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Insulin resistance is characterized by impaired glucose utilization in the peripheral tissues, accelerated muscle
protein degradation, impaired antioxidant defences and extensive cell death. Apparently, both insulin and IGF-1
at physiological concentrations support cell survival by phosphatidylinositol 3 kinase-dependent and independ-
ent mechanisms. Postprandial hyperglycemia and hyperinsulinemia are found in insulin resistance, which
accompanies the so-called noninsulin dependent diabetes mellitus (diabetes type 2). Evidence also indicates that
increased susceptibility of muscle cells and cardiomycoytes to oxidative stress is among the harmful complica-
tions of insulin resistance and diabetes. Limited knowledge showing benefits of preconditioning with anti-
oxidants (vitamin C, E, a-lipoic acid, N-acetylcysteine) in order to protect insulin action under oxidative stress
prompted the author to discuss the theoretical background to this approach. It should be stressed that antioxidant
preconditioning is relevant to prevention of both diabetes- and insulin resistance-associated side-effects such as
low viability and cell deletion. Furthermore, antioxidant conditioning promises to provide higher efficacy for
clinical applicationsin myoblast transfer therapy and cardiomyoplasty.

[Orzechowski A 2003 Justification for antioxidant preconditioning (or how to protect insulin-mediated actions under oxidative stress);
J. Biosci. 28 39-49]

1. Diabetesand oxidative stress pathway (increased glucose flux through the adose

reductase pathway) and intracellular accumulation of

1.1 Mitochondria — the targets of diabetes and
ischemia-reperfusion injury

Accelerated fatty acid (FA) metabolism as the conse-
quence of the reduced glucose uptake during diabetes
causes changes in the activity of the FA transporters, FA
storage and activation of peroxisomal, mitochondrial and
other enzymes involved in lipolysis and b-oxidation
(Schmitz-Peiffer 2000). Hyperglycemia, advanced glyca-
tion end products (AGE), autooxidation of glucose, polyol
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lipids and metabolic alterations all lead to the increased for-
mation of oxygen-derived reactive oxygen species (ROS)
(Rosen et al 2001) which are known to abrogate the
metabolic effects of insulin (Hansen et al 1999). Insulin
deficiency and hyperglycemia lead both to activation of
sympathetic system (Landsberg 2001; Bakker et al 2001)
and renin-angiotensin system (Fukuda et al 2001) and
endothelial dysfunction (Makimattila et al 1999). Dimini-
shed action of insulin, either by the absolute depletion of
b-cells in pancreatic islets or by the insulin resistant
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Abbreviations used: AGE, Advanced glycation end products; FA, fatty acid; FKHR, forkhead-related transcription factor; IDDM,
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thase; Oz , superoxide anion radical; PCD, programmed cell death; PDK1, 3¢phosphoinositide dependent kinase 1; PI-3K,
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state, is also potentiated by the disturbances in the regula-
tion of intrinsic prooxidant-antioxidant homeostasis regu-
lated by the mitochondria. Mitochondrial electron flux
becomes uncoupled from ATP synthesis during hyper-
glycemia (Anderson 1999). Normalizing levels of mito-
chondrial ROS prevents glucose-induced activation of
protein kinase C (PKC), formation of AGE, sorbitol
accumulation and NF kappa B (NF-kB) activation
(Nishikawa et al 2000). Uncouplers of the mitochondrial
electron chain uncoupling proteins 2 and 3 (UCP-2 and
-3) seem to correct and prevent the release of free radi-
cals from mitochondria in healthy subjects (Samec et al
1999) as well as stimulate glucose uptake in muscle cells
(Huppertz et al 2001). This is not the case in type-2
diabetics (NIDDM) who suffer from the lack of induction
of skeletal muscle UCP-2 and -3 expression (Vidal et al
1999). Therefore during diabetes the regulatory mecha-
nisms (i.e. UCPs) fail to intervene leading to serious com-
plications. Apparently, accelerated substrate flow from
either glucose or fatty acids seem to be final cause of
generation of ROS/RNS and oxidative stress.

1.2 Thelinks between hypoxia/hyperoxia, antioxidants
and insulin action

Intracellular hydrogen peroxide (H,O,) formation is a
PO,-dependent, continuous process regulated by a non-
respiratory chain heme-containing oxidase —most likely
‘low-output’ NADPH oxidase (Wenger and Gassmann
1997) but not ‘high-output’ NADPH oxidase (Wenger
et al 1996). Other unknown and unidentified oxidases
may play a similar role to NADPH oxidase (Danon
2002). The expression of carbohydrate-metabolizing
enzymes in the liver is a PO,-dependent process with a
more efficient glucagon-induced expression of the glu-
coneogenic rate-limiting enzyme phosphoenolpyruvate
carboxykinase (PCK) at higher PO,. Reciprocally, insu-
lin-induced expression of the glycolytic enzyme gluco-
kinase was repressed by higher PO, (Kietzmann et al
1998). The role of H,0, as intracellular messenger from
the O, sensor was substantiated in the studies where H,O,
mimicked higher pericellular PO, by inhibiting insulin
action, and was further corroborated by the reversal of
this effect by catalase which scavenges H,O, (Kietzmann
et al 2000). Our studies on muscle cell lines have aso
shown inhibitory action of H,O, on insulin-mediated
growth promoting effects in L6 rat myoblastsmyotubes
(Orzechowski and Grzelkowska 2000; Orzechowski et al
2002b). On the other hand, H,O, was found to ameliorate
differentiation of L6 muscle cells or C2C12 mouse satel-
lite cells most likely by exerting the antimitogenic effect
(inhibition of DNA synthesis) and withdrawal from cell
cycle (Orzechowski et al 2002a). Notably, antioxidants
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(sodium ascorbate, N-acetylcysteine) at mmol concentra-
tions and catalase alone protected insulin activity and
abolished H,O,-mediated effects (Orzechowski et al
2002b). In addition, it appeared that antioxidants inhi-
bited myogenesis from C2C12 satellite cells probably by
elevating the number of premitotic cells and by extending
mitogenesis (DNA synthesis) (Orzechowski et al 2001).
Interestingly, insulin opposed the antimitogenic effect of
H,0,, which imitated higher oxygen tension (Orzechow-
ski et al 2002b).

1.3 Ischemia-reperfusion injury during insulin
resistant states

Based on experimental data and clinical reports, it has been
suggested that metabolic changes occurring during the
early phase of diabetes might precondition cardiac myo-
cytes against oxidative stress (Tosaki et al 1996). It was
postulated that the exposure to oxidative stress arising
from the diabetic state (Feillet-Coudray et al 1999),
might activate antioxidant-defence-mechanisms to bal-
ance oxidative stress (Torres et al 1999; Duarte et al
2000). However, some findings suggest increased vulner-
ability of diabetic subjects to the insult of oxygen toxicity
(Ghalla et al 1998), including studies evaluating experi-
mentally induced myocardium ischemia-reperfusion (I-R)
or acute episodes of myocardial infarction (Feuvray et al
1979; Ko et al 2001). In both systems, myocytes showed
functional impairment (reduced contracting force) with
damage more accentuated after heart stroke under dia-
betic conditions (Rennert et al 1985). From these and
other studies it seems clear that insulin deficiency during
diabetes mellitus is a causal factor to developing whole-
body oxidative stress (Rosen et al 2001) with consequent
remodelling of heart structure and impaired function
(Ustinova et al 2000; Dhalla et al 1998).

