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Abstract

Pulmonary vasoconstriction resulting from intermittent hypoxia
(IH) contributes to pulmonary hypertension (pHTN) in patients
with sleep apnea (SA), although the mechanisms involved remain
poorly understood. Based on prior studies in patients with SA and
animal models of SA, the objective of this study was to evaluate the
role of PKCb and mitochondrial reactive oxygen species (mitoROS)
in mediating enhanced pulmonary vasoconstrictor reactivity after
IH. We hypothesized that PKCbmediates vasoconstriction through
interaction with the scaffolding protein PICK1 (protein interacting
with C kinase 1), activation of mitochondrial ATP-sensitive
potassium channels (mitoKATP), and stimulated production of
mitoROS. We further hypothesized that this signaling axis mediates
enhanced vasoconstriction and pHTN after IH. Rats were exposed to
IH or sham conditions (7 h/d, 4 wk). Chronic oral administration of
the antioxidant Tempol or the PKCb inhibitor LY-333531 abolished
IH-induced increases in right ventricular systolic pressure and right

ventricular hypertrophy. Furthermore, scavengers of O2
2 or

mitoROS prevented enhanced PKCb-dependent vasoconstrictor
reactivity to endothelin-1 in pulmonary arteries from IH rats. In
addition, this PKCb/mitoROS signaling pathway could be stimulated
by the PKC activator PMA in pulmonary arteries from control rats,
and in both rat and human pulmonary arterial smooth muscle cells.
These responses to PMA were attenuated by inhibition of mitoKATP

or PICK1. Subcellular fractionation and proximity ligation assays
further demonstrated that PKCb acutely translocates to
mitochondria upon stimulation and associates with PICK1. We
conclude that a PKCb/mitoROS signaling axis contributes to
enhanced vasoconstriction and pHTN after IH. Furthermore, PKCb
mediates pulmonary vasoconstriction through interaction with
PICK1, activation of mitoKATP, and subsequent mitoROS
generation.

Keywords: sleep apnea; pulmonary hypertension; vascular smooth
muscle; mitochondria; reactive oxygen species

Intermittent hypoxia (IH) resulting from
sleep apnea (SA) is a major cause of
morbidity and mortality, affecting an
estimated 5–25% of adults (1–3). In addition

to causing systemic cardiovascular disease,
IH associated with SA is a common cause of
group 3 pulmonary hypertension (pHTN,
i.e., associated with lung disease/hypoxemia)

(1, 4, 5). The presence of pHTN in patients
with SA correlates with greater dyspnea,
exercise intolerance, and mortality (6).
Moreover, SA exacerbates pHTN in patients
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with comorbid conditions (overlap syndrome),
including chronic obstructive pulmonary
disease, diastolic heart failure, obesity
hypoventilation syndrome, restrictive lung
disease, and residence at high altitude (2, 7–9).

Despite the increasing recognition
and clinical impact of this disorder, the
cardiovascular sequelae of SA-induced
pHTN have gone largely unexplored. Our
laboratory and others have begun to
investigate the mechanisms of pHTN using
animal models of SA involving exposure to
IH, which is considered to be the primary
contributing factor to the pathogenesis of
SA (10–12). These mechanisms of pHTN
include oxidative stress, vasoconstriction,
and arterial remodeling (4, 10–15).
Furthermore, IH augments pulmonary
vasoconstrictor reactivity through a PKC-
dependent (but Rho kinase–independent)
Ca21-sensitization pathway in pulmonary
arterial smooth muscle cells (PASMCs) (14)
that is distinct from those associated
with other forms of pHTN (16–21).
Interestingly, this pathway is mediated by
PKCb, a PKC isoform that has not
previously been linked to vasoconstriction
(14), and is coupled to endothelin receptor
stimulation only after IH exposure.
However, neither the signaling mechanisms
by which PKCb mediates PASMC
contraction nor the contribution of this
pathway to the development of IH-induced
pHTN is understood.

Mitochondrial dysfunction has been
implicated as an important consequence
of PKCb signaling in several disease states
(22, 23). Considering the involvement of
PKCb (14) and reactive oxygen species
(ROS) (12) in IH-induced pHTN, and
the importance of oxidative stress and
mitochondrial dysfunction in SA
syndrome (24), we hypothesized that
PKCb-induced mitochondrial ROS
(mitoROS) signaling augments pulmonary
vasoconstrictor reactivity after IH and
contributes to the development of IH-
induced pHTN.

An additional goal of this study
was to define the signaling mechanism
by which PKCb causes pulmonary
vasoconstriction. A potential mediator of
this response is PICK1 (protein interacting
with C kinase 1), a scaffolding and
membrane-anchoring protein that interacts
directly with a variety of membrane proteins
to regulate their activity and signaling
(25). PICK1 additionally targets other
PKC isoforms to the mitochondria in a

ligand-specific manner (26, 27). However,
whether PICK1 protein interacts with PKCb
to facilitate mitoROS generation has not
previously been addressed.

A possible target of PKCb to
regulate mitochondrial function is the
mitochondrial ATP-sensitive K1

(mitoKATP) channel. This channel is
structurally and pharmacologically distinct
from sarcolemmal KATP channels (28) and
is located on the mitochondrial inner
membrane. When activated, these channels
mediate K1 influx, mitochondrial
membrane potential (DCM) depolarization,
and matrix alkalinization (29) that
increases O2

2 generation by the electron
transport chain (ETC) (30). Therefore, we
further hypothesized that PKCb mediates
pulmonary vasoconstriction through a
novel signaling mechanism involving
interaction with PICK1, activation of
mitoKATP channels, and subsequent
mitoROS generation. To test these
hypotheses, protocols employed both
pharmacologic and genetic approaches, along
with a variety of experimental preparations
from single cell (human, rodent) imaging to
video-microscopy of pressurized small
pulmonary arteries from control and IH rats.
We also assessed the significance of PKCb
and mitoROS in the development of IH-
induced pHTN in whole-animal studies.

