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Purpose: Pulmonary fibrosis (PF) is a progressing lethal disease, effective curative therapies
remain elusive and mortality remains high. Maresin conjugates in tissue regeneration 1
(MCTR1) is a DHA-derived lipid mediator promoting inflammation resolution produced in
macrophage. However, the effect of MCTR1 on PF remains unknown.

Material and Methods: We established a lung fibrosis model in mice induced by intra-
tracheal administration of bleomycin (BLM). On day 7 after lung fibrosis model establish-
ment, treatment with MCTR1 up to day 21. The body weight of each mouse was recorded
every day and survival curves were plotted. Histological staining was used to detect
pulmonary inflammation and fibrosis. Lung sections were examined with transmission
electron microscope to evaluate the ultrastructure of cells and deposit of collagen.
Inflammatory cytokines in lung tissues were tested by ELISA. q-PCR and Western blot
were used to evaluate the mRNA and the protein levels of EMT-related markers.

Results: We found that MCTRI1 intervention attenuated BLM-induced lung inflammatory
and fibrotic response. Furthermore, MCTR1 protected BLM-induced epithelial cell destroy
and reversed epithelial-to-mesenchymal transition phenotype into an epithelial one in lung
fibrosis mice. Most importantly, post-treatment with MCTRI1 restored BLM-induced lung
dysfunction and enhanced survival rate significantly.

Conclusion: Posttreatment with MCTR1 attenuated BLM-induced inflammation and fibro-
sis changes in mice, suggested MCTR1 may serve as a novel therapeutic strategy for fibrosis-
related diseases.
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Introduction
Pulmonary fibrosis (PF) is a chronic and life-threatening pulmonary interstitial disease,
which can be idiopathic or secondary to various lung diseases.' The main pathological
features of pulmonary fibrosis are apoptosis of alveolar epithelial cells, transformation
of epithelial cells to mesenchymal cells (EMT), activation of fibroblasts, resulting in
extracellular matrix (EMC) deposition in the lung interstitium, and ultimately affect the
normal structure and function of lung tissue.” Owing to the devastating incidence and
mortality, PF has become a major and growing public health problem worldwide.’
While the advances in medicine during the past few decades have improved the care of
lung diseases dramatically in clinic, however, the mortality of PF has barely improved.*
Therefore, it is of great significance to clarify the pathogenesis of pulmonary fibrosis
and find more suitable therapeutic drugs.

The specialized pro-resolving mediators (SPMs) derived from polyunsaturated
fatty acids (PUFA) exert both anti-inflammatory and pro-inflammatory effects.’
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When the lung is injured, the inflammatory response initi-
ates, and the uncontrolled inflammatory response can trigger
excessive fibrosis and mediate the occurrence of pulmonary
fibrotic disease.® Maresin conjugates in tissue regeneration 1
(MCTR1) as a novel SPM is generated by docosahexaenoic
acid (DHA) through 12S-LOX-mediated pathways in
macrophages.” It has been reported that MCTR 1 accelerated
the resolution of inflammation induced by LPS in mice,
improved lung alveolar fluid clearance and restored cardiac
function.* '° However, the effect of MCTR1 on pulmonary
fibrosis is not well undefined.

Here, we first evaluated the effect of MCTRI1 at differ-
ent doses on bleomycin (BLM) -induced lung fibrosis via
histochemical staining. Additionally, to better understand
the potential mechanism of our findings, we also observed
that MCTR1 protected the alveolar epithelial cells in fibro-
tic mice. Finally, we demonstrated that MCTR1 reduced
the BLM-induced mortality and improved lung function
after the lung fibrosis model establishment.

Methods

Animals and Experimental Groups

Six to eight-week-old male C57BL/6 mice were pro-
vided by Shanghai Experimental Animal Center of
China. All experimental procedures were performed in
accordance with the National Institutes of Health
Guidelines for the care and use of laboratory animals
and approved by the Animal Care and Use Committee of
Wenzhou Medical University. Mice were randomly
divided into five groups, and the day of modeling
was day 0: (1) saline group: mice were treated with the
same volume of saline by tracheal intubation; @ BLM
(Sigma, Santa Clara, USA)-induced pulmonary fibrosis
model group: mice were challenged with BLM (2.5 mg/
kg for survival experiment, and 2.0 mg/kg for the other
experiments) by tracheal intubation; MCTR1 (Cayman
Chemical, Ann Arbor, MI) treatment groups: 3 BLM +
MCTR1 lug group; @ BLM + MCTR1 100ng group; ®
BLM + MCTRI1 10ng group. MCTRI1 (1pg/mouse, 100
ng/mouse, or 10 ng/mouse) was administered by intra-
peritoneal injection on day 7 after BLM challenge, then
boosted at 1/10 of the initial dose every two days
until day 21.

