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Abstract

Pulmonary fibrosis is one of the important causes of morbidity and mortality in fibroproliferative disorders such as systemic sclerosis
(SSc) and idiopathic pulmonary fibrosis (IPF). Lysyl oxidase (LOX) is a copper-dependent amine oxidase whose primary function is the
covalent crosslinking of collagens in the extracellular matrix (ECM). We investigated the role of LOX in the pathophysiology of SSc.
LOX mRNA and protein levels were increased in lung fibroblasts of SSc patients compared with healthy controls and IPF patients. In
vivo, bleomycin induced LOX mRNA expression in lung tissues, and LOX activity increased in the circulation of mice with pulmonary
fibrosis, suggesting that circulating LOX parallels levels in lung tissues. Circulating levels of LOX were reduced upon amelioration of
fibrosis with an antifibrotic peptide. LOX induced ECM production at the transcriptional level in lung fibroblasts, human lungs, and
human skin maintained in organ culture. In vivo, LOX synergistically exacerbated fibrosis in bleomycin-treated mice. Further, LOX
increased the production of interleukin (IL)-6, and the increase was mediated by LOX-induced c-Fos expression, the nuclear localiza-
tion of c-Fos, and its engagement with the IL-6 promoter region. Our findings demonstrate that LOX expression and activity correlate
with fibrosis in vitro, ex vivo, and in vivo. LOX induced ECM production via upregulation of IL-6 and nuclear localization of c-Fos.
Thus, LOX has a direct pathogenic role in SSc-associated fibrosis that is independent of its crosslinking function. Our findings also
suggest that measuring circulating LOX levels and activity can be used for monitoring response to antifibrotic therapy.
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INTRODUCTION

Fibrosis is a pathological process characterized by fibro-
blast activation and proliferation and excess deposition of
extracellular matrix (ECM) components such as fibronectin
and collagen in an organ or tissue. Progressive fibrosis
results in loss of organ function and is recognized to be one
of the major causes ofmorbidity andmortality in individuals
with a progressive pulmonary fibrotic disease such as idio-
pathic pulmonary fibrosis (IPF) and systemic fibrotic disease
such as systemic sclerosis (SSc) (1, 12). SSc is a connective tis-
sue disease of unknown etiology characterized by dermal
and visceral organ fibrosis due to persistent overproduction
of ECM (19, 37). Pulmonary involvement is currently the
leading cause of morbidity and mortality in patients with
SSc (36).

Lysyl oxidase (LOX) is a member of the LOX family of pro-
teins that includes LOX, lysyl oxidase like-1 (LOXL1), LOXL2,
LOXL3, and LOXL4. It is a copper-dependent amine oxidase
whose primary function is to promote the covalent crosslink-
ing of ECM proteins such as collagen and elastin, resulting in

the establishment of the tensile strength of ECM (39). LOX ac-
tivity is important in establishing the structural integrity and
stability of the ECM in various organs. In addition to this tra-
ditional function, lesser known functions of LOX include reg-
ulation of gene transcription and modulation of cell signaling
pathways (2). LOX levels are increased in SSc skin (3). LOX lev-
els are also increased in sera of SSc patients compared with
those of healthy controls, and circulating LOX concentrations
correlate with the extent of skin fibrosis in SSc patients (32).

We have previously shown that a peptide derived from the
C-terminus of endostatin, called E4, prevents and ameliorates
dermal and pulmonary fibrosis in vitro, in vivo, and ex vivo
(28, 40). We further reported that LOX is upregulated in nor-
mal human fibroblasts treated with transforming growth fac-
tor-b (TGF-b) and in lung tissues of bleomycin-treated mice
and that the antifibrotic activity of E4 was accompanied by a
decrease in LOX expression (40). Therefore, in the present
study, we investigated whether circulating LOX can serve as a
marker of lung fibrosis. We also sought to determine the role
of LOX in fibrosis and whether LOX directly contributes to
increased ECMproduction.
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MATERIALS AND METHODS

Human lung and skin tissues.
Lung tissues were obtained from the explanted lungs of SSc
and IPF patients who underwent lung transplantation at the
University of Pittsburgh Medical Center, as previously
reported (14, 29). All tissues were obtained under a protocol
approved by the Institutional Review Board of the University
of Pittsburgh and following written informed consent. Lung
tissues were also obtained from organ donors (healthy con-
trols; HC) whose lungs were not used for transplantation
under a protocol approved by the Institutional Review Board
of the University of Pittsburgh (14, 29). Human skin was
obtained from corrective plastic surgery and maintained in
organ culture, as we have previously reported (42). Skin
punch biopsies were obtained from the clinically affected
skin of patients with SSc or from the skin of their healthy
twins from a cohort that was previously described (7, 31).

