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ABSTRACT ARTICLE HISTORY
Reactive oxygen species (ROS) produced by NADPH oxidase promote contraction of peripheral Received 2 September 2024
arteries, which is especially pronounced in early postnatal period in comparison to adulthood, but Revised 4 December 2024
the mechanisms of such vasomotor influence are poorly understood. We tested the hypothesis Accepted 26 December 2024
that Rho-kinase and protein kinase C (PKC) mediate procontractile influence of NADPH oxidase KEYWORDS

derived ROS in peripheral artery of early postnatal rats. In addition, we evaluated the involvement NADPH oxidase;
Src-kinase and L-type voltage-gated Ca?* channels (LTCC) into procontractile influence of ROS, Rho-kinase; L-type
produced by NADPH oxidase, because of their known interplay with Rho-kinase and PKC pathways. voltage-gated Ca?*
Saphenous arteries from 11- to 15-day-old male rats were studied using quantitative PCR, isometric channels; artery; early
myography and lucigenin-enhanced chemiluminescence. Arterial tissue of early postnatal rats postnatal ontogenesis
contained Nox2, Nox4, Duox1 and Duox2 mRNAs, among which Nox2 mRNA was the most

abundant. Pan-NADPH oxidase inhibitor VAS2870 (10uM) significantly reduced arterial contractile

responses to methoxamine. The inhibitors of Rho-kinase (Y27632, 3uM), PKC (GF109203X, 10uM)

and Src-kinase (PP2, 10uM), as well as LTCC blockers (nimodipine, 0.1uM, and verapamil, 0.1 pM)

also reduced methoxamine-induced contraction. Importantly, the effect of VAS2870 persisted in

the presence of Rho-kinase, PKC or Src-kinase inhibitors, but not in the presence of LTCC blocker.

Notably, the blockade of LTCC did not affect either basal or NADPH-induced O,~ production. Our

data show that LTCC, but not Rho-kinase, PKC or Src-kinase are involved into procontractile effect

of ROS, produced by NADPH oxidase, in saphenous artery of young rats. Calcium influx through

LTCC does not activate ROS production by NADPH oxidase.

HIGHLIGHTS

+  NOX-derived ROS have a strong procontractile influence in rat pup arteries

«  NOX-derived ROS contract pup arteries regardless of Rho-kinase, PKC and Src-kinase
- NOX-derived ROS contract pup arteries by activation of L-type Ca?" channels
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1. Introduction

During last years, increasing evidence has been accu-
mulating that reactive oxygen species (ROS) play an
important role in normal regulation of vascular tone
[1-3]. NADPH oxidase make a significant contribution
to ROS production in the vasculature [1,2].

The mechanisms of ROS influence on vascular
smooth muscle tone are not fully understood and con-
tinue to be the subject of intensive research. The
mechanisms of ROS procontractile effect known to
date include the activation of intracellular signaling
pathways involving Rho-kinase [4,5], Src-kinase [6],
mitogen-activated protein kinase (MAPK) [7,8] or pro-
tein kinase C (PKC) [9]. Of note, the same enzyme, for
example PKC or Src-kinase, can both activate NADPH
oxidase and mediate the procontractile effects of
NADPH oxidase produced ROS [2]. Besides that, ROS
were shown to augment contraction by increasing the
intracellular Ca?* concentration ([Ca?*],) upon activa-
tion of L-type voltage-gated Ca?* channels (LTCC)
[10,11] or transient receptor potential channels, type C
(TRPC) [12], as well as through deactivation of
voltage-gated potassium channels (Kv) [13].

Notably, all the mechanisms discussed above were
described for an adult mature organism. However, our
recent studies have shown that ROS produced by
NADPH oxidase play an essential vasomotor role in sys-
temic arteries of 1-2-week-old rats, while their influ-
ence was not observed in the same type of arteries in
adult rats [14]. Nevertheless, the mechanisms of the
vasomotor influence of ROS produced by NADPH oxi-
dase in systemic arteries during the early postnatal
period remain unclear.

It should be noted that many mechanisms regulat-
ing vascular contraction in the early postnatal period
differ significantly from that in adulthood. In general,
the contribution of Ca?*-dependent mechanisms to the
regulation of contraction is smaller, while the contribu-
tion of Ca?*-sensitization is higher in arteries of
1-2-week-old rats [15]. The established players in the
development of Ca?*-sensitization are Rho-kinase and
PKC [16]. Obviously, Rho-kinase contribution to arterial
contraction is considerably higher in early postnatal
ontogenesis compared to the adulthood [17-19]. The
contribution of PKC can be increased as well, but not
as significantly as Rho-kinase, and depending on the
way of arterial contraction induction [18,19]. At the
same time, MAPK do not contribute to the regulation
of systemic artery contraction in early postnatal onto-
genesis [20].

Considering the pronounced procontractile influ-
ence of Rho-kinase and, to some extent, PKC in

developing rat pup arteries and known involvement
of these kinases in vasomotor effects of ROS, we
hypothesized that Rho-kinase and PKC are substan-
tially involved in procontractile action of ROS pro-
duced by NADPH oxidase in systemic arteries during
early postnatal ontogenesis. To test this hypothesis,
we studied arterial contractile responses of
11-15-day-old rat pups in the presence of pan-NADPH
oxidase inhibitor VAS2870 in combination with
Rho-kinase inhibitor Y27632 or PKC inhibitor
GF109203X. In addition, we evaluated the involve-
ment Src-kinase and LTCC into procontractile influ-
ence of ROS produced by NADPH oxidase, because of
known interplay of these mechanisms with Rho-kinase
and PKC pathways [21,22].

2. Methods
2.1. Animals

Animal studies were performed in compliance with
International Guiding Principles for Biomedical Research
Involving Animals, as issued by the Council for the
International Organizations of Medical Sciences. The
use of laboratory animals and all procedures used in
this study was approved by the Biomedical Ethics
Committee of M.V. Lomonosov Moscow State University
(Protocol number 149-g). Wistar rats (obtained from
the Institute of General Pathology and Pathophysiology,
Russia) were used in this study. Rats were maintained
with controlled temperature and a 12/12h light/dark
cycle in the laboratory animal unit of the Biological
Faculty, M.V. Lomonosov Moscow State University with
the access to food and water ad libitum. To obtain the
offspring, sexually mature male and female rats were
placed together for 4days, pregnant females were
housed individually 3-4d before the expected delivery.
The next day after birth, the litters were reduced to 8
pups. Experiments were carried out on male rats aged
11-154d. In total, 50 pups (offspring of 20 females) with
body weight 29+1g were used in the study. Pups
were killed by decapitation.

2.2. Measurement of mRNA expression levels in
arterial tissue by qPCR

Measurement of mRNA expression levels in arterial tis-
sue by qPCR was performed as previously described
[23]. Briefly, saphenous arteries were isolated, carefully
cleaned from surrounding tissue and kept in RNAlater
solution (cat. number 76106, Qiagen) at —20°C pend-
ing further procedures. Each tissue sample included
two arterial segments from young rats.



