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Abstract

Inflammation is an immune response triggered by microbial invasion and/or tissue injury. While
acute inflammation is directed toward invading pathogens and injured cells, thus enabling tissue
regeneration, chronic inflammation can lead to severe pathologies and tissue dysfunction. These
processes are linked with macrophage polarization into specific inflammatory “M1-like” or
regulatory “M2-like” subsets. Nitro-fatty acids (NO,-FAs), produced endogenously as byproducts
of metabolism and oxidative inflammatory conditions, may be useful for treating diseases
associated with dysregulated immune homeostasis. The goal of this study was to characterize the
role of nitro-oleic acid (OA-NOy) in regulating the functional specialization of macrophages
induced by bacterial lipopolysaccharide or interleukin-4, and to reveal specific signaling
mechanisms which can account for OA-NO,-dependent modulation of inflammation and fibrotic
responses.

Our results show that OA-NO> inhibits lipopolysaccharide-stimulated production of both pro-
inflammatory and immunoregulatory cytokines (including transforming growth factor-f8) and
inhibits nitric oxide and superoxide anion production. OA-NO, also decreases interleukin-4-
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induced macrophage responses by inhibiting arginase-I expression and transforming growth
factor-p production. These effects are mediated via downregulation of signal transducers and
activators of transcription, mitogen-activated protein kinase and nuclear factor-xB signaling
responses. Finally, OA-NO, inhibits fibrotic processes in an in vivo model of angiotensin 11-
induced myocardial fibrosis by attenuating expression of a-smooth muscle actin, systemic
transforming growth factor-p levels and infiltration of both “M1-“ and “M2-like” macrophage
subsets into afflicted tissue. Overall, the electrophilic fatty acid derivative OA-NO, modulates a
broad range of “M1-" and “M2-like” macrophage functions and represents a potential therapeutic
approach to target diseases associated with dysregulated macrophage subsets.

Graphical Abstract

CLASSICAL . M1UKE” MACROPHAGES
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Introduction

A variety of phagocytic cells are the mainstays of the innate immune system, including
neutrophils, monocytes and macrophages that accumulate and reside in the inflamed tissues.
Macrophage subsets pursue distinct functions in both normative and disease states, and their
lifespan may range from hours to months [1]. Specification of macrophage subsets and their
association with pathophysiological processes are of significance in understanding
mechanisms of tissue pathology and the design of new drug strategies. Macrophages
stimulated by interferon-y (IFN-y) or Toll-like receptor (TLR) ligands (including bacterial
lipopolysaccharide, LPS) undergo classical pro-inflammatory activation, resulting in
formation of so-called “M1-like” macrophages [2]. Conversely, macrophages stimulated
with interleukin-4 (1L-4) and/or interleukin-13 (reflecting the Th1 — Th2 polarization of T
cells) undergo regulatory activation, resulting in formation of “M2-like” macrophages [2, 3].
Although these individual macrophage subsets share some similarities, “M1-like”
macrophages are characterized by the production of high levels of reactive oxygen (ROS)
and nitrogen oxide (RNS)-derived species (e.g. superoxide anion, Oy~ and nitric oxide, NO)
and pro-inflammatory cytokines (e.g. interleukin-6, IL-6; tumor necrosis factor-a, TNF-a;
and interleukin-1, IL-1B), yielding both potent microbicidal and tumoricidal activities. In
contrast, “M2-like” macrophages are primarily involved in the control of wound healing,
tissue repair, and remodeling. Producing mainly interleukin-10 (IL-10) and tumor growth
factor-p (TGF-B), and expressing arginase-1, they are considered to have immunomodulatory
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functions [4-6]. Both macrophage subsets also contribute to the induction and progression of
cardiovascular, chronic inflammatory, and autoimmune diseases [7-11].

Despite considerable insight into the mechanisms of macrophage involvement in different
pathologies [7-11], only limited therapeutic strategies that modulate macrophage function
are employed in clinical practice. Evidence suggests that nitro-fatty acids (NO,-FAS),
generated as an adaptive response of organisms to oxidative stress, are pleiotropic signaling
mediators that might also be pharmacologically useful [12]. Previous in vivo studies
revealed that NO,-FAs in part exert anti-inflammatory actions by targeting “M1-like”
macrophages, resulting in a mitigation of pathologies including pulmonary hypertension and
atherosclerosis [13-15]. However, there is still only limited information about the effect of
NO,-FAs on “M2-like” macrophages and the mechanisms whereby NO,-FA may modulate
macrophage polarization towards “M1-*“ or “M2-like” phenotypes.

