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Abstract

Background—Inflammatory-mediated pathological processes in the endothelium arise as a
consequence of the dysregulation of vascular homeostasis. Of particular importance are mediators
produced by stimulated monocytes/macrophages inducing activation of endothelial cells (ECs).
This is manifested by excessive soluble pro-inflammatory mediator production and cell surface
adhesion molecule expression. Nitro-fatty acids are endogenous products of metabolic and
inflammatory reactions that display immuno-regulatory potential and may represent a novel
therapeutic strategy to treat inflammatory diseases. The purpose of our study was to characterize
the effects of nitro-oleic acid (OA-NO;) on inflammatory responses and the endothelial-
mesenchymal transition (EndMT) in ECs that is a consequence of the altered healing phase of the
immune response.
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Methods—The effect of OA-NO, on inflammatory responses and EndMT was determined in
murine macrophages and murine and human ECs using Western blotting, ELISA, immunostaining,
and functional assays.

Results—OA-NO> limited the activation of macrophages and ECs by reducing pro-inflammatory
cytokine production and adhesion molecule expression through its modulation of STAT, MAPK
and NF-xB-regulated signaling. OA-NO, also decreased transforming growth factor-p-stimulated
EndMT and pro-fibrotic phenotype of ECs. These effects are related to the downregulation of
Smad?2/3.

Conclusions—The study shows the pleiotropic effect of OA-NO, on regulating EC-macrophage
interactions during the immune response and suggests a role for OA-NO> in the regulation of
vascular endothelial immune and fibrotic responses arising during chronic inflammation.

General significance—These findings propose the OA-NO, may be useful as a novel
therapeutic agent for treatment of cardiovascular disorders associated with dysregulation of the
endothelial immune response.
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1. Introduction

Vascular inflammation is one of the key pathological processes involved in the development
of cardiovascular disorders, the major cause of mortality in developed countries.
Understanding that inflammation contributes to the progression of various pathological
states related to cardiovascular diseases including atherosclerosis, thrombosis, endothelial
dysfunction, and fibrosis is crucial for gaining an insight into the mechanisms underlying
these conditions and for identifying new pharmacological targets [1].

Innate immune cell activation is a characteristic feature of inflammatory vascular disorders.
In particular, the activation of monocytes/macrophages plays a significant role in chronic
inflammation inception in vessels. During the early phase of inflammation, T-cells and NK-
cells predominantly secrete interferon-y (IFN-y), macrophages release tumor necrosis
factor-a (TNF-a), interleukin-1p (IL-1pB), and reactive oxygen and nitrogen oxide-derived
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species, inducing pro-inflammatory phenotypes in both immune and endothelial cells (ECs).
In the later phase, macrophage-derived transforming growth factor (TGF-B) is produced [2].

The activation of endothelium is a hallmark of vascular inflammatory disorders and plays a
central role in mediating structural changes in the vasculature [3]. ECs represent a
heterogeneous population that actively participates in both innate and adaptive immune
responses, being one of the first cell types to encounter foreign pathogens and endogenous
danger signals [4]. During acute and chronic inflammation, pro-inflammatory signaling
pathways are triggered in ECs. Subsequently, secreted pro-inflammatory cytokines and
chemokines, adhesion molecules (such as intercellular adhesion molecule-1, ICAM-1, and
vascular cell adhesion molecule-1) on the surface of ECs, and the increased permeability of
the vessel wall facilitate leukocyte transmigration to the site of inflamed or damaged tissue
[5, 6]. This effect was shown to be time-dependent [4]. While Regulated on Activation
Normal T cell Expressed and Secreted (RANTES) and interleukin-6 (IL-6) are potent
chemoattractants for T lymphocytes and neutrophil granulocytes, murine monocyte
chemoattractant protein (MCP-5, the structural and functional homologue of human MCP-1)
is a chemoattractant for blood monocytes [6, 7]. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) stimulates pro-inflammatory M1 macrophages to induce
fibrosis progression [8]. Moreover, during the activation of ECs, nitric oxide (-NO)
production is also dysregulated [9].

