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ARTICLE INFO ABSTRACT

Keywords: Tissue fibrosis occurs in response to dysregulated metabolism, pro-inflammatory signaling and tissue repair
Fibrosis reactions. For example, lungs exposed to environmental toxins, cancer therapies, chronic inflammation and other
Inflammation

stimuli manifest a phenotypic shift to activated myofibroblasts and progressive and often irreversible lung tissue

II:Ilil:lrialkene scarring. There are no therapies that stop or reverse fibrosis. The 2 FDA-approved anti-fibrotic drugs at best only
Nitro-fatty acid slow the progression of fibrosis in humans. The present study was designed to test whether a small molecule
Electrophile electrophilic nitroalkene, nitro-oleic acid (NO,-OA), could reverse established pulmonary fibrosis induced by the

intratracheal administration of bleomycin in C57BL/6 mice. After 14 d of bleomycin-induced fibrosis develop-
ment in vivo, lungs were removed, sectioned and precision-cut lung slices (PCLS) from control and bleomycin-
treated mice were cultured ex vivo for 4 d with either vehicle or NO2-OA (5 pM). Biochemical and morpho-
logical analyses showed that over a 4 d time frame, NO2-OA significantly inhibited pro-inflammatory mediator
and growth factor expression and reversed key indices of fibrosis (hydroxyproline, collagen 1A1 and 3Al,
fibronectin-1). Quantitative image analysis of PCLS immunohistology reinforced these observations, revealing
that NO2-OA suppressed additional hallmarks of the fibrotic response, including alveolar epithelial cell loss,
myofibroblast differentiation and proliferation, collagen and a-smooth muscle actin expression. NO2-OA also
accelerated collagen degradation by resident macrophages. These effects occurred in the absence of the recog-
nized NO3-OA modulation of circulating and migrating immune cell activation. Thus, small molecule nitro-
alkenes may be useful agents for reversing pathogenic fibrosis of lung and other organs.

extracellular matrix (ECM) constituents in the pulmonary interstitium
[4,8,9]. This thickening of interstitium leads to impaired gas exchange
that has a devastating impact on quality and span of life [4,8,9]. Risk
factors include severe infection, xenobiotic exposure (chemotherapy,
environmental toxicants) and ionizing radiation [10].

A new treatment strategy for IPF (and other fibrotic pathologies) is

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a lethal fibrotic disease with a
3 yr median survival rate after diagnosis [1-5]. The prevalence of IPF is
difficult to estimate, with patient numbers regionally fluctuating due to ;
disparate epidemiological data and diverse diagnostic approaches, thus urgently needed, a.s cur.rent treatment relies on the F]l)l.\-approved small
ranging from 2 to 63 cases per 100,000 [1,2,6,7]. For example there are molec1:11e drugs pirfenidone (S-methyl-l-phenylpyrldln-2.-one, .Roche)
up to 10 cases/100,000 in Japan [2,6], 38 cases/100,000 in Europe [1, and nintedanib (methyl (32)-3-{[(4-{methyl[(4-methylpiperazin-1-yl)
6] and 63 cases/100,000 in the USA [6,7], translating to ~3,000,000  2cetyllamino}phenyljamino](phenyhmethylidene}-2-0x0-2,3-dihydro-
1H-indole-6-carboxylate, Boehringer Ingelheim). Both drugs modestly
slow the rate of lung function decline in IPF patients and are linked with
multiple dose-limiting toxicities. Pirfenidone induces adverse gastroin-
testinal tract responses (up to 68% incidence), anorexia (up to 16%) and
skin irritation (up to 38%) [4,11-14]. Similarly, nintedanib induces

patients worldwide [8]. IPF is an age-related chronic inflammatory
condition associated with alveolar epithelial activation, the production
of pro-fibrotic inflammatory mediators and the proliferation and dif-
ferentiation of fibroblasts (FB) into activated myofibroblasts (myoFB),
events that conspire to induce aberrant production and accumulation of
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Abbreviations
Akt protein kinase B
AT1 alveolar epithelial type 1 cell

IPF idiopathic pulmonary fibrosis

JNK c-Jun N-terminal kinases

Keapl-Nrf2 Kelch-like ECH-associated protein 1-nuclear factor
(erythroid-derived 2)-like 2

AT2 alveolar epithelial type 2 cell MAPK  mitogen-activated protein kinase
BLMH  bleomycin hydrolase MCP-1 monocyte chemoattractant protein 1
COL1A1 collagen 1A1 MMP matrix metalloproteinase
COL3A1 collagen 3A1 MP macrophage
CTGF connective tissue growth factor myoFB  myofibroblast
ECM extracellular matrix NF«B nuclear factor kB
EGR1 early growth response protein 1 NOy-FA  nitro-fatty acid
EMT epithelial to mesenchymal transition NO5-OA nitro-oleic acid, 9- and 10-nitro-octadec-9(E)-enoic acid
EndMT endothelial to mesenchymal transition PBS phosphate-buffered saline
ERK1/2 extracellular signal-regulated protein kinases 1,/2 PCLS precision-cut lung slice
FB fibroblast PDPN podoplanin
FN1 fibronectin PPARy  peroxisome proliferator-activated receptor y
F4/80  epidermal growth factor-like module-containing mucin- ROS reactive oxygen species
like hormone receptor-like 1 SPC surfactant protein C
HIF-1la  hypoxia-inducible factor o STAT3  signal transducer and activator of transcription 3
IFN-y interferon y TGF-p transforming growth factor f
ILC2 type 2 innate lymphoid cell TNF-a  tumor necrosis factor a
IL-1B interleukin 1P a-SMA  a-smooth muscle actin
IL-13 interleukin 13
gastrointestinal tract symptoms (up to 80% incidence), anorexia (up to chemotherapeutic drug bleomycin [37,38]. After optimizing

45%), headache (up to 13%), liver enzyme elevation (up to 13%) and
fatigue (up to 11%) [15-18]. Consequently, a large proportion of IPF
patients require dose reduction and treatment discontinuation due to the
adverse side effects of both drugs [13,14,17,19,20]. Pirfenidone and
nintedanib also have substantial monthly US healthcare costs of $11,272
and $11,987 per patient, respectively [21]. Lung transplant is still
considered the only therapy for IPF, with only 53% of transplanted IPF
patients surviving >5 yr[4].

