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Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive and fatal lung disease characterized by extensive extracellular matrix
(ECM) deposition by activated myofibroblasts, which are specialized hyper-contractile cells that promote ECM remodeling
and matrix stiffening. New insights on therapeutic strategies aimed at reversing fibrosis by targeting myofibroblast fate are
showing promise in promoting fibrosis resolution. Previously, we showed that a novel adipocytokine, omentin-1, attenuated
bleomycin (BLM)-induced lung fibrosis by reducing the number of myofibroblasts. Apoptosis, deactivation, and reprogram-
ming of myofibroblasts are important processes in the resolution of fibrosis. Here we report that omentin-1 reverses estab-
lished lung fibrosis by promoting mechanically activated myofibroblasts dedifferentiation into lipofibroblasts. Omentin-1
promotes myofibroblasts lipogenic differentiation by inhibiting dimerization and nuclear translocation of glycolytic enzymes
pyruvate kinase isoform M2 (PKM?2) and activation of the downstream Yes-associated protein (YAP) by increasing the
cofactor fructose-1,6-bisphosphate (F1, 6BP, FBP). Moreover, omentin-1 activates proliferator-activated receptor gamma
(PPARY) signaling, the master regulator of lipogenesis, and promotes the upregulation of the lipogenic differentiation-related
protein perilipin 2 (PLIN2) by suppressing the PKM2-YAP pathway. Ultimately, omentin-1 facilitates myofibroblasts trans-
formation into the lipofibroblast phenotype, with reduced collagen synthesis and enhanced degradation properties, which
are crucial mechanisms to clear the ECM deposition in fibrotic tissue, leading to fibrosis resolution. Our results indicate
that omentin-1 targets mechanical signal accelerates fibrosis resolution and reverses established lung fibrosis by promoting
myofibroblasts lipogenic differentiation, which is closely associated with ECM clearance in fibrotic tissue. These findings
suggest that targeting mechanical force to promote myofibroblast lipogenic differentiation is a promising therapeutic strategy
against persistent lung fibrosis.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, pro-
gressive and non-reversible interstitial lung disease,
characterized by progressive dyspnea, bilateral intersti-
tial infiltrates, and restrictive physiology on pulmonary
function testing [1]. Epidemiological studies reveal that
the incidence of IPF is estimated between 5 and 20 cases
per 100,000, with a mean survival of 3-5 years following
diagnosis [2]. There are only two medications, pirfenidone
and nintedanib, for IPF, approved by the Food and Drug
Administration, which can modestly lower the rate of lung
function deterioration but do not halt or reverse disease
progression or reduce mortality [3, 4]. For the translational
medical research on pulmonary fibrosis in vivo, there is
an urgent requirement for treatments that can not only
alleviate reversible models of pulmonary fibrosis but also
accelerate its regression and reverse the degree of pulmo-
nary fibrosis in non-reversible models, which are more
representative of the pathogenesis of IPF.

Extensive extracellular matrix (ECM) plays an essential
role in perpetuating fibrotic pathologies [5]. Therefore, the
locoregional clearance of the intrapulmonary ECM is of
utmost importance to reverse the progression of this dev-
asting disease [6]. Myofibroblasts play an important role in
the synthesis of ECM and in force generation, which, dur-
ing the normal tissue repair process, results in wound heal-
ing and ECM reorganization, and is also a critical compo-
nent in the formation of fibrosis [7]. The fate of activated
myofibroblasts in injured tissue may ultimately determine
whether normal healing occurs or progression to end-stage
fibrosis occurs. Targeting myofibroblast apoptosis, deac-
tivation or cellular immunoclearance are new therapeutic
strategies aimed at reversing fibrosis [8]. Recent research
showed that metformin alters the fate of myofibroblasts
and accelerates fibrosis resolution by inducing myofibro-
blast deactivation and transition to a lipofibroblast phe-
notype, which is a relatively quiescent fibroblasts form
with upregulation of proliferator-activated receptor gamma
(PPARY) and intracellular lipid droplets [9]. Single-cell
transcriptomics and recent studies have shown that lipofi-
broblasts are a poorly differentiated phenotype that synthe-
size less collagen than myofibroblasts [10—12], however,
the effect or mechanism of lipofibroblasts on the regula-
tion of collagen synthesis and degradation in pulmonary
fibrosis remain unknown.

Omentin-1, also known as “intelectin-1,” an adipokine
encoded by the ITLN1 gene, is a recently identified
adipokine that regulates inflammation, vasomotor and
endothelial function, cell proliferation, apoptosis, and
cell differentiation [13]. A single-dose bleomycin (BLM)-
induced pulmonary fibrosis animal model is widely used
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in lung fibrosis research, which leads to ECM deposition,
and the development of fibrosis in lung tissue with a fibro-
sis peak around 14-21 days following BLM administra-
tion, which then spontaneously resolves [12, 14, 15]. Our
previous study indicated that omentin-1 was significantly
upregulated at 21 days following BLM stimulation. How-
ever, omentin-1 deletion exacerbated BLM-induced pul-
monary fibrosis, and overexpression of omentin-1 attenu-
ated lung injury [16] and pulmonary fibrosis [17]. These
findings indicated that omentin-1 could potentially be used
as an antifibrosis treatment, while the role and mechanism
of the increased omentin-1 level during the fibrosis peak
stage of the reversible fibrosis model are unknown. Moreo-
ver, the effect of omentin-1 on non-reversible pulmonary
fibrosis and IPF is unknown.

Based on these findings, we further hypothesized that
the increased level of omentin-1 during the fibrosis peak
stage could be an important endogenous factor in pro-
moting the resolution of reversible pulmonary fibrosis
induced by single-dose BLM, and exogenous supplemen-
tation of omentin-1 may reverse established lung fibro-
sis in a non-reversible model. Here, we demonstrate that
omentin-1 was significantly increased during the regres-
sive fibrotic stage 42 days following single-dose BLM
stimulation, by which time the degree of fibrosis largely
resolved. Overexpression of omentin-1 significantly accel-
erates the regression of reversible pulmonary fibrosis at
42 days and promotes the resolution of non-reversible
pulmonary fibrosis. We furthermore show that omentin-1
significantly stimulates myofibroblasts induced by trans-
forming growth factor p (TGF-), or high matrix stiffness
transdifferentiating to lipofibroblasts in vitro, as well as
increases the number of lipofibroblasts in the lung tissues
in both the reversible and non-reversible fibrosis models,
accompanied by a decreased number of a-smooth muscle
actin (a-SMA)* myofibroblasts. Conclusively, omentin-1
upregulates the level of the metabolite fructose-1,6-bis-
phosphate (F1, 6BP, FBP), further reduces the glycolytic
enzyme pyruvate kinase isoform M2 (PKM?2) dimer to
inhibit the binding with Yes-associated protein (YAP)
and its nuclear translocation. We further show that omen-
tin-1 significantly upregulates the lipogenic differentiation
regulator PPARYy, promoting myofibroblasts deactivation
to lipofibroblasts via inhibition of PKM-YAP signaling.
Significantly, we illustrate that an increased number of
lipofibroblasts, which have decreased collagen synthesis
property and increased collagen degradation capacity,
can turnover collagen deposition in fibrotic tissue. Over-
all, these findings indicate the therapeutic potential of
exogenous omentin-1 in treating established lung fibrosis
induced by BLM, which could potentially be translated to
treating IPF patients.
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Materials and methods
Research design

The goals of this study were threefold: to identify the
effect of omentin-1 on reversible and non-reversible lung
fibrosis; to determine whether targeting myofibroblast fate
ameliorates fibrosis; how omentin-1 promotes lipogenic
differentiation of myofibroblast and how lipofibroblast
contributing fibrosis resolution. For in vivo mouse studies,
single-dose BLM-induced reversible lung fibrosis, non-
reversible fibrosis including repetitive BLM injured model
and single-dose BLM in aged mice model were chosen
as well-established and relevant models of lung fibrosis.
Sample sizes were calculated by power analysis based on
previous experience and feasibility. A minimum of four
mice were included in each group. Mice were randomly
assigned to treatment groups. Biochemical and histologi-
cal outcomes were analyzed with the investigator blinded
to the treatment groups and no animals were excluded as
outliers from the reported dataset. In cell-based assays,
we treated fibroblasts stimulated by TGF- or matrix stiff-
ness with omentin-1 and observed a pronounced shift in
their phenotype from myofibroblast to lipofibroblast which
contained lipid droplets. All in vitro and in vivo experi-
ments were performed in three to four technical replicates.
The number of biologically independent samples and/or
biologically independent experiments is identified in each
figure legend.

