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Aims. The neutrophil recruiting cytokine Interleukin-17A (IL-17A) is a key component in vascular dysfunction and arterial
hypertension. Moreover, IL-17A has a central role for the vascular inﬁltration of myeloid cells into the arterial wall in
Angiotensin II-induced vascular inﬂammation. The intention of our study was to analyze the impact of T cell-derived IL-17A
on hypertension, vascular function, and inﬂammation. Methods and Results. Chronic IL-17A overexpression in T cells
(CD4-IL-17Aind/+ mice) resulted in elevated reactive oxygen species in the peripheral blood and a signiﬁcant vascular
dysfunction compared to control mice. The vascular dysfunction seen in the CD4-IL-17Aind/+ mice was only accompanied by a
modest and nonsigniﬁcant accumulation of inﬂammatory cells within the vessel wall. Therefore, inﬁltrating myeloid cells did
not serve as an explanation of the vascular dysfunction seen in a chronic IL-17A-driven mouse model. In addition to vascular
dysfunction, CD4-IL-17Aind/+ mice displayed vascular ﬁbrosis with highly proliferative ﬁbroblasts. This ﬁbroblast proliferation
was induced by exposure to IL-17A as conﬁrmed by in vitro experiments with primary murine ﬁbroblastic cells. We also found
that the ⋅NO/cGMP pathway was downregulated in the vasculature of the CD4-IL-17Aind/+ mice, while levels of protein tyrosine
kinase 2 (PYK2), an oxidative stress-triggered process associated with T cell activation, were upregulated in the perivascular fat
tissue (PVAT). Conclusions. Our data demonstrate that T cell-derived IL-17A elicits vascular dysfunction by mediating
proliferation of ﬁbroblasts and subsequent vascular ﬁbrosis associated with PYK2 upregulation.

1. Introduction
Angiotensin II- (AngII-) induced vascular dysfunction is
mediated by the invasion of inﬂammatory leukocytes, including T cells and myelomonocytic cells, into the vasculature
[1, 2]. The inﬁltrating leukocytes represent one source of
reactive oxygen and nitrogen species (ROS/RNS). The
resulting imbalance of pro- and antioxidative molecules

drives vascular dysfunction and arterial hypertension [1–3].
Vascular inﬂammation in AngII-induced hypertension and
vascular dysfunction was described to be IL-17A-dependent
[4, 5]. IL-17A derives from γδ T cells [6] and CD4+ T helper
cells (Th17 cells) [7] and recruits and activates myeloid
cells [8, 9]. IL-17A deﬁciency dampened vascular dysfunction, arterial hypertension, and vascular inﬂammation after
four weeks of AngII infusion [4, 5]. In atherogenesis, the
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contribution of IL-17A is still elusive and data are partly
contradictory: while IL-17A inhibition reduced the atherosclerotic lesion size in ApoE-/- mice [10], T cell-speciﬁc
deﬁciency of suppressor of cytokine signaling-3 (SOCS3) led
to increased IL-17 levels, which were associated with a
smaller atherosclerotic lesion size compared to those of control mice [11]. Thus, the adequate levels of IL-17A and the
correlating and complement cytokines might be more important for vascular homeostasis than absolute IL-17A levels.
The autoimmune skin disease psoriasis—which is the
most prevalent IL-17A-dependent disease—is also correlated
with an increased cardiovascular burden [12, 13]. Here again,
IL-17A is one key player in connecting skin and vascular
diseases [14, 15]. We have recently shown that vascular
dysfunction in murine psoriasis is correlated with peripheral
IL-17A levels and neutrophil inﬁltration into the aortic vessel
wall and with the severity of skin disease. Successful anti-IL17A treatment of psoriatic skin lesions diminished peripheral
oxidative stress levels, proinﬂammatory cytokines, and vascular inﬂammation [16]. Interestingly, aortic neutrophil
inﬁltration in murine psoriasis was lower than that in mice
with AngII-induced vascular dysfunction [1] although they
exhibited a comparable vascular dysfunction [16]. Therefore,
we hypothesized that either the long-term vascular inﬂammation or additional eﬀects of IL-17A other than neutrophil
inﬁltration contribute to the impaired vascular function in
the murine model of psoriasis [16]. Several studies describe
direct eﬀects of IL-17A on endothelial NO and ROS/RNS
production: acute IL-17A treatment was described to increase
the inhibitory eNOS Thr495 phosphorylation in endothelial
cells, decreased NO-dependent relaxation responses in isolated mouse aorta [17], and IL-17A-induced ROS/RNS
formation in endothelial cells of the blood-brain barrier
[18]. Moreover, IL-17A contributed to aortic stiﬀening
and to vascular ﬁbrosis [19]—processes that are relevant
in vascular dysfunction and a characteristic feature of arterial hypertension.
Within our study, we analyzed vascular function,
inﬂammation, and oxidative stress formation in a mouse
model of T cell-dependent IL-17A overexpression. We
found a direct inﬂuence of IL-17A on oxidative stress formation, vascular ﬁbrosis, and the ⋅NO/cGMP signaling
resulting in severe vascular dysfunction without direct vascular immune cell inﬁltration.