Synthetic homologs of endogenously-occurring electrophilic fatty
acid nitroalkenes (NO,-FA) target the cysteine proteome and manifest
net anti-fibrotic effects in vitro and in vivo via pleiotropic signaling ac-
tions [22,23]. Of relevance to the present experimental design, the in
vitro and in vivo administration of a synthetic homolog of endogenous 9-
and 10-nitro-octadec-9(E)-enoic acid (nitro-oleic acid, NO5-OA) limits
the evolution of fibrotic responses in multiple disease models. These
include systemic and pulmonary hypertension [24-26], obesity-induced
diabetes [27], colitis [28], atherosclerosis [29], nephropathy [30], he-
patic steatosis [31], hypertension-induced atrial fibrillation,
ischemia-induced myocardial arrhythmia [32,33] and Marfan’s
syndrome-related aortic rupture [34]. In these studies, tissue-protective
effects were an aggregate result of nitroalkene-induced post--
translational modification of functionally-significant cysteine residues
in proteins that regulate pro-inflammatory and adaptive gene expression
responses, immune cell activation, oxidative inflammatory mediator
generation and the activity of multiple cell signaling pathways [22,23,
35,36].

To date, all in vivo studies of NO»-FA actions on fibrotic responses in
model systems of tissue pathogenesis involved continuous oral or sub-
cutaneous (osmotic mini-pump) administration of NO,-FA for 2-12 wk
during the evolution of an induced disease phenotype. Importantly, no
model systems have evaluated whether NO,-FA could reverse estab-
lished tissue fibrosis. Herein we report a study of small molecule
electrophile-mediated fibrosis reversal, where pulmonary fibrosis was
induced in C57BL/6 mice by a single intratracheal dose of the

precision-cut lung slice (PCLS) culture conditions to assure tissue
viability and stability over the 4 d study, we evaluated the impact of
different NO,-OA concentrations on PCLS cell population distribution
and viability. Phosphate-buffered saline (PBS)-treated negative controls
and bleomycin-treated mice were euthanized 14 d after treatment, when
the bleomycin-induced fibrotic response was maximal. Then, 500 pm
thick PCLS were prepared for culture and the impact of NO,-OA was
evaluated on key indices of lung fibrosis. We report that in this 4
d period, NO,-OA significantly suppressed pro-inflammatory cytokine
and growth factor expression and production, promoted the prolifera-
tion of alveolar epithelial cells, limited the differentiation of FB into
a-smooth muscle actin (a-SMA) positive myoFB and increased collagen
degradation by resident macrophages (MP). These data reveal that the
pleiotropic actions of small molecule electrophiles such as NO2-OA may
be of utility in the treatment of fibrosis.

2. Experimental methods

Mice. All murine studies were performed according to a University of
Pittsburgh IACUC approved protocol that adhered to NIH guidelines for
the use of experimental animals. 9-13 wk-old male mice C57BL/6
(25-32 g) were obtained from Jackson Laboratories.

PCLS treatment and handling. C57BL/6 mice were treated with a
single intratracheal dose of bleomycin (1.5U/kg) dissolved in sterile
PBS, with sterile PBS as a negative control (Fig. 1). Mice were eutha-
nized on d 14 in a CO, chamber and lungs were procured after intra-
tracheal filling with low melting point agarose (37 °C). Lungs were then
placed on ice in cold PBS and 500 pm PCLS were prepared using a
vibratome (Leica). PCLS were placed in 6 well plates in 2 ml of F-12
media (Gibco: 11765-054) with 3% FBS (Gibco: 26140-079) and
mixture of antibiotics: amphotericin B (250 ng/ml, Gibco: 15290),
colistin D (15 pg/ml, Xellia pharmaceuticals: NDC-70594-023-01), flu-
conazole (20 ng/ml, Alfa Aesar: 86386-73-4), meropenem (100 pg/ml,
Fresenius Kabi: NDC-63323-508-30), piperacillin and tazobactam (100
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Fig. 1. Experimental design. Fibrosis was induced in male C57BL/6 by a single intratracheal instillation of bleomycin with PBS as the negative control. After 2 wk
mice were euthanized, lungs filled with low-melting agarose, procured and sliced into 500 pm thick PCLS sections. PCLS were then cultured ex vivo with 5 pM NO»-
OA or vehicle for 4 d (2 treatment groups, 4 control mice, 5 bleomycin-treated mice).

pg/ml, Fresenius Kabi: NDC-63323-982-21), tobramycin (60 pg/ml,
Fresenius Kabi: NDC-63323-307-51) and vancomycin (20 pg/ml, Fre-
senius Kabi: NDC-63323-284-20). Samples were treated with 5 pM 9-
and 10-NO2-OA (1:1, mol/mol) or EtOH vehicle. Media was changed at 2
and 4 d, with d 4 media collected for cytokine analysis. PCLS were
processed as below for biomarker and histological analysis.

Hydroxyproline. PCLS were dried in a vacuum centrifuge for 6 h,
weighed and dissolved in 12 M HCI (50 pl HCl/mg tissue), to normalize
each sample for tissue weight. After overnight hydrolysis at 98 °C and
centrifugation, 10 pl of supernatant (200 pg lung tissue) per well was
transferred to 96-well plate. A standard curve was prepared in 10 mM
HCI using 0.2-10 pg hydroxyproline (Sigma: H54409) per well. Plates
were then dried at 65 °C for 3 h. Citrate-acetate buffer (pH 6.0) consisted
of citric acid monohydrate (162 mM), sodium acetate trihydrate (882
mM), sodium hydroxide (850 mM) with pH adjusted using glacial acetic
acid. Then, 390 ml of citrate-acetate buffer was mixed with 330 ml of
dH,0 and 600 ml of isopropanol. Next, 60 mg chloramine T/10 ml of the
latter buffer was prepared as an oxidant and each well was the treated
with 100 pl of this oxidation buffer (chloramine T hydrate, Sigma:
857319) and incubated at 25 °C for 30 min. Then, 100 pl of Eldritch
solution (Sigma: 03891) was added to each well and warmed for 40 min
at 65 °C. Absorbance was measured at 560 nm and concentrations were
calculated for pg hydroxyproline/mg dry tissue.

