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ABSTRACT

Objective: Protein kinase C (PKC) influences myocardial contractility and suscep-
tibility to long-term cardiac dysfunction after ischemia-reperfusion injury. In dia-
betes, PKC inhibition has a protective effect in terms of microvascular
dysfunction. SK-channel dysfunction also influences endothelial dysfunction in car-
dioplegic hypoxia-reoxygenation (CP-H/R). Here, we examine whether acute inhibi-
tion of PKC beta protects against CP-H/R-induced coronary endothelial and SK
channel dysfunction.

Methods: Isolated mouse coronary arterioles, half pretreated with selective PKC
inhibitor ruboxistaurin (RBX), were subjected to hyperkalemic, cardioplegic hypoxia
(1 hour), and reoxygenation (1 hour) with Krebs buffer. Sham control vessels were
continuously perfused with oxygenated Krebs buffer without CP-H/R. After 1 hour of
reoxygenation, responses to the endothelium-dependent vasodilator adenosine-
diphosphate (ADP) and the SK-channel activator NS309 were examined. Endothelial
SK-specific potassium currents from mouse heart endothelial cells were examined
using whole-cell path clamp configurations in response to NS309 and SK channel
blockers apamin and TRAM34.

Results: CP-H/R significantly decreased coronary relaxation responses to ADP
(P = .006) and NS309 (P = .0001) compared with the sham control group. Treat-
ment with selective PKC beta inhibitor RBX significantly increased recovery of cor-
onary relaxation responses to ADP (P = .031) and NS309 (P = .004) after CP-H/R.
Treatment with RBX significantly increased NS309-mediated potassium currents
following CP-H/R (P = .0415). Apamin and TRAM34 sensitive currents were signifi-
cantly greater in CP-H/R + RBX versus CP-H/R mouse heart endothelial cells
(P = .0027).

Conclusions: Acute inhibition of PKC beta significantly protected mouse coronary
endothelial function after CP-H/R injury. This suggests that acute PKC beta inhibi-
tion may be a novel approach for preventing microvascular dysfunction during
CP-H/R. (JTCVS Open 2023;15:242-51)
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Increased PKC beta activity contributes to postcar-
diac surgery endothelial dysfunction.

CENTRAL MESSAGE
Treatment of tissue with a PKC

beta inhibitor protects endothe-
lial function and microvascular
responsiveness to endothelium-
derived vasodilators following
cardioplegic hypoxia-
reoxygenation.

PERSPECTIVE

Pretreatment with PKC beta inhibitors may be a
useful therapeutic tool for preventing microvas-
cular ischemia-
reperfusion

involving cardioplegig/cardiopulmonary bypass.

dysfunction  following

injury during cardiac  surgery

Coronary artery bypass grafting is the most common car-
diac surgical procedure performed in the United States.’
Most coronary artery bypass grafting protocols are “on-
pump,” using cardioplegic (CP) arrest and cardiopulmonary
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bypass (CPB) to stop the heart while preserving the body’s
circulation using an external heart—lung machine.” Despite
decades of extensive innovation and refinement of novel
cardioplegic solutions and optimizing techniques for
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Abbreviations and Acronyms

ADP = adenosine diphosphate

CP = cardioplegic arrest

CPB = cardiopulmonary bypass

EDHF = endothelium-derived
hyperpolarizing factor

H/R = hypoxia/reoxygenation

MHEC = mouse heart endothelial cell

PKC = protein kinase C

RBX = ruboxistaurin

SK channels = small conductance calcium activated
potassium channels
SNP = sodium nitroprusside

cardioprotection during CPB, the risk of postoperative
CP hypoxia/reoxygenation (H/R) injury remains high
following CP/CPB.’

Following CP-H/R, the coronary microcirculation ex-
hibits increased propensity for vasospasm and myocardial
malperfusion, with altered responsiveness to vasoactive
substances such as serotonin, endothelin-1, thromboxa-
neA2, and neuropeptide Y.*' Generalized endothelial
dysfunction disrupts the balance between vasoconstriction
and vasodilation through markedly impaired microvascular
responses to endothelium-derived vasodilators such as ni-
tric oxide, prostacyclin, and endothelium-derived hyperpo-
larizing factors (EDHFs).”” EHDF promotes vasodilation
through the opening of small-conductance calcium-acti-
vated potassium channels (SK channels), which facilitate
endothelial cell hyperpolarization and vascular smooth
muscle relaxation.” We and others have previously found
that CP-H/R injury inactivates/inhibits endothelial SK
channels, observed through decreased responsiveness to
various SK-channel activators such as NS309.

