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ARTICLE
Melatonin ameliorates bleomycin-induced pulmonary fibrosis

via activating NRF2 and inhibiting galectin-3 expression

Yue-jiao Lan"?, Ming-han Cheng', Hui-min Ji®, Yu-gian Bi?, Yong-yue Han', Chong-yang Yang? Xuan Gu*, Jian Gao' and
Hong-liang Dong'

Pulmonary fibrosis (PF) is a chronic interstitial lung disease with no effective therapies. Galectin-3 (Gal-3), a marker of oxidative
stress, plays a key role in the pathogenesis of PF. Fibroblast-myofibroblast differentiation (FMD) is an important source of fibrotic
cells in PF. Previous studies showed that melatonin (MT) exerted anti-fibrotic effect in many diseases including PF through its
antioxidant activity. In the present study we investigated the relationships among Gal-3, NRF2, ROS in FMD and their regulation by
MT. We established an in vitro model of FMD in TGF-f1-treated human fetal lung fibroblast1 (HFL1) cells and a PF mouse model via
bleomycin (BLM) intratracheal instillation. We found that Gal-3 expression was significantly increased both in vitro and in vivo.
Knockdown of Gal-3 in HFL1 cells markedly attenuated TGF-B1-induced FMD process and ROS accumulation. In TGF-31-treated
HFL1 cells, pretreatment with NRF2-specific inhibitor ML385 (5 uM) significantly increased the levels of Gal-3, a-SMA and ROS,
suggesting that the expression of Gal-3 was regulated by NRF2. Treatment with NRF2-activator MT (250 pM) blocked a-SMA and
ROS accumulation accompanied by reduced Gal-3 expression. In BLM-induced PF model, administration of MT (5 mg-kg™'-d~", ip
for 14 or 28 days) significantly attenuated the progression of lung fibrosis through up-regulating NRF2 and down-regulating Gal-3
expression in lung tissues. These results suggest that Gal-3 regulates TGF-B1-induced pro-fibrogenic responses and ROS production
in FMD, and MT activates NRF2 to block FMD process by down-regulating Gal-3 expression. This study provides a useful clue for a

clinical strategy to prevent PF.
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INTRODUCTION

The formation of pulmonary scarring induced by autoimmune
diseases, environmental and occupational exposures, pneumonia,
and side effects of certain drugs is known as pulmonary fibrosis
(PF), and its irreversible pathogenesis and severe impairment of
lung function make it one of the most lethal respiratory diseases
[1]. PF with unknown etiology is termed idiopathic pulmonary
fibrosis (IPF), whose median survival time from diagnosis is 3~4
years and the incidence continues to rise [2]. Currently, lung
transplantation is the only intervention shown to extend the life
expectation of patients with IPF [3]. Notably, one of the major
complications with infection of the novel coronavirus severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) is PF, which
leads to increased chronic dyspnea and impaired quality of life in
patients with COVID-19 [4]. Viral-induced acute respiratory distress
syndrome (ARDS) and PF share many risk factors and biological
processes, including gender, aging, hypertension and diabetes [5],
and lung epithelial cells and fibroblasts also participated in COVID-
19 induced PF [6]. Therefore, investigating the pathogenesis of PF
and searching for new therapeutic targets is a novel strategy to
treat severe COVID-19 and prevent the possible long-term fibrotic
consequences after current pandemic.

Accumulating evidences suggest that the pathological myofibro-
blast cells in PF mainly originate from epithelial cells and fibroblasts,
and these processes are termed as EMT (epithelial-mesenchymal
transition) and FMD (fibroblast-myofibroblast differentiation)
respectively. Galectin-3 (Gal-3), the only chimera-type of the (-
galactoside-binding lectin family, has been found to play pivotal
role in TGF-B1 induced EMT in lung fibrosis and Gal-3 inhibitor
TD139 has been proved to be effective in lung fibrosis model and
IPF patients [7, 8]. However, engagement of Gal-3 in FMD process
and the related mechanism remain poorly understood.

