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ABSTRACT Activation of protein kinase C (PKC) is closely linked with endothelial
dysfunction. However, the effect of PKCβII on endothelial dysfunction has not been
characterized in cultured endothelial cells. Here, using adenoviral PKCβII gene
transfer and pharmacological inhibitors, the role of PKCβII on endothelial dysfucntion
was investigated in cultured endothelial cells. Phorbol 12-myristate 13-acetate (PMA)
increased reactive oxygen species (ROS), p66shc phosphorylation, intracellular
adhesion molecule-1, and monocyte adhesion, which were inhibited by PKCβi (10
nM), a selective inhibitor of PKCβII. PMA increased the phosphorylation of CREB and
manganese superoxide dismutase (MnSOD), which were also inhibited by PKCβi.
Gene silencing of CREB inhibited PMA-induced MnSOD expression, suggesting
that CREB plays a key role in MnSOD expression. Gene silencing of PKCβII inhibited
PMA-induced mitochondrial ROS, MnSOD, and ICAM-1 expression. In contrast,
overexpression of PKCβII using adenoviral PKCβII increased mitochondrial ROS,
MnSOD, ICAM-1, and p66shc phosphorylation in cultured endothelial cells. Finally,
PKCβII-induced ICAM-1 expression was inhibited by Mito-TEMPO, a mitochondrial
ROS scavenger, suggesting the involvement of mitochondrial ROS in PKC-induced
vascular inflammation. Taken together, the results suggest that PKCβII plays an
important role in PMA-induced endothelial dysfunction, and that the inhibition
of PKCβII-dependent p66shc signaling acts as a therapeutic target for vascular
inflammatory diseases.

INTRODUCTION

is a crucial event in the pathological process of vascular inflam
mation, the primary cause of cardiovascular diseases such as
atherosclerosis [8]. Especially, endothelial mitochondria are
critical targets of oxidative stress and play a crucial role in me
diating cellular responses [9,10].
Activation of protein kinase C (PKC) is associated with
vascular endothelial dysfunction. Phorbol 12-myristate 13-acetate
(PMA), a potent activator of protein kinase C (PKC), disrupts the
mitochondrial membrane potential and increases the generation
of mitochondrial ROS, leading to mitochondrial dysfunction
[11]. Vascular disorders are associated with the activation of

Cardiovascular risk factors cause the mitochondrial dys
function that precedes cellular dysfunction [1-3]. Increased
mitochondrial reactive oxygen species (ROS) production is
associated with an increase in the expression of adhesion
molecules, an early state of vascular disease [4-6]. Endothelial
activation is a pro-inflammatory state of the endothelial cells
lining the lumen of blood vessels and is characterized by the
elevated expression of cell-surface adhesion molecules such as
intracellular adhesion molecule-1 (ICAM-1) [7]. This activation
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PKC signaling by compounds such as PMA, which results in the
dysfunction of the endothelial cell barrier [12] and attenuates
acetylcholine-induced vasodilation [13]. The p66shc adaptor
protein controls oxidtive stress, including the generation of
mitochondiral ROS. Under conditions of oxidative stress, p66shc
specifically phosphorylated at serine 36 residue which is regulated
by PKCβ [14,15], leading to mitochondrial ROS production [15].
Mitochondrial superoxide scavenging protein such as MnSOD
has a protective function against mitochondrial oxidative stress
and its expression is controlled with several transcriptional
factors. cAMP-responsive element (CRE)-binding protein
(CREB) is nuclear transcriptional factor, CRE is present in the
promoter site of MnSOD [16] and PKC-mediated gene expression
is dependent on CREB phosphorylation of serine residue at 133
necessary for the transcriptional activation [17].
In endothelial cells, activation of PKCβ inhibits endothelial
nitric oxide synthase regulation by insulin, which causes
endothelial dysfunction [18]. Among PKC isoenzymes, PKCβII
is involved in the pathogenesis in cardiovascular disorder
[19]. Previous reports have shown that oxidized low density
lipoproteins induced PKC βII membrane translocation and
phosphorylation whereas no change in translocation was
observed for other PKC isoforms including PKC βI [20,21].
However, the biological role of PKCβII in endothelial dysfunction
has not been extensively studied. Here, using adenoviral PKCβII
gene transfer and pharmacological inhibitors, the role of PKCβII
on the endothelial dysfucntion in cultured endothelial cells was
evaluated.