Protein kinase C (PKC) is a potential mediator of cardio-
vascular pathology in settings of ischemia and hypoxia-
related injury, such as heart failure and myocardial
infarction. Members of the PKC family can be broadly sub-
divided into 3 subgroups: classical PKCs (alpha, beta, and
gamma); novel PKCs (delta, epsilon, eta, theta), and atyp-
ical PKCs (zeta, iota, and 121mbda).8 The classical PKCs
are activated by calcium and phospholipids in contrast to
novel and atypical isozymes, which are calcium-
independent and activated only by specific lipids.”

Transgenic mice engineered to overexpress PKC alpha
exhibit decreased cardiac contractility, whereas PKC alpha
knockout mice exhibit increased cardiac contractility and
were less susceptible to heart failure after long-term pres-
sure overload stimulation or induction of ischemia—
reperfusion injury.'”'" Phosphorylation of PKC alpha at
site threonine 638 positively correlated with increased left
ventricular volume and reduced ejection fraction in pig

models of heart failure following ischemia—reperfusion.'”
In contrast, PKC beta/gamma knockout mice exhibited
more severe heart failure following long-term pressure
overload.'" Increased activity of the PKC delta and epsilon
isoforms have been observed in the myocardium of patients
following CPB and cardioplegic arrest."”

Pharmacologic inhibition of PKC alpha/beta/gamma in
mice using Ro-32 to 0432 and Ro-31 to 8220 increases car-
diac contractility and confers partial protection against
long-term decompensation and dilated cardiomyopathy af-
ter myocardial infarction.'* Likewise, application of Ro-32
to 0432, Ro-31 to 8220, and ruboxistaurin (RBX; LY
333531, 2007), another PKC inhibitor that specifically tar-
gets PKC beta, protects against heart failure, and reduced
left ventricular ejection fraction in pig models of myocar-
dial infarction.'>"?

Comparatively little work exists concerning the effects of
PKC modulation in the microcirculation. In addition,
although RBX has shown promise in the treatment of dia-
betic complications in which PKC plays a prominent role,
including diabetic retinopathy, diabetic neuropathy, and
diabetic nephropathy, few studies have investigated whether
treatment with PKC inhibitors such as RBX might improve
coronary microvascular function in the context of CP-H/R.
In this study, we use a rodent model of CP-H/R to test
whether treatment with RBX protects against microvascular
endothelial dysfunction in mouse small coronary arteries.

Finally, PKC is involved in numerous downstream cell-
signaling pathways, including many involving cell mem-
brane ion channels. For example, our group has implicated
PKC beta in NADH-mediated SK channel dysfunction in
human coronary artery endothelial cells, and other studies
have shown that PKC-mediated signaling pathways influ-
ence cardiac sodium channel activity. 16 Hence, we also
examined the effect of RBX on SK-channel recording activ-
ity before and after CP-H/R.