1.4 Exercise, insulin sensitivity and insulin
metabolic effects

Overwhelming evidence from numerous studies shows
that both an acute bout of exercise or physical training
positively affects insulin action in muscle and probably
other tissues (Borghouts and Keizer 2000). Thus, exer-
cise is the most powerful agent that sensitizes tissues to
insulin, probably by influencing post-receptor insulin
signalling and glucose transport (Wojtaszewski et al
1999). Therefore it is thought that physical activity plays
essential role in the treatment and prevention of insulin
insensitivity. How does acute exercise and/or physical
training induce such an effect? Physiological changes
associated with exercise might shed light on the possible
causal relationship between the increased demand for
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oxygen (oxygen tension) and insulin action. In fact, even
mild or moderate exercise is accompanied by oxygen
debt regardless of substantial muscle hyperemia. Thus,
contracting muscles should have to consume more oxy-
gen, which is provided inadequately by circulatory, and
respiratory systems. Consequently, hypoxia develops,
which was described to promote insulin action at least in
hepatocytes. It seems reasonable to assume that exercise-
induced hypoxia in muscles also promotes insulin action
or acts by itself to mimic some of the insulin-dependent
effects. One very important effect of insulin is glucose
transport. The observation that hypoxic conditions sub-
stantially enhance glucose uptake in muscles was repor-
ted by several authors and reviewed by Ismail-Beigi
(1993). Both hypoxia and inhibitors of oxidative phos-
phorylation activate glucose transporters (GLUT-1 and
GLUT-4) via distinct cis-acting sequences (Elbert et al
1995). The mediator of the molecular response to hypoxia
is hypoxia inducing factor (HIF-1), probably the most
important transcription factor that upregulates expression
of GLUT-1 (Gassman and Wenger 1997). Reduced respi-
ration with resultant decrements in ATP production in
mitochondria and/or the depletion of muscle glycogen
stores with exercise may lead to increased glucose trans-
port in order to balance high demands for glucose during
anaerobic metabolism (Borghouts and Keizer 2000; Dia-
mond and Carruthers 1993). GLUT-1 mediates the basal
transport of glucose (noninsulin sensitive), and together
with GLUT-4 (insulin-sensitive) appears to be the pri-
mary-active-glucose transporters during early develop-
ment (Hocquette and Balage 1996). Furthermore, GLUT-
1 and GLUT-4 are ubiquitously expressed in almost all
tissues and their genes are activated by several factors
including reducing conditions (Hocquette et al 1996).
Age, physical activity and oxidative type of muscle all
were associated with increased oxygen demands and
were reported to cause higher activity of glucose trans-
porters and higher sensitivity to their ligands (Hocquette
et al 1997; Hocquette and Abe 2000). Signal transduction
pathways mediating the effect of hypoxia on GLUT-1
overexpression are, however, unknown. Whether GLUT—
1 gene transcription, translation and finally translocation
is triggered by reduced ATP content or rise in cytosolic
Ca® or increased NADPH/NADP+ ratio is a matter of
debate: that glucose transport was activated prior to fall
in ATP as reported by Abel et al (2001); or was due to
increased cytosolic Ca’* as reported by Schaffer et al
(2000); or was because of altered concentration of
NADPH (Taha et al 1997). Therefore, at the moment it is
not clear to what extent ATP, or redox state, or calcium
current contributes to the above-described phenomenon.
If the glucose uptake is upregulated during hypoxia, and
the key role is played by HIF-1, it is tempting to specu-
late that the reducing agents that scavenge H,O, (mimic
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of O, abundance) would activate glucose transport. In
fact, a-lipoic acid (LA, thioctic acid) an effective meta-
bolic antioxidant in its reduced form (dihydrolipoic acid)
and modulator of cellular redox state, was shown to
stimulate skeletal muscle glucose uptake (Estrada et al
1996). Although LA stimulated GLUT-4 translocation
and activation at least in part via an insulin signalling
pathway (Konrad et al 2001), the effect was thought to be
noninsulin-dependent since it occurred in insulin-resis-
tant state (Khanna et al 1999). Surprisingly, growing evi-
dence also points to the involvement of ROS/RNS as
potent activators of glucose uptake, but this type of
stimulation is mediated by noninsulin-dependent facilita-
tive-glucose transport in several cell types, including
muscles (Bedard et al 1997; Kozlovsky et al 1997; Blair
et al 1999; Prasad and Ismail-Beigi 1999). The results of
studies with ras-transformed fibroblasts suggest the in-
volvement of MAP signalling in increased glucose trans-
port (Onetti et al 1997). Since exercise as well as anti-
oxidants causes substantial activation of the MAP
cascade, this molecular mechanism of increased glucose
transport is proposed in contracting skeletal muscle
(Somwar et al 2000; Balon and Y erneni 2001).

Hypoxia also activates GLUT-1 and GLUT-4, suggest-
ing a role for inhibitors/uncouplers of oxidative phos-
phorylation (Shetty et al 1992). In contrast to GLUT-1,
hypoxia-induced glucose uptake by GLUT-4 is distinct
from insulin-mediated. It remains to be determined whether
the hypoxia-associated exercise allows insulin to act more
strongly on muscles because the reducing conditions
favour release of glucose transporters and/or increase
their expression. Regular or even short-term exercise
augments insulin-stimulated PI-3K activity (Houmard
et al 1999; Kirwan et al 2000), whereas type 2 diabetes
does not (Kim et al 1999). PI-3K is the essential kinase
in the insulin-mediated signal transduction cascade in
skeletal muscle (Wick and Liu 2001). Alternatively or
additionally, muscles subjected to mechanical acti-
vity release growth factor(s) that mimic insulin effect.
Stretched muscles express mRNA derived from 1GF-I
gene called mechano growth factor (MGF), which might
explain hypertrophy of exercised muscle but not al mus-
cles of the limb (Goldspink 2002). IGFs are a group of
cytokines that show mimicry to insulin, cross-react with
insulin receptor and vice versa, and utilize the insulin-
dependent signalling pathway (Schlessinger 2000).
Another important issue relevant to endurance training in
muscle is also increased expression of mitochondrial
enzymes (Chandwaney et al 1998) that could be induced
by hypoxia/anoxia. It makes physiological sense that a
compensatory mechanism opposing compromised oxygen
utilization during hypoxia/anoxia leads to switching on
the genes of the mitochondrial enzymes, although the
exact nature of this regulation is unknown. It has long
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been appreciated that thyroid hormones act through trans-
cription factor, Tfam, to control the expression of respira-
tory enzymes in muscle mitochondria (Hood 2001). This
phenomenon, however, occurs in muscles that are not
subjected to stretch (Wrutniak-Cabello et al 2001). On
the other hand, it has recently been reported that insulin
activates the synthesis of muscle mitochondrial enzymes
but not of other protein fractions in skeletal muscle
(Bairie et al 2001).

In conclusion, either it is physical exercise, or it is
insulin that are the major regulatory factors for mito-
chondrial protein synthesis in skeletal muscle. Muscle-
specific action of insulin indicates the considerable role
of exercise as surrogate/or complementary to insulin. It
remains to be ascertained how antioxidants, which were
reported to increase insulin sensitivity (Rosen et al
2001), act through a molecular mechanism similar to the
one termed ‘athletic paradox’. The latter stands for ele-
vated antioxidant defences in skeletal and heart muscle
after acute or long-term exercise, which is believed to be
a consequence of ROS/RNS priming and modulation of
antioxidant gene expression (Chandwaney et al 1998;
Wilson and Johnson 2000).

