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Graphical Abstract

Pulmonary fibrosis (PF) is a devastating lung disorder of unknown etiology. We
show that disrupted LDL-LDLR metabolism in human and mouse PF, and then
investigated their contributions and underlying mechanisms for PF progression
from endothelial/epithelial injury to eventual fibrosis. Pharmacological restora-
tion of LDLR expression can abolish LDL redundancy and prevent PF features.
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Abstract
Treatments for pulmonary fibrosis (PF) are ineffective because its molecular
pathogenesis and therapeutic targets are unclear. Here, we show that the expres-
sion of low-density lipoprotein receptor (LDLR) was significantly decreased in
alveolar type II (ATII) and fibroblast cells, whereas it was increased in endothe-
lial cells from systemic sclerosis-related PF (SSc-PF) patients and idiopathic
PF (IPF) patients compared with healthy controls. However, the plasma lev-
els of low-density lipoprotein (LDL) increased in SSc-PF and IPF patients. The
disrupted LDL–LDLR metabolism was also observed in four mouse PF mod-
els. Upon bleomycin (BLM) treatment, Ldlr-deficient (Ldlr−/−) mice exhib-
ited remarkably higher LDL levels, abundant apoptosis, increased fibroblast-
like endothelial and ATII cells and significantly earlier and more severe fibrotic
response compared to wild-typemice. In vitro experiments revealed that apopto-
sis and TGF-β1 production were induced by LDL, while fibroblast-like cell accu-
mulation and ET-1 expression were induced by LDLR knockdown. Treatment of
fibroblasts with LDL or culture medium derived from LDL-pretreated endothe-
lial or epithelial cells led to obvious fibrotic responses in vitro. Similar results
were observed after LDLR knockdown operation. These results suggest that dis-
turbed LDL–LDLRmetabolism contributes in variousways to themalfunction of
endothelial and epithelial cells, and fibroblasts during pulmonary fibrogenesis.
In addition, pharmacological restoration of LDLR levels by using a combination
of atorvastatin and alirocumab inhibited BLM-induced LDL elevation, apopto-
sis, fibroblast-like cell accumulation and mitigated PF in mice. Therefore, LDL–
LDLRmay serve as an importantmediator in PF, and LDLR enhancing strategies
may have beneficial effects on PF.

KEYWORDS
apoptosis, combination treatment, LDL, LDLR, pulmonary fibrosis

1 INTRODUCTION

Pulmonary fibrosis (PF) is a devastating lung disorder
of unknown aetiology. Idiopathic PF (IPF) and systemic
sclerosis-related PF (SSc-PF) are regarded as two represen-
tative lung fibrotic disorders.1,2 IPF affects approximately
3 million people worldwide,3 and SSc-PF is themain cause
of death in SSc.4 Although the pathogeneses of different
kinds of PF are not the same, including histological sub-
types, disease course and survival rate, they share many
common phenotypes and pathways.5 Excessive apoptosis
of endothelial and alveolar type II (ATII) cells, increased
pro-fibrotic endothelial and ATII cells, persistent inflam-
mation and fibroblast differentiation into myofibroblast
are indispensable for the development of PF.6–8 Various
pathways are involved in these abnormalities, especially
transforming growth factor-β (TGF-β) and endothelin-1

(ET-1) pathways, which eventually lead to irreversible lung
destruction.9,10
Low-density lipoprotein receptor (LDLR) located on

type II alveolar epithelial cells (ATII) facilitate low-density
lipoprotein (LDL) particle internalization, with resultant
use of endocytosed lipids and cholesterol for surfactant
synthesis and secretion, which is impaired during the
pathogenesis of acute lung injury.11–13 ATII cell injury is
the initial event in the pathogenesis of PF.14 Massaro et al.
reported that Ldlr−/− mice showed impaired develop-
mental alveologenesis compared to WT mice including
decreased number of alveoli, lower alveolar surface area,
lower lung volume and a lower ratio of gas-exchange sur-
face area to gas-exchange tissue volume.15 These results
suggested a protective role of LDLR in lung injury and
alveolar haemostasis. In addition, LDLR plays a pivotal
role in clearing circulating LDL, and patients with LDLR
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dysfunction often have high LDL levels.16 A previous study
has shown that LDL was increased in IPF.17 These results
indicate that a disrupted LDL–LDLR axis may synergisti-
cally contribute to PF.
Statins are commonly prescribedmedications for hyper-

cholesterolemia and act by enhancing LDLR expres-
sion and lowering cholesterol levels, particularly LDL.18,19
Alirocumab (pro-protein convertase subtilisin/kexin type
9, PCSK9 antibody) prevents PCSK9-dependent LDLR
degradation and is approved for clinical use in cardio-
vascular diseases.20 The combination of atorvastatin and
alirocumab is an FDA-approved strategy to enhance the
inhibitory effect on LDL production by promoting LDLR
expression.20 In addition to reducing LDL levels, statins
and anti-PCSK9 reagents may have immunomodulatory
and anti-inflammatory properties that could be beneficial
in PF.21,22 By searching the literature investigating the asso-
ciation of statins with PF, we found that almost all stud-
ies showed statins are protective, but remain controversial
and the mechanisms remain unclear.23,24 However, none
of these studies has focused on exploring the LDL–LDLR
mechanism in statin-taking patients or mice. Therefore, it
is essential to assess the role of LDL–LDLR metabolism in
PF and develop LDL–LDLR targeting therapeutic strate-
gies.
In the present study, we show aberrant LDLR levels and

increased LDL levels in PF patients. We further clarify the
functional roles of LDLR and LDL in a bleomycin (BLM)-
induced PF mouse model. Combined treatment with anti-
PCSK9 and statin significantly increased LDLR expression
and decreased LDL levels in mice, to a higher extent than
treatment with either of the two alone. More importantly,
the severity of PF was effectively reduced, while cellular
apoptosis and profibrotic ATII and endothelial cells were
inhibited.

2 RESULTS

2.1 Disrupted LDL–LDLRmetabolism
in PF patients

We analyzed the public datasets GSE47460 (IPF = 122,
control = 92) and GSE76808 (SSc-PF = 14, control = 4),
and found a decreased LDLR expression in the lungs of
both IPF and SSc-PF patients compared to controls (Fig-
ure 1A and B). We then demonstrated a decreased LDLR
mRNA level in the lungs of 24 IPF patients compared to
that of 15 controls (Figure 1C). LDLR mRNA levels were
negatively correlated with COL3A1, ACTA2, CXCL13 and
CASP3 mRNA expression in the IPF lungs (Supporting
information Figure S1). Western blot further showed that
LDLR protein levels declined in SSc-PF and IPF lungs

HIGHLIGHTS

∙ Disrupted LDL–LDLR metabolism in PF
patients and mice.

∙ LDLR deficiency induces fibrosis.
∙ Atorvastatin combines PCSK9 antibody blunted
pulmonary fibrosis.

compared with controls (Figure 1D). Immunofluorescence
double staining assay showed that LDLRs were predomi-
nantly expressed in ATII and fibroblast cells, but slightly
expressed in endothelium. Moreover, LDLR levels were
significantly decreased in ATII and fibroblast cells, while
they were increased in endothelium of SSc-PF and IPF
lungs compared with controls (Figure 1E, 1E1 and Sup-
porting information Figure S2). The aberrant expression of
LDLRwas further confirmed in FAC-sortedATII, endothe-
lial and fibroblast cells of the tissues (Figure 1F). The gating
strategy for the isolation of ATII, endothelial and fibroblast
cells from human lungs is shown in Supporting informa-
tion Figure S3.
To find which lipid parameter is regulated by LDLR

reduction and associated with PF, the levels of LDL, high-
density lipoprotein (HDL) and total cholesterol (TC) and
triglyceride (TG) levels were analyzed in the plasma of
185 SSc-PF patients, 55 IPF patients and 1642 controls.
Compared with the controls, the SSc-PF and IPF patients
showed significantly high LDL levels and a high LDL/HDL
ratio, but low HDL levels (Figure 1G–I). Other lipids,
including TC and TG, did not show any significant dif-
ferences (Figure 1J and K). Additionally, LDL levels and
the LDL/HDL ratio were increased in PF (IPF > SSc-
PF > SSc > controls). The detailed clinical information is
presented in Supporting information Table S1.
Taken together, these results indicate that disturbed

LDL–LDLR axis is a commonmechanism in ILD diseases,
and may be associated with PF involvement.