The present study defines the role of nitro-oleic acid (OA-NO,), an exemplary NO,-FA, in
the activation of “M1-* or “M2-like” macrophage subsets. Murine peritoneal macrophages
RAW 264.7 and primary macrophages derived from mouse bone marrow (BMDMs) were
exposed to different concentrations of OA-NO, in the presence of LPS or IL-4. Significant
emphasis was placed on the specification of signaling pathways hypothesized to be involved
in macrophage functional specialization. Those include signal transducer and activator of
transcription (STAT) proteins, mitogen activated protein kinases (MAPKS), and nuclear
factor-xB (NF-xB) [2, 3], with focus placed on determining cytokine profiles of individual
macrophage subsets. The effect of OA-NO, was also tested in an in vivo model of
angiotensin-11 (Ang I)-induced myocardial fibrosis [16, 17] that is linked with
dysregulation of different macrophage subsets [2, 18, 19]. This data supports that
electrophilic lipid signaling mediators can modulate macrophage function in chronic
inflammation.

Materials and Methods

Materials

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The OA-NO, ((E)-9- and 10-nitro-octadec-9-enoic acids) (Suppl. Fig. 1) was kindly
provided by Department of Pharmacology & Chemical Biology (University of Pittsburgh,
Pittsburgh, PA, USA). The OA-NO, was diluted up to 100 mM concentration in methanol
and stored at —80°C. Before each experiment, 10 mM solution of OA-NO, in methanol was
prepared from 100 mM stock solution and diluted in Dulbecco's Modified Eagle's Medium
(DMEM; PAN-Biotech, Aiden-bach, Germany) to obtain 100 uM of OA-NO,, which was
used immediately for cell culture experiments. All stock solutions were prepared and stored
in sterile, low-binding tubes.

Cell culture and treatment

Murine peritoneal RAW 264.7 macrophages (ATCC, Manassas, VA, USA) were grown in
DMEM with 10% low endotoxin fetal bovine serum (FBS; PAA, Pasching, Austria) and 1%
gentamycin.
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RAW 264.7 macrophages were treated with different concentrations of OA-NO, with or
without LPS (100 ng/ml, E. coli serotype 026:B6) and IL-4 (20 ng/ml) for different time
points. Before each experiment, macrophages were cultured in complete media as indicated
above. Two hours before the start of experiments, the complete medium was replaced with
serum free DMEM. Different concentrations of OA-NO» (0.1, 0.25, 0.5, or 1.0 uM), based
on their physiological relevance [20-24], were applied together with LPS or IL-4. Cell
viability was measured by ATP Cell Viability test (BioThema, Handen, Sweden); no effect
of OA-NO; exposure was detected (data not shown).

Animal model and handling

Wild-type C57BL/6J mice were treated for 2 weeks with Ang 11 (1.5 ng/g/min) and OA-NO,
(6 mg/kg) solvated in polyethylene-glycol/ethanol (90:10, vol/val) or vehicle
(polyethyleneglycol/ ethanol, 90:10), via subcutaneously implanted osmotic minipumps
(ALZET, Cupertino, CA, USA). The heart tissue was isolated immediately after the mice
were sacrificed and stored for immunostaining and Western blot experiments. These animal
studies were approved by the local authorities and Cologne Animal Care and Use
Committees.

