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Myocardial infarction and several surgical and vascular procedures contribute to MIRI. Research has primarily focused on the restoration of blood flow to the ischemic
tissue. However, an inherent response to restoring blood flow to heart tissue after ischemia is reperfusion injury generated in part by an increase in the production of
reactive oxygen species (ROS). Platelet-rich plasma (PRP) is a promising treatment for supporting cardiomyocytes exposed to MIRI and oxidative stress. We assessed
the effects of PRP in the presence or absence of the NOX- 2 or NOX-4 inhibitors using the rabbit Langendorf heart method of MIRI and in cardiac myoblast cells (H9c2)
and Adipose Derived Stem Cells (ADSC) exposed to hypoxia. Left ventricular systolic (LVSP), diastolic (LVDP), and work function (LVWF) were analyzed in the Langendorff
hearts. The ROS concentration, hypoxia-inducible factor 1-alpha activity, and channel formation were analyzed in cardiac myoblast cells, in vitro.

Introduction

Myocardial ischemia reperfusion injury (MIRI) secondary to
myocardial infarction contributes to death and disability [1,2].
MIRI can also occur from several standard medical and surgical
procedures, including cardiothoracic and vascular surgeries and
organ transplantation [3,4]. Due to the worldwide morbidity
and mortality associated with cardiovascular disease, research
has primarily focused on the restoration of blood flow to the
ischemic tissue. However, an inherent response to restoring
blood flow to heart tissue after ischemia is reperfusion injury.

Reperfusion injury is a complicated process that is mediated,
at least in part, by an increase in reactive oxygen species (ROS)
to the extent that an imbalance occurs between ROS production
and the cell’s ability to defend itself against damage. Currently,
attention is being paid to treatments that can protect cardiac
myocytes adjacent to, but may not be involved in, the infarct
zone from responding to the increase in ROS by undergoing
apoptosis and death. Reoxygenation of the ischemic lesion

causes a robust production of ROS and ROS damage to heart
cells. In the heart, ischemia occurs when there is a decrease in
oxygen content, causing a switch in cellular metabolism from
aerobic to anaerobic respiration [5].

Platelet Rich Plasma (PRP) is a promising treatment
that can potentially protect cardiac myocytes from ischemic
reperfusion damage by lowering oxidative stress. PRP contains
growth factors and proteins stored within the alpha granules
of red blood cells that are released upon platelet activation.
PRP has been reported to reduce ROS by modulating cellular
signaling pathways, activating antioxidant defenses via
the nuclear factor erythroid-2 related factor (Nrf2) system,
and directly providing antioxidant enzymes and protecting
mitochondria. The Nrf2 pathway is a key regulator of the
antioxidant response, leading to increased production of
superoxide dismutase (SOD) and catalase [6]. In a previous
study, using cardiac myoblast cells in culture, we reported that
catalase and SOD were present in greater concentrations in PRP
than in the vehicle used to treat the cells under oxidative stress
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[7]. While PRP lowered ROS levels in our previous studies, it
did not reduce them to zero, thereby maintaining a required
minimal level of ROS [8]. A minimum level of ROS is necessary
for activation of proteins such as Hydroxylated-HIF-1a
(HIF-1a) and inhibition of Peroxisome Proliferator-Activated
Receptor-alpha (PPARa) during MIRI [9]. In addition to its
harmful effects on cardiomyocytes, ROS plays a physiological
role in the heart under stress. A small amount of ROS plays a
protective role against MIRI by inducing preconditioning [10].
Basal levels of ROS derived from the nicotinamide adenine
phosphate (NADPH) oxidases, either NOX-2 or NOX-4, are
required to maintain homeostasis in the heart during MIRI.

In addition to activation of the Nrf2 signaling pathway
reported by Togonlini, et al., we have previously demonstrated
that PRP increases the activity of the heart-protective heat
shock proteins (Hsps) 20 and 70 [11]. Consistent with this data,
Hu et al have shown that the activity of Hsps can minimize the
cellular damage occurring in the response to oxidative stress.
The expression of Hsp 70 in cardiomyocytes protects the cells
and heart tissue from oxidative stress and has anti-apoptotic
potential related to the inhibition of caspase 3 [12]. Also,
Kayama, et al. demonstrated the cardiomyocyte-protection
activity of Hsp 70 by showing that Hsp 70 inhibited ROS
production and its mediated damage in cardiomyocytes [13].

Like other investigators, we have investigated the use
of PRP as a method to reduce ROS levels and support left
ventricular mechanical and electrical function under ischemic
and reperfusion conditions. Our in vitro evidence shows that
PRP lowers ROS and is associated with less mitochondrial
depolarization in H9c2 cardiac myoblast cells in culture,
stressed with hydrogen peroxide [8]. Using optical mapping of
the Langendorff rabbit heart, we have also provided evidence
that in rabbit hearts injected with PRP, recovery of electrical
activity after ischemia and reperfusion occurred more rapidly
[11], suggesting that PRP may be involved in gap junction
formation in its support of cardiac function.