TGF-p is a multifunctional modulator of physiologic processes such as wound healing, with
its overproduction triggering pathological vascular remodeling and fibrotic changes through
the induction of EndMT [10-13]. In fibrotic tissue, fibroblasts are of different origin [14].
For example, cardiac and renal fibrosis is associated with the emergence of fibroblasts
originating from ECs (ECs are estimated to participate in more than 25% of fibroblast
formation), supporting that EndMT could be involved in fibrosis development [11, 14].
Interestingly, macrophages releasing TGF-p (regulatory macrophages) promote fibroblast/
myofibroblast switch as well as EndMT [15-18]. While in the early phase of fibrotic
changes, cytoplasmic protein fibroblast-specific protein 1 (FSP1, also known as S100A-4) is
produced, in latter phases, structural proteins including a-smooth muscle actin (a-SMA) are
overexpressed [11]. Smads are one of the major downstream cytoplasmic mediators of TGF-
B signaling in ECs [10-13]. The role of Smad3 in TGF-B-induced EndMT was also
documented in different types of ECs, whereas the function of Smad2 in fibrosis induction
in response to TGF-B is still not clear [10, 19].

Fatty acid nitroalkene derivatives (NO,-FAs) are endogenously generated by nitrating
species formed by the acidic conditions of digestion and as a consequence of oxidative
inflammatory reactions of nitrogen oxides. This latter mechanism can serve as an adaptive
response to oxidative stress, since the physiological concentrations (~1 M) that are
generated clinically [20-22] are sufficient to mediate pleiotropic signaling responses that
promote the resolution of inflammation [23]. Recent evidence suggests that these pluripotent
signaling mediators can, as a consequence of post-translational protein modification,
regulate many physiological and pathological processes by affecting a whole range of
mammalian cell functions (e.g. the activation of macrophages and neutrophils,
vasorelaxation, angiogenesis and platelet aggregation) [2, 3, 22, 24].
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Placing special focus on the modulation of macrophage functions [2, 25] we now elucidate
the effects of nitro-oleic acid (OA-NO5) on inflammation and the EndMT responses of ECs.
We hypothesize that OA-NO, inhibits pathological tissue remodeling induced by the
activation of macrophages and ECs during chronic inflammation. Thus the effects of OA-
NO, on macrophage-mediated EC inflammatory responses and EC-derived EndMT were
studied in murine ECs stimulated by IFN-y, TNF-a, IL-1p TGF-B, human ECs stimulated
by TNF-a,, and in bacterial endotoxin-activated macrophages.

2. Materials and methods

2.1 Materials

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA). OA-NO> ((E)-9- and 10-nitro-octadec-9-enoic acid) was diluted to a 100 mM
concentration in methanol and stored at —80°C. Before each experiment, a 10 mM solution
of OA-NO, in methanol was prepared from the stock solution and diluted in Dulbecco's
Modified Eagle's Medium (DMEM; PAN-Biotech, Aidenbach, Germany) to obtain 100 pM
of OA-NO,, which was used immediately for cell culture experiments. All stock solutions
were prepared and stored in sterile, low-binding tubes [2].

2.2 Cell culture and treatment

Murine pancreatic endothelial MS-1 cells and 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% Penicillin/Streptomycin. Human umbilical vein
endothelial cells (HUVEC) from Lonza [26] were cultivated in EGM Bullet Kit medium
(Lonza).

ECs were treated with 1.0 uM OA-NO, with or without cytokines — IFN-y (50 ng/ml),
IL-1B8 (5 ng/ml), TNF-a (10 ng/ml), or TGF-B (10 ng/ml) — for different time periods (20
min - 48 h). The inflammatory phenotype in macrophages was induced using bacterial
lipopolysaccharide (LPS, 100 ng/ml) treated for 24 h. Before each experiment, ECs and
macrophages were cultured in complete media as indicated above. Two hours before the
start of experiments, the complete medium was replaced with DMEM with 2% of FBS or
FBS-free DMEM. In long-term experiments (6 d), medium and treatments were renewed
regularly after 2 days. The final concentration of OA-NO> used for all experiments (1.0 uM)
was selected on the basis of its physiological relevance and our previous experience [2, 20].
OA-NO, was applied alone or together with cytokines. Cell viability was measured by ATP
Cell Viability test (BioThema, Handen, Sweden) [27]; no effect of cytokines or OA-NO,
exposure was detected (data not shown).