Histological Analysis
On day 21 after BLM challenge, the lung tissues of mice
were removed for analysis. The left lungs were collected

and fixed in 4% paraformaldehyde, embedded in paraffin,
cut into 5-um thick sections. Hematoxylin-Eosin staining
and Masson Trichrome staining were used to detect pul-
monary inflammation and fibrosis in each group. Lung
injury score was used in a blinded fashion to evaluate
lung injury, including alveolar structure damage and
inflammatory cell infiltration. 0 = no injury; 1 = slight
injury (25%); 2 = moderate injury (50%); 3 = severe injury
(75%); and 4 = very severe injury. A semi-quantitative
assessment of lung fibrosis by Ashcroft score to evaluate
the deposit of collage in lung tissues. It was used in
a blinded fashion as well. Scores of 0—1 represented no
fibrosis, scores of 2—3 represented minimal fibrosis, scores
of 4-5 were considered as moderate fibrosis, and scores of
6-8 indicated severe fibrosis.

Transformation Electron Microscope

For transformation electron microscope (TEM), mice left
lung samples were removed and dissected. Blocks of each
sample were rinsed by PBS and fixed in 2% osmic acid with
1.5% potassium ferricyanide. Next, the blocks were dehy-
drated with a graded ethanol series, and then embedded with
Epoxy resin by using propylene oxide as the transitional
solvent. Blocks were cut into 50-70 nm ultrathin sections
staining with saturated uranyl acetate and lead citrate.
Finally, lung sections were examined with a transmission
electron microscope (HITACHIH-7650, Tokoyo, Japan).

ELISA

Lung tissues were harvested, collected, homogenized and
sonicated. The levels of cytokines (IL-6, IL-1p, TGF-$ and
TNF-0) in supernatants were measured with ELISA kits
(R&D Systems, USA) according to the manufacturer’s
instructions.

Hydroxyproline Assay
Hydroxyproline concentrations in lung tissues were mea-
sured using a hydroxyproline assay kit according to the
instructions (Nanjing

manufacturer’s Jiancheng

Bioengineering Institute, China).

Lung Function Test
Lung function was measured in mice as previously
described.!’ Briefly, we used the flexiVent system
(Scireq, Montreal, QC, Canada) to detect the changes of
pulmonary function in each group of mice. Deep Inflation
perturbation was for assessing inspiratory capacity (IC).
Pressure-volume (P-V) curve

was constructed by
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a sequential delivery delivering incremental air into lungs
from functional residual (0 mmHg) to total lung capacity
to evaluate the distensibility of the respiratory system. Cst
(quasistatic compliance), K (shape parameter) and
A (hysteresis) were obtained from the analysis of
P-V curve. All data obtained were analyzed using the

flexi Vent software (version7.6).

RNA Extraction and Quantitative
Real-Time PCR

The lung tissues were isolated from mice and then measured
mRNA expressions of EMT markers in vivo. Total RNA of
lung tissues from mice was extracted with Trizol liquid
(Invitrogen, Carlsbad, USA). The primers were obtained
from Shenggong company (Shanghai, China) and related
mRNA expression was measured with SYBR Green Real-
time PCR Master Mix (Toyobo, Osaka, Japan). The expression
of target genes was analyzed normalized to GADPH. PCR
primer sequences were performed as follows. GAPDH:

forward, AAGAAGGTGGTGAAGCAGG; reverse, GAAG
GTGGGAAGAGTGGGAGT, mouse. E-cadherin: forward,
ATCCTGCTCCTACTG;  reverse, CTCCACCTCCTT
CTTCATC, mouse. N-cadherin: forward, GGTTTGGAATGG
GTCTGT; reverse, ATGTTGGGTGAAGGTGTG, mouse. o-
SMA:  forward, @ CTCCCAGCACCATGAAGATCAA;
reverse, GGGCGTGACTTAGAAGCATTTG, mouse.