METHODS
Reagents
PMA was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Anilino-monoindolylmaleimide (3-(1-(3-imidazol-1ylpropyl)-1H-indol-3-yl)-4-anilino-1H-pyrrole-2,5-dione,
a PKC β -specific inhibitor (PKC β i), was purchased from
Calbiochem (La Jolla, CA, USA). Triphenylphosphonium
chloride (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2oxoethyl) (Mito-TEMPO), a mitochondrial-specific antioxidant,
was purchased from Enzo Life Sciences (Farmingdale, NY, USA).
Specific antibodies against ICAM-1, GAPDH, PKCβII (Santa
Cruz Biotechnology, CA), phospho-ser36-p66SHC (Calbiochem,
CA), SHC (BD Biosciences, NJ), β -actin, Flag (Sigma, MO),
phospho-ser133-CREB, CREB (Cell Signaling, MA), and MnSOD
(Enzo Life Sciences, NY) were used in this study.

Adenoviral vector construction
An adenovirus encoding full-length human PKCβII (AdPKCβII)
was generated by homologous recombination, as described
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previously [21]. Human embryonic kidney 293A cells were
cultured until an 80% cytopathic effect was observed, and then
harvested to prepare the stock recombination adenovirus. The
adenovirus was propagated in 293A cells and subsequently
purified using the CsCl 2 gradient technique, as described
previously [22]. To overexpress PKCβII in endothelial cells, the
cells were infected with a multiplicity of infection (MOI) of 100
for 24 h. Adβgal was used as an adenoviral control.

Cell culture and transfection
Human umbilical vein endothelial cells (HUVECs) were
purchased from Clonetics (Cambrex Bio Science, USA), and
were cultured and maintained in endothelial growth medium.
Cells were used between passages 3 and 6. Small interfering
RNA (siRNA) oligonucleotides against human PKCβII and a
control with scrambled siRNA sequences were purchased from
Santa Cruz Biotechnology (USA). HUVEC cells were transfected
with either 100 nM PKCβII -specific or scrambled siRNA. The
siRNAs and Lipofectamine Ⓡ 2000 (Invitrogen, USA) were
diluted separately in OptiMEM medium (Life Technologies,
USA) and incubated for 5 min at room temperature. Next,
siRNA/LipofectamineⓇ mixtures were incubated together for
20 min before use in the transfection of the HUVEC cells. Cells
were incubated at 37°C in a 5% CO2 incubator for 48 h for gene
knockdown.

Western blot analysis
To determine protein expression levels, 2×105 cells were
harvested using 100 μl lysis buffer (20 mM Tris-Cl, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium
deoxycholate, phosphatase-inhibitor cocktail, and proteaseinhibitor cocktail). Cell homogenates (30 μg) were separated by
10 or 12% SDS-PAGE and electrotransferred onto polyvinylidene
fluoride (PVDF) membranes. After blocking with 5% skim milk
for 1 h at room temperature, blots were incubated overnight
at 4°C with specific primary antibodies (1:1000 anti-ICAM-1,
SHC, p-CREB, CREB, PKCβII, GAPDH, or MnSOD, 1:2000
anti-p-p66SHC, and 1:5000 anti-β-actin or anti-Flag), which
were detected using horseradish peroxidase (HRP)-conjugated
secondary antibodies. Blots were developed for visualization
using an enhanced chemiluminescence detection kit (Pierce,
Rockford, IL).

Monocyte-endothelial cell adhesion assay
U937 cells were f luorescently labeled with 2', 7'-bis-(2carboxyethyl)-5-(and-6)-carboxy-fluorescein acetoxymethyl ester
(BCECF-AM) for the quantitative adhesion assay. U937 cells were
fluorescently labeled by incubating the cells (1×107 cells/ml) with
1 μM BCECF-AM in a Hanks Balanced Salt Solution (HBSS)
https://doi.org/10.4196/kjpp.2017.21.4.377
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buffer for 30 min at 37°C and 5% CO2 . Monocyte adhesion
was quantified by measuring fluorescence (excitation 485 nm/
emission 535 nm).