2.3 Determination of 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 the determination of cytokines in
cell supernatants of ECs as well as cytokines produced by macrophages. These analyses
were performed according to the supplier's instructions.
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2.4 Detection of protein expression

The expression of proteins was detected in cell lysates after 20 min - 24 h treatments.
Primary rabbit antibodies against ICAM-1, Smad2, phospho-Smad2 (Ser465/467), Smad3,
phospho-Smad3 (Ser423/425), signal transducer and activator of transcription 1 (STAT1),
phospho-STAT1 (Tyr701), STAT3, phospho-STAT3 (Tyr705), c-Jun N-terminal kinase
(SAPK/INK), phospho-SAPK/INK (Thr183/Tyr185), extracellular signal-regulated kinase
(ERK1/2), phospho-ERK1/2 (Thr202/Tyr204), p38 mitogen-activated protein kinase
(MAPK), phospho-p38 MAPK (Thr180/Tyr182), nuclear factor-xB (NF-kB) p65, phospho-
NF-kB p65 (Ser536), endothelial nitric oxide synthase (eNOS), phospho-eNOS (Ser1777),
GAPDH; primary mouse antibodies against a-SMA, inducible nitric oxide synthase (iNOS),
B-actin; 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 of OD for detected protein, B-actin, or GAPDH.

2.5 Immunostaining of inflammatory and fibrotic markers

For the immunostaining of MS-1, BD Falcon CultureSlides were used. Cells were seeded
evenly. After treatments, cells were fixed with 4% formaldehyde, and blocked with 10%
goat serum. Permeabilization using 0.1% Triton X-100 was performed after fixation step for
FSP1 and actin visualization. Primary rabbit antibodies against ICAM-1 (Santa Cruz, USA)
and FSP1 (S100A4; Cell Signalling, USA) in combination with goat anti-mouse and anti-
rabbit IgG (H+L) secondary antibody, DyL ight 488 conjugate (Thermo Scientific, USA),
were used. Alexa Fluor 488 phalloidin was used for actin filaments staining. Nuclei were
stained with DAPI. Glass slides were washed and mounted in Mowiol (Calbiochem, USA)
solution. Images were acquired on a confocal microscope (TCS SP5, Leica, Germany) using
a 63 x 1.4 oil immersion objective in identical settings. Negative controls obtained by
omitting primary antibodies revealed no autofluorescence or nonspecific fluorescence (data
not shown). The mean value of the optical intensity of the green component (495 - 672 nm)
of each image was calculated using the ImageJ program (National Institutes of Health,
Bethesda, MD, USA).

2.6 Adhesion of macrophages to endothelial cells

For the adhesion experiments, MS-1 ECs were cultured in 96-well tissue culture plates
(Genetix, USA) until confluent. ECs were treated for 24 h with or without IFN-y (50 ug/ml)
and/or OA-NO, (1.0 uM). RAW 264.7 macrophages were fluorescently labeled with
calcein-AM (1 uM) for 20 min at 37°C in the dark and washed. The adhesion of
macrophages to EC cultures was performed under static conditions. Before the adhesion
assay was performed, ECs were washed and DMEM plus 2% FBS was added to cells.
Labeled macrophages were applied at a density of 5x103 cells/well to the EC surface and
allowed to adhere for 1 h at 37°C with gentle rocking. Non-adherent cells were removed by
washing two times with HBSS. The relative fluorescence intensity of adherent macrophages
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was analyzed by an Infinite M200 microplate spectrofluorimeter with excitation and
emission wavelengths of 480 and 530 nm, respectively.

2.8 Data analysis

Data were statistically analyzed using a t-test (GraphPad Prism 5.01). All data are reported
as means £ SEM. A *p value of less than 0.05 was considered significant.

