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Abstract

Hypoxiais an often seen problem resulting from conditions such as ischemia, hemorrhage, stroke,
premature birth, and other cardiovascular difficulties. To find useful remedies that are capable of
ameliorating its casualty is an essential effort. Although the underlying mechanisms of the hypoxia-
induceinjury and cell death are still not fully understood, it has been shown that hypoxia induces nitric
oxide (NO) over production and inducible nitric oxide synthase (INOS) over expression that play important
rolesin producing injury including increases in polymor phonuclear neutrophils (PMN) infiltration to
injured tissues and leukotriene B, (L TB,) generation. Moreover, it has been evident that transcription
factorsresponsible for iINOS expression are also altered by hypoxia. Hypoxia also increasesintracellular
Ca* concentration, tumor necrosis factor-a, lipid peroxidation, prostaglandin E, production, activity
of caspase-3 and -9, and release of cytochrome c from mitochondria, apoptosis inducible factor, and
endonuclease G. However, it has been shown that downregulation of iNOS can limit cell injury caused
by hypoxia. In our laboratory, we have found that treatment with either iNOSinhibitorsor INOS siRNA
inhibits INOS expression, reduces lipid peroxidation, apoptosome formation, and cellular caspase-3
activity, preserves cellular ATP levels, and increases cell survival. Therefore, iINOS inhibition may be
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a novel mechanism for protection from hypoxia-induced injury and cell death.
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Introduction

Hypoxiaresultsfrom conditions such asischemia,
hemorrhage, stroke, premature birth, and other
cardiovascular difficulties, among which hemorrhagic
shock is the leading cause of death and complications
in combat casualties and civilian settings. It has been
shownto cause systemicinflammation response syndrome
(SIRS), multiple organ dysfunction (MOD), and multiple
organ failure [(MOF), see ref. 7]. It is an often seen
problem and to find useful remedies that are capable
of ameliorating its casualty is an essential effort in
combat medicine, traumainjury, and cardiovascular-

related scenarios. Hypoxia has been shown to lead to
increases in intracellular free calcium concentration
([Ca*'];), 5-lipoxygenase, lipid peroxidation,
cycloxygenase (COX), constitutive nitric oxide synthase
(cNOS), leukotriene B4 (LTBy), prostaglandin E,
(PGEy,), interlukins, tumor necrosis factor-o (TNF-
a), caspases, complement activation, kruppel -likefactor
6 (KLF6), inducible nitric oxide synthase (iINOS), heat
shock protein 70 kDa (HSP-70), and hypoxia-inducible
factor-1a [(HIF-1a), see refs. 15, 28, 37, 58, 60, 73,
81, 86]. The sequence of their occurrence provides
the useful information for studying the mechanisms
underlying the hypoxia-induced injury as well as
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therapeutic targets to prevent or ameliorate the injury.
In this paper, the calcium effect and the role of iNOS,
Bcl-2, p53, caspases, ATP, and freeradicalsin hypoxia-
induced injury are discussed in details.

Calcium Effect

Intracellular free Ca®* has been long recognized
as a ubiquitous second messenger in variety of physio-
logical systems. The external signal is transmitted
into the cells through intracellular free Ca®*. Increases
in resting [Ca®']; trigger many cell functions, including
metabolism, growth, differentiation, hormonal secretion,
gene expression, protein synthesis, and cell movement
(44, 45, 57, 94).

Theresting [Ca?*]; isregulated at three different
levels: 1) at cell membrane; 2) at the intracellular Ca?*
poolsin the cytoplasm; and 3) by Ca®*-binding proteins
in the cytoplasm and the nucleus.