Detection of protein expression by Western blot technique

Expression and activation of proteins were detected in cell lysates or heart tissues as
described previously [25]. Primary rabbit antibodies against STAT1, phospho-STAT1
(Tyr701), STATS, phospho-STAT3 (Tyr705), STAT6, phospho-STAT6 (Tyr641), c-Jun N-
terminal kinase (SAPK/JNK), phospho-SAPK/JNK (Thr183/Tyr185), extracellular signal-
regulated kinase (ERK1/2), phospho-ERK1/2 (Thr202/Tyr204), p38 MAPK, phospho-p38
MAPK (Thr180/Tyr182), NF-kB p65, phospho-NF-kB p65 (Ser536), peroxisome
proliferator-activated receptor-y (PPARY), receptor for macrophage-colony stimulating
factor (M-CSFR), TGF-3, GAPDH; primary mouse antibodies against arginase-I, iNOS, -
actin, a-tubulin; and appropriate secondary 1gG antibodies (Santa Cruz Biotechnology,
Dallas, TX, USA and Cell Signaling Technology, Danvers, MA, USA) were used. Relative
levels of proteins were quantified by scanning densitometry using the ImageJ™ program
(National Institutes of Health, Bethesda, MD, USA), with the individual band density value
expressed in arbitrary units (optical density, OD). The data in graphs represents the ratio
between the individual values for OD of bands determined for phosphorylated (p-) or total
(t-) form of protein, p-actin or GAPDH.

Determination of the relative cytokine and chemokine levels

Commercially available mouse cytokine ELISA kits (R&D Systems, Minneapolis, MN,
USA,; eBioscience, San Diego, CA, USA) were used for determination of cytokines in cell
supernatants according to the supplier's instructions.

Determination of O, formation by cytochrome c reduction assay

The extracellular production of O, in macrophages was determined via spectrophotometric
analysis of cytochrome c reduction [25]. The concentration of Oy~ was calculated using the
extinction coefficient of reduced cytochrome c.
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Determination of NO production

Changes in NO production were measured indirectly as the accumulation of nitrites, the end
product of NO metabolism, in medium using a spectrophotometric Griess assay [25].

Data analysis

Results

Data was statistically analyzed using a Student's t-test or one-way analysis of variance
(ANOVA), which was followed by Dunnett's test (Statistica for Windows 8.0/GraphPad
Prism 5.01). All data is reported as means + SEM. A *p value of less than 0.05 was
considered significant.

OA-NO; inhibits Oy~ and NO generation by “M1-like” RAW 264.7 macrophages

After activation with LPS (100 ng/ml), RAW 264.7 macrophages markedly increased
production of Oy~ (detected 4 h after cell stimulation, Fig. 1a), as well as NO production and
iNOS expression (detected 24 h after cell stimulation, Fig. 1b, ¢). As anticipated, IL-4 (20
ng/ml) did not enhance either O, or NO production in RAW 264.7 cells treated for 4 and
24 h respectively (Fig. 1d, e). iINOS expression was also not elevated by IL-4 treatment (Fig.
1f). LPS-stimulated O~ production was inhibited by all concentrations of OA-NO, used
(0.1, 0.5, 1.0 uM) (Fig. 1a). NO production was significantly reduced by 0.5 and 1 uM of
OA-NO; (Fig. 1b) and iNOS expression was inhibited by 1 uM OA-NO in RAW 264.7
macrophages (Fig. 1c).

OA-NO; blocks arginase-l expression in “M2-like” RAW 264.7 macrophages

IL-4 enhanced arginase-1 production in RAW 264.7 cells treated for 24 h, an effect reversed
by 1 pM OA-NO,, (Fig. 1g). Conversely, LPS did not induce arginase-1 expression in RAW
264.7 macrophages incubated for 24 h (Fig. 1g).

OA-NO, modulates cytokine expression in “M1-” and “M2-like” RAW 264.7 macrophages

Both pro- and anti-inflammatory cytokine production was altered in RAW 264.7 cells
stimulated by LPS (100 ng/ml) or IL-4 (20 ng/ml) and treated with OA-NO, (1.0 pM) for 24
h. OA-NO, decreased production of TNF-a, IL-6, and IL-1f in LPS-activated macrophages
(Fig 2a-c). Furthermore, OA-NO, inhibited IL-10 and TGF-$ production that was enhanced
by LPS and IL-4 (Fig 2d, e). LPS had a greater stimulatory effect on 1L-10 and TGF-j
expression compared with 1L-4 treatment (Fig 2d, ). This response pattern was confirmed
by dose-dependent LPS-induced (1, 2, 10, 100, 200 ng/ml) increases in the expression of a
TGF-p precursor in cell lysates (Fig. 2f) and TGF-f levels in cell medium (Suppl. Fig. 2). In
comparison, IL-4 (5, 10, 20, 100, 200 ng/ml) had only a slight effect on TGF-f precursor
expression (Fig. 2f). The stimulatory effect of LPS on the TGF-f precursor was partially
ameliorated by OA-NO> (1.0 uM) (Fig. 29).