Animal experiments

All animals were housed under specific pathogen-free
(SPF) conditions with free access to food and water.
Briefly, for the reversible model, male C57BL/6j mice
(8 weeks, 21-24 g) received an intratracheal instillation
of BLM (1.25 mg/kg, Nippon Kayaku, Tokyo, Japan).
Omentin-1 treated group mice were intravenously injected
with 100 pL of Adenovirus-ITLNI (Ad-ITLNI) suspen-
sion (virus titer > 10° PFU/mL) blend with 100 pL normal
saline at 11 days and 25 days after BLM challenge. Con-
trol mice and peak fibrosis (14 d.p.i) or reversible-fibro-
sis (42 d.p.i.) mice were injected with an equal volume
of Ad-p-gal suspension. For the repeated injury model,
8 weeks male mice were subjected to oropharyngeal aspi-
ration (OPA) of saline or BLM (1.0 mg/kg) once per week
for 8 weeks. Ad-ITLNI or Ad-B-gal was administrated
at 25 d.p.i and 39 d.p.i. For non-regression pulmonary
fibrosis model in aging mice, 18-24 months mice were
intratracheally injected with BLM (1.25 mg/kg) to induce
pulmonary fibrosis, Ad-ITLNI or Ad-p-gal was injected

at 11 d.p.i. Lungs were harvested on day 21. All animal
experiments were approved by the local authorities (The
ethics committee of the Central South University Science
Research Center; Changsha, China) and performed in
accordance with the guidelines of the National Institutes
of Health for the Care and Use of Laboratory Animals.

Polyacrylamide hydrogels (PAAm)

Polyacrylamide hydrogels were prepared as described previ-
ously [18]. Briefly, prepare chlorosilylated glass slides, mix
40% w/v acrylamide and 2% w/v bisacrylamide to obtain a
final concentration ratio of 3:0.11 (0.4 kPa), 7.5:0.05 (1.6),
12:0.24 (25 kPa) or 12:1 (100 kPa) to prepare PAAm gels,
mixed with TEMED and ammonium persulfate to polymer-
ize the gels. Quickly transfer 50 pL of solution to the hydro-
phobic slide and cover it with treated cover glass. After
polymerized, the gels were rinsed three times with 50 mM
HEPES (pH 8.5). Active hydrogels with 0.25 mg/ml sulfo-
SANPAH (ProteoChem, USA) under 365 nm UV light, next
coated with 40 ug/ml collagen overnight at 4 °C. The gels
were sterilized with ultraviolet light and washed with PBS
before cell inoculation. Atomic force microscopy was used
to determine the stiffness of the hydrogels by indentation.

Cell culture

Mouse Fibroblast cell line NIH/3T3 was purchased from
Procell Life Science & Technology (Wuhan, China). Cells
were maintained at 37 °C, 5% CO, in Dulbecco modified
eagle medium (DMEM; Procell) supplemented with 10%
fetal bovine serum (FBS; Sigma), 0.2% NaHCO3, 100 pg/ml
streptomycin, and 100 IU/ml penicillin. For TGF-f1 activa-
tion, cells were pretreated for 1 h with recombinant omen-
tin-1 (500 ng/ml, R&D Systems, USA) and were activated
by culturing in TGF-p1 (10 ng/ml) for 48 h. For stiff matrix
pre-activation, cells were cultured on the soft or stiff matrix
for 48—72 h and then omentin-1 (500 ng/ml) administra-
tion for another 48—72 h. In some experiments, GW9662
(10 uM, Selleck, China) was added for 2 h to show the effect
of inhibition of the PPARY pathway. FBP (0.6 mM, Apexbio,
China) was used for supplementation.

Plasmid transfections

YAP1 (GenBank accession no. NM-001171147) cDNA
was synthesized by GENECHEM (Shanghai, China) and
constructed into pIRES2 vector. Cells were grown to 70%
confluence and transfected with 1 pg of the YAP1 plasmid
or control vector using Lipofectamine 3000 (Invitrogen)
according to the manufacturer's instructions.
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Histological assessment of pulmonary fibrosis

Lung tissues were fixed in 4% paraformaldehyde in Phos-
phate Buffer Saline (PBS), embedded in paraffin. Hematoxy-
lin and eosin (H&E) and Masson’s trichrome staining were
performed using standard procedures.

RNA extraction and q-PCR experiments

Total RNA from cell samples was isolated using TRIzol
reagent (Takara, Japan) and reversed transcribed using
a 5x TransScript® Uni All-in-One SuperMix for gPCR
(Transgene, China) according to the manufacturers’ instruc-
tions. Real-time PCR was performed using PerfectStart®
Green qPCR SuperMix (Transgene, China) and detected
with a Bio-Rad real-time PCR system (CFX96 Touch™,
Bio-Rad, USA). Relative gene expression was expressed as
the relative fold of expression level in the control group. The
primer sequences for omentin-1, a-SMA, collagen I (Col 1),
and collagen III (Col 3), fibronectin (FN), PLIN2, LOXL1,
LOXL3, LOXL4, CTSK, PLAT, PLAU, MMP14, HK2,
PKM2, LDHA, PPARY were listed in Table S1.

Immunoblot, non-denaturing PAGE
and co-immunoprecipitation

Total protein lysates were prepared in cold RIPA lysis buffer
(Bioss, China) containing a proteinase inhibitor cocktail
(Apexbio, USA) for 30 min. Lysates were clarified by cen-
trifugation at 12,000xg for 10 min. 20 pg protein per sample
was separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to polyvi-
nylidene fluoride (PVDF) membranes, and then probed
with the indicated antibodies overnight at 4 °C. B-Actin or
B-tubulin was used as a loading control. HRP-conjugated
anti-rabbit IgG (1:5000; Signalway Antibody, USA) and
HRP-conjugated anti-mouse IgG (H+L) (1:5000; Signal-
way Antibody, USA) were used as secondary antibodies for
1 h at room temperature (RT). Subsequently, membranes
were covered with enhanced chemiluminescence reagents
(Cwbio, China) and imaged immediately using ChemiDoc
XRS + (Bio-Rad Laboratories). The primary antibodies were
as follows: anti-p-actin (1:3000; Proteintech, China), anti-f3-
tubulin (1:5000; Proteintech, China), anti-a-SMA (1:1000;
Servicebio, China), anti-collagen III (Col 3) (1:1000; Pro-
teintech, China), anti-collagen I (Col 1) (1:1000; Protein-
tech, China), anti-Fibronectin (FN) (1:1000; Proteintech,
China), anti-HK?2 (1:1000; Cell Signaling Technology,
USA), PKM2 (1:3000; Cell Signaling Technology, USA)
and LDHA (1:1000; Cell Signaling Technology, USA).
For CO-IP, crude lysates of 1 x 107 cells were incubated
with Protein A/G Plus-SefinoseTM Resin (Sangon Biotech,
China) according to the manufacturer’s instructions. Briefly,
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cell/tissue lysates were incubated with capture buffer con-
taining 1 ug YAP antibody (Santa cruz, USA) and shaken
by vibration at RT for 2 h. Beads were washed with wash
buffers 1 and 2 and resuspended in 2 X SDS buffer and pro-
tein—protein complexes were later subjected to Western blot.
For non-denaturing analysis, cells were lysed in an NP40
buffer (150 mM NaCl, 50 mM Tris—HCI pH 7.4, 1% NP40).
Nondenaturing PAGE was performed on 8% (w/v) acryla-
mide nondenaturing gels using 4 X loading buffer without
SDS and p-mercaptoethanol. Membranes were probed with
anti-PKM2 (1:3000, Cell Signaling Technology, USA) and
revealed with HRP-conjugated anti-mouse antibodies.