First, there are Na'/Ca* exchanger, Ca*/H*
antiporter, Ca**-ATPase pumps, and Ca?* channels
(voltage-gated, messenger-operated, and receptor-
operated) present at the cell membrane. Normally,
activation of the Na'/Ca*" exchanger stimulates the
import of three molecules of Na" and the export of two
molecules of Ca**. However, this exchanger is con-
centration-driven, so the Na* and Ca** concentration
gradients between the cytoplasm and the extracel lular
space can reverse the direction of Na'/Ca?* exchange.
The Ca**/H* antiporter takes in two molecules of H*
and expels one molecule of Ca**. This antiporter is
pH-sensitive (34). Ca’*-ATPase pumps are energy-
driven and remove Ca?* from the cell. Voltage-gated
Ca?* channels are activated by changes in membrane
potential. There are L-type, N-type, and T-type. Mes-
senger-operated Ca®* channels are activated by inositol
1,4,5-trisphosphate (1P3) or cAMP-stimulated protein
kinase (PKA); receptor-operated Ca** channels are
activated by ligand-binding to receptors on the mem-
brane.

Second, there are intracellular Ca?* poolsin the
cytoplasm. The increase in [Ca?"]; induces Ca?*
mobilization from intracellular Ca?* pools to further
elevate [Ca?*]; (i.e., Ca**-induced Ca*" increase).
However, Ca?* sequestration into the intracellular
Ca?* pools to lower [Ca?"]; also takes place.

Third, Ca**-binding proteins are present in the
cytoplasm and nucleus. The glutamic acid- and
phenylalanine-rich proteins, like calmodulin and S100
proteins, are considered to exert Ca*-dependent
actions in the nucleus or the cytoplasm. The Ca®'/
phospholipid binding proteins are classified into two
groups, the annexins and the C2 region proteins.
These proteins, distributed mainly in the cytoplasm,
translocate to the plasma membrane in response to an
increase in cytosolic Ca?* and function in the vicinity

of the membrane (65).

Hypoxia has been shown to perturb calcium
homeostasis. Cyanide-induced chemical hypoxiacauses
an increase in [Ca®]; in PC12 cells (32, 54), rabbit
carotid body chemoreceptors (8, 79), rat ventricular
myocytes (20), rat osteoclasts (90), Leishmania
donovani promastigotes (72), and human epidermoid
A-431 cells (43). Hypoxia caused by exposure of rat
thyroid FRTL-5 cellsto 5% O, al so induces asignificant
increase (46). In PC12 cells, theincreaseis believed
to be activated by voltage-gated Ca?* channels (32).
In rabbit carotid body chemoreceptors, it is due to
inhibition of Na'/Ca?* exchanger (8, 79). InLeishmania
donovani promastigotes, it results from a Ca?* mobiliza-
tion from intracellular Ca*" pools (72). In human
epidermoid A-431 cells, the [Ca?*]; increase is because
of an increased Na' influx that activates the reversed
mode of the Na'/Ca®* exchanger, thereby leading to
an increased Ca?* entry. The Ca®" influx induces, in
turn, a Ca?*-stimulated mobilization of Ca?* from
intracellular Ca?* pools through ryanodine receptor
channels that are sensitive to ionomycin but not to
bradykinin or monensin (43). It should bear in mind
that hypoxia decreases |P3 (43), which is distinctly
different from that observed in heat stress (43, 44).

It is believed that an abrupt increasein [Ca®']; is
associated with cell death (21, 44, 68, 92) mediated
by activation of Ca?*-dependent proteases (24).
However, Snyder et al. (85) reported that the hypoxia
killing of hepatocytes correlates closely with changes
in the mitochondrial membrane potential. In contrast,
Sakaidaet al. (76) concludesthat hypoxiakills cultured
hepatocytes because of an alteration in the interaction
between the cytoskeleton and the plasma membrane,
i.e. membrane blebbing. Regardless the controversy,
the increase in [Ca?*]; is known to turn on many Ca?*-
dependent enzymes that trigger the down-stream
cascade reactions, thereby probably leading to either
the necrosis or the apoptosis (43, 44). Remedies such
as overexpression of HSP-70i are shown to inhibit the
hypoxia-induced increase in [Ca®']; and to increase
the cell survival (39).