Under basal conditions, the heart primarily uses fatty
acids as a substrate to produce ATP. However, during hypoxia,
glycolytic genes are upregulated by HIF-1a to maintain ATP
production, reduce further increases in ROS, and inhibit fatty
acid oxidation (FAO) by suppressing PPAPas in the heart. The
primary function of HIF-1a during hypoxia is to help the body
adapt to the low oxygen environment by increasing oxygen
delivery, energy production, and cell survival [14]. In response
to hypoxia, HIF-1a becomes stabilized and translocated to the
cell nucleus, where it binds to specific DNA sequences (HREs)
to activate the transcription of target genes. HIF-10 promotes
the switch to anaerobic metabolism (glycolysis), allowing cells
to generate energy even without sufficient oxygen [15].

While there are several sources of ROS production
during MIRI, such as xanthine oxidase, cytochrome oxidase,
cyclooxygenase, fatty acid oxidation, and mitochondrial
oxidation, this work will investigate the effects of PRP on ROS
levels in the presence and absence of the NADPH oxidases
NOX-2 and NOX-4. NADPH oxidases are a family of enzymes
whose main function is to produce ROS. NOX-2 is an inducible
enzyme located primarily on the plasma membrane [16], and
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NOX-4 is constitutively active and is regulated by its expression
levels. NOX-4 is in the mitochondria, endoplasmic reticulum,
and the nucleus [17-19].

The functions of endogenous NOX-2 and NOX-4 during
MIRI have been investigated using NOX isoform- specific
knockout (KO) mice. However, the data describing the
detrimental roles of NOX isoforms during MIRI is mixed. Some
of the data showed a significant decrease in infarct size after
MIRI in NOX-2 KO mice but not in NOX-4 KO mice [20,21],
while others found no attenuation in MIRI in mice [22]. The
observed functions of NOX-4 are reported to have protective
effects in endothelial cells [23] by attenuating inflammation
and enhancing angiogenesis [23], but overexpression of
NOX-4 in cardiomyocytes promotes apoptosis in vitro [24].
Interestingly, in single KO mouse hearts where NOX-2 or NOX-
4 is knocked down after MIRI, HIF-1a and PPARa are preserved.

Critical to heart function is the presence of gap junctions.
Gap junctions or cell-to-cell channels are ion channels
different from voltage-gated and ligand-gated ion channels
[25]. Smyth, et al. report that after cardiac insult, gap junction
coupling occurs rapidly, with the rapid movement of connexons
to the plasma membrane [26]. Gap junctions in the heart form
a communication connection between cardiac cells to ensure
the propagation of electrical impulses so that one cell functions
synchronously with another cell. In this study, we investigated
the effects of PRP on the formation of channels (gap junctions)
in vitro under hypoxic conditions [27].

According to Kaur, et al, the coronary no-reflow
phenomenon is a lethal mechanism of ongoing myocardial
injury following successful revascularization of an infarct-
related coronary artery and is associated with adverse
hospital and long-term outcomes and a high occurrence of
failure following percutaneous intervention [28]. Dil, et al.
have reported that microvascular obstruction (no-reflow
phenomenon) and increased left ventricular end-diastolic
pressure are implicated in the pathogenesis and exacerbation
of ischemic injury in the heart [29]. Therefore, it is clinically
significant to develop cardio- protective agents such as PRP
that can adjust the concentration of ROS, causing less damage to
the endothelial coronary microvasculature, which is theorized
to be associated with the no-reflow phenomenon [25].

In this study, we will focus on the effects of PRP during
MIRI when NOX-2 and/or NOX-4 are inhibited. Left ventricular
systolic pressure (LVSP), left ventricular diastolic pressure
(LVDP), and left ventricular work function (LVWF) will be
monitored after ischemic damage and during reperfusion in
the Langendorff heart model of MIRI. We will also investigate
the in vitro effects of PRP on gap junction formation, ROS levels,
and HIF-1a activity using cardiac myoblast (H9c2 cells) under
hypoxic and non-hypoxic conditions.

Methods
Human platelet-rich plasma

Human platelet-rich plasma was purchased from Zenbio,
Inc., Durham, North Carolina. An average of 6 10A6 platelets in

40 ml of plasma was supplied.
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Langendorff rabbit model of ischemic reperfusion injury

Langendorff heart studies: Twelve male New Zealand
White rabbits (3.5 - 4.0 kg, Charles Rivers) were sedated by
administering ketamine (25 mg/kg) intramuscularly. A surgical
plane of anesthesia was induced by allowing the animal to
breathe isoflurane and oxygen. A midline thoracic-abdominal
incision was made. The heart was quickly removed and placed
into a modified Tyrode solution chilled to 0-4 °C. The heart was
mounted as previously described [8]. After mounting, a balloon
catheter attached to a pressure transducer was inserted into
the left ventricle and inflated.