Immunohistochemistry and immunofluorescence

Mouse lungs were fixed with 4% paraformaldehyde/PBS
solution and embedded in paraffin. 5-um-thick sections
deparaffinized in serial solutions of xylene, gradient etha-
nol and water, followed by antigen retrieval by steaming
in 1 mM EDTA for 5 min in a pressure cooker followed by
a 1 h cooling period to room temperature. The lung sec-
tions were washed with PBS buffer and blocked with 5%
BSA for 30 min. Next, blocked samples were incubated
with mouse anti-a-SMA (1:200; Servicebio, China), anti-
collagen I (1:200, Proteintech, China), anti-PLIN2 anti-
body (1:200, Abcam, USA) and vimentin antibody (1:200,
HUABIO, China) overnight at 4 °C followed by exposure
to species-appropriate secondary antibodies anti-rabbit IgG
(Alexa Fluor 488 conjugate) (1:200, Proteintech, China) or
Alexa Fluor® 594 AffiniPure Goat Anti-Mouse IgG (H+L)
(1:200, Jackson ImmunoResearch, USA) in PBS for 1 h at
room temperature. Slides were then counterstained with
nuclear dye DAPI and mounted. For cell immunofluores-
cence, cells were grown on coverslips or hydrogels coated
coverslips and The fixed with 4% paraformaldehyde for
15 min and permeabilized with 0.01% Triton. The cells were
blocked with 5% BSA for 30 min, and stained overnight at
4 -C with indicated antibodies and secondary antibodies.
Images were acquired on a fluorescence microscopic imag-
ing system (Leica, Germany).

For Immunohistochemistry, after paraffin tissue sections
were deparaffinized and repaired by a pressure cooker, then
incubated with 3% hydrogen peroxide for 10 min to inhibit
endogenous peroxidase activity. The sections were stained
with primary antibodies against PKM2 (1:400, Cell Sign-
aling Technology, USA), phospho-PKM?2 (Tyr105) (1:400,
Affinity, China), PLIN2 (1:200, Abcam, USA) or PPARYy
(1:200, Zen-bioscience, China) overnight at 4 °C, followed
by incubation with an HRP-conjugated secondary antibody
(1:100; Sigma-Aldrich, USA) at room temperature for
30 min. DAB staining is implemented, hematoxylin is used
to indicate nucleus.
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Collagen hybridizing peptide (CHP) staining

To visualize the degraded collagen, CY3-CHP (3Helix,
USA) analysis is implemented according to the manufac-
turer's instructions. Removing the embedding of paraffin
with standard procedures. Block sections with 5% BSA.
Heat the dilute CHP solution (15 pM) in a sealed microtube
at 80 °C for 5 min. Quench the solution to room temperature
and incubate the tissues with the staining solution at 4 °C
overnight. Images were captured with a Leica microscope.

Nile red staining for lipid droplets

Cells were fixed in a 4% buffered paraformaldehyde solu-
tion. For lipid droplet staining, cells were incubated with
1 pM Nile Red for 5-10 min at RT. After washing with PBS,
DAPI was used to stain nuclei followed by washes with PBS.
Images were captured with a Leica microscope.

Metabolomics

Cells were freeze-dried and resuspended with prechilled
80% methanol by well vortex. Then the samples were incu-
bated on ice for 5 min and centrifuged at 15,000g, 4 °C
for 15 min. Some of the supernatant was diluted to a final
concentration containing 53% methanol by LC-MS grade
water. The samples were subsequently transferred to a fresh
Eppendorf tube and then were centrifuged at 15,000g, 4 °C
for 15 min. Finally, the supernatant was injected into the
LC-MS/MS system analysis UHPLC-MS/MS analyses were
performed using a Vanquish UHPLC system (ThermoFisher,
Germany) coupled with an Orbitrap Q ExactiveTMHF-X
mass spectrometer (Thermo Fisher, Germany) in Novogene
Co., Ltd. (Beijing, China).

Single-cell transcriptomic analyses

Raw CEL files for GSE135893 were downloaded from
GEO. Data was processed using the Seurat R package. Cell
types were assigned based on the published metadata [19].
Fibroblast counts data were log-normalized, variable genes
quantified and principal component analysis performed on
these variable genes. The Find markers function in the R
3.6.3 software was used to screen for differentially expressed
genes.

Statistical analysis

All data are presented as means + the standard deviations
(SD). Statistical comparisons between the two groups
were analyzed with an unpaired Student’s t-test. Com-
parisons among multiple groups were analyzed with one-
way ANOVA, followed by the Student—Newman—Keuls

test using GraphPad Prism software (GraphPad Software,
San Diego, CA). Correlation between variables was deter-
mined using a Pearson correlation analysis. The difference
between groups was significant if p <0.05.

Results

Omentin-1 accelerates regression of single-dose
BLM-induced self-resolving pulmonary fibrosis

Single-dose BLM-induced pulmonary fibrosis is charac-
terized by spontaneous resolution of the fibrosis, starting
approximately 14-21 days post instillation (d.p.i.) [12, 14,
15]. Hematoxylin and eosin (H&E) and Masson staining
demonstrated that destruction of the lung structure and
accumulation of collagen in the lung tissue were signifi-
cantly attenuated at 42 d.p.i. when compared to that at
14 d.p.i. and 21 d.p.i. (Fig. 1a). Furthermore, the Ashcroft
score, which is used to grade lung fibrosis, showed a sig-
nificantly decreased at 42 d.p.i. (Fig. 1b). In our previous
study, the mRNA level of omentin-1 increased in BLM-
induced lung fibrosis at both 14 d.p.i. and 21 d.p.i. [17].
Here, the mRNA level of omentin-1 was further upreg-
ulated at 42 d.p.i. (Fig. 1c). Collectively, our research
showed that the gene expression of omentin-1 was nega-
tively correlated with the Ashcroft score (Fig. 1d), indicat-
ing that the increased expression of omentin-1 may be an
endogenous antifibrosis factor responsible for promoting
the resolution of pulmonary fibrosis.

Our previous study indicated that omentin-1 deletion
exacerbated BLM-induced pulmonary fibrosis, and overex-
pression of omentin-1 attenuated pulmonary fibrosis at the
fibrotic peak stage prior to self-regression [17]. To further
investigate its potential role in the regression process, we
examined the effect of omentin-1 overexpression on fibro-
sis regression at 42 d.p.i. in the single-dose BLM-induced
self-resolving pulmonary fibrosis model (Fig. le, f). Prior
to this, it has been demonstrated that overexpression of
omentin-1 does not affect the structure of lung tissue nor
the deposition of collagen within the interstitial (Fig. S1A,
B). Fibrosis resolution at 42 d.p.i. was confirmed using
H&E and Masson staining, and was further accelerated by
overexpression of omentin-1 (Fig. 1g). Moreover, a signifi-
cant downregulation of ECM components, including col-
lagen I (Col 1), collagen IIT (Col 3) and fibronectin (FN)
were observed at 42 d.p.i. compared to that at 14 d.p.i.,
and omentin-1 overexpression further reduces these ECM
components at both the mRNA and protein levels (Fig. 1h,
i). These results indicated that omentin-1 accelerates the
regression of self-resolving pulmonary fibrosis.
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Fig.1 Omentin-1 accelerates regression of pulmonary fibrosis in
reversible model. (a) Representative micrographs of H&E and Mas-
son staining of lung sections, scale bar=50 pm (n=6). (b) Ashcroft
score to grade fibrosis scale (n=6). (c) The mRNA level of omen-
tin-1 in the different phases of fibrotic lung tissue of mice detected
by qPCR (n=6). (d) The correlation between Ashcroft score and
omentin-1 mRNA level following BLM injury. (e) Schematic for
single-dose BLM-induced reversible fibrosis model and overexpres-