Immunofluorescence microscopy. PCLS were washed 3x with PBS and
placed into 2% paraformaldehyde (Sigma-Aldrich: 441244) for 2 h.
PCLS were washed again 3x with PBS and placed into 15% sucrose for 1
h, transferred to 30% sucrose for 24 h, embedded in OCT (Fisher: 23-
730-571), flash frozen in 2-methylbutane (Fisher: 03551-4), cooled in
liquid nitrogen and stored at —80 °C freezer until cryosectioning.
Embedded tissues were cut in 10 pm sections, permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich: T9284) in PBS for 10 min, blocked with
normal goat serum (Sigma-Aldrich: S2007) and stained with primary

Phalloidin Green 488 (1:300, Biolegend: 424201) and Hoechst (10 mg/1,
bisBenzimide H 33258, Sigma-Aldrich: B2883). To control for auto-
fluorescence and non-specific antibody binding, control tissue sections
were prepared without either primary or secondary antibody, as well as
without staining. A Nikon A1 confocal microscope was used to acquire 3
x 3 fields of images (one field image: 20 x magnification objective, 2x
zoom), which were stitched into one aggregated image using NIS-
Elements software (Nikon Inc.). 5 aggregated images were evaluated
per sample to allow robust representation of the whole PCLS. After
screening of stained areas of all images, images underwent background
subtraction and thresholding in NIS-Elements. Data from 5 representa-
tive aggregate images were averaged to give the results for each PCLS.
Alveolar epithelial type 1 cells (AT1) were stained with anti-podoplanin
(PDPN), with AT1 positive areas of images expressed as a fraction of
PDPN to phalloidin positive areas. Phalloidin binds to all filamentous
actin and therefore can be correlated to the amount of total tissue. The
areas of ECM, FB and myoFB were calculated as for AT1, using anti-
collagen 1A1 (COL1A1) for ECM, anti-vimentin for FB, and the combi-
nation of anti-vimentin and anti-a-SMA antibodies for myoFB utilizing
the binary “having’’ statement in NIS-Elements. Alveolar epithelial type
2 cells (AT2) were defined by anti-surfactant protein C (SPC) immuno-
reactivity. The number of AT2 cells in images was expressed as a fraction
of SPC positive cells relative to the Hoechst nuclear staining, with the
latter serving as a total cell count. MP were counted in the same manner
as AT2 cells with the use of anti-epidermal growth factor-like module-
containing, mucin-like, hormone receptor-like 1 (F4/80). MPs that were
positive for both F4/80 and COL1A1 were identified using the binary
“having”’ statement in NIS-Elements and expressed as a percentage of
total F4/80 positive cells.

RT-PCR. For RT-PCR analysis, PCLS were lysed in 1 ml TRIzol
(Invitrogen: 15596026) using a Fastprep-24 5G lysing device (MP
Biomedical). RNA was isolated using an Invitrogen TRIzol regent pro-

and secondary antibodies (Table 1). All sections were stained with Flash tocol and concentration was measured with a NanoDrop
Table 1
Staining set design.
Staining Target Primary Ab. Primary Ab. c. Secondary Ab. Secondary Ab. c.  Fluorophore
set
1 FB Vimentin (ThermoFisher: PA1- 1:500 Goat anti-Chicken (Jackson Immuno: 103-165-155)  1:1000 Cy3
16759)
myoFB  a-SMA (Cell Signalling: 19245S) 1:50 Goat anti-Rabbit (Jackson Immuno: 111-605-003) 1:500 Cy5
2 MP F4/80 (FisherScientific: 50-112- 1:25 Goat anti-Rat (Jackson Immuno: 112-165-143) 1:1000 Cy3
9661)
ECM COL1A1 (FisherScientific: 1:50 Goat anti-Rabbit (Jackson Immuno: 111-605-003) 1:1000 Cy5
PIPA595137)
3 AT1 PDPN (ThermoFisher: 14-5381-82) 1:50 Goat anti-Syrian Hamster (Jackson Immuno: 107- 1:1000 Cy3
165-142)
AT2 SPC (ThermoFisher: PA5-71680) 1:50 Goat anti-Rabbit (Jackson Immuno: 111-605-003) 1:500 Cy5
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Fig. 2. NO,-OA reverses bleomycin-induced increases in pulmonary hy-
droxyproline. By spectrophotometric measurement we showed that NO,-OA
reduces hydroxyproline concentration in fibrotic lung. Data is plotted as
floating bars from minimum to maximum with line representing mean. *p <
0.05, n = 4-5.

spectrophotometer (Thermo). cDNA was prepared according to iScript
cDNA synthesis instructions (Bio-Rad) at the same concentration in all
samples. Tagman assays, primers and fast master mix (Applied Bio-
systems, 4444557) were used to analyze gene expression changes. FAM-
dyed primers were wused: Acta2 (Mm00725412s1), Collal
(Mm00801666_g1), Col3al (Mm00802300.m1), Ctgf (Mm011929
33_gl), Fnl (MmO01256744_ml), Pparg (Mm00440940_m1), Tgfbl
(Mm01178820_m1), Tgfbr2 (Mm03024091_m1), and VIC-dyed Gapdh
(4352339E) was used as endogenous control.

ELISA. Media was centrifuged at 500g for 5min at 4 °C. For trans-
forming growth factor § (TGF-p) assessment, media aliquots were acti-
vated for TGF-p analysis by acidification with 20 pl of 1 M HCl for 10 min
and then neutralized by 20 pl 1.2 M NaOH/0.5 M HEPES using Sample
Activation Kit 1 reagents (R&D Systems: DY010). All media samples
were diluted so that absorbance results were in the range of the standard
curve. Specific protocols for each protein came from the Invitrogen/
ThermoFisher kits: IFN-y (88-7314-88), IL1-p (88-7013-88), IL-13 (88-
7137-88), MCP-1 (88-7391-88), TGF-f (88-8350-88) and TNF-a (88-
7324- 88).

Statistical analysis. Statistical analyses were performed using Graph-
Pad Prism 9 (GraphPad Software). Data are presented as a floating bar
plot representing all results from minimum to maximum, with the hor-
izontal line as the mean. Data represents 4 independent experiments for
control mice and 5 for bleomycin-induced mice. Hydroxyproline con-
centration results (Fig. 2) were tested via 2-way analysis of variance
(ANOVA). PCR, ELISA and immunofluorescence image analyses
(Figs. 3-7) are presented as % of NO2-OA-treated PCLS relative to the
corresponding vehicle control PCLS obtained from the same mice (either
being vehicle or bleomycin treated in vivo for 14 d), with statistical
analyses performed via a one sample t-test. All p-values are reported in
figures, with p < 0.05 considered statistically significant and denoted by
an asterisk (*).

