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Abstract

We investigated which PKC isoforms are involved in high glucose-induced protection against hypoxic injury. Treatment for 48 h

with high glucose (22mM) markedly increased the expression of PKC-e in the particulate fraction (213� 22.1% of the control) but

had no effect on other types of PKC isoforms, suggesting that the high glucose-induced increase in PKC expression is isoform-

specific. The mRNA level for PKC-e was also substantially increased, reaching its peak after 4 h of high glucose treatment. The high

glucose increased PKC-e activity in the particulate fraction up to 183� 32.2% of the control. During hypoxia, the amount of PKC-e
in the particulate fraction was remarkably diminished in the low glucose-treated cells, but remained at a higher level in high glucose-

treated cells. The treatment with eV1-2 (10lM), a specific inhibitor of PKC-e, abolished the protective effect of high glucose against

hypoxia. These results suggest that isoform-specific induction of PKC-e is involved in high glucose-induced protection against

hypoxic injury in heart-derived H9c2 cells.

� 2003 Elsevier Inc. All rights reserved.
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A characteristic of diabetes is the development of
progressive cardiomyopathy. This characteristic often

manifests contractile dysfunction, which is thought to

involve protein kinase C (PKC) activation, because

PKC activation and phosphorylation of troponin I in

diabetes cause a loss of calcium sensitivity in the intact

myofibrils [1]. Previously, we suggested that patho-

physiologic alterations such as cardiac dysfunction in

diabetes might mimic ischemic preconditioning through
PKC activation as a common pathway of cardiopro-

tection [2]. Consistent with this hypothesis, many in-

vestigators have demonstrated that hyperglycemia

favorably influences the outcome of an ischemic insult in

the heart [3,4].

PKC has been increasingly recognized as an impor-

tant signaling molecule in the cardioprotection mecha-
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nism of various models, including dog heart [5], rat
heart [6,7], and cardiomyocyte [8]. The PKC family

consists of conventional (a; bI, bII, and cÞ, novel

(d; e;g; h; andiÞ, and atypical (f; l; andkÞ types [9]. Al-

though the predominant isozymes expressed in cardiac

cells have been reported to be a; bI, d; e, and f subtypes,
the functional significance of these distinct PKC iso-

zymes has not been fully characterized [10].

Our previous study showed that treatment with
22mM high glucose for 48 h protected H9c2 cells

against hypoxic injury and that the PKC inhibitor

chelerythrine abolished the high glucose-induced pro-

tective effect, suggesting the involvement of PKC in the

mechanism of this high glucose effect [11]. Until now,

however, the specific role of individual PKC isoforms in

high glucose-induced protection has not been examined

in H9c2 cells, though substantial evidence exists on the
role of PKC isozymes in ischemic preconditioning

[12,13]. Accordingly, the goal of the present study is to

determine whether high glucose can modulate PKC
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isoforms and which PKC isoforms are involved in high
glucose-induced cardioprotection in heart-derived H9c2

cells.
Method

Cell culture and hypoxia system. Heart-derived H9c2 cells were

purchased from American Type Culture Collection (Rockville, MD)

and cultured in Dulbecco’s modified Eagle’s medium (DMEM) con-

taining 5.5mM glucose supplemented with 10% fetal bovine serum

before experimentation. The cells were maintained for a further 48 h in

DMEM containing low glucose (5.5mM) or high glucose (22mM).

For hypoxic challenges, H9c2 myocytes were transferred into an an-

aerobic chamber (Forma Scientific, Marietta, OH, USA) maintained at

37 �C with humidified atmosphere of 5% CO2, 10% H2, and 85% N2 as

described before [14]. In the anaerobic chamber, the culture medium

was replaced with serum-free, glucose-free DMEM that had been

saturated with N2 gas for 1 h. Normoxic incubation of the myocytes in

the serum-free DMEM was conducted in a water-jacked incubator

gassed with 95% air and 5% CO2 at 37 �C.
Western blot analysis. To determine whether high glucose can

stimulate the expression of PKC isozymes, Western blot analysis was

performed. The cells were lysed using 150ll/well of lysis buffer (20mM

Tris–HCl, 2mM EDTA, 5mM EGTA, 5mM dithiothreitol, 6mM b-
mercaptoethanol, 1mM PMSF, 20mM leupeptin, and 50lg/ml

