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Abstract

The aim of this study was to elucidate the role of protein kinase Cp (PKCp) in
subacute angiotensin II (Ang II)-induced oxidative stress and the mechanism
of its effects on vascular smooth muscle cells (VSMCs) using a PKCp-knockout
strategy. Both short-term (30min) and prolonged (24h) treatment with Ang II
increased reactive oxygen species (ROS) production through NADPH oxidase
(NOX) activation, with increased phosphorylation of PKCp at active site Ser660
in rat primary VSMCs from mesenteric artery. The increases in ROS produc-
tion and NOX activity were completely abolished in VSMCs of PKCp-knockout
rats, in which the absence of PKC mRNA expression was confirmed. Genomic
and pharmacologic analyses indicated that prolonged treatment with Ang II in-
creased ROS production via NF-kB-mediated NOX1 and p22P"* expression via
the PKCB/ROS pathway. In vivo infusion of Ang II at a low dose (10ng/kg/min)
for 7 days increased ROS production and NOX1 and p22P"* expression in mesen-
teric artery in both male and female non-transgenic rats, and these effects were
abolished by PKCP gene deletion. These results suggest that the PKCf isoform is
the primary regulator of oxidative stress in VSMCs in response to both acute and
subacute exposure to Ang II.
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1 | INTRODUCTION dysfunction and blood pressure elevation. Oxidative stress
is also involved in the pathogenesis of subsequent vascular
proliferative diseases. Reactive oxygen species (ROS), pri-

marily generated by NADPH oxidase (NOX), mitochondria,

Oxidative stress plays a crucial role in the development
and progression of hypertension, contributing to vascular
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and uncoupled nitric oxide (NO) synthase, are major driv-
ers of oxidative stress in hypertensive states (Harrison
et al., 2021). These ROS inactivate NO, leading to reduced
vasodilation, increased vascular contraction, and promo-
tion of vascular stiffening and remodeling, which in turn
promote hypertension (Laursen et al., 2001; Li et al., 2015;
Park et al., 2022). ROS also contribute to sodium reabsorp-
tion in the kidneys, which increases blood volume and
cardiac output (Araujo & Wilcox, 2014). In the nervous
system, ROS amplify sympathetic nervous system activity,
exacerbating blood pressure elevation (Lob et al., 2013).
Importantly, the ensuing oxidative stress promotes inflam-
mation and fibrosis in cardiovascular tissues, thus further
aggravating hypertension (Griendling et al., 2021; Rizzoni
et al., 2022). However, no approved therapies targeting
ROS specifically for the treatment of hypertension in hu-
mans are currently available. Considering the essential
physiologic roles of ROS, rather than broadly inhibiting
all ROS, the development of drugs that specifically target
excessively activated ROS-producing enzymes or their reg-
ulatory factors may represent a more effective novel phar-
macologic approach for treating chronic hypertension.

The critical role of NOX-derived ROS production in
the pathophysiology of hypertension has been clearly
demonstrated in numerous studies (Dikalova et al., 2005;
Matsuno et al., 2005). Among the agonists involved in
cardiovascular diseases, angiotensin II (Ang II) is a key
activator of NOX in hypertension (Cicalese et al., 2021);
binding of Ang II to its receptor (AT1R) triggers a cascade
of signaling events that primarily promote the activation
of NOX1 and NOX2 (Al Ghouleh et al., 2016; Dikalov
et al., 2014). This process involves the phosphorylation
and activation of protein kinase C (PKC) and Rho family
GTPases (e.g., Racl), all of which are essential for the as-
sembly of the active NOX complex at the cell membrane.

Among known PKC isoforms, PKCp reportedly plays a
particularly significant role by directly facilitating NOX1
activation (Streeter et al., 2014). As such, inhibiting PKC
could potentially suppress hypertension and the vascu-
lar remodeling associated with chronic hypertension.
However, the role of PKCf in Ang II-induced ROS accu-
mulation remains insufficiently investigated.

We recently demonstrated that the enhancement of vas-
cular contraction and elevation of blood pressure induced
by administration of a pressor dose of Ang II (200ng/kg/
min) for 7days was attenuated in PKCP knockout (KO)
rats (Tajima et al., 2025). In this study, we examined the
role of PKCB in Ang II-induced oxidative stress using
vascular smooth muscle cells (VSMCs) from control and
PKCp-KO rats, with a particular focus on subacute ROS
accumulation and its effects in vivo. We found that both
short-term (30 min) and prolonged (24 h) treatment with
Ang 1T led to ROS generation, primarily via NOX activity

with PKCp activation in VSMCs from the mesenteric ar-
tery, and this effect was diminished by genetic deletion
or inhibition of PKCf. Prolonged treatment with Ang II
also increased the expression of NOX1 and p22P"* via the
PKCB/ROS/NF-xB pathway. Finally, ROS accumulation
induced by in vivo infusion of Ang II at a low dose (10ng/
kg/min) for 7days was completely abolished in vascular
tissues of PKCp-KO rats.