METHODS
Animal Models and Heart Tissue Collection

We used eighteen 16-week-old C57BL/6J mice in this study, with equal
parity between male and female mice. The Institutional Animal Care and
Use Committee of Rhode Island Hospital approved all the experiments out-
lined in this section (original approval date: May 18, 2018; newest approval
date: April 26, 2021; internal reference number: 502118 [original], 501721
[new]). Each mouse underwent a thoracotomy to access the heart following
anesthesia administration with inhaled isoflurane. Hearts were removed
from the thorax by gently lifting at the apex and severing the great vessels.
Following removal, hearts were immediately placed either in cold (4 °C)
Krebs buffer (1119 NaCl, 25 NaHCO;, 4.6 KCl, 1.2 KH,PO,, 1.2
MgSO,, 1.8 CaCl,, 11 glucose, in mM, pH 7.4) for microvessel experi-
ments or cell culture medium to prepare for endothelial cell isolation.
Experimental groups. Six mouse hearts (3 from male mice, 3 from
female mice) were assigned to each of 3 groups: sham controls, CP-H/R,
and CP-H/R + RBX.
Microvessel dissection and CP-H/R simulation. Coronary
arterial microvessels (70-100 wm in diameter) from the left anterior
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descending artery—dependent subepicardial region of the left ventricle were
dissected manually from isolated mouse hearts according to previously
described protocols'” (Figure 1, A). Following dissection, microvessels
were placed in a microvessel organ chamber, where they were cannulated
with 2 glass micropipettes (measuring 40-80 um in diameters), secured
with 10-0 nylon monofilament sutures, and pressurized in a no-flow state.
The microvessel chamber initially contained aerated (95% O,, 5% CO,)
Krebs buffer solution maintained at 37 °C. Vessels were allowed to remain
under these conditions for 60 minutes for stabilization before initiation of
experiments. Two consecutive 1-hour long exposures to oxygenated Krebs
solution were the only conditions to which the sham control vessel group
was exposed. An inverted microscope (Olympus CK2; Olympus Optical)
was used to project microvessel images onto a monitor. Internal luminal di-
ameters were measured using an electronic dimension analyzer.

In order to simulate the effects of ischemic cardioplegia during cardiac
surgeries, an in vitro CP-H/R model of microvessel injury was used. A
modified St Thomas hyperkalemic cardioplegic solution, consisting of
110 NaCl, 16 MgCl,, 10 NaHCOs3, 20 KCl, 1.5 CaCl, (in mM, pH 7.4),
bathed microvessels in the experimental groups for 5 minutes before onset
of hypoxia. Following this, coronary arterioles were cooled in ice and then
set again in St Thomas solution for 60 minutes under hypoxic conditions at
4 °C (bubbling a 5% CO,, 95% N, gas mixture through the chamber). Af-
ter 60 minutes of hypoxia, vessels were reoxygenated for 60 minutes at

37 °C (using 95% O, 5% CO, gas mixture). Importantly, the partial pres-
sure of oxygen in the hypoxic cardioplegia reached a stable level below
30 mm Hg within 2 minutes of changing the bubbling gas. This helped
to prevent true anoxic conditions because a small amount of oxygen contin-
uously diffused into the circulated cardioplegic solution from the atmo-
sphere. In the CP-H/R 4 RBX group, the microvessels were bathed with
50 nM of RBX 5 minutes before and during hypoxia and reoxygenation.
Microvascular reactivity assessment. Following exposures/
treatments in the microvessel chambers, microvessels were preconstricted
with the endothelial vasoconstrictor endothelin-1 to between 30% and
50% of baseline vessel diameter, following a protocol that has been pub-
lished previously.'””'” Importantly, in our microvessel study, vessels
were predilated at constant pressure of 40 mm Hg. Because of this, we
needed to preconstrict vessels by using endothelin-1 or U46619 before
effectively studying vasodilatory responses. Once stable vasoconstriction
was achieved, vasodilators were applied to test microvascular relaxation,
including the SK channel activator NS309 (107°-10~° M), endothelium-
dependent vasodilator adenosine diphosphate (ADP; 107°-10~* M), and
the endothelium-independent vasodilator sodium nitroprusside (SNP;
107°-10~* M).”® Drugs were applied in random order, and each vessel
was exposed to 1 or 2 interventions.

CP-H/R model of endothelial cells. Mouse heart endothelial
cells (MHECs) were isolated from harvested mouse hearts (n = 4) and
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FIGURE 1. Experimental design for microvascular reactivity and endothelial experiment protocols. A, Mouse coronary arterial microvessels (70-100 um

in internal diameter) from the left anterior descending artery dependent subepicardial region of the left ventricle were harvested and assigned to 3 groups:

normoxia (sham controls), cardioplegic hypoxia—reoxygenation (1 hour), and cardioplegic hypoxia—reoxygenation (1 hour) with ruboxistaurin treatment.
Following normoxia, cardioplegic hypoxia—reoxygenation, and/or ruboxistaurin treatment, microvascular responses to ADP, NS309, and SNP were

