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Cytoprotection by Pro-Vitamin C Against Ischemic
Injuries in Perfused Rat Heart Together With
Differential Activation of MAP Kinase Family
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Abstract The cardiac muscle cells are known to be killed by ischemia-reperfusion (I/R) treatment that produce
reactive oxygen species (ROS). We analyzed the function of the autooxidation-resistant pro-vitamin C, 2-O-alpha-D-
glucosylated derivative (Asc2G) of ascorbic acid (Asc), in protecting against I/R injury of the heart in rat. The serum release
of the intracellular enzyme CPK due to I/R injury decreased upon injection with Asc2G. Out of the mitogen-activated
protein (MAP) kinase family members, MAP kinase and JNK underwent the down-regulation in contrast to up-regulation of
p38 compared with the I/R-treated control in the absence of Asc2G. These data suggest important roles for differential
activation of the MAP kinase family in cytoprotection against I/R injury by Asc2G. J. Cell. Biochem. 89: 863–867, 2003.
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Nutrition is supplied to the whole body
through the organ of heart, but the components
of cardiac muscle themselves need nutrition.
This blood in the heart can get clogged and may
produce myocardial infarction and angina pec-
toris. These are serious diseases, which in some
cases result in I/R injury, producing oxygen-
derived free radicals that result in cardiac
muscle cell death. Prolonged ischemia causes
necrosis and contractile dysfunction in the
heart. However, the heart can recover from
injury when certain genes are expressed, such
as c-fos, c-jun, and Egr-1 [Mizukami et al.,
1997]. These are rapidly up-regulated during
post-I/R [Mizukami et al., 1997]. It has been

indicated that upstream kinases for mitogen-
activated protein kinase (MAPK) are important
regulators of nuclear transcription activity.
MAPK is a serin/threonine protein kinase
whose activity is up-regulated by MAPK/extra-
cellular signal-regulated kinases (MEK)-cata-
lyzed phosphorylation of tyrosin and therionine
residues [Sturgill et al., 1988; Crews et al.,
1992]. I/R injuries have been shown to act as
upstreamkinases formitogen-activated protein
kinase (MAPK) activation. It has been shown
that the MAPK activation pathway is present
in nuclei of ischemic hearts [Mizukami and
Yoshida, 1997;Onishi et al., 1997].Free radicals
are generated by I/R injury. The free radicals
that form, H2O2 and O2

�, have been shown to
be resolved by antioxidants such as vitamin C
(L-ascorbic acid; Asc), which is one of the water-
soluble vitamins, and is suggested as one of
the preventive or potentially cytocidal agents
against cancer [Maramag et al., 1997; Nagao
et al., 2000]. ROS generated upon I/R may be
scavenged by Asc [Fujiwara et al., 1997;
Kumano et al., 1998], because plasma lipo-
proteins exposed to aqueous peroxy radicals
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undergo no hydroperoxidation until depletion
of endogenous Asc, which is depleted more
promptly than other plasma ROS-scavengers
such as SH groups, alpha-tocopherol, bilirubin,
and urate. This suggests that Asc would be the
most efficient in preventing oxidative damage
[Frei et al., 1989; Kanatate et al., 1995]. How-
ever, Asc reacts with the oxidized vitamin C,
dehydroascorbic acid, by ROS in vivo. Recently,
the autooxidation-resistant pro-vitamin C,
Asc2G, was shown to resist oxidized vitamin
C. Intracellular Asc derived from Asc2G and
Asc2P was also shown to be retained within the
cell longer than that from administered Asc
[Tsukaguchi et al., 1999]. Asc2G was scarcely
converted to vitamin C by a-glucosidase, and
Asc was transported by Asc transporters into
cells [Saitoh et al., 1997;Kageyama et al., 1999].

In the present study, we show that Asc2G
protected the rat heart against I/R injury.Using
the Langendorff mode, activation of the MAP
kinase family was examined in the rat heart,
along with the function of Asc2G as a very
promising antioxidant.

MATERIALS AND METHODS

Animals

Male Wistar rats (weighing 300–350 g) were
deprived of food for 18 h before the experiments
but were allowed to drink water freely. Two
hours before the Langendorff perfusion, Asc2G
1.92 mg/kg was dissolved in a physiological
saline solution and administered by intra-
venous injection (i.v.); controls received an
injection of physiological saline solution. The
rats were anesthetized by intraperitoneal injec-
tion (i.p.) of sodium pentobarbital (25 mg/kg)
and heparin (300 IU).