2.2 Aberrant LDLR and increased LDL
in BLM-induced mouse PF

Subsequently, LDL–LDLR metabolism was analyzed in
mice with PF induced by intratracheal instillation of
2.5 mg/kg BLM. As shown in Figure 2A, LDL levels
and the LDL/HDL ratio were increased in both the early
fibrotic and the advanced fibrotic stages. In addition, both
the mRNA and protein expression of LDLR were signifi-
cantly reduced in the lung tissues of PF mouse, as shown
by qPCR and western blot analysis (Figure 2B and C).
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F IGURE 1 Dysregulated LDLR and increased LDL levels in PF patients. (A) LDLRmRNA levels in lung tissue from IPF patients
(n = 122) and controls (n = 92). (B) LDLRmRNA levels in lung tissue from SSc-PF patients (n = 14) and controls (n = 4). (C) LDLRmRNA
levels in lungs from IPF patients (n = 24) and controls (n = 15). (D) Western blot analysis of LDLR protein levels in lungs of IPF patients
(n = 6) and controls (n = 6). (E) Immunofluorescence staining of LDLR and CD31/SP-C/COL1A1 in lung tissue sections from normal, SSc-PF
and IPF lungs (n = 6, 3, and 6, respectively). The co-localization of LDLR and of each cell marker is expressed as a percent double positive
area/sum total area of stain for each protein (N1). Scale bars: 20 μm. (F) LDLR levels in FAC-sorted endothelial, ATII and fibroblast cells from
normal, SSc-PF, and IPF lungs (n = 6, 3 and 6, respectively) by qPCR analysis. (G–K) Lipid levels in controls, and SSc, SSc-PF and IPF patients
(n = 1,642, 52, 185 and 55, respectively). *p < .05, **p < .01, ***p < .001 versus control. Data are presented as the mean ± SEM. Data in (A) were
generated from the GSE47460 dataset and data in (B) were generated from the GSE76808 dataset

Immunohistofluorescence analysis further showed that
LDLR was downregulated in lung ATII and fibroblast
cells, while it was upregulated in endothelial cells on
both days 7 and 21 after BLM instillation, compared to
saline-treated control mice (Figure 2D and Supporting
information Figure S4). Furthermore, the dysregulation
of LDLR in ATII, endothelial and fibroblast cells was
confirmed in FAC-sorted cells (Figure 2E and F). These
results are consistent with the changes observed in SSc-PF
and IPF patients. Besides, disrupted LDL–LDLR expres-
sion was also observed in other three mouse PF mod-
els, including BLM-induced SSc-PF, DNA Topoisomerase
I, Complete Freund’s Adjuvant (TopoI-CFA)-induced PF

and graft-versus-host disease (GVHD)-induced PF (Sup-
porting information Figure S5). These data suggest that
LDL–LDLRexpressionwas persistently disrupted in differ-
ent types of mouse PF.

2.3 Ldlr knockout accelerated and
exacerbated BLM-induced PF in mice

To explore the role of LDL–LDLR in PF, saline, or BLM
(2 mg/kg) was intratracheally instilled into Ldlr−/− and
wild-type (WT) mice. H&E (Haematoxylin, eosin), Mas-
son’s trichrome staining and Ashcroft score assay revealed
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F IGURE 2 Dysregulated LDLR and increased LDL levels in BLM-induced mouse PF. (A) Lipid levels in the plasma of BLM-induced
SSc-PF mouse at day 7 and 21. (B–C) Detection of LDLR mRNA and protein expression in the lungs from BLM- or saline-treated WT mice at
day 7 and 21 by qPCR and western blot analysis. (D) Immunofluorescence analysis of LDLR protein levels in endothelial, ATII and fibroblast
cells. (E–F) Ldlr levels in FAC-sorted ATII and fibroblast cells from BLM- or saline-treated WT mice at day 7 and 21 by qPCR analysis. Scale
bars: 20 μm. N ≥ 6 per group. *p < .05, **p < .01, ***p < .001 versus control

that BLM induced a significant increase in the injured
and fibrotic areas in Ldlr−/− mice compared with WT
mice, on both days 7 and 21 (Figure 3A and B). Sircol
and qPCR assay further revealed that soluble collagen con-
tent and mRNA levels of fibrotic-related genes, includ-
ing Col1a1, Col1a2, Col3a1, α-Sma and Ctgf, significantly
increased in Ldlr−/− mice compared with WT mice, in
response to BLM treatment on both days 7 and 21 (Fig-
ure 3C and D). It is worth noting that BLM induced a
fibrotic change in Ldlr−/− mice, rather than in WT mice,
as early as day 7, suggesting that mice with Ldlr defi-

ciency are more susceptible to BLM-induced PF. We next
found that the relative amounts of LDL and the ratio of
LDL/HDL significantly increased in Ldlr−/−mice on days
7 and 21 (Figure 3E). All these histopathological changes
were associated with lower survival rate after BLM instil-
lation in Ldlr−/− mice (6 of 10 mice alive at 7 days and 6
of 10 at 21 days in Ldlr−/− mice versus 8 of 10 mice at 7
days and 10 of 10 mice at 21 days in WT mice). Enzyme-
linked immunosorbent assay (ELISA) of the lung tissues
showed that ET-1 and TGF-β1 protein levels increased in
Ldlr−/− mice compared with WT mice at baseline, and
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F IGURE 3 Ldlr knockout exacerbated BLM-induced PF. (A–C) Pulmonary tissue sections were stained with H&E and Masson’s
trichrome, and the Ashcroft score was calculated. Scale bar: 500 μm. (C) Soluble collagen synthesis in lung homogenate. (D) qRT-PCR
analysis of fibrosis-related genes in mouse lungs. (E) Plasma lipid levels. (F) Measurement of TGF-β1 and ET-1 levels at day 7 and 21 after BLM
treatment. (G) Heatmap of all of the differentially expressed genes in Ldlr−/−mice and WT mice in response to BLM administration. (H) The
expression profiles of inflammation-, ECM-, apoptosis-, migration-, junction- and surfactant homeostasis-related genes. mRNA levels, cell
counts and lipid levels were normalized to the saline-treated group. N = 6–10 per group in data (A) to (F) and N = 4–6 per group in data (G)
and (H). *p < .05, **p < .01, ***p < .001 versus control. Data are presented as the mean ± SEM

that these levels were further augmented in BLM-treated
Ldlr−/− mice on days 7 and 21 (Figure 3F). Addition-
ally, cell counts of BALF (bronchoalveolar lavage fluid)
revealed that leukocytes and lymphocytes were signifi-
cantly elevated in Ldlr−/− mice compared with WT mice
(Supporting information Figure S6A). Consistently, the
mRNA levels of IL-6, IL-10, Ccl2, Ccl12 and Cxcl13 (inflam-
matory cytokines) and Ccr2, Cx3cr1 and Lcp2 (cytokine
receptors) were higher in Ldlr−/− mouse lungs. In con-
trast, the levels of Flt3l, whose deficiency worsens lung
fibrosis,25 were lower in Ldlr−/− mouse lungs (Support-
ing information Figure S6B). To further explore whether
severe fibrosis observed in Ldlr−/− mice is just a result
of exacerbated inflammation, a TGF-β1-induced PF model
was constructed by intratracheally instilling 5× 108 plaque-
forming units (PFU) adenovirus encoding active trans-
forming growth factor beta-1 (AdTGF-β1) into Ldlr−/−
and WT mice. As expected, AdTGF-β1-induced a signifi-

cant increase in the fibrotic areas in Ldlr−/− mice com-
pared with WT mice on day 21, as measured by HE, Mas-
son, Ashcroft scores and Sircol assay. Therefore, we con-
clude that Ldlr−/− deletion also exacerbates the fibrosis
process, not merely inflammation (Supporting informa-
tion Figure S7). To further investigate themolecular events
underlying the role of LDLR deficiency in PF, a quanti-
tative assessment of transcriptome among Ldlr−/− BLM
and WT-BLM group was performed (Figure 3G). Enrich-
ment analysis showed the genes involved in intrinsic apop-
totic signalling, cell migration, inflammatory response
and ECM (extracellular matrix) were significantly upreg-
ulated, whereas genes involved in cell junctions and sur-
factant homeostasis were downregulated in BLM-treated
Ldlr−/−mice compared with BLM-treated WT mice (Fig-
ure 3H). The transcriptomedifferences betweenWT-Saline
and Ldlr−/− Saline were performed, and found that the
inflammation-related genes (such as Ccl2/ Ccl7/ Ccl8/
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Ccl12/Cxcl15/Cxcl13/Cxcl1. . . ) were higher in Ldlr−/−mice
as well. Additionally, genes involved in apoptotic process
were also enriched in Ldlr−/−mice (Supporting informa-
tion Figure S8).

2.4 Increased apoptosis of endothelial
and epithelial cells in Ldlr−/−mouse lungs

As shown in Figure 4A and C, and Supporting infromation
Figure S9A, TUNEL-positive cells dramatically increased
in Ldlr−/− mice compared to WT mice after BLM treat-
ment. Furthermore, the co-localization of TUNEL-positive
cells with CD31- and SP-C-positive cells indicated that
TUNEL-positive cells are indeed endothelial andATII cells
(Figure 4B). Western blot analysis of lung homogenates
revealed that BLM effectively induced cleaved caspase-3
production in Ldlr−/−mice andWTmice (Figure 4D1–D2
and Supporting information Figure 9B1–B2). Seven days
after BLM treatment, significantly higher cleaved caspase-
3 levels were observed in Ldlr−/− mice compared with
WT mice (Figure 4D3, 4D4 and 4E). On day 21, a sim-
ilar increase was observed (Supporting information Fig-
ure S9B3–B4 and Figure 4E). Importantly, we revealed that
Ldlr−/−mice exhibit increased total caspase-3 expression,
which may explain the susceptibility of total caspase-3 to
cleavage and then their cells to apoptosis (Figure 4D3–4
and F, and Supporting information Figures S9B3–4).
We also measured the expression levels of ROS clear-

ing genes, which play a central role in protecting against
intrinsic apoptosis,26 and found that superoxide dismu-
tases and catalase were significantly reduced in Ldlr−/−
lungs compared with WT lungs (Supporting information
Figure S9C).