As a marker of oxidative stress, Gal-3 has been shown to be
potentially associated with perturbations in mitochondrial home-
ostasis and the subsequent formation of reactive oxygen species
(ROS) and glutathione (GSH) depletion [9-12]. Recombinant Gal-3
could stimulate ROS production in neutrophils [13] and mono-
cytes [14] in a dose-dependent manner and increased Gal-3
contributed to superoxide production [15]. NRF2 is known as the
major negative regulator of ROS and oxidative stress [16]. Our
previous studies demonstrated that NRF2 attenuated the EMT
process in PF through inhibition of the Numb or high-mobility
group box 1 (HMGB1) pathway [17, 18]. Melatonin (MT, N-acetyl-5-
methoxytryptamine), a hormone mainly secreted by the pineal
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gland, was found to activate NRF2 and inhibit the EMT process, so
exerted anti-fibrogenic activity in many diseases including PF
[19, 20]. Whether NRF2 plays a role in FMD process and its
relationship with Gal-3 in excessive ROS production in pulmonary
fibrosis remain to be elucidated.

In this study, we established an in vitro FMD model by
employing TGF-1 treated HFL1 cells and an in vivo PF model
using tracheal drip in C57BL/6 J mice with BLM. With these models
we revealed that Gal-3 regulated TGF-B1-induced pro-fibrogenic
responses in FMD, and MT-mediated NRF2 activation could down-
regulate Gal-3, attenuate ROS production and improve FMD in PF.
These findings uncovered a NRF2-Gal-3-ROS-FMD axis mediating
the protective effect of MT on pulmonary fibrosis, providing a
useful clue for a clinical strategy against the disease.

MATERIALS AND METHODS

Experimental animals

Male C57BL/6J mice, 8-10 weeks old, were purchased from
Institute of Genome Engineered Animal Models for Human
disease of Dalian Medical University. Mice were housed under
Specific Pathogen Free (SPF) conditions at controlled temperature
(25 +2°C), maintained in a 12-h light-dark cycle, and with free
access to water and normal diet. All animal experiments were
approved by the Dalian Medical University Animal Protection and
Use Committee (Ethical approval number: AEE19013).

BLM-induced PF model

PF animal model was established by intratracheal injection of
45mg/kg BLM (Anhui Pharmaceutical Co, Anhui, China) as
described previously, and the control group was injected with
equal volume of normal saline [21, 22]. For drug treatment, MT
(5mgkg "-d™") was administered every day by intraperitoneal
injection (ip). A total of 80 male mice were randomly divided into
four groups, with 20 mice per group, designated as the saline
group, BLM + saline group, BLM + MT group and saline + MT
group. On day 14 and day 28, lung tissues were collected and
fixed for the following assays.

Histopathological assessment

Lungs of mice were removed from euthanized mice for H&E
staining and immunohistochemical analysis. Samples from each
group were embedded in paraffin and made into 5 um slices. The
slices were stained with Hematoxylin-Eosin (H&E, C0105s, Beyo-
time Biotechnology, Shanghai, China) and Masson trichrome
(D026, Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
to assess histopathological changes in the lungs. In H&E staining,
the Digital Fibrosis Scale (Ashcroft score) was used to assess the
severity of fibrosis. After observing fifteen areas of lung tissue for
day 28 with X100 magnification, they were evaluated with a score
of 0 (normal) to 8 (complete fibrosis) [23].

Immunohistochemistry assay

Tissue sections were permeabilized with 0.3% Triton X-100 for
10 min, blocked with antigen repair and goat serum for 15 min
and then incubated with Gal-3 (ab76245, Abcam, Cambridge,
UK) and Col-I (bs-10423 R, Bioss, Massachusetts, USA) specific
antibodies separately. Images were captured using the optical
microscope (Leica DM2000, Germany). The number of posi-
tively stained cells in the lung tissue was quantified using
Image J.