Western Blot

Total proteins were obtained from lung tissues using RIPA
lysis containing PMSF and protein phosphatase inhibitor.
Each sample was ultrasonicated for 3 times and centrifuged
at 12,000 x g for 30 min at 4°C. Protein concentrations were

measured with a BCA protein assay kit. 30ug of protein was
added and separated by 10% SDS-PAGE gel and transferred to
a 0.45 pm-PVDF membrane. The membranes we got were
blocked with 10% skimmed milk for 2.5 h followed by incu-
bating with primary antibodies (CST, Boston, USA) including
Anti-alpha smooth muscle actin (¢-SMA) and E-cadherin at
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Figure | MCTRI| ameliorated BLM-induced lung fibrosis in mice in a dose-dependent. Mice were treated with bleomycin (BLM, 2.0mg/kg, i.t.) or the same volume saline
on day 0. From day 7, mice received MCTRI at Iug/mouse, 100ng/mouse, or 10ng/mouse, followed by boosted at 1/10 of the initial dose every other day. Representative
images of lung tissue sections stained with (A) hematoxylin-eosin (HE) and (B) Masson’s trichrome treatment with different doses of MCTRI, scar bar: Imm. (C) Acute lung
injury score and (D) Ashcroft score of lung tissue section of mice in each group. (E) Body weight of mice in each group. Date are presented as the mean +SEM. n=5. *P <

0.05, **P < 0.01.
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dilutions indicated overnight at 4 °C. The next day, the mem-
branes were incubated with secondary antibodies at 1:3000
dilution and visualized by Image Quant LAS 4000 mini ima-
ger (GE, Sweden). Quantification of the bands was obtained
through AlphaEaseFC software (Alphalmager System, San
Leandro, USA).

Statistical Analysis
Date were reported as mean £SEM. All data were analyzed

by one-way ANOVA followed by Tukey’s post-hoc test for
multiple comparisons. Kaplan-Meier survival curves was
used to assess the survival of the three groups with
Pairwise Log rank test. Statistical analyses and graphs
were performed with Prism 8.0 (San Diego, USA).
Statistical significance was determined at the p < 0.05 level.
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Results

MCTRI Ameliorated BLM-Induced
Pulmonary Fibrosis in Mice in a
Dose-Dependent

To explore the protective effects of MCTR1, we evaluated
the effect of MCTRI1 at different doses on BLM-induced
lung fibrosis. Hematoxylin and eosin staining and Masson
trichrome staining of lung sections were used to evaluate
lung inflammatory injury and fibrosis (Figure 1A and B).
Treatment with MCTR1 diminished infiltration of inflam-
matory cells and amounts of collagen deposition in a dose-
dependent manner in lung tissues (Figure 1C and D). At
the same time, we found that the effect of MCTRI on the
loss of body weight was consistent with histologic changes
(Figure 1E). As observed, MCTR1 worked best at the dose

B
404
L *% IL *% 1
30+ - -
°
g
§ 204
2
10
0 T
& & N
&
éx
Q¥
6000+
L * ] L * ]
_ll_ L]
D 4000-
=)
&
«Q
L 2000
s
0 T
e < N
(\
foé} Q @O«Q-
“\x
Q¥

Figure 2 MCTRI reduced the production of cytokines related to inflammation and fibrosis. Mice were treated with bleomycin (BLM, 2.0mg/kg, i.t.) or the same volume
saline on day 0. From day 7, mice received MCTRI at |ug/mouse, followed by boosted 100ng/mouse every other day. ELISA kits measuring the expression of TNF-a (A), IL-
1B (B), IL-6 (C) and TGF-B (D) were shown. Date are presented as the mean +SEM. n=5. *P < 0.05, **P < 0.01.
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of 1pg in BLM-induced lung fibrosis in mice, so we chose
lug/mouse as the dose for the subsequent experiments.

MCTRI Reduced the Production of
Cytokines Related to Inflammation and

Fibrosis

The release of inflammatory and fibrotic factors is essen-
tial for the progression of fibrosis. Subsequently, we exam-
ined the expression of inflammatory mediators including
TNF-a, IL-1B and IL-6 and fibrosis regulatory cytokine
TGF-B in the lung tissue in mice in each group. The
protein concentrations of cytokines we tested were all
much higher than those in lung tissue from the saline
group mice. MCTR1 reduced these molecules dramatically
after the lung fibrosis model establishment (Figure 2A-D).

MCTRI Protected BLM-Induced
Epithelial Cells Destroy and Reduced
Collagen Deposition

Alveolar Type II epithelial cell (ATII) is critical to main-
tain the alveolar function. We evaluated the effect of
MCTRI on ultrastructural changes of ATII through trans-
mission electron microscope (TEM). The images showed

that BLM-induced ATII structure destroyed including
lamellar body swelling and vacuolation (Figure 3A) and
amounts of collagen deposition in interstitial (Figure 3B).
Treatment with MCTR1 significantly ameliorated BLM-
induced ultrastructural changes. In addition, the concentra-
tion of hydroxyproline in the lung tissues was detected. As
observed, MCTR1 reduced the elevated hydroxyproline
level in the lung tissues in mice (Figure 3C).