aprotinin, and pH 6.8). The particulate (membrane) and soluble (cy-

tosolic) fractions of the lysates were separated by centrifugation at

100,000g for 1 h at 4 �C, and the supernatant was collected for the

soluble fraction. Pellets resuspended in the same volume of lysis buffer

were centrifuged at 10,000g for 10min at 4 �C and the supernatant was

collected for the particulate fraction. A quantity of 100lg of either the

soluble fraction or particulate fraction was separated on 8% SDS–

PAGE and transferred onto PVDF membrane (Millipore, Bedford,

MD). The membrane was blocked with 5% nonfat dried milk for

90min and incubated overnight with PKC isotype antibodies (Santa

Cruz, Delaware Avenue, CA, USA). The membrane was then incu-

bated with a secondary immunoglobulin antibody conjugated with

alkaline phosphatase for 4 h and the PKC band was visualized using

the NBT/BCIP method (Sigma–Aldrich, St. Louis, MO, USA).

mRNA expression of PKC-e. RT-PCR was performed to assess

mRNA expression of PKC-e. Total RNA was extracted from the cells

with RNAsol (InTron, Sungnam, Korea) according to the manufac-

turer’s suggested protocol. The total RNA (1 lg) was synthesized into

cDNA using random hexamers, avian myeloblastosis virus reverse

transcriptase (Promega, Serva, Heidelberg, Germany), and PCR buffer

(20mM Tris–HCl, pH 8.3, 50mM KCl, 2mM MgCl2, and 100lg/ml

bovine serum albumin). The cDNA (2ll) was amplified by PCR in a

total volume of 20 ll using 0.5U Taq DNA polymerase (Bioneer,

Seoul, Korea), 100lM dATP, dCTP, and dGTP, 50lM dTTP (Bo-

ehringer–Mannheim, Mannheim, Germany), and 0.5 lM of each pri-

mer in PCR buffer. One-minute cycles were performed at 95, 60, and

72 �C in a microprocessor-driven thermal cycler (Perkin–Elmer-Cetus,

Emeryville, CA, USA). Primers for PKC-e were 50-ACT GCT CCC

ACT GCA GAG AT 30 (sense) and 50-TAG TTC CTG GTC ACA

AGG GG-30 (antisense), while the primers for GAPDH were 50-CCA

TGG AGA AGG CTG GG-30 (sense) and 50-CAA AGT TGT CAT

GGA TGA CC-30 (antisense).

PKC activity assay. The enzyme activity of PKC was measured

using a PKC assay kit (Invitrogen, Groningen, The Netherlands), as

described previously [15]. The basis of this PKC assay was the phos-

phorylation of a specific substrate (myelin basic protein) by PKC and

its specific inhibition by a PKC inhibitor. Cells were collected in a

sample buffer (20mM Tris, pH 7.5, 0.5mM EDTA, 0.5mM EGTA,

0.5% Triton X-100, 25 lg/ml each aprotinin and leupeptin, and 10mM

b-mercaptoethanol). The collection was homogenized on ice, and
centrifuged at 45,000g for 30min, and separated into cytosolic (solu-

ble) and particulate (membrane) fractions. The activities of the PKC in

the particulate and the soluble fractions were assayed separately. The

mixture of myelin basic protein and [c-32P]ATP (Amersham–Phar-

macia, Piscstaway, NJ, USA) was used as the substrate of PKC for the

phosphorylation reaction. The activity of PKC-e was obtained by

using eV1-2, a specific inhibitor for PKC-e, and subtracting the value

of phosphorylation that occurred with eV1-2 from that without eV1-2.
Measurement of cell death. Cell death was microscopically assessed

by morphologic observation under phase-contrast optics and a stain-

ing assay with 10 lg/ml propidium iodide (PI), which is not normally

taken up by living cells [16]. The cell death percentage was calculated

from the percentage of cells stained with PI divided by the total

number of cells after 8 h of hypoxia.