3. Results

3.1 OA-NO, downregulates the development of EC pro-inflammatory phenotypes

To elucidate the role of OA-NO, in regulating the development of macrophage-derived EC
phenotypes, TNF-a, IL-1B, IFN-y, and TGF-p were selected as exemplary mediators [4].
Experiments with RAW 264.7 cells exposed to LPS (100 ng/ml) for 24 h revealed that OA-
NO, (1.0 uM) significantly decreased the production of TNF-a, IL-1pB, and TGF-B (Suppl.
Fig. 1), but not IFN-y (data not shown).

Next, the effect of OA-NO, on the induction of a pro-inflammatory phenotype in mouse
MS-1 ECs was reflected by changes in the production of RANTES, IL-6, MCP-5, and GM-
CSF in response to the inflammatory mediators IFN-y (50 ng/ml), IL-18 (5 ng/ml), TNF-a
(10 ng/ml), and TGF-B (10 ng/ml) after exposure for 24 h (Fig. 1). RANTES (Fig. 1a-c) and
IL-6 levels (Fig. 1d-f) were significantly elevated in IFN-y-, IL-1B- and TNF-a-treated ECs;
TNF-a was the weakest inducer of both RANTES and IL-6 production (Fig. 1c,f). All of
these responses were significantly inhibited by 1.0 uM OA-NO,, (Fig. 1la-f). MCP-5
production was elevated only in IFN-y-stimulated ECs, with this effect significantly
reversed by OA-NO, (Fig. 1g). In addition, GM-CSF was significantly enhanced only after
IL-1pB treatment (Fig. 1h). OA-NO, also downregulated GM-CSF levels (Fig. 1h). TGF-p
did not enhance production of any cytokine detected (data not shown). Similarly, OA-NO,
(1.0 uM) limited ICAM-1 expression induced in response to IFN-y (Fig. 2a,b).

To help to elucidate the impact of OA-NO, on macrophage-induced endothelial
inflammatory responses, we performed chemotactic and cell adhesion assays. IFN-y
significantly activated RAW 264.7 macrophage adhesion to MS-1 ECs, with OA-NO,
inhibiting this effect (Fig. 2c, Suppl. Fig. 2). Additionally, conditioned media from IFN-vy-
treated MS-1 ECs induced migration of RAW 264.7 macrophages, with OA-NO, inhibiting
this IFN-y-induced macrophage chemotactic response (Suppl. Fig. 3).

To confirm the clinical relevance of these observations in a more human-related
inflammatory model system, additional experiments were performed with HUVECs.
Consistent with the responses of MS-1 ECs, IL-6 production and ICAM-1 expression was
enhanced by the activation of HUVECs, and OA-NO> significantly inhibited these responses
(Suppl. Fig. 4a,b).

Since the activation of ECs is connected with the dysregulation of eNOS function and -NO
signaling, the impact of OA-NO, on -NO synthesis was determined. -NO levels were
enhanced only in IFN-y-stimulated MS-1 cells (Suppl. Fig. 5a). Neither iNOS (data not
shown) nor total eNOS expression (Suppl. Fig. 5b) were affected by IFN-y. However, the
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phosphorylation of eNOS was slightly enhanced in IFN-y-treated ECs (Suppl. Fig. 5b). OA-
NO, did not affect -NO production (Suppl. Fig. 5).

3.2 OA-NO, downregulates activation of different signaling pathways in ECs in response to
pro-inflammatory mediators

To help to clarify the signaling pathways responsible for OA-NO, immunomodulation of
ECs, the activation state of STATs, MAPKSs, and NF-xB was determined in ECs treated for
30 or 20 min, respectively. The phosphorylation of both STAT1 and STAT3 was significantly
stimulated only by IFN-y and was significantly inhibited by OA-NO, (Fig. 3a, b).
Concerning the MAPK signaling pathways, IL-1p was the only mediator that strongly
enhanced phosphorylation of all three kinases (p38 MAPK, ERK, and JNK) and OA-NO,
significantly diminished these IL-1p actions (Fig. 3c-e). ERK was also activated by TNF-a
and IFN-vy, however OA-NO,-induced downregulation of ERK phosphorylation bordered on
significance (Fig. 3d). Phosphorylation of NF-xB was markedly enhanced in TNF-a and
IL-1B-treated ECs, and OA-NO; significantly downregulated their effects (Fig. 3f). TGF-B
did not enhance activation of any of signaling pathways detected (Fig. 3a-f).

