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Nicotine aggravates liver fibrosis via a7 nicotinic
acetylcholine receptor expressed on activated hepatic
stellate cells in mice
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Taiki Mihara, Department of Veterinary acetylcholine receptor («7nAChR) has recently been detected in nonimmune
Pharmacology, Graduate School of Agriculture cells possessing immunoregulatory functions. We aimed to verify whether
and Life Sciences, The University of Tokyo,
Bunkyo-ku, Tokyo 113-8657, Japan. nicotine promotes liver fibrosis via a7nAChR.

Email: amhara@g.ecc.u-tokyo.acjp Methods: We used osmotic pumps to administer nicotine and carbon tet-
rachloride to induce liver fibrosis in wild-type and a7nAChR-deficient mice.
The severity of fibrosis was evaluated using Masson trichrome staining,
hydroxyproline assays, and real-time PCR for profibrotic genes. Further-
more, we evaluated the cell proliferative capacity and COL1A1 mRNA
expression in human HSCs line LX-2 and primary rat HSCs treated with
nicotine and an a7nAChR antagonist, methyllycaconitine citrate.

Results: Nicotine exacerbated carbon tetrachloride—induced liver fibrosis in mice
(+42.4% in hydroxyproline assay). This effect of nicotine was abolished in
a7nAChR-deficient mice, indicating nicotine promotes liver fibrosis via «7nAChR.
To confirm the direct involvement of «7nAChRs in liver fibrosis, we investigated
the effects of genetic suppression of o7nAChR expression on carbon
tetrachloride—induced liver fibrosis without nicotine treatment. Profibrotic gene
expression at 1.5 weeks was significantly suppressed in «7nAChR-deficient mice
(-83.8% in Acta2, —80.6% in Col1a1, -66.8% in Tgfb1), and collagen content was
decreased at 4 weeks (-22.3% in hydroxyproline assay). The in vitro analysis
showed a7nAChR expression in activated but not in quiescent HSCs. Treatment
of LX-2 cells with nicotine increased COL1A1 expression (+116%) and cell pro-
liferation (+10.9%). These effects were attenuated by methyllycaconitine citrate,
indicating the profibrotic effects of nicotine via «a7nAChR.

Abbreviations: CCl,, carbon tetrachloride; LX-2, LX-2 human hepatic steallate cell line; MLA, methyllycaconitine citrate; nAChR, nicotinic acetylcholine receptor;
a7nAChR, a7 nicotinic acetylcholine receptor.
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Conclusions: Nicotine aggravates liver fibrosis induced by other factors by
activating «7nAChR on HSCs, thereby increasing their collagen-producing
capacity. We suggest the profibrotic effect of nicotine is mediated through

o7/nAChRs.

INTRODUCTION

Chronic liver diseases, including cirrhosis, affect
approximately 1.5 billion individuals worldwide.l"! The
liver is a highly regenerative organ that is capable of
self-repair, even after the destruction of hepatocytes on
a massive scale under inflammation or chemical
exposure.28 However, fibrosis develops and impairs
liver function in patients with severe chronic liver
injury.™ Cirrhosis is the final stage of all chronic liver
diseases, irrespective of etiology, and it may result in
fatal secondary conditions such as portal hypertension
and liver cancer.”! The inhibition and reversal of liver
fibrosis have been extensively investigated®’l; how-
ever, effective therapies or pharmacological interven-
tions have not been developed.

Epidemiological studies have established smoking as
a risk factor for liver cancer and cirrhosis!"-89; however,
the underlying mechanisms remain poorly understood.
Smoking contains various harmful components, includ-
ing nicotine, polycyclic aromatic hydrocarbons, tobacco-
specific nitrosamines, aldehydes, and carbon monoxide.
Among them, nicotine, which is the principal component
of tobacco smoke, activates nicotinic acetylcholine
receptors (nAChRs) and affects various biological
regulatory systems, including the immune and circulatory
systems.l'011] The effects of nicotine on the cardiovas-
cular and respiratory systems have been extensively
investigated('213: however, studies on the gastro-
intestinal system, particularly the liver, are lacking.