2. Material and Methods
2.1. Mice. CD4-IL-17Aind/+ mice resulting from crossing the
CD4-Cre [20] mice with the IL-17Aind/ind mice [15, 21] were
used for experiments. Cre-mediated recombination leads to
overexpression of IL-17A combined with the green ﬂuorescent protein (GFP) expression in CD4+ and CD8+ T cells.
As controls, Cre-negative IL-17Aind/+ mice were used, which
do not show any phenotype alterations and which are
comparable to wild-type mice. For the experiments, we used
12-14-week-old male mice, all with the C57BL/6J background. Animals were housed in the animal facility of the
University Medical Center Mainz TARC (Translational Animal Research Center) in accordance with FELASA guidelines
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and approved by the TARC and the Animal Care and Use
Committee (IACUC) from the Land of Rhineland-Palatine
(RLP) (approval numbers: 23 177-07/G 10-1-019 and G
15-1-051).
2.2. Bio-Plex Assay. Diﬀerent cytokine concentrations in
plasma were detected using the Bio-Plex Pro™ Mouse
Cytokine Grp I Panel 23-Plex (Bio-Rad) following the manufacturer’s description. The plate was read using the Luminex
MAGPIX® instrument.
2.3. Aortic Relaxation Studies. Isolated 4 mm aortic sections
were mounted in organ chambers, and endotheliumdependent vascular relaxation in response to acetylcholine
(ACh), smooth muscle cell-dependent vascular relaxation
in response to glyceryl trinitrate (GTN), and aortic contraction in response to phenylephrine (Phe) were measured as
described previously [22].
2.4. Echocardiography. Mice were anesthetized in a chamber
containing 2-4% isoﬂurane mixed with 0.2 l/min 100% O2,
and during measurements, narcosis was retained using
1-2% isoﬂurane with 0.2 l/min 100% O2. Mice were ﬁxed
on a heated table on a rail system (VisualSonics, Canada).
Ultrasound measurement was conducted using the Vevo
770 or 3100 System (VisualSonics) with a 400 MHz
mouse transducer.
2.5. Blood Pressure Measurements. Blood pressure was
recorded via carotid catheters. Mice were anesthetized for
catheter implantation with intraperitoneal injection of
midazolam (5 mg per kg body weight; Ratiopharm GmbH),
medetomidine (0.5 mg per kg body weight), and fentanyl
(0.05 mg per kg body weight; Janssen-Cilag GmbH). To
antagonize anesthesia after the surgery, mice were injected
subcutaneously with atipamezole (0.05 mg per kg body
weight) and ﬂumazenil (0.01 mg per kg body weight). Mice
recovered 1 week from surgery before measurement was
recorded using receiver platforms and the Dataquest
system (DSI).
2.6. Flow Cytometric Analysis. Single cell solutions of the
spleen, kidneys, aorta, and perivascular adipose tissue
(PVAT) were prepared to be stained with ﬂuorophorecoupled antibodies for ﬂow cytometric analyses. After blocking unspeciﬁc binding with Fc-block (Bio X Cell, USA), the
following monoclonal antibodies were used for surface
staining: CD45.2 (clone: 104, APC-eFluor780, eBioscience),
CD90.2 (clone: 53-2.1, APC-eFluor780, eBioscience or
PerCP, BioLegend), CD3 (clone: 145-2C11, PerCP, BD
Biosciences), CD4 (clone: GK1.5, FITC, BioLegend or clone:
RM4-5, V500, BD Biosciences), CD8 (clone: 53-6.7, PE-Cy7,
eBioscience), CD11b (clone: M1/70, PE-Cy7, eBioscience),
F4/80 (clone: BM8, APC, BioLegend), Ly6G (clone: 1A8,
PE, BioLegend), and Ly6C (clone: AL-21, BD Biosciences).
Samples were acquired using the FACSCanto™ II
(BD). Analysis was performed using the FlowJo Software
(BD, USA).
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2.7. ROS/RNS Measurement. Reactive oxygen and nitrogen
species (ROS/RNS) were measured in whole blood or in
isolated CD11b+ cells with L-012-enhanced chemiluminescence. CD11b+ splenocytes were isolated using CD11b
MicroBeads (MACS, Miltenyi Biotec) according to the
manufacturer’s protocol. To stimulate the oxidative burst of
leukocytes, whole blood or isolated CD11b+ cells were incubated for 10 or 20 minutes with phorbol 12,13-dibutyrate
(PDBu) as described previously [23, 24]. To measure oxidative stress in vascular tissue, thoracic aortic sections were
incubated either with buﬀer containing protease inhibitors
or in addition with 500 μM eNOS-inhibitor Nω-nitro-Larginine methyl ester hydrochloride (L-NAME) for 30 min.
After incubation, aortic rings were embedded in medium
and snap-frozen in liquid nitrogen. Cryosections of aortas
(8 μm) were incubated with the superoxide-sensitive dye
dihydroethidium (DHE, 1 μM) to perform ﬂuorescence
oxidative microtopography. In the presence of ROS, a red
(2-hydroxy)ethidium ﬂuorescence (extinction: 535 nm, emission 610 nm) is visible, and in green, autoﬂuorescence of the
lamina was visible [1].
2.8. Histology. Aortic rings were ﬁxed in 4% zinc formalin for
24 hours and embedded in paraﬃn at the histology core
facility of the University Medical Center Mainz. A combined
Masson’s trichrome–Verhoeﬀ’s elastica (MTC-VES) staining
was performed on 3 μM thick cross-sections to simultaneously visualize elastic ﬁbers (black) and ﬁbrosis (blue).
Fibrin appears red, ﬁbrosis blue, and cell nuclei black. The
adventitia and aortic wall thickness in histology were measured with ImageJ software. Sections were stained with Sirius
red and examined under polarized light to visualize interstitial collagen ﬁbers. Aortic wall thickness and thickness of
the collagen-positive area in the adventitia were quantiﬁed.
Aortic rings and aortic sections were immunostained
with antibodies against α-smooth muscle cell actin (αSMa,
Abcam), ﬁbroblast-speciﬁc protein 1 (FSP1, Novus Biologicals), CD31 (Dianova), and DAPI (Invitrogen).
2.9. Aortic Ring Sprouting Assay. For this assay, an aortic ring
of 0.5 mm was cut after PVAT was removed. Rings were
placed onto Matrigel in 24-well plates and incubated in the
commercially available Endothelial Cell Growth Medium 2
Kit (PromoCell, Heidelberg, Germany). Images of the aortic
rings were taken after 4 days in culture at 5x magniﬁcation.
The whole protocol was adapted from Baker et al. [25].
2.10. Cell Culture Experiments. Primary mouse ﬁbroblasts or
vascular smooth muscle cells (VSMCs) were used for cell
culture experiments. Fibroblasts were cultured at 37°C, 5%
CO2 in Dulbecco’s modiﬁed Eagle’s medium (DMEN)
containing 1% (v/v) FCS. Cells were plated at a density of
1000 cells/well in 96-well plates 24 h prior to treatment.
Afterwards, cells were starved for 3 h, and diﬀerent concentrations of IL-17A (0 ng/ml, 0.2 ng/ml, 100 ng/ml, and
200 ng/ml IL-17A) were added in serum-free medium,
followed by an incubation time of 48 h. Subsequently, cells
were harvested for MTT proliferation assay.
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2.11. MTT Proliferation Assay. Treated ﬁbroblasts and
VSMCs were incubated with MTT solution (3-(4,5dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide)
(M-5655, Sigma-Aldrich, St. Louis, MO, USA), directly added
to the medium (ﬁnal concentration 0.5 mg/ml) for 4 h at 37°C.
Viable proliferating cells take up the MTT solution and reduce
it, resulting in a purple color change of the solution. Medium
was removed after 4 h, and cells were solubilized with dimethyl
sulfoxide (DMSO). Absorbance of the purple color complex
was measured with the Tecan microplate spectrophotometer
(Tecan Spark, Tecan Inc., Männedorf, Switzerland) at
540 nm. Results of the treated cells were normalized to the
optical density (OD) of controls.
2.12. ⋅NO Detection via Electron Spin Resonance Spectroscopy.
To detect ⋅NO produced by endothelial cells in aortas, aortic
rings of 4 mm were stimulated with 10 μM calcium ionophore and incubated with Fe(diethyldithiocarbamate)2
(Fe(DETC)2) solution (0.2 mmol/l in PBS Ca2+/Mg2+) at
37°C, 10% CO2 for one hour and stimulated with calcium
ionophore A23187 (10 μM) for 1 h. After snap freezing,
aortic samples were kept in liquid nitrogen. ⋅NO generation
was measured with electron paramagnetic resonance- (EPR-)
based spin trapping with the Fe(DETC)2 colloid with a MiniScope MS400 table-top X-band spectrometer (Magnettech,
Germany) [26, 27].
2.13. eNOS S-Glutathionylation. M-280 sheep anti-mouse
IgG-coated beads (Invitrogen) were used along with a monoclonal mouse eNOS antibody (BD Transduction Laboratory)
as described previously [28]. Beads were loaded with the
eNOS antibody and cross-linked according to the manufacturer’s instructions. Aortic homogenates were incubated
with the eNOS antibody beads, precipitated with a magnet,
washed, transferred to the gel, and subjected to SDS-PAGE.
Then, a standard Western blot procedure with a monoclonal
mouse antibody against S-glutathionylated proteins from
ViroGen (Watertown, MA) (dilution of 1 : 1000) under nonreducing conditions was performed. Signal disappearance
upon incubation with 2-mercaptoethanol served as a control.
After stripping of the membrane, the bands were stained for
eNOS to allow normalization of the signals.
2.14. Western Blot Analysis. Aortic or PVAT samples were
pulverized in liquid nitrogen and partially pooled together.
Subsequently, pulverized tissues were lysed with RIPA buﬀer
(Sigma-Aldrich) supplemented with protease-phosphatase
inhibitor cocktail (Thermo Scientiﬁc), and protein was
determined using the Lowry assay. According to their protein
content, lysates were normalized to the same ﬁnal protein
concentration and mixed with a Laemmli lysis buﬀer to
generate Western blot samples. Samples were electrophoresed on SDS-PAGE gels (7.5-12%) and transferred on
0.45 μm Polyvinylidenﬂuorid (PVDF) membranes. PVDF
membranes were blocked using 3% BSA and incubated with
the following primary antibodies overnight at 4°C: p-eNOS
(BD), eNOS, alpha-actinin (Cell Signaling Technology),
pVASP S239 (Millipore), sGCa1 and sGCb1 (Abcam),
PYK2 (Cell Signaling), and GCH-1 (Abnova). Primary
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antibodies were used at a dilution range of 1 : 500-1 : 2000.
After the incubation, the appropriate anti-mouse and/or
anti-rabbit (Cell Signaling Technology) secondary antibodies
(1 : 2000) were used. Membranes were exposed using appropriate ECL Western Blotting Substrate (Thermo Scientiﬁc)
and imaged on an automated imaging equipment (FUSION
CCD Imager). Densitometrical analysis was performed using
the appropriate software. Results were presented as relative
integrated optical density.
2.15. RNA Isolation and Quantitative Real-Time PCR. Aortic
tissue was lysed and RNA was isolated using TRIzol®
(Thermo Fisher) according to their description. RNA concentration was measured with the NanoDrop spectrophotometer (Thermo Fisher). 0.5 μg of total RNA was used for
quantitative real-time PCR (qPCR) using the TaqMan® Gene
Expression Assay (Applied Biosystems™) according to the
manufacturer’s protocol with the following primers: Vcam1,
Cybb, Nos3, Mmp2, Mmp9, and Tgfb. The comparative delta
CT method was used for relative mRNA quantiﬁcation [29].
We normalized gene expression to the endogenous control
(TBP mRNA), and the expression of the target gene mRNA
of each sample was expressed relative to that of the control.
2.16. Statistical Analysis. Statistical analysis was performed
with GraphPad Prism® Software. For two groups, Student’s
unpaired t-test was used; for more than two compared
groups, one-way ANOVA, with Bonferroni’s multiple
comparison post-hoc test was used if normal distribution
was given. In the case of no normal distribution, Mann–
Whitney t-test or Kruskal-Wallis test (with Dunn’s multiple
comparison post-hoc test) was applied accordingly. (Data
was analyzed for normal distribution with the Kolmogorov–
Smirnov test.) Aortic relaxation curves were analyzed by
two-way analysis of variance with the Bonferroni post hoc test.
Cell culture experiments were analyzed with a one-way
ANOVA test. P values of <0.001, <0.01, and <0.05 were considered statistically signiﬁcant and marked by 3, 2, and 1
asterisks (∗ ), respectively. Data are presented as mean ± SEM.

