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6-gingerol; Pulmonary fibrosis in general is the final common outcome of various interstitial lung diseases.
SIRT1; In recent years, the incidence of pulmonary fibrosis has been rising with poor prognosis. 6-gin-
pulmonary fibrosis; gerol is deemed as a functional polyphenol of ginger. The aim of the present study was to
MRC-5 cells; investigate the effect of 6-gingerol, on pulmonary fibrosis. Mice were randomly divided into
ginger four groups: control, bleomycin, bleomycin + 6-gingerol 100 mg/kg, bleomycin + 6-gingerol

250 mg/kg, and the survival rates of the groups were recorded. Pathological and fibrotic
changes in the lungs were identified by H&E and Masson staining, respectively. The levels of
hydroxyproline and protein deposited in lung tissues were then, respectively, determined by
colorimetry and western blotting. Subsequently, the proportion of cells and inflammatory fac-
tors in the alveolar lavage fluid were estimated. Following the identification of the possibility
of Sirtuint (SIRT1) in the pharmacological mechanism through molecular docking and western
blotting, human embryonic lung fibroblasts MRC-5 were treated with TGF-81 and SIRT1 inhib-
itor to study the role of SIRT1 in the regulatory effect of 6-gingerol. From the results, 6-gin-
gerol was found to increase the survival rate of mice and reduce lung pathology and fibrosis
in mice. And, it significantly reduced the levels of hydroxyproline and the proteins deposited
in lung tissues. Moreover, the number of neutrophils, basophils, monocytes, and the levels of
inflammatory factors in the alveolar lavage fluid were also reduced. SIRT1 inhibitor blocked
the function of 6-gingerol to inhibit fibrosis. To sum up, 6-gingerol relieves pulmonary fibrosis
via activating SIRT1. This finding expands the pharmacological effect of 6-gingerol, and it is
expected to advance the development of treatments for pulmonary fibrosis.
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Introduction

The lung is composed of bronchi, alveoli, blood vessels,
nerves, and lymph and connective tissue." Among them,
alveoli and bronchi belong to the lung parenchyma, and
the rest are parts of the pulmonary interstitium, which
is distributed between the parenchyma and plays a role
in connection, fixation, and nutrition.2 Viral infection, air
pollution, smoking, and immune system abnormalities are
all potential risk factors for interstitial lung diseases.?
Due to the unpredictability of interstitial lung diseases,*
daily attention should be paid to reducing the erosion of
pathogenic factors. Moreover, pulmonary fibrosis is often
the final common outcome of various interstitial lung
diseases.> In recent years, the incidence of pulmonary
fibrosis has been on the rise, and its poor prognosis is
manifested by the low average survival time of less than
5 years after diagnosis.®’ Delaying the progress of pulmo-
nary fibrosis and reducing its incidence are major needs
for disease prevention and treatment due to the lack of
effective radical treatment.® It is well documented that
the accumulation of inflammatory factors, the collapse
of blood vessels, the increase of myofibroblasts, the
deposition of extracellular matrix, and the final fibro-
sis are pivotal factors contributing to the pathogenesis
of pulmonary fibrosis.>”® Therefore, seeking effective
treatment targets and lead compounds have great clini-
cal significance for reducing the incidence of pulmonary
fibrosis.

Ginger is a kind of rhizome-type spice seasoning that
is widely cultivated worldwide. It is extensively applied
in food processing and food preparation." Notably, peo-
ple in numerous countries are already accustomed to
treating flu, typhoid, and cough by making ginger tea.
Contemporary scientific researchers have confirmed that
the component gingerol accounts for the pharmacologi-
cal properties of ginger.” The gingerol isolated from gin-
ger is a mixture of multiple substances. According to the
chemical structure, gingerol is divided into two catego-
ries: single aromatic ring type and double aromatic ring
heptane type. The main difference between them is the
aromatic ring substituent.” There are currently more than
10 specific gingerols, all of which have similar properties
and structures.” Among them, 6-gingerol, the content of
which accounts for more than 80% of the total gingerol,
is the most important component.” Multiple studies have
demonstrated that 6-gingerol may be capable of amelio-
rating hypoglycemia and exerting anti-hyperlipidemia,
antioxidant, and anti-inflammatory roles."*" Furthermore,
6-gingerol has been found to reduce isoproterenol-in-
duced myocardial fibrosis.?’ Therefore, the hypothesis that
6-gingerol could also reduce pulmonary fibrosis was pro-
posed in this work.