Methods

All protocols and surgical procedures were
approved by the Institutional Animal Care
and Use Committee of the University
of New Mexico Health Sciences Center
(Albuquerque, NM). Male rats were selected
for the present study because male sex is
an important risk factor for obstructive
SA (31). Age-matched male Wistar rats
(z250–350 g; age 3–4 mo; Harlan
Industries) were exposed to either IH with
CO2 supplementation (3-min cycles of 5%
O2, 5% CO2/air flush) or sham (air-air)
conditions (7 h/d, 4 wk) as described
previously (14, 15). This model of SA
reproduces both the pHTN and systemic
hypertension that is characteristic of human
SA (14, 15, 32). Additional animals were
housed under normal (control) room
air conditions for studies involving
pharmacologic stimulation of PKC signaling.

An expanded METHODS section
detailing the protocols and statistics used is
available in the data supplement.

Results

Involvement of ROS and PKCb in
IH-induced pHTN
We determined the contribution of ROS and
PKCb to the development of IH-induced
pHTN by measuring indices of pHTN
in rats after chronic oral administration
of the superoxide dismutase mimetic
Tempol (1 mM in drinking water [33]), the
selective PKCb inhibitor LY-333531 (14, 34)
(20 mg/kg/d [35]; in Bio-Serv dough pills),
or their respective vehicles during the entire
4-week period of IH or sham exposure.

IH exposure in vehicle-treated rats
resulted in greater right ventricular systolic
pressure (RVSP) compared with sham-treated
animals (Figures 1A–1D), indicative of
pHTN. This effect of IH was abolished in rats
treated with either Tempol or LY-333531.
Heart rates did not differ between groups or
treatments (Table E1 in the data supplement).
In addition, cardiac contractility was not
altered by IH (sham, 72.006 6.38; IH,
65.106 3.58), Tempol (IH vehicle,
62.466 6.42; IH Tempol, 69.286 7.66), or
LY-333531 (IH vehicle, 67.756 3.45; IH
LY-333531, 85.996 13.67) (all values in 1/s).

Exposure to IH also increased the
ratios of right ventricle/total ventricle
weight and right ventricle/left ventricle
plus septum (LV1S) weight (Tables E2
and E3), demonstrating RV hypertrophy.
Consistent with the effects of O2

2

scavenging and PKCb inhibition on
RVSP, treatment with either Tempol
or LY-333531 prevented IH-induced RV
hypertrophy. Tempol had no effect on the
ratios of (LV1S)/body weight in either
group. Although LY-333531 did not
alter (LV1S)/body weight in sham-
treated rats, this ratio was slightly (but
significantly) greater in IH rats treated with
LY-333531 than in those treated with
vehicle. Body weights were unaltered by
administration of Tempol or LY-333531 in
either sham or IH rats (Tables E2 and E3).
Collectively, these data support the
involvement of both O2

2 and PKCb in
IH-induced pHTN.

IH Increases Basal and Endothelin-
1–induced Pulmonary Arterial O2

2

Levels and Augments Vasoconstrictor
Reactivity through PKC/MitoROS
Signaling
We have previously demonstrated that IH
augments endothelin-1 (ET-1)–dependent
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pulmonary vasoconstrictor reactivity
through PKCb-mediated PASMC Ca21-
sensitization (14). We used ET-1 as a
vasoconstrictor stimulus because it is a

potent endogenous vasoconstrictor that has
been implicated in pHTN (36). We assessed
the contribution of ROS to ET-1–induced
vasoconstriction in endothelium-disrupted,

pressurized pulmonary arteries (>50 mm
inner diameter) using a preparation that
permits fluorescence detection of O2

2 using
dihydroethidium (DHE) (13, 18) and
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Figure 1. Evidence for involvement of O2
2 and PKCb in intermittent hypoxia (IH)-induced pulmonary hypertension. (A and B) Sample traces of right ventricular

(RV) pressure in isoflurane-anesthetized sham and IH rats treated with the reactive oxygen species scavenger Tempol (1 mM in drinking water) (A), the selective
PKCb inhibitor LY-333531 (20 mg/kg/d, orally), or their respective vehicles during the entire 4-week exposure period (B). (C and D) RV systolic pressure (RVSP) in
sham and IH rats treated with Tempol (C), LY-333531 (D), or vehicle. All measurements were performed the day after the 4-week IH or sham protocol. Numbers
of animals are indicated in bars. *P,0.05 versus sham vehicle. #P,0.05 versus IH vehicle. Analyzed by two-way ANOVA and Student-Newman-Keuls test.
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Figure 2. IH increases basal and endothelin-1 (ET-1)–induced O2
2 levels in pulmonary arteries through PKCa/b, leading to enhanced vasoconstrictor

sensitivity. (A) Basal and ET-1 (1 nmol/L)–stimulated dihydroethidium (DHE) fluorescence (mean background-subtracted fluorescence intensity) in endothelium-
disrupted, pressurized pulmonary arteries from sham and IH rats. Experiments were conducted in the presence of the O2