2 | MATERIALS AND METHODS

2.1 | Animals

Both male and female non-transgenic (NT) Wistar and
PKCpB-KO rats were used in this study and cared for in
accordance with standards set forth by the National
Institutes of Health guidelines for the care and use of
experimental animals (No. 2021-087, No. 2023-103). The
study was conducted in a clean room at a facility accred-
ited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC). Animals were
maintained under controlled environmental conditions
(temperature: 23°C+1°C; humidity: 50%+10%) with a
12-h light/dark cycle. Standard chow (CE-2, CLEA Japan)
and water were provided ad libitum. All procedures were
approved by the Animal Care and Use Committee of
Okayama University of Science.

PKCp-KO rats were generated using Wistar rats pur-
chased from Japan SLC (Shizuoka, Japan), as previously
described (Tajima et al., 2025). All experiments were con-
ducted using Wistar rats obtained from the same vendor to
minimize potential variability due to genetic background.
In some experiments, rats (9-13weeks old) were infused
with Ang II (10ng/kg/min) for 1week using an osmotic
minipump (Model 2001, ALZET, Cupertino, CA, USA).

2.2 | Cell culture

VSMCs from mesenteric artery were isolated from
male NT and transgenic rats (4-5weeks old) in which
the PKCp gene was deleted. VSMCs were isolated from
the first or secondary order mesenteric artery using
the explant method. The cells were then suspended in
high-glucose Dulbecco’'s modified Eagle Medium sup-
plemented with 10% fetal bovine serum, 1% sodium
pyruvate, and 1% penicillin/streptomycin (100 units/
mL) and plated in 6-well plates at 37°C in a 5% CO, in-
cubator. After 3days, nonadherent cells were removed
by washing with phosphate-buffered saline (PBS), and
the adherent cells were cultured until reaching 90% con-
fluence, then split for experiments. VSMCs were starved
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overnight before stimulation, and ROS production was
measured in live cells, or protein or RNA lysates were
collected and stored at —80°C until further analysis.

2.3 | Fluorometric measurement of ROS
ROS accumulation was assessed using dihydroethidium
(DHE). Mesenteric VSMCs were pretreated with the indi-
cated agents (LY333531, CGP53353, or vehicle) for 1h at
37°C and then incubated in the absence (control) or pres-
ence of Ang IT (100 nM) for 30 min or 24 h before treatment
with DHE (10 pM). DHE was determined using a fluores-
cence plate reader (Tecan, Midnnedorf, Switzerland) for
in vitro analyses. The concentration of 100nM Ang II was
selected based on previous reports indicating maximal
functional effects at this dose (Tajima et al., 2025).

In addition, mesenteric arteries were embedded in
OCT compound (4583, Sakura Finetek Japan, Tokyo,
Japan) and kept at —80°C until sectioning. Frozen sections
(20 pm thick) of the mesenteric arteries were cut using a
cryostat and incubated for 15min at room temperature in
PBS containing 10pM DHE. Images were acquired using
confocal microscopy (Zeiss LSM710) with a 10x objective
lens at excitation/emission wavelengths of 488/568 nm,
and the images were analyzed using ImageJ software.

2.4 | Chemiluminescence analysis of
NOX-derived superoxide production

To analyze NOX-derived superoxide production,
lucigenin-induced chemiluminescence was measured
using a luminescence plate reader (Tecan). Each well of
a 96-well plate was filled with 180 uL of phosphate buffer
consisting of 50mM NaH,PO, and NaHPO,, 1 mM EGTA,
and 150mM sucrose, and protein lysate (12.5-20 pg) was
added in the presence of 100pM NADPH and 500 pM
lucigenin at pH7.0. After the samples were mixed thor-
oughly, chemiluminescence was continuously measured
for 15min. Chemiluminescence, defined as relative light
units per second (RLU/s), was measured every 10s, and
the maximal RLU/s value was compared between control
and Ang II-treated samples.

2.5 | Analysis of mitochondrial ROS
accumulation

Mitochondrial ROS accumulation was assessed using a
commercial fluorescent dye (MitoBright ROS Deep Red;
MT16, Dojindo, Kumamoto, Japan). Following the manu-
facturer's instructions, mesenteric VSMCs were treated
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with Ang II (100nM) for 30 min or 24 h before treatment
with the dye. Mitochondrial ROS accumulation was then
determined using a fluorescence plate reader (Tecan) for
in vitro analyses.