The a7 nicotinic acetylcholine receptor (a7nAChR) is
a subtype of the nAChRs. nAChRs are ion channel
receptors comprising 5 subunits, and a7nAChR is
composed of 5 a7 subunits. They were first discovered
and studied as receptors expressed on neurons
responsible for memory and learning.l'*'5! |In 2003,
the «a7nAChRs were found to be expressed on immune
cells, resulting in anti-inflammatory effects upon
activation.l'd!’ Since then, its involvement in various
immune responses has been actively investigated.['7.18]
A previous study has reported that a7nAChR-knock-
out mice exhibited exacerbated renal fibrosis.['9
Conversely, other studies have suggested that bleomy-
cin-induced pulmonary fibrosis is alleviated in
a7nAChR-knockout mice and that a7nAChR inhibitors
suppress cardiac fibrosis in mouse models.2%21 Qver-
all, a consensus has not been reached regarding the
role of a7nAChR in fibrosis.

Therefore, our study aimed to investigate whether
nicotine promotes liver fibrosis via the a7nAChR and
elucidate the underlying mechanisms.

METHODS
Animals

In this study, male C57BL/6J mice (wild-type mice; Sankyo
Labo Service, Japan) and B6.129S7-Chrma7!™"8av]J mice,
which have C57BL/6J mice background («7nAChR-defi-
cient mice; Strain#: 003232; The Jackson Laboratory,
USA), aged 8-11 weeks were used. To exclude the
possibility of sex cycle—induced alterations to the immune
response, only male mice were used. Furthermore, to
minimize potential microbiome effects, these mice were
cohoused. The mice were bred under controlled conditions,
with a temperature of 25 °C and a 12-hour light/dark cycle
with free access to feed (MF, Oriental Yeast Co., Japan)
and water. Specifics of the diet composition are shown in
Supplemental Table S1, http:/links.lww.com/HC9/A931.
We used Q-Pla Tip (Sankyo Labo Service, Japan) for
bedding and TAR-100E-A (Toyo-riko, Japan) for the caging
system. Mice were not fasted before carrying out chal-
lenges or assessments. All interventions were made to the
mice during the light cycle (8 av to 8 pm). All animal care and
experimental procedures were performed in accordance
with the Guidelines for Animal Use and Care published by
the University of Tokyo and the International Animal
Research: Reporting of In Vivo Experiments guidelines.
All procedures were approved by the Institutional Review
Board of the University of Tokyo (approval numbers: P18-
123M04, P23-152 and L21-014H02).

To induce liver fibrosis, carbon tetrachloride (CCl,) was
intraperitoneally administered twice a week at a dose of
1 mL/kg for 4 weeks. CCl, was diluted using olive oil.
Nicotine (20 mg/kg/d) and methyllycaconitine citrate (MLA,
10 mg/kg/d) were administered using Alzet osmotic
pumps according to the manufacturer’s instructions; the
doses were chosen based on previous studies.2223 Both
nicotine and MLA were diluted using a saline solution.

HE and Masson trichrome staining

Following euthanasia under deep isoflurane anesthesia,
the mice were perfused with saline and 10% buffered
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formalin for fixation. The livers were extracted,
immersed overnight in formalin, and embedded in
paraffin. Subsequently, 5-um sections were prepared
and subjected to staining with HE and Masson
trichrome stain kits following standard protocols.

Hydroxyproline assay

Hydroxyproline assay was performed according to a
previously reported protocol with modifications.!24 Briefly,
the liver samples were homogenized using a pair of
scissors and dried overnight at 42°C. After weighing, the
samples were hydrolyzed in 6 N HCI at 121°C under 2
atm. A 50-uL aliquot of the sample was desiccated in a
draft chamber and resuspended in 10 uL of distilled
water. Next, 100 yL of a solution containing 1.4%
chloramine T, 10% 1-propanol, and 0.5 M sodium
acetate was added to the samples, which were then
incubated for 20 minutes at 25°C. Finally, 100 pL of
Ehrlich solution consisting of 1 M p-dimethylaminoben-
zaldehyde, 70% 1-propanol, and 20% perchloric acid
was added, and the samples were incubated for
15 minutes at 65°C. The absorbance of the samples
was measured at 550 nm, and the calculated hydroxy-
proline content was normalized to the dried weight of the
samples.

Real-time PCR

Total RNA was extracted from the liver tissue using
TRIzol reagent following the manufacturer’s instructions
and reverse-transcribed using ReverTra Ace and
random primers. The cDNA was denatured at 95°C for
1 minute and amplified through 40 cycles at 95°C for 15
seconds and 60°C for 1 minute using SYBR Green. The
primer sets used in this study are listed in Supplemental
Table S2, http://links.lww.com/HC9/A931.