Perfusion Protocol

The hearts were prepared for Langendorff
mode as described previously [Yoshida et al.,
1993]. The heart was perfused with filtered
Krebs–Henseleit buffer containing4.7mMKCl,
2.5 mM CaCl2, 1.25 mM MgCl2, 1.25 KH2PO4,
25 mM NaHCO3, 118 mM NaCl, and 10 mM
glucose. The protocol for the anti-oxidant study
were performed; we added 50 mM Asc in the
buffer while the controls had none. The buffer
was maintained at 378C and gassed with 95%
O2 and 5% CO2. The heart was perfused at a
constant perfusion pressure of 50 mm/Hg.

I/R-Induced Injury in the Heart

The hearts were prepared for Langendorff
mode. The buffer was maintained at 378C and
gassed with 95% N2 and 5% CO2. After 15 min
of ischemia, the hearts were reperfused with
buffer gassed with 95% O2 and 5% CO2.

The activity of acreatine phosphokinase
(CPK) in the buffer was measured using CPK-
HA test (Wako, Osaka) at indicated times after
reperfusion. The activity of MAP kinase in the
heart was measured on stock frozen soon after
reperfusion.

Subcellular Fractionation

The frozen hearts were homogenized in 2 ml
STE buffer (0.32 M sucrose, 10 mM Tris-HCl
pH 7.4, 5 mMMgCl2, 5 mMMgCl2, 5 mMNaN3,
10 mM b-mercaptoethanol, 20 mM leupetin,
0.15 mM pepstatin A, 0.2 mM phenylmethane-
sulfonyl fluoride, 50 mM NaF, 1 mM sodium
orthovanadate, 1 mM b-glycerophosphate, and
2.5 mM sodium pyrophosphate) homogenizer
(Nichionrikaseisakusyo; NS-310E) for 30 s at
maximum speed. The samples were mixed with
2 vol STE buffer and centrifuged at 1,000g for
10min at 48C. The pellet containing the nuclear
division was mixed with 1 ml TE buffer (20 mM
Tris-HCl, pH7.4, 1mMEGTA, 5mMNaN3, and
10 mM b-mercaptoethanol) containing 50 mM
NaCl, 20 mM leupetin, 0.2 mM phenylmethane-
sulfonyl fluoride, and 0.15 mM pepstatin A, and
mixed with 1% triton X100 for 60 min on ice,
then centrifuged at 15,000g for 30 min at 48C.
The supernatant containing the cellular mem-
brane was centrifuged at 100,000g for 60 min
at 48C.

Electrophoresis and Westen Blots

The subcellular fractionation sample was
electrophoresed in polyacrylamide gels in the
presence of SDS and transferred to polyvinyli-
dene difluroide membranes (0.45 mm, Millipore
Co., Bedford, MA). It was then blocked with 5%
non-fat dry milk (Yukijirushi, Tokyo) in Tris-
buffered saline containing 0.05% Tween-20
(Wako, Tokyo) and rat antibody. The following
were added, and the mixture was kept at
room temperature for 45 min: ERK 1 (K-23),
JNK 1 (C-17), p-JNK (G-7) (Santa Cruz,
California, USA), p-MAPK, p38, and P38
(New England Biolab, Massachusetts, USA).
Horseradish peroxidase and anti-rabbit IgG
(Amersham Pharmacia Biotech, New Jersey,
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USA)were added to a secondary antibody at 48C
over night. The reactive bands were detected
using enhanced chemiluminescence (ECL) kit
(Amersham Pharmacia Biotech).

RESULTS

Effects of Asc in perfusates of the isolated
rat heart on extracellular release of CPK in the
Langendorff’s perfusion apparatus.
After I/R injury in the rat heart, release of

CPK into the buffer decreased with the use of
Asc2G (Fig. 1). The release of CPK into the
buffer prepared for Langendorff mode took
place at 240 min after both 15 and 40 min
ischemia (data not shown). In the present study,
the buffer in Langendorff mode containing
50 mM Asc indicated the extracellular Asc con-
centration, while the a-glucosidase that chang-
ed Asc2G to Asc was not present in the buffer.
Evenat 30minof ischemia,Asc2Gadministered
by i.v. to the rat prior to death decreased CPK
release (data not shown). These data indicate
that Asc2G protected against I/R injury in the
rat heart.