2.5 Ldlr deletion increased
fibroblast-like endothelial and ATII cells
in vivo

Besides apoptosis, the post-injury cells undergo other
pathological changes upon the inflammatory and fibrotic
challenges.7,27 We observed co-localization of α-SMA
in CD31-expressing endothelium and SP-C-expressing
epitheliumwithin fibrotic foci inLdlr−/−mice, whichwas
strongly augmented in BLM-treated Ldlr−/− mice at day
7. The number of CD31+α-SMA+ and SP-C+α-SMA+ cells
was increased in the Ldlr−/− BLM group compared with
theWTBLM group (Figure 5A and B). Flow cytometry fur-
ther demonstrated that the percentages of α-SMA positive
cellswere both increased in living endothelial (FixableVia-
bility Dye eFlour 506– CD45– CD326– PDGFRA– CD31+ α-
SMA+) and ATII (Fixable Viability Dye eFlour 506– CD45–

PDGFRA– CD31– SP-C+ α-SMA+) cells of the Ldlr−/−
group compared with the WT group (Figure 5C–E). The
gating strategy for indentation of α-SMA-positive cells in
endothelial and type II alveolar cells from the lungs of
mouse is shown in Supporting information Figure S10A–E.
At 21 days, BLM-treated Ldlr−/−mice still exhibited more
fibroblast-like endothelial and ATII cells, and the num-
ber of fibroblast-like cells was more than that in the WT
BLM group, indicating the severity of fibrosis in Ldlr−/−
mice without any remission (Supporting information Fig-
ure S11A).
Correspondingly, primary endothelial (Fixable Viabil-

ity Dye eFlour 506– CD45– CD326– PDGFRa– CD31+) and
ATII (Fixable Viability Dye eFlour 506– CD45– CD31–
CD326+ PDGFRa– Ter-119– CD104–) cells sorted from
Ldlr−/− mice also showed reduced mRNA levels of the
endothelial markers Pecam1 and Cdh5 and the ATII mark-
ersCdh1 andSftpc, whilemRNA levels of themesenchymal
markers Acta2, Col1a1 and Col1a2 (Figure 5F and G) were
increased. Additionally, similar changes in these markers
were observed in lung homogenate (Figure 3D, Support-
ing information Figure S11B). Our results strongly support
our hypothesis that Ldlr−/− deletion not only drives the
induction of apoptosis, but also induced the accumulation
of fibroblast-like endothelial and ATII cells in vivo.

2.6 Disrupted LDL–LDLRmetabolism
induced apoptosis, accumulation of
fibroblast-like cells and fibrosis in vitro

To test whether LDL causes apoptosis in endothelial and
ATII cells, primary human lung endothelial cells (pHLEC)
and primary human lung ATII cells (pHLATII) were incu-
bated with 200 μg/mL LDL in the presence of PBS or 50
μg/mL BLM. Results revealed LDL alone exhibited slight
effect on cell apoptosis (Supporting information Figure
S12), but enhanced BLM-induced apoptosis and cleaved
caspase-3 expression (Figure 6A–D and Supporting infor-
mation Figure S13A–D).
Considering fibroblast-like endothelial and ATII cells

were increased in Ldlr−/− mice, we determined whether
these fibroblast-like changeswere induced byLDLR reduc-
tion. Very significant changes were detected in LDLR-
deficient pHLEC, including loss of endothelial markers
CD31 and VE-cadherin, but there was a gain of the mes-
enchymal markers α-SMA and collagen I. Immunoflu-
orescence staining indicated enhanced expression of
the myofibroblast marker α-SMA in CD31 expressing
pHLEC, further supporting the induction of fibroblast-
like endothelial cells by LDLR knockdown (Figure 6E
and F and Supporting information Figure S13E and F).
Correspondingly, fibroblast-like ATII was also induced in
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F IGURE 4 Increased apoptosis in lungs of BLM-treated Ldlr−/−mice. (A) Representative TUNEL staining images of lung sections at
day 7. Scale bar: 250 μm. (B) Co-localization of positive TUNEL labelling with anti-CD31 or anti-SP-C staining from BLM-treated Ldlr−/−
mice at day 7. Scale bar: 25 μm. (C) Numbers of apoptotic cells at day 7. (D) Western blot analysis of cleaved caspase-3 and total caspase-3
levels in the lungs at day 7. D1: caspase 3 activation in WT mouse lungs; D2: caspase 3 activation in Ldlr−/−mouse lungs; D3: The
endogenous levels of cleaved and total caspase 3 in WT and Ldlr−/−mice without BLM treatment. D4: The levels of cleaved and total caspase
3 in WT and Ldlr−/−mice with BLM treatment. (E−F) Densitometric values of cleaved caspase-3 (E) and total caspase-3 (F) at both days 7
and 21 in the lungs. N ≥ 6 per group in (A to E). N = 24 per group in (F). *p < .05, **p < .01, ***p < .001 versus control. Data are presented as
the mean ± SEM
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F IGURE 5 Fibroblast-like endothelial and ATII cells were induced in Ldlr−/−mouse lungs. (A) Immunofluorescence of the
myofibroblast marker α-SMA (green) and the endothelial marker CD31 (red) in the lungs. Scale bar: 50 μm. (B) Immunofluorescence of the
myofibroblast marker α-SMA (green) and the ATII marker SP-C (red) in the lungs. Scale bar: 50 μm. (C–E) Counting of Fixable Viability Dye
eFlour 506– CD45– CD326– PDGFRA– CD31+ α-SMA+ (C and left panel of E) and Fixable Viability Dye eFlour 506– CD45– PDGFRA– CD31–

SP-C+ α-SMA+ cells in mice (D and right panel of E). (F–G) mRNA levels of endothelial, epithelial and mesenchymal markers in sorted
endothelial and epithelial cells, as analyzed by qPCR. mRNA levels were normalized to the saline-treated group. N ≥ 6 per group. *p < .05,
**p < .01, ***p < .001 versus control. Data are presented as the mean ± SEM

LDLR-deficient pHLATII, as indicated by epithelial and
mesenchymal marker detection and coimmunofluores-
cence analysis (Figure 6G and H and Supporting infor-
mation Figure S13G and H). Primary human lung fibrob-
lasts (pHLF) were treated with conditioned medium from
LDL- or si-LDLR-treated pHLEC cells, which promoted
fibrotic responses, as shown by immunofluorescence and
Western blot analysis of α-SMA, p-SMAD2/3 and colla-
gen levels (Figure 6I–L and Supporting information Fig-
ure S13I-J and K-L). Similarly, fibrotic responses were
induced in pHLF by conditioned medium from LDL- or si-
LDLR-treated pHLATII cells (Supporting information Fig-
ure S13M–N). Moreover, LDL- and si-LDLR-treated fibrob-
lasts showed the same changes as those observed in con-
ditioned medium-treated cells (Figure 6M–P, and Sup-

porting information Figure S13O–R). We next explored
the underlying mechanisms and found that LDL induced
TGF-β1 secretion (Figure 6Q–R, and Supporting informa-
tion Figure S13S), while LDLR deficiency induced ET-1
secretion in endothelial, epithelial and fibroblast cells (Fig-
ure 6S–T, and Supporting information Figure S13T).

2.7 Atorvastatin combined with
alirocumab alleviated BLM-induced PF
in mice

We found that PCSK9 levels were elevated in the plasma
of SSc-PF and IPF patients, and BLM-induced PF mice,
compared with controls (Supporting information Figure
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F IGURE 6 LDL and LDLR knockdown induced apoptosis, fibroblast-like endothelial and ATII cells and fibrosis. Examination of
apoptosis in pHLEC cells (A–B) and pHLATII cells (C–D) after LDL stimulation by flow cytometry and western blot. (E–F) Effects of si-LDLR
on the induction of fibroblast-like endothelial cells based on western blot and immunofluorescent assay. (G–H) Effects of si-LDLR on the
induction of fibroblast-like epithelial cells based on western blot and immunofluorescent assay. (I–J) Immunofluorescence of α-SMA in PHLF
after incubation with conditioned medium from LDL- or si-LDLR-treated endothelial cells. (K–L) Collagen, α-SMA and p-SMAD2/3 levels, as
analyzed by western blot. (M–N) Immunofluorescence and western blot analyses were performed on cells treated with LDL or si-LDLR for 12
and 48 h, respectively. (O–P) Collagen, α-SMA and p-SMAD2/3 levels, as analyzed by western blot. (Q–R) ELISA analysis of TGF-β1 in culture
medium from LDL-treated pHLEC and PHFL cells, respectively. (S–T) ELISA analysis of ET-1 levels in the culture medium from
LDLR-deficient pHLEC and PHFL cells. Lipoprotein deficient serum (LPDS) and control siRNA were used as controls. Scale bar: 200 μm.
*p < .05, **p < .01, ***p < .001 versus control. Data are presented as the mean ± SEM of three independent experiments

S14A–C). Next, mice were treated with atorvastatin and/or
alirocumab before and after treatment with a higher dose
of BLM (4mg/kg). On day 21, lungs frommice treated with
the combination of atorvastatin and alirocumab showed
decreased lesion sizes and fibrotic areas, while only a
slight decrease was observed in the atorvastatin group
and the alirocumab group compared with BLM-treated
control mice, as demonstrated by histological staining,