1.5 Diabetes and the molecular mechanism of
insulin action, the role of ROS

Apoptosis or programmed cell death (PCD) is a well
recognized process of cell deletion, induced either by
intrinsic physiological signals or by cytopathic/cytotoxic
agents. The hallmark of apoptosis is a mitochondrial
permeability transition (MPT), Ca?*-mediated loss of
mitochondrial membrane selectivity and integrity that
allows ROS leakage throughout the pores into cytoplasm
(Lemasters et al 1998). Developing intracellular oxida-
tive stress (Simon et al 2000) and the release of cyto-
chrome c (Cyt C), apoptosis activating factor (APAF-1),
apoptosis inducing factor (AIF), and procaspase-3 allows
the formation of the apoptosome (a complex of APAF-1-
Cyt C-dATP) which initiates the final step of apoptosis—
i.e. the activation of caspase-9 (one among several cys-
teine aspartases) which in turn proteolytically activates
caspase-3. Similarly caspase-3 by proteolytic cleavage
activates several substrates (enzymes) of the execution
phase of PCD, which result in cell blebbing and oligo-
nucleosomal DNA fragmentation (Oberholzer et al
2001). It is hypothesized that the crucial and irreversible
step in the process of apoptosis is the formation of pores
in the mitochondrial membrane and this aimost entirely
depends on: (i) the activity of pro-apoptotic protein Bad,
(ii) the intracellular translocations of pro-apoptotic pro-
tein Bax, and (iii) their interaction with anti-apoptotic
proteins Bcl-2 and Bcl-X; (Motyl 1999). Other pro-
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apoptotic members of Bcl-2 family proteins (Bid, Bik,
Bak) are also of considerable importance in megapore
formation. In general, homodimerization of Bax or other
pro-apoptotic proteins at different subcellular localiza-
tions, particularly at mitochondria, promotes apoptosis
whereas heterodimerization with Bcl-2 or Bcl-X prevents
the process of PCD (Hockenbery et al 1993). In nonphos-
phorylated form Bad proteins are active and seques-
trate Bcl-2 or Bcl-X| so apoptosis initiated by specific
stimuli might proceed, otherwise, when Bad is phos-
phorylated Bcl-2 or Bcl-X_ proteins which are not
assembled with Bad translocate to form heterodimers
with Bax and the process of PCD is blocked (Hsu et al
1997). One of the most powerful and intrinsic inhibitors
of Bad protein is protein kinase B (PKB), aso termed
Akt. This threonine-serine kinase phosphorylates Bad at
serine 136 (Ser®) residue and creates binding site for a
14-3-3 adaptor protein (Datta et al 1997), which in turn
retains Bad protein in the cytosol and protects against
dimerization with either Bcl-2 or Bcl-X,. The same
kinase also phosphorylates forkhead-related transcription
factor (FKHR), which is therefore immobilized in the
cytoplasm by binding to the 14-3-3 protein (Brunet et al
1999). In the aforementioned circumstances FKHR, is no
more active and does not migrate to nucleus to transacti-
vate pro-apoptotic genes (Kops et al 1999). The last and
probably least known action of PKB is direct targeting of
caspase-9, which by phosphorylation remains in inactive
form (Cardone et al 1999). PKB is the crucia target in
the signalling pathway of insulin and several other cyto-
kines, including insulin like growth factors (IGFs) recog-
nized as one of the key mediators of the phosphoinositide
3-kinase (PI-3K) signal (Somwar et al 1998; Rommel
2001). Initially, the PI-3K mediates the transfer of phos-
phate groups to phosphatidylinositol residues located in
the plasma membrane (3¢OH position of the inositol
ring), then by plextrin homology (PH) domain PKB
enables assembly with 3¢phosphoinositides generated,
and 36¢phosphoinositide dependent kinase 1 (PDK1)
phosphorylates PKB at threonine 308 (Thr*®) residue,
and finally PKB is activated by autophosphorylation or
phosphorylation by hypothetical PDK2 at serine 473
residue (Ser*”®) (Roymans and Slegers 2001; Wick and
Liu 2001).

2. Insulinin action

2.1 Antiapoptotic factor and potent inducer of
antioxidant defences

Growing evidence suggest the importance of insulin and

IGFs in the inhibition of apoptosis in different cell types,
including muscle cells and cardiomyocytes (Chakra-
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varthy et al 2000; Lawlor and Rotwein 2000a). Further-
more, it has been shown that insulin or IGFs prevent
myoblasts, satellite cells and cardiomyocytes from oxida-
tive stress-induced apoptosis through activation of PI-
3K/PKB (Aikawa et al 2000; Lawlor and Rotwein 2000b;
Jonassen et al 2001). Lack of insulin or IGFs as well as
addition of inhibitors of PI-3K or mammalian target of
rapamycin (MTOR) leads to extensive cell death, whereas
pretreatment of cells with IGF-1 suppresses H,0,-
induced apoptosis by subsequent inhibition of Bax
expression (Napier et al 1999; Hong et al 2001). Addi-
tionally, it appears that IGF-1 induces a cAMP-response
element (CRE) site-containing Bcl-2 promoter, and the
regulation of Bcl-2 expression by IGF-1 involves a sig-
nalling cascade mediated by PI-3K/PDK1/Akt/CREB
(cAMP-response element-binding protein) (Pugazhenthi
et al 2000). Thus, insulin and/or IGFs improve the intra-
cellular antioxidant status by playing the pivotal role in
the PKB-mediated expression of Bcl-2 protein that pro-
tects from the intrinsic oxidant pathway originating in
mitochondria. Bcl-2 protein prevents the escape of ROS
by opposing the oxidative-stress-induced pro-apoptotic
action of Bax (Hong et al 2001). This phenomenon is not
unique to striated muscle cells because Akt-dependent
anti-apoptotic action was observed in other cell types
(Aikin et al 2000; Park et al 2000). At present, it is gen-
eraly believed that the insulin and 1GF-1 anti-apoptotic
signalling is initiated by the interaction of their cognate
receptors to phosphorylate IRS proteins at sites that
facilitate interaction with the PI-3K and, subsequently,
PKB/Akt. However, factors with the ability to activate
the small GTPase Rac seem to activate other alternative
pathways to inhibit apoptosis (Boehm et al 1999). This
latter possibility is associated, however, with the intracel-
lular generation of ROS by NADPH oxidase (Berk 1999),
activation of p38 MAP kinase (Zhang et al 2001a) and
finally anti-apoptotic transcription factor NF-kB (Ho
et al 1999). Activated NF-kB translocates to the nucleus
and transactivates several genes of antioxidant defence.
Not surprisingly, then, both antioxidants and oxidants
were found to induce similar protective effects as insulin
and other cytokines against oxidative insult.

2.2 Therole of prooxidant-antioxidant homeostasis
in cell survival

The powerful antioxidant, a-lipoic acid, prevented H,O,-
induced cell death of cortica neurons (Zhang et al
2001a). Similarly, but, probably through other mechanisms,
oxidized low-density lipoprotein prevented macrophage
apoptosis through PKB activation (Hundal et al 2001).
Thus, numerous reports describing benefits of precondi-
tioning with mild oxidative stress (Okubo et al 1999)
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only seemingly contradict the results of studies with anti-
oxidant preconditioning. Ischemia-reperfusion injury is
almost entirely caused by free radicals. Different appro-
aches to limit generation of oxidative stress would be
equally important. Hypoxia, which was indicated to pro-
mote insulin action, is able to promote oxidative stress at
the same time by the activation of xanthine oxidase (XO),
which oxidizes purines and reduces oxygen (O,) to form
superoxide anion radical (O3 )(Hoshikawa et al 2001).
Antioxidants (NAC) or XO inhibitors (allopurinol) effi-
ciently antagonize hypoxia-associated oxidative stress in
vivo (Shadid et al 1999a). Inside injured muscles, oxi-
dized myoglobin generates Fe**-mediated ROS which
contribute substantially to the oxidant stress (Gunther
et al 1999). Iron-chelator deferoxamine (DFO) was
shown to exert protective effect on myocardial perform-
ance after post-ischemic reperfusion injury (Shadid et al
1999b). Iron-complexed neurotransmitters, such as dopa-
mine: iron(l11) complex, also showed high superoxide
scavenging effectiveness to protect isolated hepatocytes
against hypoxia-reoxygenation injury (Siraki et al 2000).
Antioxidants, such as L-carnithine or vitamin C, were
reported to be either antiapoptotic or able to correct insu-
lin insensitivity in endothelium of coronary vessels, res-
pectively (Andrieu-Abadie et al 1999; Hirashima et al
2000). Importantly, it was demonstrated that insulin actu-
ally suppresses generation of O; in diabetic rat glo-
meruli (Chen et al 2001), which is in accordance with the
previously-mentioned suggestion that insulin promotes
survival of cells by elevating their antioxidant capacity.

2.3 Hyperglycemia and insulin action

Hyperglycemia has often been reported to induce oxida
tive stress by several different routes of action, but detai-
led description of this process is beyond the scope of this
paper. The data demonstrate that hyperglycemia in mus-
cles might inhibit insulin-dependent signalling that acti-
vates PKB. Subsequently, almost all insulin-mediated
physiological effects (except antilipolytic) are diminished
including the anti-apoptotic action of insulin (Oku et al
2001). PKB inhibition was shown to abrogate insulin-
mediated stimulation of glucose transport and GLUT4
membrane translocation (Smith et al 2000). Furthermore
in sucrose-fed rats, hyperglycemia-induced functional
and structural modifications in cardiac muscle were asso-
ciated with insulin resistance (Dutta et al 2001). Some of
the pathological consequences of insulin resistance seem
to be related to the lack of the inhibition of glycogen syn-
thase kinase-3 (GSK-3) during insulin-resistant states.
When this kinase is not suppressed by insulin, it mirrors
the situation of oxygen abundance and moderate oxida-
tive stress which in turn promote activity of glucose-6-
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phosphatase and PEPCK —the step limiting enzymes of
de novo glucose formation (Lochhead et al 2001). Appar-
ently, either type 2 diabetes or insulin resistance both
lead to enhanced gluconeogenesis, i.e. elevated glucose
production and release, therefore they exaggerate the
existing hyperglycemia. Three of the pathways of hyper-
glycemic damage; namely, PKC activation, increased
formation of glucose-derived advanced glycation end
products, and increased flux through the aldose reductase
pathway, were efficiently blocked by normalizing mito-
chondrial superoxide production (Nishikawa et al 2000).
The latter observation is a milestone in recognizing the
important role of oxidative stress in the retarded insulin-
stimul ated metabolic regulation.