2 scavenger tiron (10 mmol/L), the
selective PKCa/b inhibitor myr-PKC (10 mmol/L), or vehicle. Numbers of animals are indicated in bars. *P,0.05 versus sham vehicle. #P,0.05 versus ET-1
IH vehicle. †P,0.05 versus basal IH vehicle. (B–E) Vasoconstrictor responses (percent baseline inner diameter) to ET-1 (10211 to 1027 mol/L) in endothelium-
disrupted, pressurized pulmonary arteries from sham and IH rats in the presence of tiron (10 mmol/L) (B), polyethylene glycol–catalase (PEG-Cat; 250 U/ml) (C),
the general PKC antagonist Ro 31-8220 (5 mmol/L)1 tiron (D), myr-PKC (10 mmol/L)1 tiron, or their respective vehicles (E). n=4–9 rats/treatment. *P,0.05
IH vehicle versus sham vehicle. #P,0.05 IH drug versus IH1 vehicle. †P,0.05 IH1drug versus sham1drug. (A–E) Analyzed by two-way repeated-
measures ANOVA (A) or two-way ANOVA (B–E) followed by the Student-Newman-Keuls test. myr = myristolated; Ro=Ro 31-8220.
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video-microscopic measurements of vessel
inner diameter. IH increased both basal and
ET-1–stimulated DHE fluorescence
(Figure 2A), and these responses were
prevented by the O2

2 scavenger tiron (37).
However, DHE fluorescence was unaltered
by ET-1 in arteries from sham-treated rats.
We have previously documented the
specificity of DHE for detection of O2

2 in
this preparation as well as similar ones (33,
38).

In agreement with these observations,
tiron prevented increased vasoconstriction
to ET-1 in arteries from IH rats without
altering responses in the sham group
(Figure 2B). In contrast, effects of IH to
increase ET-1 responses persisted in the

presence of the membrane-permeable H2O2

scavenger polyethylene glycol-catalase (33)
(Figure 2C). These findings indicate that
O2

2, rather than H2O2, mediates augmented
vasoconstrictor reactivity to ET-1 after IH.

To determine whether PKCb signals
proximal or distal to the site of agonist-
induced O2

2 generation in IH arteries, we
evaluated basal and ET-1–stimulated DHE
fluorescence after PKCb inhibition with the
PKCa/b inhibitor myr-PKC (14). We have
previously demonstrated that myr-PKC
prevents enhanced vasoconstrictor
sensitivity to ET-1 after IH, similar to the
effects of LY-333531 (14). Interestingly,
myr-PKC prevented both the enhanced
basal and ET-1–induced O2

2 generation in

vessels from IH rats (Figure 2A). Consistent
with PKCb and O2

2 signaling in a
common pathway, combined ROS
scavenging and PKC inhibition (with either
the general PKC inhibitor Ro 31-8330 or
myr-PKC) attenuated vasoconstrictor
responses to ET-1 in vessels from IH-
exposed, but not sham-treated, rats and
normalized responses between groups
(Figures 2D and 2E), similar to the effects
of tiron (Figure 2B) or PKC inhibition (14)
alone. Together, these findings suggest that
PKCb is required for enhanced basal and
ET-1–induced pulmonary arterial O2

2

production after IH, and that PKCb and
O2

2 signal in series to mediate enhanced
vasoconstrictor sensitivity in this setting.
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Figure 3. Mitochondrial reactive oxygen species mediate enhanced pulmonary vasoconstrictor sensitivity to ET-1 after IH. (A–D) Vasoconstrictor
responses (percent baseline inner diameter) to ET-1 (10211 to 1027 mol/L) in endothelium-disrupted, pressurized pulmonary arteries from sham and IH
rats in the presence of the non-selective NADPH oxidase inhibitor apocynin (30 mmol/L) (A), the xanthine oxidase inhibitor allopurinol (100 mmol/L) (B), the
mitochondria-targeted antioxidant mito-carboxy proxyl (MitoCP; 0.5 mmol/L) or triphenylphosphonium (TPP; negative control, 0.5 mmol/L) (C), the
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#P,0.05 IH drug versus IH vehicle. †P,0.05 IH drug versus sham drug. ‡P,0.05 sham drug versus sham vehicle. Analyzed by two-way ANOVA
followed by the Student-Newman-Keuls test.
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We next examined potential sources of
O2

2 mediating elevated vasoconstrictor
reactivity to ET-1, including NADPH
oxidase (NOX), xanthine oxidase, and
mitochondria. Whereas greater reactivity to

ET-1 after IH persisted after inhibition
of NOX with apocynin (37) (Figure 3A),
or xanthine oxidase with allopurinol
(Figure 3B), the mitoROS scavenger mito-
carboxy proxyl (MitoCP) (39) abolished

this effect of IH while having minimal
effects in the sham group (Figure 3C).
Because MitoCP is a conjugate of
triphenylphosphonium, a lipophilic
cation group that targets this compound
to the mitochondria by virtue of the
transmembrane potential (40), we used
triphenylphosphonium as a negative
control in these experiments. To further
evaluate the mitochondrial ETC as a
potential source of O2

2 in this response, we
repeated these experiments in the presence
of the mitochondrial complex I inhibitor
rotenone (41) or vehicle. Rotenone, which
inhibits the ETC proximal to the site of
O2

2 production (41), markedly attenuated
vasoconstrictor reactivity to ET-1 in IH
vessels while having little effect in sham
arteries, and normalized responses between
groups. The similar inhibitory effects of
MitoCP and rotenone therefore establish
mitochondria as a primary source of O2

2

mediating augmented vasoconstrictor
reactivity after IH.

MitoROS Mediate PKCb-Dependent
Constriction of Pulmonary, but Not
Mesenteric, Arteries
Although PKCb-mediated myofilament
Ca21-sensitization and resultant
pulmonary vasoconstriction are coupled to
receptor stimulation only after IH exposure
(14), we questioned whether an intact
PKCb-O2