measured. B, Mouse heart endothelial cells (MHECs) were harvested, and divided into the same 3 groups as were used for the microvascular reactivity study,

with the key difference being 3 hours of cardioplegic hypoxia—reoxygenation. Following treatments, patch clamp methods were used to record whole cell

potassium currents. ADP, Adenosine diphosphate; SNP, sodium nitroprusside.
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cultured in EGM-2 MV medium (Lonza Biosciences) (Figure 1, B). Endo-
thelial cell biomarkers, such as CD31, were used to confirm that cultured
cells were indeed endothelial cells. The CP-H/R model of MHEC:s is as fol-
lows: following isolation, MHECS were placed in a sealed chamber
perfused with a high-nitrogen gas mixture (95% N», 5% CO,) for 3 hours.
After this, MHECs were transferred to a normoxic culture incubator. For
the RBX treatment group, 50 nM RBX was added before hypoxia and
before reoxygenation.

Endothelial cell potassium currents: patch clamp re-

cordings. Whole-cell patch clamp configurations were used to assess
endothelial potassium currents from MHECs. Before recordings, MHECs
were washed twice with calcium-free Dulbecco’s Modified Eagle Medium.
Recording of potassium currents was performed in voltage-clamp mode us-
ing an Axon Axopatch-200B amplifier, Axon Digidata 1550B A/D con-
verter, and pClamp 11 software (all provided by Molecular Devices). A
bath solution consisted of 5 KCl, 140 NaCl, 2 MgCl,, 1 CaCl,, 10 HEPES,
30 glucose (all in mM, at pH 7.4, 22 °C). Patch pipettes were filled with
pipette solution that consisted of 20 KCI, 1 MgCl,, 10 HEPES, 110 K-
Aspartate, 8.5 CaCl,, 0.01 niflumic acid, and 10 BAPTA (all in mM, at
pH 7.2, calculated free calcium at 400 nmol/L). Stepping in 20-mV incre-
ments from a —50 mV holding potential, using 150-millisecond test pulses
in the range of —100 to 100 mV, were used to obtain current-voltage potas-
sium current recordings. The sampling rate was 10 kHz, and low-pass filter
frequency was 2 kHz. For current-time potassium current recordings,
MHEC membrane potentials were held at 100 mV. The effects of the
SK-channel activator NS309 on whole cell potassium currents were exam-
ined. To test specificity of SK-channel activation, the SK2/SK3 channel
blocker apamin (1077 M) and the SK4 blocker TRAM34 (10° M) were
applied.

Chemicals
ADP, SNP, NS309, apamin, and TRAM34 were purchased from Sigma-
Aldrich.

Data Analysis and Statistics

Data are presented as mean =+ standard deviation of the mean. Percent
relaxation of preconstricted vessel diameters reflect degrees of microvas-
cular responsiveness. The Shapiro—Wilk test was used to assess normality
of the data. One- or two-way analyses of variance with post-hoc tests were
used to analyze microvascular reactivity, patch-clamp, and PKC activity
data using GraphPad Prism 7 (GraphPad Software).

RESULTS
Acute PKC Inhibition With RBX Improved
Coronary Arteriolar Endothelium-Dependent
Relaxation Responses Following CP-H/R

Across all 3 groups, there were no significant differences
in baseline microvessel diameter for harvested mouse coro-
nary arterioles. Before vasodilatory response testing, micro-
vessels were preconstructed using endothelin 1. NS309,
ADP, and SNP all promoted dose-dependent vasodilatory
effects (Figures 2-4, respectively). Coronary arteriolar
responses to the endothelium-dependent vasodilators
NS309 (107> M, P = .0001) (Figure 2) and ADP
(1074 M, P = .006) (Figure 3) were significantly decreased
in the CP-H/R group versus the sham control (Krebs buffer
only) group. Treatment with the selective PKC beta inhibi-
tor RBX significantly protected the coronary vasorelaxation
responses of the CP-H/R + RBX group to NS309 (P = .004)
(Figure 2) and ADP (P = .031) (Figure 3) compared with
the untreated CP-H/R group. Curiously, there were no sta-
tistically significant differences in vessel relaxation re-
sponses to the endothelium-independent vasodilator SNP
among all groups (Figure 4).