Immunofluorescence staining

Cells were fixed in 4 % paraformaldehyde for 10 min and
permeabilized with 0.1 % Triton X-100 for 10 min. For the IF
staining of lung tissues, paraffin sections were firstly subjected to
deparaffinization and rehydration followed by retrieving antigens.
Thereafter, cells or sections were incubated with 5% bovine serum
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albumin for 30 min and primary antibodies overnight at 4 °C. Cells
or sections were incubated with goat anti-rabbit IgG (1:100
dilution) or goat anti-mouse IgG (1:100 dilution) for 1 h at room
temperature. After washing with PBS, cells or sections were
stained with 4',6-Diamino-2-phenylindole (DAPI, 1:100 dilution).
Images were taken on an inverted fluorescence microscope
(DMI3000B, Leica, Germany).

Cell counting kit-8 (CCK8) assay

HFL1 cells were purchased from the Chinese Academy of Sciences
Cell Bank (Shanghai, China). HFL1 cells were seeded to 96-well
plate at a density of 5x 10° cells per well. The cells were then
treated with 0.1% DMSO as vehicle control and MT with various
concentrations (0-500 uM) for 24 h. The medium was replaced
with a 100 yL fresh medium containing a 10 uL CCK8 reagent
(MA0218, Meilunbio, Dalian, China). After incubation at 37 °C for
4 h, The OD absorbance readings were recorded at 450 nm with
SpectraMax 190a (Molecular Devices, US). The cell viability was
calculated using the following formula: Cell viability (%) =
(ODtreatment - 0D blank)/(OD control — oD blank) x 100.

Cell culture

The cells were cultured in Ham’s F-12 K (PM150910, Procell,
Wuhan, China) supplemented with 10% fetal bovine serum (FBS,
10099141 C, Gibco, USA) and 1% streptomycin-penicillin (ABT920,
G-CLONE, Beijing, China). All cell cultures were maintained at 37 °C
with 5% CO,.

Western blot analysis

Frozen lung tissues and pulmonary fibroblasts were harvested in
RIPA Digest Buffer. The supernatant was collected, and protein
concentration was measured using the BCA Protein Assay Reagent
Kit. Equal amounts of protein were electrophoretically separated
in SDS-polyacrylamide gels and then transferred onto polyvinyli-
dene difluoride membranes (PVDF, IPVH00010, Millipore, USA).
The blot was blocked with 5% skim milk for 1h at room
temperature and probed overnight at 4 °C by incubation with the
primary antibodies, including anti-NRF2 (ab31163, Abcam, Cam-
bridge, UK), anti-Gal-3 (ab76245, Abcam, Cambridge, UK), anti-a-
SMA (ab5694, Abcam, Cambridge, UK), or anti-GAPDH (2118, CST,
Boston, USA) antibodies. After being washed with Tris Buffered
Saline with Tween (TBST), the membranes were subsequently
incubated with secondary horseradish peroxidase conjugated
anti-rabbit antibodies at 25°C for 2 h. Finally, membranes were
analyzed by Oddessy Clx.

Gal-3 small interference RNA (siRNA)

A mixture of Gal-3 small interference RNA (siRNA) and Lipofecta-
mine 2000 was added to HFL1 cells with a growth confluence of
60%-70%, according to the manufacturer’s instructions. Gal-3
siRNA and scramble siRNA were purchased from Gene Pharma
(Shanghai, China). The Gal-3 primer sequence was orthogonal to
5-GCCCAAUGCAAACAGAAUUTT-3’ and the reverse is 5~AAUUCU
GUUUGCAUUGGGCTT-3".

Assessment of oxidative stress

Intracellular oxidative stress was determined using dihydroethi-
dium (DHE, S0063, Beyotime Biotechnology, Shanghai, China) and
DCFH-DA active oxygen ROS fluorescent probe (50033, Beyotime
Biotechnology, Shanghai, China) according to the manufacturer’s
instructions. Briefly, the cells were incubated with 5 uM of DHE at
37 °C for 30 min, or 10 uM of DCFH-DA at 37 °C for 20 min, then
the ROS images were observed by SpectraMax 190a (Molecular
Devices, California, USA) at x20 magnification.

Biochemical assay

Lung tissue homogenate was taken for glutathione (GSH),
malondialdehyde (MDA), total superoxide dismutase (T-SOD)
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and glutathione peroxidase (GSH-Px) assay according to the
manufacturer’s protocols of GSH, MDA, T-SOD and GSH-Px
assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China).