2 signaling axis is present in
pulmonary arteries from normoxic rats,
and can be stimulated pharmacologically to
allow a better mechanistic analysis of this
pathway. We also studied small mesenteric
arteries to determine whether PKCb-
dependent vasoconstriction is a global
phenomenon that occurs in both
pulmonary and systemic circulations. To
explore these possibilities, we assessed the
effects of PKCb inhibition or ROS
scavenging on vasoconstrictor and vessel
wall [Ca21]i (14, 33, 37) responses to the
PKC agonist PMA in pressurized,
endothelium-disrupted pulmonary and
mesenteric arteries from control animals. In
contrast to the robust vessel wall [Ca21]i
response associated with vasoconstriction
to depolarizing concentrations of KCl in
both pulmonary (Figures E1A and E1B)
and mesenteric arteries (Figures E1C and
E1D), PMA caused vasoconstriction
independently of a change in vessel wall
[Ca21]i in both vessel types (Figures E1E
and E1F), demonstrating the importance of
myofilament Ca21-sensitization to these
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Figure 5. PKCb induces mitochondrial O2
2 generation in human and rat pulmonary arterial smooth muscle cells (PASMCs). (A) MitoSOX (white) and

nuclear staining (blue) in human PASMCs treated with the PKC agonist PMA (1 mmol/L) or vehicle (control). Scale bar: 25 mm. (B) MitoSOX fluorescence
(mean background-subtracted fluorescence intensity)6PMA (1 mmol/L) in the presence of the PKCb inhibitor LY-333531 (LY, 10 nmol/L), the O2

2

scavenger tiron (10 mmol/L), the mitochondrial antioxidant Mito-CP (0.5 mmol/L), or vehicle in human PASMCs. n=17–39 images (specified in bars) from
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responses. PKCb inhibition with
LY-333531 markedly attenuated
vasoconstriction to PMA in pulmonary
arteries (Figure 4A), supporting a dominant
role for PKCb in PMA-dependent
constriction. In contrast, PMA-dependent
vasoconstriction of mesenteric arteries was
unaltered by PKCb inhibition (Figure 4B),
consistent with dramatically lower
expression of PKCb splice variants (PKCbI
and bII) than in pulmonary arteries
(Figure 4F).

We next examined whether PKCb
stimulation in pulmonary arteries from
control rats mediates constriction through a
mitoROS-dependent mechanism similar to
that observed with ET-1 in vessels from IH
rats. Similar to the effects of PKCb
inhibition, tiron attenuated PMA-
induced constriction of pulmonary
arteries (Figure 4C), but not mesenteric
arteries (Figure 4D). MitoCP also greatly
inhibited constrictor responses to PMA in
control pulmonary arteries (Figure 4E).
Furthermore, the inhibitory effects of
LY-333531 and MitoCP were not additive,
consistent with PKCb and mitoROS
signaling in a common pathway to mediate
pulmonary vasoconstriction.

PKCb Increases MitoROS Levels in
PASMCs
In agreement with functional studies in
whole arteries (Figures 3 and 4), we found
that PMA stimulated mitoROS production
in both human PASMCs (Figures 5A and
5B) and primary cultures of rat PASMCs
(Figure 5C), as assessed using the
mitochondria-targeted fluorescent O2

2

indicator MitoSOX. This response occurred
within 1 minute of PMA exposure (Figures
5A and 5B) and persisted at 4 hours
(MitoSOX fluorescence [AU]: 11.86 0.6 in
vehicle vs. 19.16 1.2 in PMA [1 mmol/L]-
treated cells; P, 0.05). Furthermore, PMA-
induced mitoROS production was
prevented by LY-333531, tiron, and
MitoCP (Figure 5B), as well as knockdown
of PKCb using shRNA (Figure 5C),
demonstrating the specific role of PKCb in

mediating this response. Quantitative PCR
verified that PKCb shRNA decreased
PKCb, but not PKCa, mRNA expression
(Figure 5D). Localization of MitoSOX
to mitochondria was confirmed by
colocalization with MitoTracker Deep Red
(Figure 5E).

PICK1 Facilitates Mitochondrial O2
2

Generation and PKC-mediated
Pulmonary Vasoconstriction, and
Demonstrates Increased
Colocalization with PKCbII in
Response to PMA
PICK1 is a scaffolding protein that organizes
the subcellular localization of a variety of
proteins, including PKCa (27). We have
previously demonstrated that PICK1 is
expressed in rat PASMCs, where it
regulates the activity of acid-sensing ion
channel 1 (25). To test the hypothesis that
PICK1 interacts with PKCb and facilitates
PKCb-dependent vasoconstriction and
mitoROS production, we measured
vasoconstrictor responses to PMA after
administration of the competitive PICK1
inhibitor FSC231 (26) in both pulmonary
and mesenteric arteries. Similar to the
effects of LY-333531 and MitoCP (Figures
4A and 4E), FSC231 largely attenuated
constriction to PMA in pulmonary arteries
(Figure 6A) but had no effect in mesenteric
arteries (Figure 6B). PICK1 inhibition
also prevented PMA-induced mitoROS
generation in rat PASMCs (Figures 6C and
6D) in a manner analogous to that of PKCb
inhibition with LY-333531 or shRNA
(Figures 5B and 5E).

Duolink proximity ligation assays
(PLAs) further demonstrated the physical
association of PICK1 and PKCbI/II
in rat PASMCs (indicated by red puncta
in Figures 6E and 6G). This assay
uses in situ PLA probes (secondary
antibodies conjugated to DNA), allowing
oligonucleotide amplification between
proteins ,40 nm in proximity (25).
Negative control experiments were
conducted in the presence of each primary
antibody alone or with both primary

antibodies omitted (Figure 6I).
Interestingly, stimulation of PKCb with
PMA increased the association of PICK1
with PKCbII (Figures 6G and 6H), but
not with PKCbI (Figures 6E and 6F).
Collectively, these data support an effect
of PICK1 to facilitate PKCbII-induced
mitoROS generation and vasoconstriction.

PKCb Translocates to Mitochondria
after Stimulation in PASMCs
Immunofluorescence microscopy in human
PASMCs revealed distinct colocalization
of both PKCbI and PKCbII with the
mitochondrial marker MitoTracker Deep
Red (Figure 7A). Western blotting of
subcellular fractions of rat PASMC cultures
revealed that PKCbΙ and PKCbII were
preferentially localized to the cytosolic
fraction under basal conditions, but
underwent acute trafficking to mitochondria
upon stimulation with PMA (Figures 7B and
7C). PICK1 inhibition with FSC231 had no
effect on this response, suggesting that
PICK1 mediates PKCb-induced mitoROS
production through mechanisms that are
independent of trafficking PKCb to
mitochondria.