Statistical analysis. All data were expressed as means� SD. The

numerical data were compared using a Student’s t test for unpaired

observations between the two groups. A p-value of <0.05 was con-

sidered significant.
Results

Effect of high glucose on PKC isozyme expression

First, we attempted to determine whether the treat-

ment of heart-derived H9c2 cells with 22mM high glu-

cose could stimulate the expression of PKC isozymes.

As shown in Figs. 1A and C, 48 h treatment with 22mM
high glucose produced a 2.1-fold increase in the ex-

pression of PKC-e in the particulate fraction (213� 22%

of the 5.5mM glucose), while PKC-e in the soluble

fraction remained unchanged (Figs. 1A and B). High

glucose, however, had no effect on other types of PKC

(-a, -bI, -d, and -f) in either the particulate or the soluble

fractions. We examined the time course effect of the

22mM high glucose and found that high glucose tended
to translocate PKC-e protein from a soluble to a par-

ticulate as early as 2 h after treatment. The level of PKC-

e protein in the particulate markedly increased at 12 and

24 h of high glucose treatment and lasted for 48 h after

treatment (Fig. 2A). To clarify whether this stimulatory

effect of high glucose on PKC-e protein is associated

with its effect on mRNA, we determined the mRNA

level of PKC-e by RT-PCR. The mRNA levels of PKC-e
began to rise 15min after the high glucose treatment,

reaching their peak after 4 h of treatment. The increased

level of mRNA tended to decrease at 8 h of treatment

but still maintained at higher level (Fig. 2B).

Effect of high glucose on PKC activity

Since the increased expression of PKC-e by high

glucose does not in itself prove any functional activity

for PKC-e, we used a commercial PKC assay kit to

evaluate the ability of high glucose to activate PKC-e.
As illustrated in Fig. 3, PKC-e activity in the particulate

fraction of cells treated with 22mM glucose significantly
increased up to 183� 32.2% of the cells treated with

5.5mM glucose, though the PKC-e activity in the



Fig. 2. Western blot analysis (A) and RT-PCR analysis (B) of PKC-e.
Shown are representatives of four separate experiments. (A) Western

blots for PKC-e detected in the soluble (S) and the particulate (P)

fraction after various periods of treatment (2, 12, 24, and 48 h) with

glucose (22mM) in H9c2 cells. (B) RT-PCR products after various

periods of treatment (15min, 30min, 1, 2, 4, and 8 h) with glucose

(22mM). Total RNAs extracted from the H9c2 cells were reverse

transcribed with hexanucleotide primers; cDNA was amplified with

specific primers for PKC-e.

Fig. 3. Activity of PKC-e at 48 h after the treatment of H9c2 cells with

low glucose (5.5mM) or high glucose (22mM). PKC activity was de-

termined using the myelin basic protein phosphorylation assay in

soluble and particulate fractions. Data shown as means� SD (n ¼ 4)

represent the percentage of cells treated with low glucose (5.5mM).

*p < 0:05 vs. cells treated with low glucose.

Fig. 1. Western blot analysis and quantitative Western blot analysis of PKC isozymes after the treatment with H9c2 cells with low glucose (5.5mM)

or high glucose (22 mM) for 48 h. (A) Western blots for all PKC isozymes detected in the soluble (S) and the particulate (P) fraction after 48 h of

glucose treatment. Shown are representative Western blots of four separate experiments. (B) Quantitative Western blot analysis for PKC isozymes in

a soluble fraction. (C) Quantitative Western blot analysis for PKC isozymes in a particulate fraction. Data shown in (B) and (C) as means� SD

(n ¼ 4) represent the percentage of cells treated with low glucose (5.5mM) for each isozyme. *p < 0:05 vs. values in cells treated with low glucose.

Fig. 4. Effect of high glucose on PKC-e expression during hypoxia.

H9c2 cells were treated with low glucose (5.5mM) and high glucose

(22mM) for 48 h and then exposed to normoxia or hypoxia (2 and 8 h).

Western blots for PKC-e were detected in the soluble (S) and partic-

ulate (P) fraction. Shown are representatives of four experiments.
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soluble fraction did not significantly change. This result

implies that high glucose can stimulate the PKC activity

because the PKC activity in the particulate is sufficient

to reflect its in situ activity [17].