The occlusion balloon used in this study was custom-made
from the fingertips of nitrile gloves and adjusted according to
the size of each heart (rabbit weight range: 3.5-4.0 kg). Balloon
size was selected empirically based on heart dimensions to
achieve effective occlusion.

LVSP and LVDP were recorded continuously through a
polyvinyl catheter using a transducer. LVWF was calculated by
multiplying (LVSP-LVDP) times heart rate. Balloon inflation
pressure was not measured in standardized atmospheric units;
instead, it was manually adjusted based on heart size to ensure
adequate ventricular loading and occlusion. The preparation
was allowed to beat spontaneously and equilibrate for 10 min
before initiating the experimental protocol. Closing off the flow
through the aortic cannula was used to create global ischemia,
which was maintained for 30 minutes with the heart encased
in a heated water jacket and maintained at 37°C. Experiments
were performed using a NOX-2 or NOX-4 inhibitor. The
inhibitor was placed into the Tyrode’s media bathing the heart
to a final concentration of 10 mM and allowed to perfuse the
heart for 10 min before global ischemia was started.

PRP (25 pl) was injected into the left ventricular
myocardium 10 minutes after inhibitor administration and 10
minutes before the start of global ischemia. The aortic cannula
was reopened at the end of the 30- minute ischemic period,
and the heart was reperfused for 60 minutes. Left ventricular
pressures were analyzed at 10, 20, and 60-minute intervals
during reperfusion. All data are stated as the mean + SE.

Gap junction formation: Adipose-Derived Stem Cell
(ADSC) and H9c2 Co-Culture

Cardiac myoblast cells (H9c2) were purchased from ATCC,
and Adipose Derived Stem Cells (ADSC) were purchased from
Lonza, Inc. H9c2 monolayers were labeled with 2.5 uM of the
cytoplasmic-gap junction permeant calcein orange/red stain
(Cell Trace; Molecular Probes/Invitrogen) for 24 hours or 5 pM
of the cytoplasmic gap junction impermeant stain chloromethyl
fluorescein diacetate (Cell Tracker CMFDA; Molecular Probes/
Invitrogen). ADSCs were labeled with a red CD-44 marker
for 24 hours. Three separate co-culture experiments were
performed. Two sterile 6-well plates were seeded with H9c2
cells (passage 4-10; 1 x 10A6 cells per well), and two sterile
6-well plates were seeded with ADSCs (passage 5-10; 1 x 10A6
cells per well). After staining, the cells were co-cultured by
trypsinizing the ADSCs, removing them from their wells, and
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placing them into a corresponding well with the Hoc2 cells.
Two milliliters of fresh cell culture media (DMEM) were placed
in every well, and the cells were returned to a CO2 incubator for
24 h. All 1abeled cells were washed with 1X phosphate-buffered
saline (PBS). After staining, the co-cultures were treated with
two separate concentrations of PRP (10 pL or 30 pL) for 24 h.
Confocal microscopy was performed using a Leica microscope
to observe a fluorescent signal in the co-cultured cells.

ROS Assay: A Cellular ROS Fluorometric Assay Kit (red)
(Abcam, Waltham, MA, USA) was used to quantify ROS in
Hoc2 cells. Cells were plated in a 96-well plate (1 x 1074 to 4
x 10A4) on the day before the assay. The cells were exposed to
30 minutes of hypoxia or no hypoxia. Hypoxia was created by
placing the cells in an oven heated to 37 °C and flooded with
nitrogen gas balanced with 5% CO2. The ROS Red Working
solution was added to each well, and the plate was incubated in
a CO, incubator for 15 minutes, then immediately analyzed for
ROS using a Plate Reader.

HIF-1a Assay: A RayBio® Hydroxylated-HIF-1alpha
(HIF1-a) (Pro402) ELISA Kit was used to measure HIF-1a levels
in Hoc2 cells in culture. This kit is an in vitro enzyme-linked
immunosorbent assay used for the measurement of HIF-1a.
An anti-pan HIF-1a antibody was coated onto a 96-well plate.
Samples were pipetted into the wells, and HIF-1a present in a
sample bound to the wells by the immobilized antibody. The
wells were washed, and rabbit anti-Hydroxylated-HIF-1o
(Pro402) antibody was used to detect Hydroxylated HIF-1a.
After washing away the unbound antibody, HRP-conjugated
anti-rabbit IgG was pipetted into the wells. The wells were
rewashed, and a TMB substrate solution was added to the
wells. The color developed was in proportion to the amount
of Hydroxylated HIF-1o. bound. A Stop Solution was added,
and the intensity of the color change was measured at 450 nm
using a fluorescent plate reader.