OA-NO, modulates the “M1-” and “M2-like” phenotype in BMDMs

The evaluation of primary isolated BMDMs confirmed the effects of OA-NO, on RAW
264.7 macrophages. OA-NO, (1.0 uM) significantly downregulated LPS-induced O, and
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NO formation (detected 4 and 24 h after cell stimulation, Suppl. Fig. 3a, b), expression of
iNOS and arginase-1, as well as production of IL-10 and TGF-p (all measured 24 h after cell
stimulation, Suppl. Fig. 3c, d, €) in BMDMs.

LPS- and IL-4-induced activation of STAT1, STAT3, and STATE6 is regulated by OA-NO»

RAW 264.7 macrophages were exposed to LPS (100 ng/ml) or IL-4 (20 ng/ml) in
combination with OA-NO> (0.1, 0.25, 0.5, 1.0 uM) for 1 h. STAT1 signaling was activated
by LPS (Fig. 3a), but not by IL-4 (Suppl. Fig. 4a), in accordance with previous reports [3,
28, 29]. Conversely, STAT®6 signaling was activated by IL-4 (Fig. 3b), but not by LPS
(Suppl. Fig. 4b), while STAT3 was activated in both LPS- and IL-4-stimulated RAW 264.7
cells (Fig. 3c). Notably, the LPS- and IL-4-mediated phosphorylation of STATS was
downregulated by OA-NO> (Fig. 3a-c).

OA-NO, downregulates activation of MAPKs and NF-xB in the “M1-like” RAW 264.7
macrophages

Phosphorylation of INK, ERK1/2, p38 MAPK, and NF-xB (measured 1 h or 30 min after
cell incubation) was induced by LPS (Fig. 4a-d), but not by I1L-4 (Fig. 4d,, Suppl. Fig. 5a-c).
LPS-mediated activation of ERK1/2, p38 MAPK, and NF-xB was significantly reduced by
OA-NO; (Fig. 4b-d). Partial (non-significant) inhibition was observed also in the case of
JNK activation (Fig. 4a).

OA-NO; inhibits Ang ll-induced cardiac fibrosis in vivo

Chronic exposure to Ang Il (1.5 ng/g/min) in vivo led to the induction of myocardial
fibrosis, which is linked with a characteristic enhancement in a-smooth muscle actin (a-
SMA) expression (Suppl. Fig. 6a). This fibrosis was also associated with increased
expression of M-CSFR, reflecting the accumulation of macrophages in the myocardium
(Fig. 5a). These processes were prevented by application of OA-NO, (Fig. 5a and Suppl.
Fig. 6a).

The inflammatory phenotype of the heart tissue included increased expression of iNOS and
arginase-l, suggesting the presence of both “M1-* and “M2-like” macrophage subsets (Fig.
5b, ¢). These changes were accompanied by indices of increased Oy~ generation (Suppl. Fig.
6b). All of these parameters were decreased by OA-NO, administration (Fig. 5b, ¢ and
Suppl. Fig. 6b). Additionally, Ang Il-induced fibrosis was associated with elevated levels of
systemic TGF-p, a response that was completely prevented in OA-NO- treated mice (Fig.
5d).

OA-NO, downregulates PPARy activity but not expression in the “M2-like” RAW 264.7
macrophages

Expression of PPARy was not significantly changed by LPS (100 ng/ml), IL-4 (20 ng/ml)
nor OA-NO; (1 uM) at 1h (Suppl. Fig. 7a) and 24h after cell stimulation (Suppl. Fig. 7b).
On the other hand, the activity of PPARYy was significantly enhanced by IL-4 after 24h (but
not 1h) of cell treatment, while this effect was totally reversed by OA-NO, (Suppl. Fig. 7b).
In determination of PPARY activity, oleic acid (10 uM) was used as a positive control. No
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significant changes in PPARYy expression were detected in the heart tissue of Ang Il- and
OA-NO,-treated mice (Suppl. Fig. 7c).