Effect of high glucose on PKC-e expression during hypoxia

We investigated the effect of 22mM high glucose on

PKC-e for short (2 h) and long (8 h) periods following

the onset of hypoxia. In cells treated with 5.5mM low

glucose, particulate PKC-e was significantly reduced 2

and 8 h after the onset of hypoxia. In cells treated with

22mM high glucose, particulate PKC-e decreased
slightly during hypoxia but remained at a much higher

level than in cells treated with low glucose after 2 h of
hypoxia. As shown in Fig. 4, the higher level was

maintained for at least 8 h of hypoxia.

The role of PKC-e in high glucose-induced cardioprotection

To elucidate the role of PKC-e in high glucose-in-

duced protection, we examined the effect of the phar-

macological blockade of PKC-e on hypoxia-induced



Fig. 5. Effect of PKC-e inhibitor on PKC expression and cell death

after 8 h of hypoxia. H9c2 cells were treated with low glucose (LG,

5.5mM) or high glucose (HG, 22mM) for 48 h in the absence (Con-

trol) or presence of myristoylated PKC-eV1-2 (eV1-2, 10 lM) before

being transferred to an anaerobic chamber, where the culture medium

was replaced with serum-free, glucose-free, anoxic DMEM. (A) Rep-

resentative Western blot that shows PKC-e protein levels in soluble (S)

and particulate (P) fractions after 8 h of hypoxic insult (n ¼ 4). (B) Cell

death percentages shown as means� SD (n ¼ 4) were calculated from

the percentage of cells stained with PI divided by the number of total

cells. *p < 0:05 vs. cells treated with low glucose, #p < 0:05 vs. control.
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cells by using eV1-2, a selective cell-permeable inhibitor

of PKC-e [12]. As reported, eV1-2 peptide, which is

derived from the first unique region (V1) of PKC-e
(amino acids 14–21), inhibits PKC-e translocation and

activity, and decreases the total amount of PKC-e in

cardiomyocytes [12,18].

First, we examined the ability of eV1-2 (10 lM) to

block the high glucose effect on PKC-e during hypoxia.

We observed that during hypoxia the higher level of

PKC-e was remarkably diminished by the eV1-2 in the

particulate without increasing the cytosolic fraction
(Fig. 5A). These results are consistent with other studies

that show a reduced amount of PKC-e in the soluble

and particulate fractions in the presence of eV1-2, and
lead us to support the hypothesis that eV1-2-induced
inhibition of the translocation of PKC-e may result

in increase in the sensitivity of PKC-e to degradation

[12]. As shown in Fig. 5B, our results demonstrate the

ability of eV1-2 to abolish the high glucose-induced re-
sistance to hypoxic injury, by showing that high glucose

decreases the number of PI-stained cells 8 h after hy-

poxia from 19.8� 2.13% (cells treated with low glucose)

to 5.8� 0.79%; furthermore, co-treatment with eV1-2
inhibits the high glucose effect of reducing cell death by

15.1� 1.17%.
Discussion

In this study, we provide the first evidence that high

glucose produces isoform-specific induction of PKC-e
protein in H9c2 cells, conferring protection against
hypoxic injury.

Isoform-specific regulation of PKC-e by high glucose

PKC has long been known to play a pivotal role in
the functional adaptation to myocardial ischemia and

the cardioprotection by ischemic preconditioning

[12,13]. Previously, we demonstrated with our collab-

orators that 48 h treatment with 22mM glucose pro-

tected H9c2 cells against hypoxic injury and that PKC

inhibitors chelerythrine and staurosporine abolished

high glucose-induced protection, suggesting the possi-

ble role of PKC in this high glucose effect [11]. On the
basis of these results, we hypothesized that 48 h treat-

ment with 22mM high glucose could affect the activi-

ties of PKC isozymes in heart-derived H9c2 cells. Our

present findings support this hypothesis by showing the

ability of high glucose (22mM) to increase the activity

and expression of PKC-e. Furthermore, our findings

that high glucose had no effect on other PKC isoforms

(-a, -b, -d, and -f) suggest that stimulation by high
glucose is isoform-specific. Interestingly, however,

while the translocation of PKC was not detectable in

our results except at the early stage (2 h) of high glu-

cose treatment; the increase in the amount of PKC-e
protein in the particulate was detectable for up to 48 h

of treatment. These results are consistent with other

studies in which 48 h treatment with 30mM glucose

induces an increase in membrane-associated PKC-d
and PKC-e [19].

