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Abstract

While aq-adrenergic receptors (ARs) have been previously shown to limit ischemic cardiac
damage, the mechanisms remain unclear. Most previous studies utilized low oxygen conditions in
addition to ischemic buffers with glucose deficiencies but we discovered profound differences if
the two conditions are separated. We assessed both mouse neonatal and adult myocytes and HL-1
cells in a series of assays assessing ischemic damage under hypoxic or low glucose conditions. We
found that a1-AR stimulation protected against increased lactate dehydrogenase release or annexin
V* apoptosis under conditions that were due to low glucose concentration, not to hypoxia. The as-
AR antagonist prazosin or nonselective PKC inhibitors blocked the protective effect. a1-AR
stimulation increased 3H-deoxyglucose uptake that was blocked with either an inhibitor to glucose
transporter 1 or 4 (GLUT1 or GLUT4) or siRNA against PKC8. GLUT1/4 inhibition also blocked
a1-AR-mediated protection from apoptosis. The PKC inhibitor rottlerin or siRNA against PKC8
blocked a1-AR stimulated GLUT1 or GLUT4 plasma membrane translocation. a;-AR stimulation
increased plasma membrane concentration of either GLUT1 or GLUT4 in a time-dependent
fashion. Transgenic mice over-expressing the aja-AR but not a;g-AR mice displayed increased
glucose uptake and increased GLUT1 and GLUT4 plasma membrane translocation in the adult
heart while a;a-AR but not a1g-AR knockout mice displayed lowered glucose uptake and GLUT
translocation. Our results suggest that a1-AR activation is anti-apoptotic and protective during
cardiac ischemia due to glucose deprivation and not hypoxia by enhancing glucose uptake into the
heart via PKC8-mediated GLUT translocation that may be specific to the a;a-AR subtype.
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Introduction

a1-ARs are G-protein coupled receptors that mediate the sympathetic nervous system, but
are best characterized in regulating heart function, cardiac hypertrophy and blood pressure
(1). Of the two a1-AR subtypes (a1, ag) expressed in the myocyte, the a;g-AR is
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hypothesized to be cardiac maladaptive (2—4) as it induces heart disease in transgenic mouse
models. In contrast, a;a-AR expressing mice show functional protection from myocardial
ischemia or pressure overload (5-8) and are inherently preconditioned (7), suggesting that it
is cardiac adaptive. However, the detailed mechanism(s) by which activation of a;ao-ARS
are cardiac adaptive and those specific to ischemic protection remain unclear.

Previous studies that explored cardiac apoptosis attribute both pro- and anti-apoptotic effects
of catecholamines through 1 and B,-ARs, respectively (9-10). While there are few reports
of a1-AR mediated protection from apoptosis in myocytes (11-13), no mechanism was
reported nor its role during ischemia addressed.

Myocardial ischemia leads to cardiac muscle damage due to blood restriction. One critical
factor regulating the extent of ischemic cell injury is hypoxia, defined as low oxygen
availability. While ischemia always leads to hypoxia, hypoxia can occur without ischemia
and may have different mechanisms of action, particularly in the heart (14-15). Glucose
becomes very important during ischemia as the high rate of metabolism in the heart starves
the organ during energy-consuming stress (16). The mechanism of cell death becomes
important during ischemia as apoptosis, necrosis and autophagy all contribute (17-20).
Despite these findings, we found few studies that dissociate the contribution of glucose
deficiency from hypoxic damage during cardiac ischemia (21-22). There are no studies that
explored these variables in a;-AR mediated ischemic protection.

In this report, we show that a1-AR stimulation can protect mouse myocytes and adult HL-1
cells against ischemic damage and apoptosis mostly due to glucose deprivation and not
hypoxia through a pathway involving PKC3. We show that PKC8 mediates both GLUT1
and GLUT4 translocation to increase glucose uptake. The a;a-AR appears selective for this
process as only CAM aa-AR but not CAM a1g-AR mice increased glucose uptake in the
heart and the plasma membrane translocation of both GLUT1 and GLUT4 while aia-AR
knockout (KO) mice displayed the opposite phenotype. Our novel results suggest that aqa-
AR activation is anti-apoptotic and protective during cardiac ischemia because of its ability
to increase glucose availability via PKC3-mediated GLUT 1/4 translocation.

and Methods

Transgenic mouse models (B6CBA) that systemically over express the aja-AR or a;g-AR
subtypes have been characterized and previously described (7, 23). These mice express
constitutively active mutants (CAM) of the receptors under the control of their native mouse
promoter to increase subtype-selective signaling in tissues that naturally express that
subtype. Equal numbers of both male and female mice were used in each experiment. The
a1-AR KO mice were also previously characterized (24-25) and are maintained on a C57
background. Neonatal pups of 3 days of age or less are decapitated after using hypothermia
and waiting until the cessation of movement as anesthesia negatively affects myocyte
function. The hypothermia method was approved on November 10, 1998 by the National
Institutes of Health Animal Research Advisory Committee if justified. The hearts from all
other mice are harvested after injection of pentobarbitol (i.p. 60mg/kg body weight). Mice
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were housed and provided veterinary care in an AAALAC-accredited animal care facility.
The experimental protocols employed in this study conform to the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of Health and was
approved by the Animal Care and Use Committee at our institutions (Protocol 0844).