Ashcroft score, Sircol assay and fibrotic genes analysis (Fig-
ure 7A–D).
Inflammatory cells in BALF, including leukocytes and

lymphocytes, also decreased after combination treatment
(Figure 7E). Histopathological and molecular changes
were accompanied by lower mortality in the combined
treatment group than in the BLM-treated control group
(3 of 10 mice died, weight 22.6 ± 1.5 g in combination
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F IGURE 7 Atorvastatin combined with alirocumab released BLM-induced PF in vivo. (A–B) Lung tissue sections were stained with
H&E and Masson’s trichrome and the Ashcroft score was calculated. Scale bar: 500 μm. (C–D) Measurements of ECM content and the
expression of collagen genes in lungs of mice receiving different treatments by Sircol assay and qRT-PCR analysis, respectively. (E) Cell counts
in BALF at baseline and 21 days after BLM treatment. (F) mRNA levels of IL-6 andMCP-1 in mouse lungs. (G) Plasma lipid levels. (H) LDLR
expression in lungs of mice after treatment with atorvastatin, alirocumab or both in the saline group and the BLM group. N ≥ 6 per group.
*p < .05, **p < .01, ***p < .001 versus saline control; #p < .05, ##p < .01, ###p < .001 within different treatment groups
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F IGURE 8 Atorvastatin combined with alirocumab inhibited BLM-induced EndoMT, EMT and pathway imbalance in mice. (A)
Western blot analysis of cleaved caspase-3 and total caspase-3 levels in the lungs. (B) Immunofluorescence of CD31+α-SMA+ cells and
SP-C+α-SMA+ cells in the combined treatment group and the BLM control group. Scale bar: 50 μm. (C–E) Heatmap and KEGG
analysis of the differentially expressed genes. Sa, Saline; B, BLM; CT, combined treatment. N ≥ 6 per group in data (A) to (B) and N ≥ 4 per
group in data (C) to (E). *p < .05, **p < .01, ***p < .001 versus saline control; #p < .05, ##p < .01, ###p < .001 within different treatment
groups

treatment group versus 9 of 15 mice died, weight 17.0
± 2.1 g in BLM without any treatment). In addition,
combined treatment inhibited the BLM-induced elevation
of LDL levels and the LDL/HDL ratio, returning them
to physiological levels (Figure 7F). We next found that
combination treatment significantly enhanced LDLR pro-
tein expression, while atorvastatin or alirocumab alone
only caused a slight increase (Figure 7G). However, com-
bined treatment failed to prevent the PF progression in
Ldlr−/− mice, supported by more severe lung injury and
fibrosis than that in WT mice (Supporting information
Figure S15A–C). To confirm a true anti-fibrotic effect
of our combination treatments, new experiments were
designed. Atorvastatin (orally, 5 mg/kg/d) and alirocumab
(subcutaneous injection, 3 mg/kg/week) were delivered
to mice from day 7 to 21 after BLM treatment. Results
showed combination treatment showed an inhibitory
effect on PF progression as measured by HE, Masson
and collagen-related gene levels (Supporting information
Figure S16).

2.8 Atorvastatin combined with
alirocumab reversed apoptosis,
fibroblast-like changes of endothelial and
ATII cells and BLM-induced pathway
imbalance

Next, we found that combination treatments prominently
suppressed cleaved caspase-3 in the lungs of mice (Fig-
ure 8A). Moreover, immunofluorescent assays revealed
that the numbers of CD31+α-SMA+ double-positive and
SP-C+α-SMA+ double- positive cells were both decreased,
suggesting reduced fibroblast-like endothelial and ATII
cells in the combination group (Figures 8B and Support-
ing information Figure S17A–B). Consistently, mRNA lev-
els of the endothelial markers CD31 and Cdh5 and the
ATII marker Sftps were increased, while mRNA levels of
the mesenchymal markers S100a4 and Fn1 were reduced
(Supporting information Figure S17C). To further charac-
terize the molecular mechanisms underlying the protec-
tive effects of combined treatment in the mouse PFmodel,
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differentially expressed mRNAs were sequenced. As
shown in the heatmap in Figure 8C, the gene expression
patterns inmice from the combined treatment groupswere
similar to those in mice from the saline control group.
KEGG analysis further revealed the upregulated pathways
in the BLM group, which are mainly involved with ECM–
receptor interaction, cytokine–cytokine receptor interac-
tion, apoptosis and NF-κB signalling. The mRNAs were
significantly restored to normal levels after combined
treatment (Figure 8D). Moreover, pathways that were
downregulated in the BLM group, which were mainly
involved in salivary secretion, Rap1 signalling, camp sig-
nalling and gap junctions, were also almost restored to
physiological levels after combined treatment (Figure 8E).

3 DISCUSSION

PF is an irreversible lung disease with a poor prognosis.28
In the current study, we provide several lines of evidence
suggesting that the abnormal LDL–LDLR metabolism
plays an important role in PF. This finding provides new
insight into PF and suggests new targets for therapy. This
is the first report to show that LDL significantly increased
in SSc-PF and IPF patients in a large cohort. We further
confirmed epithelial cells and fibroblasts are predominant
LDLR-expressing cell types, which are responsible for the
reduction in pulmonary LDLR levels in PF. The dysreg-
ulation of LDLR in endothelial, ATII and fibroblast cells
was in agreement with the previous reports of single-cell
RNA-sequencing data, or FAC-sorted or culture primary
cells.1,29,30 Subsequently, similar LDL–LDLR changeswere
obtained in different types of PF mice. These clinical and
experimental results supported the notion that abnormal
LDL–LDLR metabolism is a common event in PF.
We then confirmed that Ldlr depletion led to the exac-

erbation of PF in mice as early as 7 days after BLM expo-
sure. Our transcriptome data not only reveal the upreg-
ulation of intrinsic apoptotic pathways in Ldlr−/− mice
lungs, but also uncover the activation of cell migration-
related pathways. We observed increased caspase-3 activ-
ity in Ldlr−/−mice, and apoptosis of both endothelial and
epithelial cells. In addition, we observed more fibroblast-
like endothelial and ATII cells in Ldlr−/− than in WT
mice. Our ELISA results showed both TGF-β1 and ET-1,
which were induced by LDL and si-LDLR, respectively,
were significantly increased in Ldlr−/−mice compared to
WT mice. Multiple studies have found that TGF-β1 and
ET-1 can induce PF by promoting fibroblast differentia-
tion and collagen deposition.31–35 Therefore, it seems rea-
sonable that Ldlr−/− mice are more susceptible to BLM
or TGF-β1-induced PF. In vitro experiments further clar-
ified that apoptosis, and accumulation of fibroblast-like

endothelial andATII cells were induced by LDL and LDLR
deficiency, respectively. Thus, TGF-β1 and ET-1 are poten-
tial contributors to LDL-induced apoptosis and LDLR
deficiency-induced fibroblast-like changes. Although LDL
and si-LDLR induced different biological responses in cells,
they had a common effect on fibrogenesis. Therefore, it
seems reasonable to speculate that increased apoptosis and
fibroblast-like cells are involved in the profibrotic effects
of perturbed LDL–LDLR metabolism. Moreover, fibrob-
lasts directly treated with LDL or si-LDLR induced similar
fibrotic responses as well. Though LDLR was increased in
endothelial cells of PF patients and mice, the in vitro and
in vivo experiments consistently demonstrated the protec-
tive effect of LDLR in endothelial cell function. Overall,
our findings have important clinical relevance; clinicians
should pay careful attention to LDL and LDLR levels in
patients with PF or other pulmonary defects.
Atorvastatin and alirocumab are safe and widely used