Role of Mitochondrial KATP Channels
in PKC-induced Mitochondrial
Membrane Potential (DCM)
Depolarization, MitoROS Production,
and Pulmonary Arterial Constriction
Considering the importance of mitoKATP

channels in the regulation of DCM and
mitoROS generation (30), we next
examined their contribution to PMA-
induced pulmonary arterial constriction
and mitoROS production. The specific
mitoKATP channel antagonist
5-hydroxydecanoate (5-HD) (42, 43)
attenuated constriction to both PMA
(Figure 8A) and the selective mitoKATP

channel activator diazoxide (42, 43)
(Figure 8B) in pressurized rat pulmonary
arteries, without altering vessel wall [Ca21]i
(not shown). In agreement with findings
from isolated vessels, 5-HD prevented both
PMA- and diazoxide-induced increases in

Figure 5. (Continued ). three experiments/treatment. *P,0.05 versus control. #P,0.05 versus PMA1 vehicle. (C) PKCb shRNA prevents PMA
(10 mmol/L)-induced increases in MitoSOX fluorescence in primary cultures of rat PASMCs. n=20 images from four experiments (rats)/treatment.
(D) shRNA knockdown of PKCbmRNA in primary cultures of rat PASMCs (left graph). PKCb shRNA transfection has no effect on PKCamRNA expression
(right graph). n=4 rats/treatment. *P,0.05 versus nontargeting (NT) shRNA. (E) Colocalization of MitoSOX and MitoTracker Deep Red in primary cultures
of rat PASMCs (green, MitoSOX; red, MitoTracker; white, colocalization in merged image). Scale bar: 20 mm. *P,0.05 versus vehicle NT shRNA.
#P,0.05 versus PMA NT shRNA. (B–D) Analyzed by one-way ANOVA (B), two-way ANOVA (C), or unpaired t test (D). Post hoc comparisons were made
using the Student-Newman-Keuls test.
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MitoSOX fluorescence in human PASMCs
(Figures 8C and 8D), implicating mitoKATP

channels in both PKC-dependent mitoROS
generation and vasoconstriction.

We further evaluated the ability of
PKC to stimulate mitoKATP channels by
assessing mitoKATP channel-dependent
DCM depolarization in live-cell and
vessel imaging experiments using the
mitochondria-targeted, cationic,
fluorescent potentiometric indicator
tetramethylrhodamine methyl ester
perchlorate (TMRM) (44). This probe
accumulates in the mitochondrial matrix as
a result of the large negative DCM, and thus
fluorescence intensity decreases with DCM

depolarization (45). Mitochondrial
localization of TMRM was confirmed by
colocalization with MitoTracker Deep Red
(Figure 8E). Consistent with the effects of
PKC to increase mitoROS production
through activation of mitoKATP channels
(Figures 8C and 8D), PMA and diazoxide
caused DCM depolarization in both human
PASMCs (Figures 8F and 8G) and
pressurized rat pulmonary arteries
(Figure 8H). Furthermore, these responses
were blocked by 5-HD, demonstrating
their dependency on mitoKATP channel
activation. The protonophore carbonyl
cyanide 3-chlorophenylhydrazone was used
as a positive control to induce DCM

depolarization, resulting in a decrease in
TMRM fluorescence in both human
PASMCs (262.06 9.3% at time = 12 min)
and isolated arteries (Figure 8H).

Discussion

The overall objective of this study
was to identify signaling mechanisms
responsible for PKCb-mediated pulmonary
vasoconstriction, and the role of this
signaling pathway in IH-dependent
increases in vasoconstrictor reactivity and
pHTN in a clinically relevant rat model of
SA. The major findings from this study are
that: 1) PKCb and oxidant signaling
accounts for IH-induced increases in RVSP
and RV hypertrophy; 2) mitoROS mediate
enhanced PKCb-dependent vasoconstrictor
reactivity to ET-1 in pressurized small
pulmonary arteries from IH rats; 3)
although this PKCb/mitoROS pathway is
coupled to endothelin receptor stimulation
only after IH, this signaling mechanism is
intact in pulmonary arteries (but not
mesenteric arteries) from control rats, and
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2 generation and

PKC-mediated pulmonary vasoconstriction, and demonstrates increased colocalization with PKCbII
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mol/L) in endothelium-disrupted, pressurized pulmonary (A) and mesenteric arteries (B) from control
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ORIGINAL RESEARCH

740 American Journal of Respiratory Cell and Molecular Biology Volume 62 Number 6 | June 2020



in both rat and human PASMCs, and can
be stimulated pharmacologically by
PMA; 4) PKCb acutely translocates to
mitochondria upon stimulation and
colocalizes with the scaffolding protein
PICK1; and 5) mitoKATP channels and
PICK1 contribute to PKCb-dependent
mitoROS production and pulmonary
vasoconstriction. Collectively, these studies
support a major role for PKCb/mitoROS
signaling in the enhanced pulmonary
vasoconstrictor sensitivity and pHTN
responses to IH. Furthermore, PKCb
mediates pulmonary vasoconstriction
through a previously undescribed
mechanism involving mitochondrial
translocation, interaction with the
scaffolding protein PICK1, activation
of mitoKATP channels, and mitoROS
generation.