3. Results
3.1. Mice Overexpressing IL-17A in T Cells Display a
Signiﬁcant Endothelial Dysfunction. As CD4-IL-17Aind/+
mice constitutively overexpress IL-17A in T cells, they serve
as a model of overabundance of Th17 cells [21]. We veriﬁed
the T cell-speciﬁc IL-17A expression by GFP expression in
CD3+ T cells in spleen and aorta (Figure S1A and S1B), as
GFP expression is associated with that of the transgenic IL17A [21]. CD4-IL-17Aind/+ mice developed normally, had
normal outer appearance and behaviour, and showed no
diﬀerences in survival compared to control mice (data not
shown). The cytokine proﬁle in the CD4-IL-17Aind/+
plasma conﬁrmed signiﬁcantly higher levels of only IL-17A
compared to that in the control mice, whereas other
cytokine concentrations remained unaltered (Figure 1(a)).
We conclude that the CD4-IL-17Aind/+ mice constitute a
unique murine model for studying the chronic eﬀect of T
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cell-derived IL-17A on vascular function without additional
cytokine alteration as confounders.
When we analyzed the response of the aorta rings of the
CD4-IL-17Aind/+ mice, we found a signiﬁcantly impaired
vasorelaxation in response to acetylcholine (ACh) in comparison to IL-17Aind/+ control mice (Figure 1(b), b1). In
contrast, there was no change in aortic relaxation in response
to the endothelium-independent vasodilator glyceryl trinitrate (GTN) in CD4-IL-17Aind/+ mice (Figure 1(b), b2), and
phenylephrine-induced aortic constriction was not signiﬁcantly altered either, although it increased by trend
(Figure 1(c)). Endothelial dysfunction in CD4-IL-17Aind/+
mice was not accompanied by a change in cardiac function
or an increase in blood pressure (Figures 1(d) and 1(e)).
3.2. T Cell-Speciﬁc IL-17A Expression Does Not Lead to an
Inﬁltration of Myeloid Cells into the Aortic Vessel Wall. As
IL-17A was shown to modulate the recruitment of neutrophils during inﬂammation [9, 30], we expected vascular immune cell inﬁltration to the underlining reason
for the observed endothelial dysfunction. Interestingly,
impaired vascular function triggered by T cell-derived
IL-17A was associated only with a moderate accumulation
of CD11b+ myelomonocytic cells, Ly6G+Ly6C+ neutrophils,
or Ly6G-Ly6C+ monocytes into the aortic vessel wall
(Figure 2(a)). Total aortic CD45+ inﬂammatory cells and T
cells were not signiﬁcantly increased either (Figure 2(a)).
Likewise, the myeloid cell compartment in peripheral blood
was not signiﬁcantly diﬀerent from that of control animals
(data not shown). In line with the vessel wall ﬁndings, the
perivascular adipose tissue (PVAT) of CD4-IL-17Aind/+
mice only revealed a slight but not-signiﬁcant increase in
CD11b+ myeloid cells and Ly6G+Ly6C+ neutrophils compared to control mice (Figure S2A). Furthermore, no
renal inﬂammation was detectable in CD4-IL-17Aind/+
mice despite the increased levels of T cell-derived IL-17A
in peripheral blood (Figure S2B).
In contrast, we detected increased ROS/RNS levels in the
peripheral blood of the CD4-IL-17Aind/+ mice as compared
to those of the control animals (Figure 2(b)). Moreover,
isolated CD11b+ cells of CD4-IL-17Aind/+ mouse spleens
showed an augmented ROS/RNS production compared to
those of the control mice (Figure 2(c)). These data suggest
that overexpression of IL-17A alone leads to increased
peripheral oxidative stress formation and compromises
vascular function.
In contrast to the increased ROS/RNS levels, we detected
little change in the levels of NO in the aortas of CD4-IL17Aind/+ mice (Figure 3(a)) and we did not detect any
changes in aortic superoxide formation in CD4-IL-17Aind/+
mice (Figure 3(b)). Moreover, incubation of aortic rings
with the eNOS inhibitor L-NAME increased superoxide
formation in the endothelial layer of aortic sections of
CD4-IL-17Aind/+ aortas to the same extent as in the control
mice (Figure 3(c)). In agreement, we found no S-glutathionylation of eNOS detectable in CD4-IL-17Aind/+ aortas
(Figure 3(d)). These ﬁndings indicate that chronic IL-17A
overexpression does not induce eNOS uncoupling in
CD4-IL-17Aind/+ mice.
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Figure 1: Overexpression of IL-17A in T cells results in vascular dysfunction per se. (a) Cytokine proﬁle of CD4-IL-17Aind/+ mice in plasma
measured with a Bio-Plex assay kit. IL-17Aind/+ control mice were normalized to 100% (indicated with the dashed line); percentual
change compared to control is shown for CD4-IL-17Aind/+ mice; n = 3 – 6; either Student’s unpaired t-test or Mann–Whitney t-test.
(b) Cumulative concentration relaxation curves of aortic rings of CD4-IL-17Aind/+ and IL-17Aind/+ control mice in response to ACh (b1)
and GTN (b2); n = 12 – 15; two-way ANOVA with Bonferroni post hoc test. (c) Maximal aortic constriction in response to a
phenylephrine bolus in organ chamber from CD4-IL-17Aind/+ and IL-17Aind/+ control mice; n = 13; Student’s unpaired t-test. (d) Cardiac
function measured via echocardiography; n = 5; Student’s unpaired t-test. (e) Systolic blood pressure detection via carotid artery telemetry
catheter implantation of mice over 48 hours; n = 3 – 5. Data (a–d) are presented as mean ± SEM.