Two distinct regulatory processes of PKC activation

have recently been reported. One process translocates

PKC from the cytosol to the particulate in an isotype-

unselective way. The other process induces PKC in an

isotype-selective way at the protein level and the mRNA

level [20,21]. Supporting the latter hypothesis of an

isotype-selective induction process, our findings indicate
that the increased activity of PKC-e in cells treated with

high glucose (Fig. 2) may be associated with the induc-

tion at the mRNA transcriptional level and the sub-

sequent protein accumulation of PKC-e in the

particulate fraction (Fig. 3). The results of this study

demonstrate four things: the mRNA level of PKC-e
increases as early as 15min after treatment with glucose;

the higher level of PKC-e lasts for at least 8 h; the pro-
tein level of PKC-e begins to increase after only 2 h of

treatment with 22mM glucose; and the increased level of

PKC-e lasts for up to 48 h of treatment with 22mM

glucose. Although we did not examine the mRNA level

of PKC-e for 48 h of treatment with glucose, our results

suggest that the induction of PKC-e mRNA by high

glucose may contribute, at least in part, to the increase

in its protein level. Whether the increase of PKC-e is due
to the increase of synthesis or the decrease of degrada-

tion or both remains to be investigated.
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The role of PKC-e in high glucose-induced cardioprotec-

tion against hypoxic injury

There have been controversial reports about the role

of PKC isotypes during an ischemic insult [12,20,22].

Strasser et al. [20] demonstrated that an acute (2.5min)

and prolonged (up to 60min) hypoxic insult increases

both the amount and the translocation of PKC-e. We

previously reported that short-term hypoxia (15 or
30min) causes a rapid increase in the protein level of

PKC-e in a particulate fraction of H9c2 cells, while a

prolonged hypoxic insult (2 and 8 h of hypoxia) signifi-

cantly diminishes the protein level, suggesting that

prolonged hypoxia increases degradation of PKC-e [23].
Although our previous results on the stimulatory effect

of short-term hypoxia on PKC-e seem to be consistent

with other reports [20], a discrepancy still exists between
our results and the results of others on the effect of

prolonged hypoxia. In contrast with our results, PKC-e
has been shown to translocate from a soluble to a par-

ticulate fraction following 30–120 min of hypoxia in

primary cultured rat cardiomyocyte [12]. On the other

hand, long-term hypoxia has been shown to cause a

decrease of PKC-d rather than PKC-e in membrane

association [22]. Differences between tissues, cell types,
and insults might help to explain this discrepancy.

In the present study, we focused on prolonged hy-

poxia (2 and 8 h) because hypoxia-induced cell death

requires more than 6 h of hypoxia. We found that the

substantial reduction of PKC-e shown during hypoxia

was inhibited by treatment with 22mM high glucose.

This result encourages us to speculate that maintaining

a higher level of PKC-e in the particulate during hy-
poxia might play some beneficial roles against hypoxic

injury. To investigate the role of maintaining PKC-e
through treatment with high glucose, we examined the

influence of a specific blockade of PKC-e on hypoxia-

induced cell death. Co-treatment with eV1-2 and high

glucose almost completely abolished not only the

maintaining effect of high glucose on PKC-e in the

particulate during hypoxia but also the protective effect
of the high glucose against hypoxia-induced cell death.

These results support the hypothesis that PKC-e up-

regulated by high glucose plays an essential role in

protecting H9c2 cells against hypoxic injury. Although

we did not evaluate the ability of high glucose to reg-

ulate the expression of PKC-e at the mRNA level dur-

ing hypoxia, the possibility of reducing the degradation

of PKC-e protein through high glucose during hypoxia
cannot be excluded.

