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Abstract
Background: The correlation of the growth hormone (GH) and insulin-like growth
factor-1 (IGF-1) with non-alcoholic fatty liver disease (NAFLD) has been reported in
epidemiological studies. However, the mechanisms of molecular and inter-organ systems that render these factors to influence on NAFLD have not been elucidated.
In this study, we examined the induction of ghrelin which is the GH-releasing hormone and IGF-1, and involvement of autonomic neural circuits, in the pathogenesis
of NAFLD.
Methods: The expression of gastric and hypothalamic ghrelin, neural activation in
the brain, and serum IGF-1 were examined in NAFLD models of choline-deficient
defined l-amino-acid diet-fed, melanocortin 4 receptor knockout mice, and partial
hepatectomy mice with or without the blockades of autonomic nerves to test the
contribution of neural circuits connecting the brain, liver, and stomach.
Key Results: The fatty changes in the liver increased the expression of gastric ghrelin through the autonomic pathways which sends the neural signals to the arcuate
nucleus in the hypothalamus through the afferent vagal nerve which reached the
pituitary gland to release GH and then stimulate the IGF-1 release from the liver. In
addition, high levels of ghrelin expression in the arcuate nucleus were correlated with
NAFLD progression regardless of the circuits.
Conclusions: Our study demonstrated that the fatty liver stimulates the autonomic
nervous signal circuits which suppress the progression of the disease by activating
the gastric ghrelin expression, the neural signal transduction in the brain, and the
release of IGF-1 from the liver.
KEYWORDS

autonomic nervous system, ghrelin, IGF-1, neural circuits, non-alcoholic liver disease

Abbreviations: AAV, adeno-associated virus; CAG, hybrid construct consisting of the cytomegalovirus (CMV) enhancer fused to the chicken beta-actin promoter; CDAA, cholinedeficient defined l-amino-acid diet; c-fos, proto-oncogene c-Fos; EGFP, enhanced green fluorescent protein; GH, growth hormone; IGF-1, insulin-like growth factor-1; MC4R,
melanocortin 4 receptor; NS, no statistical significance; NAFLD, non-alcoholic fatty liver diseases; NASH, non-alcoholic steatohepatitis; OCT, optimal cutting temperature; PBS,
phosphate-buffered saline.
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1 | I NTRO D U C TI O N
Various causes of non-alcoholic steatohepatitis (NASH) and nonalcoholic fatty liver disease (NAFLD), such as metabolic syndrome,
diet, genetic factors, environmental factors, and race, can be con1,2

sidered.

However, since multiple factors are involved, the exact

cause has not been identified. Therefore, standard treatments have

Key Points
• The fatty liver stimulates the autonomic nervous signal
circuits.
• The

nervous

circuits

activates

ghrelin-insulin-like

growth factor-1 axis.
• The ghrelin-insulin-like growth factor-1 axis suppress

not been established.
Among the factors, a significantly high rate of complications of

the progression of the NAFLD.

NAFLD has been observed in hypopituitarism with growth hormone
(GH) deficiency, pediatric GH deficiency, and even in patients with
adult GH deficiency.3-6 In detail, NAFLD and NASH were found to be

the initiation of meals, it increases gastric secretions during fasting,

present in 70% and 21% of GH-deficient patients, respectively. This

increases blood levels, and returns after eating. 25 Research using

incidence is much higher than that reported in the general popula-

knockout (KO) mice

4

tion (12% and 5%, respectively). Interestingly, the patients with GH

27

showed various phenotypes, including fatty

liver, disturbed gastrointestinal motility, decreased blood pressure,

replacement therapy tended to have significantly improved hepatic

and decreased circadian heart rate rhythms. These results high-

fatty deposits and fibrosis,4 and this effect persists for 2 years.7

lighted the importance of ghrelin in maintaining biological homeo-

GH itself is also heavily involved in metabolic regulation and aging.

stasis and metabolism.

After the growth period, GH hyposecretion, which is termed “so-

Importantly, it has been reported that the levels of ghrelin and

matopause”, causes muscle and bone loss, visceral fat accumulation

its function are significantly related to signal transduction via the

type of obesity, and fatty liver.8 GH contributes to the secretion

autonomic nervous system. 28 Recently, it has been revealed that the

of insulin-like growth factor-1 (IGF-1) from the liver. Interestingly,

autonomic nervous system is the key neural substrate that controls

a decrease in the concentration of IGF-1 has also been associated

organ functions and mediates inter-organ signals not only in physi-

with the severity of hepatic inflammation and fibrosis.9-12 In animal

ological but also in pathological conditions. Indeed, it regulates the

models of NASH and hepatic cirrhosis, IGF-1 replacement therapy

status of various diseases, 29,30 the progression of cancer,31,32 and

13,14

was effective in reducing inflammation and fibrosis.