RBX Increased Endothelial SK Currents After CP-
H/R

Whole-cell potassium currents for sham control, CP-H/R,
and CP-H/R + RBX MHECs can be seen in Figure 5, A (CP-
H/R = MHECs undergoing hypoxia/reoxygenation,
RBX + CP-H/R = MHECs pretreated with RBX before
hypoxia and reoxygenation, RBX = ruboxistaurin, PKC
beta inhibitor). Application of the SK-channel activator
NS309 increased potassium currents in sham control (un-
treated with CP-H/R or RBX), CP-H/R and CP-H/
R -+ RBX MHECs. These effects were abolished with coap-
plication of the SK-channel inhibitors TRAM34 and
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FIGURE 2. Coronary endothelial responses of mouse microvessels to endothelium-dependent vasodilator NS309. A, Dose-dependent vasodilation of sham
control mouse microvessels and vessels undergoing CP-H/R with or without RBX treatment in response to the SK channel activator NS309 (10~°-107> M). B,

Bar graph shows vasodilation response to NS309 107> M. CP-H/R, Microvessels undergoing hypoxia/reoxygenation; RBX + CP-H/R, microvessels pre-

treated with RBX before hypoxia and reoxygenation; RBX, ruboxistaurin.
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FIGURE 3. Coronary endothelial responses of mouse microvessels to endothelium-dependent vasodilator ADP. A, Sham control (no CP-H/R) and CP-H/R
vessels with or without RBX treatment in response to the endothelium-dependent vasodilator ADP (10~°-10~* M). B, Bar graph shows vasodilatory response
to ADP 10 M. ADP, Adenosine diphosphate; CP-H/R, microvessels undergoing hypoxia/re-oxygenation; RBX + CP-H/R, microvessels pretreated with

RBX before hypoxia and reoxygenation; RBX, ruboxistaurin.

apamin, demonstrating that the NS309-induced potassium
current is mediated by SK channel activity (Figure 5, A).
NS309-sensitive potassium currents were significantly
lower in CP-H/R versus sham control MHECs (P = .049)
and CP-H/R versus CP-H/R + RBX MHECS (P = .0415)
(Figure 5, B and C). Likewise, the apamin + TRAM34-
sensitive potassium currents, which we have demonstrated
are SK-mediated potassium currents, were significantly
greater in CP-H/R + RBX MHECs versus CP-H/R MHECs
(P = .0027) and in sham control versus CP-H/R MHECs
(P =.0032) (Figure 5, D and E).

DISCUSSION

The family of SK channels contains 4 broad subtypes:
SK1 (KCa2.1), SK2 (KCa2.2), SK3 (KCa2.3), and SK4
(IK1) (KCa3.1). SK 1 channels predominantly localize to
neurons, although some reports suggest that they may also
be found in atrial tissue.”'** SK2 may be found in cardio-
myocytes, neurons, and endothelial cells.”""**?** SK3 and

SK4 are strongly found on endothelial cells, where they
contribute to EDHF-mediated vasodilation.”*® Although
the specific identity of EDHF remains a matter of debate,
most prevailing theories suggest that EDHF ultimately ele-
vates intracellular calcium levels in endothelial cells.

Figure 6 provides an overview of SK channel-mediated
endothelial hyperpolarization. Calcium binds to calmodulin,
which itself can bind constitutively to the C termini of SK
channels. This leads to a conformational change in the
calmodulin—SK-channel calmodulin binding domain that
opens the SK-channel pore, permitting efflux of potassium
and endothelial hyperpolarization.”” Endothelial hyperpolar-
ization may then be transferred to vascular smooth muscle in
several ways, including direct communication with vascular
smooth muscle cells via myoendothelial gap junctions or acti-
vation of inward rectifier potassium channels and sodium—
potassium ATPases on vascular smooth muscle cells.”