In accordance with our results, others have identified

PKC-e as a mediator of the protection signal; they have

demonstrated that hypoxic preconditioning selectively

activates PKC-e, which contributes to the resistance

against prolonged hypoxia [12]. In addition, the

protective role of PKC-e has been demonstrated in
adenosine-induced neuronal protection against ische-
mia-reperfusion [24] and in the development of Alzhei-

mer’s disease [25]. Thus, PKC-e appears to be a common

mediator of the protection signal in the brain and the

heart, though a contrary report asserts that chronic

activation of PKC-e can result in severe conditions such

as malignant tumors and vascular disease [26].

In summary, the present results suggest that isoform-

specific induction of PKC-e might be involved in the
mechanism of high glucose-induced protection against

hypoxic injury in heart-derived H9c2 cells.
Acknowledgments

This work was supported by grants from the Korea Research

Foundation Grant (KRF-2001-003-F00232) and the Research Insti-

tute of Pharmaceutical Sciences, College of Pharmacy, Seoul National

University.
References

[1] A. Malhotra, D. Reich, D. Reich, A. Nakouzi, V. Sanghi, D.L.

Geenen, P.M. Buttrick, Experimental diabetes is associated with

functional activation of protein kinase C epsilon and phosphor-

ylation of troponin I in the heart, which are prevented by

angiotensin II receptor blockade, Circ. Res. 81 (1997) 1027–1033.

[2] C.H. Moon, Y.S. Jung, S.H. Lee, E.J. Baik, Protein kinase C

inhibitors abolish the increased resistance of diabetic rat heart to

ischemia-reperfusion injury, Jpn. J. Physiol. 149 (1999) 409–415.

[3] D. Feuvray, G.D. Lopaschuk, Controversies on the sensitivity of

the diabetic heart to ischemic injury: the sensitivity of the diabetic

heart to ischemic injury is decreased, Cardiovasc. Res. 34 (1997)

113–120.

[4] Y. Liu, J.D. Thornton, M.V. Cohen, J.M. Downey, S.W. Schaffer,

Streptozotocin-induced non-insulin-dependent diabetes protects

the heart from infarction, Circulation 88 (1993) 1273–1278.

[5] C.E. Murry, R.B. Jennings, K.A. Reimer, Preconditioning with

ischemia: a delay of lethal cell injury in ischemic myocardium,

Circulation 74 (1986) 1124–1136.

[6] M.E. Speechly-Dick, M.M. Mocanu, D.M. Yellon, Protein kinase

C. Its role in ischemic preconditioning in the rat, Circ. Res. 75

(1994) 586–590.

[7] Y.P. Wang, H. Maeta, K. Mizoguchi, T. Suzuki, Y. Yamashita,

M. Oe, Intestinal ischemia preconditions myocardium: role of

protein kinase C and mitochondrial K(ATP) channel, Cardiovasc.

Res. 55 (2002) 576–582.

[8] K.A. Webster, D.J. Discher, N.H. Bishopric, Cardioprotection in

an in vitro model of hypoxic preconditioning, J. Mol. Cell

Cardiol. 27 (1995) 453–458.

[9] H.R. Cross, E. Murphy, R. Bolli, P. Ping, C. Steenbergen,

Expression of activated PKC epsilon (PKC epsilon) protects the

ischemic heart, without attenuating ischemic H(+) production,

J. Mol. Cell Cardiol. 34 (2002) 361–367.

[10] W.-C. Chen, C.-C. Chen, Signal transduction of arginine vaso-

pressin-induced arachidonic acid release in H9c2 cardiac myo-

blasts: role of Ca2þ and the protein kinase C-dependent activation

of p42 mitogen-activated protein kinase, Endocrinology 140

(1999) 1639–1648.

[11] C.H. Moon, Y.S. Jung, M.H. Kim, R.M. Park, S.H. Lee, E.J.

Baik, Protein kinase C inhibitors attenuate protective effect of

high glucose against hypoxic injury in H9c2 cardiac cells, Jpn.

J. Physiol. 50 (2000) 645–649.



6 M.H. Kim et al. / Biochemical and Biophysical Research Communications 309 (2003) 1–6
[12] M.O. Gray, J.S. Karliner, D. Mochly-Rosen, A selective e-protein

kinase C antagonist inhibits protection of cardiac myocytes from

hypoxia-induced cell death, J. Biol. Chem. 272 (1997) 30945–

30951.