These ther-

liver regeneration after partial hepatectomy.33 It promotes the re-

apeutic effects of GH and IGF-1 supplementation include the mech-

lease of serotonin from enterochromaffin cells in the small intestine

anisms of inhibition of hepatic fat synthesis,15 inhibition of Kupffer's

via sympathetic nerve-mediated signal transduction from the liver

cell function,16 reduction of oxidative stress in hepatocytes,17 induc-

to the brain.33

13

hepatocyte prolifer-

Based on these results, we hypothesized that the ghrelin and

ation,18 and stimulation of autophagy.19 Apart from the liver,16 these

tion of senescence to hepatic Kupffer's cells,

subsequent GH-IGF-1 expressions are induced through inter-organ

effects were also observed in the heart, increasing the muscle mass

autonomic neural connections in the NAFLD/NASH conditions and

and improving cardiac function. 20 In addition, the lower levels of

are necessary to maintain the liver homeostasis. Of note, although

serum GH and IGF-1 in the general population have been related to

it is conceivable that their impairments cause disease progression,

NAFLD.14,21 These reports suggest that GH and IGF-1 are related to

there are no studies directly showing the relationship of each event.

NAFLD/NASH and are essential to prevent the disease progression.

In the present study, we evaluated the mechanism of the autonomic

The release of GH is controlled by the GH-releasing hormone

nervous circuits through which the ghrelin and IGF-1 axis are af-

and ghrelin, which is known as an endogenous GH secretagogue.

22

fected in animal models of hepatic steatosis.

Ghrelin, a 28-amino acid peptide, secreted into the blood and modified by the fatty acid octanoic acid to be an active form. 22 In addition to being mainly secreted from X/A cells, which are endocrine
cells of the fundic glands of the stomach, ghrelin is also produced in
the intestines, hypothalamus, and the heart. Notably, its receptors

2 | M E TH O DS
2.1 | Animals

are expressed in multiple organs, such as the hypothalamus, heart,
gastrointestinal tract, and pancreas. 23 Its established physiological

Animal experiments were approved by and conducted in full compli-

effects are to influence on the pituitary gland to secrete GHs via af-

ance with the regulations of the Institutional Animal Care and Use

ferent vagus nerve signals from the stomach to the solitary nucleus

Committee at Niigata University, Niigata, Japan. Male C57BL/6J mice

of the brainstem and stimulation of the arcuate nucleus via the signal

(n = 60, 8 weeks old, 25-30 g) were purchased from CLEA Japan, Inc,

from the solitary nucleus to promote appetite. 24 In addition, ghrelin

and melanocortin 4 receptor (MC4R) KO mice (n = 9, 8 weeks old,

is closely related to feeding behavior and functions as a hormone

25-30 g) were kindly provided from Dr Takayoshi Suganami (Tokyo

that transmits a hunger signal from the periphery to the center. 25

Medical and Dental University and currently in Nagoya University)

Hypothalamic ghrelin is one of the feeding-related peptides con-

and Dr Yoshihiro Ogawa (Tokyo Medical and Dental University and

tributing to an increase in food intake and bodyweight. 24,26 During

currently in Kyushu University). Mice were housed under standard

|
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conditions at a temperature of 20-23°C, humidity of 45%-55%, and
in specific pathogen-free facilities.

3 of 11

the perfusion of 4% paraformaldehyde, tissues were collected,
post-fixed in 4% paraformaldehyde overnight at 4°C, and embedded in paraffin. Subsequently, the tissues were carefully sectioned
to expose the regions analyzed. For the expression of ghrelin, an