MCTRI Inhibited Epithelial-to-
Mesenchymal Transition in vivo After
BLM Challenge

EMT-derived myofibroblasts were believed to be the major
contributor to fibrosis. The lung tissue was isolated from
mice and then measured the level of EMT markers. BLM
reduced E-cadherin (epithelial marker) in mRNA level and
enhanced a-SMA and N-cadherin (mesenchymal markers)
mRNA expression in the lung tissues and MCTRI
reversed the changes induced by BLM (Figure 4A—C).
The alterations of a-SMA and E-cadherin in the lung
tissues were also evaluated at the protein level.
Immunoprecipitated protein analysis showed MCTR1 had

the same effect on those markers (Figure 4D-F).

BLM+MCTR1

Hydroxyproline (ug/g)

Figure 3 MCTRI protected BLM-induced epithelial cells destroy and reduced collagen deposition. Mice were treated with bleomycin (BLM, 2.0mg/kg, i.t.) or the same
volume saline on day 0. From day 7, mice received MCTRI at |ug/mouse, followed by boosted 100ng/mouse every other day. Representative images of transformation
electron microscope of type Il alveolar epithelial cells ultrastructural analyses (A) and collage deposition (B) were shown. The arrow indicates lamellar bodies (A) and
collagen (B), scar bar: 0.5um (A) and Ium (B). (C) The contention of hydroxyproline in the lung tissues of mice in each group. Date are presented as the mean +SEM. n=5.

*P < 0.05, P < 0.01.
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Figure 4 MCTRI inhibited epithelial-to-mesenchymal transition in vivo after BLM challenge. Mice were treated with bleomycin (BLM, 2.0mg/kg, i.t.) or the same volume
saline on day 0. From day 7, mice received MCTRI at |pug/mouse, followed by boosted 100ng/mouse every other day. After 21 days, lung tissues were processed to measure
the mRNA levels and protein levels of EMT markers by RT-PCR and Western blot respectively. The mRNA levels of mesenchymal markers a-SMA (A) and N-cadherin (B),
and epithelial marker E-cadherin (C) in mouse lung tissues were shown. Representative the protein blotting images of 0-SMA and E-cadherin (D) in the lung tissues in mice
of each group and summarized data (E and F) were shown. Date are presented as the mean +SEM. n=5. *P < 0.05, **P < 0.01.

MCTRI Restored Lung Function in
BLM-Induced Lung Fibrosis in Mice

In clinical, lung function test was often used to evaluate
condition change in patients with pulmonary fibrosis. In
our experiment, two kinds of respiratory system patterns
were used to assess the respiratory function of mice.
Compared with the saline group, IC of the fibrosis group
mice was reduced significantly, whereas MCTRI1 increased
IC (Figure 5A). Pressure-volume curve (P-V loop) is an
important indicator to assess lung compliance. Our date
showed that the P-V loop curve in lung fibrosis mice was
markedly reduced compared with the saline group (Figure
5B). At the same time, Cst, A and K were decreased sig-
nificantly in fibrotic mice. Moreover, these changes were
reversed after MCTR1 treatment (Figure SC-E).

MCTRI Enhanced Survival Rate of Lung

Fibrotic Mice

Finally, we assessed the protective effect of MCTR1 via
survival rate. Mice were administrated with BLM at
a higher dose (2.5 mg/kg) to get a more severe lung

fibrosis mice model. Our result showed that BLM induced
fibrotic mice death from day 11 after BLM administration,
and MCTR1 improved lung fibrotic mice survival rate
significantly (p=0.0023) (Figure 6).