Arteries were homogenized in RLT lysis buffer (cat.
number 79216, Qiagen) containing 1%
B-mercaptoethanol and proteinase K (20mg/ml, MP
Biomedicals, United States). RNA was extracted using
the ExtractRNA kit (cat. number BC032, Evrogen, Russia)
according to the manufacturer’s instructions and then
processed with DNase | (cat. number ENO0525,
Fermentas, 1000U/ml). The RNA concentration was
measured by a NanoDrop 1000 (Thermo Scientific,
United States), and then all samples were diluted to
equal concentration 35ng/ul. Reverse transcription was
performed using the MMLV RT kit (cat. number SK021,
Evrogen, Russia) according to the manufacturer’s man-
ual. gPCR was run in the Bio-Rad CFX 96 Real-Time
PCR System (Bio-Rad, United States), using qPCRmix-HS
SYBR (cat. number PK147L, Evrogen, Russia). Primers
used in this study were synthesized by Evrogen (Russia),
their sequences are listed in Table 1. The mRNA expres-
sion level was calculated as EA(-Cq), where E is the
primer efficiency and Cq is the cycle number corre-
sponding to the maximum of the second derivative of
the fluorescence curve. Primer efficiency was identified
using the LinRegPCR Software [24]. All E values were
close to 2.0. mRNA expression levels of investigated
genes were normalized to mRNA expression level of
housekeeping gene Actb, detected in the same sample.

2.3. Experiments on the isolated arteries (wire
myography)

The saphenous arteries were carefully cleaned from
surrounding tissue in PSS for vessel dissection (PSS I,
the composition, in mM: NaCl, 145; KCl, 4.5; CaCl,, 0.1;
MgSO,, 1.0; NaH,PO,, 1.2; EDTA, 0.025; HEPES, 5.0; pH
= 7.4), cut into 2-mm-long segments, and mounted in
a wire myograph (410A or 620M, DMT A/S, Denmark)
to measure isometric force. Experiments were carried
out on endothelium-denuded arteries. The endothe-
lium was removed mechanically using a rat whisker.
During the subsequent experiments, arterial segments
were kept in PSS Il (the composition, in mM: NaCl, 120;
NaHCO,, 26; KCl, 4.5; CaCl,, 1.6; MgSO,, 1.0; NaH,PO,,
1.2; D-glucose, 5.5; EDTA, 0.025; HEPES, 5). The solution
in myograph chambers was heated to 37°C and

Table 1. Gene specific primers used in the study.

Gene

name Forward Reverse

Nox1 GGCACAGTCAGTGAGGATGTC GCTTGTTGTGTGCACGCTGG
Nox2 CTGCCAGTGTGTCGGAATCT ACACACCACTCCACGTTGAA
Nox3 TATCCAGTGCCCATCCATCT GCCTTCAGTAACGCCTCTGT
Nox4 TTGGTGAACGCCCTGAACTT TACCACCACCATGCAGACAC

Duox1  AGCTGTGGCCTGGATCCTCC
Duox2  CCTGGGCGCTCTGTTGACTGG
Actb CAGGGTGTGATGGTGGGTATGG

GACCCTGTTGCTAAGGTGTCG
GACAGCGTCGCTTAGCAGGCG
AGTTGGTGACAATGCCGTGTTC

FREE RADICAL RESEARCH e 3

continuously bubbled with 5% CO, + 95% O, to main-
tain pH at 7.4. Data were recorded at 10Hz sampling
rate using an analogue-to-digital converter (E14-140M,
L-CARD, Russia) and the PowerGraph 3.3 software
(DISoft, Russia). Then the normalization procedure was
carried out to stretch each arterial segment to 0.9 X
dige (90% of the inner diameter it would have at a
transmural pressure of 100mmHg), corresponding to
maximum active force development [14,25].

At the beginning of each experiment, all vessels were
exposed to a standard startup procedure. This included:
(a) application of noradrenaline (10uM); (b) application
of acetylcholine (10uM) on the top of contraction
induced by methoxamine (agonist of a;-adrenoceptors,
1uM), to confirm the removal of the endothelium (by
the absence of a relaxation response to acetylcholine);
(c) application of methoxamine (10 uM). After each step,
segments of arteries were washed three times with PSS
II; the total washing time was 15 min.

The experimental protocol included two sequential
concentration-response relationships to methoxamine
(concentration range from 0.01 to 100uM). The first
relationship was started 20min after the end of the
activation procedure. After washout, four arterial seg-
ments were incubated for 20min with the following
substances: (1) pan-inhibitor of NAPDH oxidase
(VAS2870, 10 uM); (2) an inhibitor/blocker of potential
target of NADPH oxidase derived ROS; (3) the combi-
nation of VAS2870 and an inhibitor/blocker; (4) an
equivalent volume of the solvent and/or inactive ana-
logue of an inhibitor. Then, without changing the incu-
bation solution, the second concentration-response
relationship to methoxamine was obtained. We applied
Y27632 (3 uM) to inhibit Rho-kinase, GF109203X (10 uM)
to inhibit PKC, PP2 (10uM) to inhibit Src-kinase and
nimodipine (0.1pM) or verapamil (0.1uM) to block
LTCC. PP3 (10uM) was used as inactive analogue of
Src-kinase inhibitor PP2.

To calculate active force values at each methoxam-
ine concentration, the force value at the fully relaxed
state (obtained in PSS | after the normalization proce-
dure) was subtracted from all recorded values. All
active force values obtained during the second con-
centration-response relationship were expressed as the
percentage of the maximum active force developed
during the respective first concentration-response
relationship.

2.4. Evaluation of O, production by lucigenin-
enhanced chemiluminescence

Two Lum-100 chemiluminometers were used in the
experiments, as described previously [14]. Briefly,
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arterial samples were mounted on stainless steel hooks
and then placed on the bottom of the 5ml round bot-
tom polystyrene tubes (inner diameter of 10 mm) con-
taining 1 ml of physiological salt solution for myograph
experiments (PSS Il). Each arterial sample consisted of
two saphenous arteries. During the experiment, the
solution in the tube was kept at 37°C and aerated with
a gas mixture (95% O, + 5% CO,) supplied by a peri-
staltic pump (Ismatec ISM834C, Switzerland) from
low-pressure compliant balloon. The gas mixture
entered the tube with arterial sample through a capil-
lary, the tip of which was positioned so that the bub-
bles did not disturb the sample.

In the beginning of each experiment, standard acti-
vation procedures were performed by addition of (1)
KCl 60mM, (2) methoxamine (10 uM) and (3) acetylcho-
line (10uM) to the preparations, the duration of each
exposure was 5min. Washout procedure was per-
formed after each step by placing preparations into
preheated PSS Il for 5min three times; the total wash-
ing time was 15min. To evaluate O, production, luci-
genin (20 uM) was added to the tubes. The experimental
protocol included two NADPH (100 uM) applications for
each channel (in the presence of 10 uM of methoxam-
ine). The first NADPH application (lasting 10min)
started 20min after the end of the activation proce-
dure. After that the samples were washed as described
above. To study the effect of LTCC blockade on basal
and NADPH-induced O,~ production, one arterial
preparation was incubated for 15min with nimodipine
(0.1uM) and the other one - with an equivalent vol-
ume of the solvent (DMSO, 1 ul per 1 ml of PSS II); then
NADPH was added again for 10 min to both samples.