IH and pHTN
Whereas mechanisms of pHTN associated
with chronic sustained hypoxia have
been extensively studied, relatively little is
known regarding the effects of IH on the
pulmonary circulation. However, we
previously reported that whereas long-term
IH exposure in rats has minimal effects to
cause arterial remodeling, IH leads to
augmented pulmonary vasoconstrictor
reactivity to receptor agonists, including
the thromboxane analog U-46619 (15)
and ET-1 (14). Furthermore, IH enhances
vasoconstrictor reactivity to ET-1 in
small pulmonary arteries through an
increase in PASMC Ca21 sensitivity or
Ca21-independent contractile mechanisms
(14). In contrast, responses to depolarizing
concentrations of KCl are unaltered by
IH (14), suggesting that IH does not
increase basal Ca21 sensitivity, but rather
promotes coupling of receptor stimulation
to PASMC contraction. This effect of IH
was prevented by selective inhibition
of PKCb, but not Rho kinase (14).
Interestingly, this mechanism of increased
PKCb-dependent arterial constriction after

IH stands in contrast to our findings of
enhanced Rho kinase–mediated Ca21-
sensitization resulting from chronic
hypoxia (18). Furthermore, IH has no
effect on either arterial PKCb mRNA or
protein levels (14), suggesting that greater
vasoconstrictor reactivity after IH is not
dependent on changes in PKCb gene or
protein expression. Rather, exposure to
IH selectively links membrane receptor
stimulation to PKCb-mediated pulmonary
vasoconstriction, a coupling mechanism
that is not present in arteries from control
animals.

Role of ROS in IH-induced pHTN
Endogenous ROS, including O2

2 and
H2O2, are physiologically important
intracellular second messengers that are
integrally involved in regulation of vascular
smooth muscle cell phenotype and
contractility. ROS also play a critical role in
mediating enhanced vasoconstrictor
reactivity (18, 21, 33, 37, 46) and associated
pHTN in animal models (33, 47). Similar to
our previous observations in the pulmonary
circulation of rats exposed to chronic
hypoxia (18, 21, 37), our current findings
demonstrate an effect of IH to increase
both basal and ET-1–stimulated O2

2 levels
in small pulmonary arteries, and support
a primary contribution of O2

2, rather
than H2O2, to enhanced ET-1–dependent
vasoconstriction after IH. The lack of a
role for H2O2 is consistent with evidence
that exogenous O2

2 constricts pulmonary
arteries independently of H2O2 (48).
The physiological importance of O2

2 in
IH-induced pHTN is further supported
by our present findings that chronic
administration of the superoxide
dismutase mimetic Tempol prevented
IH-induced increases RVSP and RV
hypertrophy.

NOX (12, 21, 37, 46, 49) and xanthine
oxidase (50) are the major sources of ROS
implicated in the development of pHTN.
However, our current observations indicate

that neither inhibition of NOX1/2 with
apocynin nor inhibition of xanthine
oxidase with allopurinol altered
constriction to ET-1 in arteries from IH
rats, arguing against a role for these
enzymes in altered vasoreactivity after
IH. In contrast to these findings,
however, mice deficient in the NOX2
subunit gp91phox are protected from
IH-induced RV hypertrophy and
arterial remodeling (12). Whether this
discrepancy is explained by a difference
in species or a role for NOX2 that is
independent of IH-induced alterations in
vasoreactivity is not clear. Although
apocynin has been reported to have
antioxidant properties that are independent
of NOX inhibition (51), such effects are
likely minimal at the concentration used
in the present study. Supporting this
assertion are our findings that apocynin
did not attenuate vasoconstriction in
vessels from IH rats, whereas the ROS
scavengers tiron and polyethylene
glycol-catalase produced marked
inhibition.

Mitochondria represent an alternative
source of ROS that mediate greater
vasoconstrictor sensitivity after IH. The
mitochondrial ETC includes four protein
complexes located in the mitochondrial
inner membrane, and is an important
source of ROS that mediate responses
to both hypoxia (41, 52, 53) and
ischemia-reperfusion (45). Complex III is
often the principal site of O2

2 generation
by the ETC (41, 52), and can produce
O2

2 toward the intermembrane space
(54), where it may exit the mitochondria
to mediate cytosolic signaling or
oxidative damage (45). Supporting a
role for mitoROS in augmented pulmonary
vasoconstrictor reactivity after IH, this
response was abolished by the mitochondria-
targeted antioxidant MitoCP as well as
rotenone, which inhibits the ETC at
complex I, proximal to the primary sites
of O2

2 generation (41).

Figure 6. (Continued ). (C) Representative confocal images (red, MitoSOX; green, TO-PRO-3 nuclear stain) and (D) summary data for MitoSOX fluores-
cence (mean background-subtracted fluorescence intensity) in primary cultures of rat PASMCs treated with vehicle, PMA (10 mmol/L), or PMA1 FSC231
(50 mmol/L). n=average of five images from four rats/treatment. (E and G) Representative confocal images of the Duolink proximity ligation assay (PLA)
interaction (red puncta) between goat anti-PKCbI (E) or anti-PKCbII (G) and rabbit anti-PICK1 in rat PASMCs upon incubation with vehicle or PMA
(10 mmol/L). (F and H) PLA summary data for the average number of puncta per cell. (I) Negative controls for PLA experiments in which PASMCs were
incubated with both PLA probes and each primary antibody alone or no primary antibody. Actin is labeled with Alexa Fluor 647 Phalloidin (blue) and nuclei
are labeled with SyTOX (green). n=average of five images from four experiments (rats)/treatment; *P, 0.05 versus vehicle. #P, 0.05 versus PMA alone.
Analyzed by unpaired t test (A, B, F, and H), or one-way ANOVA (D). Post hoc comparisons were made using the Student-Newman-Keuls test. Scale bars:
25 mm.
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Signaling Relationship between PKCb
and ROS in IH-induced pHTN
We examined whether PKCb and O2

2 act
in a common signaling pathway to mediate
vasoconstriction after IH by measuring
both ET-1–induced vasoconstriction and
O2