Primary fibroblast culture.
Primary human lung fibroblasts were cultured from lung tis-
sues of patients with SSc and IPF undergoing lung transplanta-
tion following written consent as previously described (14, 29)
under a protocol approved by the University of Pittsburgh
Institutional Review Board. Primary fibroblasts were also cul-
tured from the lung tissues of normal donors whose lungs were
not used for transplantation (14, 29). Dermal fibroblasts were
cultured as previously described (9). All fibroblasts were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
(Corning Incorporated Life Sciences, Tewksbury, MA) supple-
mented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St.
Louis, MO), penicillin, streptomycin, and antimycotic agent
(Invitrogen, Carlsbad, CA). All cells were used between pas-
sages 3 and 7.

In vivo experiments.
All experiments were done under a protocol approved by the
Institutional Animal Care and Use Committee of the Medical
University of South Carolina. Pulmonary fibrosis was induced
in mice as previously described with some modifications (28,
40). Briefly, bleomycin (1.2 mU/g body wt) in a total volume of
50 mL of PBS was intratracheally administered to 6–8-wk-old
male CB57BL/6J mice (The Jackson Laboratory, Bar Harbor,
ME). Biotinylated-E4 or biotinylated-scrambled peptide (20
mg/mouse) in 100 mL of H2O was administered via oral gavage
on the same day as bleomycin as well as 3 and 6 days posttreat-
ment for a total of three doses. Mice were euthanized by CO2

asphyxiation, and lungs were harvested on days 3, 5, 10, and 21
for mRNA expression analysis and hydroxyproline assay. Sera
were collected on day 21 for measurement of LOX levels and
activity. In some experiments, lungs harvested on day 21 were
fixed with 10% formalin and embedded in paraffin for hema-
toxylin and eosin (H&E) staining. To assess the potential
fibrotic effect of LOX, 10 mg of recombinant LOX (LOX)
(OriGene Technologies, Inc., Rockville, MD) or vehicle (PBS)
was intratracheally administered 7 days after bleomycin treat-
ment (1.0mU/g bodywt), and lungs were harvested on day 14.

In vitro fibroblast stimulation.
Actively growing primary human lung fibroblasts were stimu-
lated as previously described with some modifications (27).

Briefly, 2.0 � 105 primary fibroblasts were plated in six-well tis-
sue culture plates in 10% FBS-containing DMEM. After 24 h,
the cells were serum-starved in DMEM for 24 h before stimula-
tion with recombinant LOX (LOX) or vehicle (VC) and har-
vested after 48 h for mRNA, chromatin immunoprecipitation
(ChIP) assay, or nuclear fraction isolation using the Subcellular
Protein Fractionation kit (Thermo Fisher Scientific, Waltham,
MA) according to the manufacturer’s protocol. Primary human
lung fibroblasts were also treated with LOX in the presence or
absence of IL-6-neutralizing antibody (R&D Systems Inc.,
Minneapolis, MN) or isotype control for 48 h for ECM extrac-
tion as previously described (29). In addition, primary human
lung fibroblasts were infected with adenovirus-expressing
mouse or human LOX or a control adenovirus at a multiplicity
of infection (MOI) of 50. For studies of inhibition, primary lung
fibroblasts were stimulated with 270 ng/mL human recombi-
nant LOX following a 1-h pretreatment with 10 mg/mL b-amino-
propionitrile monofumarate (BAPN), an irreversible inhibitor
of lysyl oxidase activity (Sigma-Aldrich, St. Louis, MO), and 10
mg/mL T-5224, a transcription factor c-Fos/activator protein
(AP)-1 inhibitor (Apexbio, Houston, TX), or vehicle (DMSO) for
48 h.

Adenovirus construct preparation.
Replication-deficient adenovirus serotype-5-expressing mouse
LOX (LOX Ad) or no cDNA (control Ad) were obtained from
the Vector Core Facility of the University of Pittsburgh.
Adenovirus-expressing human LOX or control virus (Ad-CMV)
were purchased fromVector BioLabs (Malvern, PA).

Ex vivo human lung culture.
Human lung tissue was cut into approximately 3-mm cores,
and six cores were placed in each well of a six-well plate in
serum-free DMEM. Two � 107 plaque-forming units (pfu) of
LOX Ad, control Ad, LOX (270 ng/mL), or vehicle were
added. In some experiments, lung tissue was treated with
LOX in combination with BAPN (200 mg/mL) (Sigma-
Aldrich). The tissues and media were harvested 96 h post-
treatment. Collagen content in tissues was measured using
hydroxyproline assay and mRNA expression levels were
measured using quantitative PCR. The conditioned media
were analyzed by immunoblotting and ELISA.

Ex vivo human skin culture.
Human skin tissue was cut into approximately 20-mm � 20-
mm pieces and placed in each well of six-well plates in
DMEM supplemented with 10% FBS. Recombinant LOX (810
ng/tissue) or vehicle in combination with anti-IL-6 antibody
(5 mg/tissue) (R&D) or isotype control were injected. Tissues
were harvested 120 h posttreatment. Tissues were evaluated
for collagen content using hydroxyproline assay. Tissues
were also fixed with 10% formalin and embedded in paraffin
for H&E staining andmeasuring skin thickness as previously
described (42).