3. Results

NO,-OA reverses bleomycin-induced increases in pulmonary hydroxy-
proline and ECM content. The prolyl hydroxylase product hydroxyproline
accounts for >10% of mammalian collagen content and is also a sig-
nificant constituent of collagen-like domains in elastin. Changes in the

Redox Biology 50 (2022) 102226

hydroxyproline content of lung, along with a-SMA and collagen levels,
provide measures of tissue fibrosis [39]. Bleomycin (14 d) induced a
130% increase in PCLS hydroxyproline content (12.24-28.14 pg/mg dry
wt). A 4 d NO2-OA treatment of PCLS from bleomycin treated mice
significantly decreased hydroxyproline content (28.14-15.48 pg/mg dry
wt, p=0.019), returning PCLS hydroxyproline levels to those measured
in control PBS-treated PCLS (Fig. 2). This NO2-OA-induced decrease in
hydroxyproline was observed only in bleomycin-treated mouse lung, as
healthy mice treated with PBS (negative control) displayed no differ-
ences in the hydroxyproline content after both vehicle and NO2-OA
treatment. Further analysis of the impact of 4 d NO,-OA treatment on
ECM remodeling in bleomycin-induced lung fibrosis was performed by
quantitative fluorescence imaging of paraformaldehyde-fixed,
OCT-embedded tissue sections obtained from PCLS of control and
bleomycin-treated mice. The immunofluorescence intensity of the ECM
marker COL1A1 and the MP marker F4/80 of control PCLS was not
affected by NO,-OA (Fig. 3A). Notably, NO2-OA induced a statistically
significant increase in the intracellular colocalization of COL1A1l
immunoreactivity in control PCLS MPs (5 + 3%, p=0.046, Fig. 3A,
colocalization events noted by yellow arrows). In bleomycin-treated
mice, NO,-OA significantly decreased overall PCLS COL1Al fluores-
cence (34 + 10%, p=0.002, Fig. 3B) and increased the intracellular
localization of COL1A1 fluorescence in MPs (24 + 9%, p=0.004, Fig. 3B,
colocalization noted by yellow arrows).

Alveolar epithelial cell and myoFB proliferation is modulated by NO5-OA.
A central concept in the pathogenesis of pulmonary fibrosis is that the
vulnerability of AT2 cells to metabolic and inflammatory-induced
endoplasmic reticular stress leads to dysregulated re-epithelialization,
increased secretion of pro-fibrotic cytokines and the activation of FB
to a pro-fibrotic myoFB phenotype [40]. Quantitative fluorescence im-
aging of alveolar AT1 (anti-PDPN [41]) and AT2 (anti-SPC [42]) pop-
ulations was performed on paraformaldehyde-fixed, OCT-embedded
PCLS obtained from control and bleomycin-treated (14 d) mice. In
PBS-treated control mouse PCLS, 4 d of NO,-OA treatment induced a
mean increase in both AT1 and AT2 cell populations that was not sta-
tistically significant (Fig. 4A). In contrast, PCLS from bleomycin-treated
mice treated with NO,-OA revealed extensive proliferation of both AT1
(88% + 49%, p=0.016) and AT2 (212% =+ 114%, p=0.014) cells
(Fig. 4B). Consistent with this impact on the pulmonary epithelium,
NO,-OA (4 d) also significantly suppressed the myoFB population in
both control PBS-treated and bleomycin-treated mouse PCLS. NO2-OA
did not alter the anti-vimentin-positive FB population (Fig. 5AB).
Finally, NO,-OA induced a significant decrease in anti-vimentin +
anti-a-SMA positive myoFB immunofluorescence in both control
PBS-treated mouse PCLS (58 + 29%, p=0.027) (Fig. 5A), and PCLS from
bleomycin-treated mice (51 + 18%, p=0.003) (Fig. 5B).

NO,-OA upregulates peroxisome proliferator-activated receptor y
(PPARy) expression and inhibits the expression of multiple pro-fibrotic
markers. Ligand activation of PPARy limits fibrosis by repressing TGF-
B/phospho-signal transducer and activator of transcription 3 (STAT3)
and TGFp/early growth response protein 1 (EGR1) signaling and other
inflammatory stress-related pathways [43]. Notably, NO,-OA covalently
alkylates the critical Cys285 in the ligand binding domain of PPARy, and
thus acts as a partial rather than full PPARy agonist [44-46]. RT-PCR
analysis showed NO,-OA induces the gene expression of Pparg (PPARy
gene) in bleomycin-treated murine PCLS, but not in control PBS-treated
mouse PCLS (Fig. 6AB). Tgfbl (TGF-f gene) expression was suppressed
significantly in both control PBS-treated and bleomycin-treated mice by
treatment with NO-OA for 4d (Fig. 6AB). In control PBS-treated mice,
that had lower lung-to-lung and PCLS variability in gene expression
profiles, it was apparent that NO»-OA significantly inhibited the
expression of multiple pro-fibrotic markers including the key ECM
proteins Collal (COL1A1 gene), Col3al (collagen 3A1 gene, COL3A1)
and Fnl (fibronectin gene, FN1) (Fig. 6A), and growth factor Ctgf
(connective tissue growth factor gene, CTGF) (Fig. 6A). These responses
were not significantly altered in bleomycin-treated mouse PCLS,
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and bleomycin-induced fibrotic (B) mouse lung tissue. Selected macrophages are indicated by yellow arrows, denoting the presence or absence of intracellular
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mediator mRNA. gRT-PCR analysis showed that 5 pM NO,-OA reduces
expression of inflammatory and fibrotic mediators both in control (A) and
fibrotic (B) mouse lung. Data is plotted as floating bars from minimum to
maximum with line representing mean. *p < 0.05, n = 4-5.

presumably due to the high variability between the extent and
anatomical distribution of fibrotic foci formation in different PCLS
(Fig. 6B). Acta2 (a-SMA) and Tgfbr2 (transforming growth factor beta
receptor 2, TGFBR2) gene expression was not significantly changed in
either treatment group (Fig. 6AB).