Neonatal Myocytes

Myocytes were isolated from the hearts of neonatal pups from 1 to 3 days old according to
the instructions of the Neomyt Cardiomyocte Isolation Kit (nc-6031) from Cellutron Life
Technologies (Baltimore, MD). All of the cells were plated onto 96 well plates in NS Media
(Cellultron Life Technologies) and placed in a 37°C incubator with 5% CO5.

Adult Myocytes

The isolation was performed using the adult rat cardiomyocyte isolation kit (ac-7031) from
Cellutron Life Technologies (Baltimore, MD). A simplified Langendorff system was used.
The system was sterilized using 70% ethanol for 5 minutes and was then rinsed with
autoclaved water thoroughly. An adult mouse was injected with 500 U/kg heparin (Sigma,
St. Louis, MO) i.p. and then anesthetized using 150 mg/kg sodium pentobarbital (Nembutal,
Oak Pharmaceuticals, Inc., Lake Forest, IL). The heart was removed and placed in ice cold
WB (from kit). The aorta was cannulated using a 23G blunt needle and then tied with sterile
6-0 silk suture. The heart was then attached to the perfusion system under a laminar flow
hood and perfused according to the manufacturer. The cell suspension was passed through
sterile 300 um Nylon mesh and then centrifuged at 1200 rpm for 3 minutes and suspended in
AS media (Cellutron). The cells (1 ml/well) were pipetted into a 48-well non-tissue culture
treated plated coated with 10 ug/ml mouse laminin (Invitrogen, Grand Island, NY) for
several hours at 37°C. The cells were incubated at 37°C overnight with 5% CO,. The
experiment was performed the following day by removing the media and washing once with
buffer before addition of the test reagents.

HL-1 cells are maintained in Claycomb Media (Sigma-Aldrich, MO)(Claycomb et al., 1998)
supplemented with 10% fetal bovine serum and 4mM L-glutamine at 37°C and 5% CQO2.
The media was changed every 24 hours. At confluence, the cells are passage 1:3 after
splitting with trypsin.

Ischemic Conditions and Cellular Treatments

After myocytes were prepared and equilibrated for 24 hours at atmospheric O, levels and
with normal non-ischemic media (DMEM which contains 22.5mM glucose), the media was
drawn off and replaced with 200 pl Ischemia Media (118mM NaCl, 16mM KCI, 1.2mM
MgCly, ImM NaH;PO4, 2 mM NaHCO3, 2.5mM CaCl,, 20mM sodium lactate and 1.375
mM glucose, pH 6.2). pH was monitored before and after ischemia and no changes in pH
was noted. Control cells received 0.5% DMSO to match any DMSO concentration in treated
cells. Treated cells contained the a;-AR agonist 100uM phenylephrine HCI (Sigma-Aldrich,
St. Louis, MO, P-6126) in the presence of 1 uM propranolol and 0.1uM rauwolscine to
block B-and a,-ARs respectively, with or without freshly prepared prazosin (1uM; Sigma-
Aldrich, P-7791), a non-selective a1-AR antagonist. For hypoxia, neonatal or HL-1 cells
were placed in a hypoxic chamber (C-chamber) from BioSpherix (Lacona, NY) with a
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ProCO, carbon dioxide controller attached to a carbon dioxide tank set at 5% CO, and a
Pro-ox Model 110 oxygen controller attached to a nitrogen tank set at 1.0% oxygen for 24
hours. Adult myocytes were incubated for a shorter time period of 5 hours. Two 150mm
petri dishes containing water were placed in the bottom of the C-chamber to provide
humidity. The C-chamber was placed in a dry incubator set at 37 °C. For normoxic
conditions, cells are placed in a regular 37 °C/5 CO, incubator for 24 hours.