Discussion

This study reveals the changes in functional polarization of “M1-" and “M2-like”
macrophage subsets induced by electrophilic lipid signaling mediators such as OA-NO> in
an in vivo model of myocardial fibrosis, shown to be potentially impacted by both
macrophage subpopulations [2, 18]. Macrophages exhibit remarkable plasticity by adopting
both pro- and anti-inflammatory phenotypes in response to different stimuli and
pathophysiological states [11]. During the early phase of an inflammatory response, “M1-
like” macrophages produce pro-inflammatory mediators that can exert strong microbicidal
and tumoricidal activities. During the later resolution phase of inflammation “M2-like”
macrophages enter an anti-inflammatory and tissue-remodeling mode, whereupon they
upregulate expression of mediators that resolve inflammation and support wound healing [2,
10]. Since the dysregulation of “M1-" as well as “M2-like” macrophage functions is
associated with the development and progression of chronic inflammation and fibrosis [10],
macrophages represent important targets for clinical treatment.

The present study reveals novel anti-inflammatory actions of electrophilic lipids such as
OA-NO, on the LPS-induced production of pro-inflammatory mediators and iNOS
expression in “M1-like” macrophages. Specifically, OA-NO, inhibited TNF-a, IL-6, IL-1f,
NO, and O, formation in “M1-like” macrophages, events that lend mechanistic perspective
to in vivo responses reported for lipid electrophiles [13, 14]. OA-NO, also significantly
reduced IL-4-induced “M2-like” phenotype manifestation in both RAW 264.7 macrophages
and BMDMs, responses that were linked to decreased production of anti-inflammatory
cytokines (IL-10 and TGF-B) and expression of arginase-I, a marker of regulatory “M2-like”
macrophages [4, 32, 33]. This data was also unique in that LPS treatment enhanced levels of
IL-10 and TGF- in “M1-like” macrophages, although they are typically described as
regulatory or even anti-inflammatory cytokines. The unexpected enhancement of IL-10 in
“M1-like” macrophages can be accounted for the ability of IL-10 to downregulate excessive
TGF- action and a-SMA deposition in fibrotic tissue [19].

Since lipid electrophiles act as pleiotropic signaling mediators, defining the mechanisms
underlying OA-NO, actions in the functional polarization of macrophages toward “M1-”
and “M2-like” phenotypes requires consideration of multiple signaling pathways that are
centrally involved in these processes. This includes STAT, MAPK, NF-kB, PPARYy and
ROS signaling [3, 5, 6, 21, 34-43]. STAT signaling is critical for macrophage polarization
processes, for example LPS activates INK-mediated tyrosine phosphorylation and the
dimerization of STAT1 [3, 5]. The present data supports that OA-NO,-induced
downregulation of NO production and iNOS expression in LPS-stimulated macrophages is
mediated by inhibition of STATL. Previous studies (employing up to 2.5 uM concentration
of NO,-FAs) have shown OA-NO,-dependent downregulation of STATL1 activation [3, 20,
35]; and in our experiments even concentrations of 1.0 pM were effective. These
concentrations are closer to those detected under in vivo conditions in blood and urine of
healthy humans with total levels (free plus esterified form) in the high nM range once
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dissociated from nucleophilic binding partners [21-23]. Moreover, we report for the first
time that OA-NO> dose-dependently decreased IL-4-induced STAT6 phosphorylation. Both
LPS- and IL-4-induced activation of STAT3 was almost completely ablated by OA-NO;,
again affirming the broad scope of actions of these mediators. These results support that
LPS- and IL-4-induced activation of macrophages triggers a complicated set of signaling
networks, wherein both STAT1/6 and STAT3 signaling can cross-coordinate [34, 44].
Multiple actions of STAT3 (induced by LPS and IL-4) can link signaling events in both
macrophage subsets, which could also explain enhanced levels of IL-10 and TGF-p detected
in LPS-stimulated RAW 264.7 cells and BMDMs. Significantly, the effect of OA-NO5 on
cytokine production could be the consequence of potent inhibition of STAT3 activation at
all OA-NO5, concentrations.