2.4 Hyperinsulinemia — how excess of insulin affects
basic physiological functions

One could bear in mind that excess insulin should make
cells less susceptible to oxidative stress and resultant
disorders. Accumulating evidence suggests, however,
that high insulin level can additionally predispose or pre-
cede several systemic disorders, especially those related
to impaired systemic circulation. Hypertension and in-
creased risk of stroke were found in diabetic and hyperin-
sulinemic nondiabetic subjects to be associated with an
elevated level of proinsulin (Lindahl et al 2000). Hyper-
tension is most likely caused by hyperglycemia, since
exogenous hyperinsulinemia alone does not elevate blood
pressure. It is assumed therefore, that insulin is a potent
activator of nitric oxide (NO) synthase (NOS) activity,
and NO' causes vasodilatation (Ignarro et al 1987). If
however NOS is inhibited, new conditions appear that
unmask the hypertensive effect of chronic hyperinsu-
linemia (Bursztyn et al 2000). Whether increased NO
generation, induced by hyperinsulinemia, enables deve-
lopment of oxidative stress is unclear, however, only
minute amounts of NO' are formed by constitutive NOS
(eNOS, nNOS) in comparison to the burst of NO
released by inducible NOS (iNOS). Theoretically, abun-
dance of NO' may bypass the benefits of antioxidative
action of insulin, since NO' is a free radical that inhibits
respiration and by rapid reaction with superoxide might
form peroxynitrite (ONOQO") (Ishii et al 1999). Both NO
and ONOO™ by nitration reactions inactivate several
important antioxidant enzymes, such as peroxisomal
catalase (Brown 1995) and mitochondrial superoxide
dismutase (MnSOD) (MacMillan-Crow et al 1996)
respectively. Another possibility is that hyperinsuline-
mia-associated oxidative stress observed during insulin
resistant states is caused by repressive action of RNS on
ATP formation and elevated O3 formation in mitochon-
dria. Additionally, high insulin has been reported to
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upregulate desaturation reactions which together with
accelerated mitochondrial peroxidation allow extensive
peroxidation of lipoproteins and lipid peroxides which is
associated with the ethiology of atherosclerosis (Facchini
et al 2000) and ageing (Wick and Liu 2001). In fact in
lower eukaryotes, a reduction in signalling through 1GF-1
receptor or decreased insulin signalling results in promot-
ing an extended life span of Cenorhabditis elegans and
Drosophila, respectively (Wick and Liu 2001). Afore-
mentioned observations offer an attractive explanation
for the antiageing effect of calorie restriction (Lee et al
1999). Diet restriction was found to alter glucose use by
increased muscle insulin sensitivity mediated by overex-
pression of GLUT4 transporter protein (Dean et al 1998).
In contrast, acute hyperinsulinemia failed to upregulate
GLUT4 protein expression in skeletal muscle or adipose
tissue (Balage et al 1998). In conclusion, insulin depriva-
tion during diabetes mellitus and insulin resistance-asso-
ciated hyperinsulinemia apparently both lead to oxidative
stress, which is exacerbated by accompanying hypergly-
cemia. A balance in carbohydrate-stimulated release of
insulin and insulin clearance from circulation assure
proper control of antioxidant capacity in tissues. Hypo-
thetically, harmful consequences of oxidative stress could
be ameliorated by repair of antioxidant defence mechani-
sms. Repair strategy might include overexpression of
copper transport and antioxidant proteins such as metal-
lothioneins (Wang et al 2001), priming with oxidants
such as lipopolysaccharide (LPS) (Ahmad et al 2000),
conditioning hypoxia (Rutrich and Krug 1999; Sugawara
et al 2000), or simply be preconditioning with the mode-
rate and high doses of vitamin C and/or vitamin E or
other antioxidants (Hirashima et al 2000; Title et al 2000;
Rossig et al 2001; Bordoni et al 2002).

3. Therole of antioxidants
3.1 Antioxidant defences during diabetes

The oxy-radical loaded heart and other organs may become
primed to activate antioxidant systems (Torres et al
1999). Diabetic hearts were less susceptible to oxidative
stress where antioxidant defences had been exaggerated.
Higher levels of reduced glutathione (GSH)/ascorbic acid
and a-tocopherol were found in diabetic hearts, whereas
insulin treatment elevated myocardial vitamin C and
decreased vitamin E (Ko et al 2001). In experimentally
induced diabetic rats, catalase activity in blood was ele-
vated (Torres et al 1999) but not glutathione peroxidase
(GPx) or superoxide dismutase (SOD) (Kesavulu et al
2000; Doi et al 2001). In contrast, heart insufficiency
developed when antioxidant capacity was compromised
in chronic diabetes (Opara et al 1999; Doi et al 2001).
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Thus under the diabetic state antioxidants play a crucial
role in the protection of the heart muscle cells against
oxygen-derived radicals. Acute effects of oxidative stress
differ from longterm exposure to reactive oxygen/nitrogen
species (ROS/RNS). Cells may benefit from short-term
preconditioning with moderate levels of ROS/RNS, where-
as prolonged exposure might be devastating.

We admit, therefore, that tissue antioxidant defences
respond to oxidative stress by gradually increased the
capacity although if the latter is overcame by the oxygen
insult oxidative stress of higher magnitude develops, and
injuries caused by ROS/RNS become substantial and
irreversible. Are there any simple, straight solutions avail-
able to cope with the issue of oxidative stress-threatening
muscle cells? Accumulating evidence indicates promising
perspectives from the studies with antioxidants used to
protect them.

3.2 Preconditioning with antioxidants — an alternative
approach against diabetes?

Dietary or pharmacological treatments of animals with
antioxidants attenuated the injuries caused by oxidative
stress under diabetes. The development of insulin-
dependent diabetes mellitus (IDDM) is believed to be the
outcome of b-cell deletion in pancreatic islets by an auto-
immune response that triggers an exaggerated inflamma-
tory reaction mediated by NF-kB and accompanied by
the release of excess ROS/RNS that are cytotoxic to b-
cells (Ho and Bray 1999). Experimental IDDM caused by
the application of alloxan or streptozotocin also results in
hydroxyl radical- (OH) or NO-abundance and b-cell
death. Antioxidants efficiently scavenge free radicals and
preserve b-cells. In particular melatonin used in the pre-
treatment (preconditioning) was reported to act as a
shield to prevent b-cells elimination (Andersson and
Sandler 2001; Ebelt et al 2000). Preconditioning with
antioxidants, such as N-acetylcysteine, vitamin C and/or
vitamin E suppressed apoptosis of b-cells in transgenic
mice to whom non insulin dependent diabetes mellitus
(NIDDM) developed as the result of hyperglycemia toxi-
city. Thus growing evidence suggests the role of oxida-
tive stress in b-cell dysfunction, and points to the
usefulness of antioxidant preconditioning in order to pre-
servein vivo b-cell function (Kaneto et al 1999).