3.3 OA-NO, downregulates the development of EndMT in ECs

Further, the effect of OA-NO, on morphological changes and EndMT following
inflammatory activation of ECs was analyzed. Structural changes were identified in MS-1
cells by monitoring the development of filamentous actin stress fibers (Fig. 4). After 48 h,
TGF-p significantly shifted actin cytoskeletal appearance to a more fibrotic and filamentous
structure (Fig. 4, Suppl. Fig. 6). OA-NO,, partially prevented these TGF-p-triggered changes
(Fig. 4, Suppl. Fig. 6). Further, FSP1 as the marker of EC conversion towards the pro-
fibrotic phenotype was detected in the cytosol of MS-1 cells after 48 h of TGF-p (10 ng/ml)
treatment (Fig. 5a,b). OA-NO; also reversed the TGF-p effect on FSP1 expression (Fig.
5a,b). Although we did not detect the upregulation of a-SMA expression in MS-1 cells after
24 or 48 h of EC stimulation with TGF-g (data not shown), we observed a significant
increase in a.-SMA expression after 6 d of TGF-p treatment of ECs (Fig. 5¢). OA-NO,
significantly decreased this TGF-B-induced a-SMA expression (Fig. 5¢). The
phosphorylation of transduction proteins Smad2/3 was markedly elevated in TGF-p-treated
ECs after 30 min of incubation (Fig. 6). Importantly, OA-NO> significantly reduced the
activation of both Smad2 (Fig. 6a) and Smad3 (Fig. 6b) in MS-1 cells.

As for MS-1 cells, TGF- induced both a-SMA expression and Smad2/3 phosphorylation in
human ECs. OA-NO; significantly reduced a-SMA expression as well as activation of both
Smad2 and Smad3 in HUVECSs (Suppl. Fig. 4c-e).

4. Discussion

The present study defines the role of OA-NO, in the treatment of pathological processes
instigated by the production of pro-inflammatory mediators in ECs and macrophages. We
demonstrate that OA-NO, decreased macrophage-derived production of TNF-a,, IL-1, and
TGF-B, as previously [2, 28]. On the basis of these results, TNF-a, IL-1pB, and TGF-B were
chosen for EC activation. Although, we did not prove the inhibitory effect of OA-NO, on
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IFN-y production in macrophages, this cytokine was also used as an exemplary mediator.
Subsequently, we investigated the effect of stimuli and OA-NO, on EC-mediated production
of chemokines and pro-inflammatory cytokines, including RANTES, IL-6, MCP-5, and
GM-CSF. Importantly, the levels of all these mediators were influenced by IFN-vy, IL-1B,
and TNF-a in different ways. Our results confirm that RANTES and IL-6 are produced in
murine ECs in response to IL-1B, TNF-a, and IFN-y [4]. OA-NO, was able to inhibit the
production of RANTES and IL-6 in all active treatments, highlighting the broad impact of
OA-NO> in the modulation of chemokine production in vascular cells. Moreover, we
detected MCP-5 production in ECs. We observed significant enhancement of its production
after IFN-y administration. This effect was inhibited by OA-NO,, affirming the role of this
fatty acid derivative in regulating monocyte/macrophage attraction. This finding was also
supported by functional assays demonstrating that OA-NO> reduce IFN-y-induced
chemotaxis of macrophages /7 vitro. In agreement with the study by Maruyama (1993),
IL-1pB was the only pro-inflammatory mediator used which stimulated the production of
GM-CSF [6]. Importantly, in our study, OA-NO, significantly inhibited its production. GM-
CSF is a crucial cytokine responsible for macrophage differentiation into the pro-
inflammatory (M1) phenotype [28, 29]. We suggest that during vascular inflammation, OA-
NO, modulates macrophage-EC intercellular communication by inhibiting GM-CSF
production in ECs and IL-1p production in macrophages, which contributes to reciprocal
regulation of these two cell types. In contrast to other EC activators, TGF- did not have a
stimulatory effect on pro-inflammatory cytokine production in ECs.