Activity of MAP Kinase Family

The phosphorylation of MAPK was increased
by I/R injury in the nuclear fraction. The
phosphorylation of JNK was activated by
reperfusion at 15 min, while that of p-38 was
activated by reperfusion at 0 min in the nuclear
fraction. In contrast, the CPK release was
decreased by Asc2G, and the phosphorylation
of MAPK and JNK and p-38 in the nuclear
fraction with Asc2G were more activated than
control (Fig. 2). In the cytosol fraction of the
heart, the phosphorylation of MAPK and JNK
were increased by I/R injury in the rat heart. In
the fraction containing Asc2G, CPK releasewas
decreased, the phosphorylation of MAPK and
p-38was increased by I/R injury in the rat heart,
and the phosphorylation of JNK was not
increased by I/R injury in the rat heart (Fig. 2).

In this study, localization of Histon 1 in the
nuclear fraction of the rat heart was increased
by ischemia (data not shown). In contrast,
Histon1 in thenuclear fraction ofAsc2G treated
rat hearts was increased more after ischemia
than did the control (data not shown). These
data indicate that the Asc2G regulated the
differential activation of MAP kinase family for
protection against I/R injury.

DISCUSSION

Asc2G protected the heart from I/R injury, in
which xanthine oxidase produces ROS; there-
fore,Asc2G inhibitedROS. In thepresent study,
allopurinol as an inhibitor of xanthine oxidase
was administered orally to rats whose hearts
were protected from CPK release prepared by
Langendorff mode perfusion I/R injury (data
not shown). In addition, I/R injury is caused by
calcium entry into the cell; we showed that
allopurinol as a calcium channel blocker admi-
nistered orally to rats protected against CPK
release in the hearts prepared by Langendorff
mode (data not shown). It was suggested that
CPK release in rat hearts prepared for Langen-
dorff mode caused xanthine oxidase, producing
ROS [Hashimoto et al., 1994].

I/R injury was prevented when Asc was
maintained at serum concentrations; Asc con-
centration has been shown to be decreased by
I/R injury of the rat brain [Sato and Hall,
1992; Wilson and Jaworski, 1992]. The Asc2G
was administered by i.v. before Langendorff
mode; a-glucosidase almost converted all of
it to vitamin C in rat serum about 120 min

Fig. 1. Effects of ascorbic acid (Asc) in perfusates of the isolated
rat heart on extracellular release of CPK in the Langendorff’s
perfusion apparatus. The rat underwent intravenous administra-
tion with or without Asc2G at a dose of equivalent to 2 mg Asc/kg.
After 120 min, the heart was isolated and left in the perfusate of
the Langendorff’s perfusion apparatus. The heart was subjected
to 15–min ischemia and subsequent reperfusion, and was
immediately administered with or without Asc or Asc2G at
50 mM in the perfusate. The release of CPK from the heart into
the perfusate was quantified as an indicator for cytolysis of the
heart at graded times of post-I/R. The data shown were typical of
three to six independent experiments, respectively. The bar
represents the SD of measurement points in triplicate in each
experiment.
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[Yamamoto et al., 1990]. It was suggested that
Asc2G inhibited ROS from I/R injury, and Asc
concentration andmaintenance were necessary
in serum [Eguchi et al., 2003].

MAPK and JNK were expressed in the
nucleus by ischemia, and were activated by
reperfusion [Mizukami et al., 1997]. In the
present study, MAPK was increased in the
nuclear fraction depending on the duration of
the ischemia (data not shown). AlthoughMAPK
was activated in the control, the activity of
MAPK is known to take various pathways in
livemammalian cells.We showed that theMAP
kinase family was activated by I/R injury in rat
hearts through the Langendorff mode. In the
ischemia at 40 min after reperfusion model,
MAPK was less activated than in ischemia at
15 min. In addition, MAPK was more activated
by thebuffer prepared for theLangendorffmode
containing 100 mM H2O2 than by that contain-
ing 500 mM H2O2 concentration, which injured
the cell (data not shown). It was suggested that
the activity of MAPK and ischemia injury
follows a law of reciprocity [Sundaresan et al.,
1995; Wei et al., 2001].

It was suggested that protection against I/R
injury in the heart may need the activity of
MAPK in the nucleus; with Asc2G adminis-

tered, the activity of MAPK in the nucleus was
maintained (Fig. 2).