4. Perspectives

Cautious investigation of dose-dependent insulin-induced
biological effects alows to hypothesize that both defi-
ciency of blood serum insulin (hypoinsulinemia) and ex-
cess of insulin (hyperisulinemia) leads to similar harmful
consequences that are associated with the oxidative in-
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sult. Furthermore, the imbalance of redox homeostasis
resulted in oxidative stress mimics the situation where
insulin level is either below or above the physiological
level. During hypoinsulinemia, insulin antioxidative
effect transmitted by PKB to protect cells from oxidative
insult of mitochondrial origin is reduced, whereas hyper-
insulinemia overrules antioxidative effect of insulin by
pro-oxidative action resulted from insulin-dependent
overexpression of respiratory chain enzymes in mito-
chondria. In other words, the side effect of hyperisuline-
mia is the accelerated formation of ROS in mitochondria
which is not counterbalanced by the PKB-dependent
antioxidative mechanism. It remains to be established
why such a vital hormone, as insulin, can cause rather
opposite consequences to intracellular redox homeostasis
that depend on insulin concentration. Based on personal
observations and literature data of others, it is suggested
that sensitivity to insulin, modulated by ROS, might be
crucia to diversification of insulin-dependent effects. There-
fore, antioxidants preconditioning might be a straight-
forward and efficient route to prevent insulin action in
cells, alowing them to play their physiological functions,
especially useful to improve the achievements of cell
transfer therapy (Skuk and Tremblay 2000; Zhang et al
2001b).

References

Abel E D, Peroni O, Kim J K, Kim Y-B, Boss O, Hadro E,
Minnemann T, Shulman G | and Kaghn B B 2001 Adipose-
selective targeting of the GLUT4 gene impairs insulin action
in muscle and liver; Nature (London) 409 729-733

Ahmad S-H, He Y Y, Nassief A, Xu J, Xu X M and Hsu C Y
2000 Effects of lipopolysaccharide priming on acute
ischemic brain injury; Stroke 31 193-199

Aikawa R, Nawano M, Gu Y, Katagiri H, Asano T, Zhu W,
Nagai R and Komuro | 2000 Insulin prevents cardiomyocytes
from oxidative stress-induced apoptosis through activation of
P13 kinase Akt; Circulation 102 2873-2879

Aikin R, Rosenberg L and Maysinger D 2000 Phosphatidy-
linositol 3-kinase signaling to Akt mediates survival in isola-
ted canine islets of Langerhans, Biochem. Biophys. Res.
Commun. 277 455461

Anderson C M 1999 Mitochondrial dysfunction in diabetes
mellitus; Drug Dev. Res. 46 67—79

Andersson A K and Sandler S 2001 Melatonin protects against
streptozotocin, but not interleukin-1b-induced damage of
rodent pancreatic b-cells; J. Pineal Res. 30 157-165

Andrieu-Abadie N, Jaffrezou J-P, Hatem S, Laurent G, Levade
T and Mercardier J-J 1999 L-carnithine prevents doxorubi-
cin-induced apoptosis of cardiac myocytes: role of inhibition
of ceramide generation; FASEB J. 13 1501-1510

Balage M, Larbaud D, Debras E, Hocquette J-F and Grizard J
1998 Acute hyperinsulinemia fails to change GLUT-4 con-
tent in crude membranes from goat skeletal muscles and adi-
pose tissue; Comp. Biochem. Physiol. A (Moal. Integr. Phy-
siol.) 120 425430

Bakker SJL, Gans R O B, ter Maaten J C, Teerlink T, Wester-
hoff H V and Heine R J 2001 The potential role of adenosine

J. Biosci. | Vol. 28 | No. 1 | February 2003

|



-

-

46 A Orzechowski

in the pathophysiology of the insulin resistance syndrome;
Atherosclerosis 155 283-290

Balon T W and Yerneni K K V 2000 Redox regulation of skele-
tal muscle glucose transport; Med. Sci. Sports Exercise 1
382-385

Bedard S, Marcotte B and Marette A 1997 Cytokines modulate
glucose transport in skeletal muscle by inducing the expres-
sion of inducible nitric oxide synthase; Biochem. J. 325 487—
493

Berk B C 1999 Redox signals that regulate the vascular res-
ponse to injury; Thromb. Homeostasis 82 810-817

Blair A S, Hajduch E, Litherland G J and Hundal H S 1999
Regulation of glucose transport and glycogen synthesis in L6
muscle cells during oxidative stress; J. Biol. Chem. 274
36293-36299

Boehm J E, Chaika O V and Lewis R E 1999 Rac-dependent
anti-apoptotic signaling by the insulin receptor cytoplasmic
domain; J. Biol. Chem. 274 28632-28636

Boirie'Y, Short K R, Ahlman B, Charlton M and Nair K S 2001
Tissue-specific regulation of mitochondrial and cytoplasmic
protein synthesis rates by insulin; Diabetes 50 2652—-2658

Bordoni A, Hrelia S, Angeloni C, Giordano E, Guarnieri C,
Caldarera C M and Biagi P L 2002 Green tea protection of
hypoxia/oxygenation injury in cultured cardiac cells; J. Nutr.
Biochem. 13 103-111

Borghouts L B and Keizer H A 2000 Exercise and insulin sen-
sitivity: areview; Int. J. Sports Med. 21 1-12

Brown G C 1995 Reversible binding and inhibition of catalase
by nitric oxide; Eur. J. Biochem. 232 188-191

Brunet A, Bonni A, Zigmond M J, Lin M Z, Juo P, Hu L S,
Anderson M J, Arden K C, Blenis J and Greenberg M E 1999
Akt promotes cell survival by phosphorylating and inhibiting
Forkhead transcription factor; Cell 96 857-868

Bursztyn M, Mekler J, Peleg E and Bernheim J 2000 Subpres-
sor dose of L-NAME unmasks hypertensive effect of chronic
hyperinsulinemia; Hypertension 36 872-877

Cardone M H, Roy N, Stennicke H R, Salvesen G S, Franke
T F, Stanbridge E, Frisch S and Reed J C 1999 Regulation of
cell death protease caspase-9 by phosphorylation; Science
282 1318-1328

Chakravarthy M V, Abraha T W, Schwartz R J, Fiorotto M L
and Booth F W 2000 Insulin-like growth factor-I extends in
vitro replicative life span of skeletal muscle satellite cells by
enhancing GL1/S cell cycle progression via the activation of
phosphatidylinositol 3¢kinase/Akt signaling pathway; J.
Biol. Chem. 275 3594235952

Chandwaney R, Leichtweis and Leeuwenburgh C 1998 Oxida-
tive stress and mitochondrial function in skeletal muscle:
effects of aging and exercise training; Age 21 109-117

Chen H-C, Guh J-Y, Shin S-J, Tsai J-H and Lai Y-H 2001 Insu-
lin and heparin suppress superoxide production in diabetic
rat glomeruli stimulated with low-density lipoprotein; Kidney
Int. 59 S-124-S-127

Datta S R, Dudek H, Tao X, Masters S, Fu H, Gotoh Y and
Greenberg M E 1997 Akt phosphorylation of BAD couples
survival signals to the cell-intrinsic death machinery; Cell 91
231-241

Danon A 2002 Redox reactions of regulatory proteins: do Kinet-
ics promote specifity?; Trends Biol. Sci. 26 197-203

Dean D J, Brozinick J T Jr, Cushman S W and Cartee G D
1998 Calorie restriction increases cell-surface GLUT4 in in-
sulin-stimulated skeletal muscle; Am. J. Physiol. 275 E957—
E964

DhdlaN S, Golfman L, Liu X, Sasaki H, Elimban V and Rupp H

J. Biosci. | Vol. 28 | No. 1 | February 2003

L

1999 Subcellular remodeling and heart dysfunction in car-
diac hypertrophy due to pressure overload; Ann. N.Y. Acad.
Sci. 874 100-110

Diamond D L and Carruthers A 1993 Metabolic control of
sugar transport by derepression of cell surface glucose trans-
porters; J. Biol. Chem. 268 6437-6444

Doi K, Sawada F, Toda G, Yamachika S, Seto S, Urata Y, lhara
Y, Sakata N, Taniguchi N, Kondo T and Yano K 2001
Alteration of antioxidants during the progression of heart
disease in streptozotocin-induced diabetic rats; Free Rad.
Res. 34 251-261

Dutta K, Podolin D A, Davidson M B and Davidoff A J 2001
Cardiomyocyte dysfunction in sucrose-fed rats is associated
with insulin resistance; Diabetes 50 1186—1192

Duarte A, Santos M, Seica R and Oliveira C R 2000 Effect of
oxidative stress on the uptake of glutamate in synaptosomes
isolated from diabetic rat brain; Neuroendocrinology 72 179—
186

Ebelt H, Peschke D, Bromme H-J, Morke W, Blume R and
Peschke E 2000 Influence of melatonin on free radical-
induced changes in rat pancreatic beta-cells in vitro; J. Pin-
eal Res. 28 65-72