2.2 | Development of animal models

anti-ghrelin antibody (ab57222; Abcam) at 1:200 dilution for the

The mice were divided into five groups: control, standard diet-fed

Elite ABC mouse IgG kit (PK-6102; Vector Laboratories), and

mice; choline-deficient defined l-amino-acid diet (CDAA), mice fed

3,3′-Diaminobenzidine chromogen tablets (Muto Pure Chemicals)

with a CDAA containing 62 kcal% of fat, 18 kcal% of protein, and

were used. For the c-fos expression assay, an anti-fos monoclonal

stomach and 1:50 dilution for the hypothalamus, the Vectastain

20 kcal% of carbohydrate, purchased from Research Diets (catalog

antibody (sc-166940; Santa Cruz Biotechnology), the Vectastain

no A06071302) for 6 or 12 weeks; MC4R KO mice fed with stand-

Elite ABC mouse IgG kit (PK-6102; Vector Laboratories), and

ard diet for 4 months; and partial hepatectomy (PH). Each of the

3,3′-Diaminobenzidine chromogen tablets (Muto Pure Chemicals)

groups was divided into three groups: sham-operated group, cap-

were used. Images were randomly captured from each tissue sec-

saicin-treated group for which the topical application of capsaicin

tion, and quantitative analysis was performed by using the ImageJ

was utilized to deafferentate the afferent visceral nerve, and the

software (version 1.6.0_20; National Institutes of Health). 39

vagus nerve blockade model for which either the afferent vagus
nerve from the liver or afferent vagus nerve from the stomach was
transected. The positive control of the hunger model was devel-

2.4 | Concentration of IGF-1 in the serum

oped through 36 hours of fasting, followed by 1 hour of feeding.
Five mice from each group were analyzed at the appropriate time

Blood samples were collected prior to euthanasia, and the serum was

points. Briefly, for PH, a midline skin incision was performed under

used to analyze the levels of IGF-1 through the enzyme-linked immu-

general anesthesia, followed by removal of two-thirds of normal

nosorbent assay (ELISA) using a mouse IGF-1 ELISA Kit (ab100695;

liver tissue as previously described. 33,34 For the selective affer-

Abcam).

ent visceral nerve blockade, direct topical application of capsaicin
(Wako Pure Chemical Industries, Osaka, Japan) dissolved in olive
oil (50 mg/mL) was utilized to deafferentate the visceral nerve,
which contains afferent sympathetic fibers from the hepatobiliary

2.5 | Adeno-associated virus (AAV) injections and
immunostaining to label neural projections

system. 33,35 This method did not show effects on the other nerves,
including the vagus nerves. 33,36 For selective afferent vagus nerve

C57BL/6J mice (8 and 4 weeks old) were anesthetized with isoflu-

blockade, transection of the hepatic branch of the vagus nerve

rane. AAV1-CAG-tdTomato (2.8 × 1012 GC/mL, 0.8 μL/site; Penn

(including >90% of the afferent vagus nerve from the liver) was

vector core, Philadelphia, PA, USA) and AAV-retro-CAG-enhanced

performed. 33,37,38 All procedures were performed under general

green fluorescent protein (EGFP) (9.7 × 1012 GC/mL, 1.0 μL/site, 5 μL

anesthesia using intraperitoneal injection of medetomidine hy-

in total; Penn vector core) 40 were injected into the nodose ganglion

drochloride (Nippon Zenyaku Kogyo, Fukushima, Japan) 0.3 mg/

and the corpus of the stomach, respectively. Four weeks after the

kg + midazolam (Astellas Pharma, Tokyo, Japan) 4 mg/kg + butor-

injection, the animals were transcardially perfused using 4% para-

phanol tartrate (Meiji Seika Pharma Corporation, Tokyo, Japan)

formaldehyde. The tissues were dissected, and images of the nodose

5 mg/kg.

ganglion, vagus nerve, and stomach were acquired by a fluorescence
stereomicroscope (SZX7, DP70; Olympus, Tokyo, Japan). They were

2.3 | Histological analysis

subsequently post-fixed in the same fixatives overnight, cryopreserved in 30% sucrose in phosphate-buffered saline overnight, and
embedded in Tissue-Tek optimal cutting temperature compound

Tissue samples for immunohistochemical staining were collected

(Sakura Finetek). Serial sections (thickness: 20 or 50 μm) were made

from each group at appropriate time points after the procedures.

by using a cryostat and mounted on SuperFrost Plus slides (Thermo

For the PH and neural blockade groups, tissues were collected

Fisher Scientific).