2.6 | Western blotting

VSMCs and mesenteric arteries that were cleaned of
perivascular fat were snap-frozen in liquid nitrogen. The
frozen samples were then homogenized in lysis buffer con-
sisting of 50mmol/L Tris-HCI, 0.1 mmol/L EDTA (pH7.5),
1% (m/vol) sodium deoxycholic acid, 1% (vol/vol) Nonidet
P-40, and 0.1% (vol/vol) SDS, supplemented with protease
and phosphatase inhibitors (25955-11, 07575-51, Nacalai
Tesque, Kyoto, Japan). The homogenized tissues were then
subjected to rotary shaking for 1h at 4°C and then centri-
fuged (20,000g) for 10min at 4°C. The protein concentra-
tion in the resulting supernatant was determined by Lowry
assay. Equal amounts of total protein (7.5-20 ug) were sepa-
rated by SDS-PAGE (8%-12%) and transferred onto polyvi-
nylidene fluoride membranes (Millipore, Burlington, MA,
USA). The membranes were blocked with 5% skim milk and
incubated with primary antibodies at 4°C overnight; bands
were visualized by incubation with horseradish peroxidase-
conjugated secondary antibodies: anti-rabbit IgG (NA934,
GE Healthcare, Chicago, IL, USA) and anti-mouse IgG
(NA931, GE Healthcare) (1:10,000 dilution, 1h). Antibodies
against PKCp (GTX113252, GeneTex, Irvine, CA) (1:500 di-
lution), phospho-PKC S660 (GTX59569, GeneTex) (1:300
dilution), p65 (#8242, Cell Signaling Technology, Danvers,
MA) (1:500 dilution), phospho-p65 (#3033, Cell Signaling
Technology) (1:500 dilution), Akt (10176-2-AP, Proteintech,
Rosemont, IL) (1:500 dilution), phospho-Akt (#4060, Cell
Signaling Technology) (1:300 dilution), ERK (11257-1-AP,
Proteintech) (1:500 dilution), and phospho-ERK (#9101, Cell
Signaling Technology) (1:300 dilution) were used for these
experiments. Glyceraldehyde phosphate dehydrogenase
(GAPDH) was used as a loading control; the corresponding
antibody (sc-32,233) (1:5000 dilution) was obtained from
Santa Cruz Biotechnology (Dallas, TX, USA).

2.7 |
(gPCR)

Quantitative real-time RT-PCR

RNA was extracted from mesenteric VSMCs, and qPCR
was performed as previously described (Mukohda
et al., 2023). Briefly, using a commercial kit (Rever-Tra
Ace qPCR RT Master Mix; FSQ-301, Toyobo, Osaka,
Japan), cDNA was synthesized from 100-200ng of total
RNA extracted from the tissues using RNA Mini Kit with
spin columns (74104, QIAGEN, Hilden, Germany). Each
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reaction was performed in duplicate. cDNA (2-5ng) was
subjected to gene expression assays using Fast SYBR
Green Master Mix (A66732, Thermo Fisher Scientific,
Waltham, MA, USA) along with target-gene primers in a
total volume of 10pL. The following primers were used:
rPKCB, 5'-GCTGGCTTCTCGTATACTAACC-3' (fwd)
and 5-CAGTGGGCAATGCACTTATTC-3’ (rev); rPKCa,
5'-CCTGAGTATCCTGGGCTATTTG-3' (fwd) and 5'-C
CCTTCTTGCTCTGACTCTTAC-3' (rev); rPKCS, 5'-CC
CTGAACATCTACCCTTCTTG-3" (fwd) and 5-ACTC
GTGGTTCTTGATGTAGTG-3' (rev); rPKCe, 5-GCCTC
TTCTTCGTCATGGAATA-3' (fwd) and 5-CAGCAGT
ACCCAGTCAATCTC-3' (rev); rtGAPDH, 5-GGGTGTG
AACCACGAGAAATA-3' (fwd) and 5-GGATGGAATT
GTGAGGGAGATG-3' (rev); tNOX1, 5-CTCTGTTCTC
TCCAGCCTATTC-3' (fwd) and 5-CTCCTGCAACTCC
TTTCATACT-3' (rev); rp22P"*, 5'“AGTGGTACTTTGGT
GCTTACTC-3' (fwd) and 5-ACCTCATCTGTCACT
GGAATTG-3’ (rev); and rNOXA1, 5-GCTGAGGGAAC
AGCTACAAA-3’ (fwd) and 5-TGGCACATTCCTCCA
TACAC-3" (rev). AACT values were calculated using
GAPDH as a reference gene to determine relative mRNA
expression levels.