The relationship between JAK/STAT and MAPK signaling [39] motivated the evaluation of
OA-NO, modulation of MAPK and NF-kB activation in “M1-" and “M2-like”
macrophages. We discovered that increased phosphorylation of MAPKs and NF-xB was
linked with an “M1-like” macrophage phenotype. OA-NO, markedly inhibited LPS-induced
ERK1/2, p38 MAPK (but not JNK), and NF-xB phosphorylation. These observations reveal
for the first time the involvement of OA-NO> in regulation of ERK1/2 and p38 MAPK
activity in “M1-like” macrophages. Interestingly, a similar mechanism was previously found
in human monocytes (THP-1), in which OA-NO, prevented ERK1/2 phosphorylation
elicited by phorbol 12-myristate 13-acetate [43]. The inhibitory action of OA-NO, on NF-
kB was recently described in macrophages and endothelial cells exposed to LPS [20, 52],
where OA-NO, reduced vascular inflammation via disruption of the TLR4 signalosome in
lipid rafts, events that were upstream of any additional downstream modulation of NF-xB
signaling [45]. All of these interactions could potentially modulate fibrogenic processes [46,
56]. It is anticipated that the OA-NO,-dependent reduction of p38 MAPK phosphorylation
would also be associated with decreased formation of O,-, that is dependent on activation of
NADPH-oxidase [53]. It is likely that the reduced production of O, in “M1-like”
macrophages was linked to disrupted assembly of NAPDH oxidase (p47phox and gp91phox
subunits), an event reported for OA-NO,-treated neutrophils [30, 31].

PPARYy is a transcription factor associated with “M2-like” macrophage phenotypes [37, 38,
47], and has been identified as one of the molecular targets and mediators of OA-NO,
signaling [41, 42] [48, 49]. Related to this, OA-NO, blocks phosphorylation and degradation
of 1xB and enhances the binding of PPARYy to NF-kB, further limiting pro-inflammatory
actions of NF-xB, in models of allergic airway disease [50]. OA-NO,-dependent activation
of PPARY expression was also linked with the attenuation of experimental inflammatory
bowel diseases [51]. Conversely, many signaling actions of thiol-reactive electrophilic NO,-
FAs are mediated via PPARy-independent mechanisms [20, 29, 43, 52]. In this study, we
examined the activity and expression of PPARy in “M1-" and “M2-like” macrophages and
cardiac tissue obtained from mice treated with Ang Il and OA-NO,. Only IL-4 significantly
increased the activity of PPARYy after 24 h of macrophage stimulation, although it did not
affect PPARYy expression. Surprisingly, the stimulatory effect of IL-4 on PPARYy in “M2-
like” macrophages was decreased by OA-NO,. We speculate that IL-4- and OA-NO,-
mediated regulation of PPARY activity was dependent on the phosphorylation status of
STATSG, a critical event in the activation of PPARy in “M2-like” macrophages [40].
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In macrophage differentiation, the inhibition of ROS production in turn inhibits
macrophage-colony stimulating factor induced differentiation of “M2-like” macrophages,
but not granulocytemonocyte colony stimulating factor induced “M1-like” subsets [6]. The
mechanisms underlying this action involved the biphasic activation of ERK1/2, which is
critical for macrophage differentiation [6]. In the present study design, one would not
anticipate ROS mitigation of the early phase of macrophage polarization by LPS or I1L-4 for
multiple reasons. (1) Our experiments used differentiated macrophages (RAW 264.7 and
BMDMs), which were treated in an absence of growth factors. The rates of O,~ generation
in resting macrophages were low in comparison to extents of LPS-induced O, production
detected in both subtypes of macrophages. (2) Additionally, there was not enhanced
phosphorylation of ERK1/2 (or other MAPKS) in resting or IL-4-treated macrophages.