Lactate Dehydrogenase Assay

To measure the extent of cell damage due to ischemia, we assessed the amount of lactate
dehydrogenase (LDH) released into the cell media (26). Neonatal myocytes were cultured
onto 96-well plates coated with SureCoat while adult myocytes were cultured onto 48 well
plates coated with mouse laminin and subjected to normoxic high glucose, normoxic low
glucose or hypoxic low glucose conditions. 100 ul of media was removed for the LDH assay
after plates were first centrifuged at 1200 rpm in a Sorvall RT6000B centrifuge for 3
minutes. The LDH Cytotoxicity Detection Kit (630117) from Clontech Laboratories, Inc.
(Mountain View, CA) was used according to manufacturer’s directions. The absorbance at
490 nm was read in a SpectraMax Plus 384 plate reader from Molecular Devices
Corporation (Sunnydale, CA). Triton X-100 was added for a final concentration of 1% to
wells for high cytotoxicity positive controls.

Flow Cytometric Analysis of Apoptosis

Inhibitors

Cells cultured under different conditions were washed twice with PBS, trypsinized for 5
min, centrifuged and resuspended in Annexin V binding buffer (10x stock: 0.1M HEPES,
pH 7.4; 1.4M NaCl; 25mM CacCls. 2 pl of FITC-Annexin V (BD Pharmingen, CA). 10 pl
(50pg/ml) of propidium iodide (Sigma-Aldrich, MO) was added to 10° cells in 300 pl of the
binding buffer and incubated for 15 min at room temperature in the dark. Stained cells in the
binding buffer were analyzed using a FACSCalibur flow cytometer (Becton Dickinson, San
Jose, Ca) following manufacture’s instructions. Raw data were analyzed by CellQuest
software (Becton Dickinson). Quadrant dot plot was introduced to identify living and
necrotic cells and cells in early or late phase of apoptosis (27). Apoptotic cells were
identified as positive for annexin V-FITC. Cells are expressed as percentage of the total
number of stained cells counted.

To first assess the signal transduction pathway mediated by a;-ARs that protect against
ischemic damage, inhibitors are added to the media 1 hour before the start of hypoxia or low
glucose conditions: 1.5uM R0-31-8220 (PKCe inhibitor), 1.25uM rottlerin (PKCS inhibitor),
25uM PD98059 (ERK inhibitor), 10uM SB203580 (p38 inhibitor), 10uM PP2 (Src
inhibitor), 25uM AG490 (Jak?2 inhibitor) and 1pM Glucose Transporter Inhibitor 11
(Calbiochem Cat #400035).

Cellular 2-Deoxyglucose Uptake

Cells were seeded at 60-80% confluence in 12-well plates in serum containing Claycomb
medium for HL-1 cells, NS medium for neonatal myocytes or AS medium for adult
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myocytes. Cells were incubated overnight, then switch to serum free medium for 2—4 hr.
Cells were treated with phenylephrine (100 uM) for 16hr then washed twice with PBS.
[3H]-2-deoxyglucose (2DG) was added to each well with PBS (0.5 uCi/well) and incubated
for 10 minutes. The cells were then washed three times in PBS, then lysed with 0.4 ml of 1%
SDS. The cell lysate was transferred to a scintillation vial containing 4 ml liquid scintillation
cocktail. 3H-2DG uptake was detected using Beckman scintillation counter.

Tissue 2-Deoxyglucose Uptake

Equal numbers of male and female mice were fasted for 6 hours then injected with
[3H]-2DG (20uCi/mouse; ip). Blood samples were taken from the tail vein at 30, 60, 90
mins post-injection to determine blood glucose levels using a Nova Max Plus glucometer
according to manufacturer’s instructions (Nova Biomedical Corporation, Waltham, MA) to
determine [3H]-2DG specific activity. After the final collection of blood, mice were
euthanized with pentobarbitol (i.p. 60mg/kg body weight) and the heart and brain removed,
rinsed in PBS, diced and frozen in dry ice. Tissues were processed with perchloric acid,
barium hydroxide/zinc sulfate and glucose uptake rate was calculated according to the
method of Ferre’, et al (28).

siRNA transfection

All siRNAs are premade and verified from Qiagen, CA. siPKCe (Cat # SI01388800),
SIMAPK1 (Cat # 1027321) and siPKC8 (Cat # S102738197) each are a blend of 4
preselected target sequences to each gene. All of the above siRNAs were selected from a
series of siRNAs from each target protein and verified to knockdown the target in neonatal
myocytes (29). We also utilized the AllStars siNegative Control, which is the most
thoroughly tested and validated negative control sSiRNA currently available. It has no
homology to any mammalian gene and validated using Affymetrix GeneChip and other
assays to minimize nonspecific effects. The samples were dissolved in RNAse free water to
a concentration of 20 uM. HiPerfect Transfection Reagent (Qiagen, CA) (12 pl) was added
to the diluted siRNA to a final concentration of 5nM following manufacturer’s instructions
and mixed by vortexing. The samples were allowed to sit 5-10 minutes at room temperature
to allow the formation of transfection complexes. The complexes were added dropwise onto
the cells and gently swirled to ensure the uniform distribution of the transfection complexes
and incubated overnight. After 2 days, cells were washed and serum-free Claycomb medium
was added for 4 hr and then treated with phenylephrine for 16 hr. Cells were then processed
for plasma membrane extraction and/or western analysis as described below.