The level of chemiluminescence was continuously
recorded in relative luminescence units (RLU) at 1Hz
sampling rate using PowerGraph 3.3 software (DISoft,
Russia). When processing the results, we averaged the
data in three intervals: background luminescence
(5min before lucigenin addition, in the beginning of
the experiment), basal O, production in the presence
of nimodipine or DMSO (5min, starting 10min after
lucigenin addition) and NADPH-stimulated O, produc-
tion in the presence of nimodipine or DMSO (9 min,
starting 1 min after NADPH addition). Then the back-
ground value was subtracted from the other two and
the data were normalized to wet tissue weight
(RLU/mg).

2.5. Drugs

Noradrenaline, acetylcholine, methoxamine and luci-
genin (cat. number M8010) (all dissolved in H,0) were

obtained from Sigma (United States). VAS2870 (cat.
number SML0273, dissolved in DMSO) and GF109203X
(cat. number G2911, dissolved in DMSO) were obtained
from Sigma (United States), NADPH (cat. number
00616, dissolved in H,0) was obtained from ChemImpex.
PP2 and PP3 (cat. numbers A8216 and B7190, respec-
tively, both dissolved in DMSO) were obtained from
ApexBio (United States). Nimodipine (cat. number
CA-211, dissolved in DMSO) and verapamil (cat. num-
ber CA-215, dissolved in H,0) were obtained from
Biomol (Germany).

2.6. Statistical data analysis

Statistical analysis was performed using GraphPad
Prism 8.0. The normality of data distribution was con-
firmed using the Shapiro-Wilk test, data are presented
as the mean and standard error of the mean. Statistical
analysis was performed using one-way ANOVA (with
Tukey’s multiple comparisons test) and two-way
Repeated Measures ANOVA (with Tukey’s multiple com-
parisons test). Differences were accepted as statistically
significant if the P value was less than 0.05, n rep-
resents the number of animals.

3. Results

3.1. mRNA expression of NADPH oxidase isoforms
in saphenous artery of young rats

First, we evaluated the mRNA expression pattern of dif-
ferent NADPH oxidase isoforms in saphenous artery of
young rats. Catalytic subunits of Nox2, Nox4, Duox1 and
Duox2 were detected, wherein mRNA of Nox2 was the
most abundant (Figure 1). Nox7 and Nox3 mRNAs were
not observed (Figure 1).

3.2. Effects of inhibition of NADPH oxidase
together with Rho-kinase or PKC or Src-kinase on
arterial contractile responses

Our next step was to examine if ROS, produced by
NADPH oxidase, potentiate methoxamine-induced
vasocontraction by activation of signaling pathways
that increase calcium sensitivity of the contractile
apparatus: Rho-kinase, PKC and Src-kinase.

In the first series of experiments, pan-inhibitor of
NADPH oxidase VAS2870 significantly reduced arterial
contractile responses to methoxamine (Figure 2). Inhibitor
of Rho-kinase Y27632 attenuated methoxamine-induced
vasocontraction as well (Figure 2). Importantly, the effect
of VAS2870 persisted in the presence of Rho-kinase inhib-
itor (Figure 2).



Similarly, VAS2870 weakened methoxamine-induced
vasocontraction in the second series of experiments
(Figure 3). Inhibition of PKC resulted in the attenuation
of arterial contractile responses to methoxamine
(Figure 3). However, the effect of VAS2870 persisted
after inhibition of PKC (Figure 3).

In the third series of experiments, inhibitor of
NADPH oxidase and Src-kinase inhibitor PP2 both
reduced arterial contractile responses to methoxamine

Figure 1. mRNA Expression of Nox7-4 and Duox1-2 catalytic
subunits in saphenous artery of young rats. Data are normal-
ized to mRNA expression level of beta-actin (Actb). The num-
ber of samples in each group is at least 8. Data are presented
as mean and SEM. *p <.05 (one-way ANOVA with Tukey’s mul-
tiple comparisons test).
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(Figure 4). However, the combination of PP2 and
VAS2870 resulted in more pronounced weakening of
methoxamine-induced vasocontraction in comparison
to the effect of PP2 alone (Figure 4).

Therefore, inhibition of Rho-kinase, PKC and
Src-kinase did not abolish the effect of NADPH oxidase
inhibitor VAS2870, indicating that these signaling path-
ways are not the key targets of NADPH oxidase-derived
ROS in saphenous arteries of 11-15-day-old rat pups.

3.3. Effects of inhibition of NADPH oxidase
together with LTCC blockade on arterial
contractile responses

According to the literature, ROS, produced by NADPH
oxidase, may activate LTCC and, therefore, promote
vasocontraction [21,26]. To test if NADPH oxidase
derived ROS contribute to methoxamine-induced con-
traction by activation of these channels, we per-
formed the series of experiments with the use of
LTCC blockers: nimodipine and verapamil. As Figure 5
shows, when added separately all VAS2870, nimodip-
ine and verapamil weakened methoxamine-induced
contraction. Importantly, VAS2870 did not reduce fur-
ther contractile responses to methoxamine in the
presence of nimodipine or verapamil (Figure 5).
Therefore, LTCC are involved into procontractile effect
of NADPH oxidase derived ROS in saphenous artery
of young rats.

Figure 2. Rho-kinase inhibition does not abolish the effect of NADPH oxidase inhibitor. Contractile responses of the saphenous
artery to methoxamine in the presence of solvent or pan-NADPH oxidase inhibitor VAS2870 (10 uM) or Rho-kinase inhibitor Y27632
(3uM) or Y27632 together with VAS2870 (a). Fragments of original recordings of the experiment (b). The numbers in brackets
indicate the number of animals in the group. *p<.05 (two-way Repeated Measures ANOVA followed by Tukey’s multiple compar-

isons test).
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Figure 3. Protein kinase C inhibition does not abolish the effect of NADPH oxidase inhibitor. Contractile responses of the saphe-
nous artery to methoxamine in the presence of solvent or pan-NADPH oxidase inhibitor VAS2870 (10uM) or protein kinase
C inhibitor GF109203X (GF, 10 uM) or GF109203X together with VAS2870 (a). Fragments of original recordings of the experiment
(b). The numbers in brackets indicate the number of animals in the group. *p <.05 (two-way Repeated Measures ANOVA followed

by Tukey’s multiple comparisons test).

Figure 4. Src-kinase inhibition does not abolish the effect of NADPH oxidase inhibitor. Contractile responses of the saphenous
artery to methoxamine in the presence of PP3 (10pl, negative control for PP2) and solvent or PP3 and pan-NADPH oxidase inhib-
itor VAS2870 (10uM) or Src-kinase inhibitor PP2 (10uM) and solvent or PP2 together with VAS2870 (a). Fragments of original
recordings of the experiment (b). The numbers in brackets indicate the number of animals in the group. *p <.05 (two-way Repeated

Measures ANOVA followed by Tukey’s multiple comparisons test).

3.4. Effects of LTCC blockade on O, production in
saphenous artery of young rats

In order to ensure that NADPH oxidase derived ROS
activate LTCC, and not calcium that entered through
LTCC activate NADPH oxidase, we performed

measurements of O, production with the use of
lucigenin-enhanced chemiluminescence. Blockade of
LTCC by nimodipine did not affect either basal O,~ pro-
duction, or NADPH-induced O, production (Figure 6).
Therefore, results of chemiluminescence measurement
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Figure 5. LTCC blockade abolishes the effect of pan-inhibitor of NADPH oxidase. Contractile responses of the saphenous artery to
methoxamine in the presence of solvent or NADPH oxidase inhibitor VAS2870 (10uM) or LTCC blocker nimodipine (nimo, 0.1 M)
or verapamil (verap, 0.1uM) or nimodipine/verapamil together with VAS2870 (a, c). Fragments of original recordings of the exper-
iments (b, d). The numbers in brackets indicate the number of animals in the group. *p <.05 (two-way Repeated Measures ANOVA

followed by Tukey’s multiple comparisons test).

indicate that calcium entering through LTCC does not
affect basal and NADPH-induced O, production.