2.8 | Blood pressure measurement
using the tail-cuff method

Systolic blood pressure was measured using the tail-cuff
method (Muromachi, Tokyo, Japan) as previously de-
scribed (Seki et al., 2024). Rats were trained to reduce
stress before starting measurements, and blood pressure
was measured at room temperature without a heater.

2.9 | Chemicals

Ang II (A9525), apocynin (A10809), and DHE (37,291,
D7008) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). LY333531 (ab219866) was purchased from
Abcam (Cambridge, UK); lucigenin (CDX-D0068-G002)
was purchased from Funakoshi (Tokyo, Japan);
CGP53353 (2442) was purchased from Tocris Bioscience
(Bristol, UK); Mitotempol (18796) and NADPH (9000743)
were purchased from Cayman Chemical (Ann Arbor, M1,
USA); and SC75741 (S7273) was purchased from Selleck
Chemicals (Houston, TX, USA).

2.10 | Statistical analyses

The number of samples was comparable between control
and treatment groups in both the cell-based and animal

experiments. Results are expressed as mean + SEM. Data
were evaluated statistically using Prism software
(GraphPad, San Diego, CA, USA). Where appropriate,
data were compared between two groups using a two-
tailed paired or unpaired Student's t-test. In other ex-
periments, data between more than two groups were
compared using two-tailed one-way analysis of variance
with post hoc Tukey's test. Differences were considered
statistically significant at p <0.05.

3 | RESULTS
3.1 | Effect of AngII on ROS
production and phosphorylation of PKCp

First, we investigated the extent of ROS production and
the underlying mechanisms of the effects induced by the
treatment of rat VSMCs with Ang II. Mesenteric VSMCs
from NT rats were cultured, and we confirmed that >90%
of the cells were positive for a-smooth muscle actin
(Figure S1; Figures S1-S3 are available at https://figshare.
com/s/8d284fd45eae41c6a6cl).

To determine the effect of Ang II on ROS production
in rat mesenteric VSMCs, live cells were stained with
DHE. Short-term treatment with Ang II (100nM) for
30 min significantly increased ROS production in VSMCs
(Figure 1a). A luciferase assay showed that treatment of
VSMCs with Ang IT (100nM) for 30 min increased NOX
activity, which was blocked by treatment with the NOX
inhibitor, apocynin (Figure 1b). By contrast, treatment
of VSMCs with Ang II (100 nM) for 30 min did not stim-
ulate mitochondrial ROS production, as assessed using
the mitochondrial-targeted fluorescent O,  indicator
(Figure 1c). In addition, prolonged treatment with Ang
IT (100nM, 24h) also increased both ROS production
(Figure 1d) and NOX activity (Figure le) in VSMCs,
but mitochondrial ROS production was not affected
(Figure 1f). These results indicate that Ang II induces
ROS production by increasing non-mitochondrial NOX
activity.

We then examined whether Ang II activates PKCp in
rat mesenteric VSMCs. Treatment of VSMCs with Ang II
(1-1000nM, 15min) resulted in phosphorylation of PKCf
at S660 in a dose-dependent manner (Figure 1g,h), indi-
cating that Ang II induces PKCp activation.

3.2 | Effect of PKCp deletion on Ang IT-
induced ROS production

To determine whether PKCf is involved in Ang II-in-
duced ROS production, we prepared mesenteric VSMCs
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FIGURE 1 Effect of angiotensin II (Ang II) on reactive oxygen species (ROS) production and phosphorylation of protein kinase C
(PKC)p in rat mesenteric vascular smooth muscle cells (VSMCs). Dihydroethidium (DHE) staining was used to detect ROS production

in rat mesenteric artery primary VSMCs treated with Ang IT (100nM) for 30 min (a, n=>5) or 24h (d, n="7). Lucigenin assay was used to
detect NADPH oxidase (NOX)-derived superoxide production in VSMCs exposed to Ang II (100nM) for 30 min (b, n=4-5) or 24h (e,
n=5-7) following pretreatment with apocynin (100 uM). Mitochondrial-targeted fluorescent O, indicator was used to detect mitochondrial
superoxide production in VSMCs exposed to Ang II (100nM) for 30 min (¢, n=38) or 24 h (f, n=38) following pretreatment with mitotempol
(100 M) as a negative control. Representative (g) and quantitative (h) Western blotting analysis of phosphorylation of PKCp (S660), PKCp,
and GAPDH in VSMCs exposed to Ang II (0, 1, 10, 100, or 1000 nM) for 15min (n=7). Values are mean + SEM. Exact p-values are shown on

the graphs.

from PKCp-KO rats and confirmed that expression of
PKCp mRNA could not be detected (Figure 2a). Analyses
of PKCa, 9, and &, which are highly expressed in VSMCs in
addition to PKCp (Grange et al., 1998), revealed no signifi-
cant differences in the expression levels of these isoforms
between NT and KO VSMCs (Figure 2b—d).