Elbert B L, Firth J D and Ratcliffe P J 1995 Hypoxia and mito-
chondrial inhibitors regulate expression of glucose trans-
porter-1 via distinct cis-acting sequences; J. Biol. Chem. 270
29083-29089

Estrada D E, Ewart H S, Tsarikidis T, Volchuk A, Ramla T,
Tritschler H and Klip A 1996 Stimulation of glucose uptake
by the natural coenzyme alpha-lipoic/thioctic acid: participa-
tion of elements of the insulin signaling pathway; Diabetes
45 1798-1804

Facchini F S, Hua N W, Reaven G M and Stoohs R A 2000
Hyperisulinemia: the missing link among oxidative stress
and age-related diseases?, Free Rad. Biol. Med. 29 1302—
1306

Feillet-Coudray C, Rock E, Coudray C, Grzelkowska K, Azais-
Braesco V, Dardevet D and Mazur A 1999 Lipid peroxida-
tion and antioxidant status in experimental diabetes; Clin.
Chim. Acta 284 3143

Feuvray D, Idell-Wenger J A and Neely J R 1979 Effects of
ischemia on rat myocardial function and metabolism in dia-
betes; Circ. Res. 44 322-329

Fukuda N, Satoh C, Hu W-Y, Nakayama M, Kishioka H and
Kanmatsuse K 2001 Endogenous angiotensin |1 suppresses
insulin signaling in vascular smooth muscle cells from spon-
taneously hypertensive rats; J. Hypertens. 19 1651-1658

Gassman M and Wenger R H 1997 HIF-1, a mediator of the
molecular response to hypoxia; News Physiol. Sci. 12 214-218

GhallaN S, Liu X, Panagia V and Takeda N 1998 Subcellular
remodeling and heart dysfunction in chronic diabetes; Car-
diovasc. Res. 40 239-247

Goldspink G 2002 Gene expression in skeletal muscle; Bio-
chem. Soc. Trans. 30 285-290

Gunther M R, Sampath V and Caughey W S 1999 Potential
roles of myoglobin autooxidation in myocardial ischemia-
reperfusion injury; Free Rad. Biol. Med. 26 1388-1395

Hansen L L, Ikeda Y, Olsen G S, Busch A K and Mosthaf L
1999 Insulin signalling is inhibited by micromolar concentra-
tions of H,O,; J. Biol. Chem. 274 25078-25084

Hirashima O, Kawano H, Motoyama T, Hirai N, Ohgushi M,
Kugiyama K, Ogawa H and Yasue H 2000 Improvement of
endothelial function and insulin sensitivity with vitamin C in
patients with coronary spastic angina; J. Am. Coll. Cardiol.
35 18601866



-

-

Justification for antioxidant preconditioning 47

Ho E and Bray T M 1999 Antioxidants, NF-kB activation and
diabetogenesis; Proc. Soc. Exp. Biol. Med. 222 205-213

Hockenbery D M, Oltvai Z N, Yin X-M, Milliman C L and
Korsmeyer S J 1993 Bcl-2 functions in an antioxidant path-
way to prevent apoptosis; Cell 75 241-251

Hocquette J-F and Abe H 2000 Facilitative glucose transporters
in livestock species; Repr. Nutr. Dev. 40 517-533

Hocquette J-F and Balage M 1996 Facilitative glucose trans-
portersin ruminants; Proc. Nutr. Soc. 55 221-236

Hocquette JF, Castiglia-Delavaud C, Graulet B, Ferre P,
Picard B and Vermorel M 1997 Weaning marginaly affects
glucose transporter (GLUT 4) expression in calf muscles and
adipose tissues; Br. J. Nutr. 78 251-271

Hocquette J-F, Graulet B, Castiglia-Delavaud, Bornes F, Lepe-
tit N and Ferre P 1996 Insulin-sensitive glucose transporter
transcript levels in calf muscles assessed with a bovine
GLUT4 cDNA fragment; Int. J. Biochem. Cell. Biol. 28 795-806

Hong F, Kwon S J, Jhun B S, Kim S S, Ha J, Kim S-J, Sohn
N W, Kang C and Kang | 2001 Insulin-like growth factor-1
protects H9c2 cardiac myoblasts from oxidative stress-
induced apoptosis via phosphatidylinositol 3-kinase and ex-
tracellular signal-regulated kinase pathways, Life Sci. 68
10951105

Hood D A 2001 Invited review: contractile activity-induced
mitochondrial biogenesis in skeletal muscle; J. Appl. Physiol.
90 1137-1157

Hoshikawa Y, Ono S, Suzuki S, Tanita T, Chida M, Song C,
Noda M, Tabata T, Voelkel N F and Fujimura S 2001 Gen-
eration of oxidative stress contributes to the development of
pulmonary hypertension induced by hypoxia; J. Appl. Phy-
siol. 90 1299-1306

Houmard J A, Shaw C D, Hickey M S and Tanner C 1999
Effect of short-term exercise training on insulin-stimulated
Pl 3-kinase activity in human skeletal muscle; Am. J.
Physiol. (Endocrinol. Metab. 40) 277 E1055-E1060

Hsu Y-T, Wolter K G and Youle R J 1997 Cytosol-to mem-
brane redistribution of Bax and Bcl-xL during apoptosis;
Biochemistry 94 3668—-3672

Hundal R S, Salh B S, Schrader J W, Gomez-Munoz A, Du-
ronio V and Steinbrechter U P 2001 Oxidized low density
lipoprotein inhibits macrophage apoptosis through activation
of the PI3-kinase/PKB pathway; J. Lipid Res. 42 1483-1491

Huppertz C, Fischer B M, Kim Y-B, Kotani K, Vidal-Puig A,
Slieker L J, Sloop K W, Lowell B B and Kahn B B 2001 Un-
coupling protein 3 (UCP3) stimulates glucose uptake in mus-
cle cells through a phosphoinositide 3-kinase-dependent
mechanism; J. Biol. Chem. 276 12520-12529

Ignarro L J, Buga G M, Wood K S, Byrns R E and Chaudhuri G
1987 Endothelium-derived relaxing factor produced and re-
leased from artery and vein is nitric oxide; Proc. Natl. Acad.
Sci. USA 84 9265-9269

Ishii M, Shimizu S, Momose K and Yamamoto T 1999 SIN-1-
induced cytotoxicicty in cultured endothelia cells involves
reactive oxygen species and nitric oxide: protective effect of
sepiapterin; J. Cardiovasc. Pharmacol. 33 295-300

Ismail-Beigi F 1993 Metabolic regulation of glucose transport;
J. Membr. Biol. 135 1-10

Jonassen A K, Sack M N, Mjos O D and Yellon D M 2001
Myocardial protection by insulin at reperfusion requires early
administration and is mediated via Akt and p70s6 kinase
cell-survival signaling; Circ. Res. 89 1191-1198

Kaneto H, Kajimoto Y, Miyagawa J, Matsuoka T, Fujitani Y,
Umayahara Y, Hanafusa T, Matsuzawa Y, Yamasaki Y and
Hori M 1999 Beneficial effects of antioxidants in diabetes.