Assessment of mitochondrial ROS
Mitochondrial superoxide production was assessed using
MitoSox red (Molecular Probes), a mitochondrion-specific
hydroethidine-derivative f luorescent dye that undergoes
oxidation to form the DNA-binding red fluorophore ethidium
bromide. After 6 h PMA exposure or 24 h PKCβII overexpression,
cells were incubated with 5 μM MitoSox red for 10 min in a
CO2 incubator. Fluorescence was measured at 590 nm. The data
are presented as fold-changes in the mean intensity of MitoSox
fluorescence relative to controls.

Statistical analysis
The statistical significance of the differences in measured

variables between control and treated groups was determined
using a one-way ANOVA followed by a Dunnett's or Bonferroni's
multiple comparison test, and p<0.05 was considered statistically
significant.

RESULTS
PKCβII inhibition suppressed PMA-induced
mitochondrial ROS generation and endothelial
activation in cultured endothelial cells
Elevated mitochondrial ROS generation is related to an increase
of adhesion molecules such as ICAM-1 [5]. We examined the
effect of PKCβII inhibition on PMA-induced ICAM-1 expression
and monocyte adhesion in cultured endothelial cells. As shown in
Fig. 1A, PMA treatments resulted in a marked increase in ICAM1 expression, it expression was reduced by PKCβII inhibition with
PKCβi. PKCβII expression is not changed by the treatment of

Fig. 1. PKCβII inhibition suppressed PMA-induced mitochondrial ROS generation and endothelial activation in cultured endothelial cells. The
effects of PKCβi, a specific PKCβII inhibitor, on PMA-induced (A) ICAM-1 expression, and (B) monocyte adhesion (C), mitochondrial ROS, (D) p66shc
phosphorylation are shown. After pretreatment of HUVECs with PKCβi (10 nM), cells were exposed to 250 nM PMA for 6 h (A~C). (A) Following PMA
treatment, cell lysates were analyzed by Western blotting for ICAM-1 expression. The β-actin was used as a loading control. (B) Monocyte adhesion
was assessed by a monocyte-endothelial cell adhesion assay. Data are expressed as percentage values relative to monocyte adhesion induced by
PMA. Each bar represents the mean±S.E.M., n=4. *p<0.05 vs. PMA alone. (C) Relative mitochondrial ROS generation was determined from MitoSOX
red fluorescence assays. Fluorescence emission was measured at 590 nm after excitation at 530 nm. Values are expressed as mean fold-change in
arbitrary fluorescence values over baseline values. Each bar represents the mean±S.E.M., n=4. #p<0.05 vs. baseline value, *p<0.05 vs. PMA alone. (D)
After pretreatment of HUVECs with PKCβi (10 nM), cells were exposed to 250 nM PMA for 5 to 30 min. Phosphorylation of p66shc (S36) and total shc
expression were measured by Western blotting.
www.kjpp.net
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PMA or PKCβi. As shown in Fig. 1B, pretreatment of HUVECs
with PKCβi downregulated monocyte adhesion compared to
treatment with PMA alone. The above results suggested that
PKCβII is involved in PKC-induced endothelial activation.
PKC activation induces mitochondrial ROS generation,
leading to mitochondrial dysfunction in endothelial cells
[11]. We investigated the effect of PKCβII inhibition on PMAinduced mitochondrial ROS production in endothelial cells. As
shown in Fig. 1C, pretreatment with PKCβi (10 nM), a specific
PKCβII inhibitor, prevented PMA-induced mitochondrial ROS
production. Phosphorylation of p66shc at serine 36 is known to
cause mitochondrial ROS generation [23]. As shown in Fig. 1D,
PMA-induced p66shc phosphorylation was decreased by PKCβII
inhibition.