3.3. Vascular Dysfunction in Mice with IL-17A Overexpressing
T Cells Is Characterized by Increased Vascular Fibrosis. In
accordance with the reduced endothelial function, we found
a signiﬁcant increase of (peri-) vascular ﬁbrosis in the aortas
of CD4-IL-17Aind/+ mice in comparison to control mice as
shown by histological MTC-VES and Sirius red staining of
aortic cross-sections (Figure 4(a), a1, a2, and a3). On the
other hand, aortic wall thickness was not changed, as documented by MTC-VES staining (Figure 4(a), a1 and a3). To
further examine the role of vascular ﬁbrosis formation in
vascular function, we analyzed the sprouting capacity of
aortic rings but found no signiﬁcant diﬀerences in length
and number of sprouts after four days in culture
(Figure 4(b)). However, the sprouts of CD4-IL-17Aind/+
mouse aortas contained signiﬁcantly more ﬁbroblasts
(Figure 4(c)). In contrast, staining for endothelial cells and
smooth muscle cells revealed no diﬀerence at baseline in
ﬁxed aortic sections of both groups of mice (Figure S3).
Next, we investigated the direct eﬀect of IL-17A on mouse
ﬁbroblasts and vascular smooth muscle cells (VSMCs): isolated cells were incubated with increasing concentrations of
IL-17A. We found that even low concentrations of IL-17A
induced ﬁbroblast proliferation whereas VSMC proliferation
was not aﬀected (Figure 4(d)). We conclude that chronic T
cell-derived IL-17A exposition drives vascular ﬁbrosis
formation by ﬁbroblast proliferation. This contributes to
the phenotype of vascular dysfunction.
3.4. T Cell-Derived IL-17A Leads to Downregulation of
Soluble Guanylate Cyclase Subunits α1 and β1. Being aware
of an increased aortic stiﬀness due to IL-17A-mediated
vascular ﬁbrosis formation, we aimed to ﬁnd out in what
way vascular function signaling was altered in CD4-IL17Aind/+ mice and consequently performed protein analysis
of aortic tissue. We found that the soluble guanylate cyclase

(sGC) subunits α1 and β1 were signiﬁcantly downregulated in CD4-IL-17Aind/+ mice (Figure 5(a)). Furthermore,
phosphorylation of vasodilator-stimulated phosphoprotein
(pVASP), a target of the sGC/cGMP-dependent protein
kinase G, was decreased (Figure 5(a)). We also identiﬁed
that PYK2 was signiﬁcantly upregulated in the PVAT of
CD4-IL-17Aind/+ mice. When we analyzed the aortic mRNA
expression, we found an upregulation of the proﬁbrotic transcription marker matrix metalloproteinase 2 (Mmp2) and of
the vascular cell adhesion molecule 1 (Vcam1).
In summary, chronic exposition to T cell-derived IL-17A
led to a signiﬁcant endothelial dysfunction. This was based
on vascular ﬁbrosis formation and on a downregulation of
the sGC-cGMP pathway in the aorta more than on inﬁltration of myeloid cells into the vessel wall. Moreover, IL-17A
increased the reactivity of myeloid cells, which resulted in
higher peripheral ROS/RNS levels confronting the vessel wall
with an aggressive blood milieu.