As shown in Figure 2e, short-term treatment with Ang
IT (100nM, 30min) did not lead to increased ROS pro-
duction in VSMCs from PKCB-KO rats. In addition, no
increase in ROS production was observed following pro-
longed treatment with Ang II (100nM, 24h) in VSMCs
from PKCp-KO rats (Figure 2g). Similarly, Ang II-induced
NOX activity was greatly diminished in the cells from
PKCp-KO rats (Figure 2f,h).

3.3 | Effect of PKCf inhibitor treatment
on Ang II-induced ROS production

We also examined the effect of PKCp inhibitors on Ang II-
induced ROS production. In NT-VSMCs, Ang II (100nM,
30min)-induced ROS production was significantly de-
creased by pretreatment with the PKCp inhibitor L'Y333531
(10nM, 60min) or the relatively selective PKC, inhibitor
CGP53353 (100nM, 60min) (Figure 3a). Ang IT (100nM,
30min)-induced NOX activity was also significantly de-
creased by pretreatment with LY333531 or CGP53353
(Figure 3b). Furthermore, pretreatment with LY333531
or CGP53353 also inhibited the increase in ROS produc-
tion (Figure 3c) and NOX activity (Figure 3d) induced by
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FIGURE 2 Effect of PKCp deletion on ROS production in rat mesenteric VSMCs. Expression of PKC isoforms in primary mesenteric
VSMCs from PKCp-knockout (KO) rats (a-d). Quantitative PCR analysis of PKCp (a), PKCa (b), PKCS (c), and PKCe (d) expression in
primary mesenteric VSMCs of non-transgenic (NT) and PKCp-KO rats (n=6-7). DHE staining was used to detect ROS production in
NT- or PKCB-KO-VSMCs treated with Ang IT (100nM) for 30 min (e, n=>5) or 24h (g, n="7). Lucigenin assay was used to detect NOX-
derived superoxide production in NT- or PKCB-KO-VSMCs treated with Ang II (100nM) for 30 min (f, n=6) or 24 h (h, n=8). Values are
mean + SEM. Exact p-values are shown on the graphs. U.D., undetectable.

prolonged Ang II treatment (100nM, 24h). Treatment with
LY333531 or CGP53353 alone did not affect either ROS pro-
duction or NOX activity compared with control cells.

3.4 | Role of the NOX1/p22P"** complex
in PKCf-mediated ROS production

The role of PKCp in the induction of NOX activity by pro-
longed treatment with Ang II was examined in greater de-
tail. Given that NOX1 and NOX4 are abundantly expressed
in VSMCs (Lassegue et al., 2001; Stevenson et al., 2023), this
study examined changes in the expression levels of NOX1
and associated factors. Treatment with Ang II (100nM)
for 6h induced NOX1 mRNA expression in NT-VSMCs

(Figure 4a). By contrast, in VSMCs prepared from PKCf-KO
rats, the Ang II-induced increase in NOX1 expression was
almost completely suppressed (Figure 4b). In addition, treat-
ment with tempol, a stable nitroxide radical exhibiting sig-
nificant antioxidant and redox-modulating properties, also
attenuated Ang II-induced NOX1 expression (Figure 4c),
suggesting that Ang II induces NOX1 expression through
PKCp-derived ROS production.

We next examined the expression of p22P"*, an essential
subunit of the NOX complex and membrane-bound pro-
tein that regulates the activity of NOX1 (Prior et al., 2016).
Treatment with Ang II (100nM) for 6-12h significantly
increased the expression of p22P"™* mRNA (Figure 4d),
but this increase was not observed in PKCB-KO VSMCs
(Figure 4e) or NT-derived VSMCs treated with tempol
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FIGURE 3 Effect of PKCp inhibitor treatment on ROS production in rat mesenteric VSMCs. DHE staining was used to detect ROS
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pretreatment with the PKCp inhibitors LY333531 (100nM, 1h) or CGP53353 (100nM, 1h), or treatment with these PKCp inhibitors alone.

Values are mean + SEM. Exact p-values are shown on the graphs.