Statistical analysis: The Langendorff Heart data were
analyzed using an analysis of variance corrected for repeated
measures and presented as a percentage of the baseline
value. The Tukey HSD Test was used to determine which, if
any, groups were statistically different. The in vitro data were
analyzed using a student t-test or a one-way analysis of
variance. The data are stated as the mean + SE and considered
significant at p < 0.05.

Results
LVSP and LVDP in the Langendorff heart model of MIRI

Langendorff Heart Treatment with PRP Alone: Figure 1a
illustrates the changes in LVSP and LVDP in hearts treated with
PRP and exposed to 30 min of global ischemia and one hour
of reperfusion (n = 4 hearts). A baseline value was the value
established before any treatments were performed and was
normalized to 100%. Ten minutes into reperfusion, there was
a 27% decrease in LVSP from the baseline value. However, 60
min into reperfusion, LVSP was 25% above the baseline value.
LVDP increased significantly above the baseline value at all
points during reperfusion, but there was no significant change
in LVWF during reperfusion (Figure 1b).
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Langendorff heart treatment with a NOX-2 inhibitor and
PRP: In a separate group of hearts (n = 4), Figure 2a shows the
changes in LVSP and LVDP when the NOX-2 inhibitor and PRP
were introduced as previously described in the methods section,
and the hearts were exposed to 30 min of global ischemia and 1
h of reperfusion. There was a significant increase in both LVSP
and LVDP above the baseline values during reperfusion (Figure
2a), but no significant change in LVWF (Figure 2b).

Langendorff heart treatment with a NOX-4 inhibitor and
PRP: Figure 3a illustrates the response of LVSP and LVDP to the
NOX-4 inhibitor, PRP, 30 min of global ischemia, and one hour
of reperfusion. LVSP increased above the baseline value at all
time points during reperfusion. Interestingly, LVDP decreased
to below the baseline value at the 20- and 60- minute time
points during reperfusion. Although the change in LVWF was
not quite statistically significant (p < 0.08), there was a trend
for LVWF to decrease when the NOX-/4 enzyme was inhibited
(Figure 3b).

Langendorff heart treatment with a NOX PAN inhibitor
and PRP: Figure 4a illustrates the response of LVSP and LVDP
to PAN NOX inhibition (inhibition of both NOX-2 and NOX-
4 simultaneously), PRP, 30 min of global ischemia, and one
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Figure 1a: Left ventricular systolic pressure (LVSP) and left ventricular diastolic
pressure (LVDP) in hearts treated with platelet-rich plasma (PRP), exposed to 30
minutes of ischemia and 1 hour of reperfusion. PRP (25 ul) was injected into the
left ventricular myocardium 10 minutes before the start of global ischemia. Left

ventricular pressures were analyzed 10,20 and 60-minutes during reperfusion.
LVSP was significantly below control 10 minutes into reperfusion but increased to
above control at the 60-minute time point. LVDP increased during reperfusion. Four
separate experiments were performed. Data is normalized to the percentage of the
baseline value. * and ¥ represent p < 0.05 versus baseline.
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Figure 1b: Left ventricular work function (LVWF) in hearts in Figure 1a treated
with platelet-rich plasma (PRP), exposed to 30 minutes of ischemia and 1 hour of

reperfusion. Work function was calculated by multiplying (LVSP-LVDP) times heart
rate. Data is normalized to the percentage of the baseline value. There was no
significant change in LVWF from the baseline value.
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Figure 2a: Left ventricular systolic pressure (LVSP) and left ventricular diastolic
pressure (LVDP) in hearts treated with a NOX-2 Inhibitor and platelet-rich plasma
(PRP) and exposed to 30 minutes of ischemia and 1 hour of reperfusion. The NOX-2
inhibitor was placed in the Tyrode’s media bathing the heart to a final concentration
of 10 uM and allowed to perfuse the heart for 10 minutes before global ischemia

was started. PRP was injected into the left ventricular myocardium 10 minutes
after the NOX-2 inhibitor was administered and 10 min before the start of global
ischemia. LVSP and LVDP increased during reperfusion. Four separate experiments
were performed. Data is normalized to the percentage of the baseline. * Represents
p < 0.05 versus the baseline value.
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Figure 2b: Left ventricular work function (LVWF) in hearts in Figure 2a treated with a
NOX-2 Inhibitor and platelet-rich plasma (PRP), exposed to 30 minutes of ischemia
and 1 hour of reperfusion. Work function was calculated by multiplying LVSP times
heart rate. Data is normalized to the percentage of the baseline value. There was no
significant change in LVWF from the baseline value.
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Figure 3a: Left ventricular systolic pressure (LVSP) and left ventricular diastolic
pressure (LVDP) in hearts treated with a NOX-4 Inhibitor and platelet-rich plasma
(PRP) and exposed to 30 minutes of ischemia and 1 hour of reperfusion. The NOX-4
inhibitor was placed in the Tyrode’s media bathing the heart to a final concentration
of 10 uM and allowed to perfuse the heart for 10 minutes before global ischemia
was started. PRP was injected into the left ventricular myocardium 10 minutes after