Plasma Membrane Preparation and Western Analysis

Heart tissue or cells were isolated, washed in PBS and diced into small pieces. 20-30mg of
tissue or cells were homogenized in a polytron or glass douncer in 0.5ml osmotic lysis
buffer (25mM Tris HCI, pH 7.4, 5mM EDTA pH 8.0) containing a proteinase cocktail (0.5
mM 4-(2-aminoethyl) benzenesulfonylfluoride, 0.15uM aprotinin, 0.5mM EDTA, 1uM
leupeptin), transferred to a 1.5ml microfuge tube and rotated for 20 min. The sample was
centrifuged at 500g for 10 min and the pellet discarded. The sample was then centrifuged at
30000g for 30 min. The supernatant is the cytosol fraction while the pellet is the plasma
membrane fraction. Samples were incubated in a SDS-based lysis buffer (50 mM Tris, 100
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mM DTT, 2% SDS, 10% glycerol). Fresh solutions of proteinase inhibitors were added to
the lysis buffer immediately before use. Equal amounts of protein were separated on a 10%
SDS-PAGE gel and transferred to a nitrocellulose membrane. The membrane was
immunoblotted with primary antibodies (GLUT4: Cell Signaling 1:1000, Cat# 2213,;
GLUT1: Santa Cruz, 1:500, Cat# sc-7903) overnight at 4°C. After removal of blotting
solution containing primary antibody, the blot was incubated with an HRP-conjugated
secondary antibodies at room temperature for 1 h, and the signal was detected by
chemiluminescence (Pierce). Total amounts of protein were normalized to GAPDH. Images
were scanned and analyzed using Image J software.

Statistical Analysis

Results

One Way Analysis of Variance and Newman-Keuls post-test were used to compare
functional and signaling parameters in the different mouse models and experimental
conditions. A probability value p< 0.05 was considered statistically significant. Prism
software (GraphPad, San Diego, CA) was used for all data analyses.

a1-AR stimulation protected both neonatal and adult myocytes against glucose
deprivation damage and not hypoxia

We assessed ischemic cell damage using a LDH assay that measured the amount of the
enzyme released into the cell media. Using both normal neonatal (Fig 1A) and adult (Fig
1B) myocytes, we found that LDH released increased significantly under normoxic
conditions only with a buffer containing a low glucose concentration (1.375 mM). Hypoxic
conditions (1% O,) alone produced much lower amounts of LDH release. We also observed
similar levels of LDH release when the oxygen levels were reduced to 0.5% (data not
shown). a;-AR stimulation with 100uM phenylephrine significantly protected against low
glucose damage in both cell types. Adult myocytes did display greater sensitivity to glucose
deprivation but less protection conferred by phenylephrine than neonatal myocytes.

a1-AR stimulation protected myocytes against glucose deprivation apoptotic damage
through PKC signaling

The a;-AR protective effect from LDH release (Fig 2A) or annexin V + apoptosis (Fig 2B)
could be blocked by 1uM prazosin, a selective a;-AR antagonist or by PKC inhibitors for
PKCe (R0-31-8220) or PKCS (rotterlin) but was not blocked when inhibitors for ERK, p38,
SRC or JAK2 were applied. We also verified a1-AR mediated protection against low
glucose-induced ischemic cell damage through the Calcein AM toxicity assay (data not
shown). Cells that are positive for annexin V but negative for 7-AAD or Pl are considered to
be in early stage apoptosis (27). We also confirmed a1-AR mediated protection from
apoptotic cell death using the Hoechst dye assay that detects compacted chromatin (data not
shown).
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a1-AR stimulation increased deoxyglucose uptake in either neonatal or adult myocytes
that was blocked with a glucose transport inhibitor to GLUT1 and GLUT4