LDL-lowering drugs by improving LDLR expression. Ini-
tial results showed that atorvastatin or alirocumab alone
had little or no effects. However, the combined treat-
ment led to significant reductions in several proinjury and
profibrotic markers including collagens and inflamma-
tory cells. Notably, apoptosis, accumulation of fibroblast-
like endothelial and ATII cells, which were all amplified
in LDLR-deficient mice and cells, were significantly sup-
pressed by combined treatment. Correspondingly, reduced
levels of LDL were observed in mice receiving combined
treatment, suggesting that the cure of lung fibrosis involves
LDL metabolism. Indeed, neither atorvastatin alone nor
alirocumab alone could effectively block BLM-induced
increases in LDL levels and the LDL/HDL ratio, indicating
that either medication alone is insufficient. We detected
the effect of statin on isolated endothelial, ATII and fibrob-
last cells, and found that atorvastatin slightly upregulated
LDLR protein expression in endothelial, ATII and fibrob-
last cells. Besides, atorvastatin exhibited obvious cytotox-
icity when the dosage was higher than 5 μM in these
cells. However, we found no changes in cleaved CASP3
expression after atorvastatin (5 μM) treatment, suggesting
atorvastatin did not affect cell apoptosis. Besides, atorvas-
tatin alone could not reduce the collagen expression, as
measured by the a-SMA and COL1A1 protein expres-
sion (Supporting information Figure S18). Based on these
findings, it seems reasonable that the poor efficacy of
atorvastatin alone in preventing PF in mice. Combined
treatment, however, suppressed BLM-induced LDLR defi-
ciency, while atorvastatin alone or alirocumab alone
only caused a slight increase. In fact, statins can not
only enhance the expression of LDLR, but also that of
PCSK9, which specifically degrades LDLR, suggesting
combined treatment can maximize and sustain LDLR lev-
els. Therefore, it seems reasonable to treat PF with a
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combination of statins and PCSK9 inhibitors. We investi-
gated the dose-response relationship of atorvastatin alone
in a BLM-induced mouse model of PF, and found that
a higher dose of atorvastatin (10 mg/kg/d) exhibits no
benefits (Supporting information Figure S19). In our ani-
mal experiments, we used 5 mg/kg of atorvastatin com-
bined with anti-PCSK9 to increase LDLR levels. A nor-
mal atorvastatin dosage in humans is 10–80 mg per day,
which is approximately equivalent to 2.1–16.4 mg/kg in
mice. We think that the dosage used in our study is appro-
priate. An increasing body of evidence has indicated that
statins may have a beneficial effect on clinical outcomes
in PF and even in COVID-19.23,36–38 By searching all the
literature investigating the association of statins with PF,
including 7 clinical studies23,24,39–43 and 18 experimental
studies,24,36,44–59 we found that almost all studies trends to
indicate that the statins are protective for PF (Supporting
information Table S3). It is believed that lipophilic statins
are taken up faster by PF lung tissue through passive dif-
fusion than through active uptake.60 Moreover, it is hardly
for hydrophilic statins to enter other organs.61 The human
protein atlas shows PCSK9 is enriched in hepatocytes
and lung alveolar cells (https://www.proteinatlas.org/
ENSG00000169174-PCSK9). Moreover, Suh et al. report
that PCSK9 is highly expressed in mouse lungs.62 Xu et al.
report human lung A549 cells express PCSK9 as well.63
Furthermore, we found that atorvastatin combined with
alirocumab administration effectively restored lung LDLR
levels. Based on these results, we concluded that the in vivo
effects of treatment depend on the lung mechanisms to a
great extent. Further, as the liver is also a source of PCSK9,
we will evaluate the contributions of hepatic PCSK9 to PF.
As statin is a lipid mediator by controlling the LDL, LDLR,
PCSK9 levels. However, none of these studies focus on the
regulation and the roles of LDL–LDLR-PCSK9 pathways
in PF. It is the first study to demonstrate that lung fibrosis
can be alleviated with a pharmacological intervention that
targets LDL–LDLR metabolism by atorvastatin combined
alirocumab treatment.
Several mechanisms may explain why reduced LDLR

results in greater susceptibility to PF.We think cholesterol-
dependent and independent pathways are two underly-
ing mechanisms. A number of studies have reported that
cholesterol could induce cell apoptosis, inflammation,
EMTand fibrosis.64–67 Besides, LDLRmaydirectly regulate
the fibrotic pathways in a cholesterol-independent man-
ner. Studies have shown that LDLR can bind to DAB2,
which acts as a mediator of TGF-β signal by directly bind-
ing to TGFBR1, TGFBR2, SMAD2 and SMAD3.68,69 There
are some limitations to our study. First, follow-up studies
are required to clarify whether Ldlr−/− mice will sponta-
neously develop fibrosis during aging. Second, the poten-
tial contributions of immune cells are also worthy of fur-

ther study. Finally, combined treatment with statins and
anti-PCSK9 restores LDLR expression and blocks PF pro-
gression in mice, but we did not investigate whether com-
bined treatment can cure established PF, and we did not
investigate the clinical value of combined treatment for
patients.
In conclusion, this study revealed that abnormal

LDL–LDLR metabolism stimulates apoptosis, increases
fibroblast-like endothelial and ATII cells and activates
fibroblasts, eventually leading to PF. Additionally, we
showed that atorvastatin and alirocumab restore LDLR
expression and LDL levels, providing proof-of-concept that
restoration of LDL–LDLRmetabolism by pharmacological
agents that target LDL and/or LDLR is a promising thera-
peutic strategy for fibrotic disorders.

4 MATERIALS ANDMETHODS

Reagents. BLM (S1214, Selleck), LDL (L7914, Sigma,
USA), LPDS (LP4, Millipore, Billerica, MA, USA), ator-
vastatin (H20051408, Sigma), alirocumab (NJ08807,
Sanofi), Lipofectamine RNAiMax (13778, Life Technolo-
gies, Gaithersburg, MD, USA), FITC (46950, Sigma),
Alexa Fluor 594 (SCJ4600028, Sigma), DAPI (D8417,
Sigma) and Fixable Viability Dye eFluor 506 (65-0866-14,
Thermo Fisher Scientific) were obtained from indicated
manufacturers.
Commercial assays. The Sircol Assay Kit (S5000, Bio-

color), Annexin V-Alexa Fluor 488/PI Apoptosis Detection
Kit (6592, CST, Massachusetts, USA), Endothelin 1 ELISA
Kit (DET100, R&D), TUNEL Kit (11684795910, Roche,
Indianapolis, IN), Mouse PCSK9 SimpleStep ELISA Kit
(ab215538, Abcam, Cambridge, UK), Human PCSK9 Sim-
pleStep ELISA Kit (ab209884, Abcam), Mouse TGF beta
1 ELISA Kit (ARG80211, Arigo) and Human TGF beta 1
ELISA Kit (ARG80123, Arigo) were obtained from indi-
cated manufacturers.
Mice. Ldlr−/− and C57BL/6J mice were obtained from

Jackson Lab and Shanghai SLAC Laboratory Animal Cen-
ter, respectively.
Human specimens. Patients diagnosed with SSc-PF

at the Shanghai Traditional Chinese Medicine-Integrated
Hospital in 2013 were enrolled. The IPF and control lung
samples were obtained as a gift from Yuehai Ke, Jingyu
Chen and UGMLC Giessen Biobank. Laboratory tests
were conducted to confirm the diagnosis for SSc, SSc-
PF and IPF. Age- and gender-matched healthy individ-
uals were enrolled as controls. Patients or controls who
were currently on lipid-lowering medication or had lipid
metabolism disorders were excluded from this study. The
exclusion criteria also included obesity, diabetes mellitus,
hypertension, atherosclerosis and familiar dyslipidaemia.

https://www.proteinatlas.org/ENSG00000169174-PCSK9
https://www.proteinatlas.org/ENSG00000169174-PCSK9


SHI et al. 15 of 19

Plasma lipid levels were measured using an automatic bio-
chemical analyser.

4.1 Animal protocols, diets and
treatment

Six-week-old male WT and Ldlr−/− mice were intratra-
cheally instilled with 2.0 mg/kg BLM (diluted in sterile
saline) or equal volumes of saline as described previously.67
Our and other studies showed that the best age of the
mouse for PF model is 6–8 weeks.70,71 Mice in this period
are susceptible to BLM-induced PF. Additionally, the TGF-
β1-induced PF model was constructed by an AdTGF-β1.
Ldlr−/− and WT mice were intratracheally instilled with
single 5 × 108 PFU of AdTGF-β1 or equal volume of
empty adenoviral vector (AdCtr), and euthanized at day
21 for assessment of fibrosis. Mice used for LDL–LDLR
metabolism detection shown in Figure 2 were intratra-
cheally instilled with 2.5 mg/kg BLM (diluted in ster-
ile saline) or equal volumes of saline. Mouse SSc-PF
model was induced by subcutaneous injection of BLM
(1 mg/mL, 100 μL) or equal volumes of saline every day
as described previously.72 Mouse lung samples of TopoI-
CFA and GVHD-induced PF model were gifts from Jörg
H.W. Distler. For lipid detection in the plasma, mice were
fasted overnight with access to water ad libitum. To evalu-
ate the effects of alirocumab and atorvastatin on PF, mice
were treated with alirocumab (subcutaneous injection,
3 mg/kg/week, 7 days before or 7 days after BLM instilla-
tion) and atorvastatin (orally, 5 mg/kg/d, 7 days before or 7
days after BLM instillation), alone or both and last until the
21 days after 4mg/kg BLM instillation. BALFwas obtained
by washing the alveoli three times using PBS with 1% FBS.
Tissue for histological analysis was fixed and imaged using
a Nikon Eclipse 80i microscope (Nikon, Badhoevedorp,
Netherlands). PF in the lung sections was scored on a scale
from 0 to 8 using the Ashcroft score method.