Cell culture

Human HSC line LX-2 was obtained from MERCK
(SCCO064, RRID: CVCL_5792). For the experiments,
1.0x10° cells were seeded in a 60-mm dish and
cultured in DMEM with GlutaMAX supplement contain-
ing 2% fetal bovine serum, 100 U penicillin, and 100 pg/
mL streptomycin. LX-2 cells and rat HSCs were treated
with TGF-p, nicotine, and MLA for 72 hours.

Cell viability and proliferative measurement
Cell viability and proliferative capacity were assessed

using a Cell Counting Kit-8 (Dojindo) per the manufac-
turer’'s instructions. The average cell number of the

control group was defined as 100%, and the relative
cell viabilities for each treatment group and series were
calculated.

Isolation of mouse and rat primary HSCs

HSCs were isolated following a previously published
protocol with modifications.?%! Briefly, the inferior vena
cava was cannulated, and the hepatic superior vena
cava was ligated along with the portal vein. The liver
was then perfused with saline solution to clear the
blood, followed by digestion with pronase and colla-
genase solutions to facilitate liver digestion. The
harvested cells were centrifuged at a low speed (509)
to precipitate hepatocytes. The supernatants were
centrifuged at a high speed (600g) to obtain non-
parenchymal cells. The HSCs were isolated through
density gradient centrifugation using OptiPrep.

Chemicals and equipment

All chemicals and equipment used in this study are
listed in Supplemental Table S3, http:/links.lww.com/
HC9/A931 with manufacturers.

Statistics and data

All results are presented as scatter plots with means.
The data were subjected to statistical analysis using
Student f test for comparisons between 2 groups and a
one-way ANOVA followed by Sidak test for compari-
sons among three or more groups. We used two-way
ANOVA followed by the Sidak test for weight compar-
isons over time. Results with p < 0.05 were considered
statistically significant. We used “tend to” for differences
with p-values >0.05 but with some increase or
decrease in the mean value. All statistical analyses
were performed using GraphPad Prism9 software.

RESULTS

Nicotine exacerbates CCl -induced liver
fibrosis via the a7nAChR

To investigate the effect of nicotine on the liver, we
continuously exposed wild-type mice to nicotine for 4
weeks and compared the levels of inflammation and
fibrosis to those in the control group. The histological
analysis of liver sections after HE staining showed no
changes in the liver morphology or infiltration of
inflammatory cells in the nicotine-treated group
(Figure 1A). Similarly, the mRNA expression of
inflammatory cytokines was similar between the
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nicotine-treated and control
Furthermore, Masson trichrome staining of liver
sections and hydroxyproline assay revealed the
absence of fibrosis in the nicotine-treated group
(Figure 1A, C). The mRNA expression of profibrotic
genes remained unchanged after nicotine treatment
(Figure 1D). These findings suggest that the continuous
administration of nicotine alone does not trigger
inflammation or fibrosis in the liver.

We considered the possibility that nicotine itself did
not evoke fibrosis or inflammation but rather promoted
fibrosis caused by other factors. Accordingly, we
continuously administered nicotine to CCly-induced liver
fibrosis model mice and examined its effects. Fibrosis
was evaluated in 2 stages: the fibrosis-progression
stage (1.5 wk) and the fibrosis-completion stage (4 wk).
These 2 stages were defined using the overtime
hydroxyproline assay (Supplemental Figure S1, http://
links.lww.com/HC9/A931).

In the progression stage, the mRNA expression of
profibrotic genes increased in response to CCl,
treatment; they were further increased by nicotine
treatment with statistical significance (Figure 2A, from
4.60 to 15.4 for Col1a1 and from 2.65 to 5.25 for Tgfb1;
p <0.05). Moreover, the hydroxyproline assay showed
a significant increase in liver collagen levels in the CCl,
group during the fibrosis-progressing stage compared
to the control group. Nicotine tended to exacerbate the
increase, but no significant differences between CCl,
group and CCls+ nicotine group were observed
(Figure 2B, p =0.31). In the fibrosis-completion stage,
a notable increase in collagen level was observed in the
CCl4-induced liver fibrosis model mice compared with
that in the control group, with nicotine administration
leading to further significant increases (Figure 2C, from
1068 to 1521; p<0.001). This fibrosis-promoting effect
of nicotine tended to be low in the a7nAChR-deficient
mice in the fibrosis-progression stage (Figure 2B, from
1060 in wild type to 893 in a7nAChR-deficient mice;
p=0.35) and absent in the fibrosis-completion stage
(Figure 2C, from 1521 in wild type to 1079 in a7nAChR-
deficient mice; p<0.001). These results suggest that
although nicotine did not induce fibrosis when
administered alone, it promoted fibrosis induced by
other factors via the a7nAChR.