(Figure 4f). We also examined the expression of NOX acti-
vator 1 (NOXA1), which is a regulatory factor involved in
the activation of NOX1 (Maehara et al., 2010). Ang II treat-
ment did not increase NOXA1 expression levels in VSMCs
from either NT or PKCp rats (Figure 4g-i). Treatment of
NT-derived VSMCs with Ang II also increased NOX1 pro-
tein expression (Figure 4j,k); however, this increase was
not observed in PKCB-KO VSMCs or in NT-VSMCs treated
with tempol.

3.5 | Role of NF-kB in PKCf-mediated
ROS production

To elucidate the mechanism underlying the Ang II-in-
duced upregulation of NOX1 and p22P"** expression, we
identified the associated intracellular signaling pathways.
Treatment of NT-VSMCs with Ang IT (100nM) for 60 min
significantly increased the phosphorylation of p65, a subu-
nit of NF-xB (Figure 5a,b). By contrast, phosphorylation of
p65 was blocked by PKCp deletion or tempol treatment. In
rat mesenteric artery VSMCs, Ang II treatment (100nM,
0-60min) did not increase the phosphorylation of ERK or

Akt. Similarly, no changes in ERK or Akt phosphorylation
were observed in PKCB-KO VSMCs or NT-VSMCs treated
with tempol.

We also examined whether Ang II-induced NF-xB
activation contributes to the upregulation of NOX1 and
p22P1°% expression. Co-treatment with the NF-kB inhib-
itor SC75741 (10puM) attenuated Ang II (100nM, 6h)-
induced NOX1 expression in NT-VSMCs (Figure 5c). In
addition, SC75741 co-treatment also suppressed the Ang
II (100nM, 6h)-induced increase in p22P"* expression
(Figure 5d). We also confirmed that co-treatment with
SC75741 (10pM) decreased ROS production induced
by prolonged treatment with Ang II (100nM, 24h)
(Figure 5e).

3.6 | Effect of in vivo treatment with

AngII

Finally, we investigated whether PKCf is involved in
ROS production induced by in vivo administration of
Ang II. We previously observed that infusion of Ang
IT at a pressor concentration (200 ng/kg/min) activates
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FIGURE 4 Effect of PKCp inhibition on expression of NOX1-related genes in rat mesenteric VSMCs. Expression of NOX1, p22ph°X,

and NOX activator (NOXA)1 in primary mesenteric VSMCs from NT or PKCp-KO rats. Quantitative PCR analysis of NOX1 expression in
NT-VSMCs (a, ¢) or PKCB-KO-VSMCs (b) treated with Ang IT (100nM) for 6, 12, or 24 h without or with tempol (c) (n=4). Quantitative PCR
analysis of p22thox expression in NT-VSMCs (d, f) or PKCB-KO-VSMCs (e) treated with Ang II (100 nM) for 6, 12, or 24h without or with
tempol (f) (n=4). Quantitative PCR analysis of NOXA1 expression in NT-VSMCs (g, i) or PKCB-KO-VSMCs (h) treated with Ang IT (100 nM)
for 6, 12, or 24 h without or with tempol (i) (n=4). Representative (j) and quantitative (k) Western blotting analysis of the expression of
NOX1 in NT-VSMCs or PKCB-KO-VSMCs treated with Ang IT (100 nM) for 24 h without or with tempol (n=4). Values are mean + SEM.

Exact p-values are shown on the graphs.

vascular PKCP and that PKCp deficiency suppresses
Ang I1-induced blood pressure elevation in male rats
(Tajima et al., 2025). In this study, to control for the in-
fluence of blood pressure, we used a lower concentration
of Ang II. Treatment of male Wistar rats with Ang IT at
a lower concentration of 10 ng/kg/min for 7 days did not
alter systolic blood pressure in either NT or PKCB-KO
rats (Figure S2a).

DHE staining revealed that ROS production increased
in male NT mesenteric artery following Ang II infusion,
but this effect was not observed in mesenteric artery from
male PKCB-KO rats (Figure 6a,b). Ang II infusion increased
the expression of NOX1 mRNA in mesenteric artery from

male NT, but not PKCB-KO rats (Figure 6¢). In addition,
Ang II infusion increased the expression of p22P™* mRNA
in mesenteric artery from male NT rats, but this effect was
not observed in mesenteric artery from male PKCp-KO rats
(Figure 6d). By contrast, Ang II infusion did not lead to a sig-
nificant increase in NOXA1 expression in mesenteric artery
from male NT or PKCp-KO rats (Figure S3a).