Statistical analysis

Data are expressed as mean + standard deviation (SD). Statistical
analysis was performed using IBM SPSS Statistics 25 (SPSS
software, International Business Machines Corporation, New York,
USA), and bar graphs were plotted using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA). For differences between
two groups, independent samples t-tests were used. Comparisons
between groups were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey post hoc test. P-values < 0.05 were
considered statistically significant.
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RESULTS

Gal-3 expression is up-regulated in fibrotic lungs of BLM
challenged mice and in in vitro FMD model

Gal-3 expression could be induced in activated macrophages and
fibroblasts under the conditions of tissue injury and stress such as
infection and irradiation [24, 25]. Gal-3 contributes to fibroblasts
activation in different tissues including kidney, liver and heart,
and is involved in EMT process, scar formation and tissue structure
destruction under pathological conditions [26]. To explore the
roles of Gal-3 in PF, we firstly examined the expression level of Gal-
3 in lung tissues of BLM-induced PF mice. The results showed that
Gal-3 was increased significantly after BLM administration
compared with the saline group (Fig. 1a-d). In an in vitro FMD
model, TGF-B1 up-regulated Gal-3 level in HFL1 cells in a dose-
dependent manner, accompanied by expression of a-SMA (Fig. 1e,
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Fig.2 Knockdown of Gal-3 attenuated TGF-B1-induced FMD process and the degree of ROS accumulation. HFL1 cells were transfected by
Gal-3 siRNA or negative siRNA, and then stimulated with TGF-$1(20 ng/mL) for 24 h. Western blot results (a) and statistical analysis (b) of Gal-3
and o-SMA level. Relative protein levels were normalized to GAPDH (n = 3). Representative immunofluorescence staining of a-SMA (red) and Gal-3
(green) in HFL1. Scale bar: 100 um (c). Dihydroethidium (DHE) stain was performed to measure ROS level (d). ROS-positive area was quantified using
Image J software (n = 3) (e). **P < 0.01 versus the Control group, #P < 0.01 versus the TGF-p1 group, **P < 0.01 versus the TGF-B1 + siGal-3 group.

f), a hallmark of FMD process. These data indicated that Gal-3
expression was positively correlated with FMD in PF.

Gal-3 knockdown attenuated FMD and accumulation of ROS in
in vitro FMD model

In order to further elucidate the roles of Gal-3 in FMD, we knocked
down Gal-3 expression in TGF-B1 induced FMD model in HFL1 cells
using small interfering RNA. Considering that FMD often occurs with
dysregulation of oxidative stress characterized by excessive
accumulation of ROS [27, 28], which contributes to production
and remodeling of ECM [29], we also assessed ROS accumulation in
FMD after Gal-3 knockdown. The results showed that knocking
down the expression of Gal-3 reduced the TGF-31 induced a-SMA
(Fig. 2a, b, ¢) and ROS (Fig. 2d, e) production in HFL1 cells.
Collectively, these results pointed out that Gal-3 is actively engaged
in TGF-B1 induced a-SMA and ROS accumulation in FMD.

NRF2 inhibition up-regulated Gal-3, a-SMA level and ROS
accumulation in in vitro FMD model

The lung is a key site of gas exchange, so the airways are often
exposed to a highly oxidative microenvironment, leading to
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disruption of redox homeostasis [30, 31]. Consistently, PF is also
characterized by imbalance between ROS production and anti-
oxidant capacity. NRF2 is known as a master regulator of the
antioxidant response that drives adaptive cellular defense against
oxidative stress and plays a protective role in PF. Based upon our
finding that Gal-3, a marker of oxidative stress, mediated TGF-f31
induced a-SMA and ROS accumulation in FMD, we further try to
clarify the regulatory effect of NRF2 on Gal-3 in the process of
FMD. ML385, a NRF2-specific inhibitor [32], increased Gal-3, a-SMA
(Fig. 3a, b) and ROS level in TGF-B1-induced HFL1 cells (Fig. 3¢, d),
indicating that the expression of Gal-3 was regulated by NRF2 in
FMD.