Omentin-1 reverses BLM-induced non-reversible
pulmonary fibrosis

IPF is an age-associated progressive fibrotic interstitial lung
disease. Thus, non-reversible models are more comparable
to the pathogenesis of IPF and more representative for test-
ing the treatment strategies. Researches shows that repetitive
intranasal BLM instillation in young mice [20] and single-
dose BLM instillation in aged mice [15] is characterized by
persistent progressive pulmonary fibrosis, with a deficiency
in the capacity for lung fibrosis resolution. These two models
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sion of omentin-1. (f) The mRNA level of omentin-1 in the lung tis-
sue of mice detected by qPCR (n=6). (g) Representative micrographs
of H&E and Masson staining of lung sections, scale bar=50 pm
(n=06). (h) The content of FN and Col 1 in lung tissue detected by
western blotting. f-actin was used as the loading control (n=3). (i)
The mRNA level of Col 3, Col 1, and FN in lung tissue detected by
qPCR (n=3)

were established to investigate whether overexpression of
omentin-1 promotes fibrosis resolution (Fig. 2a, f). Over-
expression of omentin-1 was confirmed by upregulation of
omentin-1 mRNA in the lung tissue of these two models
(Fig. 2b, g). Repetitive intranasal BLM administration in
young mice and single-dose BLM administration in aged
mice induced alveolar wall thickening, dense fibrosis and
interstitial collagen deposition, shown using H&E and Mas-
son staining, which appears to be mitigated by overexpres-
sion of omentin-1 (Fig. 2c, h). Furthermore, the increased
mRNA and protein level of ECM components (Col 1, Col



Omentin-1 induces mechanically activated fibroblasts lipogenic differentiation through... Page70f20 308
A B ITLN1
c 100
BLM(1. k S = -
! (1.0mglkg) ~ | sacrifice ? 2
v VY VY Y vV Vv v A o8
w -
0od 7d 14d 21d ZRd 35d 3A9d 49d 56d(8W) gg
O ~—
. (O]
Young mice Ad-ITLN1 Ad-ITLN1
(o D E ¥

< c
¢ #2 7
> Col Il — ?, 2 %
sl B-actin | - S w— o > 0
» N =
8 «° &8“ “;8“ S &
! o)
PG I | by M g »\x?)\’
Control  BLM8W Ad-ITLN1+BLM 8W \‘\"\ &
v.
F G
g —
BLM(1.25mg/kg) sacrifice w32
2 =
@\ ! 2 — 4 > g3
]
23
od 7d 11d 21d =
A (G)
Aged mice Ad-ITLN1 &
00
| J Col 1a1 Col 3
c 50 6 [
_____ S5 -
O* 5 4
c D10 .
QO ~
({éo Q\’® Q\IQ o 0 0 le T T
O X \
O
\«“\ RORON Y
S _ oo b.\" o & 3\,‘0
Control BLM  Ad-ITLN7+BLM v 3 <
¥ W

Fig.2 Omentin-1 reverses non-reversible pulmonary fibrosis. (a, f)
Schematic for non-reversible fibrosis preparation procedure includ-
ing repetitive BLM injured model and single-dose BLM in aged mice
model. (b, g) The mRNA level of omentin-1 in the lung tissue of
mice detected by gPCR (n=4). (¢, h) Representative micrographs of

H&E and Masson staining of lung sections from indicated groups of
mice, scale bar=50 pm (n=4). (d, i) The content of FN and Col 3
in lung tissue detected by western blotting. -actin or f-tubulin were
used as the loading control (n=3). (e, j) The mRNA level of Col 1,
Col 3, FN in lung tissue detected by qPCR (n=4)
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«Fig.3 Omentin-1 increases lipofibroblasts in reversible and non-
reversible fibrotic lung tissue. (a, f, k) Immunohistochemistry stain-
ing of PLIN2 in the lung tissue of mice, scale bar=50 pm (n=3). (b,
g, 1) The mRNA level of PLIN2 in the lung tissue detected by qPCR
(n>4). (¢, h, m) Immunofluorescent double-staining of vimentin
(Red) and PLIN2 (Green) of lung sections of mice, scale bar=50 pm
(n=3). (d, I, n) Quantification of the percentage of lipofibroblasts
in fibroblast (Vimentin"PLIN2" cells/Vimentin® cells) according to
immunofluorescent image. (e, j, 0) The correlation between PLIN2
and omentin-1 mRNA level following BLM injury

3 and FN) following BLM insult in these two models were
also diminished by omentin-1 overexpression (Fig. 2d, e,
i, j). Together, all these results demonstrate that omen-
tin-1 effectively promotes the regression of non-reversible
fibrosis.

Omentin-1 accommodates regression of pulmonary
fibrosis by increasing lipofibroblasts in fibrotic lung
tissue

Myofibroblasts are the most important effector cells in pul-
monary fibrosis pathogenesis, which is characterized by a
high level of a-SMA. Our previous work showed that the
number of a-SMA™ myofibroblasts decreased following
omentin-1 administration in the self-resolving pulmonary
fibrosis model [17]. Concordantly, the number of myofibro-
blasts was also downregulated by omentin-1 overexpres-
sion in both the reversible and non-reversible lung fibrosis
models in this study. Furthermore, the gene expression of
omentin-1 was inversely proportional to the mRNA level of
a-SMA in three fibrosis models (Fig. SIC-N).

Apoptosis, deactivation, and reprogramming of myofibro-
blasts are important processes in the resolution of fibrosis
[8]. As the above results show, there is a significant decrease
in the number of myofibroblasts in lung fibrosis tissue fol-
lowing overexpression of omentin-1 in vivo. Research
shows that activated myofibroblasts can dedifferentiate into
lipofibroblasts (lipogenic differentiation) during fibrosis
resolution which is a relatively quiescent fibroblast [12].
Subsequent studies have confirmed that metformin pro-
motes lipogenic differentiation of lung myofibroblasts to
reverse lung fibrosis [9]. To verify whether lipogenic dif-
ferentiation is involved in the accelerated resolution process
of the reversible fibrosis model caused by omentin-1, we
analyzed the level of the lipogenic differentiation marker
perilipin 2 (PLIN2) and the number of PLIN2* lipofibro-
blasts in the lung tissue. Immunohistochemistry and quanti-
tative polymerase chain reaction (QPCR) results showed that
BLM decreased the level of PLIN2 at 14 d.p.i., PLIN2 then
increased in the fibrosis resolving phases at 42 d.p.i. and
was effectively further upregulated by omentin-1 (Fig. 3a,
b). In addition, BLM stimulation diminished the number of
lipofibroblasts at the peak of fibrosis at 14 d.p.i., indicated

by PLIN2 (green) and vimentin (red) double staining. Sub-
sequently, an augmented number of PLIN2*vimentin® lipofi-
broblasts emerged at 42 d.p.i., which was further increased
by overexpression of omentin-1 (Fig. 3c, d). Moreover, we
obtained theoretically consistent results in the two of non-
reversible fibrosis models. Decreased levels of PLIN2 and
numbers of lipofibroblasts were observed following BLM
administration, which were effectively recovered by omen-
tin-1 (Fig. 3f-i, k—n). Notably, there was a significant posi-
tive correlation between the gene expression of omentin-1
and PLIN2 (Fig. 3e, j, 0). Collectively, these results indicate
that omentin-1 may lead to fibrosis regression by increasing
the number of lipofibroblasts in fibrotic lung tissue.