3 days after the procedure, as previously reported. 33 Animals

For immunohistochemical staining, sections were blocked with

were deeply anesthetized with isoflurane, followed by perfusion

5% skim milk in 0.3% Triton X-100 and phosphate-buffered saline

of 4% paraformaldehyde in a transcardial manner. For the liver and

for 2 hours and subsequently incubated with the following primary

stomach, tissues were fixed in 10% formalin upon tissue collec-

antibodies overnight at 4°C: mouse anti-ghrelin (1:200; ab57222;

tion and prior to embedment in paraffin. Five different sections

Abcam), rabbit anti-red fluorescent protein (1:1,000; 600-401-379;

of the liver from each lobe and five different longitudinal verti-

Rockland), and rabbit anti-green fluorescent protein (GFP; 1:1,000;

cal sections of the stomach (10 μm) were made from each of the

A1112; Invitrogen). After washing with 0.1% Tween 20/phos-

five mice, and standard hematoxylin and eosin staining and im-

phate-buffered saline, the sections were incubated with the follow-

munohistochemistry were performed. For the brain, following

ing secondary antibodies for 2 hours at room temperature: Alexa

4 of 11
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Fluor 488 or 568 donkey anti-rabbit or rat IgG (1:1000; Invitrogen).
The sections were counterstained with 4′,6-diamidino-2-phenylindole or red fluorescent Nissl. Images were captured using a fluores-
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3.2 | Expression of ghrelin in the stomach is
associated with neural signals relayed from the
fatty liver

cence microscope (BX51, DP70; Olympus).
To examine the effect of neural signals from the liver to gastric

2.6 | Statistical analyses

ghrelin in NAFLD/NASH animal models, the levels of ghrelin expression in the cells of the stomach were quantitatively analyzed
by immunostaining, combined with autonomic nerve blockades at

The data of the histological analyses and concentration of IGF-1

the liver (Figure 3A,B). Compared with the level of gastric ghre-

were statistically evaluated through one-way factor repeated-meas-

lin of 2.76% ± 0.68% in controls (Figure 3A,B-CNT, Sham), MC4R

ures analysis of variance, followed by Bonferroni's multiple compari-

KO mice showed the highest level of 10.5% ± 2.75% among the

son test using the GraphPad Prism 7 software (version 7.03; MDF).

groups (Figure 3A,B-MC4R KO). CDAA 6-week (6W)-treated mice,

A P-value of ≤.05 denoted statistical significance.

12-week (12W)-treated mice, and PH-treated mice also mildly increased the expression levels at 4.71% ± 0.91% (Figure 3A,B-CDAA

3 | R E S U LT S
3.1 | Development of animal models of hepatic
steatosis and the contribution of inter-organ
autonomic neural connections

6W), 4.63% ± 1.10% (Figure 3A,B-CDAA 12W), and 3.34% ± 1.23%
(Figure 3A,B-PH), respectively.
The level of ghrelin in control mice was not changed within
3 days of either afferent visceral nerve or afferent vagal nerve
blockade (vagotomy). In mice with hepatic steatosis, however,
significant suppression of ghrelin elevation was observed by the
blockades, especially with the afferent visceral nerve from the liver

We used various animal models of hepatic steatosis in this study:

(Figure 3B). The level of ghrelin in MC4R KO mice was inhibited by

CDAA-fed and MC4R KO mice as a NAFLD model, and PH-treated

approximately 70% after afferent visceral nerve and vagus nerve

mice as a hepatic dysfunction model with volume reduction and

blockade (3.21% ± 0.51% and 3.50% ± 0.56%, respectively) (P < .05;

acute fatty infiltration. To confirm the development of hepatic stea-

Figure 3A,B-MC4R KO). CDAA 6W-treated mice also showed a

tosis in the models, the percent area of fatty change was quanti-

52% inhibition (2.00% ± 1.08% [P < .05] and 2.49% ± 0.29%, re-

tatively assessed in the liver tissue (Figure 1A,B). Compared with

spectively; Figure 3A,B-CDAA 6W), 12W-treated mice showed

the sham-operated standard diet-fed mice (Figure 1A,B-CNT, Sham;

a 50% inhibition (1.94% ± 0.25% [P < .05] and 2.78% ± 0.54%,

4.68% ± 1.09%), CDAA-fed mice showed a time-dependent develop-

respectively; Figure 3A,B-CDAA 12W), and PH-treated mice

ment of hepatic steatosis of 31.17% ± 1.83% and 39.66% ± 0.87%

showed a 68% inhibition (1.05% ± 0.20% and 1.06% ± 0.11%,

at six (Figure 1A,B-CDAA 6W) and 12 weeks (Figure 1A,B-CDAA

[P < .05], respectively; Figure 3A,B-PH). The results suggest that

12W) after CDAA administration, respectively. MC4R KO mice and

the expression of gastric ghrelin is induced and maintained by the

PH-treated mice showed relatively milder steatosis (22.90% ± 3.21%

autonomic neural signals from the steatosis liver and may not be

and 18.33% ± 1.45%, respectively) (Figure 1A,B-MC4R KO, PH). The

directly affected by the signals from the fat tissue accumulated

results indicate the successful development of hepatic steatosis in

in the liver.