NO and NOS

NO is generated by L-arginine reacting with O,
in the process involving with catalyzing activity of
cNOS or iNOS. The chemical biology of NO includes
its direct effects and indirect effects (81, 91). The
direct effects, also named the primary mode of NO
action, are NO reacts with heme-containing proteins.
These reactions are generally rapid, require low
concentrations of NO, and are the genesis of most of
the physiological effects of NO such as vasodilation.
On the contrary, the indirect effects, namely the
secondary mode of NO action, include formation of
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Table 1. Transcriptional factorsthat bindsto the promoter of iNOS gene.

Motif for Transcriptional factors

Function

4 CCACC motifsfor KLF6
Unidentified motif for KLF4

2 AP-1 binding sitesfor AP-1 proteins
10 NF-kB binding sites for NF-kB

Stimulates iNOS gene
Inhibits INOS gene

Stimulates iNOS gene
Stimulates iNOS gene

KLF6: Kruppel-like factor 6; KLF4: Kruppel-like factor 4; AP: activation protein; NF-kB: nuclear factor kappa B; iINOS:

inducible nitric oxide synthase

N,O3, ONOO~, NO,, and HNO that react with cellular
targets and may result in amajor configuration change
in critical molecules. It has been shown that indirect
effects require much higher concentrations of NO than
direct effects. It appears that NO produced at low
concentrations for short periods primarily mediates
direct effects, whereas high local NO concentrations
at amicro molar level sustaining over prolonged periods
mediateindirect reactionsand cause pathophysiological
effects such as organ dysfunction and failure. NO
reacts with NO, to form N,Oj resulting in nitrosative
stress, while it does with O, to form OONO™ and
NO;™ causing oxidative stress. NO is also known to
react with biologic metals, to modulate catalase and
GSH, and to alter cell sensitivity to cell death (91).

It is evident that hypoxia upregulates NOS
expression. Asaresult, NO production is increased.
Hierholzer and Billiar (27) reported that in hem-
orrhage/resuscitation-induced injury model, the in-
duction of inducible nitric oxide (iNOS), along with
cyclooxygenase (COX)-2, and CD14 are up-regul ated.
The early immediate response genes iNOS and COX-
2 promote the inflammatory response by the rapid and
excessive production of NO and prostaglandins. In
our laboratory, we have found that hypoxic human
intestinal epithelial T84 cells and hypoxic human
Jurkat T cells display increases in mRNA of iNOS
and HSP-70, while an increasein p53 mRNA is shown
inonly T84 cells and an increase in Bcl-2 mRNA in
only Jurkat T cells (47).

Ininvivo studies, it is evident that inhibition of
NO production by N®-nitro-L-arginine (LNNA), an
irreversible cNOS inhibitor and a reversible iNOS
inhibitor (40, 77), results in significant reduction of
local tissue damage, PMN infiltration and LTB,
generation caused by ischemia/reperfusion (89).
Similar observation is found with heat stressed rats
after ischemia and perfusion (86). The hemorrhage/
resuscitation-induced injury is also reported to be
prevented in iNOS knockout mice or by treatment
with L-N°-(1-iminoethyl)-lysine (L-NIL), a selective
inhibitor of INOS (28). Treatment of mice (37) and
rats (73) with geldanamycin effectively inhibitsiNOS
while increases HSP-70i. The inhibitory action of

geldanamycin is contributed by its capability to
suppress the transcriptional factors of iNOS gene,
including c-jun, KLF4, KLF6, and NF-kB (Table 1).
Other treatments with such 173-estradiol (102),
androstenediol (42, 82), pyruvate (17), or resuscitation
with lactated Ringer solution (41) have been shown to
reduce iNOS caused by hemorrhage and resuscitation.
In contrast, Gabbai et al. (23) reported that inhibition
of iNOs by L-NIL intensifies injury and functional
deterioration in autoimmune interstitial nephritis.
Nevertheless, during hypoxiain neuronal nuclei from
newborn piglets LNNA pretreatment prevents the
hypoxia-induced increase in Bcl-2 protein and DNA
fragmentation (106).