Omentin-1 induces lipogenic differentiation of lung
myofibroblasts in vitro

We previously demonstrated that omentin-1 pretreatment
reduces the expression of a-SMA, Col 1, and FN in TGF-
B1-activated myofibroblasts [17], which is consistent with
the results of this study (Fig. S10, P). In addition, omen-
tin-1 promotes the expression of the lipogenic differentia-
tion marker PLIN2 in myofibroblasts activated by TGF-p1,
indicating omentin-1 may induce lipogenic differentiation of
myofibroblasts (Fig. S1Q). Matrix stiffness plays a critical
role in the development of fibrosis. For instance, Young’s
modulus of the normal lung tissues is 0.4—5 kPa, which is
elevated to 25 kPa in fibrotic lungs [18, 21]. To explore the
effect of omentin-1 on activated myofibroblast stimulated
by increased stiffness, we established in vitro pre-activation
myofibroblast model using polyacrylamide hydrogels [18].
Consequently, high stiffness-induced myofibroblasts activa-
tion was indicated by the upregulated protein levels of colla-
gen and a-SMA (Fig. 4a, b). Omentin-1 was administered to
fibroblasts cultured on both soft and stiff substrates (Fig. 4c).
The results indicated that omentin-1 elicits minimal effects
on quiescent fibroblasts on a soft matrix, but effectively
reversed the increased level of a-SMA and FN and blunted
the induction of Col 3 mRNA in high matrix stiffness-treated
fibroblasts (Fig. 4d, e). Actin filament (F-actin) assembly
can contribute to high contraction and cell tension in myofi-
broblasts. Phalloidin stainning for F-actin demonstrated that
high matrix stiffness-induced high F-actin assembly could be
reversed with omentin-1 (Fig. 4f). Our results showed that
omentin-1 increases the number of lipofibroblasts in vivo,
suggesting it likely controls the fate of myofibroblasts that
have been deactivated into lipofibroblasts. Fluorescence
staining showed that omentin-1 administration decreased
the number of a-SMA™ myofibroblasts and increased the
number of PLIN2" lipofibroblasts as well as the mRNA
level of PLIN2 in stiffness-stimulated fibroblasts (Fig. 4g—i).
Moreover, omentin-1 significantly increases the quantity of
lipid droplets in stiffness-stimulated fibroblasts, which is a
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Fig.4 Omentin-1 promotes myofibroblast lipogenic differentiation in
vitro. (a) The content of Col 3 and a-SMA expression in fibroblasts
cultured on 0.4, 1.6, 25 and 100 kpa hydrogels detected by western
blotting, GAPDH was used as the loading control (n=3). (b) Immu-
nofluorescent staining of a-SMA (Red) (scale bar=50 pm) and Coll
(Green) (scale bar=25 pm) in fibroblasts cultured on 1.6 kpa (soft)
and 25 kpa (stiff) hydrogels (n=3). (¢) Schematic for fibroblasts acti-
vated by stiff matrix and treated with omentin-1. (d) The content of
FN and o-SMA in fibroblasts detected by western blotting, B-actin
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soft

stiff

was used as the loading control (n=3). (e) The mRNA level of Col
3 in fibroblasts detected by qPCR (n=3). (f) Phalloidin staining of
F-actin in fibroblasts, scale bar=50 pm (n=3). (g, h) Immunofluo-
rescent staining of a-SMA (Red) and PLIN2 (Green) in fibroblasts,
up panel: scale bar=50 pm, low panel: scale bar=25 pm (n=3). (i)
The mRNA level of PLIN2 in fibroblasts detected by qPCR (n=3).
(j) Staining of Lipid droplets with Nile red in fibroblasts, scale
bar=25 pm (n=3)
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characteristic of lipofibroblast (Fig. 4j). These results further
certificate that omentin-1 promotes myofibroblasts deacti-
vated into lipofibroblast cells.

Omentin-1 promotes myofibroblasts lipogenic
differentiation by inhibiting PKM2-YAP signaling

In IPF, there is evidence of upregulation of glycolytic path-
ways [22, 23]. The glycolytic enzyme PKM2 has been found
to regulate fibrosis development and progression by control-
ling glycine auxotrophy in myofibroblasts [24] and contrib-
utes to mechanical ventilation-induced pulmonary fibrosis
[25]. In BLM pulmonary fibrosis mice, both mRNA and
protein level of glycolytic enzymes, such as hexokinase 2
(HK2) and lactate dehydrogenase (LDHA), and in particu-
lar, PKM2, were increased in fibrotic lung tissue, in both
reversible and non-reversible fibrosis models (Fig. 5a, b;
Fig. S2A-D). In the fibrosis-resolved phase, the expres-
sion of these genes decreased and was further expedited
by omentin-1 (Fig. 5a, b; Fig. S2A-D). PKM2 has either a
tetramer configuration with high activity in controlling glu-
cose oxidation or a dimer configuration with low activity in
promoting glycolysis and biosynthesis, both of which can be
transformed to the other [26, 27]. The active PKM2 tetramer
form protects lung fibroblasts from fibrosis progression by
decreasing collagen metabolism [24]. It should be noted that
in the process of fibrosis, the tyrosine-activation of PKM?2 in
fibroblasts controls energy metabolism and cell differentia-
tion. In particular, the phosphorylation of Y105 promotes
the formation of dimeric PKM?2 [28], leading to a glucose
flux into aerobic glycolysis and activating fibroblast trans-
differentiated into myofibroblasts [29]. Immunohistochemi-
cal analysis demonstrated increased PKM?2 and phosphoryla-
tion of PKM?2 Y105 in fibrotic lung tissue that was reversed
by omentin-1 overexpression (Fig. 5¢). These results lead
us to hypothesize that omentin-1 instigates redistribution
of PKM2 dimers and tetramers to reverse myofibroblasts
activation or assists in the lipogenic differentiation pathway.
To further interrogate whether the inhibition of glycolysis
underlies the therapeutic effects of omentin-1 on lipogenesis
in vitro (Fig. 5d), the protein levels of the glycolytic enzymes
HK2, PKM2, and LDHA were analyzed. The upregulation
of glycolytic enzymes in myofibroblasts induced by high
stiffness was inhibited by omentin-1 (Fig. 5e). A significant
increase in the PKM2 dimer proportion was demonstrated
in myofibroblasts cultured on a stiff substrate, which was
reversed by omentin-1 (Fig. 5f). The PKM2 dimer has been
reported to be translocated into the nucleus, binding to the
transcription factor YAP associated with matrix stiffness
[29, 30]. The immunoblotting results indicated that omen-
tin-1 substantially decreased the total YAP protein level in
stiff matrix-activated myofibroblasts (Fig. 5g) and promoted
the translocation of PKM?2 and YAP from the cytoplasm to

the nucleus (Fig. Sh). And the immunofluorescent staining
showed that PKM2 was localized in the cytoplasm on a soft
substrate, while on a stiff substrate there was a strong fluo-
rescent signal overlapping with the nucleus (Fig. S2E). Fur-
thermore, omentin-1 restricts the accumulation of nuclear
YAP induced by high matrix stiffness (Fig. S2F). In addition,
co-immunoprecipitation analyses showed that omentin-1
administration inhibited the stiffness-induced interaction
between PKM2 and YAP (Fig. 5i). Colocalization of the
PKM?2 and YAP immunofluorescence signals in the myofi-
broblasts nucleus were intensified by high matrix stiffness,
which was reversed by omentin-1 (Fig. 5j). These results
demonstrate that in myofibroblasts activated by a stiff sub-
strate, omentin-1 may prevent the interaction of the PKM?2
dimer with YAP and restrict PKM2/YAP translocation activ-
ity to promote lipogenic differentiation of myofibroblasts.

To investigate whether inhibition of YAP underlies the
lipogenic effects of omentin-1 in cells, we generated a YAP-
overexpression plasmid (Fig. 5k). Overexpression was con-
firmed by the upregulation of YAP mRNA levels (Fig. S2G).
YAP overexpression diminished the inhibitory effects of
omentin-1 on myofibroblasts numbers and enhanced the
effect of lipogenesis (Fig. 51, m; Fig. S2G). These results
demonstrate that overexpression of YAP reverses the effect
of omentin-1 on the lipogenic differentiation of myofibro-
blasts. Additionally, the suppression of mRNA expression
of aSMA was significantly observed upon the knockdown
of YAP using small interfering RNA, while the gene expres-
sion of PLIN2 and intracellular lipid droplets increased
(Fig. S2H-J). Interestingly, our metabolomic data revealed
an upregulation of the glycolytic intermediates of FBP
when cells were treated with omentin-1 on stiff substrates
(Fig. 5n). It has been shown that FBP inhibits the phospho-
rylation of Y105 [28] and can trigger a reversible dimer-
to-tetramer conversion of PKM?2 to allosterically activate
PKM2 [31]. FBP supplementation (Fig. 50) significantly
inhibited the combination of PKM2 and YAP (Fig. 5p)
and reduced the mRNA level of Col 1 and YAP (Fig. 5q;
Fig. S2K). Additionally, FBP upregulated gene expression
of PLIN2 in stiffness-activated myofibroblasts (Fig. 5r).
Together, the above results demonstrate that omentin-1
inhibits the PKM2 dimer by upregulating FBP to prevent
the binding to YAP, ultimately promoting myofibroblasts
lipogenic differentiation.