the NOX-4 inhibitor was administered and 10 min before the start of global ischemia.
LVSP increased significantly above the baseline value at all time points during
reperfusion. LVDP was significantly above baseline 10 minutes into reperfusion
but decreased significantly to below the baseline value at the 20- and 60-minute
time points. Four separate experiments were performed. Data is normalized to the
percentage of the baseline value. * Represents p < 0.05.

hour of reperfusion. Inhibition of both NOX-2 and NOX-4 was
associated with a significant decrease in LVSP and an increase
in LVDP during reperfusion (Figure 4a). LVWF decreased and
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remained below baseline value at the 20- and 60-minute time
points during reperfusion (Figure 4b).

InVitro Studies: All in vitro studies were performed using cardiac
myoblast (Hoc2 cells) and/or adipose-derived stem cells (ADSC) in
culture.

Co-culture of H9¢2 and ADSCs in the presence of PRP

These studies were performed to investigate the effects of
PRP on the formation of channels or pathways between H9c2
and ADSC. Figures 5a through 5d are representative examples
of the change in fluorescent color in the co-cultured cells.
Calcein is a cell-permanent dye that can move from the H9c2
cell into the ADSC. CMFDA (chloromethyl fluorescein diacetate)
is a cytoplasmic gap junction impermeant dye. The yellowish-
green fluorescence observed suggests dye movement from the
Ho9c2 cells into the ADSCs. Figure 5a illustrates the yellowish-
green change in fluorescence in cells treated with calcein and
10 ul of PRP. Figure 5b shows no yellowish-green change in
fluorescence in cells treated with CMFDA and 10 ul PRP. Cells
treated with 30 pl of PRP and stained with calcein (Figure 5c)
showed a greater degree of yellowish-green fluorescence and
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Figure 3b: Left ventricular work function (LVWF) in hearts in Figure 3a treated with a
NOX-4 Inhibitor and platelet-rich plasma (PRP), exposed to 30 minutes of ischemia
and 1 hour of reperfusion. Work function was calculated by multiplying (LVSP-

LVDP) times heart rate. Data is normalized to the percentage of the baseline value.
Although there was no statistically significant change in LVWF from the baseline
value, LVWF decreased at the 20- and 60-minute time points during reperfusion (p
<0.08).
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Figure 4a: Left ventricular systolic pressure (LVSP) and left ventricular diastolic
pressure (LVDP) in hearts treated with both NOX-2 and NOX-4 Inhibitors,
simultaneously, and platelet-rich plasma (PRP) and exposed to 30 minutes of
ischemia and 1 hour of reperfusion. The NOX inhibitors were placed in the Tyrode’s
media bathing the heart to a final concentration of 10 uM and allowed to perfuse the

heart for 10 minutes before global ischemia was started. PRP was injected into the
left ventricular myocardium 10 minutes after the NOX inhibitors were administered
and 10 min before the start of global ischemia. LVSP and LVDP increased during
reperfusion. Four separate experiments were performed. Data is normalized to the
percent of control. * Represents p < 0.05 versus the baseline value.
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Figure 4b: Left ventricular work function (LVWF) in hearts in Figure 4a treated
with the NOX Inhibitors and platelet-rich plasma (PRP), exposed to 30 minutes of
ischemia and 1 hour of reperfusion. Work function was calculated by multiplying
(LVSP-LVDP) times heart rate. Data is normalized to the percentage of the baseline
value. LVWF decreased significantly 20-60 minutes into reperfusion. * Represents p
< 0.05 versus the baseline value.

Figure 5a-d: H9c2 cells and ADSCs were co-cultured and stained with calcein or
CMFDA and treated with 10 ul or 30 ul of PRP. Three separate experiments were
conducted. H9c2 cells were labeled with 2.5 uM of the cytoplasmic-gap junction
permeant calcein dye or 5 UM of the cytoplasmic gap junction impermeant
chloromethyl fluorescein diacetate (CMFDA). ADSCs were labeled with the marker
CD-44.

no change in fluorescence in the cells stained with CMFDA
(Figure 5d). The data suggest the formation of a channel or
pathway between the H9c2 and ADSC cells. These channels may
serve as a mechanism used by PRP to support left ventricular
function during MIRI, which is to enhance the propagation of
electrical activity in the damaged heart, and are supported by
our previously published data [11].