In the present study, for the purpose of studying the
effect of 6-gingerol on pulmonary fibrosis, mice and MRC-5
cells were separately induced with bleomycin (BLM)?*
or TGF-B122 to establish pulmonary fibrosis models. The
experimental protocol is shown in Figure 1. The findings of
this research were expected to expand the pharmacologi-
cal effect of 6-gingerol, and advance the development of
treatments for pulmonary fibrosis.

Materials and Methods
Mice and in vivo model establishment

All animal experiments were carried out in strict com-
pliance with the National Institutes of Health guidelines
for the handling of laboratory animals and approved by
the Ethics Committee of our Hospital. A total of 80 male
C57BL/6 mice (aged 6-8 weeks; Cyagen Biosciences,
Suzhou, China) were adaptively housed in an SPF environ-
ment with a 12-h light/dark cycle, relative humidity of 55%,
and free access to food and water at 25°C for a week.

The mice were randomly divided into four groups: con-
trol, BLM, BLM + 6-gingerol 100 mg/kg, BLM + 6-gingerol
250 mg/kg. BLM group: for the induction of fibrosis, BLM
(purity > 98.00%, GlpBio, United States) was dissolved in
50 pL sterile PBS, and mice were intratracheally adminis-
tered (2 mg/kg body weight) with a single dose of BLM.
This induction lasted 21 days, once a day. BLM + 6-gingerol
group: in addition to being treated with BLM, mice were
given 6-gingerol (100 or 250 mg/kg, purity > 98.00%,
Yuanye Biotechnology, Shanghai, China) for 21 days, once
a day. The control group was given normal saline gavage.
When 21 days or the ethical endpoints were reached, the
mice were euthanized using an overdose of sodium pento-
barbital (100 mg/kg, intraperitoneal injection) followed by
cervical dislocation.

Cell lines and in vitro model establishment

Human embryonic lung fibroblasts MRC-5 were purchased
from Procell Life Science & Technology (Wuhan, China)
and cultured in DMEM (Gibco, United States) supplemented
with 10% fetal bovine serum (FBS, Invitrogen, CA, United
States), 1% penicillin/streptomycin (Invitrogen) in 5% CO,
atmosphere at 37°C.

The cells were randomly divided into different groups:
control, TGF-B1 (Abmole, Shanghai, China), TGF-B1 +
6-gingerol, TGF-B1 + 6-gingerol + EX-527 [Sirtuin1 (SIRT1)
inhibitor, purity > 98.00%, GlpBio, United States]. To induce
fibrosis, cells were exposed to 10 ng/mL TGF-81 for 48 h.
Other experimental groups were exposed to 10 ng/mL
TGF-B1 and 6-gingerol (10 or 20 pyM) or EX-527 (10 pM).
Untreated cells were used as the control group.

Hematoxylin-eosin (H&E) staining

H&E staining was performed using H&E staining kit (#C0105,
Beyotime Institute of Biotechnology, China) according to
the manufacturer’s instructions. After the mice were sac-
rificed, the left lung tissues were collected and fixed in 4%
paraformaldehyde at 4°C for 6 h, dehydrated with gradient
alcohol, embedded in paraffin, and cut into 4-pm slices.
The sections were deparaffinized in xylene, and rehydrated
in gradient alcohols followed by being stained with hema-
toxylin solution for 5 min at room temperature. After the
sections were washed with distilled water and stained with
eosin for 30 s at room temperature, they were dehydrated
further with gradient alcohol and became transparent



106 Liu L et al.
C57BL/6 mice
I
v ¥ ¥ ¥
BLM + 6-gingerol BLM + 6-gingerol

Control BLM 100 mg/kg 250 mglkg
Survival rate Lung tissue Alveolar lavage fluid

| I
v v ¥ v v v

a-SMA,

collagen IV

[Cell

proportio

J [ TNF-q, IL-1B]
n

H&E Malss_,on Hydroxyproline
staining || staining | |levels

[ SIRT1 level ]'#]:'[Molecular docking’

levels

Lung fibroblasts

¥ ¥ ! ¢
TGF-p1
Control TGF-B1 I?F._m | + B-gingerol +
-gingero SIRT1 inhibitor

Cell
viability

Figure 1 The experimental protocol of this study.

using xylene for 5 min. Physiological changes of the sam-
ples were observed under a light microscope (magnification
400x, Leica, Germany).