4, Discussion

4.1. mRNA of Nox2 is the most abundant NADPH
oxidase isoform in saphenous artery of young rats

According to the literature, mRNAs of Nox1, Nox2 and
Nox4 are most abundant among various arteries [27-
30]. Present data, like our data obtained earlier, demon-
strate that saphenous artery of young rats contains
MRNAs of Nox2 and Nox4, while mRNAs of Nox1 and
Nox3 are not expressed [14].

Of note, the expression of Duox1 and Duox2 in vas-
cular tissue was assessed only in a few studies [31,32],
and their expression in the arteries of early postnatal
organism was not demonstrated previously. Notably,
the key pharmacological tool used in the present study
- VAS2870, inhibits all isoforms of NADPH oxidase,
including dual oxidases [33-35]. Therefore, it was
important to evaluate the abundance of Duox? and
Duox2 in saphenous artery of young rats. For the first
time we demonstrated that mRNAs of Duox! and
Duox2 catalytic subunits are expressed in saphenous
artery of young rats. However, the relative expression
levels of Duox1 and Duox2 as well as Nox4 genes were
significantly lower in comparison to Nox2. In other
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Figure 6. LTCC blocker nimodipine (0.1uM) does not affect
basal (-NADPH) and NADPH-stimulated O, production
(+NADPH) in saphenous arteries of young rats. The numbers in
brackets indicate the number of animals in the group. *p <.05
(two-way ANOVA followed by Tukey’s multiple comparisons
test), n.s.: not significant.

words, among all isoforms of NADPH oxidase, the cat-
alytic subunit of the second isoform is the most abun-
dant in saphenous artery of young rats.

Importantly, previously we have demonstrated that
the inhibitor of the second isoform of NADPH oxidase
weakened methoxamine-induced contraction of saphe-
nous arteries of young rats [14], indicating that this
NADPH oxidase isoform is functionally important.

4.2. ROS, produced by NADPH oxidase, promote
vasocontraction in response to methoxamine
regardless activity of Rho-kinase, PKC or Src-
kinase in saphenous artery of young rats

In confirmation of our recently published data [14], we
observed a significant weakening of methoxamine-
induced contraction of early postnatal rat arteries by
inhibition of NADPH oxidase with the use of VAS2870. In
this study, we explored the mechanisms of such procon-
tractile influence of NADPH oxidase derived ROS, con-
sidering the peculiarities of vascular tone regulation
during early postnatal ontogenesis.

Literature data demonstrate, that ROS may promote
contraction of adult rat aorta and pulmonary artery, by
activation of Rho-kinase [4,5,36]. In neonatal period,
ROS contribute to contraction of human, rabbit and
chicken ductus arteriosus at least partially by activa-
tion of Rho-kinase [37,38]. Notably, functional impact
of Rho-kinase to the regulation of vascular tone during
early postnatal period is especially high, which was
previously demonstrated in saphenous artery of 1-week
old rats [18,19]. Surprisingly, according to our data,
inhibition of Rho-kinase activity by Y27632 did not
abolish the effect of NADPH oxidase derived ROS,
showing that Rho-kinase is not the main target of their

procontractile influence. In accordance with this, ROS
effects on vascular tone are not always associated with
Rho-kinase activity, for example, they can cause con-
traction of adult pulmonary arteries regardless of
Rho-kinase [4,39]. The involvement of Rho-kinase in
contraction was shown to depend on the type of ROS:
O, [5], but not H,0, [39] action leads to the activa-
tion of Rho-kinase. As mentioned above, in the saphe-
nous artery of rat pups, the key functional contribution
to the regulation of tone is made by the second iso-
form of NADPH oxidase, which produces predomi-
nantly O, [40]. However, we cannot claim that it is
O, not H,0,, that acts further as a signaling mole-
cule, since the dismutation of O, into H,0, occurs
very rapidly.

It is known, that ROS produced by NADPH oxidase
may activate other kinases, such as Src-kinase [6] and
PKC [21,41], contributing to vasocontraction in response
to different stimuli. Procontractile role of Src-kinase
and PKC was demonstrated in a number of studies
[18,42, 43], and was confirmed in the present study by
the weakening of methoxamine-induced contractile
responses of saphenous arteries from young rats after
incubation with PP2 and GF109203X, respectively. The
pathways through which Src-kinase and PKC mediate
ROS-induced contraction include those involving alter-
ations of [Ca?*],, (either directly via activation of Ca?*
channels or indirectly via inhibition of potassium chan-
nels), and those independent of changes in [Ca?*],,
[6,22,42]. However, our data demonstrate that neither
Src-kinase nor PKC are the main targets of procontrac-
tile influence of NADPH oxidase derived ROS. Probably,
the involvement of these kinases into the procontrac-
tile influence of ROS, produced by NADPH oxidase,
may depend on several factors: the animal species, the
vascular region, and, importantly, the stage of
development.

4.3. ROS, produced by NADPH oxidase, promote
vasocontraction in response to methoxamine by
activation of LTCC in saphenous artery of young
rats

LTCC are major sources of calcium influx into arterial
smooth muscle cells, and therefore, key participants of
the regulation of vascular tone [44]. Thus, it is not sur-
prising that in the present study methoxamine-induced
contraction of saphenous artery of early postnatal rats
was significantly reduced after incubation with LTCC
blockers nimodipine or verapamil.

Importantly, numerous studies demonstrate the
involvement of LTCC into ROS-induced vasocontraction.
For example, inhibitory effects of LTCC blockade on



contraction induced by exogenous ROS as well as
endogenous NADPH oxidase derived ROS were demon-
strated in aorta [10], cerebral arteries [21], renal affer-
ent arterioles [11] of rats, in mesenteric arteries of mice
[45] and in bovine pulmonary artery smooth muscle
cells [26]. In accordance with this, our data show that
NADPH oxidase inhibitor did not cause an additional
reduction in contractile responses under LTCC blockers
nimodipine or verapamil, indicating that procontractile
influence of NADPH oxidase derived ROS is due to acti-
vation of LTCC in saphenous artery of young rats.

Of note, several participants of ROS-dependent reg-
ulation of vascular tone can serve not only as down-
stream targets of NADPH oxidase derived ROS, but, at
the same time, be upstream molecules, regulating the
activity of NADPH oxidase and, consequently, ROS pro-
duction [9,26,46]. It is known that an increase of [Ca?*].,
is a primary mechanism of dual oxidase activation [47].
Besides that, some isoforms of NADPH oxidase, includ-
ing the second isoform, can be activated by Ca?* indi-
rectly [48,49]. We demonstrated that blockade of LTCC
with the use of nimodipine did not affect basal and
NADPH-induced O, production in saphenous artery of
young rats. Importantly, a significant part of
NADPH-stimulated O, in saphenous artery of young
rats is produced by NADPH oxidase [14]. Therefore, we
suggest that NADPH oxidase derived ROS activate
LTCC, but not calcium entering through LTCC activates
NADPH oxidase.