[13] H. Liu, B.C. McPherson, Z. Yao, Preconditioning attenuates

apoptosis and necrosis: role of protein kinase C epsilon and -delta

isoforms, Am. J. Physiol. Heart Circ. Physiol. 281 (2001) H404–

H410.

[14] B.J. Gwag, J.Y. Koh, J.A. DeMaro, H.S. Ying, M. Jacquin, D.W.

Choi, Slowly triggered excitotoxicity occurs by necrosis in cortical

cultures, Neuroscience 77 (1997) 393–401.

[15] I. Yasuda, A. Kishimoto, S. Tanaka, M. Tominaga, A. Sakurai,

Y. Nishizuka, A synthetic peptide substrate for selective assay of

protein kinase C, Biochem. Biophys. Res. Commun. 166 (1990)

1220–1227.

[16] S.R. Umansky, L.D. Tomei, Apoptosis in the heart, Adv.

Pharmacol. 41 (1997) 383–407.

[17] M. Cordey, U. Gundimeda, R. Gopalakrishna, C.J. Pike, Estro-

gen activates protein kinase C in neurons: role in neuroprotection,

J. Neurochem. 84 (2003) 1340–1348.

[18] J.A. Johnson, M.O. Gray, C.H. Chen, D. Mochly-Rosen, A

protein kinase C translocation inhibitor as an isozyme-selective

antagonist of cardiac function, J. Biol. Chem. 271 (1996) 24962–

24966.

[19] J. Kapor-Drezgic, X. Zhou, T. Babazono, J.A. Dlugosz,

T. Hohman, C. Whiteside, Effect of high glucose on mesangial
cell protein kinase C-d and -e polyol pathway-dependent, J. Am.

Soc. Nephrol. 10 (1999) 1193–1203.

[20] R.H. Strasser, G. Simonis, S.P. Schon, M.U. Braun, R. Ihl-Vahl,

C. Weinbrenner, R. Marquetant, W. Kubler, Two distinct

mechanisms mediate a differential regulation of protein kinase C

isozymes in acute and prolonged myocardial ischemia, Circ. Res.

85 (1999) 77–87.

[21] R.V. Farese, M.L. Standaert, D.R. Cooper, Protein kinase C

downregulation?, Nature 360 (1992) 305.

[22] M. Goldberg, H.L. Zhang, S.F. Steinberg, Hypoxia alters the

subcellular distribution of protein kinase C isoforms in neonatal

rat ventricular myocytes, J. Clin. Invest. 99 (1997) 55–61.

[23] M.J. Kim, M.Y. Kim, S.H. Lee, E.J. Baik, C.H. Moon, Y.S. Jung,

The role of PKC during hypoxia in heart-derived H9c2 cells,

Conf. Basic Res. 11 (2003) 318 (abstract).

[24] N. Di-Capua, O. Sperling, E. Zoref-Shani, Protein kinase C-

epsilon is involved in the adenosine-activated signal transduction

pathway conferring protection against ischemia-reperfusion injury

in primary rat neuronal cultures, J. Neurochem. 84 (2003) 409–

412.

[25] H. Matsushima, S. Shimohama, M. Chachin, T. Taniguchi,

J. Kimura, Ca2þ-dependent and Ca2þ-independent protein kinase

C changes in the brain of patients with Alzheimer’s disease,

J. Neurochem. 67 (1996) 317–323.

[26] Y. Akita, Protein kinase C-epsilon (PKC-epsilon): its unique

structure and function, J. Biochem. (Tokyo) 132 (2002) 847–852.


	Isoform-specific induction of PKC-&epsiv; by high glucose protects heart-derived H9c2 cells against hypoxic injury
	Method
	Results
	Effect of high glucose on PKC isozyme expression
	Effect of high glucose on PKC activity
	Effect of high glucose on PKC-&epsiv; expression during hypoxia
	The role of PKC-&epsiv; in high glucose-induced cardioprotection

	Discussion
	Isoform-specific regulation of PKC-&epsiv; by high glucose
	The role of PKC-&epsiv; in high glucose-induced cardioprotection against hypoxic injury

	Acknowledgements
	References