Masson staining

This assay was performed using Masson staining kit
(#DCO032, Leagene, Anhui, China) according to the man-
ufacturer’s instructions. Tissue sections were obtained
as aforementioned. Following the staining of sections
with Weigert’s iron hematoxylin for 5 min, they were dif-
ferentiated with acidic ethanol for 10 s. Then, sections
were treated with the aniline blue solution for 1 min, fol-
lowed by ponceau red magenta dyeing solution for 5 min.
Subsequently, sections were washed with the phospho-
molybdic acid solution for 1 min and counterstained with
the aniline blue dyeing solution for 1 min, the results were
observed after dehydration under a light microscope (mag-
nification 400x%, Leica, Germany).

Determination of hydroxyproline concentration
This assay was performed using an assay kit (#A030-2-1,

Jiancheng Bioengineering Institute, Nanjing, China) accord-
ing to the manufacturer’s instructions. Lung tissue (50 mg)

TNF-a, IL-1B,
IL-6 levels

a-SMA,

collagen IV
levels

was taken in a tube, and 1 mL of hydrolysis solution was
added to the tube. The tube was placed in boiling water
for 20 min, and the PH value of the solution was adjusted
to 6.0-6.8. After the sample was bathed in 60°C water for
15 min, centrifuged at 3500 r/min for 10 min, the superna-
tant was collected to measure the absorbance at 550 nm
using a microplate reader (Dojindo, Rockville, United States).

Enzyme-linked immunosorbent (ELISA) assay

The necks of mice were dissected and the tracheae were
exposed, lavage was performed with 0.8 mL PBS for
three times, and the alveolar lavage fluid was collected
as described previously.? The collected lavage fluid was
centrifuged at 3500 r/min and 4°C for 10 min. The expres-
sion levels of TNF-a (#88-7324) and IL-18 (#88-7013; both
Thermo Fisher Scientific, Shanghai, China) in the superna-
tant were determined using commercial kits according to
the manufacturer’s instructions. The absorbance at 450 nm
was measured using a microplate reader (Dojindo).

Western blotting analysis

Cultured cells and lung tissue samples from experimental
mice were lysed in RIPA lysis buffer (Beyotime Institute
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of Biotechnology, China). After the determination of pro-
tein concentration with a BCA protein assay kit (#A045-3-
2, Nanjing JianCheng Bioengineering Institute, Nanjing,
China), 20 pg of protein per lane was separated by 10% SDS-
PAGE. The separated proteins were transferred onto PVDF
membranes, and the membranes were blocked with 5%
skimmed milk at room temperature for 2 h. Subsequently,
they were continued to incubate with primary antibod-
ies against a-SMA (#ab5694, 1:200), collagen IV (#ab6586,
1:1000), SIRT1 (#ab189494, 1:1000), and GAPDH (#ab9485,
1:2500) at 4°C overnight, followed by HRP-conjugated
anti-rabbit antibody (#ab97051; 1: 10,000) at 37°C for 1.5 h.
All antibodies were acquired from Abcam. The membranes
were developed with an ECL reagent (Millipore) at room
temperature for 2 min. The blots were quantified using
ImageJ software (v1.8; National Institutes of Health).

Reverse transcription-quantitative PCR
(RT-gPCR)

Total RNA was extracted from cultured cells using TRIzol®
reagent (Invitrogen). The extracted RNA was reverse
transcribed into cDNA using a PrimeScript RT reagent kit
(Takara, Japan) according to the manufacturer’s protocol.
The mRNA levels were quantified using a QuantiTect SYBR
Green PCR Kit (Qiagen) with the ABI7500 system (Applied
Biosystems). The PCR amplification conditions were as fol-
lows: 95°C for 10 min and then 40 cycles of 95°C for 30 s,
64°C for 34 s, and 72°C for 30 s. The relative mRNA level
was normalized to GAPDH and calculated using the 2-44¢d
method. The used primers for PCR are listed in Table 1.