4. Discussion
Madhur et al. ﬁrst showed that IL-17A is crucial in the
development of AngII-induced vascular dysfunction and
hypertension [4]. Moreover, treating mice with an IL17A neutralizing antibody in parallel to four weeks of
AngII infusion, led to a decreased aortic inﬂammation, lowered blood pressure, and reduced end organ damage in
mice [5]. Due to the neutrophil-recruiting eﬀect of IL-17A
[9], we assumed that immune cell inﬁltration was the key
mediator of vascular tone dysregulation in mice overexpressing IL-17A in T cells showing a severe vascular dysfunction
that is comparable to that seen in AngII-treated mice [1].
In our mouse model, IL-17A was produced by CD4+ T cells
which are in general one important source of IL-17A [8]
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Figure 2: T cell-speciﬁc IL-17A overexpression does not result in an inﬁltration of inﬂammatory cells into the aortic wall; nevertheless,
CD11b+ cells are more reactive. (a) Flow cytometric analysis of aortas from CD4-IL-17Aind/+ compared to IL-17Aind/+ control mice. Dot
plot shows gating strategy of aortic samples. Cells were pregated on living cells and gated on CD45.2+, CD90.2-, CD11b+, F4/80+, and
either Ly6G+Ly6C+ neutrophils or Ly6Csingle+ monocytes. Quantitative analysis of aortic ﬂow cytometric analysis; n = 3 – 7 mice per
group; either Student’s unpaired t-test or Mann–Whitney t-test. (b) ROS/RNS measurement in whole peripheral blood was performed
after stimulation with PDBu for 20 minutes; repeated measurements of pooled samples; n = 11 – 12 mice per group; unpaired Student’s
t-test. (c) ROS/RNS detection in isolated CD11b+ splenocytes after 20 min stimulation with PDBu; n = 5; Student’s unpaired t-test.
Data are presented as mean ± SEM.
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Figure 3: No eNOS uncoupling in CD4-IL-17Aind/+ mice. (a) NO production in aortic tissue was measured via electron paramagnetic
resonance- (EPR-) based spin trapping. a2 shows the quantiﬁcation of the delta intensity normalized to dry weight of samples; n = 9 – 10;
Student’s unpaired t-test. (b) Oxidative ﬂuorescence microtopography of aortic sections of CD4-IL-17Aind/+ and IL-17Aind/+ mice.
b1: representative picture of isolated aortic sections stained with dihydroethidium (DHE, 1 μM). Autoﬂuorescence of the laminae
is visible in green, superoxide formation in red ﬂuorescence; scale bar = 50 μm. b2: quantiﬁcation of superoxide formation in the
aortas is shown as a percentage of control; n = 6 – 7; unpaired Student’s t-test. (c) ROS formation in aortic tissue (endothelial
scan) of CD4-IL-17Aind/+ and IL-17Aind/+ mice, incubated with L-NAME (eNOS inhibitor) or buﬀer. c1: representative DHE
photomicrotopographs of aortic cryosections with focus on the endothelial layer; ROS formation appears in red. c2: quantiﬁcation; n = 3;
comparison of IL-17Aind/+ control mice with CD4-IL-17Aind/+ mice or comparison of IL-17Aind/++L-NAME mice with CD4-IL17Aind/++L-NAME mice; Mann–Whitney t-test. (d) S-Glutathionylation (GSH) of eNOS was determined by eNOS immunoprecipitation
from aortic protein samples of CD4-IL-17Aind/+ and IL-17Aind/+ mice, followed by antiglutathione staining and normalization to eNOS.
Disappearance of the antiglutathione staining in the presence of 2-mercaptoethanol (2-Me) served as a control. d1: representative original
blot. d2: densitometric analysis; n = 4 (per n, 3-4 aortas were pooled); Mann–Whitney t-test. Data are shown as mean ± SEM.

and also by CD8+ T cells which usually express only very little
IL-17A [31]. However, no signiﬁcant increase of inﬁltrating
immune cells in the aorta or in the PVAT was detectable
among chronic T cell-derived IL-17A expositions. Instead,
we noticed a signiﬁcant increase of ROS/RNS production in
the whole blood of CD4-IL-17Aind/+ mice, which was not
accompanied by a systemic increase in myeloid cell numbers.
Hence, we investigated the speciﬁc activity of primary
isolated CD11b+ cells and found an increased ROS/RNS production of CD11b+ splenocytes in CD4-IL-17Aind/+ mice
compared to controls in line with previous ﬁndings showing
that IL-17A-dependent neutrophil activation induces a
milieu disrupting the antioxidant homeostasis [32]. Our data
demonstrate that T cell-derived IL-17A can disrupt the
oxidant-antioxidant balance and induce oxidative stress
leading to endothelial dysfunction.
An increased production of ROS/RNS can result in the
uncoupling of the endothelial NO synthase (eNOS). eNOS
and its downstream eﬀectors sGC, cGMP, and cGMPdependent protein kinase G (PKG) are the cornerstone of
NO homeostasis and vascular tone regulation [33]. The
complex crosstalk of signaling molecules that ﬁne-tune the
eﬃcient NO synthesis is regulated by posttranslational
modiﬁcations and protein-protein interactions, with eNOS
phosphorylation at Ser1177 being the main activation site.
In CD4-IL-17Aind/+ aortas, NO homeostasis as seen by eNOS
phosphorylation at Ser1177, eNOS expression and uncoupling, was not altered. In addition, there was no change in
aortic NO levels in CD4-IL-17Aind/+ mice compared to
control mice. In contrast, Nguyen et al. had shown before