groups (Figure 1B).

CCl -induced liver fibrosis is alleviated
during genetic and pharmacological
inhibition of a7nAChR

To investigate the direct involvement of «7nAChR in liver
fibrosis, we generated a CCl,-induced liver fibrosis model
with genetic or pharmacological inhibition of a7nAChR
expression under no nicotine treatment. a7nAChR-defi-
cient mice showed a significantly lower weight loss than
the wild-type mice (Supplemental Figure S2, http://links.

Iww.com/HC9/A931). During the fibrosis-progression
stage, Masson trichrome staining revealed a statistically
significant increase in the fibrotic area following CCl,
treatment, but no significant differences were observed
between wild-type and CCl,-treated o7nAChR-deficient
mice (Figure 3A). Similarly, the hydroxyproline assay
showed no significant differences between CCl,-treated
wild-type and a7nAChR-deficient mice (Figure 3B).
However, the mRNA expression of the profibrotic genes
was significantly upregulated following CCl, treatment in
the wild-type mice, and this upregulation was significantly
suppressed in the a7nAChR-deficient mice (Figure 3C,
from 20.4 in wild type to 3.31 in a7nAChR-deficient mice
for Acta2 with p < 0.0001, from 16.3 to 3.18 for Col1a1 with
p<0.01, and from 3.71 to 1.23 for Tgfb1 with p <0.01).
Additionally, the a7nAChR antagonist, MLA, effectively
downregulated the expression of profibrotic genes in CCl,-
treated wild-type mice (Figure 3D, from 1.00 to 0.35 for
Col1a1 and from 1.00 to 0.06 for Tgfb1 by MLA; p <0.01).
In contrast, during the fibrosis-completion stage,
Masson trichrome staining revealed a decrease in the
fibrotic area in the a7nAChR-knockout mice compared
with that in the wild-type mice (Figure 4A, 2.33% in wild
type and 0.75% in a7nAChR-deficient mice; p < 0.01). The
hydroxyproline assay revealed a similar trend (Figure 4B,
1281 in wild type and 995.4 in «7nAChR-deficient mice;
p <0.05). However, the mRNA expression of profibrotic
genes did not significantly differ between the CCl,-treated
wild-type and a7nAChR-deficient mice (Figure 4C). These
results indicate that «7nAChR deficiency suppresses the
mRNA expression of profibrotic genes during the fibrosis-
progression stage, leading to a reduction in the collagen
protein levels during the fibrosis-completion stage.

a7nAChR is expressed on activated HSCs
but not on quiescent HSCs

Liver fibrosis is predominantly driven by collagen
production from HSCs.281 We therefore hypothesized
that HSCs express a7nAChR, and nicotine stimulates
the expressed a7nAChR, which subsequently promotes
liver fibrosis. To investigate the expression of a7nAChR
in HSCs, we isolated HSCs from wild-type mice. One
day after seeding, we observed the accumulation of fat
droplets, which is the characteristic of quiescent HSCs
(Figure 5A). Therefore, quiescent and activated HSCs
show distinct phenotypes; therefore, we obtained
activated HSCs by culturing them on plastic culture
dishes, as HSCs gradually become activated upon
culturing on plastic dishes.?”! After 5 days of culture, we
confirmed the disappearance of fat droplets (Figure 5A).
Accordingly, we defined HSCs that were obtained 1 day
after seeding as quiescent HSCs and those obtained
after 5 days as active HSCs. Subsequently, we
assessed the mMRNA expression of o7nAChR in
quiescent and activated HSCs. We found no bands


http://links.lww.com/HC9/A931
http://links.lww.com/HC9/A931
http://links.lww.com/HC9/A931
http://links.lww.com/HC9/A931