Activated ECs enhance cell surface adhesion molecule expression, enabling the recruitment
of immune cells to the site of inflammation. In agreement with literature describing changes
in the expression and distribution of adhesive molecules [6, 30] we detected enhanced
ICAM-1 expression in MS-1 cells and HUVECSs after administration of IFN-ry or TNF-a.,
respectively. Similar to previous /n vitro responses [21, 31], we showed here that OA-NO; is
able to reverse ICAM-1 over-expression. Generally, changes in adhesion molecule
expression are accompanied by alterations in functional properties of endothelium [32]. We
demonstrated herein that IFN-y- and OA-NO,-induced changes in ICAM-1 expression
corresponded with a decreased ability of macrophages to adhere to ECs. Moreover, even
lower concentrations of OA-NO, significantly downregulated ICAM-1 expression in murine
ECs. While both upstream and downstream signaling pathways of ICAM-1 are linked with
STATs, MAPKs, and NF-xB regulation (in combination with phospholipase-Ay), these
signaling molecules represent one of the possible targets and modulators of OA-NO, action
in inflammatory responses [2, 5]. Therefore, the effect of OA-NO> on these signaling
pathways was tested. STAT1 and STATS3, induced only in ECs exposed to IFN-y [33, 34],
were significantly downregulated by OA-NO,. OA-NO, also decreased the TNF-a.- and
IL-1B-mediated phosphorylation of NF-xB as well as IL-1p-mediated phosphorylation of all
MAPKSs detected. Cytokine-derived activation of all these pathways was described
previously [4, 33, 35, 36]. It was also confirmed that TNF-a and IFN-y induced the
phosphorylation of ERK [36, 37], which was sensitive to OA-NO, inhibition. These results
indicate that OA-NO> decreases the phosphorylation of signaling molecules that are strongly
induced by pro-inflammatory mediators and thus modifies EC function during immune
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responses. These results are in accordance with the effect of OA-NO, on individual
signaling pathway responses (e.g. STATs, MAPKs, and NF-xB) [2, 4, 33, 34, 36, 37].

The dysregulation of -NO production is a feature of endothelial homeostasis disruption [9].
Herein, the only mediator which induced changes in -NO production in MS-1 cells was IFN-
v, as a result of eNOS activation. iINOS expression was not elevated in cytokine-treated
MS-1 cells. Moreover, OA-NO, did not induce changes in IFN-y-upregulated -NO
synthesis, suggesting that lower concentrations of OA-NO, were not effective. We
hypothesize that the IFN-y-induced increase in -NO production represents a compensatory
effect associated with the activation of ECs; however, the exact mechanism of this action
remains to be elucidated. At higher concentrations, NO»,-FAs might be a direct source of
‘NO, mediating endothelium-dependent vasorelaxation, but in vivo NO,-FAs do not acutely
affect blood pressure or heart rate [20, 38, 39].