2 production in pressurized pulmonary
arteries. Consistent with PKCb and O2

2

acting in series, we found that combined
PKCb inhibition and O2

2 scavenging did
not produce additive effects to attenuate
constriction in arteries from IH rats. Based
on evidence that PKCb is activated by
oxidation (55), and that ROS activate PKCe

in PASMCs (56), we hypothesized that
mitoROS signal upstream of PKCb to
mediate constriction. However, in contrast
to this hypothesis, PKCb inhibition
prevented IH-induced increases in basal
and ET-1–mediated O2

2 levels, indicating
that PKCb is required for O2

2 generation
in PASMCs from IH rats. In agreement
with these results, in vivo PKCb inhibition
abolished IH-mediated increases in RVSP
and RV hypertrophy, similar to the effects
of ROS scavenging. Although these whole-
animal studies are limited in that global
inhibition of PKCb and ROS may produce

effects independently of PASMC PKCb and
ROS signaling, the consistencies between
our in vivo and in vitro studies argue that
PKCb-dependent ROS production
mediates enhanced vasoconstrictor
reactivity and pHTN after IH.

Mechanisms of PKCb-mediated
Pulmonary Arterial Constriction

Role of MitoROS. Although PKCb-
mediated pulmonary vasoconstriction
becomes linked to ET-1 receptor
stimulation only after exposure to IH (14),
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we found that pharmacological stimulation
of PKCb with PMA mediated constriction
of the pulmonary arteries from control
animals through a mitoROS-dependent
Ca21-sensitization mechanism. Interestingly,
neither PKCb nor ROS were involved in
PMA-dependent constriction of small
mesenteric arteries, where PKCb
expression was nearly undetectable,
indicating that other PKC isoforms
contribute to this response in the
mesenteric circulation. These findings
demonstrate that PKCb-induced
vasoconstriction is not a generalized
phenomenon, and that PKCb is the
predominant isoform mediating PKC-
dependent constriction in the pulmonary
circulation.

Consistent with vasoreactivity studies,
PMA stimulated PKCb-induced mitoROS
production in both human and rat
PASMCs, as demonstrated by blockade
of mitoROS production after either
pharmacologic or shRNA inhibition of
PKCb. This response was associated
with acute translocation of PKCb to
mitochondria, similar to previous findings
that some PKC isoforms translocate from
the cardiac cell membrane to mitochondria
in response to ischemia-reperfusion, where
they function to increase mitochondrial
O2

2 production (57).
Use of PMA is limited by actions of this

phorbol ester to nonspecifically stimulate
multiple PKC isoforms. Whereas PKCb
inhibition with LY-333531 had no effect on
PMA-induced constriction of mesenteric
arteries, it nearly abolished reactivity to
PMA in pulmonary arteries, supporting a
primary contribution of PKCb to PMA-
induced vasoconstriction in the pulmonary
circulation. Consistent with these findings,
we found that both pharmacologic and
genetic inhibition of PKCb prevented
PMA-induced mitoROS generation in
pulmonary vascular SMCs. An additional
consideration is that long-term treatment
with PMA can inhibit PKC activity by
downregulating isozyme expression (58).
However, our observation that PKC
inhibitors attenuated responses to PMA
indicate that PMA stimulated, rather than
inhibited, PKC.

Role of PICK1. The scaffolding protein
PICK1 was originally identified by its ability
to bind to the C-terminus of PKC, thereby
enhancing enzyme activity (59). PICK1
functions to regulate the activity and
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membrane localization of its binding
partners by facilitating their interactions
with intracellular signaling mediators or
by altering their subcellular localization
through interactions with membrane
lipid domains (27). Considering our
previous findings that PICK1 is expressed
in PASMCs (25), we hypothesized that
PICK1 facilitates PKCb-dependent
mitoROS generation and vasoconstriction
by promoting PKCb localization to
the mitochondrial inner membrane.
Consistent with this hypothesis, we found
that PICK1 inhibition largely attenuated
PMA-induced constriction of pulmonary,
but not mesenteric, arteries and prevented
PMA-dependent increases in mitoROS
in rat PASMCs in a manner similar to
that observed after PKCb inhibition.
Furthermore, PKC stimulation with
PMA increased the colocalization of PICK1
and PKCbII as determined by Duolink
PLAs, but had no effect on the association
of PICK1 with PKCbI. Although the
relative contributions of PKCbI and
II to mitoROS-dependent pulmonary
vasoconstriction are not clear, these
findings are consistent with an effect of
PKCbII to functionally interact with
PICK1 to mediate this response.
Interestingly, subcellular fractionation
protocols using an antibody that recognizes
both PKCbI and PKCbII demonstrated
an acute translocation of PKCbI/II to
mitochondria in response to PKC
stimulation. However, in contrast to our
hypothesis, this response was not altered by
PICK1 inhibition, suggesting that PICK1
mediates PKCb-induced mitoROS
production by increasing PKCb activity
or access of the enzyme to relevant
phosphorylation targets rather than
trafficking PKCb to mitochondria.