NO,-OA inhibits the production of inflammatory and fibrosis-related
cytokines and growth factors. To expand upon RT-PCR-based results, we
measured TGF-§ concentration in PCLS culture media from control PBS-
and bleomycin-treated (14 d) murine PCLS. In both groups, the con-
centration of TGF-f} released into the media was significantly decreased
following 4 d NOy-OA treatment ex vivo (Fig. 7AB) The pro-
inflammatory and pro-fibrotic cytokines interferon y (IFN-y), inter-
leukin 1p (IL-1p) and interleukin 13 (IL-13), monocyte chemoattractant
protein 1 (MCP-1) and tumor necrosis factor o (TNF-a) were also
measured in media. NO2-OA downregulated the production of TNF-a in
both control PBS-treated and bleomycin-treated murine PCLS
(Fig. 7AB). In PCLS from bleomycin-treated mice, NO3-OA also inhibited
the release of IL-13 and MCP-1 (Fig. 7B). IFN-y and IL-1f was unaltered
by NO»-OA in both treatment groups (Fig. 7AB).
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4. Discussion

Fibrosis pathophysiology. We hypothesized that the pleiotropic
signaling actions of a small molecule electrophilic nitroalkene would
impact multiple pathogenic and tissue repair processes to an extent
where reversal of an established fibrotic phenotype could occur. To test
this concept, a well-characterized murine model of pulmonary fibrosis
was utilized, the induction of fibrosis by a one-time intratracheal
instillation of bleomycin [47]. Bleomycin is a chemotherapeutic agent
used to treat carcinomas, lymphomas and germline cell tumors, all
defined in part by low expression levels of bleomycin hydrolase (BLMH)
[47]. BLMH inactivates bleomycin to yield deamino-bleomycin, thus the
low BLMH expression in many cancer types confers vulnerability to
bleomycin. Lung and skin epithelial cells also express low levels of
BLMH, with pulmonary fibrosis a significant risk for patients treated
with bleomycin and the onset of fibrosis can become dose-limiting in
bleomycin-related cancer therapy [48-50]. In the absence of BLMH and
in the elevated lung and skin oxygen concentrations, bleomycin more
readily binds to DNA. In the nuclear region, bleomycin undergoes redox
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cycling to focally generate reactive oxygen species (ROS), thus insti-
gating extensive DNA strand scission, cell injury, senescence, chronic
inflammation and cell death [47,50].

FBs are primarily responsible for the synthesis of the ECM, a
framework that includes collagens, proteoglycans, fibronectin, elastin,
laminin and a-SMA. This matrix of proteins provides a physical scaffold
essential for organ stability and creates metabolic and signaling niches.
In response to perturbations such as acute injury to the epithelium or
endothelium, metabolic stress and/or the upregulation of signaling
pathways responsive to inflammatory mediators (e.g. TGF-B), quiescent
FB transform to a myoFB phenotype. In homeostatic tissue repair, a
transient myoFB phenotype promotes repair via enhanced expression of
ECM proteins and the modulation of resident immune cell functions
[10]. Genetic susceptibility, chronic barrier cell injury, prolonged
metabolic stress and elevated pro-inflammatory mediator levels can
alternatively promote pathogenic myoFB proliferation and dysregulated
ECM synthesis. These conditions conspire to induce failure in the reso-
lution of tissue repair, while promoting fibrosis and a progressive loss of
organ function [51]. In the lung, fibroblasts are localized near alveoli at
the termini of branched epithelium, the bronchioles and the vasculature.
Upon injury, pathogenic fibrotic processes result in progressive

Table 2
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destruction of parenchymal tissue, impaired gas exchange and ulti-
mately death by respiratory failure [4,43,52].

No single animal model can reflect the complex clinical presentations
of progressive pulmonary fibrosis. However, the inflammation, alveolar
epithelial cell injury, activation of TGF-p signaling, proliferation of
a-SMA positive myoFB and ECM remodeling occurs both clinically and
in bleomycin-induced pulmonary fibrosis. The short term (4 d) model
system allowed us to evaluate biochemical and cellular responses of
already fibrotic murine lung to a small molecule nitroalkene in an ex vivo
lung slice that has disabled circulating cell-mediated repair mechanisms
[38,53,54]. Current understanding of the genesis and modulation of
pulmonary fibrosis reveals that the resolution of established
fibrosis must rest on three foundational pillars: 1) promotion of
re-epithelization, 2) induction of myoFB de-differentiation and
apoptosis, and 3) induction of ECM degradation [55]. How can small
molecule electrophiles mediate these events in concert?

Small molecule electrophiles — chemistry and signaling. Generated by
metabolic and inflammatory-catalyzed oxidation reactions, the most
prevalent endogenous small molecule electrophiles have
o,p-unsaturated carbonyl, aldehydic or nitroalkene substituents [56,57].
These species are generated in healthy individuals at low concentrations

Small molecule electrophiles that modulate the progression of fibrosis. Electrophilic carbons are identified with an asterisk (*).

Agent Functional group

Target pathology

Bardoxolone methyl R
*
R2
o
R3
R4
RS R®

Meoﬁ(om
e} o)

Dimethyl fumarate

Nintendanib R2
* COOMe
R'HN X
N
0 H
NO,-OA o o
Pirfenidone

\\N/
R' - R2
*_
4@0
N
\
R

*
O%COOR
o

4-Octyl itaconate

Bleomycin-induced lung fibrosis [76]
Radiation-induced lung inflammation and fibrosis [77]
Chronic kidney disease-related fibrosis [78]
Proteinuria-induced tubular fibrosis [79]

Renal fibrosis [80]

Aldosterone- and salt-induced renal fibrosis [81]

Pulmonary arterial hypertension and lung fibrosis [82]
Renal fibrosis [83]

Typel diabetes-induced cardiac fibrosis [84]

Hepatic injury and fibrosis induced by CCl4 [85]
Systemic sclerosis-related fibrosis [86]

Multiple sclerosis-associated renal fibrosis [87]

Idiopathic pulmonary fibrosis [16,88-90]
Bleomycin-induced lung fibrosis [91]
Inhibition of lung fibroblasts tyrosine kinases [92]

Pulmonary arterial hypertension-induced lung fibrosis [25]
Endothelial to mesenchymal transition [93]
Nephropathy-related fibrosis [94]