PKCβII inhibition suppressed PMA-induced CREB
phosphorylation and MnSOD expression in cultured
endothelial cells
The phosphorylation of CREB at serine 133 is known to be
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associated with MnSOD expression [16], which is considered as
the primary defensive enzyme against oxidative stress within
mitochondria. To explore whether PKCβII can induce CREB
phosphorylation, we examined the effect of PKCβi on PMAinduced CREB phosphorylation. As shown in Fig. 2A, CREB
phosphorylation (S133) was induced by PMA within 5 min, and
remained for 60 min. Total CREB expression was not affected by
PMA in HUVECs. PMA-induced CREB phosphorylation was
inhibited by PKCβII inhibition (Fig. 2B). We also determined
the effect of PKCβi on MnSOD expression in response to PMA.
As shown in Fig. 2C, pretreatment with PKCβi downregulated
MnSOD expression compared to treatment with PMA alone,
suggesting PKCβII-induced MnSOD induction. Furthermore,
we investigated whether PMA-induced MnSOD expression is
regulated by gene silencing of CREB. Even gene silencing of
CREB did not affect basal MnSOD expression, PMA-induced
MnSOD expression is markedly inhibited by gene silencing of
CREB (Fig. 2D). Collectively, these results indicated that PKCβII
activation caused MnSOD expression via CREB phosphorylation
at serine 133 in vascular endothelial cells.

Fig. 2. PKCβII inhibition suppressed PMA-induced CREB phosphorylation and MnSOD expression in cultured endothelial cells. (A) Induction
of CREB phosphorylation by PMA treatment. HUVECs exposed to 250 nM PMA for 5 to 180 min were analyzed by Western blotting for CREB (S133)
phosphorylation and total CREB expression. GAPDH was used as a loading control. (B) Effect of PKCβi on PMA-induced phosphorylation of CREB
(S133). After pretreatment with PKCβi (10 nM), cells were exposed to 250 nM PMA for 15 min. Phosphorylation of CREB and total CREB expression
were measured by Western blotting. (C) Effect of PKCβi on PMA-induced MnSOD expression. After treatment with PKCβi (10 nM), followed by 250 nM
PMA for 6 h, MnSOD expression was measured using Western blotting. β-actin was used as a loading control. (D) Effect of down-regulation of CREB on
PMA-induced MnSOD expression. After transfection (48 h) with control siRNA or CREB-targeting siRNA (100 nM), cells were exposed to 250 nM PMA
for 6 h. Down-regulated CREB using siCREB and PMA-induced MnSOD expression levels were confirmed by Western blotting.
Korean J Physiol Pharmacol 2017;21(4):377-384
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Down-regulation of PKCβII inhibited PMA-induced
mitochondrial ROS generation and ICAM-1 expression
To further examine the role of PKC βII, we investigated
whether downregulation of PKC βII affected PMA-induced
mitochondrial ROS generation and ICAM-1 expression. PMAinduced mitochondrial ROS generation was compared in cells
transfected with PKCβII-specific siRNA or control siRNA. As
shown in Fig. 3A, mitochondrial ROS production in response
to PMA was decreased in PKCβII-targeting siRNA-transfected
cells when compared with those transfected with control siRNA.
We also analyzed the expression of MnSOD and ICAM-1 in
response to PMA in siPKCβII-transfected cells. PMA-induced
the expression of MnSOD and ICAM-1 was decreased in PKCβIIdownregulated cells relative to that in cells transfected with
control siRNA (Fig. 3B).

Overexpression of PKCβII increased mitochondrial
ROS generation and ICAM-1 expression
Having determined that downregulation of PKCβII inhibited
PMA-induced mitochondrial ROS and ICAM-1 levels, we
investigated the effect of PKCβII overexpression using adenoviral
PKC β II gene transfer in HUVECs. After introduction of
AdPKCβII or Adβgal for 24 h, mitochondrial ROS level was
analyzed. Interestingly, mitochondrial ROS in adenoviral
PKCβII-overexpressing cells was significantly elevated relative to
that in Adβgal-infected cells (Fig. 4A). The phosphorylation of
p66shc at serine 36 residues was not detected in Adβgal-infected
cells, however, its phosphorylation was dramatically elevated