Discussion
MCTRI1 is a macrophage-derived lipid mediator which
promotes the resolution of inflammation. In our previous
study, we determined that lung fibrosis was initially
formed on day 7 after BLM administration with the evi-
dences of lung histological fibrotic changes and lung
dysfunction."' Here, MCTR1 was administrated by intra-
peritoneal injection on day 7 after BLM challenge to
explore its potential effects in the fibrotic phase. We
demonstrated post-treatment with MCTR1 showed benefi-
cial effects on BLM-induced mice model of lung fibrosis.
The formation of fibrosis is essential against pathogens
and in normal wound healing in the body.'> In
a pathological fibrosis process, pro-inflammatory triggers
often exaggerate cascades of inflammatory and fibrotic
changes, resulting in downstream fibrotic tissue abnormal
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Figure 5 MCTRI restored lung function in BLM-induced lung fibrosis in mice. Mice were treated with bleomycin (BLM, 2.0mg/kg, i.t.) or the same volume saline on day 0.
From day 7, mice received MCTRI at |pg/mouse, followed by boosted 100ng/mouse every other day. Then lung function was measured by the flexiVent system. (A)
inspiratory capacity (IC), (B) Pressure-volume loop curves (P-V loop), (C) static compliance (Cst), (D) A (total lung capacity), (E) K (form of deflating P-V loop) were

shown. Date are presented as the mean +SEM. n=5. *P < 0.05, **P < 0.01.

remodeling and extracellular-matrix deposition, finally
promote fibrosis formation and organ dysfunction.'® It is
well known that PF is an irreversible response, but
recently, a growing number of studies have shown that
fibrosis could be reversed to some extent in experimental
lung fibrosis animal models."*!” This could be due to the
fact that fibrosis is a dynamic process including a reversal
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Figure 6 MCTRI enhanced survival rate of lung fibrotic mice. Mice were treated
with bleomycin (BLM, 2.5 mg/kg, i.t.) or the same volume saline on day 0. From day
7, mice received MCTRI at |pg/mouse, followed by boosted 100ng/mouse every
other day. The survival curve was shown. n=8, **P < 0.01.

stage and an irreversible stage. Our results showed that
experimental lung fibrosis mice are subjected to early
intervention efficiently, promoting fibrosis reversal.

Our results showed that MCTR1 reversed lung fibrosis
in mice according to the results of histological staining
analysis. Histomorphology change of lung sections is an
important indicator for evaluating fibrosis. It was used to
assess the efficacy of MCTRI1 at different doses in our
study. We performed the experiment without the MCTR1
only group, because our previous study has identified
treatment with MCTRI1 alone in mice showed little differ-
ence from the control group mice.®

Tissue fibrosis is a common outcome in chronic inflam-
matory diseases.'® Previous studies showed that many innate
pro-inflammatory cytokines have crucial roles in the patho-
genesis of fibrosis.'>?® The expression of several cytokines
strongly related to inflammatory was significantly reduced by
MCTRI1 in BLM-induced mice, including IL-6, IL-1 and
TNF-0. The mechanism could be MCTR1 remit the lung
fibrosis by promoting the resolution of inflammation in BLM
mice model.
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One hallmark of fibrosis is excessive deposition of the
extracellular matrix. TGF-$ is a key mediator associated
with pulmonary fibrosis, which contributes to activate the
fibroblasts and promote EMT on alveolar epithelial cells,
stimulating ECM synthesis and deposit.®' In our results, the
level of TGF-f was decreased by MCTRI in fibrotic mice
on the basis of ELISA. The result agrees with the above
evidences that MCTRI could reverse lung fibrosis in BLM-
induced mice, partly by reducing the expression of TGF-p.

The EMT program of alveolar epithelial cells leads to
a vicious cycle of damage and host response, leading to
chronic lung fibrosis.”> We explored whether it could inhibit
BLM-induced EMT. In our work, we proved that the expres-
sions of mesenchymal markers a-SMA and N-cadherin were
increased and the expression of epithelial marker E-cadherin
was decreased in BLM-induced mice and MCTRI1 reversed
these changes after BLM administration. It is suggesting that
MCTRI1 performs a beneficial effect on fibrosis, probably
through regulating the process of EMT.

Most importantly, we identified that post-treatment
with MCTR1 ameliorated lung dysfunction and enhanced
the survival rate of experimental lung fibrosis mice sig-
nificantly. Lung function test is vital for assessment of

1.23

respiratory disease for clinical.” The patients and animal

models with lung fibrosis are characterized by ventilatory-
limitation, specific to IC, compliance and P-V loop.***
Consistently, we found that MCTR1 improved fibrotic

respiratory dysfunction induced by BLM.

Conclusion

In conclusion, our results elucidate that the beneficial
effect of MCTR1 on BLM-induced lung fibrosis in mice.
We found that post-treatment with MCTR1 reversed BLM-
induced inflammatory and fibrotic response, protected
BLM-induced epithelial cells destroy and EMT in lung
tissue, and improved fibrosis mice lung function and sur-
vival rate. These results have significant meaning to future
efforts in developing a novel approach for treating lung
fibrosis by targeting MCTR1 actions.
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