The mechanism of such ROS influence on LTCC
remains open. ROS-dependent stimulation of LTCC may
be indirect via oxidative activation of protein kinases
(such as Src-kinase or PKC) that activate the channel
by phosphorylation [44]. However, our experiments
with the use of Src-kinase and PKC inhibitors indicate
that these kinases play not leading role in the procon-
tractile influence of NADPH oxidase derived ROS in
response to methoxamine in saphenous artery of
young rats. Therefore, activation of LTCC via their phos-
phorylation by Src-kinase or PKC seems unlikely. One
more indirect way of ROS-dependent stimulation of
LTCC may realize through inhibition of potassium chan-
nels, depolarization of the plasma membrane and thus
opening of LTCC. Indeed, ROS, including those pro-
duced by NADPH oxidase, were shown to promote
contraction of ductus arteriosus [50] and pulmonary
artery smooth muscle cells [26], at least partly, by the
inhibition of Kv channels. Taking into account very
high anticontractile contribution of Kv channels to the
regulation of vascular tone in early postnatal ontogen-
esis [51,52], it can be assumed that ROS produced by
NADPH oxidase promote vasocontraction in response
to methoxamine by inhibition of Kv channels and,
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therefore, activation of LTCC. Finally, LTCC activation by
ROS may occur directly - through oxidation of cysteine
residues [53,54], which LTCC pore-forming alc subunit
is especially rich in (55].

At first glance, such ROS-dependent mechanism of
vascular tone control in neonates seems unlikely, since
LTCC are sparse in undifferentiated vascular smooth
muscle cells [56,57] and, accordingly, Ca?*-dependent
control of arterial contraction in neonates is weak [15].
However, by the age of two weeks, an increase in
[Ca?*],, during activation of membrane receptors
(including a,-adrenoceptors) is already rising [15].
Importantly, LTCC-dependent pattern of [Ca?'],, fluctu-
ations in smooth muscle cells affects not only their
tone, but also expression of contractile phenotype
marker genes/proteins [58,59]. Thus, by stimulating the
activity (our study), as well as the expression of LTCC
[60], NADPH oxidase derived ROS can accelerate the
differentiation of smooth muscle cells into a contractile
phenotype.

4.4. Limitations of the study

The present study has several limitations. First, NADPH
oxidase derived ROS would have a stronger effect on
LTCC if ROS were produced in close proximity to LTCC.
However, the spatial relationship between NADPH oxi-
dase and LTCC in smooth muscle cells of early postna-
tal rat saphenous artery was not addressed in our
study. Second, we did not measure Ca?* influx through
LTCC and, therefore, have no direct evidence of its
modulation by NADPH oxidase produced ROS.

5. Conclusions

In conclusion, this study reveals the mechanism of a
highly pronounced procontractile influence of NADPH
oxidase derived ROS in the peripheral arteries of early
postnatal rats [14]. Despite a significant contribution of
Ca?*-sensitization in arteries at early postnatal period
[18,19], our novel findings demonstrate that Rho-kinase,
PKC and Src-kinase are not the main targets of NADPH
oxidase derived ROS. At the same time, we demon-
strated that Ca?*-dependent mechanism, namely, acti-
vation of LTCC, mediates the procontractile influence of
NADPH oxidase derived ROS in arteries of early postna-
tal rats.

Our data complement and develop knowledge
about important functional role of ROS in the cardio-
vascular system in early postnatal ontogenesis [3,14,50].
Notably, high production of ROS and further activation
of LTCC are often observed during the development of
hypertension-related disorders in adulthood [60]. The
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fact that similar mechanism participates in normal vas-
oregulation at early stages of development, further
demonstrates the physiological features of the imma-
ture organism. The latter, in turn, indicates the need of
special therapeutic approaches in newborns, including
those intended to treat “oxygen radical disease in new-
born” [61-63].

Acknowledgements

The research was carried out using equipment purchased
under the Moscow University Development Program. The
part of equipment used in the study was provided by MSU
within the framework of federal project “The development of
infrastructure for science and education” (Agreement N2161).

Authors contributions

Conceptualization A.AS., D.K.G, OS.T; Funding acquisition
A.AS,; Investigation V.S.S.,, MAAK, YAM., AAS.; Writing (origi-
nal draft) A.A.S.; Writing (review & editing) A.A.S,, DK.G., O.S.T.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Russian Science Foundation
(Grant NO. 23-25-00056).

References

[1] Bedard K, Krause KH. The NOX family of ROS-generating
NADPH oxidases: physiology and pathophysiology. Physiol
Rev. 2007;87(1):245-313. doi: 10.1152/physrev.00044.2005.

[2] Knock GA. NADPH oxidase in the vasculature: expres-
sion, regulation and signalling pathways; role in normal
cardiovascular physiology and its dysregulation in hy-
pertension. Free Radic Biol Med. 2019;145:385-427. doi:
10.1016/j.freeradbiomed.2019.09.029.

[3] Shvetsova AA, Gaynullina DK, Tarasova OS. The role of
reactive oxygen species in the regulation of blood ves-
sel tone in perinatal and early postnatal ontogenesis. J
Evol Biochem Phys. 2023;59(6):2210-2227. doi: 10.1134/
$0022093023060248.

[4] Knock GA, Snetkov VA, Shaifta Y, et al. Superoxide con-
stricts rat pulmonary arteries via Rho-kinase-mediated
Ca?* sensitization. Free Radic Biol Med. 2009;46(5):633-
642. doi: 10.1016/j.freeradbiomed.2008.11.015.

[5] Snetkov VA, Smirnov SV, Kua J, et al. Superoxide differ-
entially controls pulmonary and systemic vascular tone
through multiple signalling pathways. Cardiovasc Res.
2011;89(1):214-224. doi: 10.1093/cvr/cvq275.

[6] MacKay CE, Knock GA. Control of vascular smooth mus-
cle function by Src-family kinases and reactive oxygen
species in health and disease. J Physiol. 2015;593(17):3815-
3828. doi: 10.1113/jphysiol.2014.285304.

[71 Touyz RM, Deschepper C, Park JB, et al. Inhibition of
mitogen-activated protein/extracellular signal-regulated
kinase improves endothelial function and attenuates Ang
ll-induced contractility of mesenteric resistance arteries
from spontaneously hypertensive rats. J Hypertens.
2002;20(6):1127-1134. doi: 10.1097/00004872-200206000-
00024.

[8] Ushio-Fukai M, Alexander RW, Akers M, et al. p38
mitogen-activated protein kinase is a critical compo-
nent of the redox-sensitive signaling pathways activat-
ed by angiotensin Il. Role in vascular smooth muscle
cell hypertrophy. J Biol Chem. 1998;273(24):15022-
15029. doi: 10.1074/jbc.273.24.15022.

[9]1 Gupte SA, Kaminski PM, George S, et al. Peroxide genera-
tion by p47 phox-Src activation of Nox2 has a key role in
protein kinase C-induced arterial smooth muscle contrac-
tion. Am J Physiol Heart Circ Physiol. 2009;296(4):H1048-
1057. doi: 10.1152/ajpheart.00491.2008.