our models.
To examine the contribution of inter-organ autonomic neural
connections to the development of hepatic steatosis, we performed
neural blockade experiments. For this purpose, we have visualized

3.3 | The gastric ghrelin signals are relayed to the
brain via afferent vagus nerves in NAFLD

the neural circuits using the AAV tracers (Figure 2). We first confirmed the connections between the brain and liver by injecting td-

We subsequently examined whether the gastric ghrelin signals were

Tomato-expressing AAV, a viral tracer, into the nodose ganglion to

relayed to the hypothalamus through the afferent nerves and soli-

label afferent vagus nerves (Figure 2A). tdTomato-positive afferent

tary nucleus in the brainstem in the hepatic steatosis models. We

autonomic nerves were observed from the liver, which project axons

first confirmed the anatomical connection between the stomach

to the medulla oblongata (Figure 2B,C), revealing the existence of

and the brain by injecting with tdTomato-expressing AAV into the

neural pathways connecting the brain and liver. Then, the liver-brain

nodose ganglion. A number of tdTomato-expressing sensory vagus

connections were blocked on the animals having hepatic steatosis,

fibers were observed in the mucosa of the stomach (Figure 2A,D).

by afferent visceral nerve blockade with capsaicin or vagus nerve

Some fibers were found to innervate close to the ghrelin-express-

transection (vagotomy), and fatty change was assessed in the liver

ing epithelial cells (Figure 2D), which might be the neural substrate

three days later. In all the groups, no changes in steatosis were ob-

sensing ghrelin signals. Specific connection between the stomach

served by the neural blockades (Figure 1B). The results indicate that

and brain was further examined by injecting with EGFP-expressing

liver-brain neural connections do not affect the status of steatosis at

AAV-retro, a retrograde viral tracer, into the corpus of the stomach

this short time period.

(Figure 2E). EGFP-labeled afferent vagus nerves from the stomach

|
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F I G U R E 1 Development of NAFLD animal models. A, Representative images of hematoxylin and eosin staining of the livers in various
NAFLD animal models (CNT, control group; CDAA 6W, CDAA administered for 6 wk; CDAA 12W, CDAA administered for 12 wk; MC4R KO,
melanocortin 4 receptor knockout; PH, partial hepatectomy) with or without neural blockades of afferent nerves from the liver. Scale bar
represents 100 μm. B, Five different sections from each of the five mice in all groups were quantitatively analyzed for fatty infiltration using
the ImageJ software. The values represent mean ± SD. One-way ANOVA was performed, followed by Bonferroni's multiple comparison test.
ANOVA, analysis of variance; NS, no statistical significance; NAFLD, non-alcoholic fatty liver disease; SD, standard deviation

were found to project specifically to the solitary nucleus in the me-

afferent vagal nerve blockade from the stomach (vagotomy). In

dulla oblongata (Figure 2F,G). The signals from the stomach to the

contrast, the elevated levels of c-fos in mice with hepatic steato-

solitary nucleus would then send to the hypothalamic area including

sis were significantly suppressed, especially after blockade of the

the arcuate nucleus.