Suppression of hypertensive fibrosis and atrial fibrillation [32]
Non-alcoholic fatty liver disease-induced hepatic fibrosis [31]
Peritoneal fibrosis-epithelial to mesenchymal transition [95]

Idiopathic pulmonary fibrosis [96-99]
Bleomycin-induced lung fibrosis [100]
Kidney fibrosis caused by obstruction [101]

Renal fibrosis [102]
Systemic sclerosis-induced fibrosis [103,104]
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during digestion and basal metabolism. For nitroalkenes, endogenous
NO32-FA concentrations range basally from 0.6 to 2 nM in blood or urine
[58] and are produced in much higher local concentrations during
metabolic stress and inflammation [59-69]. As a result of the electron
withdrawing carbonyl and nitro groups of small biological electrophiles,
often present in close proximity to a double bond, charge is diffused over
multiple atoms. These species are thus rendered polarizable and via
Michael addition will react as a weak Lewis acid with weak Lewis bases
such as nucleophilic amino acids [70,71]. The electron withdrawing
substituent proximal to an alkene is crucial for both electrophilic reac-
tivity and potential as an adaptive signaling mediator. Non-electrophilic
fatty acids (e.g., oleate, linoleate, etc.), the precursors of electrophilic
nitroalkenes, do not undergo Michael addition with nucleophiles such as
cysteine. Thus, native fatty acids have no impact on cell and tissue in-
flammatory responses at the nM to low pM concentration ranges where
small molecule electrophiles induce signaling responses and no toxicity.
Notably, even the 10-nitro derivative of octadecanoic (stearic) acid, a
nitroalkane lacking the crucial 9,10 double bond of 10-nitro-octade-
c-9-enoic acid, displays none of the signaling activities or cell/tissue
responses induced by the nitroalkene NO5-OA [32,68,72-75]. Pre-
liminary studies in the present PCLS model of fibrosis revealed no native
oleic acid effects.

Small molecule electrophiles as anti-fibrotic drugs. At present, phar-
maceutical development of biosimilar small molecule electrophiles
include the synthetic triterpenoid derivative bardoxolone methyl
(methyl 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oate, Reata), the
methylated TCA intermediate dimethyl fumarate (dimethyl (2E)-but-2-
enedioate, Biogen), the octyl derivative of a TCA intermediate 4-octyl
itaconate (2-Methylene-4-(octyloxy)-4-oxobutanoic acid) and small
molecule nitroalkenes (Creegh). These structurally dissimilar electro-
philes all limit the progression of fibrosis in multiple models of tissue
injury that variously involve metabolic stress, inflammation and fibrotic
responses (Table 2). Importantly, the two FDA-approved drugs specified
for the treatment of fibrosis, nintendanib and pirfenidone, are both
a,p-unsaturated carbonyl-containing small molecule electrophiles and
share mechanisms of pathway modulation in common with other small
molecule electrophiles [16,25,31,32,76-104].

With regard to the selection of NO2-FA concentrations used in model
systems: the net endogenous concentration of in healthy and
nitroalkene-dosed humans and murine models is difficult to quantify for
multiple reasons. These species and their precursors are ingested in the
diet and are also formed to different extents by digestive and inflam-
matory reactions. There are also multiple regioisomers of oleic, linoleic,
linolenic and other polyunsaturated fatty acid nitration products
[105-107]. After formation or absorption, NO,-FA can be esterified into
complex lipids and undergo p-oxidation to still-electrophilic shorter
chain length products. Importantly, endogenous and subcutaneously,
intravenously or orally administered NO2-FA readily alkylate plasma
and intracellular thiols. The HPLC-MS/MS analysis of healthy human
urine shows that >90% of NO2-FA and their metabolites are reversibly
thiol adducted, with a Kp of 7.5 x 107° [108]. Healthy human “free”
plasma NO,-FA concentrations are in the nM range [62]. In rodents,
intra-mitochondrial NOy-FA concentrations rise to low pM concentra-
tions after metabolic and inflammatory stress [60]. In humans,
orally-administered 10-NO»-OA (150 mg/d) shows a half-life of <8 h
and a maximal concentration of the free native species of 5-15 nM
[109]. Making assumptions from the above, that net bioactive NO2-FA
concentrations that also include the thiol- and triglyceride-adducted
NO,-FA pools would be 10-50-fold greater than "free" levels. Thus, we
view the 5 pM concentration selected from pilot studies for the present
report falls within the range of net NOs-FA concentrations occurring
endogenously and following oral administration of a pure synthetic
homolog.

Cysteine is a primary biological target for electrophiles. The nucleophilic
amino acid cysteine is the kinetically-preferred reaction partner of small
molecule electrophiles, with histidine, lysine, serine and arginine much
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less significant targets, especially at clinically safe therapeutic electro-
phile concentrations [110-113]. Cysteine is a low abundance (2.2% of
all amino acids in humans) and evolutionarily-conserved amino acid
that is readily oxidized and alkylated. Because of this character, multiple
predictive models and kinetic studies affirm that cysteine is ~10° times
more nucleophilic than other amino acids and nucleotides, thus is an
ideal electrophile reaction partner [112,114-117]. Nitroalkene reaction
with cysteine and glutathione (y-glutamate-cysteine-glycine) in neutral
buffered solutions is kinetically fast and reversible, with k=200-400
(M~ s71). This reaction can be accelerated enzymatically or by the
readily polarized microenvironments in proteins that can confer up to
10°-fold increases in cysteine reactivity. Overall, it is viewed that the
hyper-reactive cysteine proteome evolved to link the genome with the
“exposome” (metabolic status, external stress) [56,118,119]. This
characteristic a) is exemplified by the abundance of
functionally-significant cysteine residues in transcriptional regulatory
proteins, receptors, ion channels and enzymes regulating protein phos-
phorylation and b) can be therapeutically exploited by
electrophile-based drug development strategies.

The pleiotropic pharmacologic actions of NOx-FA in fibrosis. NO2-FA
alkylate multiple functionally-significant cysteines of Kelch-like ECH-
associated protein 1 (Keapl), thus activating nuclear factor (erythroid-
derived 2)-like 2 (Nrf2)-regulated expression of diverse antioxidant and
repair enzymes, resulting in the suppression of cell injury and ROS levels
[72,120-122]. Keapl-Nrf2 orchestrates these responses with another
antioxidant transcription factor, PPARy, with both positively regulating
the other’s expression and downstream expression levels of antioxidants
[123]. NOo-FA specifically alkylates PPARy Cys285, thus serving as a
partial agonist [73,124,125]. The increased expression of PCLS PPARy
induced by NO»-FA herein is consistent with previous observations [28]
(Fig. 6B).

