enhancing lipolysis in hepatocytes (88). Despite somewhat
discouraging clinical outcomes of CNTF in the treatment of
obesity due to various adverse effects and lack of long term
effect, it remains an exciting and novel therapeutic agent to
modulate hepatic steatosis (84). Modifications of CNTF molecule
to improve its pharmacokinetics, efficacy, and reduction of
immunogenicity could reignite its role in clinical applications.

Neuregulin-4

NRG4 is a neurotrophic factor that belongs to Neuregulin
family of epidermal growth factor-like ligands and signals
through tyrosinase kinase receptor members of the ErbB family
(89). It regulates neuron development, adipocyte differentiation,
brown adipose tissue thermogenesis, and energy homeostasis
(90-92). It is also produced in both brown and white
adipose tissues and then transduces signal to hepatocytes in
an endocrine fashion through ErbB4 receptors. Expression of
NRG4 is significantly higher in brown adipose tissues and
expression of NRG4 in adipose tissues is inversely related
with obesity in mice and human adipose tissue (92, 93).
Decreased production of NRG4 in obesity is likely due to
direct impact of pro-inflammatory cytokines produced in obesity
such as TNF-a and IL-18 (92, 94). Wang et al. showed
that HFD-fed NRG4 knockout mice had increased adiposity,
hypertriglyceridemia and increased insulin resistance (92). These
mice also manifested more pronounced hepatic steatosis and
increased serum markers of hepatic inflammation as compared
to WT mice. Knockout mice had increased hepatic expression
of genes associated with de novo lipogenesis and inflammation
along with increased SREBFI expression, whereas the expression
of genes associated with beta oxidation of fatty acids and
gluconeogenesis was unchanged (92, 95). NRG4 attenuated
lipogenesis in cultured hepatocytes in vitro. On the other hand,
transgenic expression of NRG4 in adipose tissues rendered mice
resistant to HFD-induced weight gain as compared to WT
mice. These mice also had significantly less hepatic steatosis,
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inflammation and fibrosis (92, 95), along with increased hepatic
beta oxidation of fatty acids and increased ketogenesis (94).
Moreover, NRG4 directly affects hepatocyte cell death in vivo
through downregulation of proteasomal degradation of c-FLIP,
a major anti-apoptotic/necrotic protein. NRG4 knockout mice
had decreased hepatic c-FLIP levels whereas NRG4 transgenic
mice had elevated c-FLIP levels. Restoration of hepatic c-FLIP
expression in HFD-fed NRG4 knockout mice using adenovirus
blocked the progression of hepatic steatosis to NASH (95).
In multiple cross-sectional studies of adults and children with
NAFLD, serum NRG4 levels were significantly lower when
compared to healthy controls, suggesting an important role of
NRG4 in human NALFD as well (96-98). Collectively, these
studies demonstrate that adipose tissue-derived NRG4, via an

endocrine fashion, can improve hepatic steatosis, inflammation
and fibrosis.

CONCLUSIONS

In conclusion, changes in SNS and PSNS activity as well as
the expression of neurotrophic factors play significant roles in
the pathogenesis of NAFLD and its progression to NASH and
cirrhosis. Activation of SNS and adrenergic signaling promotes
steatosis and hepatic fibrosis, whereas stimulation of PSNS
improves NASH with its effects on hepatic fibrosis remaining
unclear. Increased expression of neurotrophic factors including
GDNE CNTE BDNE and NRG4 all alleviate hepatic steatosis.
BDNE CNTE and NRG4 decrease inflammation, but only
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FIGURE 1 | Model of the regulation of steatosis, NASH, and fibrosis by SNS, PSNS
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GDNF: Glial Cell-Line Derived Neurotrophic Factor
BDNF: Brain-derived Neurotrophic Factor

CNTF: Ciliary Neurotrophic Factor

NRG4: Neuregulin-4
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ﬂ
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and neurotrophic factors.

TABLE 1 | Key References.

Conclusions

Models References

Sympathetic nervous system
fibrosis by promoting HSC proliferation

Pharmacological sympathetic agonism induces hepatic

Mouse model of obesity Oben et al. (12)

Mouse and rat model of NAFLD

Parasympathetic nervous system

Neurotrophic factors

Pharmacological p-adrenergic agonism promotes steatosis

HFD increases sympathetic activity, and surgical or chemical
ablation of hepatic sympathetic supply improves steatosis

Pharmacological or electrical parasympathetic agonism
dampens proinflammatory cytokine production

Vagotomy exacerbates steatosis and hepatic inflammation

GDNF overexpression renders resistance to development of
obesity and steatosis

BDNF improves steatohepatitis
CNTF improves hepatic steatosis and inflammation
NRG4 prevents development of steatohepatitis and fibrosis

Mouse model of NAFLD

Rat model of endotoxemia

Mouse model of NASH
Mouse model of obesity

Mouse model of diabetes
Mouse model of diabetes
Mouse model of NASH

Ghosh et al. (39)
Hurr et al. (40)

Borovikova et al. (49)

Nishio et al. (52)
Mwangi et al. (69)

Tonra JR et al. (79)
Sleeman et al. (87)
Guo et al. (95)
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NRG4 improves fibrosis (Figure 1, Table 1). The following is
a point-by-point summary of the roles of SNS, PSNS, and
neurotrophic factors.

Modulation of the hepatic nervous system and neurotrophic
factors play significant roles in management of hepatic
steatosis, NASH and hepatic fibrosis.

SNS is over-activated in the setting of aging, HFD-induced
steatosis and advanced hepatic fibrosis.

SNS stimulation promotes hepatic steatosis whereas surgical
or chemical inhibition of SNS improves steatosis.

SNS activation promotes hepatic fibrosis by enhancing
proliferation and activation of HSCs along with increased
signaling of TGF-f.

PSNS activation improves NASH by decreasing hepatic
lipid content and by reducing proinflammatory cytokine
production in liver. This can be achieved by vagus stimulation
or chemical agonism of PSNS.

Role of PSNS in modulation of hepatic fibrosis remains
unclear, with limited data indicating a promoting effect.
GDNE CNTE BDNE and NRG4 improve insulin resistance
and alleviate hepatic steatosis by reducing hepatic lipogenesis
and improving p-oxidation.

GDNF’s effects on liver fibrosis are contradictory by
playing antifibrotic and profibrotic roles in different
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