Quantitative PCR.
Total RNA was extracted from human primary lung fibro-
blasts, human lung and skin tissues, and mouse lung tissues
using a RNeasy mini kit (Qiagen Inc., Valencia, CA). First-
strand cDNA was reverse-transcribed with an oligo (dT)12-15
primer (Invitrogen, Carlsbad, CA) and SuperScript IV Reverse
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Transcriptase (Invitrogen). Gene mRNA expression levels
were evaluated by quantitative PCR using the TaqMan real-
time PCR system (Applied Biosystems, Foster City, CA)
according to the manufacturer’s protocol. Gene expression
levels were normalized to glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). Relative expression levels of fibro-
blasts were compared with RNA levels using the
comparative CT method formula 2�DDCt. The expression of
each gene was measured as a ratio to GAPDH. Specific pri-
mers and probes for amplifying genes encoding human
LOX (Hs00184700_m1), mouse LOX (Mm00495386_m1),
human GAPDH (Hs02758991_g1), mouse Gapdh
(Mm99999915_g1), human collagen 1A1 (Hs00164004_m1),
human collagen 1A2 (Hs00164099_m1), human fibronectin
(Hs00365052_m1), human IL-6 (Hs00985639_m1), and
human c-Fos (Hs04194186_s1) were purchased from
Applied Biosystems. Human B2M (Hs00187842_m1) was
also used to confirm results obtained with GAPDH with no
notable differences (data not shown).

Hydroxyproline assay.
To quantify crosslinked collagen content in human and
mouse tissues, hydroxyproline levels were measured as pre-
viously described (28, 33).

LOX ELISA and activity assay.
Mouse sera and media conditioned by fibroblasts were col-
lected and stored at �80�C. Levels of LOX in sera and condi-
tioned media were measured using mouse LOX ELISA kit
(Uscn Life Science Inc., Wuhan, China) according to the man-
ufacturer’s protocol. Activity levels of LOX in sera and condi-
tioned media were quantified using Amplite Fluorimetric
Lysyl Oxidase Assay Kit (AAT Bioquest, Inc., Sunnyvale, CA)
according to themanufacturer’s protocol.

Western blot analysis.
Conditioned media, ECM fractions, and cell lysates were an-
alyzed by immunoblotting. The following antibodies were
used: fibronectin (FN) monoclonal antibody (clone EP5)
(Santa Cruz, Dallas, TX), collagen type I (Col) polyclonal anti-
body (Abnova, Taipei City, Taiwan), c-Fos monoclonal anti-
body (clone 9F6) (Cell Signaling Technology, Danvers, MA),
and TATA-box binding protein (TBP) monoclonal antibody
(Abcam, Cambridge, MA) as primary antibodies and horse-
radish peroxidase-conjugated antibody as a secondary anti-
body. Signals were detected using chemiluminescence on
the FluorChem R System (ProteinSimple, San Jose, CA),
and densitometry was analyzed with ImageJ software
(NIH, Bethesda, MD).

Chromatin immunoprecipitation assay.
The chromatin immunoprecipitation (ChIP) assay was per-
formed using an EZ ChIP chromatin immunoprecipitation
kit (Upstate Biotechnology, Inc., Lake Placid, NY) as previ-
ously described (25). Briefly, human primary lung fibroblasts
were treated with LOX (270 ng/mL) or vehicle (VC) for 48 h and
crosslinked by the addition of 1% formaldehyde. Subsequently,
the cells were lysed in SDS lysis buffer. Genomic DNA was
extracted and fragmented into 200–1,000 bp segments using
an ultrasonic processor. The sheared chromatin was precleared
at 4�C for 1 h with rotation with protein G-agarose to avoid

nonspecific binding. The protein G-agarose was pelleted by
centrifugation, and an aliquot of 10 μL of the supernatant was
saved for the input control. The remaining supernatants were
incubated with 5 μg of anti-c-Fos monoclonal antibody (Cell
Signaling Technology) or rabbit IgG (R&D systems) as an iso-
type control. After washing of the immunoprecipitated prod-
ucts, the chromatin was eluted from the agarose by incubation
with elution buffer. The DNA-protein crosslinks were then
reversed using a high-salt solution at 65�C for 4 h. Finally, the
precipitated DNA was recovered using the provided spin col-
umn and eluted with 50 μL of elution buffer. PCR was per-
formed using Taq DNA polymerase (Invitrogen) with 1 μL of
the precipitated DNA as template. The primers used to detect
the binding of c-Fos to the IL-6 promoter region are: forward,
5 0-ATGCTAAAGGACGTCACATTGCACAA-3 0; reverse, 5 0-
TGGCAGTTCCAGGGCTAAGGATTTCC-3 0.