Role of mitoKATP channels. MitoKATP

channels are structurally distinct from

sarcolemmal KATP channels (28) and are
located on the mitochondrial inner
membrane. Activation of mitoKATP

channels leads to inward flux of K1, DCM

depolarization, and ROS generation by
the ETC (30). This response mediates
multiple oxidative signaling mechanisms,
including paradoxical cardioprotection
via inhibition of the mitochondrial
permeability transition pore in ischemic
preconditioning (29), angiotensin
II–induced endothelial dysfunction (43),
and cerebral artery dilation through
activation of Ca21 sparks (42). However, in
contrast to these effects of mitoKATP

activation in cerebral arteries, we found
that stimulation of mitoKATP channels
with either PMA or diazoxide caused
constriction of pulmonary arteries, along
with increased production of mitoROS in
human PASMCs. Consistent with effects
of PMA and diazoxide to activate mitoKATP

channels in these preparations, both
agents produced DCM depolarization in
human PASMCs and rat pulmonary
arteries that was sensitive to mitoKATP

channel inhibition. These data suggest
that PKCb stimulates mitoROS production
through activation of mitoKATP channels
in PASMCs to mediate vasoconstriction.
Although the magnitude of this mitoKATP

channel–induced depolarization is
somewhat larger than that observed in
prior studies (42, 60), these differences
may be explained by possible tissue-specific
variability in channel expression or
differences in the detection sensitivity of
the methods employed. Our present
findings are in agreement with evidence
that PKC-dependent mitoROS generation
mediates the cardioprotective effects of
mitoKATP activation (29). MitoKATP

channel activation also contributes to
hypoxia-induced DCM depolarization
and proliferation of human PASMCs

(61), supporting a possible role for these
channels in the arterial remodeling
component of hypoxia-associated pHTN.

Challenges for future studies include
evaluation of mechanisms by which IH
couples receptor stimulation to PKCb
activation in the pulmonary circulation.
Oxidative stress can activate PKCb (55)
through reversible oxidation of cysteine
thiols located in the autoinhibitory domain
of the enzyme (55), producing an increase
in catalytic activity and potentiation of
agonist-dependent activation. Consequently,
PKCb oxidation resulting from IH-
induced paracrine or autocrine oxidant
signaling may prime PKCb for activation
by receptor stimulation. It is also possible
that PKCb-induced mitochondrial
oxidative stress acts in a feed-forward
fashion to further activate the enzyme to
promote vascular dysfunction. Therefore,
future studies will address the possible role
of PKCb as a redox sensor mediating
mitoROS signaling in IH-induced pHTN.

Another unanswered question is how
PKCb-induced mitoROS production
mediates contraction independently of
changes in PASMC [Ca21]i. This response
does not appear to be result of classical
mechanisms of PKC-mediated Ca21-
sensitization involving myosin light chain
phosphorylation (14). Considering that
dynamic reorganization of the actin
cytoskeleton is integral to tension
generation in smooth muscle (62), a
possible alternative explanation is that
ROS-mediated actin polymerization
contributes to this response in a manner
similar to that which we recently
characterized in the pulmonary circulation
of chronically hypoxic rats (63).

Conclusions
In conclusion, oxidative stress, increased
PASMC Ca21 sensitivity, and elevated

Figure 8. (Continued). channel inhibitor 5-hydroxydecanoate (5-HD; 500 mmol/L) or vehicle. Experiments were conducted in the presence of diltiazem (50
mmol/L) to block L-type Ca21 channels. n=4 rats/treatment. *P,0.05 versus vehicle. (C and D) Effects of 5-HD (100 mmol/L) on PMA (1 mmol/L)- (C) and
diazoxide (100 mmol/L)-stimulated MitoSOX fluorescence (D) (mean background-subtracted fluorescence intensity) in human PASMCs. n=18–25 images
(specified in bars) from three to four experiments/treatment. *P,0.05 versus vehicle. #P,0.05 versus PMA or diazoxide. (E) Colocalization of the
mitochondria-targeted DCM fluorescent indicator TMRM (100 nmol/L) and MitoTracker Deep Red fluorescence in human PASMCs (green, TMRM; red,
MitoTracker). (F and G) Effects of 5-HD (100 mmol/L) on the percent change in TMRM fluorescence (mean background-subtracted fluorescence intensity)
in response to PMA (1 mmol/L) (F) or diazoxide (100 mmol/L) in human PASMCs (G). This probe accumulates in the mitochondrial matrix as a result of the
large negative DCM, and thus fluorescence intensity decreases with DCM depolarization. n=5–7 experiments/treatment. (H) Percent change in TMRM
fluorescence in response to PMA (10 mmol/L) in endothelium-disrupted, pressurized pulmonary arteries from control rats in the presence of 5-HD
(500 mmol/L) or vehicle. The electron transport chain uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 10 mmol/L) was used as a positive
control. n=4 rats/treatment for time control, PMA1 vehicle, and PMA15-HD; n=3 for CCCP. (F and G) *P,0.05 versus time control. #P,0.05 versus
PMA1vehicle or diazoxide1 vehicle. (A–H) Analyzed by unpaired t test (A and B) or one-way ANOVA (C–H). Post hoc comparisons were made using the
Student-Newman-Keuls test. Scale bar: 20 mm.
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[Ca21]i act as common mediators of
pulmonary vasoconstriction in various
forms of pHTN. However, the signaling
pathways and enzymatic sources of
ROS involved in these responses vary
considerably depending on the cause of
the disease. Whereas NOX-derived ROS
and RhoA-mediated Ca21-sensitization
play a critical role in the vasoconstriction
and pHTN associated with chronic
hypoxia (19, 46), the current findings
establish a novel signaling pathway
involving PKCb-induced mitoROS
generation that mediates enhanced
vasoconstrictor reactivity and pHTN
resulting from IH. This signaling

mechanism was not observed in mesenteric
arteries and thus may be unique to the
pulmonary circulation. Furthermore, it is
coupled to endothelin receptor stimulation
only after IH exposure. Such pulmonary
vascular selectivity of this PKCb pathway
could provide an attractive target for
pulmonary-selective treatment of IH-
induced pHTN that would be distinct
from existing strategies used in other
forms of pHTN. Future studies are
needed to determine the sensing
mechanisms that differentiate the effects
of chronic hypoxia and IH in the
pulmonary circulation, as well as the
direct contribution of PKCb-dependent

vasoconstriction to IH-induced pHTN.
Considering the protective effects of
estradiol in some forms of pHTN (64),
it will also be important to investigate
whether sex-dependent differences in
PKCb signaling mediate protection
of females from IH-induced pHTN. n
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