EndMT contributes significantly to the excessive deposition of the extracellular matrix
resulting in fibrotic processes. We used phalloidin staining to identify changes in
filamentous actin stress fibers arrangement in ECs that is characteristic for active fibroblasts
[19]. Upon TGF-p treatment, MS-1 cells reorganized their actin cytoskeleton to the long
stress fibers that cross the cell body, as previously described [40]. Importantly, OA-NO,
significantly inhibited this process. Subsequently, the small cytoplasmic protein FSP1 and
the structural protein a-SMA were chosen as markers of fibrotic responses. The filament-
associated mesenchymal marker FSP1 belongs to the superfamily of cytoplasmic calcium
binding proteins and was recently identified in transdifferentiated ECs, leukocytes, and
hematopoietic cells [11, 13, 14, 41-43]. It is not present in normal ECs. In our study, FSP1
expression was induced by TGF-p after 24 h; and after 48 h of treatment this effect was
more pronounced. OA-NO> significantly reduced FSP1 expression at both times. In general,
the number of cells expressing a-SMA should increase during the time of incubation with
TGF-p [44]. In agreement with this, we observed upregulation of a-SMA expression in
TGF-p-treated MS-1 cells after 6 d, but not after 24 or 48 h. OA-NO5 significantly inhibited
the effect of TGF-p after 6 d. These results affirmed that whilst FSP1 is the more consistent
marker of early stage of fibrotic process, a-SMA is expressed rather in latter stages [11].
Subsequently, we observed significant induction of both Smad2 and Smad3 phosphorylation
in MS-1 cells treated with TGF-B. This effect was unequivocally reduced by OA-NO,.
Together with the observation that TGF-p did not activate STAT, MAPK, or NF-xB
signaling, we postulate that Smad activation represents one of the key events where OA-NO,
modulates signaling events leading to EndMT. These results, confirmed also in HUVECs,
are in agreement with previous observations of the involvement of Smad proteins in the
regulation of fibrosis [2, 25]. Nevertheless, this does not exclude the involvement of other
signaling molecules or pathways in the inception of fibrotic processes and the actions of
OA-NO:;.

In aggregate, we show that the pathological activation of ECs and macrophages can be
modulated by NO,-FA-mediated signaling actions that impact macrophage-EC intercellular
communication — specifically by decreasing the adhesive properties of activated endothelium
and inhibiting pro-inflammatory cytokine production by ECs and macrophages. Importantly,
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OA-NO>, also prevents the transformation of ECs into the pro-fibrotic phenotype, by
blocking EndMT triggered by cytokine activation of endothelium.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EndMT endothelial-mesenchymal transition

eNOS endothelial nitric oxide synthase
FBS fetal bovine serum
FSP1 fibroblast-specific protein 1

GM-CSF  granulocyte-macrophage colony-stimulating factor

ICAM-1 intercellular adhesion molecule-1

IFN-y interferon-y

IL-1B interleukin-1p

IL-6 interleukin-6

iNOS inducible nitric oxide synthase
LPS lipopolysaccharide

MAPK mitogen-activated protein kinase

MCP-5 murine monocyte chemoattractant protein
NF-xB nuclear factor-x B

NO,-FA nitro-fatty acid

OA-NO, nitro-oleic acid

PPARYy peroxisome proliferator-activated receptor y
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Highlights

Nitro-oleic acid regulates cooperation of macrophages and endothelial cells in
inflammation.

Nitro-oleic acid attenuates the inflammatory response of endothelial cells.
Nitro-oleic acid affects STAT, MAPK, and NF-xB signaling in activated endothelial cells.
Nitro-oleic acid downregulates TGF-B-induced EndMT in endothelial cells.

Smad2/3 activation is suppressed by nitro-oleic acid in TGF-p treated endothelial cells.
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Fig. 1. OA-NO> regulates cytokine production in activated ECs

1duosnuen Joyiny

MS-1 cells were treated with or without OA-NO> (1.0 uM) and the following cytokines for
24 h: IFN-y (50 ng/ml), IL-1B (5 ng/ml), and TNF-a (10 ng/ml). RANTES (A-C), IL-6 (D-
F), MCP-5 (G), and GM-CSF (H) levels were detected by ELISA. The data represent 3-6
independent experiments (each determined in duplicate). A *p value of less than 0.05 was
considered significant when evaluating differences between the individual bars.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ambrozova et al.

A

ICAM-1

DAPI + ICAM-1

ICAM-1 (90 kDa)

GAPDH (37 kDa)

Page 16

Ctrl OA-NO, IFN-y

IFN-y + OA-NO,

Macrophage adhesion

51 * ——
Q= r ]
g 4
1.5+ 8 -
833
s 5 8
7] =
g 5101 25,
- s c
ge g 2
O
- % & 1
S Q 0.5 Ow
2 o
IFN-y = - + +
0.0- OA-NO, - + - +
IFN-y - 5 + +
OA-NO, - + - +

Fig. 2. OA-NO> decreases IFN-y-induced ICAM-1 expression and adhesive properties in ECs
MS-1 cells were treated with or without OA-NO, (1.0 uM) and IFN-y (50 ng/ml) for 24 h.