MT-mediated NRF2 activation down-regulated Gal-3 and
suppressed TGF-1 induced FMD in vitro

MT is a potential activator of NRF2 [33] mediating strong
antioxidant activity by up-regulating the expression and activity
of endogenous antioxidants, and removing ROS by radical
scavenging [34-36]. Herein, we explored whether MT could
regulate NRF2 and Gal-3 to suppress oxidative stress in FMD.
The cell counting kit-8 (CCK8) assay in HFL1 cells showed that MT

Acta Pharmacologica Sinica (2023) 44:1029 - 1037
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Fig. 3 Application of ML385 upregulated a-SMA, Gal-3 and ROS production. ML385 (5 pM) was preincubated with HFL1 cells for 24 h, after
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a-SMA levels after ML385 administration. Relative protein levels were normalized to GAPDH (n = 3). ¢, d Dihydroethidium (DHE) detection of
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did not have cytotoxicity at concentrations up to 500 uM (Fig. 4a),
and the Western-blot results suggested that MT increased NRF2
expression in a dose-dependent manner (Fig. 4b, c). IF staining
further revealed that MT induced nuclear accumulation of NRF2 in
HFL1 cells (Fig. 4d). Besides activation of NRF2, MT also inhibited
the expression level of Gal-3, a-SMA as well as ROS accumulation
in TGF-B1 stimulated HFL1 cells (Fig. 4e, f, g, h). All these results
suggested that MT could significantly activate NRF2 and down-
regulate Gal-3 in HFL1 cells to inhibit FMD and ROS production.

MT ameliorates BLM-induced PF by reducing oxidative stress level
in vivo

Next, we asked if MT could exhibit anti-fibrosis effect by regulating
oxidative stress level in vivo. MT treatment significantly reduced
the degree of fibrosis and oxidative stress in lung tissues of BLM-
induced PF mice (Fig. 5). As shown in Fig. 5b, ¢, MT significantly
ameliorated BLM induced severe disruption of alveolar structure,
thicker alveolar septa, infiltration of inflammatory cells (Fig. 5b)
and higher Ashcroft score (Fig. 5c). Masson staining and
immunohistochemistry staining of Col-l results showed that MT
rescued BLM-induced collapse of alveolar spaces, pulmonary
interstitial collagen deposition (Fig. 5d) and Col-l expression
(Fig. 5e, f). Besides above histologic analysis on fibrosis, we also
tested some important biomarkers of oxidative stress including
GSH, MDA, T-SOD and GSH-Px. Compared with control mice, BLM
treated mice showed increased MDA, and decreased T-SOD, GSH,
and GSH-Px, which had all been corrected by MT treatment
(Fig. 5g~j). Thus, these findings suggest that MT could ameliorate
BLM-induced oxidative stress and PF in vivo.

Acta Pharmacologica Sinica (2023) 44:1029 - 1037

MT induced NRF2 up-regulation and Gal-3 down-regulation in
lung tissues of BLM-induced PF in vivo

Since MT was shown to regulate NRF2 and Gal-3 in HFL1 cells
in vitro, we further explored whether MT exerts its anti-fibrotic
effect through activating NRF2 as well as suppressing Gal-3 levels
in vivo. As shown in Fig. 6, MT treatment reversed BLM induced
NRF2 decrease and Gal-3, a-SMA increase in lung tissues
(Fig. 6a-d). IF staining also showed similar effect of MT on Gal-3
and a-SMA levels (Fig. 6e, f). In summary, our data demonstrated
that MT alleviates PF by inhibiting Gal-3 expression in vivo.