Epithelial cell injury is central to the pathogenesis of IPF [126], and is an
early manifestation of bleomycin-induced inflammation [47]. DNA
damage in bleomycin induced injury, as multiple risk factors for IPF,
leads to loss of epithelial cell numbers and functions [126-128]. In IPF,
epithelial cells show impaired surfactant protein production, E-cadherin
and cytokeratin expression, along with other functional impairments.
Some epithelial cells also undergo epithelial to mesenchymal transition
(EMT) due to IPF and show characteristic mesenchymal cell markers
such as vimentin, a-SMA and fibronectin, with these factors contributing
to loss of epithelial barrier function [127]. EMT is stimulated by acti-
vation of Smad2/3 signaling and Snail transcription factors, and may be
mitigated by NO,-OA-mediated inhibition of Smad2/3 phosphorylation,
as previously [96,127]. Keapl-Nrf2 activation also suppresses
Snail-induced transcription, another potential target moderated by
NO,-OA [120,121,129]. The observation that NO,-OA restores both
AT1 and AT2 cell numbers following bleomycin-induced loss
(Fig. 4B) lays the first pillar for fibrosis resolution - the promotion
of re-epithelization. Increased expression of the AT2 marker SPC re-
inforces that NO,-OA improves AT2 cell numbers and function, as SPC
expression is suppressed in AT2 cells after bleomycin treatment [127,
129]. Mutations in genes encoding SPC, causing dysfunction of folding
and processing of surfactant, are also linked with fibrosis and represent a
common mutation in IPF patients [8,9,129]. Injured epithelial cells
change their secretome and produce greater levels of inflammatory cy-
tokines and growth factors such as MCP-1, TNF-a, IL-1p, CTGF and
TGF-p, thus activating pro-fibrotic signaling in other cells [8,130].
Production of these mediators was, with the exception of IL-1p, down-
regulated in PCLS after treatment with NO»-OA (Fig. 6AB and Fig. 7AB).
The specific cellular sources of these mediators were not defined in the
present study.

Endothelial cells in lung fibrosis. Like epithelial cells, endothelial cell
functions are also impaired in both IPF and bleomycin-induced fibrosis,
in part a result of endothelial to mesenchymal transition (EndMT) [131,
132]. Vascular endothelium also contributes to fibrogenesis by serving
as a source of cytokines and growth factors such as MCP-1, TNF-a, CTGF
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and TGF-f [133]. Herein, production of these mediators were, with the
exception of IL-1f, down-regulated by NO2-OA (Fig. 6AB and Fig. 7AB).
EndMT is inhibited by NO,-OA via inhibition of Smad2/3 phosphory-
lation [93]. Furthermore, the ligand and gene expression-mediated
PPARy activation induced by NO,-OA [28,44] (Fig. 6A) can also
compete with Smad3 signaling for coactivator histone acetylase p300,
thus limiting Smad-mediated pro-fibrotic transcriptome expression
[130].

Activation of myoFB in fibrotic lung. Multiple lung mesenchymal cell
lines including resident FB, lipofibroblasts, pericytes, and mesothelial
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cells are activated by growth factors and cytokines produced by senes-
cent epithelial and endothelial cells, with all capable of undergoing
activation and transformation to myoFB [8,130,134]. A cascade of
signaling pathways and transcription factors, e.g. Smad2/3, STATS3,
nuclear factor kB (NFxB), multiple mitogen-activated protein kinases
(MAPK): p38 MAPK, c-Jun N-terminal kinases (JNK), extracellular
signal-regulated protein kinases 1/2 (ERK1/2) and protein kinase B
(Akt) are activated in myoFB, leading to the production of a plethora of
pro-inflammatory and pro-fibrotic mediators [93,127,130,131]. These
pro-inflammatory signaling actions induce the expression of a-SMA in
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vimentin positive FB [135], with the combination of these two markers
serving as an index of myoFB quantity and differentiation state [136].
NF«B signaling, inhibited by NO5-OA binding to critical p50 and p65
subunit cysteines, limits pro-inflammatory mediator expression in
multiple cell systems [26,32,72,94,95,121,137,138]. Numbers of
myoFB were decreased by NO»-OA in PCLS from both control and
bleomycin-treated mice, with the population of vimentin positive
cells not altered (Fig. SAB). This impact of NO-OA on myoFB
transformation to FB and a possible instigation of myoFB apoptosis
sets the second pillar of fibrosis resolution.

The overall expression of Acta2 (a-SMA gene) was not altered, as
assessed by PCR (Fig. 6AB), possibly due to limitations in the PCLS
model, which contains other sources of a-SMA, such as smooth muscle
cells surrounding vessels and airways [139]. Another product of the
activation of these signaling pathways and transcription factors in
myoFB is increased expression of fibronectin and collagens, thus
increasing ECM generation and the thickness of interstitium, thus
limiting gas exchange [8,130]. Herein, the ECM constituents COL1A1,
COL3A1 and FN1 all showed significantly decreased expression after
NO,-OA treatment of control PCLS (Fig. 6A). The mean decrease in these
ECM constituents was not significant in bleomycin-induced PCLS
(Fig. 6B), likely due to a high variability in the extent and distribution of
fibrotic foci in PCLS samples. The expression of TGF-p receptor 2 was
also not significantly altered by NO2-OA in any group (Fig. 6AB).
Changes in levels of ECM were also analyzed by immunofluorescent
staining of COL1A1, with NO,-OA significantly decreasing amounts of
ECM in bleomycin-injured lung PCLS but not in control tissues
(Fig. 3AB). This was confirmed by the observation that NO-OA signif-
icantly reduced hydroxyproline levels in bleomycin-induced PCLS
(Fig. 2).

In fibrotic lungs, impaired gas exchange will limit oxygen concen-
tration and elevate hypoxia-inducible factor a (HIF-1a) expression. HIF-
la is typically hydroxylated and turned over when oxygen levels are
normal, but not so in hypoxic conditions, thus HIF-1la accumulation
ultimately promotes FB to myoFB transition and stimulates production
of ECM [130]. HIF-1a levels, as well as the expression of HIF-1a-regu-
lated genes, are downregulated by NO2-OA in human pulmonary
endothelial cells [26].