Statistical analysis.
All continuous variables are expressed asmeans± SD. All statis-
tical analyses were done using GraphPad Prism version 8 for
Windows (GraphPad Software, La Jolla, CA). Comparisons
between two groups were tested for statistical significance with
the paired or unpaired t test, as appropriately indicated in the
figure legends. Comparison among three or more groups was
performed using ANOVA followed by Bonferroni’s test. P val-
ues< 0.05 were considered statistically significant.

RESULTS

LOX is increased in primary lung fibroblasts from
patients with SSc.
We have previously reported that TGF-b induced LOX
expression in normal human lung fibroblasts (40). We there-
fore examined LOX levels in primary lung fibroblasts from
HC, SSc patients, and IPF patients. Expression levels of LOX
in primary lung fibroblasts fromHC (n = 9), SSc patients with
pulmonary fibrosis (PF) (n = 12), SSc patients with pulmonary
hypertension (PH) (n = 9), and IPF patients (n = 10) were
examined by real-time PCR. As shown in Fig. 1A, LOXmRNA
levels were significantly upregulated in lung fibroblasts from
SSc patients compared with those from both HC and IPF
patients. LOX mRNA levels were comparable in lung fibro-
blasts from IPF patients and HC. The highest levels of LOX
mRNA were noted in SSc patients with PF. Thus, LOX
expression was increased in lung fibroblasts cultured in vitro
from SSc patients, especially patients with SSc-associated
pulmonary fibrosis.

LOX is increased in vivo in the bleomycin-induced
pulmonary fibrosis mouse model and correlates with
fibrosis.
We previously demonstrated an increase in LOX mRNA and
protein in mouse lungs 10 days following administration of
bleomycin in vivo (28, 40). To assess how early LOX expres-
sion is induced as a result of bleomycin-induced lung fibrosis,
we measured LOXmRNA expression in mouse lungs 3, 5, and
10 days after bleomycin treatment. On days 3 and 5, bleomy-
cin induced Lox expression by 1.2-fold. Notably, bleomycin
increased LoxmRNA expression in mouse lungs 10 days post-
treatment by 2.8-fold (Fig. 1B). Our previous work also demon-
strated that treatment of mice with the antifibrotic peptide E4
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ameliorated fibrosis and reduced tissue levels of LOX (28). To
determine if circulating LOX levels and activity can serve to
monitor the response to antifibrotic therapy, we measured
LOX protein and activity levels in sera of mice treated with
bleomycin in combination with the E4 peptide or control
scrambled peptide. Sera were collected frommice 21 days after
bleomycin and peptide treatment. As shown in Fig. 1, C andD,
bleomycin increased circulating levels of LOX protein and ac-
tivity, respectively, in the sera of mice. The mean serum LOX
level in mice treated with bleomycin was significantly higher
(52.7± 12.0 ng/mL) than inmice treated with PBS (34.1±3.1 ng/
mL). The mean serum LOX activity level in mice treated with
bleomycin was also significantly increased [5,718.6±2,749.8
relative fluorescence unit (RFU)] compared with mice treated
with PBS (4,208.9±721.5 RFU). Furthermore, amelioration of

bleomycin-induced pulmonary fibrosis by E4 peptide signifi-
cantly reduced the protein (36.8±3.4 ng/mL) and activity levels
of LOX (3,358.9± 812.2 RFU). These data suggest that circu-
lating LOX levels and activity are induced by bleomycin
treatment and parallel the development of bleomycin-
induced pulmonary fibrosis, while the levels are reduced
when fibrosis is ameliorated as a result of E4 treatment.
Thus, LOX is a suitable marker for monitoring response to
therapy in the setting of fibrosis.

LOX promotes expression of ECM genes in in vitro, ex
vivo, and in vivo pulmonary fibrosis models.
It is well established that LOX contributes to fibrosis via its
crosslinking activity. To determine if LOX also contributes to
the development of fibrosis by promoting ECM expression,
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we treated primary human lung fibroblasts from HC with
recombinant LOX for 48 h andmeasured expression levels of
ECM components. LOX treatment significantly increased
collagen 1A1 (Col1A1) (Fig. 2A) and fibronectin (FN) (Fig. 2B)
mRNA expression. We also examined the effects of LOX in
human lung tissues maintained in organ culture. LOX signif-
icantly increased the transcription levels of Col1A1 (Fig. 2C),

but not those of FN (data not shown) at the time point exam-
ined, and LOX increased production of collagen and fibro-
nectin protein by lung tissues (Fig. 2D and Supple-mental
Fig. S1; all supplemental materials are available at https://
doi.org/10.6084/m9.figshare.12797363.v1). LOX also
increased its own expression in human lung tissues main-
tained in organ culture (Fig. 2C). In confirmation of its
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function, LOX increased hydroxyproline contents of human
lung tissues in ex vivo organ culture (Fig. 2E). Interestingly,
the inhibition of LOX catalytic activity by BAPN failed to
completely abrogate LOX-induced ECM production (Fig. 2F),
suggesting that induction of ECM transcription by LOX is in-
dependent of its crosslinking activity.