that acute treatment of endothelial cells with IL-17A led to
a phosphorylation of eNOS at its inhibitory site and a
decrease of eNOS phosphorylation at Ser1177, resulting in
an impaired NO homeostasis [17]. However, data on the
eﬀect of IL-17A on eNOS regulation are contradictory. One
week of IL-17A infusion induced hypertension in mice, and
this eﬀect was attributed to the upregulation of Rho-A, a
redox-related protein [17]. Mai et al. showed that genetic
ablation of IL-17A in ApoE-/- mice did not have an impact
on either Ser1177 or Thr495 eNOS phosphorylation
in vivo, but the observed mechanism was again redox- and
inﬂammation-signaling relevant [34]. In our study, the eﬀect
of IL-17A on eNOS was mainly indirect and mediated by its
oxidative stress and inﬂammation-inducing properties, but
not accompanied by its uncoupling. Previous studies have
shown the impact of mitochondrial Cyclophilin D (CypD)
on ROS production and on the regulation of vascular
function and hypertension [28, 35]. Proinﬂammatory cytokines such as IL-17A and TNF-α seemed to aggravate
mitochondrial ROS production [35]. This exact eﬀect
might also play a role in our model of T cell-speciﬁc IL17A overexpression, too.
Though, we observed a signiﬁcant decrease in aortic
soluble guanylate cyclase (sGC) subunits being accompanied
by the reduced phosphorylation of VASP at Ser239, a surrogate marker of PKG [36]. sGC is important in NO signaling,
commonly referred as the “NO receptor.” However, sGC is
an enzyme which is highly sensitive to redox environment,
as it is shown that elevated oxidative stress can change its
redox state and lead to its deactivation [37]. It is known that
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Figure 4: IL-17A induced perivascular ﬁbrosis in CD4-IL-17A
mice and increased ﬁbroblast migration and proliferation. (a) Combined
Masson’s trichrome–Verhoeﬀ’s elastica (MTC-VES) staining (a1) and Sirius red staining (a2) of aortic rings of CD4-IL-17Aind/+ and control
mice. Representative pictures are shown; scale bar for both stainings = 100 μm. a3: quantiﬁcation of aortic wall thickness and thickness of
collagen-positive area in adventitia are shown. Thickness was measured at 10 diﬀerent points per section with ImageJ software; n = 6;
unpaired Student’s t-test. (b) Aortic sprouting assay of CD4-IL-17Aind/+ and control mice. b1: representative image of aortic rings on
Matrigel covered plates at 5x magniﬁcation. Quantiﬁcation of sprout length (b2) and number of sprouts (b3); n = 2 – 3 mice. (c) Aortic
ring staining after sprouting assay of CD4-IL-17Aind/+ and control mice. Aortic rings were stained for DAPI (blue), α-smooth muscle cell
actin (αSMa, yellow), ﬁbroblast-speciﬁc protein 1 (FSP1, green), and CD31 (red); scale bar = 60 μm. A representative image per group is
shown; n = 2 – 3 mice per group. (d) MTT analysis of ﬁbroblasts and smooth muscle cells (SMCs) cultivated with diﬀerent concentrations
of IL-17A; n = 3; one-way ANOVA with Bonferroni’s post-hoc test. Data are presented as mean ± SEM.
ind/+

sGC is aﬀected by oxidation/loss of the sGC heme, oxidation,
or nitrosation of cysteine residues and phosphorylation
[38, 39]. These ﬁndings are consistent with our observations
showing that increased oxidative stress levels, mediated
through IL-17A and myeloid cell stimulation, resulted in an
intravascular sGC downregulation. Notably though, it is the
ﬁrst time that a correlation between IL-17A and sGC has
been established and can be attributed as a potent mechanism in the induction of vascular dysfunction.
Apart from the direct impairment of the cardiovascular
system upon vast ROS/RNS formation, we identiﬁed changes
also in ROS/RNS-related pathways that appear to contribute
to the manifested vascular dysfunction seen in the mice that
overexpress IL-17A in T cells. One of these pathways is the
proline-rich tyrosine kinase 2 (PYK2) that is a member of
the focal adhesion kinase (FAK) family and plays a pivotal
role in a plethora of cellular events related with cell migration, proliferation, and survival [40]. Importantly, PYK2
can be activated upon ROS and cytokine release [41]. In the
CD4-IL-17Aind/+ mice, we documented the upregulation of
PYK2 in the PVAT. This could be a complemental ﬁnding
to the redox-related mechanisms of IL-17A. It has been
reported that adverse phosphorylation at Tyr657 by PYK2
represents a master switch of eNOS activity in AngIIinduced hypertension [42] and may also explain the vascular
dysfunction in the CD4-IL-17Aind/+ mice.
Our ﬁndings are in agreement to the observation that
mice lacking the T cell-derived IL-17A are protected against
aortic stiﬀening in response to chronic AngII infusion
[19]. Furthermore, the association of T cell-driven IL-17A-

mediated oxidative decay of the vasculature has been contemporarily described in a transgenic mouse model of a
NADPH oxidase subunit p22 (phox) overexpression in
smooth muscle cells [43]. The animals were shown to
develop vascular collagen deposition, aortic stiﬀening, renal
dysfunction, and hypertension with age and presented a
signiﬁcant overproduction of IL-17A and IFN-γ [43]. Here,
we detected an increased ﬁbroblast activity in aortic ring
sprouting assay, where mainly ﬁbroblasts were growing from
isolated aortic rings of CD4-IL-17Aind/+ mice after four days
in culture. Furthermore, our results clearly show the capacity
of IL-17A to induce only ﬁbroblast proliferation, but not
VSMC proliferation in culture. This is in line with the
increased collagen deposition in CD4-IL-17Aind/+ aortas
without general thickening of the vessel wall. The proﬁbrotic
eﬀect of IL-17A and elevated IL-17RA in human individuals
with idiopathic pulmonary ﬁbrosis and rheumatoid arthritisassociated lung disease has already been established [44]. In
this pathogenicity, a direct eﬀect of IL-17A/IL-17RA on the
human ﬁbroblastic population was attributed to the induction of NFκB signaling and was successfully abrogated by
pharmacological inhibitors and siRNA experiments [44].
Therefore, our results verify the direct crosstalk between
IL-17A overexpression and ﬁbrosis formation.
In conclusion, our data stress the essential role of IL-17A
in the development of vascular dysfunction. We present that
T cell-derived IL-17A leads to the induction of oxidative
stress through activation of peripheral myeloid cells but
does not result in an inﬁltration of myeloid cells in the
vessel wall. IL-17A directly induces ﬁbroblast proliferation
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Figure 5: T cell-speciﬁc IL-17A overexpression results in a downregulation of sGC/VASP signaling in the aorta, with a concomitant
upregulation of Vcam1 and Mmp2 mRNA. (a, b) Western blot of aortic protein (a) and PVAT protein (b) of CD4-IL-17Aind/+ and control
mice of p-eNOS (S1177), eNOS, PYK2, sGCα1, sGCβ1, pVASP (S239), and GCH-1. a1, b1: original Western blot; a2, b2: quantiﬁcation
of the signal, aorta: n = 4 – 16 (partially, 3-4 aortas were pooled per sample), Mann–Whitney t-test or unpaired Student’s t-test. PVAT:
n = 5 – 11, Student’s unpaired t-test. (c) Quantitative real-time PCR of aortic mRNA of Vcam1, Cybb, Nos3, Mmp2, Mmp9, and Tgfb,
n = 4 – 8, Mann–Whitney t-test or unpaired Student’s t-test. Data are shown as mean ± SEM.
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leading to vascular collagen deposition. In parallel, elevated ROS/RNS downregulate the redox-sensitive soluble
guanylate cyclase, reducing its activity and impairing NO
signaling, independently of eNOS regulation and vascular
immune cell inﬁltration.