Cell counting kit-8 (CCK-8) assay

Cell viability was determined using a CCK-8 assay. Cells (1 x
10* cells/well) were seeded in 96-well plates. After cultiva-
tion for 24 h, the normal medium was replaced with DMEM

Table 1 Primer sequences used for real-time PCR analysis.

Gene Sequence (5’— 3’)
a-SMA F: TCCGCTTCAATTCCTGTCCG
R: CAGGATTCCCGTCTTAGTCCC
collagen IV F:CCGGATCACATTGACATGAAACC
R:TGGAAACCAGTCCATGCTCG
TNF-a F: AGAACTCACTGGGGCCTACA
R: GCTCCGTGTCTCAAGGAAGT
IL-6 F: CTTCGGTCCAGTTGCCTTCTC
R: GGCATTTGTGGTTGGGTCAG
IL-18 F: AGCCATGGCAGAAGTACCTG
R: TGAAGCCCTTGCTGTAGTGG
GAPDH F: GACTCATGACCACAGTCCATGC
R: AGAGGCAGGGATGATGTTCTG

medium containing TGF-81 (10 ng/mL), 6-gingerol (10 or 20
M), or EX-527 (10 pM). Cells were continued to be incu-
bated in a humidified incubator at 37°C for 24, 48, or 72 h.
Afterwards, 10 pL of CCK-8 solution was added to each well
for a further incubation for 2 h at 37°C. The optical density
values were recorded at 450 nm using a microplate reader
(Dojindo).

Molecular docking

Molecular docking was used to evaluate the binding force
between 6-gingerol and SIRT1 protein. AutoDock v4.2 soft-
ware (Scripps Institute) was used in this study to perform
molecular docking simulation. The three-dimensional (3D)
structure of 6-gingerol was imported into the software and
adjusted to display hydrogen atoms. The 3D structure of
the protein was downloaded from the Protein Data Bank
(PDB) website (https://www.rcsb.org/) and imported into
the software. The water molecules and excess residues or
ligands in the protein file were removed. After setting the
docking position, the molecular docking was operated, and
the docking energy value of the two was displayed after
the operation was over.

Statistical analysis

Data were presented as means + standard deviations (SD)
of three experiments. One-way ANOVA with Tukey’s post-
hoc test was used to compare differences among multiple
groups. Statistical analysis was performed using GraphPad
Prism 8.0 software, and the value of p < 0.05 was consid-
ered statistically significant.

Results

6-Gingerol improves the survival rate of
bleomycin-induced mice and reduces fibrosis

The number of surviving mice in the four groups was
recorded every day for a total of 21 days, and the survival
rate was exhibited in the form of a line graph. The red
line represented the survival rate of the BLM group, and
blue and black lines represented the 6-gingerol treatment
group at different concentrations. The daily survival rate
of the 6-gingerol group was higher than that of the BLM
group, and the high-concentration group was more effec-
tive in improving the survival of mice (Figure 2A). And, the
changes of lung pathology in each group were observed
by H&E staining. In the control group, the alveolar mor-
phology was normal, the wall was slender, and there was
no inflammatory cell infiltration in the lung interstitium.
However, obvious pulmonary fibrosis changes were seen
in the BLM group, manifested as sheet consolidation, with
much inflammatory cell infiltration, fibroblast prolifera-
tion, and collagen deposition in the consolidation area.
Simultaneously, less consolidation and fewer inflammatory
cells were observed in the 6-gingerol 100 mg/kg treat-
ment group than in the BLM group. More importantly, in
the 6-gingerol 250 mg/kg treatment group, there was no
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Figure 2 6-Gingerol improves the survival rate of bleomycin-induced mice and reduces lung pathology. (A) The survival rate
of different groups of mice is exhibited in a line graph. (B) The changes of lung pathology in each group were observed by H&E

staining.

obvious fibrosis and only a weak inflammatory cell infiltra-
tion (Figure 2B).