4.2 Cell culture

Lung tissue explants of IPF patients and SSc-PF patients,
as well as discarded normal transplant donor lung tissues,
were obtained and used to isolate primary endothelial,
ATII and fibroblast cells. Primary human lung endothe-
lial, ATII and fibroblast cells were isolated from PF
patients. After FAC-sorting, primary fibroblasts were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% FBS. The primary human lung
endothelial and ATII cells were seeded in Fibronectin-
coated plates and cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS. All cells

were cultured at 37◦C in a 5% CO2 humidified incubator.
For conditioned medium collection, LDL was first incu-
bated with endothelial or ATII cells for 12 h. Then, the con-
ditioned medium was collected after cells were cultured
without LDL for another 48 h. For LDL stimulation, all
types of cells were cultured in medium with LPDS.
BALF, plasma, and tissue preparation. Mice were

sacrificed, bloodwas collected in anti-coagulant tubes, and
plasma was obtained by centrifugation at 3000 × g for
10 min and stored at −80◦C until ELISA and blood bio-
chemistry assays. Left lungs were ligated and the alveoli
werewashed three times using PBSwith 1% FBS. Tissue for
histological analysis was immersed in 4% paraformalde-
hyde and then embedded in paraffin, and tissue for qRT-
PCR and western blot analysis was frozen and stored at
−80◦C.
Histological analysis. H&E and Masson’s trichrome

staining were used to evaluate the severity of inflamma-
tion and fibrosis. All of the slides were scored according to
the Ashcroft score method as in previous studies.73,74 The
sectionswere imagedusing aNikonEclipse 80imicroscope
(Nikon) at 400×magnification. PF in the lung sectionswas
scored on a scale from 0 to 8 using the Ashcroft scoring
method.
Collagen measurements. Total soluble collagen in

lung sampleswas quantified using the Sircol collagen assay
(Biocolor, Belfast, UK) following themanufacturer’s proto-
col. The amount of collagen in lung samples was normal-
ized to the total amount of protein, as determined using a
BCA Protein Assay Kit (Beyotime, Nanjing, China).
TUNEL staining. To label nuclei of apoptotic cells,

tissue sections were stained with the TUNEL method
using the In-Situ Cell Death Detection Kit with fluorescein
(Roche) following the manufacturer’s protocol.
TransientRNA interference. Twopredesigned siRNA

sequenceswhich target human andmouseLDLRwere syn-
thesized byGenePharma (Shanghai, China). Sequences for
LDLR siRNAs were as follows:
si-LDLR, 5′-CCAGCGAAGAUGCGAAGAUAUTT-3′;
si-Ldlr, 5′-GGCCAUCUAUGAGGACAAATT-3′.
A scrambled sequence (5′-

UUCUCCGAACGUGUCACGUTT-3′) was used as
nontargeting control siRNA. Cells were transiently trans-
fected with 100 pmol of siRNA using Lipofectamine
RNAiMax (Invitrogen). After 72 h, the cells were collected
for further analysis.
Immunofluorescence. The lung specimens were fixed

in 4% paraformaldehyde and stained with anti-LDLR
(1:2000, ab52818, Abcam), anti-Collagen I (1:200, 72026,
CST) and/or anti-SP-C (Human: 1:500, ab40879, Mouse:
1:2000, ab211326; Abcam), anti-CD31 (1:100, Abcam) and
anti-α-SMA (1:50, Abcam). Then specimens were incu-
bated with FITC-conjugated anti-mouse IgG or Alexa
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Fluor 594-conjugated anti-rabbit IgG (Sigma). The nuclei
were stained with DAPI. To determine the fluorescent sig-
nal in tissue sections, fluorescent cells in five different
high-power fields fromeach slidewere quantified. The Zen
software (ZEISS Microscopy) was used to visualize images
and quantify stain intensity, including the co-localization
of two different immunofluorescence signals.
Flowcytometry andFACS. The freshhumanormouse

lungs were diced and washed with basic DMEM. Then the
tissues were digested in amixture containing 2mg/mL col-
lagenase I, 1 mg/mL DNase I, 0.05 mg/mL dispase and
0.04 mg/mL elastase at 37◦C for 45 min in a water bath.
Digestion was stopped by adding FBS to a final concen-
tration of 10%. Cell suspension was passed once through a
100mmcell strainer (Miltenyi Biotec, Germany) to remove
undigested tissues. After lysis with red blood cell lysate
for 10 min, the cell suspension was continuously passed
through the 70 and 40 mm cell strainer to remove mul-
ticellular debris. Cells were then centrifuged at 500 × g
at 4◦C for 10 min, washed once in PBS and resuspended
in 2% FACS buffer. Primary cells were sorted and verified
as in previous studies.75,76 For human lung cell sorting,
the single-cell suspension was incubated with Fixable Via-
bility Dye eFluor 506 (65-0866-14, Thermo Fisher Scien-
tific), anti-CD45-APC-Cy7 (368516, Biolegend), anti-CD31-
PerCP/Cyanine5.5 (303132, Biolegend), anti-CD326-BV421
(324220, Biolegend), anti-CD104-PE (327808, Biolegend)
and anti-PDGFRa- PE/Cy7 (323508, Biolegend) antibod-
ies. For mouse lung cell sorting, the single-cell suspension
was incubated with Fixable Viability Dye eFluor 506 (65-
0866-14, Thermo Fisher Scientific), anti-CD45-APC-Cy7
(557659, Biolegend), anti-CD31-PE (102407, Biolegend),
anti-CD326-BV421 (118225, Biolegend), anti-CD104-Percp-
Cy5.5 (123613, Biolegend) and anti-PDGFRa-APC (135908,
Biolegend) antibodies. FACS sorting was conducted using
a BD FACS Aria II (BD Biosciences) for 30 min on ice.
After incubation, cells were washed, resuspended in 2%
FACS buffer and analyzed by flow cytometry. FAC-sorted
endothelial cells, epithelial cells and fibroblasts were col-
lected and subjected to mRNA extraction and qPCR anal-
ysis.
Gene expression analysis. Total RNA was isolated

from cells and tissues using TRIzol reagent following the
manufacturer’s protocol. Synthesis of cDNA with reverse
transcriptase was performed using anM-MLV First Strand
Kit (Life Technologies,). Real-time qRT-PCR was con-
ducted on a Roche LC480 Real-Time PCR system (Applied
Biosystems) using the SYBR Green-based method. Primer
sequences are provided in Supporting information Table
S2. Relative expression levels of mRNA were determined
following normalization to β-actin or GAPDH.
ELISA analysis. The protein levels of active TGF-β1,

ET-1 and PCSK9 in human and mouse samples were mea-

sured using the ELISA kits (R&D Systems, Minneapolis,
MN) following the manufacturer’s instructions.
Western blot analysis. Proteins from cell lysates were

separated by 10% SDS-PAGE and transferred to nitrocel-
lulose membranes (Millipore). Membranes were blocked
with BSA in TBST buffer for 1 h and then incubated with
primary antibodies overnight at 4◦C, followed by incuba-
tion with HRP-conjugated secondary antibodies. Protein
bands were detected with an ECL kit (Pierce, Rockford,
IL, USA). Each experiment was performed in triplicate.
Protein expressionwas normalized against β-actin (ab6276,
Abcam) or GAPDH (ab8245, Abcam). The following anti-
bodies were used in the analyses: anti-LDLR (10785-1-
AP, Proteintech), anti-SP-C (ab90716, Abcam), anti-CD31
(ab28364, Abcam), anti-E-cadherin (14472, CST), anti-
VE-cadherin (ab33168, Abcam), anti-caspase-3 (sc-271759,
Santa Cruz, CA,USA), anti-α-SMA (ab18147, Abcam), anti-
Collagen I (GB11022, Servicebio), anti-SMAD2/3 (5678,
CST) and anti-p-SMAD2/3 (8828, CST).
Cell apoptosis assay. Cells were transfected with si-

LDLR and control siRNA in six-well plates, and cells were
treated with LPDS and LDL in 12-well plates. After 72 h,
cells were harvested, rinsed with PBS and resuspended
in 500 μL 1× binding buffer containing 10 μL propidium
iodide and 5 μL Annexin V/FITC (Annexin V/FITC kit;
Beyotime). After incubated at room temperature for 10–
20 min in the dark, the fluorescence of cells was immedi-
ately measured using a flow cytometer.

4.3 Quantification analysis

RNA seq. Total RNA was extracted from mouse lungs
and cDNA libraries were constructed using a KAPA RNA
HyperPrep kit (Kapa Biosystems, Wilmington, MA, USA)
following themanufacturer’s protocol. The cDNA libraries
were sequenced using an Illumina HiSeq X Ten system
(Illumina, USA). The transcriptome data were analyzed by
kallisto and Deseq2.

4.4 Statistical analysis

Normality was assessed both visually and with the
Shapiro–Wilk test. For normally distributed parameters,
the independent sample t-test was used if the variance is
homogenous, otherwise, a non-parametricMann-Whitney
test was used. For the parameters that were not nor-
mally distributed, a non-parametric Mann-Whitney test
was used. To compare the effect of Ldlr knockout and
evaluate the therapeutic effect of statin atorvastatin and
alirocumab on PF, a two-way Analysis of Variance, along
with multiple comparison test was used to evaluate
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significant differences between groups. A p-value less
than.05 was considered significant.

ACKNOWLEDGEMENTS
This work was supported by the National Science Founda-
tion of China (82030003, 81770066, 81903203 and 31521003);
the Shanghai Municipal Science and Technology Major
Project (2017SHZDZX01); the research unit of population
genetics on skin and skin diseases and new technologies
for treatment and prevention of dermatological diseases,
Chinese Academy of Medical Sciences (2019-I2M-5-066);
Science and Technology Innovation Plan-Basic Research
Projects (20JC1417300), and the 111 Project (B13016). We
also thank LetPub (www.letpub.com) for its linguistic
assistance during the preparation of this manuscript.

CONFL ICT OF INTEREST
The authors declare no conflict of interest.