In a complementary approach, we expressed LOX via
adenoviral vector. Human lung tissues obtained from
healthy controls (HC) were treated with LOX Ad for 96 h.
Real-time PCR revealed that mRNA expression levels of col-
lagen 1A1 and fibronectin were significantly increased by
LOX Ad (Fig. 3A). Similarly, collagen and fibronectin protein
levels were also increased in the lungs from healthy donors
(HC) and patients with SSc treated with LOX Ad compared
with those treated with control Ad (Fig. 3B). Hydroxyproline
assay revealed that the amount of collagen in lung tissues
from SSc patients (4.1±0.6 mg/mg) was higher than in lung tis-
sues of healthy donors (1.0±0.2 mg/mg) at baseline (Fig. 3C).
LOX Ad treatment further increased the amount of collagen in
lung tissues from both HC (1.5±0.3 mg/mg) and SSc patients
(5.0±0.3 mg/mg) as comparedwith control Ad (Fig. 3C).

Having shown that recombinant LOX and adenovirally
expressed LOX increase ECM gene expression and fibrosis in
both human lung and skin tissues, we examined if exogenous
LOX can exacerbate pulmonary fibrosis in vivo. Bleomycin (1.0
mU/g body wt) was intratracheally administered to mice with
or without 10 mg of recombinant LOX.Mice were euthanized 14
days posttreatment, and harvested lung tissues were subjected
to H&E staining and hydroxyproline assay. As shown in Fig.
4A, bleomycin in combination with LOX showed that LOX
treatments worsened pulmonary fibrosis in mice. This result
was confirmed by hydroxyproline assay where LOX

administered with bleomycin synergistically exacerbated lung
fibrosis (Fig. 4B). Thus, our data show that administration of
LOX exacerbates bleomycin-induced pulmonary fibrosis in
mice.

Taken together, these results demonstrate that LOX can
induce a fibrotic phenotype via induction of ECM expression
in vitro in primary pulmonary fibroblasts, in human lung tis-
sues ex vivo, and inmouse lungs in vivo.

LOX promotes ECM production in human skin tissues.
Dermal fibrosis is a hallmark of SSc, and the extent of dermal
fibrosis has historically been used to monitor disease progres-
sion and response to treatment in clinical trials (37). Having
shown that LOX promotes pulmonary fibrosis, we next sought
to determine if LOX contributes to the development of fibrosis
in another tissue—the skin. Human skin from healthy donors
was maintained in organ culture as we previously reported
(42). First, similar to our approach in human lung tissues, we
confirmed the effects of overexpressed LOX in human skin tis-
sues in organ culture. Human skin tissues were injected with
adenoviral LOX (Ad-LOX) or a control (Ad-CMV), and the gene
expression levels of LOX, Col1A1, Col1A2, and FN were meas-
ured using qPCR. As seen in Supplemental Fig. S2, A and B,
overexpression of LOX in human skin tissues increased its own
expression, as well as the expression of Col1A1, Col1A2, and FN,
without a noticeable difference in proliferation (Supplemental
Fig. S2C). In a parallel approach, we treated human skin with
recombinant LOX for 48–120 h. Skin tissue was subjected to
H&E staining and hydroxyproline assay. As shown in Fig. 5, A
and B, the thickness of skin tissue, which is increased in fibro-
sis (40, 42), was increased by recombinant LOX treatment. In
parallel, Col1A1 and Col1A2mRNA levels were also increased in
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skin treatedwith LOX for 48 h (Fig. 5C). Induction of dermal fi-
brosis by LOX was further confirmed by hydroxyproline
assay (Fig. 5D). Finally, similar to what was observed in SSc-
PF lung fibroblasts, LOX expression was increased in dermal
fibroblasts from twins discordant for SSc (Fig. 5E). Our find-
ings in lung and skin tissues thus demonstrate that LOX can
induce a fibrotic phenotype in more than one organ. Further,
LOX can positively regulate its own expression, providing a
positive feedback loop.

LOX increases expression of IL-6 which mediates LOX
induction of ECM.
IL-6 is a proinflammatory and profibrotic cytokine, and its
increased expression by SSc fibroblasts is one of the hall-
marks of the disease (8). Since LOX regulated the transcrip-
tion of ECM components, we examined its effect on IL-6
expression. LOX significantly increased IL-6 expression in
primary lung fibroblasts (Fig. 6A). Recombinant LOX also
increased IL-6 expression (Fig. 6B) and protein levels (Fig.
6C) in lung and skin tissues maintained in organ culture.
Blocking IL-6 using neutralizing antibody reduced Col and
FN levels induced by LOX in vitro in primary lung fibroblasts
(Fig. 6D) and hydroxyproline levels ex vivo in human skin tis-
sues (Fig. 6E). Neutralizing IL-6 also reduced Col1A1 expres-
sion in skin tissues (Supplemental Fig. S3A). Similarly,
blocking IL-6 using neutralizing antibody in human fibrotic
lung tissues obtained from the explanted lungs of SSc and IPF
patients also showed reduction of Col1A1 and FN levels
(Supplemental Fig. S3, B and C). These results indicate that
LOX regulation of ECM production is in part via IL-6.