NICOTINE AGGRAVATES LIVER FIBROSIS VIA A7TNACHR

( A) Masson trichrome (B)
HE stainig stainig
" ‘ Tnf b
_ 27 P=0.91 2 P=0.36
2 o
© s} °
g < 15 - ° 15
= S e o
@
¢ 1] o % (] %
a
é @
2/ % 0.5 ° 0.5 °®
8 £ o ©
z 0 - 0 -
Nicotine - + - +
(C) (D) Acta? Col1a1 Tgfb1
1500 P=0.17 39 P=0.79 2 - P=0.44 1.5 4 P=0.76
g | 3 . °
> = 1.5 - p
£ 1000 - §24 e 1- %
2 2 } -
(_; o e 1 4 (e} @ o
= Q
a %
g 500 §8e- 51- j’_&ﬁ_%o— .03%0-5‘
s > ) 0.5
> g @
T €
(U 0 - 0 - 0 -
Nicotine - + Nicotine - + - + - +
FIGURE 1 Nicotine by itself did not induce inflammation or fibrosis in the liver. (A) Images of HE and Masson trichrome staining of the liver,

scale bars =100 um; (B) mRNA expression of the inflammatory cytokines Tnf and l/1b (N=4); (C) hydroxyproline content in hydrolyzed liver
samples (N =4); (D) mRNA expression of the profibrotic genes Acta2, Col1a1, and Tgfb1 (N=4). Each data point is presented as a plot and the
means with the SEM are shown as bars. The data were subjected to statistical analysis using Student ¢ test. Abbreviation: HE, hematoxylin

and eosin.

for a7nAChR in quiescent HSCs but detected 1 band
for a7nAChR in the activated HSCs (Figure 5A,
Supplemental Figure S3A, http://links.lww.com/HC9/
A931).

Owing to the limited amount of HSCs that could be
obtained from a single mouse, it was difficult to obtain a
sufficient number of cells for the experiments. There-
fore, we used the human HSCs cell line LX-2 for further
investigation. Morphological observations revealed that
LX-2 cells had no fat droplets (Figure 5B). During the
forced activation of HSCs with TGF-p, 100 ng/mL was
identified as the concentration that could elicit an effect
on LX-2 cells based on the increased mRNA expression
of COL1A1 (Figure 5C, 1.00 in control and 3.10 in TGF-
f 100 ng/mL; p<0.05); however, the mRNA level of
ACTA2, which is a marker of HSCs activation, did not
change (Figure 5C). These findings suggest that LX-2
cells exhibit an activated phenotype even without
stimulation. Next, we examined the expression of
a/nAChR in LX-2 cells and observed a band
indicating the mRNA expression of oa7nAChR
(Figure 5D, Supplemental Figure S3B, http://links.lww.
com/HC9/A931). We also reanalyzed our previous

RNAseq results of LX-2 (PRJDB17392) to comprehen-
sively evaluate the expression levels of NAChR family
subunits and found that a7nAChR was the third most
highly expressed subunit (Supplemental Figure S4,
http://links.lww.com/HC9/A931). These results demon-
strated that activated HSCs expressed a7nAChR, and
LX-2 could be used instead of activated HSCs.

a7nAChR activation promotes collagen
production capacity

To investigate whether nicotine promotes collagen
production through a7nAChR activation in activated
HSCs, we treated LX-2 cells with nicotine and the
a/nAChR antagonist MLA. We measured the mRNA
expression of COL1A1 and ACTAZ2 and cell proliferative
capacity. We observed that nicotine significantly
increased COL71A7 mRNA expression at 10 nM
(Figure 5E, from 1.00 to 2.16; p<0.001); however,
this increase in COL1A1 expression was significantly
suppressed by MLA treatment (Figure 5E, from 2.16 to
0.85 by MLA; p<0.001). Nicotine and MLA did not
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FIGURE 2 Nicotine exacerbated CCl-induced liver fibrosis via the a7nAChR. (A) The mRNA expression of the profibrotic genes Acta2,

Col1a1, and Tgfb1 in the liver during the fibrosis-progression stage (N =4-7), (B) hydroxyproline content in hydrolyzed liver samples during the
fibrosis-progression stage (N =6-9), (C) hydroxyproline content in hydrolyzed liver samples during the fibrosis-completion stage (N=5-11).
"p<0.05, “"p<0.001. Each data point is presented as a plot and the means with the SEM are shown as bars. The data were subjected to
statistical analysis using one-way ANOVA followed by the Sidak test. Abbreviations: CCl,, carbon tetrachloride; KO, knockout; WT, wild type.