24

afferent vagus nerve. The level of c-fos in MC4R KO mice was in-

The level of c-fos expression in the arcuate nucleus was next

hibited approximately by 38% after afferent vagus nerve blockade

quantitatively analyzed in the mice groups of hepatic steatosis to

(18.85% ± 3.19% [P < .05] of positively stained cells; Figure 4A,B-

assess neural signal activation (Figure 4A,B). Firstly, c-fos level

MC4R). The c-fos levels in CDAA 6W-treated mice also showed a

in the starvation mice was assessed as a positive control,

41

and

30% inhibition (11.23% ± 3.35% [P < .05]; Figure 4A,B-CDAA 6W),

25.88% ± 2.65% of the cells were revealed to become positive

while that in 12W-treated mice showed a 21% and 33% inhibition

(Figure 4A,B-CNT). Compared with the level of 6.34% ± 1.26%

(15.45% ± 1.75% and 12.97% ± 2.09%) by afferent vagus nerve

in controls (CNT, Sham; Figure 4A,B-CNT), MC4R KO mice

and visceral nerve blockade, respectively (P < .05; Figure 4A,B-

showed the highest level of c-fos expression among the groups

CDAA 12W). These results suggest that the gastric ghrelin signals

(30.79% ± 1.78%; Figure 4A,B-MC4R). CDAA 6W-treated mice,

are conveyed to the brain via the vagus nerve to activate hypo-

CDAA 12W-treated mice, and PH-treated mice also showed

thalamic neurons in NAFLD models. In addition, we found that

mildly higher levels of 15.85% ± 4.38%, 19.50% ± 2.49%, and

the signals were highly activated in the MC4R model at the same

15.08% ± 2.01%, respectively (Figure 4A,B-CDAA 6W, CDAA

level with the starvation model (Figure 4). Therefore, the activa-

12W, PH). We further examined the effects of nerve blockade on

tion of fatty change in the liver-gastric ghrelin-brain axis via the

hypothalamic c-fos expressions. The level of c-fos in control mice

autonomic pathways may be linked to the neural circuits related

did not change within 3 days of either afferent visceral nerve or

to appetite in the brain.

6 of 11
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(A)

(B)

(C)

(D)

(E)

(F)

(G)

F I G U R E 2 Organ and neural connections related to the pathogenesis of hepatic steatosis. A–D, AAV1-CAG-tdTomato injected into the
nodose ganglion (A, asterisk; red neuron images) represents the afferent autonomic nerve from the liver (C) and stomach (D), which relays
to the medulla oblongata (B) (A-D, arrowheads). E-G, AAV-retro-CAG-EGFP injected into the corpus of the stomach (E, arrowheads; green
neuron images) specifically labeled the afferent vagus nerve from the stomach (E, F), which project axons to the solitary nucleus in the
medulla oblongata (G). The solitary nucleus then conveys signals to the arcuate nucleus in the hypothalamus and pituitary gland. In the left
panel of schema, white neural fibers indicate the afferent visceral nerve and efferent vagal nerve from the dorsal nucleus in the medulla. The
yellow and purple scissors represent the neural blockade to the afferent vagus nerve from the liver and stomach, respectively. AAV, adenoassociated virus; CAG, hybrid construct consisting of the cytomegalovirus (CMV) enhancer fused to the chicken beta-actin promoter; EGFP,
enhanced green fluorescent protein

3.4 | The activation of gastric ghrelin-IGF-1 axis is
related to NAFLD

the stomach to the hypothalamic neural pathways, the effects of
afferent nerve blockades from the stomach onto IGF-1 expressions were then examined. The concentration of IGF-1 in control

Since ghrelin is known as the GH secretagogue, and it increases the

mice did not show changes within 3 days after either afferent vis-

levels of GH and subsequent IGF-1 secretion from the liver, 22 we

ceral nerve or afferent vagal nerve blockade from the stomach.