L

Possible protection of pancreatic b-cells against glucose tox-
icity. Diabetes 48 2398—-2406

Kesavulu M M, Giri R, Rao B K and Apparao Ch 2000 Lipid
peroxidation and antioxidant enzyme levels in type 2 diabet-
ics with microvascular complications; Diabetes Metab. 26
387-392

Khanna S, Roy S, Packer L and Sen C K 1999 Cytokine-
induced glucose uptake in skeletal muscle: redox regulation
and the role of a-lipoic acid; Am. J. Physiol. (Regul. Integr.
Comp. Physiol. 45) 276 R1327-R1333

Kietzmann T, Fandrey J and Acker H 2000 Oxygen radicals as
messengers in oxygen-dependent gene expression; News
Physiol. Sci. 15 202-208

Kietzmann T, Porwol T, Zierold K and Jungermann K and
Acker H 1998 Involvement of a local Fenton reaction in the
reciprocal modulation by O, of the glucagon-dependent acti-
vation of the phosphoenolpyruvate carboxykinase gene and
the insulin-dependent activation of the glucokinase gene in
rat hepatocytes; Biochem J. 335 425-432

Kim Y-B, Nikoulina S E, Ciaraldi T P, Henry R R and Kahn
B B 1999 Normal insulin-dependent activation of Akt/protein
kinase B, with diminished activation of phosphoinositide 3-
kinase, in muscle in type 2 diabetes; J. Clin. Invest. 104 733—
741

Kirwan J P, Aguila L F, Hernandez J M, Williamson D L,
O’gorman D J, Lewis R and Krishnan R K 2000 Regular ex-
ercise enhances insulin activation of IRS-1-associated PI3-
kinase in human skeletal muscle; J. Appl. Physiol. 88 797-803

Ko K-M, Mak D H F, Poon M K T and Yiu H-Y 2001 Altered
susceptibility to ischemia-reperfusion injury in isolated-
perfused hearts of short-term diabetic rats associated with
changes in non-enzymatic antioxidants; Jpn. J. Pharmacol.
85 435-442

Konrad D, Somwar R, Sweeney G, Yaworsky K, Hayashi M,
Ramlal T and Klip A 2001 The antihyperglycemnic drug a-
lipoic acid stimulates glucose uptake via both GLUT4 trans-
location and GLUT4 activation; Diabetes 50 1464-1471

Kops G J, de Ruiter N D, de Vriess-Smits A M, Powell D R,
Bos J L and Burgening B M 1999 Direct control of the Fork-
head transcription factor AFX by protein kinase B; Nature
(London) 398 630634

Kozlovsky N, Rudich A, Potashnik R and Bashan N 1997 Reac-
tive oxygen species activate glucose transport in L6 myo-
tubes; Free Rad. Biol. Med. 23 859-869

Landsberg L 2001 Insulin-mediated sympathetic stimulation:
role in the pathogenesis of obesity-related hypertension (or,
how insulin affects blood pressure, and why); J. Hypertens.
19 523-528

Lawlor M A and Rotwein P 2000a Coordinate control of muscle
cell survival by distinct insulin-like growth factor activated
signaling pathways; J. Cell Biol. 151 1131-1140

Lawlor M A and Rotwein P 2000b Insulin — like growth factor-
mediated muscle cell survival: central roles for Akt and cy-
clin-dependent kinase inhibitor p21; Mol. Cell. Biol. 20
8983-8995

Lee C K, Klopp R G, Weindruch R and Prolla T A 1999 Gene
expression profile of ageing and its retardation by caloric
restriction; Science 285 5963

Lemasters J J, Nieminen A-L, Qian T, Trost L C, Elmore S P,
Nishimura Y, Crowe R A, Cascio W E, Bradham C A, Bren-
ner D A and Herman B 1998 The mitochondrial permeability
transition in cell death: a common mechanism in necrosis,
apoptosis and autophagy; Biochim. Biophys. Acta 1366 177—
196

J. Biosci. | Vol. 28 | No. 1 | February 2003

|



-

-

48 A Orzechowski

Lindahl B, Dinesen B, Eliason M, Doder M, Hallmans G and
Stegmayr B 2000 High proinsulin levels precede first-
ever stroke in a nondiabetic population; Stroke 31 2936—
2941

Lochhead P A, Coghlan M, Rice S Q J and Sutherland C 2001
Inhibition of GSK-3 selectively reduces glucose-6-phos-
phatase and phosphoenolpyruvate carboxykinase gene expres-
sion; Diabetes 50 937-946

MacMillan-Crow L A, Crow J P, Kerby J D, Beckman J S and
Thompson J A 1996 Nitration and inactivation of manganese
superoxide dimutase in chronic rejection of human renal allo-
grafts, Proc. Natl. Acad. Sci. USA 93 11853-11858

Makimattila S, Liu M-L, Vakkilainen J, Schlenzka A, Lahden-
pera S, Syvanne M, Mantysaari M, Summanen P, Bergholm
R, Taskinen M-R and Yki-Jarvinen H 1999 Impaired endo-
thelium-dependent vasodilatation in type 2 diabetes; Diabe-
tes Care 22 973-981

Motyl T 1999 Regulation of apoptosis. involvement of Bcl-2-
related proteins; Reprod. Nutr. Dev. 39 49-59

Napier JR, Thomas M F, Sharma M, Hodgkinson S C and Bass
J J 1999 Insulin-like growth factor-1 protects myoblasts from
apoptosis but requires other factors to stimulate proliferation;
J. Endocrinol. 163 63-68

Nishikawa T, Edelstein D, Du X L, Yamagishi S, Matsumura T,
Kaneda Y, Yrek M A, Beebe D, Oates P J, Hammes H P,
Giardino | and Brownlee M 2000 Normalizing mitochondrial
superoxide production blocks three pathways of hyper-
glycaemic damage; Nature (London) 404 787—790

Oberholzer C, Oberholzer A, Clare-Salzler M and Moldawer
L L 2001 Apoptosis in sepsis: a new target for therapeutic
exploration; FASEB J. 15 879-892

Oku A, Nawano M, Ueta K, Fujita T, Umebayashi |, Arakawa
K, Kano-Ishihara T, Saito A, Anai M, Funaki M, Kikuchi M,
Oka Y and Asano T 2001 Inhibitory effect of hyperglycemia
on insulin-induced Akt/protein kinase B activation in skeletal
muscle; Am. J. Physiol. (Endocrinol. Metab.) 280 E816—
E824

Okubo S, Xi L, Bernardo N L, Yoshida K-I and Kukreja R C
1999 Myocardial preconditioning: basic concepts and poten-
tial mechanisms; Mol. Cell. Biochem. 196 3-12

Onetti et al 1997

Opara E C, Abdel-Rahman E, Soliman S, Kamel W A, Souka S,
Lowe J E and Abdel-Aleem S 1999 Depletion of total antioxi-
dant capacity in type 2 diabetes, Metabolism 48 1414-1417

Orzechowski A, Grizard J, Jank M, Gajkowska B, Lokocie-
jewska M, Zaron-Teperek M and Godlewski M 2002a Dexa-
methasone-mediated regulation of death and differentiation
of muscle cells. Is hydrogen peroxide involved in the pro-
cess?; Repr. Nutr. Dev. 42 1-20

Orzechowski A, Lokociejewska M, Muras P and Hocquette J-H
2002b Preconditioning with millimolar concentrations of
vitamin C or N-acetylcysteine protects L6 muscle cells insu-
lin-stimulated viability and DNA synthesis under oxidative
stress; Life Sci. 71 1793-1808

Orzechowski A, Grzelkowska K, Karlik W and Motyl T 2001
Effect of quercetin and DMSO on skeletal myogenesis from
C2C12 skeletal muscle cells with special reference to PKB/
Akt activity, myogenin and Bcl-2 expression; Basic Appl.
Myoal. 11 3144

Orzechowski A and Grzelkowska K 2000 Reactive oxygen
species (ROS) and reactive nitrogen species (RNS) alter
metabolic effect of insulin in rat L6 satellite cells; Pol. J.
Vet. Sci. 3 3-12

Park D, Pandey S K, Maksimova E, Kole S and Bernier M 2000

J. Biosci. | Vol. 28 | No. 1 | February 2003

L

Akt-dependent antiapoptotic action of insulin is sensitive to
farnesyltransferase inhibitor; Biochemistry 39 12513-12521
Prasad R K and Ismail-Beigi F 1999 Mechanism of stimulation
of glucose transport by H,O,: role of phospholipase C; Arch.
Biochem. Biophys. 362 113-122

Pugazhenthi S, Nesterova A, Sable C, Heidenreich K A, Boxer
L M, Heasley L E and Reusch J E-B 2000 Akt/Protein kinase
B up-regulates Bcl-2 expression through cAMP-response
element-binding protein; J. Biol. Chem. 275 10761-10766

Rennert G, Satz-Rennert 1I, Wanderman K and Weitzman S
1985 Size of acute myocardial infarcts in patients with diabe-
tes mellitus; Am. J. Cardiol. 55 1629-1630

Rommel C, Bodine S C, Clarke B A, Rossman R, Nunez L,
Stitt T N, Yancopoulos G D and Glass D J 2001 Mediation of
IGF-1-induced skeletal myotube hypertrophy by PI(3)K/
Akt/mTOR and PI(3)K/Akt/GSK3 pathways; Nat. Cell. Biol.
31009-1013