Supplementary 3. Figure S3: No change in endothelial cells
and vascular smooth muscle cells of CD4-IL 17Aind/+ aortas
compared to controls. Aortic sections were stained for DAPI
(blue), CD31 (red), and α-smooth muscle cell actin (αSMa,
yellow); scale bar = 60 μm. A representative image per group
is shown, n = 3 mice per group.
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Supplementary 1. Figure S1: CD4-IL-17Aind/+ mice show GFP
expression in T cells. GFP signal in T cells in (A) the spleen
and (B) aorta, representative plot of n = 7 mice per group.
(A) Cells were gated on CD3+ (left), CD4+, and CD8+ cells
(middle), and from all CD4+ cells, the GFP expression was
analyzed. (B) Cells were pregated on CD90.2+ cells, and
GFP expression was analyzed in this population.
Supplementary 2. Figure S2: No inﬂammatory inﬁltration in
perivascular adipose tissue or kidneys. Flow cytometric
analysis of (A) PVAT and (B) kidneys of CD4-IL-17Aind/+
and IL-17Aind/+ control mice. Gating strategy as described
in Figure 2 (A); n = 3 A and 4‐12 B ; unpaired Student’s
t-test or Mann–Whitney t-test was performed. Data are
shown as mean ± SEM.

References
[1] P. Wenzel, M. Knorr, S. Kossmann et al., “Lysozyme
M-positive monocytes mediate angiotensin II-induced arterial hypertension and vascular dysfunction,” Circulation,
vol. 124, no. 12, pp. 1370–1381, 2011.
[2] T. J. Guzik, N. E. Hoch, K. A. Brown et al., “Role of the T cell in
the genesis of angiotensin II–induced hypertension and vascular dysfunction,” The Journal of Experimental Medicine,
vol. 204, no. 10, pp. 2449–2460, 2007.
[3] S. H. Jackson, S. Devadas, J. Kwon, L. A. Pinto, and M. S.
Williams, “T cells express a phagocyte-type NADPH oxidase
that is activated after T cell receptor stimulation,” Nature
Immunology, vol. 5, no. 8, pp. 818–827, 2004.
[4] M. S. Madhur, H. E. Lob, L. A. McCann et al., “Interleukin
17 promotes angiotensin II–induced hypertension and vascular dysfunction,” Hypertension, vol. 55, no. 2, pp. 500–
507, 2010.
[5] M. A. Saleh, A. E. Norlander, and M. S. Madhur, “Inhibition of
interleukin-17A, but not interleukin-17F, signaling lowers
blood pressure, and reduces end-organ inﬂammation in angiotensin II–induced hypertension,” JACC: Basic to Translational
Science, vol. 1, no. 7, pp. 606–616, 2016.
[6] E. Lockhart, A. M. Green, and J. A. L. Flynn, “Il-17 production
is dominated by γδ T cells rather than CD4 T cells during
Mycobacterium tuberculosis infection,” The Journal of Immunology, vol. 177, no. 7, pp. 4662–4669, 2006.
[7] Z. Yao, S. L. Painter, W. C. Fanslow et al., “Human il-17: a
novel cytokine derived from T cells,” Journal of Immunology,
vol. 155, no. 12, pp. 5483–5486, 1995.
[8] T. Korn, E. Bettelli, M. Oukka, and V. K. Kuchroo, “Il-17 and
th17 cells,” Annual Review of Immunology, vol. 27, no. 1,
pp. 485–517, 2009.
[9] Y. Iwakura, H. Ishigame, S. Saijo, and S. Nakae, “Functional
specialization of interleukin-17 family members,” Immunity,
vol. 34, no. 2, pp. 149–162, 2011.
[10] C. Erbel, L. Chen, F. Bea et al., “Inhibition of il-17A attenuates atherosclerotic lesion development in apoE-deﬁcient
mice,” Journal of Immunology, vol. 183, no. 12, pp. 8167–
8175, 2009.
[11] S. Taleb, M. Romain, B. Ramkhelawon et al., “Loss of SOCS3
expression in t cells reveals a regulatory role for interleukin17 in atherosclerosis,” The Journal of Experimental Medicine,
vol. 206, no. 10, pp. 2067–2077, 2009.

14
[12] J. M. Gelfand, R. S. Azfar, and N. N. Mehta, “Psoriasis and
cardiovascular risk: strength in numbers,” The Journal of
Investigative Dermatology, vol. 130, no. 4, pp. 919–922, 2010.
[13] J. M. Gelfand, N. N. Mehta, and S. M. Langan, “Psoriasis
and cardiovascular risk: strength in numbers, part ii,” The
Journal of Investigative Dermatology, vol. 131, no. 5,
pp. 1007–1010, 2011.
[14] J. B. Golden, T. S. McCormick, and N. L. Ward, “Il-17 in
psoriasis: implications for therapy and cardiovascular comorbidities,” Cytokine, vol. 62, no. 2, pp. 195–201, 2013.
[15] S. Karbach, A. L. Croxford, M. Oelze et al., “Interleukin 17
drives vascular inﬂammation, endothelial dysfunction, and
arterial hypertension in psoriasis-like skin disease,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 34, no. 12,
pp. 2658–2668, 2014.
[16] R. Schüler, A. Brand, S. Klebow et al., “Antagonization of
il-17a attenuates skin inﬂammation and vascular dysfunction
in mouse models of psoriasis,” The Journal of Investigative
Dermatology, vol. 139, no. 3, pp. 638–647, 2019.
[17] H. Nguyen, V. L. Chiasson, P. Chatterjee, S. E. Kopriva,
K. J. Young, and B. M. Mitchell, “Interleukin-17 causes rhokinase-mediated endothelial dysfunction and hypertension,”
Cardiovascular Research, vol. 97, no. 4, pp. 696–704, 2013.
[18] J. Huppert, D. Closhen, A. Croxford et al., “Cellular mechanisms of il-17-induced blood-brain barrier disruption,” The
FASEB Journal, vol. 24, no. 4, pp. 1023–1034, 2010.
[19] J. Wu, S. R. Thabet, A. Kirabo et al., “Inﬂammation and
mechanical stretch promote aortic stiﬀening in hypertension
through activation of p38 mitogen-activated protein kinase,”
Circulation Research, vol. 114, no. 4, pp. 616–625, 2014.
[20] P. P. Lee, D. R. Fitzpatrick, C. Beard et al., “A critical role for
Dnmt1 and DNA methylation in T cell development, function,
and survival,” Immunity, vol. 15, no. 5, pp. 763–774, 2001.
[21] S. Haak, A. L. Croxford, K. Kreymborg et al., “Il-17a and il-17f
do not contribute vitally to autoimmune neuro-inﬂammation
in mice,” The Journal of Clinical Investigation, vol. 119,
pp. 61–69, 2009.
[22] T. Munzel, A. Giaid, S. Kurz, D. J. Stewart, and D. G. Harrison,
“Evidence for a role of endothelin 1 and protein kinase c in
nitroglycerin tolerance,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 92, no. 11,
pp. 5244–5248, 1995.
[23] A. Daiber, M. August, S. Baldus et al., “Measurement of
NAD(P)H oxidase-derived superoxide with the luminol
analogue l-012,” Free Radical Biology & Medicine, vol. 36,
no. 1, pp. 101–111, 2004.
[24] M. Oelze, A. Daiber, R. P. Brandes et al., “Nebivolol inhibits
superoxide formation by NADPH oxidase and endothelial
dysfunction in angiotensin II-treated rats,” Hypertension,
vol. 48, no. 4, pp. 677–684, 2006.
[25] M. Baker, S. D. Robinson, T. Lechertier et al., “Use of the
mouse aortic ring assay to study angiogenesis,” Nature Protocols, vol. 7, no. 1, pp. 89–104, 2012.
[26] S. Kossmann, H. Hu, S. Steven et al., “Inﬂammatory monocytes determine endothelial nitric-oxide synthase uncoupling
and nitro-oxidative stress induced by angiotensin II,” The
Journal of Biological Chemistry, vol. 289, no. 40, pp. 27540–
27550, 2014.
[27] N. Kuzkaya, N. Weissmann, D. G. Harrison, and S. Dikalov,
“Interactions of peroxynitrite, tetrahydrobiopterin, ascorbic
acid, and thiols: implications for uncoupling endothelial