examined the amount of IGF-1 in the serum (Figure 5). Compared

However, after the blockades, increases of IGF-1 levels in mice

with the level of IGF-1 of 13.8 ± 4.5 ng/mL observed in control

with hepatic steatosis were significantly suppressed, especially

group (CNT, Sham), MC4R KO mice showed increase in serum

after the blockade of afferent vagus nerve. The IGF-1 level in

IGF-1 at the highest level (21.7 ± 3.8 ng/mL). CDAA 6W-treated

the serum of MC4R KO mice was inhibited by approximately 54%

mice, CDAA 12W-treated mice, and PH-treated mice also showed

after the nerve blockade (10.0 ± 3.8 ng/mL [P < .05]). The levels

mild increase in IGF-1 (8.9 ± 3.6 ng/mL, 13.2 ± 2.4 ng/mL, and

in CDAA 6W-treated mice were inhibited by approximately 60%

14.9 ± 3.1 ng/mL, respectively; Figure 5). Because the IGF-1 el-

(2.9 ± 3.1 ng/mL [P < .05] and 3.6 ± 3.3 ng/mL, respectively),

evation might be induced by GH which would be stimulated via

while those in 12W-treated mice were suppressed by 90% and

|
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F I G U R E 3 Expression of gastric ghrelin in the NAFLD and the contribution of autonomic neural pathways. A, Representative images
of ghrelin expressions in the stomach in NAFLD animal models (CNT, control group; CDAA 6W, CDAA administered for 6 wk; CDAA 12W,
CDAA administered for 12 wk; MC4R KO, melanocortin 4 receptor knockout; PH, partial hepatectomy) with or without neural blockade of
afferent nerves from the liver. Immunostaining with an anti-ghrelin antibody. Scale bar represents 100 μm. B, Five different sections from
each of the five mice in all groups were quantitatively analyzed for the ghrelin-positive cells using the ImageJ software. The values represent
mean ± SD. *P < .05. One-way ANOVA was performed, followed by Bonferroni's multiple comparison test. ANOVA, analysis of variance; NS,
no statistical significance; NAFLD, non-alcoholic fatty liver disease; SD, standard deviation

59%, respectively (0.7 ± 0.6 ng/mL and 5.4 ± 3.2 ng/mL, P < .05;

7.45% ± 2.03%; Figure 6A,B-CNT), MC4R KO mice increased the

Figure 5). Notably, PH-treated mice did not show significant

number of ghrelin-positive cells (9.54% ± 0.58%; Figure 6A,B-MC4R

changes in the IGF-1 concentration, consistent with the results

KO) at the highest level among the groups. CDAA 6W-treated mice

of c-fos activation (Figure 4B-PH). The results suggest that the

and CDAA 12W-treated mice also mildly increased the number

level of IGF-1 in the serum is regulated by the afferent neural

(5.4% ± 3.6% and 8.1% ± 3.7%, respectively; Figure 6A,B-CDAA

signals in the gastric ghrelin-brain axis that senses fatty changes

6W, CDAA 12W), whereas no significant increase was observed in

in the liver.

PH-treated mice (2.0% ± 1.1%; Figure 6A,B-PH). The contribution
of afferent nerve pathways was then examined by neural blocked

3.5 | Increase of ghrelin in the brain is
correlated with NAFLD regardless of the afferent
autonomic nerves

experiments. However, significant inhibition of ghrelin expression
was not observed in any group with neural blockade (Figure 6B). The
results indicate that the hypothalamic ghrelin is also induced by hepatic steatosis, although it is independent of the autonomic neural
circuits, which send the status of peripheral ghrelin or NAFLD of the

To determine the relationship between gastric ghrelin and ghrelin

liver to the brain. In addition, PH showed the same level of ghrelin

in the brain, the expression level of ghrelin in the arcuate nucleus

with that of controls, suggesting that the surgical procedure in the

of the hypothalamus was examined in mice with hepatic steatosis

peripheral organ has no effect on the expression of ghrelin in the

(Figure 6A,B). Compared with the numbers in controls (CNT, Sham;

hypothalamus (Figure 6).
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F I G U R E 4 Expression of c-fos in the arcuate nucleus of hypothalamus in the NAFLD and the contribution of afferent nerve signals
from the stomach. A, Representative images of c-fos expressions in the arcuate nucleus in NAFLD animal models (CNT, control group;
CDAA 6W, CDAA administered for 6 wk; CDAA 12W, CDAA administered for 12 wk; MC4R KO, melanocortin 4 receptor knockout; PH,
partial hepatectomy) with or without neural blockades of afferent nerves from the stomach. Immunostaining with c-fos antibody. Scale bar
represents 100 μm. B, Five different sections from each of the five mice in all groups were quantitatively analyzed for the c-fos positive cells
using the ImageJ software. The values represent mean ± SD (n = 15 for each group). *P < .05. One-way ANOVA was performed, followed by
Bonferroni's multiple comparison test. ANOVA, analysis of variance; NAFLD, non-alcoholic fatty liver disease; SD, standard deviation; NS, no
statistical significance

4 | D I S CU S S I O N

hepatectomy.33 These studies demonstrated that the afferent visceral nerve from the liver to the brain and efferent vagus nerve to

In this study, we demonstrated that the neural signals from the liver

the pancreas and small intestine contributed to maintain the ho-

with steatosis contributed to the release of IGF-1 by upregulating

meostasis of organ systems. Our results showed that during the

the expression of gastric ghrelin and activating the neural signal

progression of NAFLD to NASH, steatosis tissue in the liver may in-

pathways to the brain. In addition, the levels of gastric ghrelin and

duce activation of efferent vagus nerve through the afferent visceral

IGF-1 in the serum are independent of ghrelin expression in the hy-

nerve and release of gastric ghrelin (Figures 1 and 3). The increase of

pothalamus which was not related to the autonomic connections.