JNKwas expressed in the nuclear fraction by
ischemic or stable conditions; therefore, it was
more activated than MAPK upon I/R injury
(Fig. 2). In addition, JNK was activated by the
buffers prepared for the Langendorff mode
containing either 100 or 500 mM H2O2 (data
not shown).

However, the cellwas injured by500mMH2O2

andwasnot injured by100mMH2O2.These data
indicate that the p38 was expressed in the
nuclear fraction by non-ischemic or stable con-
ditions. However, the phosphorylation of p38
was expressed in the nuclear fraction by I/R
injury (Fig. 2). In addition, the phosphorylation
of p38 was activated by the buffer containing
100 mM H2O2 prepared for the Langendorff
mode. However, the p38 in the nuclear fraction
was not changed, and p38 was not activated
by 500 mM H2O2 (data not shown). These data
indicate that p38 was not effective against ROS
produced by I/R injury in rat hearts. It was
suggested that p38 was activated by a stimula-
tion of osmotic pressure in the cell against
ischemia [Bogoyevitch et al., 1996]. It was
also suggested that the substrate of activ-
ity of p38 was the activity of MAPK–APK2

Fig. 2. Effects of Asc2G on alteration and phosphorylation of MAP kinase family members, MAPK, JNK,
and p38, in the isolated rat heart subjected to I/R. The heart was subjected to I/R and administration with
or without Asc2G in the same manner as in Figure 1. At graded times after outset of reperfusion, the nuclear
and cytosol fractions of the perfused heart were separated and assessed by Western blots.
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stimulated by the heat shock proteins [Stokoe
et al., 1992].
In the present study, it was suggested that

Asc protected against I/R-injury of the heart
when the MAP kinase family was regulated by
effective cardiac muscle [Bogoyevitch et al.,
1996]. In sum, Asc2G is a substance that can be
analyzed as having a new vitamin C function in
the body and should excel as a new anti-oxidant
drug.

ACKNOWLEDGMENTS

The authors thank Dr. Mitsuo Isono of Oita
Med. Univ., and Dr. Katsunori Nishida of
Teikyo Univ. Schl. Med. for their kind technical
advice. The authors’ also thank Dr. Kenichi
Yoshida of Yamaguchi Univ. Schl. Med. and
Dr. Norio Nagao of Hiroshima Pref. Univ. for
their encouragement.

REFERENCES

Bogoyevitch MA, Gillespie-Brown J, Ketterman AJ, Fuller
SJ, Ben-Levy R, Ashworth A, Marshall CJ, Sugden PH.
1996. Stimulation of the stress-activated mitogen-
activated protein kinase subfamilies in perfused heart.
p38/RK mitogen-activated protein kinases and c-Jun N-
terminal kinases are activated by ischemia/reperfusion.
Circ Res 79:162–173.

Crews C, Alessandrim A, Erikson RL. 1992. The primary
structure of MEK, a protein kinase that phosphorylates
the ERK gene product. Science 258:78–480.

Eguchi M, Miyazaki T, Masatsuji-Kato E, Tsuzuki T,
Oribe T, Miwa N. 2003. Cytoprotection against ischemia-
induced DNA cleavages and cell injuries in the rat liver
by pro-vitamin C via hydrolytic conversion into ascor-
bate. Mol Cell Biochem (in press).

Frei B, England L, Ames BN. 1989. Ascorbate is an out-
standing antioxidant in human blood plasma. Proc Natl
Acad Sci USA 86:6377–6381.

Fujiwara M, Nagao N, Monden K, Misumi M, Kageyama
K, Yamamoto K, Miwa N. 1997. Enhanced protection
against peroxidation-induced mortality of aortic endo-
thelial cells by ascorbic acid-2-O-phosphate abundantly
accumulated in the cell as the dephosphorylated form.
Free Radic Res 27:97–104.

Hashimoto Y, Itoh K, Nishida K, Okano T, Miyazawa Y,
Okinaga K. 1994. Rapid superoxide production by endo-
thelial cells and their injury upon reperfusion. J Surg Res
57:693–697.

Kageyama K, Yamada R, Otani S, Hasuma T, Miwa N.
1999. Abnormal cell morphology and cytotoxicity induced
by phosphoascorbyl palmitate, but not by ascorbic acid, or
upon combined hyperthermia. Anticancer Res 19:4321–
4326.