As a1-ARs protected against low glucose damage, we next determined if a;-AR stimulation
increased glucose uptake utilizing 2-deoxyglucose (2DG). 2DG is readily incorporated into
cells and is converted by cellular metabolism to 2-deoxyglucose-6-phosphate, which
becomes trapped inside the cell. a;-AR stimulation increased deoxyglucose uptake in either
neonatal (Fig 3A) or adult (Fig 3B) myocytes that was blocked by either prazosin or the
glucose transporter inhibitor 1l that inhibits both GLUT1 and GLUT 4. Neonatal myocytes
did incorporate more glucose into the cells compared with adult cells. We also confirmed
that glucose uptake was responsible for ischemic protection as glucose transporter Il could
also block a1-AR protection from low glucose-induced apoptosis (Fig 4).

a1-AR stimulated glucose uptake is mediated through PKCS8 in HL-1 cells

We also tested whether a1-ARs regulated glucose uptake in HL-1 cells, an adult cardiac
muscle cell line derived from mouse atria. HL-1 maintains the ability to contract with
myocyte morphological, biochemical and electrophysiological properties (31) and are more
readily transfected with siRNA for mechanistic studies. As a1-AR-mediated protection
against low glucose damage was blocked by PKC inhibitors, we next determined if PKC and
what isoform was involved in mediating glucose uptake. Using a series of sSiRNAs, we
found that only siRNA against PKC8 but not PKCe or ERK blocked a1-AR stimulated
glucose uptake in HL-1 cells (Fig 5).

a1-AR stimulation increased GLUT1 or GLUT 4 plasma membrane translocation through

PKC8

As glucose is actively transported into cells via GLUT 1 and GLUT 4 in myocytes, we next
determined if a;-ARs regulated the plasma membrane translocation of GLUTSs which is
required for their activation. GLUT4 is the major insulin-regulated isoform in the heart (32),
while GLUT1 is responsible for basal glucose uptake (33). a;1-AR stimulated the plasma
membrane translocation of GLUT 1 in HL-1 cells that was blocked with either the a1-AR
antagonist prazosin or the PKC inhibitor rottlerin (Fig 6A) but not with inhibitors against
PKCe or ERK. a;-AR stimulation increased both GLUT 1 and GLUT 4 plasma membrane
translocation that was blocked with either prazosin or siRNA against PKCS but not PKCe or
ERK (Fig 6B). a;-AR stimulation increased both GLUT 1 and GLUT 4 plasma membrane
translocation in HL-1 cells in a time-dependent fashion (Fig 6C).

CAM a1a-AR but not CAM a15-AR mice increased 2-deoxyglucose uptake selectively into
adult heart tissue while a;o-AR KO mice decreased glucose uptake

We next determined what a;-AR subtype was regulating glucose uptake in the myocyte. We
utilized CAM a14-AR and CAM a15-AR mice and analyzed two high glucose-utilizing
tissues in the body: the adult heart and brain. We found that CAM a;a-AR but not CAM
a1g-AR mice enhanced 2DG uptake and this was significant only in heart tissue. In
confirmation, we also found that only the a;a-AR but not a;g-AR KO mice displayed
decreased glucose uptake in the heart (Fig 7A).
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Adult hearts from CAM a1a-AR but not CAM a15-AR mice increased plasma membrane
translocation of GLUT 1/4 while a1a-AR KO mice decreased GLUT translocation

We determined the level of activated GLUTSs in the hearts of CAM, KO and WT controls.
We found that only the CAM a1 a-AR but not CAM a1g-AR hearts had increased levels of
plasma membrane GLUT 1/4 (Fig 7BC). In confirmation, we also found that only the aa-
AR but not a1g-AR KO mice displayed decreased GLUT1 in the heart (Fig 7B).

Discussion

Our results indicate that the a.1-ARs conferred ischemic protection by regulating the influx
of glucose into myocytes via PKCS activation of glucose transporters 1/4. This is the first
report of glucose transport being involved in a1-AR ischemic protection. As neonatal
myocytes metabolize more glucose to fulfill their energy requirements than adult myocytes
that utilize more fatty acid oxidation (30), it is possible that neonatal myocytes are more
sensitized to glucose deprivation damage and the protection afforded through a;-AR glucose
influx. While neonatal myocytes did have almost a 10-fold increase (in total DPMSs) in
deoxyglucose uptake than adult myocytes, we found that a1-ARs did increase glucose
uptake (Fig 3AB) and protected against low-glucose induced cytotoxicity or apoptosis in
both adult and neonatal myocytes (Fig 1AB, Fig 2, Fig 4), although not to the same degree.
We believe that the a;5-AR subtype is the mediator of this cardioprotection as only CAM
a1a-AR but not CAM a15-AR hearts increased deoxyglucose uptake in vivo (Fig 7A) and
GLUT 1/4 translocation (Fig 7B) while a;a-AR KO hearts were impaired.