induce any change in ACTA2 mRNA expression
(Figure 5E). Moreover, nicotine significantly enhanced
cell proliferation, and MLA significantly suppressed the
upregulation (Figure 5F, +0.00% in the control group,
+10.9% in the nicotine group, —1.16% in the nicotine
+MLA group; p<0.01 for the control vs. nicotine,
p<0.001 for nicotine vs. nicotine+MLA). MLA was
used at concentrations that were confirmed to be
noncytotoxic (Supplemental Figure S5, http:/links.lww.
com/HC9/A931).

Finally, we examined whether nicotine had the same
effects as described above in rat HSCs. As evidenced
by the disappearance of fat droplets (Figure 5G), rat
HSCs were activated after passaging. Consistent with
Figure 5A, Chrna7 expression in rat HSCs was
observed (Figure 5H, Supplemental Figure S3C, http://
links.lww.com/HC9/A931). Col1al mRNA expression
was increased by 10 nM nicotine (from 1.00 to 2.02;

p=0.06), and MLA administration significantly sup-
pressed it (Figure 5I, from 2.02 to 0.91; p<0.05),
while Acta?2 mRNA expression was not changed by
nicotine or MLA treatment (Figure 5I). Nicotine
promoted cell proliferation (Figure 5J, +49.6% in
proliferative rate; p <0.05 for control vs. nicotine).

These findings suggest that the activation of
a/nAChR expressed on activated HSCs promotes
proliferation and increases COL71A1 mRNA expression
and subsequently collagen production.

DISCUSSION

In this study, we demonstrated that nicotine did not
induce liver fibrosis on its own. However, under
conditions of tissue injury, nicotine exacerbated liver
fibrosis by activating a7nAChRs. Furthermore, activated
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wild type.

HSCs expressed a7nAChR, whereas quiescent HSCs
did not, and the activation of a7nAChR resulted in
increased proliferative capacity and collagen produc-
tion. These findings suggest that smoking may promote
fibrosis by inducing a secondary stimulus on HSCs
activated by a primary one from an underlying disease,
such as hepatitis, through the activation of «7nAChRs.
Although this study did not exactly mimic smoking as
we did not use the other harmful chemicals found in
tobacco, our results reveal some of the adverse
effects of smoking on the liver. In Figure 1, nicotine

administration in healthy mice did not cause
inflammation and fibrosis in the liver. However, in
actual smoking, other components, such as polycyclic
aromatic hydrocarbons and nitrosamines, are also
ingested while smoking. Since the liver may be injured
by these components, it should not be assumed that
smoking has no adverse effects on healthy livers.
Epidemiological studies have consistently demon-
strated a significantly high OR of developing cirrhosis
among smokers with underlying diseases.282% However,
the underlying mechanisms through which these
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FIGURE 4 Upregulated collagen content in the liver induced by CCl, was suppressed in a7nAChR-deficient mice during the fibrosis-
completion stage. (A) Images of Masson trichrome staining of the liver (N =5-6), scale bars =100 um. (B) Hydroxyproline content in hydrolyzed
liver samples during the fibrosis-completion stage (N = 10—13). (C) mRNA expression of the profibrotic genes Acta2, Col1a1, and Tgfb1 in the liver
during the fibrosis-progression stage (N=5-9). ‘0 <0.05, “p <0.01, ™"p <0.001. Each data point is presented as a plot and the means with the
SEM are shown as bars. The data were subjected to statistical analysis using one-way ANOVA followed by the Sidak test. Abbreviations: CCly,
carbon tetrachloride; KO, knockout; «7nAChR, o7 nicotinic acetylcholine receptor; WT, wild type.

comorbidities exacerbate the adverse effects of smoking
on the liver remain unknown. In our in vivo experiments,
nicotine showed no effects on the liver under normal
conditions when HSCs were quiescent but exhibited a
profibrotic effect under the conditions of tissue injury
when HSCs were active. Consistent with this, the
fibrosis-promoting effect of nicotine was observed
in vitro in LX-2 cells that are phenotypically similar to
and represent active HSCs. Based on these findings, we
hypothesized that the underlying disease stimulates a
phenotypic shift in HSCs from the quiescent to activated
state, accompanied by the expression of a7nAChR. This
phenotypic shift could be responsible for the increased
sensitivity to nicotine intake via smoking and the
promotion of collagen production from activated HSCs
(Supplemental Figure S6, http:/links.lww.com/HC9/
A931). Our findings provide a scientific rationale for the
observed epidemiological trends and highlight the
detrimental effects of smoking on liver health.