In in vitro studies, hypoxia significantly in-
creases iNOS in human intestinal epithelial T84 cells
and human Jurkat T cells. LNNA treatment effectively
inhibits hypoxia-induced increase in iNOS (47).

Bcl-2 and p53

In addition, hypoxia also alters expression
of Bcl-2 and p53. Expression of Bcl-2 is usually ac-
companied by inactivation of tumor suppressor protein
p53, which frequently leads to tumor progression (25,
103). Bcl-2 is homologous to CED-9 observed in C.
elegans (97). In contrast to stimulatory cell growth
and blockade of cell death of Bcl-2, it has been reported
that p53 inhibits cell growth and promotes dif-
ferentiation and programmed cell death and is
controlled by transcriptional, translational, and post-
translational regulation (105). Hypoxiaresulted from
ischemia has shown to activate p53 in neurons (105).
In our laboratory, we found that hypoxia induced
by NaCN treatment increases p53 mRNA in T84
cellsand Bcl-2 mRNA in Jurkat T cells. In both cells,
treatment with LNNA blocked Bcl-2, but increased
p53, a result perhaps very favorable to stop tumor
progression (47). In rat liver, hypoxia caused by
trauma-hemorrhage-resuscitation decreases both Bcl-
2 and p53 (42) whereasin rat small intestine and lung,
hypoxia increases both of them (41). These results
suggest that Bcl-2 and p53 responding to hypoxia are
organ- and cell-specific.
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Table 2. Apoptosis pathways (29, 31).

Pathways

Components

Extrinsic pathway

Intrinsic pathways

AlF
EndoG

Fas’APO-1/CD95 with FasL
TNFR with TNF-a

FADD

Caspase-8

Bid

Cytochrome ¢

Apaf-1

Apoptosome

Caspase-9, -3, -7, -2, -6, -8,-10
DNA fragmentation

DNA fragmentation

Apoptosomeisacomplex that consists of cytochrome ¢, Apaf-1, and caspase-9. FasL: Fasligand; TNFR: Tumor necrosis
factor receptor; FADD: Fas-associated death domain; AlIF: Apoptosis inducible factor; EndoG: Endonuclease G

Table 3. Caspases (29).

Name Procaspase domain Preferred substance sequence Function
Caspase-1 CARD-(119 ~ 297)-(317 ~ 404) WEHD or YEHD Inflammation
Caspase-2 CARD-(152 ~ 361)-(331 ~ 435) DEHD or VDVAD Apoptosis
Caspase-3 -(28 ~ 175)(175 ~ 277) DEVD or DNQD Apoptosis
Caspase-4 CARD ~ 270-(290 ~ 377) LEVD or (W/L)EHD Inflammation
Caspase-5 CARD(1 ~ 311)-(331 ~ 418) (W/L)EHD Inflammation
Caspase-6 -(23 ~ 179)-(194 ~ 293) VEID or VEHD Apoptosis
Caspase-7 -(23 ~ 198)-(198 ~ 303) DEVD Apoptosis
Caspase-8 DED-DED-(216 ~ 374)-(385 ~ 479) (IILETD Apoptosis
Caspase-9 CARD(1 ~ 315)-(331 ~ 416) LEHD Apoptosis
Caspase-10 DED-DED-(219 ~ 415)(415 ~ 521) IEAD Apoptosis
Caspase-14 -(?~?)-(?~242) ? Keratinocyte

Differerntiation?