ROS levels in H9c2 cells in culture exposed to hypoxia
or normoxia

Cultured H9c2 cells were exposed to hypoxia or non-
hypoxia and treated with PRP or an NOX-2 or NOX-4 Inhibitor
or both NOX-2 and NOX-4 Inhibitors: In these experiments,
we investigated the effects of PRP on ROS production under
hypoxic or non-hypoxic conditions using H9c2 cells in culture
treated with PRP (5 pL, 10 puL, or 15 puL) and a NOX- 2 (10 pM)
inhibitor or a NOX-4 (10 pM) inhibitor, or PRP with both the
NOX-2 and NOX-4 inhibitors, simultaneously. (In this work,

017
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when both the NOX-2 and NOX-4 inhibitors are administered
together, they are referred to as a PAN inhibitor.

Baseline ROS Concentrations in Hypoxic and Non-hypoxic
Hoc2 Cells:Figure 6 shows the baseline ROS levels in the cells
exposed to 30 min of hypoxia or no hypoxia. Under baseline
conditions, the ROS levels were 132% higher in hypoxic than in
the non-hypoxic cells (Figure 6).

The ROS Response to PRP and the NOX-2 Inhibitor: Figure
7 shows the response of H9c2 cells to PRP under hypoxic or
non-hypoxic conditions. PRP significantly reduced ROS levels
in the hypoxic but not in the non-hypoxic cells (Figure 7). PRP
also decreased ROS levels in the non-hypoxic cells, but the
change was not statistically significant.

The ROS Response to PRP and the NOX-2 Inhibitor: Figure
8 shows the ROS response to PRP in the presence of the NOX-
2 inhibitor. There was a significant decrease in ROS from the
control value with all doses of PRP in the hypoxic cells. There
was a tendency for ROS levels to increase from the control
value in non-hypoxic cells, but the change was not significant
(Figure 8).

The ROS Response to PRP and the NOX-4 Inhibitor: Figure
9 shows the ROS response to PRP when the NOX-4 inhibitor
was administered. There was a significant decrease in ROS
from the control value with all doses of PRP in the hypoxic
cells. There was a tendency for ROS levels to increase from the
control value in non-hypoxic cells, but the change was not
significant (Figure 9).

The ROS Response to PRP and Inhibition of both NOX-2 and
NOX-4 (PAN Inhibitor): Figure 10 shows changes in ROS levels
with the inhibition of both NOX-2 and NOX-4 simultaneously.
There was a tendency for ROS levels to increase from the
control value in non-hypoxic cells, but the change was not
significant (Figure 10).

PRP and HIF-1a Activity

In separate experiments, we investigated the effects of PRP
on HIF-1a levels in H9c2 cells. In the non-hypoxic cells, there
was a 98% decrease in HIF-1a activity from the positive control
(Figure 11). However, in the hypoxic cells, there was only a 33,
23, and 22% decrease in HIF-1a levels, respectively, from the
positive control in response to 5 ml, 10 ml, or 15 ml of PRP
(Figure 11).
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Figure 6: The ROS concentration in H9c2 cells exposed to 30 min of hypoxia or no
hypoxia. Eleven separate experiments were conducted. The baseline ROS level was

significantly lower in the non-hypoxic cells than in the cells exposed to hypoxia.
Data are stated as the mean + SE. ROS levels were analyzed using a student t-test.
* Represents p < 0.05 and is considered statistically significant.
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Figure 7: The ROS concentration in H9c2 cells exposed to 30 min of hypoxia or no
hypoxia and treated with three different doses of PRP. Eleven separate experiments
were performed. Data are stated as the mean + SE. ROS levels were analyzed using

a student ttest. ROS levels decreased significantly (*p < 2.4e-12 **p < 2.8e-12,
***p < 4.9e-12) from the baseline value in the cells exposed to hypoxia, but did not
decrease significantly from the control value in the non-hypoxic cells.
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Figure 8: The ROS concentration in H9c2 cells exposed to 30 min of hypoxia (n =
7) or no hypoxia (n = 10) and treated with a NOX-2 inhibitor. The NOX-2 inhibitor
alone significantly decreased ROS levels below the control value in the hypoxic
cells. There was a further decrease in ROS levels when the cells were treated with

three different concentrations of PRP. ROS levels were analyzed using one-way
ANOVA with post hoc Tukey tests. Data is stated as the mean + SE. * represents p
< 0.05 versus the baseline value. ROS levels in the non-hypoxic cells did not change
significantly from the baseline value.
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Figure 9: The ROS concentration in H9c2 cells exposed to 30 min of hypoxia (n
=7) or no hypoxia (n = 10) and treated with a NOX-4 inhibitor and PRP. The NOX-
4 inhibitor alone significantly decreased ROS levels below the baseline (p < 7.9e-
12) value in the hypoxic cells. The decrease in ROS was maintained in response to