ORCID
JiucunWang https://orcid.org/0000-0003-2765-0620

REFERENCES
1. Hsu E, Shi H, Jordan RM, Lyons-Weiler J, Pilewski JM, Feghali-

Bostwick CA. Lung tissues in patients with systemic sclerosis
have gene expression patterns unique to pulmonary fibrosis and
pulmonary hypertension. Arthritis Rheum. 2011;63:783-794.

2. Bagnato G, Roberts WN, Roman J, Gangemi S. A systematic
review of overlapping microRNA patterns in systemic sclero-
sis and idiopathic pulmonary fibrosis. Eur Respir Rev. 2017;26:
160125.

3. Martinez FJ, Collard HR, Pardo A, et al. Idiopathic pulmonary
fibrosis. Nat Rev Dis Primers. 2017;3:17074.

4. Steen VD, Medsger TA. Changes in causes of death in systemic
sclerosis, 1972–2002. Ann Rheum Dis. 2007;66:940-944.

5. Jee AS, Sahhar J, Youssef P, et al. Review: serum biomarkers in
idiopathic pulmonary fibrosis and systemic sclerosis associated
interstitial lung disease-frontiers and horizons. Pharmacol Ther.
2019;202:40-52.

6. Cao Z, Lis R, Ginsberg M, et al. Targeting of the pulmonary cap-
illary vascular niche promotes lung alveolar repair and amelio-
rates fibrosis. Nat Med. 2016;22:154-162.

7. Katzen J, Beers MF. Contributions of alveolar epithelial
cell quality control to pulmonary fibrosis. J Clin Invest.
2020;130:5088-5099.

8. Sun J, Jin T, Su W, et al. The long non-coding RNA PFI protects
against pulmonary fibrosis by interactingwith splicing regulator
SRSF1. Cell Death Differ. 2021:2916-2930.

9. Fernandez IE, Eickelberg O. The impact of TGF-beta on lung
fibrosis: from targeting to biomarkers. Proc Am Thorac Soc.
2012;9:111-116.

10. Swigris JJ, Brown KK. The role of endothelin-1 in the pathogen-
esis of idiopathic pulmonary fibrosis. BioDrugs. 2010;24:49-54.

11. Gowdy KM, Fessler MB. Emerging roles for cholesterol and
lipoproteins in lung disease. Pulm Pharmacol Ther. 2013;26:430-
437.

12. Yao X, Gordon EM, Figueroa DM, Barochia AV, Levine SJ.
Emerging roles of apolipoprotein E and apolipoprotein A-I in
the pathogenesis and treatment of lung disease.Am J Respir Cell
Mol Biol. 2016;55:159-169.

13. Voyno-Yasenetskaya TA, Dobbs LG, Erickson SK, Hamilton RL.
Low density lipoprotein- and high density lipoprotein-mediated
signal transduction and exocytosis in alveolar type II cells. Proc
Nat Acad Sci USA. 1993;90:4256-4260.

14. Parimon T, Yao C, Stripp BR, Noble PW, Chen P. Alveolar
epithelial type II cells as drivers of lung fibrosis in idiopathic pul-
monary fibrosis. Int J Mol Sci. 2020;21:2269.

15. Massaro D, Massaro GD. Developmental alveologenesis: new
roles for ApoE and LDL receptor. Pediatr Res. 2011;70:458-
461.

16. Defesche JC, Gidding SS, Harada-Shiba M, Hegele RA, Santos
RD,Wierzbicki AS. Familial hypercholesterolaemia.Nat Rev Dis
Primers. 2017;3:17093.

17. Aihara K, Handa T, Nagai S, et al. Impaired endothelium-
dependent vasodilator response in patients with pulmonary
fibrosis. Respir Med. 2013;107:269-275.

18. Hebert PR, Gaziano JM, Chan KS, Hennekens CH. Cholesterol
lowering with statin drugs, risk of stroke, and total mortality. An
overview of randomized trials. JAMA. 1997;278:313-321.

19. Nawrocki JW, Weiss SR, Davidson MH, et al. Reduction of LDL
cholesterol by 25% to 60% in patients with primary hypercholes-
terolemia by atorvastatin, a new HMG-CoA reductase inhibitor.
Arterioscler Thromb Vasc Biol. 1995;15:678-682.

20. Tavori H, Melone M, Rashid S. Alirocumab: pCSK9 inhibitor
for LDL cholesterol reduction. Expert Rev Cardiovasc Ther.
2014;12:1137-1144.

21. Walker ME, Souza PR, Colas RA, Dalli J. 13-Series resolvins
mediate the leukocyte-platelet actions of atorvastatin and
pravastatin in inflammatory arthritis. FASEB J. 2017;31:3636-
3648.

22. Bernelot Moens SJ, Neele AE, Kroon J, et al. PCSK9monoclonal
antibodies reverse the pro-inflammatory profile of monocytes in
familial hypercholesterolaemia. Eur Heart J. 2017;38:1584-1593.

23. Kreuter M, Bonella F, Maher TM, et al. Effect of statins on
disease-related outcomes in patients with idiopathic pulmonary
fibrosis. Thorax. 2017;72:148-153.

24. Xu J-F, Washko GR, Nakahira K, et al. Statins and pulmonary
fibrosis: the potential role of NLRP3 inflammasome activation.
Am J Respir Crit Care Med. 2012;185:547-556.

25. Tort Tarrés M, Aschenbrenner F, Maus R, et al. The FMS-like
tyrosine kinase-3 ligand/lung dendritic cell axis contributes to
regulation of pulmonary fibrosis. Thorax. 2019;74:947-957.

26. Redza-Dutordoir M, Averill-Bates DA. Activation of apoptosis
signalling pathways by reactive oxygen species. Biochim Biophys
Acta. 2016;1863:2977-2992.

27. Chen Y, Pu Q, Ma Y, et al. Aging reprograms the hematopoietic-
vascular niche to impede regeneration and promote fibrosis.Cell
Metab. 2021;33:395-410.e4.

28. Albert RK, Schwartz DA. Revealing the secrets of idiopathic pul-
monary fibrosis. N Engl J Med. 2019;380:94-96.

29. Reyfman PA,Walter JM, Joshi N, et al. Single-cell transcriptomic
analysis of human lung provides insights into the pathobiology
of pulmonary fibrosis. Am J Respir Crit Care Med. 2019;199:1517-
1536.

30. Habermann AC, Gutierrez AJ, Bui LT, et al. Single-
cell RNA sequencing reveals profibrotic roles of distinct

http://www.letpub.com
https://orcid.org/0000-0003-2765-0620
https://orcid.org/0000-0003-2765-0620


18 of 19 SHI et al.

epithelial and mesenchymal lineages in pulmonary fibrosis. Sci
Adv. 2020;6:eaba1972.

31. Shi X, Liu Q, Li Na, et al. MiR-3606-3p inhibits systemic scle-
rosis through targeting TGF-beta type II receptor. Cell Cycle.
2018;17:1967-1978.

32. Shi-Wen X, Kennedy L, Renzoni EA, et al. Endothelin is a
downstream mediator of profibrotic responses to transforming
growth factor beta in human lung fibroblasts. Arthritis Rheum.
2007;56:4189-4194.

33. Lagares D, Busnadiego O, Garcia-Fernandez RA, Lamas S,
Rodriguez-Pascual F. Adenoviral gene transfer of endothelin-1
in the lung induces pulmonary fibrosis through the activation of
focal adhesion kinase.AmJRespir CellMol Biol. 2012;47:834-842.

34. Hocher B, Schwarz A, Fagan KA, et al. Pulmonary fibrosis and
chronic lung inflammation in ET-1 transgenic mice.Am J Respir
Cell Mol Biol. 2000;23:19-26.

35. GarrisonG, Huang SK, Okunishi K, et al. Reversal of myofibrob-
last differentiation by prostaglandin E(2). Am J Respir Cell Mol
Biol. 2013;48:550-558.

36. Lee YJ, Kim MJ, Yoon YS, Choi YH, Kim HS, Kang JL. Sim-
vastatin treatment boosts benefits of apoptotic cell infusion in
murine lung fibrosis. Cell Death Dis. 2017;8:e2860.

37. Belchamber KBR, Donnelly LE. Targeting defective pulmonary
innate immunity—a new therapeutic option? Pharmacol Ther.
2020:107500.

38. Zhang X-J, Qin J-J, Cheng X, et al. In-hospital use of statins is
associated with a reduced risk of mortality among individuals
with COVID-19. Cell Metab. 2020;32:176-187.e4.

39. Saad N, Camus P, Suissa S, Ernst P. Statins and the risk of inter-
stitial lung disease: a cohort study. Thorax. 2013;68:361-364.

40. Ponnuswamy A, Manikandan R, Sabetpour A, Keeping IM,
Finnerty JP. Association between ischaemic heart disease and
interstitial lung disease: a case-control study. Respir Med.
2009;103:503-507.

41. Kreuter M, Costabel U, Richeldi L, et al. Statin therapy and out-
comes in trials of nintedanib in idiopathic pulmonary fibrosis.
Respiration. 2018;95:317-326.

42. Vedel-Krogh S, Nielsen SF, Nordestgaard BG. Statin use is asso-
ciated with reduced mortality in patients with interstitial lung
disease. PLoS One. 2015;10:e0140571.