The role of a1-ARs in cardiac ischemic protection is well established (34—-38) with
transgenic mouse models suggesting that the a;a-AR but not the a;g-AR subtype mediating
cardioprotection (7-8, 13). This a1-AR protective mechanism was previously postulated to
involve PKC, downstream mitoK (ATP), or cardiac sarcolemmal K(ATP) channels (36, 39—
40). We previously suggested utilizing CAM a14-AR mice that the kinase responsible for
cardiac protection was staurosporine-sensitive (7), a broad spectrum PKC inhibitor. Several
previous studies suggested a role of PKCe in ischemic protection with the cardioprotective
targets residing at the mitochondria (41). Another theory is that PKCe and PKCS have
opposite targets with PKCe conferring ischemic preconditioning while PKCS inhibition
protects against reperfusion-induced damage (41-44). However, a large clinical trial using
PKCS inhibition in primary percutaneous coronary intervention failed to reduce any
biomarker of ischemic injury (45). However, there is previous evidence that PKC§
activation may be involved in a;-AR ischemic preconditioning as chemical inhibitors to
PKCS but not PKCe blocked cardioprotection with the target postulated to be the cardiac
sarcolemmal K(ATP) channel (40). PKC8&-stimulation also mediates cardioprotection
through opioid receptor activation (46). Our results using siRNA suggests that PKC3
isoform blocked both glucose uptake (Fig 5) and Glut 1/4 translocation/activation (Fig 6) to
conferred ischemic protection through a1-AR activation. PKC8 KO mice show a shift from
glucose to lipid metabolism in murine hearts (47) and impaired preconditioning (48)
consistent with our results.

Most previous studies in ischemic protection utilized both hypoxic as well as low glucose
conditions and therefore, the role of glucose in ischemic protection is not known in these
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studies. Since ischemic damage is both oxygen and nutrient dependent, we initially explored
the role of each of these conditions and how they may influence a1-AR ischemic protection.
There are few studies that dissociate damage due to glucose deficiency versus hypoxia in
cardiac ischemia (21-22) and there are no studies that explored these two variables in
GPCR-mediated protection during ischemia. Previous studies showing specific a;-AR
ischemic protection utilized both low oxygen as well as low glucose conditions (34-38). We
report here for the first time that a major part of the mechanism on how the a;-AR limits
ischemic damage involves protection from glucose deficiency and not hypoxia and/or
reperfusion damage (Fig 1).

It has been known in clinical studies that intravenous glucose-insulin-potassium treatment
metabolically protects the myocardium against ischemic injury and slows the rate of cell
death during cardiac surgery (49). Under ischemic conditions, metabolism is shifted from an
aerobic to anaerobic state and promotes glycolysis (50-51). During reperfusion, while ATP-
producing fatty acid oxidation resumes, oxidative free radicals are harmful (50). Therefore,
therapies that shift substrate utilization from fatty acid to glucose may offer better functional
recovery from ischemia (52-53) and our results suggests that a;o-AR activation may be
efficient at promoting glucose utilization in the heart by selectively increasing uptake and
GLUT 1/4 plasma membrane translocation (Fig 7).

Several studies have suggested a role of enhanced glucose metabolism (54) in mediating
cardiac protection (39, 55-57). The transport of glucose across the cell membrane is the
rate-limiting step of glucose utilization. Increased GLUT translocation has been shown to be
cardioprotective in ischemia (58-59). Our study is the first to demonstrate that glucose entry
and GLUT 1 and GLUT4 translocation in the myocyte is a1-AR mediated and aja-AR
specific (Fig 7AB). As GLUT 1 is expressed in most cell types and responsible for low-level
basal glucose uptake, a;-ARs may be responsible for glucose uptake in a variety of different

cell types.

In addition to replenishing metabolic pools, glucose-insulin-potassium treatment reduced
reactive oxygen species and promotes insulin-mediated anti-apoptotic protection (60). We
also show that glucose deprivation caused increased cell death due to apoptosis (Fig 2B) that
is prevented through a;-AR activation of PKCS and GLUTS. As different cellular stressors
can induce various responses such as apoptosis, necrosis or autophagy (61), our results are
important for its potential treatment against ischemic damage. Deprivation of serum and
glucose have been shown to induce the mitochondrial apoptotic pathway in myocytes (62—
63) as well as some necrosis with the degree of apoptosis dependent proportionally upon the
concentration of glucose present (64). In most of the literature, a1-ARs have been shown to
be anti-apoptotic in cardiac cells depending upon the stressor. In rat neonatal myocytes,
phenylephrine inhibited 8-Br-cAMP-induced apoptosis in opposition to f-AR mediated
apoptosis (65). a1-ARs protect against okadaic acid-induced apoptosis in rat neonatal
myocytes involving PKC and PKA signaling (12). In rabbit heart, a1-AR stimulation
increased the bclx/bax ratio and inhibited TUNEL-positive apoptosis (11). The aja-AR but
not the a1g-AR protected against doxorubicin or hydrogen peroxide-induced cell death in
adult myocytes through ERK signaling (13). In contrast, Gq overexpression promoted
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apoptosis in myocytes and in myocardium (66) suggesting that for our studies, a;-ARs
mediate apoptotic protection against ischemia through a non-Gq coupled PKC pathway.