ICAM-1 expression (green) was detected by immunostaining (A), nuclei were stained with
DAPI (blue) [45]. Typical representative figures are shown from n=3 independent replicates.
The expression of ICAM-1 was detected also by WB (B). Adhesion of Calcein AM-stained
RAW 264.7 macrophages to OA-NO; (1.0 uM)- and IFN-y (50 ng/ml)-treated MS-1 ECs
was observed after 1 h co-incubation (C). Relative fluorescence intensity of Calcein AM was
measured (ex. 480, em. 530 nm, determined in duplicates). The data represent the ratios
between individual values for the optical densities of bands determined for ICAM-1 and
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housekeeping protein (WB) or means from fluorescence measurements (adherence assay),
n=3-4. A *p value of less than 0.05 was considered significant when evaluating differences
between the individual bars.
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Fig. 3. Signaling pathways affected by OA-NO> in activated MS-1 ECs
MS-1 cells were treated with or without OA-NO, (1.0 uM) and selected inflammatory

mediators IFN-y (50 ng/ml), IL-18 (5 ng/ml), TNF-a (10 ng/ml), and TGF-p (10 ng/ml).
STAT1 (A) and STAT3 (B) phosphorylation was detected after 30 min, MAPK (C-E) and
NF-xB (F) phosphorylation after 20 min. The data represent the ratios between individual
values for the optical densities of bands determined for the phosphorylated and total forms
of each protein (n=3-5). A *p value of less than 0.05 was considered significant when
evaluating differences between the individual bars.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ambrozova et al.

A

Page 19

0 um 25 s 0 gm, 25

TGF- + OA-NO,

0 um 25 0 um 25

B
o
J

*

w
o
1

Relative intensity of green
fluorescence (495-672 nm)
2 8

-y
o
T
® o
L
1
1
+

+ neg. Ctrl
+

(o}

>

2

?
1

+
]

Fig. 4. OA-NO> regulates TGF-B-triggered changes in actin cytoskeleton in ECs
MS-1 cells were treated with or without OA-NO; (1.0 uM) and TGF-B (10 ng/ml) for 48 h.

Immunostaining was used to identify filamentous actin stress fibers (green) characteristic of
active fibroblasts (A). Nuclei were stained with DAPI (blue) [45]. Typical representative
figures are shown from n=3-6 independent replicates. The mean value of the optical
intensity of the green component (ex. 495, em. 672 nm) of each image was calculated (B). A
*p value of less than 0.05 was considered significant when evaluating differences between
the individual bars.
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Fig. 5. OA-NO> decreases the TGF-B-induced FSP1 and a-SMA expression in ECs
MS-1 cells were treated with or without OA-NO, (1.0 uM) and TGF-B (10 ng/ml). The

expression of fibroblast marker FSP-1 (green) was detected by immunostaining after 48 h of
treatment (A). Nuclei were stained with DAPI (blue) [45]. Typical representative figures are
shown from n=3 independent replicates. The mean value of the optical intensity of the green
component (ex. 495, em. 672 nm) of each image was calculated (B). The expression of a-
SMA was determined in MS-1 cells treated for 6 d by WB (C). The data represent the ratios
between individual values for the optical densities of bands determined for a-SMA and
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housekeeping protein (n=4). A *p value of less than 0.05 was considered significant when
evaluating differences between the individual bars.
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Fig. 6. OA-NO2 decreases the TGF-B-induced Smad2/3 activation in ECs
MS-1 cells were treated with or without OA-NO> (1.0 uM) and TGF-B (10 ng/ml). The

expressions of p-Smad2/t-Smad2 (A) and p-Smad3/t-Smad3 (B) were detected after 30 min
of treatment. The data displayed in graphs (n=3-5) represent the ratios between individual
values for the optical densities of bands determined for the phosphorylated and total forms
of each protein. A *p value of less than 0.05 was considered significant when evaluating

differences between the individual bars.
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