[10] Sotnikovéd R. Investigation of the mechanisms underly-
ing H,0,-evoked contraction in the isolated rat aorta.
Gen Pharmacol. 1998;31(1):115-119. doi: 10.1016/
S0306-3623(97)00392-3.

[11] Vogel PA, Yang X, Moss NG, et al. Superoxide enhances
Ca?* entry through L-type channels in the renal afferent
arteriole.  Hypertension.  2015;66(2):374-381.  doi:
10.1161/HYPERTENSIONAHA.115.05274.

[12] Ding Y, Winters A, Ding M, et al. Reactive oxygen
species-mediated TRPC6 protein activation in vascular
myocytes, a mechanism for vasoconstrictor-regulated
vascular tone. J Biol Chem. 2011;286(36):31799-31809.
doi: 10.1074/jbc.M111.248344.

[13] Michelakis ED, Rebeyka I, Wu X, et al. O, sensing in the
human ductus arteriosus: regulation of voltage-gated
K+ channels in smooth muscle cells by a mitochondrial
redox sensor. Circ Res. 2002;91(6):478-486. doi:
10.1161/01.RES.0000035057.63303.D1.

[14] Shvetsova AA, Khlystova MA, Makukha YA, et al. Reactive
oxygen species augment contractile responses of sa-
phenous artery in 10-15-day-old but not adult rats: sub-
stantial role of NADPH oxidases. Free Radic Biol Med.
2024;216:24-32. https://www.sciencedirect.com/science/
article/pii/S0891584924001242. doi: 10.1016/j.freerad-
biomed.2024.03.005.

[15] Puzdrova VA, Kudryashova TV, Gaynullina DK, et al.
Trophic action of sympathetic nerves reduces arterial
smooth muscle Ca?* sensitivity during early post-natal
development in rats. Acta Physiol. 2014;212(2):128-141.
doi: 10.1111/apha.12331.

[16] Somlyo AP, Somlyo AV. Ca2+ sensitivity of smooth mus-
cle and nonmuscle myosin Il: modulated by G proteins,
kinases, and myosin phosphatase. Physiol Rev.
2003;83(4):1325-1358. doi: 10.1152/physrev.00023.2003.

[17] Akopov SE, Zhang L, Pearce WJ. Regulation of Ca?* sen-
sitization by PKC and rho proteins in ovine cerebral ar-
teries: effects of artery size and age. Am J Physiol.
1998;275(3):H930-H939. doi: 10.1152/
ajpheart.1998.275.3.h930.

[18] Mochalov S, Kalenchuk V, Gainullina D, et al. The contri-
bution of protein kinase C and Rho-kinase to the con-
trol of the receptor-dependent artery contraction de-
creases with age independently of sympathetic
innervation. Biofizika. 2008;53:1102-1108.


https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1016/j.freeradbiomed.2019.09.029
https://doi.org/10.1134/S0022093023060248
https://doi.org/10.1134/S0022093023060248
https://doi.org/10.1016/j.freeradbiomed.2008.11.015
https://doi.org/10.1093/cvr/cvq275
https://doi.org/10.1113/jphysiol.2014.285304
https://doi.org/10.1097/00004872-200206000-00024
https://doi.org/10.1097/00004872-200206000-00024
https://doi.org/10.1074/jbc.273.24.15022
https://doi.org/10.1152/ajpheart.00491.2008
https://doi.org/10.1016/S0306-3623(97)00392-3
https://doi.org/10.1016/S0306-3623(97)00392-3
https://doi.org/10.1161/HYPERTENSIONAHA.115.05274
https://doi.org/10.1074/jbc.M111.248344
https://doi.org/10.1161/01.RES.0000035057.63303.D1
https://www.sciencedirect.com/science/article/pii/S0891584924001242
https://www.sciencedirect.com/science/article/pii/S0891584924001242
https://doi.org/10.1016/j.freeradbiomed.2024.03.005
https://doi.org/10.1016/j.freeradbiomed.2024.03.005
https://doi.org/10.1111/apha.12331
https://doi.org/10.1152/physrev.00023.2003
https://doi.org/10.1152/ajpheart.1998.275.3.h930
https://doi.org/10.1152/ajpheart.1998.275.3.h930

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

Mochalov SV, Tarasova NV, Kudryashova TV, et al. Higher
Ca?*-sensitivity of arterial contraction in 1-week-old rats
is due to a greater Rho-kinase activity. Acta Physiol.
2018;223(3):e13044. doi: 10.1111/apha.13044.
Gaynullina DK, Kudryashova TV, Vorotnikov AV, et al.
Mapks are highly abundant but do not contribute to
al-adrenergic contraction of rat saphenous arteries in
the early postnatal period. Int J Mol Sci. 2021;22(11):6037.
doi: 10.3390/ijms22116037.

Amberg GC, Earley S, Glapa SA. Local regulation of ar-
terial L-type calcium channels by reactive oxygen spe-
cies. Circ Res. 2010;107(8):1002-1010. doi: 10.1161/
CIRCRESAHA.110.217018.

MacKay CE, Shaifta Y, Snetkov VV, et al. ROS-dependent
activation of RhoA/Rho-kinase in pulmonary artery:
role of Src-family kinases and ARHGEF1. Free Radic
Biol Med. 2017;110:316-331. doi: 10.1016/j.freerad-
biomed.2017.06.022.

Shvetsova AA, Gaynullina DK, Schmidt N, et al. TASK-1 chan-
nel blockade by AVE1231 increases vasocontractile respons-
es and BP in 1- to 2-week-old but not adult rats. Br J
Pharmacol. 2020;177(22):5148-5162. doi: 10.1111/bph.15249.
Ruijter JM, Ramakers C, Hoogaars WMH, et al.
Amplification efficiency: linking baseline and bias in the
analysis of quantitative PCR data. Nucleic Acids Res.
2009;37(6):e45. doi: 10.1093/nar/gkp045.

Mulvany MJ, Halpern W. Contractile properties of small
arterial resistance vessels in spontaneously hypertensive
and normotensive rats. Circ Res. 1977;41(1):19-26. doi:
10.1161/01.RES.41.1.19.

Chakraborti S, Chowdhury A, Kar P, et al. Role of protein
kinase C in NADPH oxidase derived O,-mediated regu-
lation of Kv - LVOCC axis under U46619 induced in-
crease in [Ca?*] i in pulmonary smooth muscle cells.
Arch  Biochem Biophys. 2009;487(2):123-130. doi:
10.1016/j.abb.2009.05.015.

Borzykh AA, Shvetsova AA, Kuzmin IV, et al. The role of
reactive oxygen species in the tone regulation of respi-
ratory and locomotor muscle arteries of the rat. Moscow
Univ BiolSci Bull. 2021;76(3):111-117. doi: 10.3103/
$0096392521030020.

Jiang F, Lim HK, Morris MJ, et al. Systemic upregulation
of NADPH oxidase in diet-induced obesity in rats. Redox
Rep. 2011;16(6):223-229. doi: 10.1179/174329211X1304
9558293713.

Kendrick DJ, Mishra RC, John CM, et al. Effects of phar-
macological inhibitors of NADPH oxidase on myogenic
contractility and evoked vasoactive responses in rat re-
sistance arteries. Front Physiol. 2021;12:752366. doi:
10.3389/fphys.2021.752366.