The liver receives innervation from the vagus nerve;
thus, a7nAChR on HSCs can be further activated by ACh
released from nerve endings that extend throughout the
liver. These nerves in the liver primarily travel toward the
central vein through the Disse Space. As the nerve

endings are close to the HSCs,[*% ACh released from
nerve endings could affect «7nAChR expressed on
activated HSCs. To examine this possibility, a model
needs to be established by performing the vagotomy of
the hepatic branch and inducing liver fibrosis.

a/nAChR is known for its role in systemic neuro-
transmission and neuroprotective and anti-inflammatory
effects, suggesting the beneficial effects of a7nAChR.3"]
However, this study revealed that a7nAChR exerts
adverse effects, such as promoting liver fibrosis. There-
fore, the activation of a7nAChR seems to have contra-
dictory effects. However, fibrosis is also necessary for
wound healing; thus, these contradictions can be
resolved by considering that the fibrosis driven by
a/nAChR might play a protective role in the body.
AChRs in the respiratory tract and vessels reportedly
maintain homeostasis by ACh produced from nearby
non-neural cells in those tissues.32-34 Therefore, the
liver fibrosis-promoting mechanism of «7nAChR might be
a protective mechanism for the liver, and nicotine
excessively and abnormally activates this mechanism,
leading to the exacerbation of liver fibrosis.

This study had three limitations. First, the liver fibrosis
mouse model induced by NASH would have been a better
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FIGURE 5 Activated HSCs expressed a7nAChR, and its activation promoted cell proliferation and collagen production in HSCs. Morpho-
logical observations of mouse primary HSCs cultured on plastic coats for 5 days and their mMRNA expression of Chrna7, scale bars =50 um. (B)
Morphological observations of LX-2 cells, scale bars =100 um. (C) mRNA expression of COL1A7 and ACTA2 in LX-2 treated with TGF-p (N=4).
(D) mRNA expression of CHRNA7 in LX-2. (E) mRNA expression of COL71A1 in LX-2 treated with nicotine and MLA. (F) Cell viability rates of LX-2
treated with nicotine and MLA (N =8). (G) Morphological observations of rat HSCs. scale bars =100 um. (H) Chrna7 mRNA expression in rat
HSCs. (I) Col1a1 mRNA expression in rat HSCs treated with nicotine and MLA (N =4). (J) Cell viability rate of rat HSCs treated with nicotine and
MLA (N=4). ‘p<0.05, “p<0.01, “p<0.001. Each data point is presented as a plot and the means with the SEM are shown as bars. The results
of the same series are connected by a line. The data were subjected to statistical analysis using one-way ANOVA followed by the paired Sidak
test. Abbreviations: KO, knockout; LX-2, LX-2 human hepatic steallate cell line; MLA, methyllycaconitine citrate; «7nAChR, a7 nicotinic acetyl-

choline receptor; WT, wild type.

option than the CCl4-induced model, which is less relevant
to human diseases. Second, the expression of a7nAChR
on HSCs had only been verified at the mRNA level owing
to the low specificity of available antibodies for a7nAChR.
[3536] |n future studies, genetically engineered mice that
are tagged with 3x DYKDDDDK-tag or other tags for
a7nAChHR could be used to verify the protein expression.
Third, although we administrated nicotine into mice for 4
weeks, it is possible that longer administration could more
accurately mimic human smoking and that toxicity to
healthy livers, which was not seen in the 4-week nicotine
administration, could occur with an 8- or 12-week
administration. Thus, it is unclear whether smoking
induces inflammation and fibrosis in a healthy liver.

In summary, this study provides evidence that nicotine
promotes liver fibrosis via «7nAChR in activated HSCs.
We hope that these findings will contribute to the holistic
understanding of the mechanism underlying liver fibrosis
and the negative effects of smoking on the liver.
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