CONCLUSIONS

We conclude that a;ao-ARs confer cardiac ischemic protection by limiting glucose
deprivation damage and apoptosis through a PKC38-mediated pathway. a1a-ARS conferred
this protection by increasing glucose substrate availability in the starved myocyte through
the translocation of GLUT 1 and GLUT 4. Metabolic-targeted drugs are emerging as a novel
therapeutic treatment in heart disease because it is highly amenable to intervention (51, 67).
The ability of a;a-ARs to confer cardioprotection may be due, in part, to its regulation of
glucose metabolism.
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Figurel. a;-AR stimulation reduced lactate dehydr ogenase release in wild-type neonatal
myocytes undergoing glucose but not oxygen deprivation

A. Neonatal myocytes were subjected to normoxic (normox; atmospheric O,) or hypoxia
(1% O, for 24 hr) as described in materials and methods with either normal glucose
(DMEM, 22.5mM) or low glucose concentrations (Glu~, 1.375 mM) with or without a1-AR
stimulation (Phe; 100uM). B. Adult myocytes were subjected to same conditions as above
except incubation time was 5 hours. The amount of LDH released (% cytotoxicity) into the
media was measured using the LDH Cytotoxicity Detection Kit (Clontech Laboratories,
Inc., Mountain View, CA). *Statistically significant. N = 4-6 independent experiments were
performed in triplicate.
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Figure 2. a;-AR stimulation reduced lactate dehydr ogenase release (A) or annexin V* apoptosis
(B) in WT neonatal myocytes undergoing glucose deprivation through a PK C-mediated pathway

Neonatal myocytes seeded onto 96-well plates were subjected to normoxic conditions
(control) or with low glucose concentrations (Glu™; 1.375mM) with or without a;-AR
stimulation (Phe; 100uM). a1-AR stimulated cells were incubated with a series of inhibitors:
prazosin, Praz (1uM); protein kinase C, PKC (1.5uM R0-31-8220 or 1.25uM rottlerin), ERK
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(25uM PD98059), p38 (10uM SB203580), SRC (10uM PP2) and JAK?2 (25uM AG490).
*Statistically significant p<0.05 from Glu™ #Statistically significant p<0.05 from Glu™-Phe.
N =5 independent experiments performed in triplicate.
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Figure 3B

Figure 3. a;-AR stimulation increased deoxyglucose uptakein either neonatal (A) or adult (B)
myocytes

Cells were seeded at 60-80% confluence, incubated overnight, then switch to serum free
medium for 2—4 hr. Cells were treated with or without (untreated, UT) phenylephrine (PE,
100 uM) for 16hr and either prazosin (Praz, 1 uM) or the glucose transporter inhibitor |1
(GTI, 1uM). [3H]-2-deoxyglucose (2DG) was added to each well (0.5 uCi/well) and
incubated for 10 minutes. The cells were washed, lysed and transferred to a scintillation vial
where 3H-2DG uptake was detected using Beckman scintillation counter. *Statistically
significant p<0.05 from untreated control. #Statistically significant p<0.05 from
phenylephrine stimulation. N = 5 independent experiments performed in triplicate.
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Figure 4. a;-AR mediated glucose uptake protected against annexin V* apoptosisin HL-1 cells
Cells (10°%) were subjected to normoxic conditions (control) or with low glucose

concentrations (Glu™; 1.375mM) with or without a1-AR stimulation (PE; 100uM). a1-AR
stimulated cells were incubated with prazosin, Praz (1uM) or the glucose transporter
inhibitor Il (GTI, 1uM). Cells were suspended in Annexin V binding buffer (10x stock:
0.1M HEPES, pH 7.4; 1.4M NaCl; 25mM CaCl,. 2 ul of FITC-Annexin V (BD Pharmingen,
CA), propidium iodide and incubated for 15 min in the dark. Cells were analyzed using a
FACSCalibur flow cytometer (Becton Dickinson, San Jose, Ca) following manufacture’s
instructions. Raw data were analyzed by CellQuest software (Becton Dickinson). Cells are
expressed as percentage of the total number of stained cells counted. *Statistically
significant p<0.05 from control. #Statistically significant p<0.05 from Glu™ **Statistically
significant p<0.05 from Glu™-PE. N = 7 independent experiments.
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Figure5. SSRNA to PKC8 blocked a1-AR stimulated deoxyglucose uptake into HL-1 cells
HL-1 cells were seeded at 60-80% confluence in 12-well plates and incubated overnight.