Our group has previously provided evidence of altered
SK-channel activity following CPB. Post-CP/CPB
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FIGURE 4. Coronary endothelial responses of mouse microvessels to endothelium-independent vasodilator SNP. A, Sham control (no CP-H/R) and CP-H/
R vessels with or without RBX treatment in response to the endothelium-independent vasodilator SNP (10°-10* M). B, Bar graph shows vasodilatory
response to SNP 10> M. SNP, Sodium nitroprusside; CP-H/R, Microvessels undergoing hypoxia/reoxygenation; RBX 4+ CP-H/R, microvessels pretreated
with RBX before hypoxia and reoxygenation; RBX, ruboxistaurin.
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ships sensitive to NS309 (1 uM) in MHECs of sham control and CP-H/R with or without RBX (50 nM) treatment. C, Box plots show NS309-sensitive
component of potassium current at +100 mV in sham control MHECs and CP-H/R MHECs treated with or without RBX. *P = .0490, sham control
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relaxation responses to endothelium-dependent vasodila-
tors substance P and ADP, both of which have been impli-
cated in EDHF/SK channel-mediated endothelial
hyperpolarization, and the SK-channel activator NS309
were significantly reduced versus pre-CP/CPB in human
atrial microvessels.”” Similarly, mouse small coronary ar-
tery endothelial cells undergoing CP-H/R exhibited reduced
SK-channel currents (patch clamp recordings) and consid-
erable intracellular calcium overload, which strongly corre-
lated with the diminished SK currents.'’

Pretreatment of MHECs and human coronary artery
endothelial cells with NS309 before CP-H/R has a protec-
tive effect on SK channel activity and preserves SK-

channel currents.” In line with these findings, the current
study shows that RBX pretreatment can also protect SK-
channel currents in MHECs following CP-H/R, which is
associated with preserved endothelium-dependent vasodila-
tion. This provides further support for the notion that SK-
channel dysfunction is a key mediator of general endothe-
lial dysfunction following CP-H/R. Therefore, correcting
SK-channel dysfunction may subsequently provide signifi-
cant therapeutic benefit.

PKC is an important regulator of SK-channel activity
through phosphorylation of SK-channel-bound calmod-
ulin.”’ PKC phosphorylation of SK-channel-bound
calmodulin significantly reduces the sensitivity of the

(n =6) versus CP-H/R (n =7); P = .0415, CP-H/R (n = 7) versus CP-H/R + RBX (n = 6). D, whole-cell I-V relationships sensitive to TRAM34 (10 uM) +
apamin (100 nM) in sham control MHECs and CP-H/R MHECSs with or without RBX treatment. E, Box plots shows TRAM34 + apamin-sensitive compo-
nent of potassium current at +100 mV in control MHECs and CP-H/R MHEC:s treated with or without RBX (n = 5/group). **P = .0032, control (n = 6)
versus CP-H/R (n = 7); P = .0027, CP-H/R (n = 7) versus CP-H/R + RBX (n = 6). CP-H/R, MHECs undergoing hypoxia/reoxygenation; CP-H/R +
RBX, MHEC:s pretreated with RBX before hypoxia and reoxygenation; RBX, ruboxistaurin.
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calmodulin—-SK-channel complex to calcium, thereby
reducing the channel’s open probability.”” The specific di-
rection of change in PKC expression following CP-H/R
may vary depending on the specific isoform involved.

Earlier, we discussed studies suggesting that PKC delta
and epsilon isoforms were increased in the myocardium
following CP-H/R."? However, other studies report
decreased PKC alpha activity in human coronary and skel-
etal microvessels following CP/CPB.”' In an earlier study,
inhibition of PKC alpha with safingol reduced phenyleph-
rine induced vasoconstriction in human coronary and skel-
etal muscle arterioles following CP/CPB.”' In contrast,
activation of PKC alpha with tamoxifen increased phenyl-
ephrine induced vasoconstriction.

In the current study, we show that inhibition of PKC beta
with  RBX improves microvascular relaxation in an

N
)

e

7] ‘]TCVS

endothelium-dependent manner, evidenced by the strong
protection of ADP and NS309 induced relaxation responses
following CP-H/R injury (cf. Figure 7). We can further link
inhibition of PKC beta with protection of SK channel activ-
ity based on patch clamp results of preserved SK channel-
dependent potassium currents in CP-H/R + RBX MHECs.
Thus, inhibiting PKC beta with RBX may provide a novel
approach for targeting SK-channel hypoactivity following
CP-H/R, mitigating against the development of postopera-
tive endothelial dysfunction.