Omentin-1 leads myofibroblasts lipogenic
differentiation by activating PPARy signaling

PPARY is a crucial regulator during lipogenic differentia-
tion. Our results demonstrated that PPARYy was decreased in
fibrotic lung tissue and reversed by omentin-1 overexpression
both in reversible mole and non-reversible models (Fig. 6a,
c—e; Fig. S6A, B) and there is a significant direct correlation
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between omentin-1 and PPARy (Fig. 6B; Fig. S6A, B). Con-
cordantly, stiff substrate stimulation resulted in the downregu-
lation of PPARYy, which was significantly reversed by omen-
tin-1 administration (Fig. 6f). As we previously demonstrated
the ability of omentin-1 promotes lipogenesis via inhibiting
PKM2-YAP signaling, we conducted further investigation
into the impact of YAP on the regulation of PPARY through
the overexpression or knockdown of YAP (Fig. 6g). Overex-
pression of YAP was observed to successfully counteract the
influence of omentin-1 on increasing PPARY gene expression
and PPARY Ser112 phosphorylation, which as demonstrated
in previous research, regulates the lipogenic differentiation of

@ Springer

pulmonary myofibroblasts [9]. Conversely, the knockdown
of YAP led to increased PPARY phosphorylation (Fig. 6h, 1).
Furthermore, inhibition of PPARy with a specific inhibitor
GW9662 (Fig. 6j) reversed the effect of omentin-1 in reducing
the number of myofibroblasts, ECM deposition and in promot-
ing lipofibroblasts differentiation (Fig. 6k—m). These results
indicate that omentin-1 promotes myofibroblasts lipogenic
differentiation by activating PPARY through inhibition of the
PKM2-YAP signaling pathway.
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«Fig.5 Omentin-1 restrains PKM2/YAP translocation activity and
contributes to myofibroblast lipogenic differentiation. (a) The con-
tent of HK2, PKM2 and LDHA in the reversible fibrotic lung tissue
of mice detected by western blotting, f-actin was used as the load-
ing control (n=3). (b) The mRNA level of HK2, PKM2 and LDHA
mRNA level in the reversible fibrotic lung tissue of mice detected
by qPCR (n=3). (¢) Immunohistochemistry staining of PKM2 and
phosphorylation of PKM2 Y105 (Red asterisks) in the reversible
fibrotic lung tissue of mice, scale bar=25 pm (n=3). (d) Schematic
for fibroblasts activated by stiff matrix and treated with omentin-1.
(e) The content of HK2, PKM2 and LDHA expression in fibroblasts
detected by western blotting, f-actin was used as the loading control
(n=3). (f) The PKM2 dimer and tetramer formation in fibroblasts
on soft, stiff matrix and treated with omentin-1. (g) The content of
YAP expression in fibroblasts detected by western blotting, GAPDH
was used as the loading control (n=3). (h) The content of PKM2 and
YAP in the cytoplasm and nucleus of fibroblasts detected by west-
ern blotting, GAPDH or Lamin B1 was used as the loading control
(n=3). (i) The interaction between endogenous YAP and PKM2 in
fibroblasts detected by coimmunoprecipitation assay. (j) Intranuclear
colocalization of endogenous YAP and PKM2 in fibroblasts detected
by immunofluorescent staining, scale bar=25 pm (n=3). (k) Sche-
matic for fibroblasts activated by stiff matrix transfected with spe-
cific plasmid and treated with omentin-1. (I) The mRNA level of
a-SMA and PLIN2 in the negative control (vector) or YAP plasmid
transfected fibroblasts detected by qPCR (n=4). (m) Immunofluores-
cent staining of «-SMA and PLIN2 in transfected fibroblasts, scale
bar=50 pm (n=3). (n) Metabonomic analysis in fibroblasts on stiff
matrix (n=3). (o) Schematic for fibroblasts activated by stiff matrix
replenished with FBP and treated with omentin-1. (p) Intranuclear
colocalization of endogenous YAP and PKM?2 in fibroblasts treated
with FBP detected by immunofluorescent staining. scale bar=25 pm
(n=3) (q, r) The mRNA level of Col 1 and PLIN2 mRNA Ilevel in
fibroblasts following FBP treatment detected by qPCR (n=3)

Omentin-1 eventually reverses pulmonary fibrosis
by regulating collagen synthesis and degradation

The balance between collagen synthesis and the degradation
of myofibroblasts mediates the repair of lung injury, and the
progression and regression of fibrosis [32-34]. Single-cell
transcriptomics and recent studies show that lipofibroblasts
are a phenotype that is poorly differentiated and less colla-
gen-synthesizing [10-12]. Our results showed that the colla-
gen synthesis gene lysyl oxidase-like 4 (LOXL4) mRNA was
upregulated and the collagen degradation-related genes cath-
epsin K (CTSK), tissue-type plasminogen activator (PLAT)
and matrix metallopeptidase 14 (MMP14) were downregu-
lated in activated myofibroblasts while omentin-1 reverses
these conversions (Fig. 7a). Metabolomics analysis also
indicated that omentin-1 reduces the quantity of metabolites
involved in the synthesis of collagen or promotion of fibrosis
such as proline, threonine, hydroxylysine, etc., and increased
the quantity of collagen degradation metabolites such as gly-
cylproline and H-Gly-Pro-OH (Fig. 7b). Overexpression of
YAP and pharmacological inhibition of PPARY reversed the
effects of omentin-1 on collagen synthesis and degradation-
related genes respectively (Fig. 7c, d). In vivo, our results
showed that lysyl oxidase-like 3 (LOXL3) and LOXL4

mRNA increased at the peak of fibrosis, but decreased dur-
ing the resolving phases, and omentin-1 further reduces the
mRNA levels of LOXL3 and LOXL4 (Fig. S3A), indicating
that collagen synthesis gene expression decreases signifi-
cantly during the fibrosis regression phases and omentin-1
further augments it. In contrast, collagen degradation gene
expression increased at 42 d.p.i., and omentin-1 further
increases their expression (Fig. S3B). Collagen hybridiza-
tion peptide (CHP) is a synthetic peptide that can specifically
bind to degraded and denatured collagen molecules, but not
to intact collagen [35]. Omentin-1 reduces intact Col 1 in
fibrotic lung tissue while the fluorescence intensity of CY3-
CHP labeled denatured collagen strands were upregulated
following omentin-1 administration (Fig. 7e), indicating that
omentin-1 inhibits collagen deposition and promotes col-
lagen degradation. In the non-reversible fibrosis model also
showed that omentin-1 decreases collagen synthesis genes
(Fig. S3C, D) and intact Col 1 (Fig. 7f, g), while increasing
the collagen degradation genes (Fig. S3C, D) and denatured
collagen strands (Fig. 7f, g) eventually inhibiting collagen
deposition. The above data indicate that omentin-1 could
decrease collagen synthesize and increase collagen degra-
dation both in vivo and in vitro by inducing myofibroblasts
lipogenic differentiation.

In addition, we reanalyzed the single-cell RNA sequenc-
ing (scRNA-seq) data of pulmonary fibrosis (Gene Expres-
sion Omnibus accession number GSE135893) and anno-
tated clusters using lineage-defining markers to recover 31
cell types in the lung (Fig. 7g). Three subtypes including
fibroblasts, myofibroblasts and PLIN2™" fibroblasts were
screened from the reconstructed human IPF mesenchymal
cell populations (Fig. 7f). The expression of fibrotic genes
(FN1, COL3A1, TGFp1, ACTA2 and COL1A1) and colla-
gen synthesis-related gene LOXL4 were significantly lower
in PLIN2* fibroblasts compared with myofibroblasts in IPF
lung. On the contrary, the expression of lipogenic differ-
entiation genes (PPARy, CEBPA and PLIN2) and collagen
degradation-related genes (MMP12, PLAU, CTSK, PLAT)
were significantly higher in PLIN2* fibroblasts compared
with myofibroblasts (Fig. 7i). Together, these results dem-
onstrated that lipofibroblasts were relatively quiescent deac-
tivated cells with lower collagen synthesis ability and higher
collagen degradation abilities.