Moreover, the masson staining results indicated that the
lung tissue of the control group had no inflammatory cell
infiltration and fibrosis, whereas there were obvious inflam-
matory cells and blue collagen fibers in the BLM group.
Meanwhile, the 6-gingerol 100 mg/kg treatment group only
had a small amount of collagen fibers, and the 6-gingerol
250 mg/kg treatment group had no significant difference
compared with the control group. Briefly, the degree of
inflammation and fibrosis of lung tissue in the 6-gingerol
intervention group was better than that of the BLM group
and worse than that of the control group (Figure 3A).
Subsequently, the levels of hydroxyproline in the lung tis-
sues were determined. The level of hydroxyproline in the
BLM group was significantly higher than that of the control
group, and hydroxyproline in the lung tissues of mice were
significantly reduced by the administration of 6-Gingerol
(p < 0.001; Figure 3B). The levels of fibrotic deposition pro-
teins were then determined by western blotting. The levels
of a-SMA and collagen IV in the BLM group were signifi-
cantly higher than those in the control group (p < 0.001),
and 6-gingerol intervention could significantly reduce the
expression levels of these two proteins (p < 0.01; Figure 3C).

6-Gingerol regulates the ratio of cells and inhibits
the release of inflammatory factors in the
alveolar lavage fluid

Elastase produced by neutrophils activates TGF-B8 and
recruits inflammatory cells to the lungs, thereby promot-
ing lung fibrosis.?2 The number of basophils and monocytes
is positively correlated with the progression of pulmonary
fibrosis.?*%> From the experimental results, it could be seen
that the number of neutrophils, basophils, and monocytes

in the BLM group rose sharply (p < 0.001), while the num-
ber of these cells in the 6-gingerol intervention groups was
smaller than those in the BLM group, and the difference
became more obvious in the high-dose group (p < 0.01;
Figure 4A). Moreover, the expression levels of TNF-a and
IL-18 in the alveolar lavage fluid were determined using
ELISA assay. The results revealed that the levels of TNF-a
and IL-18 in the BLM group were significantly upregu-
lated compared with the control group (p < 0.001), while
6-gingerol intervention again cut down TNF-a and IL-1B lev-
els (p < 0.01), and the finding was more apparent in the
high-dose group (p < 0.001; Figure 4B).

SIRT1 is the probable target of 6-gingerol

Furthermore, the expression of SIRT1 in the lung tissues at
the protein level was determined using western blotting. It
was noticed that SIRT1 exhibited low expression in the BLM
group relative to the control group (p < 0.001). And, the
upregulation of SITR1 in the 6-gingerol 250 mg/kg treatment
group was distinctly highlighted compared with the BLM
group (p < 0.01; Figure 5A). In addition, the results of molec-
ular docking revealed that 6-gingerol was located in the hole
of SIRT1 protein and bonded to the amino acid ASN in the
form of hydrogen bonds, forming a m-stacking effect with
PHE. These results suggested that 6-gingerol stably inter-
acted with SIRT1 through noncovalent bonding (Figure 5B).

6-Gingerol reduces TGF-B1-induced lung fibroblast
proliferation and inflammatory and fibrotic
matrix protein deposition by activating SIRT1

TGF-B1 is a central mediator in the pathogenesis of pul-
monary fibrosis.? Through our investigation, SIRT1 protein
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level in TGF-B1-stimulated cells was downregulated com-
pared with the control group (p < 0.001), while its protein
level was enhanced in the 6-gingerol intervention group
than that in the TGF-B1 group (p < 0.05; Figure 6A-B).
Afterwards, cell viability was determined using CCK-8
assay. The results demonstrated that TGF-B81 promoted
the viability of fibroblasts, while 6-gingerol exerted the
opposite role in cell viability as TGF-B1. However, SITR1
inhibitor, EX-527, eased the inhibitory effect of 6-gingerol
on cell viability (p < 0.01; Figure 6C). Besides, RT-qPCR
analysis showed that the levels of inflammatory factors
including TNF-a, IL-18, and IL-6 were greatly increased in
the TGF-1B8 group (p < 0.001), and this effect was restored
by 6-gingerol. Moreover, the addition of EX-527 could
increase the levels of inflammatory factors again (p <
0.05; Figure 6D). Also, 6-gingerol significantly inhibited the

overexpression of a-SMA and collagen IV induced by TGF-18
(p < 0.001), whereas this outcome was counteracted by
EX-527 (p < 0.001; Figure 6E-F).