ghrelin further activated neural signals relayed from the stomach to

These results supported our hypothesis that the autonomic nervous

the brain via the afferent vagus nerve to the solitary nucleus (Figures

signals from the liver are involved in the pathogenesis of NAFLD by

4 and 5). Based on the fact that GH deficiency is related to the oc-

controlling the ghrelin-GH-IGF-1 axis. Ghrelin in the hypothalamus

currence of NAFLD/NASH, patients with progressed NASH showed

in these diseased animals may contribute to obesity, appetite, and

decreased levels of GH 3-6 and IGF-1.9-11 The replacement of GH and

the development of steatohepatitis via different biological pathways.

IGF-1 showed recovery of the liver damage.4,7,13,14 Thus, the dam-

The autonomic neural signals from the pathological hepatic sta-

aged liver may attempt to stimulate the ghrelin-IGF-1 axis through

tus have been demonstrated to increase the number of beta cells in

the autonomic neural circuits to maintain the biological homeostasis

the pancreas to maintain the level of blood glucose

29,30

and enter-

ochromaffin cells of small intestine to release serotonin after partial

of the liver. Impairment of the neuronal signal transduction may be
involved in the part of “multiple-hits” in the pathogenesis of NASH.

NAGOYA et al.
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F I G U R E 5 Concentration of IGF-1 in the serum in the NAFLD and its contribution of afferent autonomic nerves. A, Serum IGF-1
concentration in NAFLD animal models (CNT, control group; CDAA 6W, CDAA administered for 6 wk; CDAA 12W, CDAA administered for
12 wk; MC4R KO, melanocortin 4 receptor knockout; PH, partial hepatectomy) with or without neural blockades of afferent nerves from
the stomach. IGF-1 levels were determined by ELISA. The values represent mean ± SD (n = 5 for each group). *P < .05, **P < .01. One-way
ANOVA followed by Bonferroni's multiple comparison test. ANOVA, analysis of variance; ELISA, enzyme-linked immunosorbent assay; IGF1, insulin-like growth factor-1; NAFLD, non-alcoholic fatty liver disease; NS, no statistical significance; SD, standard deviation

F I G U R E 6 Expression of hypothalamic ghrelin in the NAFLD and its contribution of afferent autonomic nerves. A, Representative
images of ghrelin expressions in the arcuate nucleus of the hypothalamus in NAFLD animal models (CNT, control group; CDAA 6W, CDAA
administered for 6 wk; CDAA 12W, CDAA administered for 12 wk; MC4R KO, melanocortin 4 receptor knockout; PH, partial hepatectomy)
with or without neural blockades of afferent nerves from the stomach. Immunostaining with anti-ghrelin antibody. Scale bar represents
100 μm. B, Five different sections obtained from five mice in each group were quantitatively analyzed for the ghrelin-positive cells using
the ImageJ software. The values represent mean ± SD (n = 5 for each group). One-way ANOVA was performed, followed by Bonferroni's
multiple comparison test. ANOVA, analysis of variance; NS, no statistical significance; NAFLD, non-alcoholic fatty liver disease; SD, standard
deviation
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In addition, central ghrelin is known to activate neuropeptide

review. The authors declare that they have no conflict of interest.

Y/agouti-related protein-producing neurons in the arcuate nucleus
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is clear that the ghrelin in the brain contributes to an increase in
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condition, no elevation of blood biochemical factors, such as tri-
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glycerides and cholesterols, is seen. 24 Our results showing significant activation of the gastric ghrelin-IGF-1 axis in MC4R KO
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mice (Figures 3-5) with high levels of hypothalamic ghrelin without
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axis is necessary to maintain biological homeostasis. The absence

first draft of the manuscript, and all authors commented on previous

of increases of c-fos-positive neurons in the arcuate nucleus, IGF-1

versions of the manuscript. All authors read and approved the final

release, and hypothalamic ghrelin in the PH group are also con-

manuscript.

sistent with this hypothesis (Figures 4 and 6). Notably, the neural
signal transduction from the steatosis changes in the liver with PH
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and leads the signal to the small intestine to increase the level of
serotonin. 33,45 This may also be related to the reduction of intra-
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