the three different concentrations of PRP administered. There was no significant
change in ROS levels in the non-hypoxic cells from the baseline value. ROS levels
were analyzed using one-way ANOVA with post hoc Tukey tests. Data is stated as
the mean + SE.
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Figure 10: ROS concentration in H9c2 cells exposed to 30 min of hypoxia (n = 7) or
no hypoxia (n = 10) and treated with a NOX-2 and NOX-4 inhibitor (PAN inhibitor) and
PRP. The NOX-PAN inhibitor alone decreased ROS levels below the control value in
the hypoxic cells. ROS levels remained significantly below the control value with

the addition of PRP. ROS levels in the non-hypoxic cells did not change significantly
from the control value. ROS levels were analyzed using one-way ANOVA with post
hoc Tukey tests. Data is stated as the mean + SE. * represents p < 0.05 versus the
baseline value.
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Figure 11: The HIF-1a activity in H9c2 cells under hypoxic (n = 3) or non-hypoxic (n

= 7) conditions and treated with PRP. There was a dose-dependent decrease in HIF-

1a activity from the positive control baseline values in the hypoxic cells (*p < 0.03,

**p < 0.01, and ***p < 0.004) and in the non-hypoxic cells (#p < 1.6e-6, ##p < 1.9e-6,
and ###p < 2.4e-7) in response to the three different concentrations of PRP. Data
was analyzed using a student t-test. Data are stated as the mean + SE.

Discussion

PRP is an attractive potential therapeutic agent for the
treatment of MIRI because of its unique composition and
wealth of bioactive molecules that aid in repairing damaged or
wounded tissues.

Several investigators have reported on the efficacy of PRP in
ischemic heart disease. Gallo et al reported that PRP increased
the formation of new vessels [30]. Mishra, et al. showed that PRP
was associated with a higher eft ventricular ejection fraction [31]
while Vu, et al. reported attenuated adverse cardiac remodeling
[32]. Yu, et al. reported a decreased infarct size [33], and Sun,
et al. described an overall improved LV performance [34]. Our
laboratory previously reported that electrical activity returned
to the left ventricle faster in the rabbit Langendorff model of
MIRI in hearts treated with PRP than in hearts treated with
vehicle [11]. The mechanism used by PRP to accomplish many
of these changes is still unclear. One aim of the present study
was to investigate whether PRP requires the NADPH oxidases
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NOX-2 and/or NOX-4 to support left ventricular heart function
after ischemia during reperfusion. As reported by Dil, et al.
[29], the no-reflow phenomenon is thought to be associated
with an increase in LVDP pressure, which causes damage to
the coronary microvasculature [29]. The data presented in
this study, using the Langendorff model of MIRI, showed an
increase in LVDP during reperfusion with PRP treatment alone
and with PRP treatment and inhibition of the NOX-2 enzyme.

However, the increase in LVDP was less in the PRP-treated
hearts without inhibition of NOX-2 (only a 156% increase)
compared to the increase observed in the hearts treated with
PRP and inhibition of the NOX-2 enzyme (716% increase). It is
worth noting that left ventricular work function did not change
significantly during reperfusion with either PRP treatment
alone or when PRP was used, and the NOX-2 enzyme was
inhibited. Collectively, the Langendorff heart data coupled with
the in vitro data showing a decrease in ROS levels in response
to PRP suggest that PRP may have reduced the level of ROS to
an extent that the cardiac myocytes could defend themselves
against extensive damage and thereby maintain left ventricular
function. Sixty minutes into reperfusion, LVWF was only 18%
below the control value in the hearts treated with PRP alone
(with the NOX enzymes intact) compared to the 43% drop
in LVWF at the same time point with PRP treatment and
inhibition of the NOX-2 enzyme. There was only a 25% increase
in LVSP in the hearts treated with PRP alone 60 minutes into
reperfusion, compared to a 46% increase observed in the
hearts with inhibition of the NOX-2 enzyme at the same time
point during reperfusion. Without the NOX-2 enzyme, the
heart had to generate greater systolic pressure to keep LVWF
from falling significantly. While the NOX-2 enzyme appears to
be necessary, its interaction with PRP remains unclear.