LOX increases IL-6 expression via activation of c-Fos.
To identify the mechanism mediating LOX induction of
IL-6, mRNA from fibroblasts treated with LOX for 16 h was
subjected to PCR transcription factor array analysis (data
not shown). Our array identified c-Fos as a transcription
factor that was induced by LOX and had known binding
sites in the IL-6 promoter. Using real-time PCR, we

confirmed LOX induction of c-Fos expression in human
primary lung fibroblasts from different donors (Fig. 7A).
Further, immunoblotting analysis revealed that LOX
induced the translocation of c-Fos into the nuclear frac-
tion of fibroblasts (Fig. 7B and Supplemental Fig. S4, A and
B). Next, using ChIP assay, we confirmed the binding of c-
Fos to the IL-6 promoter following LOX treatment (Fig. 7C
and Supplemental Fig. S4C). Finally, to confirm that LOX
induction of IL-6 is via activation of c-Fos, primary human
lung fibroblasts were cultured with LOX in the presence of
the c-Fos inhibitor, T-5224. T-5224 significantly reduced
LOX induction of IL-6 expression (Fig. 7D) but not gene
expression levels of Col1A1 and FN at that time point
(Supplemental Fig. S4D). These results demonstrate that
LOX increases c-Fos expression and nuclear localization,
which in turnmediates induction of IL-6 expression.

DISCUSSION

Our results demonstrate that LOX levels and activity are
increased in fibrosis as measured using in vitro, ex vivo, and
in vivo models. LOX levels were increased in both lung tis-
sues and the circulation of mice given bleomycin to induce
pulmonary fibrosis, and increased circulating LOX paralleled
fibrosis. Notably, LOX levels were decreased posttreatment
with E4 peptide and correlated with amelioration of pulmo-
nary fibrosis, suggesting that measuring LOX levels and ac-
tivity is also useful for monitoring response to therapy in
patients with SSc and possibly similar fibrotic disorders.
These findings extend our previous research showing that
E4 reduces LOX levels in pulmonary fibroblasts and in lung
tissues of bleomycin-treated mice (40). Taken together, our
findings further suggest that measuring LOX levels and ac-
tivity can serve as a novel biomarker of fibroproliferative
disorders such as SSc. Moreover, our findings show that
LOX induces a fibrotic phenotype in vitro, ex vivo, and in
vivo independently of its crosslinking activity. LOX
induced fibrosis in both lung and skin tissues, suggesting
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Figure 4. Lysyl oxidase (LOX) promotes extracellular
matrix production in vivo in pulmonary fibrosis
model. A: lungs from male C57BL/6J mice were
intratracheally administered with PBS, bleomycin
(BLM), and bleomycin in combination with recombi-
nant LOX (BLM + LOX). Lungs were harvested 14
days after administration. Representative H&E
images of mouse lung tissues treated with LOX and
bleomycin. Scale bar, 20 mm. B: the amount of colla-
gen in the lung tissues was evaluated by hydroxypro-
line assay. Total collagen was expressed as μg
collagen mg–1 wet tissue. The data were obtained
from lung tissues of four different mice. Comparison
among three or more groups was performed using
ANOVA followed by Bonferroni’s test. Values repre-
sent means±SD. ��P< 0.01. ���P< 0.001.
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that upregulation of LOX expression may be associated
with fibrosis in different organs. Finally, LOX induced the
binding of c-Fos to the IL-6 promoter and increased IL-6
levels, suggesting that its fibrotic effects are mediated, at
least in part, via production of IL-6. This is further con-
firmed by the reduction of LOX-induced fibrosis observed
in the presence of a neutralizing anti-IL-6 antibody.

Complete knockout of LOX is lethal (13, 24). In fact, Lox�/�

mice die at birth or soon after birth due to cardiovascular
malformations and diaphragm instability (21, 23). These
studies indicate the importance of LOX during development
(21). A role of LOX in wound repair is evident in fetal repair
where scarless wounds were shown to have reduced LOX
expression (5). The role of LOX is further supported by the
observation that loss of LOX in dermal fibroblasts results in
an 80% reduction in lysyl oxidase activity, suggesting that
LOX is the major isoenzyme in these fibroblasts (24).