Troiano JA, Potje SR, Graton ME, et al. Decreased reac-
tive oxygen species production and NOX1, NOX2, NOX4
expressions contribute to hyporeactivity to phenyleph-
rine in aortas of pregnant SHR. Life Sci. 2016;144:178-
184. doi: 10.1016/j.1fs.2015.12.011.

Aslam N, Faisal MN, Khan JA, et al. Opuntia ficus indica
(L.) fruit extract alleviates oxidative stress through activa-
tion of dual oxidases and Keap1/Nrf2 signaling cascades
in high-fat-diet associated atherosclerosis rats. Toxicol
Res. 2022;11(6):920-930. doi: 10.1093/toxres/tfac070.
Veit F, Pak O, Egemnazarov B, et al. Function of NADPH
oxidase 1 in pulmonary arterial smooth muscle cells

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

FREE RADICAL RESEARCH 11

after monocrotaline-induced pulmonary vascular re-
modeling. Antioxid Redox Signal. 2013;19(18):2213-
2231. doi: 10.1089/ars.2012.4904.

Altenhofer S, Radermacher KA, Kleikers PWM, et al.
Evolution of NADPH oxidase inhibitors: selectivity and
mechanisms for target engagement. Antioxid Redox
Signal. 2015;23(5):406-427. doi: 10.1089/ars.2013.5814.

Giusti N, Gillotay P, Trubiroha A, et al. Inhibition of the
thyroid hormonogenic H,0, production by Duox/DuoxA
in zebrafish reveals VAS2870 as a new goitrogenic com-
pound. Mol Cell Endocrinol. 2020;500:110635. doi:
10.1016/j.mce.2019.110635.

Wingler K, Altenhoefer SA, Kleikers PWM, et al. VAS2870
is a pan-NADPH oxidase inhibitor. Cell Mol Life Sci.
2012;69(18):3159-3160. doi: 10.1007/s00018-012-1107-1.
Jin L, Ying Z, Webb RC. Activation of Rho/Rho kinase
signaling pathway by reactive oxygen species in rat
aorta. Am J Physiol Heart Circ Physiol. 2004;287(4):H1495-
1500. doi: 10.1152/ajpheart.01006.2003.

Cogolludo AL, Moral-Sanz J, van der Sterren S, et al.
Maturation of O, sensing and signaling in the chicken
ductus arteriosus. Am J Physiol Lung Cell Mol Physiol.
2009;297(4):L619-630. doi: 10.1152/ajplung.00092.2009.
Kajimoto H, Hashimoto K, Bonnet SN, et al. Oxygen acti-
vates the rho/rho-kinase pathway and induces RhoB and
ROCK-1 expression in human and rabbit ductus arterio-
sus by increasing mitochondria-derived reactive oxygen
species: a newly recognized mechanism for sustaining
ductal constriction. Circulation. 2007;115(13):1777-1788.
doi: 10.1161/CIRCULATIONAHA.106.649566.

Pourmahram GE, Snetkov VA, Shaifta Y, et al. Constriction
of pulmonary artery by peroxide: role of Ca?* release
and PKC. Free Radic Biol Med. 2008;45(10):1468-1476.
doi: 10.1016/j.freeradbiomed.2008.08.020.

Miller AA, Drummond GR, Sobey CG. Novel isoforms of
NADPH-oxidase in cerebral vascular control. Pharmacol
Ther. 2006;111(3):928-948. doi: 10.1016/j.pharmthera.
2006.02.005.

Li L, Lai EY, Wellstein A, et al. Differential effects of su-
peroxide and hydrogen peroxide on myogenic signal-
ing, membrane potential, and contractions of mouse
renal afferent arterioles. Am J Physiol Renal Physiol.
2016;310(11):F1197-F1205. doi: 10.1152/ajpre-
nal.00575.2015.

Ward JPT, Knock GA, Snetkov VA, et al. Protein kinases
in vascular smooth muscle tone-role in the pulmonary
vasculature and hypoxic pulmonary vasoconstriction.
Pharmacol Ther. 2004;104(3):207-231. doi: 10.1016/j.
pharmthera.2004.08.009.

Garcia-Redondo AB, Briones AM, Martinez-Revelles S,
et al. c-Src, ERK1/2 and Rho kinase mediate hydrogen
peroxide-induced vascular contraction in hypertension:
role of TXA2, NAD(P)H oxidase and mitochondria. J.
Hypertens. 2015;33(1):77-87. doi: 10.1097/
HJH.0000000000000383.

Tykocki NR, Boerman EM, Jackson WF. Smooth muscle
ion channels and regulation of vascular tone in resis-
tance arteries and arterioles. Compr Physiol.
2017;7(2):485-581. doi: 10.1002/cphy.c160011.

Lucchesi PA, Belmadani S, Matrougui K. Hydrogen per-
oxide acts as both vasodilator and vasoconstrictor in
the control of perfused mouse mesenteric resistance


https://doi.org/10.1111/apha.13044
https://doi.org/10.3390/ijms22116037
https://doi.org/10.1161/CIRCRESAHA.110.217018
https://doi.org/10.1161/CIRCRESAHA.110.217018
https://doi.org/10.1016/j.freeradbiomed.2017.06.022
https://doi.org/10.1016/j.freeradbiomed.2017.06.022
https://doi.org/10.1111/bph.15249
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1161/01.RES.41.1.19
https://doi.org/10.1016/j.abb.2009.05.015
https://doi.org/10.3103/S0096392521030020
https://doi.org/10.3103/S0096392521030020
https://doi.org/10.1179/174329211X13049558293713
https://doi.org/10.1179/174329211X13049558293713
https://doi.org/10.3389/fphys.2021.752366
https://doi.org/10.1016/j.lfs.2015.12.011
https://doi.org/10.1093/toxres/tfac070
https://doi.org/10.1089/ars.2012.4904
https://doi.org/10.1089/ars.2013.5814
https://doi.org/10.1016/j.mce.2019.110635
https://doi.org/10.1007/s00018-012-1107-1
https://doi.org/10.1152/ajpheart.01006.2003
https://doi.org/10.1152/ajplung.00092.2009
https://doi.org/10.1161/CIRCULATIONAHA.106.649566
https://doi.org/10.1016/j.freeradbiomed.2008.08.020
https://doi.org/10.1016/j.pharmthera.2006.02.005
https://doi.org/10.1016/j.pharmthera.2006.02.005
https://doi.org/10.1152/ajprenal.00575.2015
https://doi.org/10.1152/ajprenal.00575.2015
https://doi.org/10.1016/j.pharmthera.2004.08.009
https://doi.org/10.1016/j.pharmthera.2004.08.009
https://doi.org/10.1097/HJH.0000000000000383
https://doi.org/10.1097/HJH.0000000000000383
https://doi.org/10.1002/cphy.c160011

12 (&) A.A.SHVETSOVAETAL.

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

arteries. J  Hypertens.  2005;23(3):571-579.
10.1097/01.hjh.0000160214.40855.79.

Hussain M, lkram W, Ikram U. Role of c¢-Src and reactive
oxygen species in cardiovascular diseases. Mol Genet
Genomics. 2023;298(2):315-328. doi: 10.1007/
500438-023-01992-9.