Immune cell function in fibrosis. Activated myoFB produce elevated
TGF-p, TGF-p-activating integrins, CTGF, ROS and various chemokines,
with these mediators in turn activating immune cells [8,130]. While the
paradigm of type 1 and type 2 inflammation is an oversimplification of
the immune response, pulmonary fibrosis is promoted by M2 MP, Ty2
cells, and type 2 innate lymphoid cells (ILC2). Fibrotic lungs in
bleomycin-induced fibrosis show few elements of type 1 inflammation,
such as production of IFN-y and TNF-a [130,140]. Herein, TNF-a but not
IFN-y expression was downregulated by NO2-OA (Fig. 7AB). Key cyto-
kines characteristic of type 2 inflammation are IL-4, IL-6 and IL-13,
which promote IL-4 and IL-13 mediated pro-fibrotic changes and
attract additional immune cells that will acquire a type 2 phenotype
[130]. Notably, IL-13 production was significantly downregulated by
NO2-OA in bleomycin-injured murine PCLS, but not those from
PBS-treated controls (Fig. 7AB). This interaction between multiple cell
phenotypes, producing a plethora of pro-inflammatory/pro-fibrotic
mediators, leads to the formation of a positive feedback loop that ac-
celerates fibrotic changes. One can anticipate that a highly specific
immunomodulatory approach will have limited effects, since it is
necessary to target diverse cell populations to not only mitigate, but also
reverse fibrotic responses. Notably, NO2-OA and other small molecule
electrophiles show promising pleiotropic immunomodulatory potential
[26,32,72,73,93,95,120,121,124,125,127,129,137,138].

Resolution of fibrosis. The first two pillars of fibrosis resolution
induced by NO,-OA treatment requires a third, specifically ECM
degradation. This can be induced by the proteolysis of ECM collagen by
matrix metalloproteinases (MMPs) produced by FB and MP [55,141].
MP also mediate the phagocytosis of apoptotic cells, cellular debris and
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collagen clearance [141]. In contrast to inflammatory MP derived from
circulating monocytes, resident MP are derived from fetal progenitors
and have a capacity to facilitate the repair of fibrosis via mechanisms
including PPARYy activation [130,142]. After ECM proteolysis, collagen
fragments are further hydrolyzed by MP and internalized for lysosomal
degradation [142,143]. Herein, the immunofluorescencebased quanti-
tation of MP containing internal COL1A1 relative to total numbers of MP
showed that NO2-OA promoted the intracellular accumulation of
COL1A1 in MP. This establishes the third pillar of fibrosis resolu-
tion - NO2-OA-induced MP degradation of collagen (Fig. 3AB). It has
been previously reported that NOy-FA do not alter resident MP pop-
ulations, but rather inhibit a) migration and activation of circulating
inflammatory MP when treated concurrently with bleomycin in vivo, b)
M1 and M2 MP activation and differentiation in vitro [138,144], and c)
neutrophil chemotaxis and cytokine production [124]. Herein, we show
that NO2-FA rapidly adjusts the lung microenvironment to an
anti-fibrotic phenotype, even in the absence of NO,-FA-mediated im-
mune system regulation.

Small molecule electrophiles display common reactivities. NO2-OA
manifests signaling patterns that are in common with the electrophilic
IPF drugs pirfenidone and nintendanib. Pirfenidone also promotes Nrf2-
dependent signaling and inhibits NFkB and Smad2/3, as well as multiple
MAPK including ERK1/2, JNK, p38 MAPK [53,145-147]. Nintendanib
inhibits NFkB, Smad3, STAT3 and multiple MAPK: Akt, ERK1/2, p38
MAPK signaling [148-150]. Both of these drugs can slow clinical IPF
progression, do not reverse this process and have dose-limiting side ef-
fects, the latter possibly due to drug-protein adduct accumulation due to
the irreversible nature of a,f—unsaturated carbonyl-protein derivatives
[4,11-20]. NO2-OA is shown herein to limit the same pro-inflammatory
and pro-fibrotic pathways, as well as being a strong inducer of PPARy
and Nrf2-regulated anti-inflammatory and anti-fibrotic responses [28,
72,73,120-122,124,125]. The clinical safety of NO2-OA has been
demonstrated in phase 1 and ongoing phase 2 clinical studies, where
subjects dosed daily with 150-300 mg of 10-NO,-OA show no serious
adverse events or drug discontinuation. The most prominent adverse
effects are dose-related grade 1 and 2 diarrhea and abdominal pain,
constipation and headache [109].

Conclusion. NO2-OA significantly limited indices of established
fibrosis within 4 days of ex vivo PCLS culture. One dose of intratracheal
bleomycin for 14 d elevates ROS production in oxidant-sensitive pul-
monary epithelial cells, induces epithelial cell injury and increases
pulmonary expression of growth factors, pro-inflammatory cytokines
and chemokines. This pro-fibrotic milieu triggers the production of
additional cytokines, chemokines and growth factors by activated
myoFB and pro-fibrotic MP, which leads to a positive feedback loop that
results in interstitial fibrosis. NO2-OA induced expression of anti-fibrotic
transcription factor PPARy (Fig. 8A), and inhibited production of CTGF,
IL-13, MCP-1, TGF-f and TNF-«a (Fig. 8B). Activated myoFB also produce
extensive amounts of ECM. NO»-OA limited active myoFB numbers, as
reflected by decreased a-SMA positive FB (Fig. 8C), limited expression of
the ECM matrix components COL1A1, COL3A1 and FN1 and overall
amounts of ECM, reflected by a lowering of hydroxyproline levels
(Fig. 8D). NO,-OA also induced a switch of resident MP from a pro-
fibrotic to anti-fibrotic phenotype that was characterized by an
increased internalization of collagen for lysosomal degradation
(Fig. 8E). Importantly, NO,-OA promoted increases in both AT1 and AT2
numbers that induced re-epithelization of fibrotic tissue and improved
AT2 function (production of SPC) (Fig. 8F). These effects all stemmed
from the pleiotropic signaling actions of a cysteine proteome-targeted
small molecule nitroalkene.
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