DISCUSSION

Gal-3 is of importance for the symptoms and progression of
various fibrosis diseases including liver fibrosis [37], renal fibrosis
[38] and PF [7], with Gal-3 inhibitors like TD139 showing anti-
fibrotic efficacy in preclinical PF model and phase 1/2 clinical trial
in IPF patients [7, 8, 39]. Mechanisms uncovered for Gal-3 mainly
focused on its modulation of EMT process, either by activating the
AKT/GSK3pB/B-catenin signaling pathway [40] or by galectin-3-
glycan interactions [41]. In this study, we found that Gal-3 was also
engaged in FMD and oxidative stress response in PF. Knockdown
of Gal-3 expression could attenuate FMD and ROS accumulation in
the in vitro model. Gal-3 expression was regulated by the classical
antioxidant protein NRF2, and in BLM induced PF model MT
administration up-regulated NRF2, down-regulated Gal-3 and
effectively attenuated extracellular matrix (ECM), collagen deposi-
tion and ROS production at the onset of PF. We therefore propose
that Gal-3 could be considered as a key pro-oxidative stress

SPRINGER NATURE
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mediator during TGF-B1 induced FMD process, thereby contribut-
ing to the pathogenesis of PF.

Although we demonstrated here that Gal-3 participated in ROS
production in FMD, the underlying mechanism remains to be
clarified. It is known that NADPH oxidase (NOX) is an important
source of ROS production [42, 43]. He J et al reported that Gal-3
was involved in the production of ROS in cardiac fibroblasts by
inducing NOX expression, especially NOX4 [44]. Similarly, Gal-3
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stimulated the expression of NOX4 in cardiac myocytes and
regulated the level of NOX4-derived ROS during myocardial
fibrosis [45]. The interrelationship between Gal-3 and NOX4 in the
oxidative stress of PF remains to be investigated.

Another intriguing finding in this study was that we demonstrated
for the first time that the expression of Gal-3 in pulmonary fibroblasts
was regulated by NRF2, a classical antioxidant protein, thus
uncovered another molecular mechanism linking Gal-3 with
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Fig. 5 MT attenuated BLM-induced PF. a Treatment schedule of BLM-induced PF mice in the presence or absence of MT. Representative
histopathological sections of lung tissues by HE staining (b) (the typical alveolar wall thickening are marked by black arrows) and Masson'’s
trichrome staining (d) (the typical collagen accumulation are indicated by black arrows), Scale bar: 100 pm. ¢ Assessment of pulmonary fibrosis
on the 28 day by Ashcroft score according to an eight-tier (n = 6). Scale bar: 100 um. Immunohistochemical staining (e) and quantitation of
collagen | (Col-l) (f) (n=3). Scale bar: 100 pm. Effects of MT on oxidants and antioxidants in mouse lungs after BLM instillation and MT
injection. MDA activity (g), T-SOD activity (h), GSH activity (i), GSH-Px activity (j) (n = 3). **P < 0.01 versus the Saline group, *P < 0.05, *P < 0.01

versus the BLM group.

oxidative stress pathways. As a potential modulator of NRF2, MT
mediated anti-fibrotic activities in PF by down-regulating the
expression level of Gal-3. It has been reported that MT decreased
circulating levels of Gal-3 in acute global cerebral ischemia in male
rats, but the mechanisms were still unknown [46]. Given extensive

Acta Pharmacologica Sinica (2023) 44:1029 - 1037

roles of Gal-3 in various diseases, our findings provide novel
important clue for understanding MT-mediated a variety of favorable
biological and therapeutic activities such as antioxidant, anti-
inflammatory, anti-tumor, anti-diabetic and cardio-protective effects
[47], although experimental evidence remains to be supplemented.
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Fig. 6 MT attenuated BLM-induced PF by NRF2 upregulation and Gal-3 downregulation. Western blot results and quantitation of
NRF2, Gal-3, and o-SMA levels after MT treatment. 14 d (a, b), 28 d (¢, d). Relative protein levels were normalized to GAPDH
(n=13). e, f Immunofluorescence to detect Gal-3 (green) and a-SMA (red) expression. Scale bars: 50 ym. **P < 0.01 versus the Saline group,

*P <0.05, P < 0.01 versus the BLM group.

In summary, our data demonstrate that Gal-3 contributes to
ROS production during FMD in PF, and its expression is regulated
by NRF2; MT could activate NRF2 and efficiently ameliorate BLM-
induced PF through suppressing Gal-3 level both in vivo and
in vitro. Our study might provide a new potential therapeutic
strategy for Gal-3-engaged diseases including PF.
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