Rosen P, Nawroth P P, King G, Moller W, Tritschler H-J and
Packer L 2001 The role of oxidative stress in the onset and
progression of diabetes and its complications: a summary of
a Congress Series sponsored by UNESCO-MCBN, the
American Diabetes Association and the German Diabetes
Society; Diabetes/Metab. Res. Rev. 17 189-212

Rossig L, Hoffamnn J, Hugal B, Mallat Z, Haase A, Freyssinet
JM, Tedgiu A, Aicher A, Zeiher A M and Dimmeler S 2001
Vitamin C inhibits endothelial cell apoptosis in congestive
heart failure; Circulation 104 2182-2187

Roymans D and Slegers H 2001 Phosphatidylinositol 3-kinases
in tumor progression; Eur. J. Biochem. 268 487—-498

Rutrich H-L and Krug M 1999 Conditioning hypoxia causes
protection against ischemia in the CAj-region of hippocam-
pal slices; Restor. Neurol. Neurosci. 15 327-335

Samec S, Seydoux J and Dulloo A G 1999 Skeletal muscle
UCP3 and UCP2 gene expression in response to inhibition of
free fatty acid flux through mitochondrial b-oxidation; Eur.
J. Physiol. 438 452-457

Schaffer SW, Croft C B and Solodushko V 2000 Cardioprotec-
tive effect of chronic hyperglycemia: affect on hypoxia-
induced apoptosis and necrosis; Am. J. Physiol. (Heart Circ.
Physiol.) 278 H1948-H1954

Schlessinger J 2000 Cell signaling by receptor tyrosine kinases;
Cell 103 211-225

Schmitz-Peiffer C 2000 Signalling aspects of insulin in skeletal
muscle: mechanisms induced by lipid oversupply; Cell. Sg-
naling 12 583-594

Shadid M, Van Bel F, Steendijk P, Dorrepaal C A, Moison R,
Van Der Velde E T and Baan J 1999a Pretreatment with allo-
purinol in cardiac hypoxic-ischemic reperfusion injury in
newborn lambs exerts its beneficial effect through afterload
reduction; Basic Res. Cardiol. 94 23-30

Shadid M, Van Bel F, Steendijk P, Dorrepaal C A, Moison R,
Van Der Velde E T and Baan J 1999b Effect of deferoxamine
on post-hypoxic-ischemic reperfusion injury of the newborn
lamb heart; Biol. Neonate 75 239-249

Shetty M, Loeb J N, Ismail-Beigi N and Ismail-Beigi F 1992
Enhancement of glucose transport in response to inhibition
of oxidative phosphorylation: pre- and posttranslational
mechanisms; Am. J. Physiol. (Cell Physiol. 31) 262 C527—
C532

Simon H-U, Hgj-Yehia A and Levi-Schaffer F 2000 Role of
reactive oxygen species (ROS) in apoptosis induction; Apop-
tosis 5 415-418

Siraki A G, Smythies J and O’'Brien P J 2000 Superoxide radi-
cal scavenging and attenuation of hypoxia-reoxygenation in-

|



-

-

Justification for antioxidant preconditioning 49

jury by neurotransmitter ferric complexes in isolated rat
hepatocytes; Neurosci. Lett. 296 3740

Skuk D and Tremblay J P 2000 Progress in myoblast transplan-
tation: a potential treatment of dystrophies; Micros. Res.
Tech. 48 213-222

Smith U, Carvalho E, Mosialou E, Beguinot F, Formisano P
and Rondinone C 2000 PKB inhibition prevents the stimula-
tory effect of insulin on glucose transport and protein trans-
location but not the antilypolytic effect in rat adipocytes;
Biochem. Biophys. Res. Commun. 268 315-320

Somwar R, Perreault M, Kapur S, Taha C, Sweeney G, Ramlal
T, KimD Y, Keen J, Cote C H, Klip A and Marette A 2000
Activation of p38 mitogen-activated protein kinase a and b
by insulin and contraction in rat skeletal muscle; Diabetes 49
1794-1800

Somwar R, Sumitani S, Taha C, Sweeney G and Klip A 1998
Temporal activation of p70 S6 kinase and Aktl by insulin: Pl
3-kinase-dependent and -independent mechanisms;, Am. J.
Physiol. (Endocrinol. Metab. 38) 275 E618-E625

Sugawara J, Tazuke S |, F-Suen L, Powell D R, Kaper F, Giac-
cia A J and Giudice L C 2000 Regulation of insulin-like
growth factor-binding protein 1 by hypoxia and 3¢5¢cyclic
adenosine monophosphate is additive in HepG2 cells; J. Clin.
Endocrinol. Metab. 85 38213827

Taha C, Tsarikidis T, McCall A and Klip A 1997 Glucose trans-
porter expression in L6 muscle cells: regulation through
insulin- and stress-activated pathways, Am. J. Physiol.
(Endocrinol. Metab. 36) 273 E68-E76

Title L M, Cummings P M, Giddens K and Nassar B A 2000
Oral glucose loading acutely attenuates endothelium-depen-
dent vasodilatation in healthy adults without diabetes. an
effect prevented by vitamins C and E; J. Am. Coll. Cardiol.
36 2185-2191

Torres M D, Canal J R and Perez C 1999 Oxidative stress in
normal and diabetic rats; Physiol. Rev. 48 203—208

Tosaki A, Engelman D T, Engelman R M and Das D K 1996
The evolution of diabetic response to ischemia/reperfusion
and preconditioning in isolated working rat hearts; Cardio-
vasc. Res. 31 526-536

Ustinova E E, Barrett C J, Sun S-Y and Schultz H D 2000 Oxi-
dative stress impairs cardiac chemoreflexes in diabetic

rats; Am. J. Physiol. (Heart Circ. Physiol.) 279 H2176—
H2187

Vidal H, Langin D, Andreelli F, Millet L, Larrouy D and
Laville M 1999 Lack of skeletal muscle uncoupling protein 2
and 3 mRNA induction during fasting in type-2 diabetic sub-
jects; Am. J. Physiol. 277 ES30-E837

Wang G-W, Zhou Z, Klein JB and Kang Y J 2001 Inhibition of
hypoxia/reoxygenation-induced apoptosis in metallothionein-
overexpressing cardiomyocytes, Am. J. Physiol. (Heart Circ.
Physiol.) 280 H2292-H2299

Wenger D H, Marti H H, Schueremaly C C, Kvietikova l, Bauer
C, Gassmann M and Maly F E 1996 Hypoxic induction of gene
expression in chronic granulomatous disease-derived b-cell
lines—oxygen sensing is independent of the cytochrome bggg
containing nicotinamide-adenine dinucleotide phosphate oxi-
dase; Blood 87 756-761

Wenger R H and Gassmann M 1997 Oxygen(s) and the
hypoxia-inducible factor-1; J. Biol. Chem. 378 609-616

Wick K L R and Liu F 2001 A new molecular target of insulin
action: regulating the pivotal PDK1; Curr. Drug Targets
Immune Endocrine Metab. Disorders 1 209-221

Wilson D O and Johnson P 2000 Exercise modulates antioxi-
dant enzyme gene expression in rat myocardium and liver; J.
Appl. Physiol. 88 1791-1796

Wojtaszewski J F P, Higaki Y, Hirshman M F, Michael M D,
Dufresne S D, Kahn R and Goodyear L J 1999 Exercise
modulates postreceptor insulin signaling and glucose trans-
port in muscle-specific insulin receptor knockout mice; J.
Clin. Invest. 104 1257-1264

Wrutniak-Cabello C, Casas F and Cabello G 2001 Thyroid
hormone action in mitochondria; J. Mol. Endocrinol. 26 67—
77

Zhang L, Xing G Q, Barker JL, Chang Y, Maric D, Ma W, Li
B S and Rubinow D R 2001a Alpha-lipoic acid protects rat
cortical neurons against cell death induced by amyloid and
hydrogen peroxide through the Akt signalling pathway; Neu-
rosci. Lett. 26 125-128

Zhang M, Methot D, Poppa V, Fujio Y, Walsh K and Murry C
2001b Cardiomyocyte grafting for cardiac repair: graft cell
death and anti-death strategies; J. Mol. Cell. Cardiol. 33
907-921

J. Biosci. | Vol. 28 | No. 1 | February 2003

|