Disscussion

In this study, we demonstrate that omentin-1 was signifi-
cantly increased in lung tissue following BLM stimulation
and the level of omentin-1 is negatively correlated with the
degree of fibrosis, indicating that omentin-1 is an endog-
enous adipokine that may participate in the resolution of
fibrosis. Exogenous overexpression of omentin-1, mediated
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Fig.6 PPARy mediates myofibroblasts lipogenic pathway promoted
by omentin-1. (a) The mRNA level of PPARy in the reversible
fibrotic lung tissue of mice detected by qPCR (n=3). (b—d) Immuno-
histochemistry staining of PPARY in the reversible and non-reversible
fibrotic lung tissue of mice, scale bar=50 pm (n=3). (e) The cor-
relation between PPARY and omentin-1 mRNA levels in the revers-
ible fibrosis model. (f) The mRNA level of PPARY in fibroblasts
detected by qPCR (n=6). (g) Schematic for fibroblasts activated by
stiff matrix transfected with specific plasmid or siRNA and treated
with omentin-1. (h) The mRNA level of PPARy in negative control
(vector) or YAP plasmid transfected fibroblasts detected by qPCR

by adenovirus, significantly accelerated the regression of
reversible pulmonary fibrosis and promoted the resolution
of non-reversible pulmonary fibrosis. We demonstrate that
omentin-1 strongly promotes myofibroblast trans-differen-
tiation to the lipofibroblast, phenotype, with the associated
reduction of collagen synthesis and the upregulation of col-
lagen degradation in both reversible and non-reversible pul-
monary fibrosis models. For detail mechanisms, we showed
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(n=4). (i) Western blot showing the inhibition or induction of PPARy
phosphorylation in response to YAP overexpression or knockdown
treatment with/without omentin-1, GAPDH was used as the loading
control (n=3). (J) Schematic for fibroblasts activated by stiff matrix
and treated with GW9662 (a selective PPARY inhibitor) and omen-
tin-1 (k) Immunofluorescent staining of a-SMA and PLIN2 in fibro-
blasts following omentin-1 and GW9662 treatment, scale bar=25 pm
(n=3). (I, m) The mRNA level of Col 1, FN, a-SMA and PLIN2 in
fibroblasts following omentin-1 and PPARy inhibitor (GW9662)
treatment detected by qPCR (n=3)

that omentin-1 significantly increases the level of metabo-
lite FBP, which further reduces the PKM2 dimer, PKM2-
YAP binding, and nuclear translocation in myofibroblasts.
Decreased PKM2-YAP binding and nuclear translocation
induced by omentin-1 upregulates and activates the lipo-
genic differentiation regulator PPARy, promoting myofi-
broblasts deactivation into lipofibroblasts. Collectively,
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Fig.7 Omentin-1 eventually reverses pulmonary fibrosis through
decrease collagen synthesis and increased collagen degradation. (a)
The mRNA level of ECM synthesis and degradation-associated genes
in fibroblasts detected by qPCR (n>3). (b) Metabonomic analysis of
collagen degrading and synthetic metabolites in fibroblasts (n=3). (c)
The mRNA level of ECM synthesis and degradation-associated genes
in negative control (vector) or YAP plasmid transfected fibroblasts
(n=4) detected by qPCR. (d) The mRNA level of ECM synthesis and

our results advocate the therapeutic potential of exogenous

omentin-1 in treating established lung fibrosis (Fig. 8).
Omentin-1 is a novel hydrophilic adipokine of 313 amino

acids (35 kDa) which has been found to exert important
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degradation-associated genes in fibroblasts following omentin-1 and
PPARY inhibitor (GW9662) treatment detected by qPCR (n=3). (e-
g) Immunofluorescent staining of intact collagens and degraded col-
lagens in the reversible and nonreversible BLM injured fibrotic lung
tissue, scale bar=>50 pm (n=3). (h) Cell type in human PF lungs. (i)
UMAP depicting mesenchymal cells from jointly analyzed human PF
lungs. (j) Normalized expression levels of differential genes in human
PF fibroblasts, myofibroblasts, and PLIN2* fibroblasts

anti-inflammatory, antioxidative and anti-apoptotic roles
and also demonstrates protective effects against cancer, ath-
erosclerosis, type 2 diabetes mellitus, and bone metabolic
diseases [13, 36]. BLM-induced pulmonary fibrosis in mice
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has been widely used in the study of pulmonary fibrosis [37,
38]. In the single-dose BLM model, there is a spontaneous
resolution of the fibrosis beginning around day 14-21 fol-
lowing the BLM challenge [15]. Our previous study showed
that omentin-1 levels increase at 14 and 21 d.p.i. However,
omentin-1 deletion exacerbated BLM-induced pulmonary
fibrosis, and overexpression of omentin-1 attenuated pulmo-
nary fibrosis [17], which indicated us that omentin-1 could
be a potential endogenous antifibrosis drug that functions
by reducing the number of myofibroblasts via activation of
the adenosine 3',5'-monophosphate activated protein kinase
pathway. In this study, we further demonstrate that omen-
tin-1 was significantly increased in regressive fibrotic lungs
at 42 d.p.i., when the degree of fibrosis has been largely
resolved. Importantly, the level of omentin-1 is negatively
correlated with the degree of fibrosis respectively at 14, 21,
and 42 d.p.i. We demonstrated that overexpression of omen-
tin-1 significantly accelerates the regression of reversible
pulmonary fibrosis at 42 d.p.i. These results indicate that
omentin-1 is an endogenous anti-fibrosis factor secreted fol-
lowing BLM injury, that can accelerate the resolution of
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reversible pulmonary fibrosis. However, human fibrotic lung
diseases, such as IPF, likely develop following a series of
repeated injuries culminating in progressive disease, which
is irreversible. Therefore, a model using a single-dose of
injury does not adequately reflect events that occurs in IPF
[38]. Repetitive lung injury with BLM produces substantial
architectural distortion in the lungs and fibrosis that does not
spontaneously resolve [20]. In addition, pulmonary fibro-
sis generally manifests in individuals 55 years and older,
suggesting that IPF is a disease associated with aging [39,
40]. Researches has shown that aged mice also develop a
deficiency in their capacity for lung fibrosis resolution in
response to BLM [15]. These two models are non-resolved
models that more closely resemble IPF than the single
intratracheal instillation of BLM-induced lung fibrosis
model. Our study showed that overexpression of omentin-1
significantly attenuates pulmonary fibrosis in these two non-
reversible models. Thus, the antifibrotic effects of omentin-1
were comprehensively demonstrated using different pulmo-
nary fibrosis models.
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Lipofibroblasts are characterized by a large volume of
lipid bodies and localization in the alveolar interstitium,
often at the base of the septa and in close proximity to alve-
olar epithelial type 2 cells. It is a resident fibroblast that
contributes to the myofibroblast phenotype during pulmo-
nary fibrosis [41]. In contrast, during fibrosis resolution, lin-
eage-labeled activated myofibroblasts, labeled using the Tg
(Acta2-CreERT?2), do not undergo apoptotic clearance, but
instead transdifferentiate back to the lipofibroblasts pheno-
type [12]. Furthermore, lipofibroblasts obtained from myofi-
broblasts ex vivo in precision cut lung slices from end-stage
IPF lungs from transplant patients, mediate the potential role
of metformin in reversing fibrosis [9]. Transdifferentiation
of myofibroblasts into lipofibroblasts is an effective method
to reverse pulmonary fibrosis [9, 12]. The results we pre-
sent here build upon our previous studies on the therapeutic
effects of omentin-1 on pulmonary fibrosis by reducing the
number of SA100A4 and a-SMA double-positive cells in the
BLM injured 28 d.p.i. fibrotic lungs [17]. In this study, we
observed that the number of myofibroblasts decreased while
the number of lipofibroblasts increased significantly during
BLM injury 42 d.p.i., that is, during the fibrosis regression
phase, which is consistent with the previous findings [12].
In addition, omentin-1 accelerates the decrease in myofibro-
blasts and the corresponding emergence of lipofibroblasts.
Moreover, two non-reversible models were established, and
it was found that omentin-1 could still increase the number
of lipofibroblasts to alleviate pulmonary fibrosis in these
models too. Single-cell transcriptomics and recent studies
have shown that lipofibroblasts are a poorly differentiated
phenotype that synthesize less collagen than myofibroblasts
[10-12]. Our results showed that in both the reversible and
non-reversible pulmonary fibrosis models, omentin-1 pro-
motes the formation of lipofibroblasts, accompanied by
decreased collagen synthesis and increased collagen deg-
radation abilities.