Discussion

Pulmonary fibrosis has the highest morbidity in popu-
lation aged 40-50 years, and it tends to occur in men.”
The clinical manifestations are dyspnea, dry cough, and
fatigue, accompanied by clubbing digits and cyanosis.?®?°
The disease can be diagnosed based on clinical manifesta-
tions, imagological examination, and lung function tests.3°
Currently, the treatment of patients with pulmonary fibro-
sis is basically not limited to one method, and a compre-
hensive treatment strategy is usually adopted, that is, the
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combination of anti-pulmonary fibrosis drugs and nonphar-
macological methods.?' Pirfenidone and nintedanib are
the most commonly used anti-fibrosis drugs approved for
marketing, which can delay pulmonary fibrosis to a cer-
tain extent and improve the lung function of patients.?
Nonpharmacological methods include pulmonary rehabili-
tation (such as aerobic training, respiratory muscle train-
ing), oxygen therapy, invasive/noninvasive mechanical
ventilation, and lung transplantation.*3* However, the
application of these methods is limited due to a list of dis-
advantages including high cost, low curative effect, insuf-
ficient transplantation donors, immune rejection, or poor
patient compliance.® Therefore, it is necessary to actively
explore the pathogenesis of pulmonary fibrosis and develop
novel intervention drugs.

The 6-gingerol used in this study is a natural medicinal
component that exists in ginger. It was found to increase
the survival rate of experimental mice and reduce patho-
logical damage to the lungs in the mice models. Previous
studies have revealed that 6-gingerol can reduce the dam-
age of dextran sodium sulfate-induced ulcerative colitis,
and relieve liver damage induced by sepsis.’** Moreover,
6-gingerol is believed to reduce the release of pro-inflamma-
tory and pro-fibrotic factors during liver fibrosis.>” Although
the target organs of the study are different, the finding in
our study that 6-gingerol alleviated fibrosis coincides with
the results of previous studies. Furthermore, higher con-
centration of 6-gingerol illustrated more effective inhibition
of pulmonary fibrosis and improvement of survival rate of
mice. This suggested that the effect of 6-gingerol on pul-
monary fibrosis was concentration-dependent. Although, as
a natural extract, 6-gingerol has superior safety in contrast
to synthetic drugs, the dose of drug used is not negligible
for the treatment. Whether elevating the experimental
concentration of 6-gingerol will adversely affect the sur-
vival of mice requires further research.

In addition, we conducted a preliminary study on the
mechanism of 6-gingerol on pulmonary fibrosis. Through
computer simulation calculations, this paper found that
6-Gingerol and SIRT1 had a stable binding through inter-
molecular forces. And, 6-gingerol markedly increased SIRT1
level in the lung tissue according to the western blot anal-
ysis. SIRT1 therein is a member of the Sirtuin family, which
is a type of histone deacetylase that depends on NAD+.3®
Interestingly, Conti et al. found that SIRT1 expression was
downregulated in the lung tissue of patients with chronic
obstructive pulmonary emphysema.® Li et al. found that
SIRT1 activation could alleviate lung injury caused by lipo-
polysaccharide.” These findings indicated that the acti-
vation of SIRT1 was beneficial for normal lung function.
Herein, 6-gingerol was found to inhibit lung fibroblast pro-
liferation, reduce inflammation, and ensure fibrotic matrix
protein deposition via activating SIRT1. The results of this
article also illustrated the importance of SIRT1 in the
lungs, and the thought of applying drugs to activate SIRT1
is an important and innovative approach to treat pulmo-
nary fibrosis. Moreover, natural extract generally has little
adverse effects to the human body, which is a significant
advantage of its clinical application in the future.

Last but not least, SIRT1 has a variety of substrates,
including transcription factors such as p53, p65, and
Forkhead box 0*; nuclear receptors such as estrogen

receptor and peroxisome proliferators-activated recep-
tor*?; DNA repair protein components such as apurinic/
apyrimidinic endonuclease and NBS1; and intracellular sig-
naling molecules such as signal transducer and activator of
transcription.® This article is limited to the discovery that
SIRT1 is the target of 6-gingerol; however, what kind of
substrate SIRT1 acts on to regulate pulmonary fibrosis will
be the direction of our future research.

Conclusion

In conclusion, 6-gingerol was found to alleviate pulmonary
fibrosis by activating SIRT1. This article revealed the role
of 6-gingerol in suppressing pulmonary fibrosis for the first
time. This discovery is expected to underline the impor-
tance of 6-gingerol and provide credible evidence that
6-gingerol may be used as a potential medicine.
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