Several reports have described that LOX expression is
associated with fibrosis. Cheng et al. (4) reported that LOX
expression was upregulated in bleomycin-induced pulmo-
nary fibrosis in mice and that knockdown of LOX expression

or inhibition of LOX activity reduced collagen deposition
and alleviated lung fibrosis. Yang et al. (41) also reported that
knockdown of LOX expression led to a decrease in fibronec-
tin abundance in uric acid-induced renal fibrosis in rats. Liu
et al. (22) reported that inhibition of LOX accelerated the re-
versal of liver fibrosis. However, it was unclear how LOX reg-
ulates ECM production. LOX has been shown to exert
nonenzymatic functions including cell proliferation and dif-
ferentiation of osteoblast and adipocyte progenitor cells (39).
Most recently, research has focused on the intracellular
function of LOX as a transcriptional regulator in several can-
cer cell lines (2, 15). It is reported that intracellularly
expressed LOX can regulate the transcription activity of the
collagen type 3 gene through the binding of Ku antigen to
the target DNA, which was dependent on LOX catalytic ac-
tivity (10). Ku antigen also significantly increased the pro-
moter activity of c-Jun, a transcriptional factor in the
activator protein 1 (AP-1) family, through the binding to the
promoter region of the c-Jun gene (16). In addition, Avouac
et al. (1a) described that the AP-1 family of proteins, which
includes c-Fos, is upregulated inmouse models of SSc and in
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Figure 5. Lysyl oxidase (LOX) promotes
extracellular matrix production ex vivo in
human skin tissues. A: human skin tissues
from healthy donors were treated with
recombinant LOX (LOX) or vehicle (VC) for
120 h. Representative H&E images of
human skin tissues treated with LOX and
VC. Scale bar, 40 mm. B: the thickness of
skin tissues was measured from H&E
stained sections. The data were obtained
from four different experiments using skin
tissues of four different individual normal
donors. Values represent means ± SD.
Graphical presentation of the data ana-
lyzed by unpaired t test. ���P < 0.001. C:
mRNA levels of collagen 1A1 (Col1A1) and
collagen 1A2 (Col1A2) were measured in
skin tissues treated with VC or LOX for 48
h. The data were obtained from 11 different
experiments using skin tissues of 11 differ-
ent individual normal donors. Graphical
presentation of the data analyzed by
paired t test. Values represent means ±
SD. �P < 0.05. ��P < 0.01. D: the amount
of collagen in the skin tissues was eval-
uated by hydroxyproline assay. Total col-
lagen was expressed as μg collagen per
3-mm skin punch. The data were obtained
from six different experiments using skin tis-
sues of six different individual normal
donors. Graphical presentation of the data
analyzed by unpaired t test. Values repre-
sent means± SD. ��P < 0.01. E: dermal
fibroblasts were cultured from the skin of
patients with systemic sclerosis (SSc) and
their healthy twins as controls (HC). LOX
mRNA levels were measured using qPCR
in passage 3 fibroblasts. The data were
obtained from dermal fibroblasts of 17 dif-
ferent patients with SSc and their healthy
twins. Graphical presentation of the data
analyzed by paired t test. Values represent
means ±SD. �P< 0.05.
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the skin and dermal fibroblasts of patients with SSc, and that
AP-1 inhibition reduced collagen synthesis in SSc fibroblasts
and prevented the development of experimental dermal fi-
brosis (20). Thus, our data and reports from other groups
suggest that LOX induces AP-1 transcription factors,

resulting in an increase in ECM production and the devel-
opment of fibrosis. These functions are likely due to intra-
cellular LOX. In fact, LOX has been detected in the nuclei
of cultured neonatal rat aortic smooth muscle cells and
murine 3T3 fibroblasts. Intriguingly, once the extracellular

*

Col

FN

LOX - + +
Anti-IL-6

Ab - - +

A B

*

* *E

C D

IL
-6
/G
A
PD
H

VC LOX

IL
-6
/G
A
PD
H

Skin

IL
-6

(n
g/

m
l)

VC LOX

0

1 0 0

2 0 0

3 0 0

4 0 0

H
yd

ro
xy

pr
ol

in
e 

(µ
g)

 / 
sk

in
 p

un
ch

 