43. Ekstrom M, Bornefalk-Hermansson A. Cardiovascular and
antacid treatment and mortality in oxygen-dependent pul-
monary fibrosis: a population-based longitudinal study.
Respirology. 2016;21:705-711.

44. Du J, Zhu Y, Meng X, et al. Atorvastatin attenuates paraquat
poisoning-induced epithelial-mesenchymal transition via
downregulating hypoxia-inducible factor-1 alpha. Life Sci.
2018;213:126-133.

45. El-Mohandes EM, Moustafa AM, Khalaf HA, Hassan YF. The
role of mast cells and macrophages in amiodarone induced pul-
monary fibrosis and the possible attenuating role of atorvastatin.
Biotech Histochem. 2017;92:467-480.

46. Kruzliak P, Hare DL, Zvonicek V, Klimas J, Zulli A. Simvastatin
impairs the induction of pulmonary fibrosis caused by a western
style diet: a preliminary study. J CellMolMed. 2015;19:2647-2654.

47. Zhu B, Ma AQ, Yang L, Dang XM. Atorvastatin attenuates
bleomycin-induced pulmonary fibrosis via suppressing iNOS
expression and the CTGF (CCN2)/ERK signaling pathway. Int
J Mol Sci. 2013;14:24476-24491.

48. Oka H, Ishii H, Iwata A, et al. Inhibitory effects of pitavastatin
on fibrogenic mediator production by human lung fibroblasts.
Life Sci. 2013;93:968-974.

49. Malekinejad H, Mehrabi M, Khoramjouy M, Rezaei-Golmisheh
A. Antifibrotic effect of atorvastatin on paraquat-induced pul-
monary fibrosis: role of PPARgamma receptors. Eur J Pharma-
col. 2013;720:294-302.

50. Yang T, Chen M, Sun T. Simvastatin attenuates TGF-beta1-
induced epithelial-mesenchymal transition in human alveolar
epithelial cells. Cell Physiol Biochem. 2013;31:863-874.

51. Schroll S, Lange TJ, Arzt M, et al. Effects of simvastatin on pul-
monary fibrosis, pulmonary hypertension and exercise capacity
in bleomycin-treated rats. Acta Physiol (Oxf). 2013;208:191-201.

52. Liu CP, Kuo MS, Wu BN. NO-releasing xanthine KMUP-
1 bonded by simvastatin attenuates bleomycin-induced lung
inflammation and delayed fibrosis. Pulm Pharmacol Ther.
2014;27:17-28.

53. Tulek B, Kiyan E, Kiyici A, Toy H, Bariskaner H, Suerdem M.
Effects of simvastatin on bleomycin-induced pulmonary fibrosis
in female rats. Biol Res. 2012;45:345-350.

54. Kim JW, Rhee CK, Kim TJ, et al. Effect of pravastatin on
bleomycin-induced acute lung injury and pulmonary fibrosis.
Clin Exp Pharmacol Physiol. 2010;37:1055-1063.

55. Jiang BH, Tardif J-C, Sauvageau S, et al. Beneficial effects of ator-
vastatin on lung structural remodeling and function in ischemic
heart failure. J Card Fail. 2010;16:679-688.

56. Ou X-M, Feng Y-L, Wen F-Q, et al. Simvastatin attenuates
bleomycin-induced pulmonary fibrosis in mice. Chin Med J
(Engl). 2008;121:1821-1829.

57. Watts KL, Sampson EM, Schultz GS, Spiteri MA. Simvas-
tatin inhibits growth factor expression and modulates profibro-
genic markers in lung fibroblasts. Am J Respir Cell Mol Biol.
2005;32:290-300.

58. Watts KL, Spiteri MA. Connective tissue growth factor expres-
sion and induction by transforming growth factor-beta is abro-
gated by simvastatin via a Rho signalingmechanism.Am J Phys-
iol Lung Cell Mol Physiol. 2004;287:L1323-1332.

59. Tan A, Levrey H, Dahm C, Polunovsky VA, Rubins J, Bitterman
PB. Lovastatin induces fibroblast apoptosis in vitro and in vivo.
A possible therapy for fibroproliferative disorders. Am J Respir
Crit Care Med. 1999;159:220-227.

60. Shitara Y, SugiyamaY. Pharmacokinetic and pharmacodynamic
alterations of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors: drug-drug interactions and interindi-
vidual differences in transporter and metabolic enzyme func-
tions. Pharmacol Ther. 2006;112:71-105.

61. Sirtori CR. Tissue selectivity of hydroxymethylglutaryl coen-
zyme A (HMG CoA) reductase inhibitors. Pharmacol Ther.
1993;60:431-459.

62. Suh JM, Son Y, Yoo J-Y, et al. Proprotein convertase subtil-
isin/kexin Type 9 is required for Ahnak-mediated metastasis of
melanoma into lung epithelial cells.Neoplasia. 2021;23:993-1001.

63. Xu X, Cui Y, Cao L, Zhang Y, Yin Y, Hu X. PCSK9 regulates
apoptosis in human lung adenocarcinoma A549 cells via endo-
plasmic reticulum stress andmitochondrial signaling pathways.
Exp Ther Med. 2017;13:1993-1999.

64. Li K, Deng Y, Deng G, et al. High cholesterol induces apopto-
sis and autophagy through theROS-activatedAKT/FOXO1 path-
way in tendon-derived stem cells. StemCell Res Ther. 2020;11:131.



SHI et al. 19 of 19

65. Tall AR, Yvan-Charvet L. Cholesterol, inflammation and innate
immunity. Nat Rev Immunol. 2015;15:104-116.

66. Jiang S, Wang X, Song D, et al. Cholesterol induces epithelial-
to-mesenchymal transition of prostate cancer cells by sup-
pressing degradation of EGFR through APMAP. Cancer Res.
2019;79:3063-3075.

67. Tomita K, Teratani T, Suzuki T, et al. Free cholesterol accu-
mulation in hepatic stellate cells: mechanism of liver fibrosis
aggravation in nonalcoholic steatohepatitis in mice.Hepatology.
2014;59:154-169.

68. Morris SM, Cooper JA. Disabled-2 colocalizes with the LDLR in
clathrin-coated pits and interacts with AP-2. Traffic. 2001;2:111-
123.

69. Jiang Y, Woosley AN, Sivalingam N, Natarajan S, Howe PH.
Cathepsin-B-mediated cleavage of Disabled-2 regulates TGF-
beta-induced autophagy. Nat Cell Biol. 2016;18:851-863.

70. Chu H, Jiang S, Liu Q, et al. Sirtuin1 protects against systemic
sclerosis-related pulmonary fibrosis by decreasing proinflam-
matory and profibrotic processes. Am J Respir Cell Mol Biol.
2018;58:28-39.

71. Ma Y, Ratnasabapathy R, De Backer I, et al. Glucose in the
hypothalamic paraventricular nucleus regulates GLP-1 release.
JCI Insight. 2020;5: e132760.

72. Shi X, Liu Q, Zhao H, et al. Increased expression of GAB1 pro-
motes inflammation and fibrosis in systemic sclerosis. Exp Der-
matol. 2019;28:1313-1320.

73. Ashcroft T, Simpson JM, Timbrell V. Simple method of estimat-
ing severity of pulmonary fibrosis on a numerical scale. J Clin
Pathol. 1988;41:467-470.

74. Hubner RH,GitterW, ElMokhtari NE, et al. Standardized quan-
tification of pulmonary fibrosis in histological samples. BioTech-
niques. 2008;44:507-511.

75. Schafer MJ, White TA, Iijima K, et al. Cellular senescence medi-
ates fibrotic pulmonary disease. Nat Commun. 2017;8:14532.

76. Sinha M, Lowell CA. Isolation of highly pure primary mouse
alveolar epithelial type II cells by flow cytometric cell sorting.
Bio Protoc. 2016;6:e2013.

SUPPORT ING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Shi X, Chen Y, Liu Q,
et al. LDLR dysfunction induces LDL accumulation
and promotes pulmonary fibrosis. Clin Transl Med.
2022;12:e711. https://doi.org/10.1002/ctm2.711

https://doi.org/10.1002/ctm2.711

	LDLR dysfunction induces LDL accumulation and promotes pulmonary fibrosis
	Abstract
	1 | INTRODUCTION
	2 | RESULTS
	2.1 | Disrupted LDL-LDLR metabolism in PF patients
	2.2 | Aberrant LDLR and increased LDL in BLM-induced mouse PF
	2.3 | Ldlr knockout accelerated and exacerbated BLM-induced PF in mice
	2.4 | Increased apoptosis of endothelial and epithelial cells in Ldlr&#x2212;/&#x2212; mouse lungs
	2.5 | Ldlr deletion increased fibroblast-like endothelial and ATII cells in vivo
	2.6 | Disrupted LDL-LDLR metabolism induced apoptosis, accumulation of fibroblast-like cells and fibrosis in vitro
	2.7 | Atorvastatin combined with alirocumab alleviated BLM-induced PF in mice
	2.8 | Atorvastatin combined with alirocumab reversed apoptosis, fibroblast-like changes of endothelial and ATII cells and BLM-induced pathway imbalance

	3 | DISCUSSION
	4 | MATERIALS AND METHODS
	4.1 | Animal protocols, diets and treatment
	4.2 | Cell culture
	4.3 | Quantification analysis
	4.4 | Statistical analysis

	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