Next, we examined the effect of sex on Ang II-induced
ROS accumulation. Treatment of female Wistar rats
with a lower concentration of Ang II (10ng/kg/min) for
7days did not alter systolic blood pressure in either NT
or PKCp-KO rats (Figure S2b). DHE staining revealed
that ROS production increased in female NT mesenteric
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FIGURE 5 Effect of PKCp inhibition on phosphorylation of p65, Akt, and ERK in rat mesenteric VSMCs. Representative (a) and
quantitative (b) Western blotting analysis of the phosphorylation of p65 (p-p65), Akt (p-Akt), and ERK (p-ERK) and expression of p65, Akt,
and ERK in NT-VSMCs or PKCB-KO-VSMCs treated with Ang IT (100nM) for 30 or 60 min without or with tempol (n =4). Quantitative
PCR analysis of NOX1 (c) and p22P"* (d) expression in NT-VSMCs treated with Ang IT (100nM, 6 h) without or with the NF-kB inhibitor
SC75741 (10pM) (n=4). DHE staining to detect ROS production in NT-VSMCs treated with Ang IT (100nM, 6 h) without or with the NF-kB
inhibitor SC75741 (10pM) (e) (n=4). Values are mean + SEM. Exact p-values are shown on the graphs.

arteries following Ang II infusion, but this effect was not
observed in the mesenteric artery from female PKCB-KO
rats (Figure 6e,f). Ang II infusion increased the expres-
sion of NOX1 mRNA in the mesenteric artery from female
NT, but not PKCf-KO rats (Figure 6g). In addition, Ang
II infusion increased the expression of p22P"* mRNA in
the mesenteric artery from female NT rats, but this effect
was not observed in the mesenteric artery from female
PKCB-KO rats (Figure 6h). By contrast, Ang II infusion
did not lead to a significant increase in NOXA1 expression
in the mesenteric artery from female NT or PKCB-KO rats
(Figure S3b).

4 | DISCUSSION

The gene encoding the serine/threonine kinase PKC{ is
considered a candidate target in the treatment of dia-
betic vascular complications, as PKCp plays a signifi-
cant role in the inflammatory response accompanied by

oxidative stress in vascular endothelial and smooth mus-
cle cells during hyperglycemia (Durpes et al., 2015; Kong
et al., 2013; Lien et al., 2021). Although oxidative stress
is also recognized as a critical factor in hypertension-
induced vascular dysfunction, very few studies have in-
vestigated the role of PKCp in hypertension, particularly
in PKCp-deficient animals and/or under in vivo condi-
tions. Therefore, this study examined the association
between Ang II-induced oxidative stress and PKCf in
vascular cells.

4.1 | Signaling pathway regulating Ang
II-induced PKCf activation in VSMCs

Ang II acts on VSMCs to induce vasoconstriction, pro-
liferation and migration, fibrosis, and inflammation
(Forrester et al., 2018). The Ang II-induced hyperten-
sion model is one of the most widely used models of
preclinical hypertension, as it enables the establishment
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1T infusion (n=4-6). Quantitative PCR analysis of NOX1 (c, g) and p22thOX (d, h) expression in mesenteric artery from male (c, d) and female

(g, h) NT and PKCp-KO rats without or with Ang II infusion (n =4-6). Schematic diagram (i). Values are mean + SEM. Exact p-values are

shown on the graphs. Scale bar: 100 pm.

of a chronic hypertension state characterized by target
organ damage, including vascular remodeling (Lerman
et al., 2019; Okuno et al., 2023). Ang II/AT1R signaling
pathways can be broadly categorized as either G-protein
dependent or G-protein independent, with the former
involving the activation of phospholipase C (PLC). The
activation of multiple isoforms of PKC requires PLC ac-
tivity, and Ang II is known to activate PKC via the AT1R-
Gq/11-PLC signaling axis (Park et al., 2022). Previous
studies have reported that Ang II activates PKCP in HEK
cells as well as VSMCs derived from the aortae of mice
and rats (Park et al., 2022; Shibata et al., 2014; Streeter
et al., 2014). In this study, we demonstrated that Ang II
treatment induces PKCp phosphorylation in rat mesen-
teric artery VSMCs, thus providing further evidence that
PKCp serves as a critical mediator of Ang II-induced
signaling in VSMCs.