Oxidative Medicine and Cellular Longevity

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

nitric-oxide synthase,” The Journal of Biological Chemistry,
vol. 278, no. 25, pp. 22546–22554, 2003.
S. Kroller-Schon, S. Steven, S. Kossmann et al., “Molecular
mechanisms of the crosstalk between mitochondria and
NADPH oxidase through reactive oxygen species-studies in
white blood cells and in animal models,” Antioxidants &
Redox Signaling, vol. 20, no. 2, pp. 247–266, 2014.
K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCR and the
2−ΔΔCT method,” Methods, vol. 25, no. 4, pp. 402–408, 2001.
Y. Iwakura and H. Ishigame, “The il-23/il-17 axis in inﬂammation,” The Journal of Clinical Investigation, vol. 116, no. 5,
pp. 1218–1222, 2006.
F. Wanke, Y. Tang, K. Gronke et al., “Expression of il-17f is
associated with non-pathogenic th17 cells,” Journal of Molecular Medicine, vol. 96, no. 8, pp. 819–829, 2018.
A. Nadeem, N. O. al-Harbi, A. S. Alfardan, S. F. Ahmad, A. F.
AlAsmari, and M. M. al-Harbi, “Il-17a-induced neutrophilic
airway inﬂammation is mediated by oxidant-antioxidant
imbalance and inﬂammatory cytokines in mice,” Biomedicine
& Pharmacotherapy, vol. 107, pp. 1196–1204, 2018.
X. Pi, L. Xie, and C. Patterson, “Emerging roles of vascular
endothelium in metabolic homeostasis,” Circulation Research,
vol. 123, no. 4, pp. 477–494, 2018.
J. Mai, G. Nanayakkara, J. Lopez-Pastrana et al., “Interleukin17a promotes aortic endothelial cell activation via transcriptionally and post-translationally activating p38 mitogenactivated protein kinase (MAPK) pathway,” The Journal of
Biological Chemistry, vol. 291, no. 10, pp. 4939–4954, 2016.
H. A. Itani, A. E. Dikalova, W. G. McMaster et al., “Mitochondrial cyclophilin D in vascular oxidative stress and hypertension,” Hypertension, vol. 67, no. 6, pp. 1218–1227, 2016.
M. Oelze, H. Mollnau, N. Hoﬀmann et al., “Vasodilatorstimulated phosphoprotein serine 239 phosphorylation as a
sensitive monitor of defective nitric oxide/cGMP signaling
and endothelial dysfunction,” Circulation Research, vol. 87,
no. 11, pp. 999–1005, 2000.
M. Tawa and T. Okamura, “Soluble guanylate cyclase redox
state under oxidative stress conditions in isolated monkey
coronary arteries,” Pharmacology Research & Perspectives,
vol. 4, no. 5, article e00261, 2016.
Y. Korkmaz, H. C. Roggendorf, O. G. Siefer et al.,
“Downregulation of the α1- and β1-subunit of sGC in arterial
smooth muscle cells of OPSCC is HPV-independent,” Journal
of Dental Research, vol. 97, no. 11, pp. 1214–1221, 2018.
I. G. Sharina and E. Martin, “The role of reactive oxygen and
nitrogen species in the expression and splicing of nitric oxide
receptor,” Antioxidants & Redox Signaling, vol. 26, no. 3,
pp. 122–136, 2017.
M. Zhao, D. Finlay, I. Zharkikh, and K. Vuori, “Novel role of
src in priming pyk2 phosphorylation,” PLoS One, vol. 11,
no. 2, article e0149231, 2016.
P. F. Davies, “Multiple signaling pathways in ﬂow-mediated
endothelial mechanotransduction: Pyk-ing the right location,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 22,
no. 11, pp. 1755–1757, 2002.
A. E. Loot, J. G. Schreiber, B. Fisslthaler, and I. Fleming,
“Angiotensin II impairs endothelial function via tyrosine
phosphorylation of the endothelial nitric oxide synthase,”
The Journal of Experimental Medicine, vol. 206, no. 13,
pp. 2889–2896, 2009.

Oxidative Medicine and Cellular Longevity
[43] J. Wu, M. A. Saleh, A. Kirabo et al., “Immune activation
caused by vascular oxidation promotes ﬁbrosis and hypertension,” The Journal of Clinical Investigation, vol. 126,
no. 4, p. 1607, 2016.
[44] J. Zhang, D. Wang, L. Wang et al., “Proﬁbrotic eﬀect of IL-17A
and elevated IL-17RA in idiopathic pulmonary ﬁbrosis and
rheumatoid arthritis-associated lung disease support a direct
role for IL-17A/IL-17RA in human ﬁbrotic interstitial lung
disease,” American Journal of Physiology-Lung Cellular and
Molecular Physiology, vol. 316, no. 3, pp. L487–L497, 2019.

15

MEDIATORS
of

INFLAMMATION

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Gastroenterology
Research and Practice
Hindawi
www.hindawi.com

Volume 2018

Journal of

Hindawi
www.hindawi.com

Diabetes Research
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

International Journal of

Journal of

Endocrinology

Immunology Research
Hindawi
www.hindawi.com

Disease Markers

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
BioMed
Research International

PPAR Research
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Journal of

Obesity

Journal of

Ophthalmology
Hindawi
www.hindawi.com

Volume 2018

Evidence-Based
Complementary and
Alternative Medicine

Stem Cells
International
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Journal of

Oncology
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2013

Parkinson’s
Disease

Computational and
Mathematical Methods
in Medicine
Hindawi
www.hindawi.com

Volume 2018

AIDS

Behavioural
Neurology
Hindawi
www.hindawi.com

Research and Treatment
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Oxidative Medicine and
Cellular Longevity
Hindawi
www.hindawi.com

Volume 2018