in AdPKCβII-infected cells (Fig. 4B). These results suggest that
specific PKCβII activation leads to mitochondrial oxidative stress.
Next, we investigated whether PKCβII overexpression induced
endothelial activation in HUVECs. Endothelial activation was
assessed by Western blot for ICAM-1. Interestingly, PKC βII
overexpression using AdPKCβII led to an increase in the ICAM1 level in an MOI-dependent manner (Fig. 4C). To confirm
the involvement of mitochondrial ROS in PKC βII-induced
endothelial activation, we assessed the effect of Mito-TEMPO, a
specific mitochondrial antioxidant, in PKCβII overexpressioninduced ICAM-1 expression. As shown in Fig. 4D, pretreatment
of HUVECs with 10-500 nM Mito-TEMPO significantly
inhibited PKC β II-induced ICAM-1 expression in a dosedependent manner. Also, PKCβII overexpression significantly
up-regulated the level of MnSOD in an MOI-dependent manner
(0-100 MOI) (Fig. 4E). These results suggest that PKCβII-induced
endothelial activation is regulated by mitochondrial ROS.

DISCUSSION
Utilizing both inhibitors and siRNA, results demonstrated
that PKCβII mediates endothelial dysfunction via mitochondrial
ROS. Reciprocally, PKC βII overexpression using adenoviral
gene transfer induces endothelial dysfunction in endothelial
cells. These results demonstrate that PKCβII activation plays an
important role in endothelial dysfunction via mitochondrial ROS
production in vascular endothelial cells.
Protein kinase Cβ (PKCβ) is a member of the classical PKC
family which requires calcium, phospholipids, and diaglyccerol

Fig. 3. Down-regulation of PKCβII inhibited PMA-induced mitochondrial ROS generation and ICAM-1 expression. (A) At 48 h post-transfection
with control siRNA or PKCβII-targeting siRNA (100 nM), HUVECs were exposed to 250 nM PMA for 6 h. Relative mitochondrial ROS generation was
determined from MitoSOX red fluorescence assays. Fluorescence emission was measured at 590 nm after excitation at 530 nm. Values are expressed
as the mean fold-change in arbitrary fluorescence values over baseline values. Each bar shows the mean±S.E.M., n=3. #p<0.05 vs. baseline value,
*p<0.05 vs. PMA alone. (B) After transfection with control siRNA or PKCβII-targeting siRNA (100 nM), HUVECs were exposed to 250 nM PMA for 3 or 6
h. Down-regulated PKCβII using siPKCβII, and PMA-induced MnSOD and ICAM-1 expressions were analyzed by Western blotting. β-actin was used as a
loading control.
www.kjpp.net
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Fig. 4. Overexpression of PKCβII increased mitochondrial ROS generation and ICAM-1 expression. (A) At 24 h post-transduction with Adβgal
or AdPKCβII, HUVECs were analyzed for mitochondrial ROS generation using MitoSOX red fluorescence assays. Fluorescence emission was measured
at 590 nm with excitation at 530 nm. Values are expressed as the mean fold-change in arbitrary fluorescence values over basal value. Each bar shows
the mean±S.E. (n=5). #p<0.05 vs. Adβgal. (B) Effect of PKCβII overexpression on p66shc (S36) phosphorylation. At 24 h post-transduction with Adβgal
or AdPKCβII, HUVECs were analyzed for p66shc (S36) phosphorylation and total shc expression using Western blot analysis. (C) ICAM-1 expression in
PKCβII-overexpressed HUVECs. Following transduction with Adβgal or AdPKCβII, cells were analyzed using Western blotting for ICAM-1 expression.
(D) Effect of Mito-TEMPO, mitochondrial ROS inhibitor, on PKCβII-induced ICAM-1 expression. After treatment with Mito-TEMPO (10~500 nM) in
AdPKCβII-overexpressed cells, the change in ICAM-1 level was analyzed by Western blotting. Flag-tagged PKCβII overexpression was confirmed by
anti-Flag antibody detection. β-actin was used as a loading control. (E) MnSOD expression in PKCβII-overexpressed HUVECs. Following transduction
with Adβgal or AdPKCβII, cells were analyzed using Western blotting for MnSOD expression. Quantitative analysis of MnSOD is shown in bottom of
Fig. 4E. The total adenoviral MOI of 100 was balanced in the Adβgal control. Flag-tagged PKCβII overexpression was confirmed by anti-Flag antibody
detection. β-actin was used as a loading control. #p<0.05 vs. Adβgal.