Kanatate T, Nagao N, Sugimoto M, Kageyama K, Fujimoto
T, Miwa N. 1995. Differential susceptibility of epidermal
keratinocytes and neuroblastoma cells to cytotoxicity of
ultraviolet-B light irradiation prevented by the oxygen

radical-scavenger ascorbate-2-phosphate but not by
ascorbate. Cell Mol Biol Res 41:561–567.

Kumano Y, Sakamoto T, EgawaM, TanakaM, Yamamoto I.
1998. Enhancing effect of 2-O-alpha-D-glucopyranosyl-L-
ascorbic acid, a stable ascorbic acid derivative, on col-
lagen synthesis. Biol Pharm Bull 21:662–666.

Maramag C, Menon M, Balaji KC, Reddy PG, Laxmanan S.
1997. Effect of vitamin C on prostate cancer cells in vitro:
Effect on cell number viability, and DNA synthesis.
Prostate 32:188–195.

Mizukami Y, Yoshida K. 1997. Mitogen-activated protein
kinase translocates to the nucleus during ischaemia
and is activated during reperfusion. Biochem J 323:785–
790.

Mizukami Y, Yoshioka K, Morimoto S, Yoshida K. 1997. A
novel mechanism of JNK1 activation. Nuclear trans-
location and activation of JNK1 during ischemia and
reperfusion. J Biol Chem 272:16657–16662.

Nagao N, Nakayama T, Etoh T, Saiki I, Miwa N. 2000.
Tumor invasion is inhibited by phosphorylated ascorbate
via enrichment of intracellular vitamin C and decreasing
of oxidative stress. J Cancer Res Clin Oncol 126:511–518.

Onishi I, Tani T, Hashimoto T, Shimizu K, Yagi M,
Yamamoto K, Yoshioka K. 1997. Activation of c-Jun
N-terminal kinase during ischemia and reperfusion in
mouse liver. FEBS Lett 420:201–204.

Saitoh Y, Nagao N, O’Uchida R, Yamane T, Kageyama K,
Muto N, Miwa N. 1997. Moderately controlled transport
of ascorbate into aortic endothelial cells against slow-
down of the cell cycle, decreasing of the concentration,
or increasing of coexistent glucose as compared with
dehydroascorbate. Mol Cell Biochem 173:43–50.

Sato PH, Hall ED. 1992. Tirilazad mesylate protects
vitamins C and E in brain ischemia-reperfusion injury.
J Neurochem 58:2263–2268.

Stokoe D, Engel K, Campbell DG, Cohen P, Gaestel M.
1992. Identification of MAPKAP kinase 2 as a major
enzyme responsible for the phosphorylation of the small
mammalian heat shock proteins. FEBS Lett 313:307–
313.

Sturgill TW, Ray LB, Erickson E, Maller JL. 1988. Insulin-
stimulated MAP-2 kinase phosphorylates and activates
ribosomal protein S6 kinase II. Nature 334:715–718.

Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T. 1995.
Requirement for generation of H2O2 for platelet-derived
growth factor signal transduction? Science 270:296–299.

Tsukaguchi H, Tokui T, Mackenzie B, Berger UV, Chen XZ,
Wang Y, Brubaker RF, Hediger MA. 1999. A family of
mammalian Naþ dependent L-ascorbic acid transporters.
Nature 399:70–75.

Wei S, Rothstein EC, Fliegel L, Dell’Italia LJ, Lucchesi PA.
2001. Differential MAP kinase activation and Na(þ)/
H(þ) exchanger phosphorylation by [H2O2] in rat cardiac
myocytes. Am J Physiol Cell Physiol 281:C1542–C1550.

Wilson JX, Jaworski EM. 1992. Effect of oxygen on ascorbic
acid uptake and concentration in embryonic chick brain.
Neurochem Res 17:571–576.

Yamamoto I, Suga S, Mitoh Y, Tanaka M, Muto N. 1990.
Antiscorbutic activity of L-ascorbic acid 2-glucoside and
its availability as a vitamin C supplement in normal rats
and guinea pigs. J Pharmacobiodyn 13:688–695.

Yoshida K, Yamasaki Y, Kawashima S. 1993. Calpain act-
ivity alters in rat myocardial subfractions after ischemia
or reperfusion. Biochim Biophys Acta 25(1182):215–220.

Pro-Vitamin C and Ischemia 867