IPF is characterized by progressive fibroblast prolifera-
tion and myofibroblast activation, along with extensive ECM
deposition of ECM. Myofibroblasts play a crucial role in
ECM deposition. TGF-f1 is involved in myofibroblast dif-
ferentiation and is an accepted method for the creation of
a profibrotic microenvironment and fibroblast activation.
ECM is both a cause and a consequence of fibroblast acti-
vation because increased ECM stiffness is strongly asso-
ciated with profibrotic changes in cell phenotype and dif-
ferentiation. The accumulation of ECM by myofibroblasts
constitutes a stiff profibrotic environment that promotes the
continuous activation of fibroblasts [18, 32]. Polyacrylamide
hydrogel mimics this positive feedback loop in vitro and
provides a pre-activated myofibroblast state. Our previous
results demonstrated that omentin-1 pretreatment reduces
the expression of a-SMA and ECM components in TGF-
B1 stimulated-activated myofibroblasts [17]. In this study,

we observed that omentin-1 promotes lipogenic differen-
tiation of activated myofibroblasts induced by TGF-p1 or
high stiffness, indicated by a decreased level of a-SMA,
and increased levels of the lipogenic differentiation marker
PLIN2 and lipid droplets.

ECM production and degradation in normal lung tissues
are in a homeostasis and fibrosis may develop if this bal-
ance is disrupted. The production and deposition of ECM
components are an important characteristic of lung fibrosis
[5]. Matrix and collagen degradation are necessary for fibro-
sis resolution, which is closely related to the spontaneous
resolution of BLM-induced pulmonary fibrosis in animal
models [37, 42]. Therefore, the reduction of collagen depo-
sition includes changes in collagen synthesis and degrada-
tion enzymes. Importantly, the presence of degraded col-
lagen or collagen degradation products is a decisive basis
for the resolution of pulmonary fibrosis, characterizing
their therapeutic effect on pulmonary fibrosis. Our results
show that omentin-1 promotes myofibroblasts lipogenic
differentiation, reduces the content of metabolites involved
in collagen synthesis and increases the content of collagen
degradation metabolites, further confirming that omentin-1
enables myofibroblasts to attain a dedifferentiated state. Fur-
thermore, scRNA-seq reanalysis reavealed the existence of
lipofibroblasts in human IPF lungs and that lipofibroblasts
are relatively quiescent deactivated cells with lower collagen
synthesis and enhanced collagen degradation abilities. These
results verify that omentin-1 promotes lipogenic differentia-
tion of myofibroblasts and regulates collagen turnover, thus
promoting the resolution of pulmonary fibrosis.

In IPF, there is evidence of upregulation of glycolytic
pathways [22]. Several rate-limiting enzymes involved
in glycolysis, including fructose-2,6-biphosphatase 3
(PFKFB3), phosphofructokinase-1 (PFK-1), HK2 and
PKM2, are significantly upregulated in activated lung
fibroblasts [23, 24]. The glycolytic enzyme PKM?2 has been
proven to play an important role in the glycolysis pathway.
It has either a tetramer configuration with high activity in
controlling glucose oxidation or a dimer configuration with
low activity in promoting glycolysis and biosynthesis, both
of which can be transformed to the other [26, 27]. Phos-
phorylation at Y105 directly and transiently mediates FBP
release from many PKM?2 molecules to form dimer that are
conducive to aerobic glycolysis [43, 44]. It has been shown
that FBP inhibits phosphorylation of Y105, and an excess of
FBP can convert the dimeric fraction of PKM?2 to a tetramer
[28, 31, 45]. The PKM2 dimer exhibits translocation activ-
ity, which affects the downstream signaling pathway after
combining with the mechanosensitive transcriptional co-
activators YAP. YAP responds to TGF-f1, mechanical sign-
aling and glycolysis to regulate the activation of fibroblasts
into myofibroblasts that highly expressed a-SMA to promote
pulmonary fibrosis, suggesting activation of PKM2/YAP as
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a key underlying signaling event, leading to upregulation of
a-SMA and collagen. We also demonstrated that omentin- 1
increases the FBP metabolite, thus downregulating PKM?2
pY105 and reducing the content ration of PKM?2 dimers to
tetramers. Our data illustrates that increased matrix stiffness
enhances the interaction and colocalization of PKM2 and
YAP in the nucleus, and omentin-1 suppresses this phenom-
enon. Overexpression of YAP reverses the effect of omen-
tin-1 on lipogenic differentiation of myofibroblasts. Whereas
knockdown of YAP promotes lipid droplet production in
myofibroblasts. Moreover, FBP supplementation inhibits
the collagen synthesis of myofibroblasts and upregulates
the lipogenic differentiation marker PLIN2. These results
show that increasing the level of FBP to inhibit PKM?2 and
YAP binding in the nucleus is a key point of the antifibrotic
effect of omentin-1.

PPARY is a lipofibroblast characteristic markers as well
as a master switch of lipogenic differentiation in myofibro-
blasts [12]. Metformin significantly upregulates PPARYy and
increases the phosphorylation of PPARY protein at Ser112
and induces lipid-droplet accumulation in human IPF lung
fibroblasts. PPARY agonists have been shown to protect
mice from developing BLM-induced lung fibrosis [46].
Furthermore, rosiglitazone, a PPARY agonist antagonizes
the TGF-B-mediated fibrotic phenotype [12]. Here, we show
that PKM2-YAP signaling is inhibited in omentin-1-treated
myofibroblasts, likely due to FBP upregulation. YAP senses
mechanical stress in mesenchymal cells to regulate mesen-
chymal stem cells (MSCs) adipogenic or osteogenic and
mediated MSCs transdifferentiating into adipocytes in soft
matrix, YAP leads to MSCs displaying reduced expression
of the adipocyte markers ADIPOQ, PPARy, PLIN1 and
failure to accumulate lipid droplets [47]. We also provide
further insights into the mechanism by which omentin-1 pro-
motes myofibroblasts lipogenic differentiation. Our results
showed that reduction of PPARY in fibrotic lungs and high
matrix stiffness-activated myofibroblasts and omentin-1
restores it. Overexpression of YAP diminishes the effect of
omentin-1 on promoting the expression and activation of
the lipogenic differentiation regulator PPARYy, while knock-
down of YAP promoted, PPARYy Ser112 phosphorylation,
which was found to be involved in lipogenic differentiation
of pulmonary myofibroblasts [9]. Further study by inhibition
of PPARY significantly reversed the effect of omentin-1 on
lipogenic differentiation. Our data emphasize that omen-
tin-1 induces lipogenic differentiation in myofibroblasts by
PPARY activation via inhibition of PKM2-YAP signaling.

In conclusion, this study demonstrates a clear antifibrotic
role for omentin-1 in the lungs. Omentin-1 participates in
the resolution of fibrosis by promoting myofibroblast trans-
differentiation to lipofibroblasts, characterized by the reduc-
tion of collagen synthesis and the upregulation of collagen
degradation in both reversible and non-reversible pulmonary
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fibrosis. Mechanistically, omentin-1 significantly increases
the level of the metabolite FBP, which further reduces the
PKM2 dimer and PKM2-YAP binding in myofibroblasts
subsequently activating PPARY, ultimately promoting myofi-
broblasts deactivation into lipofibroblasts. Our data highlight
the potential that omentin-1 might be an alternative thera-
peutic option in treating IPF patients.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04961-y.
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