for its activation. PKCβI and PKCβII isoforms are encoded by
the same PKCβ gene, but expressed from alternative splicing
of C-terminus exons [24,25]. The PKCβ inhibitor, an anilinomonoindolylmaleimide compound, acts as a potent, cellpermeable, reversible, and ATP-competitive inhibitor of PKCβ
isozymes (IC50 =5 nM and 21 nM for human PKCβII and βI,
respectively) [26]. In the present study, we used 10 nM of a PKCβ
inhibitor to specifically inhibit PKCβII. This pharmacological
approach suggested that PMA-induced endothelial dysfunction
and mitochondrial activation is closely related with PKCβΙΙ.
Activation of PKCβ is involved in mitochondiral oxidative
damage. The p66shc adaptor protein controls oxidtive stress,
including the generation of mitochondiral ROS. Under conditions
Korean J Physiol Pharmacol 2017;21(4):377-384

of oxidative stress, p66shc is specifically phosphorylated at its
serine 36 residue, a process that is regulated by PKCβ [14,15],
leading to mitochondrial ROS production [15]. In endothelial
cells, the activation of PKCβ inhibits endothelial nitric oxide
synthase regulation, which causes endothelial dysfunction
[18,27,28]. Angiotensin II elicited significantly increased
phosphorylation of p66shc in endothelial cells [29]. Inhibition
of p66shc activation suppresses angiotensin II-induced
vasoconstriction and blood pressure [30]. Overexpression of
apurinic/apyrimidinic endonuclease 1 inhibited PKC-induced
p66shc phosphorylation which mediates ROS production in
endothelial cells [21], and it also can exacerbate atherosclerosis in
the aorta [31].
https://doi.org/10.4196/kjpp.2017.21.4.377
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CREB is transcriptional factor that binds to cAMP response
elements. Phosphorylation of CREB at serine 133 evoked cAMP
response elements-dependent transcription [32]. However, CREB
can be activated by other kinases besides protein kinase A (PKA).
Among the kinases, PKC activates CREB phosphorylation.
Especially, PKC induced the transcriptional activation of MnSOD
mRNA, which is mediated by PKC-dependent CREB [16,33].
MnSOD protein expression was elevated in response to a PKC
agonist, 12-O-tetradecanoylphorbol-13-acetate or TNF-α, but not
to hydrogen peroxide [33]. Our data suggested that PMA-induced
MnSOD protein expression was significantly inhibited by gene
silencing of CREB, suggesting that it is most likely mediated by
CREB activation. PMA-induced CREB activation and MnSOD
expression are suppressed by PKCβi, suggesting involvement of
PKCβII. Cellular oxidative level is regulated by redox balance of
oxidation and anti-oxidation. Mitochondrial p66shc is known
to play a prooxidant and proapoptoic role in cells [34]. PKCβII
can activate p66shc phosphorylation to trigger intracellular
ROS generation as pro-oxidant PKC signaling. Chen et al. (2014)
reported that ruboxistaurin, PKCβ2 inhibitor, attenuates the
adaptor p66shc-mediated intestinal ischemia reperfusion injury
[35]. In addition, PKC βII also can regulate CREB to induce
MnSOD expression for minimizing undesirable mitochondrial
oxidative stress as compensatory anti-oxidant PKC signaling.
Therefore, pro-oxidant PKCβII-dependent p66shc signaling and
anti-oxidant PKCβII-dependent CREB signaling is counteracted
to maintain the endothelial ROS homeostasis.
Mito-TEMPO is widely used a mitochondrial ROS scavenger
in intact cells and scavenging mitochondrial ROS could improve
mitochondrial function in conditions such as hypertension [36].
Mitochondrial ROS is involved in regulating endothelial adhesion
molecules or pro-inflammatory mediators [37]. Endothelial
dysfunction or activation is characterized by elevated cellsurface adhesion molecules, which is a crucial event in vascular
inflammation [7,38]. In the present study, overexpression of
PKC βII induced endothelial dysfunction or activation like
up-regulated ICAM-1 expression. However, inhibition of
mitochondrial ROS by Mito-TEMPO suppressed AdPKCβIIinduced endothelial dysfunction, suggesting an important role of
mitochondrial ROS in PKCβII signaling. Furthermore, inhibition
of PKCβII-dependent signaling could act as a therapeutic target
for vascular inflammatory diseases.
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