The administration of PRP and the NOX-4 inhibitor was
associated with a decrease in LVDP during reperfusion. Sixty
minutes into reperfusion, LVDP was 43% below the baseline
value, while LVSP increased 49%. Unlike the NOX-2 enzyme,
which is inducible, NOX-4 is constitutively secreted and
is regulated by the levels of expression. We theorize that in
the absence of the NOX-4 enzyme, PRP can further reduce
ROS to levels that allow the antioxidant systems to stabilize
LVDP during reperfusion; however, further research is needed.
The NOX-4 enzyme may be a therapeutic target for PRP or
other agents to reduce LVDP and minimize damage to the
coronary microvascular during reperfusion and reduce the
occurrence of the no-reflow phenomenon. Although there was
no significant change in LVWF, there was a strong tendency
for LVWF to decrease at the 20- and 60- minute time points.
One possible explanation is that without the ROS contributed
by the NOX-4 enzyme and the reduction in ROS associated
with PRP, ROS levels fall below that needed for activation of
signaling pathways, such as the Nrf2 pathway, which support
heart function. Secondly, the increase in LVSP observed with
inhibition of the NOX-4 enzyme was not sufficient to maintain
LVWEF after 60 minutes of reperfusion. LVWF was 74% below the
baseline value at the 60-minute time point during reperfusion.

With inhibition of both the NOX-2 and NOX-4 enzymes in
the Langendorff hearts, LVDP increased, and LVWF decreased
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significantly. Which NADPH oxidase, NOX-2 or NOX-4, is more
important to the mechanism of action of PRP remains to be
determined.

The in vitro data obtained using H9c2 cells in culture show
that PRP decreases ROS levels during hypoxia but not in non-
hypoxic cells, data that is consistent with previous studies. It
is worth noting that there was a tendency for ROS to increase
in non-hypoxic cells treated with PRP. It is unclear why PRP
was associated with increases in ROS in normoxic but not in
hypoxic cells. It is possible that the high.

Concentrations of growth factors contained within PRP can
stimulate cellular metabolism and ROS production under non-
hypoxic conditions.

In this study, we showed that PRP is associated with the
formation of pathways that allow the passage of dye from
Ho9c2 cells in culture into ADSC in a dose-dependent manner,
suggesting the presence/formation of channels. The formation
of channels between the cells may account for the faster return
of electrical activity after ischemia and reperfusion in the
PRP-treated hearts we previously reported [11]. Whether PRP
drives the development of new channels or activates channels
(other than voltage-gated channels) that are already present in
cardiomyocytes is unclear. Of particular interest is the presence
of Piezo1 channels in the heart. Piezo1 channels are a family
of mechanosensitive ion channels that transduce mechanical
forces into cellular signals [37]. The discovery of these channels
by Coste, Mathur, and Schmidt was recognized in the 2021 Nobel
Prize for Physiology or Medicine [38]. The Piezo1 and Piezo 2
membrane proteins form calcium-permeable nonselective
cation channels activated by mechanical force sensing in the
heart [39]. The activation of Piezo1 is associated with the
movement of calcium into the cell. Novosolova et al report that
Piezo1 activity is reduced under conditions of oxidative stress
[40]. A question for future study is whether the ability of PRP
to lower ROS during hypoxia increases the activity of the Piezo1
channel, allowing more calcium to enter the myocyte, thereby
improving contractility.

The mechanism by which PRP supports the heart remains
open for study. Our in vitro data measuring HIF-1o in H9c2
cells exposed to hypoxia suggest that PRP may help stabilize
the upregulated levels of HIF-1a stimulated by hypoxia so
that it is not readily degraded and can maintain cell energy by
turning on glycolytic genes and inhibiting apoptotic genes in
support of cell survival. We have previously reported that PRP
reduced mitochondrial depolarization in H9c2 and HUV-EC
(human umbilical cord endothelial cells) in culture stimulated
with hydrogen peroxide and analyzed using flow cytometry,
suggesting that a decrease in ROS is associated with less
damage to the mitochondria [7].

We have also shown that oxygen consumption rates (OCR)
measured in real time under basal conditions and in response
to indicated mitochondrial inhibitors using the XFe¢24 Seahorse
Analyzer.

[11] showed that the spare respiratory capacity (a measure
of the cell’s ability to respond to increased energy demand) and
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ATP production were greater in the cells treated with PRP than
in the controls [11]. Since PRP has a wealth of growth factors,
it is also possible that growth factors, such as PDGF, VEGF, and
many others, activate the HIF-1a pathway to increase HIF-1a
protein levels, which PRP then stabilizes. HIF-1a levels in the
normoxic cells were significantly lower than those observed in
the hypoxic cells.

We conclude that in the heart, PRP appears to need NOX-
2 and NOX-4 enzymes to maintain a certain level of left
ventricular work function during reperfusion, but may be able
to modulate their activity via controlling ROS production in
myocytes. The control of ROS production may also serve to
regulate HIF-1a activity under hypoxic conditions. In addition,
PRP may enhance the formation of gap junctions under hypoxic
conditions, thereby supporting electrical activity in the heart.
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