LOX - + +
Anti-IL-6 Ab - - +

0.0

0.5

1.0

1.5

2.0

0

100

200

300

400

0

1

2

3

4

VC LOXVC LOX

*

0

1

2

3

4

IL
-6
/G
A
PD
H

Lung
VC LOXVC LOX

*

Figure 6. Lysyl oxidase (LOX) induces IL-6 expression in vitro and ex vivo. A: primary human lung fibroblasts were treated with recombinant LOX (LOX)
or vehicle (VC) for 48 h and IL-6 gene expression levels were measured using qPCR. The data were obtained from four different experiments using fibro-
blasts from lung tissues of four different individual donors. Graphical presentation of the data analyzed by paired t test. Values represent means ±SD.
�P < 0.05. B: human skin and lung tissues in organ culture were treated with LOX or VC for 48 h for skin and 96 h for lung. IL-6 gene expression levels
were measured using qPCR. The data were obtained from 11–12 different experiments using human skin and lung tissues of 11–12 different individual
donors. Graphical presentation of the data analyzed by paired t test. Values represent means ±SD. �P < 0.05. C: media conditioned by human lung tis-
sue cores treated with recombinant LOX (LOX) or vehicle (VC) for 96 h were analyzed for IL-6 protein levels using ELISA. The data were obtained from
seven different experiments using culture supernatants from lung tissues of seven different individual donors. Graphical presentation of the data ana-
lyzed by paired t test. Values represent means ±SD. �P< 0.05. D: an equivalent number of primary human lung fibroblasts were treated with LOX in the
presence or absence of IL-6-neutralizing antibody for 48 h. Collagen 1A1 (Col1A1) and fibronectin (FN) levels in the extracellular matrix fractions were
assessed by immunoblotting. The representative data were obtained from three different experiments using primary human lung fibroblasts from lung
tissues of three different individual normal donors. E: human skin tissues were treated with LOX in the presence of IL-6-neutralizing antibody or mouse
IgG as control for 120 h. The amount of collagen in the skin tissues was evaluated by hydroxyproline assay. Total collagen was expressed as μg collagen
per 3-mm skin punch. The data were obtained from three different experiments using skin tissues of three different individual donors. Comparison
among three or more groups was performed using ANOVA followed by Bonferroni’s test. Values represent means ±SD. �P< 0.05.
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form of LOX is processed, it is able to reenter the cells and
localize in the nucleus. This localization is independent of
the catalytic activity of the protein (15). Thus, intracellular
LOX may promote AP-1 induction and transcriptional reg-
ulation of target genes such as collagen, fibronectin, and
IL-6.

We examined the kinetics of LOX expression in a bleomy-
cin-induced pulmonary fibrosis mouse model. Even though
LOX expression was modestly upregulated in mouse lungs 3
and 5 days after bleomycin treatment, LOX mRNA levels
were markedly increased in mouse lungs 10 days posttreat-
ment. This result indicates that LOX expression is upregu-
lated in the fibrotic phase in the bleomycin murine model of
pulmonary fibrosis. Thus, targeting LOX is likely to impact
the fibrotic, rather than inflammatory, phase of fibrosis. In
fact, the benefit of targeting LOX in peritoneal fibrosis has
been explored (11). Inhibition of LOX in abdominal peritoneal
mesothelial cell-associated fibrosis and scarring prevented

adhesion after surgery (11). Inhibition of LOX/LOXL cross-
linking activity via the use of BAPN, a known inhibitor of
collagen crosslinking, was tested in clinical trials for hy-
pertrophic fibrotic scarring and keloidal scar treatment.
However, the clinical trials were stopped due to toxicity
(6). A humanized antibody to LOXL2, a member of the
LOX family, was not effective at ameliorating IPF in a
recent clinical trial (30). LOXL2 and LOX have identical
enzymatic functions and promote crosslinking of collagen
and elastin. In addition, they both have a “moonlighting”
function as transcriptional regulators. However, it is not
known if LOXL2 regulates ECM expression (15) as we
observed in the current study for LOX. In addition, LOX
has been shown to alter the transcriptome of lung fibro-
blasts (26). Specifically, LOX was shown to regulate the
transcription of 134 genes in fibroblasts, although the
reported perturbed genes did not include those investi-
gated in our current study. These findings further support
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a “moonlighting” role for LOX in regulating gene expres-
sion. We thus propose that LOX may be a more effective
therapeutic target for fibrosis than other members of the
LOX family since its inhibition would reduce both its
ECM-crosslinking activity and its induction of ECM and
IL-6 gene expression. Recent clinical trials in SSc have
included targeting the IL-6 receptor using tocilizumab.
Patients with SSc receiving tocilizumab showed improve-
ment in the severity of skin involvement (34, 35) and stabi-
lization of lung function, although the changes in skin
severity and lung function did not reach significance (18).
Based on our findings, it would seem that concomitant tar-
geting of LOX and IL-6 would be an effective strategy for
improving fibrosis in more than one organ.

Copper ion is essential for the activity of LOX. D-
Penicillamine is a strong chelator of copper (21). Increased
expression of LOX in SSc skin has been documented (3). D-
Penicillamine treatment reduces skin involvement and
improves renal, cardiac, and pulmonary involvement in
patients with diffuse cutaneous SSc (38), especially those posi-
tive for anti-RNA polymerase antibodies. Kazemi et al. (17)
reported that D-penicillamine reduces the rate of liver fibro-
genesis in patients with Wilson’s disease, a disorder whose
hallmark is excess accumulation of copper in tissues. Thus,
LOX inactivation via copper chelation may be one of the
mechanisms mediating the beneficial effects of D-penicill-
amine treatment in these fibrotic disorders.

In summary, we have demonstrated that measuring
LOX levels and activity serves as a novel biomarker of
fibroproliferative disorders and for monitoring response to
therapy and that LOX overexpression may play a patho-
genic role in fibrosis by increasing expression of ECM com-
ponents and IL-6. We propose that LOX is a novel
therapeutic target for fibroproliferative disorders such as
SSc and development of therapies, such as E4, that reduce
LOX levels and activity are likely to improve organ
fibrosis.
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