Importantly, our study showed that CP-H/R treatment did
not affect microvascular relaxation responses to the
endothelium-independent vasodilator SNP, and that RBX
had no impact on SNP-mediated vasodilation after CP-H/
R. This suggests that CP-H/R injury may spare
endothelium-independent vasomodulatory systems, with

y @AATSJournals
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Acute Protein Kinase C Beta Inhibition Preserves Coronary Endothelial Function After
Cardioplegic Hypoxia/Rexoygenation
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=0
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18 mice total Coronary vessels from CP-
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6 CP-H/R inhibits improved endothelium- PKCbeta with RBX may
. . PKCbeta dependent vasodilation in help prevent adverse
(cardioplegia- ADP and NS309 .
hypoxia/reperfusion) response to an : postoperative outcgmes
PKCbeta compared to untreated mice related to endothelial
) influences SK dysfunction following
FelFliAl 12 channel RBX protected SK channel- cardiac surgery involving
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FIGURE 7. Depicts overview of premise, study, and key findings. RBX, Ruboxistaurin; PKC, protein kinase C; CP-H/R, cardioplegic hypoxia-reoxyge-

nation; ADP, adenosine diphosphate.
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damage predominantly dealt to endothelium-dependent
systems through mechanisms such as altered PKC activity.
Future studies will be needed to better characterize and
elucidate the mechanisms of SNP and endothelium-
independent vasodilation in the setting of CP-H/R.

Because vessels in our microvessel study were predilated
at a constant pressure of 40 mm Hg, we needed to precon-
strict vessels using endothelin-1 before studying vasodilatory
responses. Endothelin-1 alone has been shown to activate
PKC and reduce cardiomyocyte contractility during periods
of ischemia and reperfusion.” Importantly, previous
research has shown significant increases in endothelin-1
release in the myocardium and peripheral blood following
CP/CPB.”*** We have demonstrated previously that CP/
CPB leads to activation of PKC alpha and beta in human cor-
onary microvessels without the presence of endothelin-1.""
Our group has also shown that elevated endothelin-1 levels
in conjunction with CP/CPB synergistically increase PKC
activity.”> Our patch clamp studies also demonstrate here
that selective PKC inhibition with RBX improves endothe-
lial SK-channel function in the absence of endothelin-1,
which provides direct evidence for a non-endothelin-1—
related role of PKC activity in CP-H/R.

A few limitations of the current study are worth
mentioning. First, as mentioned previously, because our
protocol, which has been used in many previous investiga-
tions referred to in this study, involves predilating vessels at
40 mm Hg, we needed to use endothelin-1 to preconstrict
vessels before studying vasodilatory responses. We did
not investigate which specific SK-channel subtype accounts
for the preserved SK-dependent potassium currents
following RBX treatment; more detailed studies of SK-
channel activity will be required. Next, the current study
was done using MHECs from mouse models of CP-H/R
injury; additional studies using human coronary microves-
sels will be needed to verify that the observations of this
study translate appropriately to humans.

The absence of continuous sanguineous perfusion is
another limitation of the mouse model, as it is very difficult
to collect enough mouse blood to continuously perfuse ves-
sels. A clinically relevant larger animal model, such as pig,
should be used to test our in vitro study in the future. This
would also allow for examining the effect of PKC beta in-
hibition on postcardiac arrest function in a large animal
intact heart model. Future studies may also investigate po-
tential roles for downstream effector molecules of PKC,
such as ERK, in CP-H/R-related endothelial dysfunction.
Finally, it will be useful to see how well RBX protects endo-
thelial function following CP-H/R in animal models or hu-
mans with pre-existing microvascular complications, such
as diabetes or hypertension, who make up a significant
portion of the cardiac surgery patient base.

In conclusion, acute protein kinase C beta inhibition with
RBX improves endothelium-dependent vasodilation and

250 JTCVS Open ¢ September 2023

endothelial SK channel function following CP-H/R injury
(Figure 7). This study provides important initial evidence
for the clinical potential of RBX in patients prior to under-
going cardiac surgery involving CP/CPB for protection
against postoperative endothelial dysfunction.
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