For invivo studies, a murine model of fibrosis was selected in part because of the
involvement of both “M1-" and “M2-like” macrophage subpopulations in the development
of Ang ll-induced myocardial fibrosis. Clinical studies have shown a strong and consistent
relationship between myocardial fibrosis and chronic inflammation, which is associated with
infiltration of heart tissue by “M1-like” macrophages and increased generation of ROS [2,
18]. Also, tissue fibrosis stems from an abnormal healing process regulated by “M2-like”
macrophages which fail to respond to specific signals for its termination [19, 36, 54]. The
process of fibrosis in general is characterized by increased production of TGF-f, which
induces proliferation of tissue fibroblasts, transdifferentiation of fibroblasts to
myofibroblasts, and subsequent deposition of excessive extracellular matrix [9-11, 19, 55].

There was a unique effect of OA-NO» on the functional specialization of macrophages in
myocardial fibrosis, that was associated with dysregulation of Oy~ generation and TGF-, a-
SMA, M-CSFR, iNOS, and arginase-I expression. The increased concentration of TGF-f,
detected in the plasma of Ang Il-treated mice, was suppressed by OA-NO,. This response
was predicted by in vitro studies showing OA-NO> inhibition of TGF-f} production in both
“M1-" and “M2-like” macrophages. Based on these results, it is possible that LPS induces
the same pathological enhancement of TGF- production and signaling in “M1-
like”macrophages as observed herein in Ang Il-induced myocardial fibrosis. This precept is
supported by the observation that TGF-f signaling is upregulated via a TLR4-NF-xB
signaling axis, thus providing a link between pro-inflammatory and pro-fibrotic signals [56].
In this scenario, OA-NO will limit Ang 11- and LPS-induced fibrosis and decrease IL-4-
induced TGF-f production in “M2-like” macrophages, thus promoting the regulation of
resolution and tissue remodeling. These remodeling processes are further dependent on
arginase-l activation, which catalyzes conversion of L-arginine into ornithine and
polyamines [2, 10]. We show that the elevated arginase-I expression in regulatory
macrophages is attenuated by OA-NO,, further supporting the concept of OA-NO»
mediation of tissue repair.

Concerning the role of macrophages in the in vivo model of Ang Il-induced atrial fibrosis,
the increased expression of M-CSFR reflected the accumulation of macrophages in the
fibrotic tissue. Enhanced iNOS, ROS generation and arginase-I expression implied the
increased presence of both “M1-" and “M2-like” phenotypes in afflicted tissue. These
markers were repressed by OA-NO,, in part via the decreased STAT3 activation, as
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described in our in vitro experiments. This assumption is reinforced by the observation that
Ang Il induces the phosphorylation and nuclear localization of STAT3 and is accompanied
by increased levels of pro-fibrotic cytokines (TGF-f and IL-10) [57].

Conclusions

The pleiotropic signaling actions of reversibly-reactive electrophilic lipids such as NO,-FAs
can mediate adaptive anti-inflammatory signaling responses that could be therapeutically
useful. Physiologically-relevant concentrations of OA-NO significantly downregulated the
production of reactive inflammatory mediators and pro-inflammatory cytokines (O ", NO,
TNF-q, IL-6, IL-1B, TGF-B, IL-10) as well as iNOS and arginase-I expression in LPS- or
IL-4-elicited “M1-" and “M2-like” macrophage subsets. This effect of OA-NO, was linked
with changes in the regulation of STAT1, STAT3 and STAT6, MAPKSs and NF-xB
activation. Through inhibition of TGF-§ production, OA-NO, suppressed the genesis and
progression of fibrosis in an Ang Il-induced model of myocardial fibrosis. These results
indicate that NO,-FAs could play an important role in regulation of macrophage functional
specialization toward “M1-" and “M2-like” subsets within different pathologies associated
with chronic inflammation. It was also observed that “M1-“ and “M2-like” macrophage
subpopulations are not strictly separated and can be induced to convert from one phenotype
to another in response to the local biochemical milieu.
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IL-6 interleukin-6
IL-10 interleukin-10
JINK c-Jun N-terminal kinase
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
M-CSFR receptor for macrophage-colony stimulating factor
NF-«xB nuclear factor-x B
NO,-FA nitro-fatty acid
0, superoxide anion
OA-NO, nitro-oleic acid
oD optical density
PPARY peroxisome proliferator-activated receptor vy
RNS reactive nitrogen species
ROS reactive oxygen species
STAT signal transducer and activator of transcription
TGF-B transforming growth factor-f3
TLR Toll-like receptor
TNF-a tumor necrosis factor-a
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Highlights

Nitro-oleic acid modulates both "M1-*“ and “M2-like” macrophage functions in vitro.