4.2 | Role of PKCp in the mechanism of
NOX activation and ROS amplification

In this study, we demonstrated that both short-term and
prolonged exposure of rat mesenteric VSMCs to Ang II
induces NOX-derived ROS production, which was signifi-
cantly attenuated by PKCp inhibition either through gene
deletion or pharmacologic interventions. Previous studies
reported that under TNF-a stimulation, PKCp activates
NOX1 by phosphorylating Thr 429 (Streeter et al., 2014).
Consistent with this observation, our findings demon-
strated that activation of NOX in response to short-term
Ang II treatment (30 min) is directly mediated by PKCp.
Furthermore, prolonged exposure to Ang II (24h) led to
an increase in the expression of NOX1 and its regulatory
subunit p22P"* which was associated with activation
of the transcription factor NF-kB. Importantly, both the
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activation of this signaling cascade and the upregulation of
NOX1 expression were abolished by PKCp inhibition and
ROS scavenging by tempol treatment. These findings in-
dicate that in the early phase of Ang II stimulation, PKCf
directly activates NOX, whereas in the prolonged phase,
PKCp amplifies NOX activation through the PKCB/NOX/
ROS/NF-kB axis, promoting NOX1 and p22P"* transcrip-
tional upregulation. This mechanism, often referred to as
“ROS-induced ROS release”, underscores the crucial role
of PKCB in sustaining oxidative stress in VSMCs.

By contrast, Ang II stimulation did not induce mito-
chondrial ROS production in this study. However, pre-
vious studies have demonstrated that Ang II induces
mitochondrial ROS generation in VSMCs from aortae
(Huynh et al., 2022). This discrepancy may be attributed
to differences in detection methods (chemiluminescence
vs. fluorescence microscopy) or cellular origin (mesen-
teric artery vs. aorta). The mechanism of ROS production
may thus vary depending on the vascular bed examined
and/or the experimental conditions.

4.3 | Invivo analyses

In the Ang II-induced hypertension model, genetic dele-
tion of NOX, pharmacologic inhibition, and treatment
with ROS scavengers or antioxidants have been shown to
attenuate endothelial dysfunction and vascular remodeling
(Sedeek et al., 2009; Zhang et al., 2020). These findings sug-
gest that ROS play a crucial role in Ang II-induced vascular
damage. In this study, we demonstrated that continuous
infusion of low-dose Ang II (10ng/kg/min for 7days) in-
duced ROS accumulation in vascular tissues independently
of blood pressure elevation. Notably, this ROS accumula-
tion was completely abolished in both male and female
PKCp-deficient rats. Furthermore, Ang II infusion led to
upregulation of NOX1 and p22P"* expression, which was
also eliminated by deletion of PKCp, indicating that Ang
II-induced ROS production is highly dependent on PKCf{
activity in vivo. PKCP inhibitors such as ruboxistaurin
have been tested for their effectiveness in the treatment of
diabetic retinopathy and nephropathy (Kawano et al., 2021;
Mochly-Rosen et al., 2012). Further investigations into the
effects of PKCp inhibition on Ang II-induced endothelial
dysfunction as well as vascular remodeling will be essential
for determining the therapeutic potential of PKCf inhibitors
in the treatment of hypertension and vascular remodeling.

4.4 | Limitations

This study has several limitations. First, VSMCs were iso-
lated using the explant method, which may preferentially
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select for migratory cells and may not fully capture the
in vivo heterogeneity of VSMCs (Owens et al., 2004; Tang
et al., 2012). Second, although lucigenin-based chemilu-
minescence assays are used to assess NOX activity, they
are known to generate redox cycling artifacts that may
overestimate ROS production (Janiszewski et al., 2002).
Third, the concentration of Ang II used in the in vitro
experiments was substantially higher than physiological
levels; however, this was necessary to clearly elucidate the
mechanisms of ROS production. Fourth, tail-cuff meas-
urements were conducted only during the light phase,
which may not fully capture circadian variations in blood
pressure.

4.5 | Significance of this study

Although antioxidant therapies have been explored in
several clinical trials for cardiovascular diseases, many of
these trials have failed to demonstrate significant clinical
benefit (Heart Outcomes Prevention Evaluation Study I
et al., 2000; Singh et al., 2020; Vivekananthan et al., 2003).
These findings highlight the complexity of oxidative stress
mechanisms and the limitations of non-specific anti-
oxidant strategies in human populations. The primary
source of ROS in the cardiovascular system is NOX fam-
ily enzymes, which are regulated by hypertension- and
inflammation-associated factors such as Ang II, aldoster-
one, endothelin-1, and TNF-a (Griendling et al., 2021). In
this study, we demonstrated that Ang II-induced NOX-
derived ROS accumulation was largely abolished by PKCf
inhibition in a rat model of both sexes. These findings
provide further insights into the potential role of PKCp
in vascular changes associated with early stages of hyper-
tension and suggest that PKCP inhibition is a potentially
useful therapeutic strategy for mitigating oxidative stress-
induced vascular dysfunction and remodeling.
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