Ameziane-El-Hassani R, Morand S, Boucher J-L, et al. Dual
oxidase-2 has an intrinsic Ca?*-dependent H,0,-generating
activity. J Biol Chem. 2005;280(34):30046-30054. doi:
10.1074/jbc.M500516200.

Ungvari Z, Csiszar A, Huang A, et al. High pressure in-
duces superoxide production in isolated arteries via
protein kinase C-dependent activation of NAD(P)H oxi-
dase.  Circulation.  2003;108(10):1253-1258.  doi:
10.1161/01.CIR.0000079165.84309.4D.

Wang Q, Wang W, Wang G, et al. Crosstalk between
RyR2 oxidation and phosphorylation contributes to car-
diac dysfunction in mice with Duchenne muscular dys-
trophy. J Mol Cell Cardiol. 2015;89(Pt B):177-184. doi:
10.1016/j.yjmcc.2015.11.009.

Villamor E, Moreno L, Mohammed R, et al. Reactive ox-
ygen species as mediators of oxygen signaling during
fetal-to-neonatal circulatory transition. Free Radic Biol
Med. 2019;142:82-96. doi: 10.1016/j.freerad-
biomed.2019.04.008.

Shvetsova AA, Gaynullina DK, Tarasova OS, et al
Negative feedback regulation of vasocontraction by po-
tassium channels in 10- to 15-day-old rats: dominating
role of Kv7 channels. Acta Physiol. 2019;225(2):e13176.
doi: 10.1111/apha.13176.

Shvetsova AA, Gaynullina DK, Tarasova OS, et al
Remodeling of arterial tone regulation in postnatal de-
velopment: focus on smooth muscle cell potassium
channels. Int J Mol Sci. 2021;22(11):5413. doi: 10.3390/
ijms22115413.

Muralidharan P, Cserne Szappanos H, Ingley E, et al.
Evidence for redox sensing by a human cardiac calcium
channel. Sci Rep. 2016;6(1):19067. doi: 10.1038/
srep19067.

doi:

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Yang L, Xu J, Minobe E, et al. Mechanisms underlying
the modulation of L-type Ca?* channel by hydrogen
peroxide in guinea pig ventricular myocytes. J Physiol
Sci. 2013;63(6):419-426. doi: 10.1007/512576-013-0279-2.
Hool LC, Corry B. Redox control of calcium channels: from
mechanisms to therapeutic opportunities. Antioxid Redox
Signal. 2007;9(4):409-435. doi: 10.1089/ars.2006.1446.
Gollasch M, Haase H, Ried C, et al. L-type calcium chan-
nel expression depends on the differentiated state of
vascular smooth muscle cells. FASEB J. 1998;12(7):593-
601. doi: 10.1096/fasebj.12.7.593.

Quignard JF, Grazzini E, Guillon G, et al. Absence of cal-
cium channels in neonatal rat aortic myocytes. Pflugers
Arch. 1996;431(5):791-793. doi: 10.1007/BF02253845.
Kudryavtseva O, Herum KM, Dam VS, et al
Downregulation of L-type Ca?* channel in rat mesenter-
ic arteries leads to loss of smooth muscle contractile
phenotype and inward hypertrophic remodeling. Am J
Physiol Heart Circ Physiol. 2014;306(9):H1287-1301. doi:
10.1152/ajpheart.00503.2013.

Matchkov VV, Kudryavtseva O, Aalkjaer C. Intracellular
Ca?* signalling and phenotype of vascular smooth mus-
cle cells. Basic Clin Pharmacol Toxicol. 2012;110(1):42—
48. doi: 10.1111/j.1742-7843.2011.00818.x.

Hu XQ, Zhang L. Oxidative regulation of vascular Cav1.2
channels triggers vascular dysfunction in hypertension-
related disorders. Antioxidants. 2022;11(12):2432. doi:
10.3390/antiox11122432.

Jankov RP, Negus A, Tanswell AK. Antioxidants as thera-
py in the newborn: some words of caution. Pediatr Res.
2001;50(6):681-687. doi: 10.1203/00006450-200112000-
00009.

Lee JW, Davis JM. Future applications of antioxidants in
premature infants. Curr Opin Pediatr. 2011;23(2):161-
166. doi: 10.1097/MOP.0b013e3283423e51.

Perez M, Robbins ME, Revhaug C, et al. Oxygen radical
disease in the newborn, revisited: oxidative stress and
disease in the newborn period. Free Radic Biol Med.
2019;142:61-72. doi: 10.1016/j.freeradbiomed.2019.03.035.


https://doi.org/10.1097/01.hjh.0000160214.40855.79
https://doi.org/10.1007/s00438-023-01992-9
https://doi.org/10.1007/s00438-023-01992-9
https://doi.org/10.1074/jbc.M500516200
https://doi.org/10.1161/01.CIR.0000079165.84309.4D
https://doi.org/10.1016/j.yjmcc.2015.11.009
https://doi.org/10.1016/j.freeradbiomed.2019.04.008
https://doi.org/10.1016/j.freeradbiomed.2019.04.008
https://doi.org/10.1111/apha.13176
https://doi.org/10.3390/ijms22115413
https://doi.org/10.3390/ijms22115413
https://doi.org/10.1038/srep19067
https://doi.org/10.1038/srep19067
https://doi.org/10.1007/s12576-013-0279-2
https://doi.org/10.1089/ars.2006.1446
https://doi.org/10.1096/fasebj.12.7.593
https://doi.org/10.1007/BF02253845
https://doi.org/10.1152/ajpheart.00503.2013
https://doi.org/10.1111/j.1742-7843.2011.00818.x
https://doi.org/10.3390/antiox11122432
https://doi.org/10.1203/00006450-200112000-00009
https://doi.org/10.1203/00006450-200112000-00009
https://doi.org/10.1097/MOP.0b013e3283423e51
https://doi.org/10.1016/j.freeradbiomed.2019.03.035

	NADPH oxidase derived ROS promote arterial contraction in early postnatal rats by activation of L-type voltage-gated Ca2+ channels
	ABSTRACT
	1. Introduction
	2. Methods
	2.1. Animals
	2.2. Measurement of mRNA expression levels in arterial tissue by qPCR
	2.3. Experiments on the isolated arteries (wire myography)
	2.4. Evaluation of O2 production by lucigenin-enhanced chemiluminescence
	2.5. Drugs
	2.6. Statistical data analysis

	3. Results
	3.1. mRNA expression of NADPH oxidase isoforms in saphenous artery of young rats
	3.2. Effects of inhibition of NADPH oxidase together with Rho-kinase or PKC or Src-kinase on arterial contractile responses
	3.3. Effects of inhibition of NADPH oxidase together with LTCC blockade on arterial contractile responses
	3.4. Effects of LTCC blockade on O2 production in saphenous artery of young rats

	4. Discussion
	4.1. mRNA of Nox2 is the most abundant NADPH oxidase isoform in saphenous artery of young rats
	4.2. ROS, produced by NADPH oxidase, promote vasocontraction in response to methoxamine regardless activity of Rho-kinase, PKC or Src-kinase in saphenous artery of young rats
	4.3. ROS, produced by NADPH oxidase, promote vasocontraction in response to methoxamine by activation of LTCC in saphenous artery of young rats
	4.4. Limitations of the study

	5. Conclusions
	Acknowledgements
	Authors contributions
	Disclosure statement
	Funding
	References