Cells were washed and switched into serum-free medium for 2—-4 hr and treated with or
without (untreated, UT) phenylephrine (PE, 100 uM) for 16hr and either prazosin (Praz, 1
UM) or with different siRNAs according to Materials and Methods. [°H]-2DG was added to
each well (0.5 puCi/well) and incubated for 10 minutes. The cells were washed, lysed and
transferred to a scintillation vial where 3H-2DG uptake was detected using Beckman
scintillation counter. *Statistically significant p<0.05 from untreated control. #Statistically
significant p<0.05 from phenylephrine stimulation. N = 6 independent experiments.
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Figure6. a;-AR stimulation translocated GLUT 1 and GLUT 4 to the plasma membrane and is
blocked by siRNA against PKC8

A. HL-1 cells were incubated with or without (control) phenylephrine (Phe; 100uM) for 16
hours with a series of inhibitors: prazosin, Prz (1uM); ERK (25uM PD98059), p38 (10uM
SB203580); PKC (1.25 uM rottlerin). B. HL-1 cells were incubated with or without
(control) phenylephrine (Phe; 100uM) for 16 hours with a series of different sSiRNAs against
ERK, PKCe and PKCS in addition to a control siRNA. C. HL-1 cells were incubated with or
without (Oh) phenylephrine (Phe; 100uM) for 3 or 16 hours. Plasma membrane protein and
cytosolic proteins were prepared according to Materials and Methods. Equal amounts of
protein were separated on a 10% SDS-PAGE gel and transferred to a nitrocellulose
membrane. The membrane was immunoblotted with primary antibodies (GLUT4: Cell
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Signaling 1:1000, Cat# 2213; GLUT1: Santa Cruz, 1:500, Cat# sc-7903) overnight at 4°C.
After removal of blotting solution containing primary antibody, the blot was incubated with
an HRP-conjugated secondary antibodies at room temperature for 1 h and the signal was
detected by chemiluminescence (Pierce). Total amounts of protein were normalized to
GAPDH. Images were scanned and analyzed using Image J software. N = 6 independent
experiments.

J Recept Sgnal Transduct Res. Author manuscript; available in PMC 2017 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Shietal.

Page 25
0.4 i
@ —awr @
A s EcAMA 8§
5 0.3 N CAM-B 2
%= %=
29 22
3 01 3
g )
- 3 <
o 3
0.0
<& 0@“ Q@,,,b q,«‘i"o
B wr CAM A CAM B

e 4 | TR T, pyse

e W TR GLUT 1 P
Serwresasussre-e® GAPOH

WT AKO BKO

%‘ '- asma
s-p‘ -“ﬁ-‘ ;IIembrane

GLUT 1 translocation

GLUT4 plasma membrane GLUT1 plasma membrane

* *

Relative units/GAPDH
Relative units/GAPDH

Wt CAMA  CAMB wr CAMA  CAMB

Figure7. CAM aja-AR mice enhanced while a1a-AR KO decreased the rate of 2-deoxyglucose
uptakeinto the heart and the cardiac plasma membranetranslocation of GLUT1 and GLUT4

(A) CAM a1a, CAM a1g, a1a-AR KO, a1g-AR KO or WT normal control mice were
fasted for 6 hours then injected with [3H]-2-deoxyglucose (2DG)(20 uCi/mouse; ip). Blood
samples were taken from the tail vein at 30, 60, 90 mins post-injection to determine blood
glucose and [3H]-2-deoxyglucose specific activity. After the final collection of blood, mice
were euthanized and the heart and brain removed, rinsed in PBS, diced and frozen in dry ice.
Tissues were processed as outlined in procedures. *Statistically significant from WT control,
p<0.05. (B) Hearts from CAM a4, CAM a1p, a1a-AR KO, a1g-AR KO or WT normal
control mice were homogenized and processed for plasma membrane and cytosolic fractions
according to procedures. Each fraction was separated by SDS-PAGE electrophoreses and
subjected to western analysis using GLUT 1, GLUT 4 or GAPH antibodies. (C) Blots were
scanned with Image J software and normalized to GAPDH levels. *Statistically significant
from WT control, p<0.05. Four hearts from each sex (8 hearts total) was used.
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