STATs, MAPKSs and NF-xB are critical targets for nitro-oleic acid action.
Nitro-oleic acid decreases systemic TGF-f in angiotensin Il-induced fibrosis in vivo.

Macrophage functions are affected by nitro-oleic acid in myocardial fibrosis.
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Figure 1. OA-NO, downregulates Oo~ and NO production, iNOS and arginase-1 expression in
“M1-" and “M2-like” RAW 264.7 macrophages

Cells were treated with different concentrations of OA-NO» (0.1, 0.5, 1.0 pM) and
stimulated with LPS (100 ng/ml) or IL-4 (20 ng/ml). O, production was monitored for 4 h
(n=6) (a, d). Production of NO (n=6) (b, e), expression of iINOS (n=3) (c, f) and arginase-I
(9) was detected in macrophages incubated for 24 h. The pictures represent one of three
individual experiments. A *p value of less than 0.05 was considered significant when
evaluating differences between the individual bars and positive control (LPS- and IL-4-
treated cells) or between two individual bars, respectively.
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Figure 2. OA-NO> affects the cytokine profile in “M1- and “M2-like” RAW 264.7 macrophages
Cells were treated with OA-NO, (1.0 uM) and stimulated with LPS (100 ng/ml) or IL-4 (20

ng/ml) for 24 h. TNF-a (a), IL-6 (b), IL-1B (c), IL-10 (d) and TGF-B (e) production was
measured in cell supernatants (n=6-8). The expression of TGF- precursor was monitored in
RAW 264.7 macrophages treated with different concentrations of LPS (1-200 ng/ml), IL-4
(5-200 ng/ml), and/or OA-NO> (LuM) (f). The pictures represent one of three individual

experiments. A *p value of less than 0.05 was considered significant when evaluating

differences between the individual bars and positive control (LPS- and IL-4-treated cells) or

between two individual bars, respectively.
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Figure 3. OA-NO, downregulates the LPS- and IL-4-induced activation of STAT1, STAT3, and
STATG6 in “M1-" and “M2-like” RAW 264.7 macrophages

The expression and phosphorylation of STATS was detected in RAW 264.7 cells treated
with different concentrations of OA-NO, (0.1, 0.25, 0.5, 1.0 uM) and stimulated with LPS
(100 ng/ml) (a, c) or IL-4 (20 ng/ml) (b, c) for 1 h. Expression of p-STAT1/t-STAT1 (a), p-
STATG6/t-STATS6 (b), and p-STAT3/t-STAT3 (c) was detected in both “M1-" and “M2-like”
macrophages (n=3). The pictures represent one of three individual experiments. A *p value
of less than 0.05 was considered significant when evaluating differences between the
individual bars and positive control (LPS- and IL-4-treated cells) or between two individual
bars, respectively.
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Figure 4. OA-NO> regulates the activation of MAPKs and NF-kB in “M1-like” RAW 264.7
macrophages
Cells were treated with OA-NO, (0.1, 0.5, 1.0 uM) and exposed to LPS (100 ng/ml) or IL-4

(20 ng/ml). Phosphorylation of MAPKSs (a-c) was detected 1 h after cell stimulation with
LPS or IL-4. Expression and activation of NF-xB was monitored in both “M1-" and “M2-
like” macrophage subpopulations treated for 30 min (d). The pictures represent one of three
individual experiments.
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Figure 5. OA-NO> decreases the Ang Il-induced fibrotic processes in heart tissue
The expression of M-CSFR (a), iNOS (b), and arginase-1 (c) was detected in heart tissue of

C57BL/6J mice treated for 2 weeks with Ang Il (1.5 ng/g/min) and OA-NO, (6 mg/kg) via

subcutaneously implanted osmotic minipumps. The concentration of TGF-3 was determined
in plasma samples (n=6-9) (d). The pictures represent one of several individual experiments
(n=6-9). A *p value of less than 0.05 was considered significant when evaluating differences
between the individual bars and positive control (Ang ll-treated mice).
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