Numbers in parenthesis are the positions of amino acids. Caspase-14 is not fully characterized. CARD: Caspase-

recruitment domain; DED: Death effector domain

Caspases

Caspases are the executioners of apoptosis.
Apoptosisis characterized by aseries of morphological
changes, including chromatin condensation, mem-
brane blebbing and cell shrinkage. As aresult, cells
are fragmented and become vasicular bodies that are
taken up by macrophages (2). Caspases are cysteine
aspartic acid-specific proteases that cleave amino acid
sequence-motif located N-terminal to a specific
aspartic acid residue. Caspases can be broadly divided
into 2 functional subgroups (Table 2): [1] those that
are activated during apoptosis (caspases -2, -3, -6, -7,
-8, -9, -10); and [2] those that have been implicated in
the processing of proinflammatory cytokines during
immune responses (caspases -1, -4, -5). Caspases are
synthesized as inactive zymogens (i.e. procaspases)

that require proteolytic cleavage to form the large
and small subunits of the active enzyme, suggesting
the caspases either become activated through auto-
proteolysis or by other activated caspases (29).
Table 3 lists that apoptosis is mediated by
[1] the extrinsic pathway, [2] the intrinsic pathway,
[3] the apoptosis inducible factor-induced pathway,
and/or [4] the EndoG-involved pathway. The extrinsic
pathways starts with either Fas ligand binding onto
Fas/APO/CD95 or TNF-a binding onto TNF receptors
on the cell membrane. The intrinsic pathway is
initiated by cytochrome c released from mitochondria
to the cytoplasm. Apaf-1 (100) in cytoplasm contains
an N-terminal caspase-recruiment domain (CARD), a
central nucleotide-binding domain (homolog of CED-
4in C. elegans), and twelve to thirteen WD-40 repeats
at the C terminus of the molecule. The CARD of
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Apaf-1isreplaced with cytochrome c (31). Then this
modified Apaf-1 recruits and activates procaspase-9
through the interactions of CARD found on both
proteins. The complex, namely apoptosome, activates
caspase-3 and -7. Subsequently, caspase-3 activates
caspase-2, -6, -8, and -10 (29). AlF and EndoG are
two potential executors of caspase-independent cell
death when they translocate from mitochondriato the
nucleus (6), although controversy is present (4, 5, 10,
16, 18, 87, 88). InC. elegans, AlF isacomponent of
the caspase-dependent mitochondrial pathway, which
also involvesthe mitochondrial EndoG (98). However,
recent data from EndoG deficient mice do not support
arelevant role of this protein in mammalian cell death
and DNA processing (30).

It has been shown that caspase-3 activity is
increased by directly lowering oxygen tension (19,
47), ischemia (12, 67, 99, 101), hemorrhage (11, 38,
49, 56, 59, 61, 104), and in other pathological con-
ditions (1, 61, 63, 71, 83, 98). In murine hemorrhage
model (38), the hemorrhage-induced hypoxiaincreases
caspase-3 within 1 h after hemorrhage in jejunum,
lung, heart, and kidney, reaches the maximal levels
between 3-6 h, and returned to the basal level in
jejunum and heart, but not lung and kidney. The level
of the lung caspase-3 increases continuously; the
kidney caspase-3 returns to the basal level at 24 h and
yet increases to the maximal level at 48 h. Unlike
jejunum, lung, heart, and kidney, the brain tissue shows
a delayed increase in caspase-3 at 24 h and remains
there at 48 h.

Interventions that lead to inhibition of caspase-
3 activity (104) such as treadmill exercise (49),
hypertonic saline resuscitation (61), or LR resuscitation
(41) have been shown to reduce tissue apoptosis and
brain damage in hemorrhaged animals. Itisalso evident
that treatment of cells (47) or animals (37) with iINOS
inhibitors results in decreased cellular caspase-3
activity. Wefound that treatment of rodents with either
androstenediol (42) or geldanamycin (37, 38) limits
the expression of iNOS and caspase-3. Furthermore,
when human small intestinal cells are transfected
with iNOS gene, the results from experiments with
immunoblotting and immunohi stostai ning indicate that
iNOS protein, caspase-3, caspase-9, and cytosolic
cytochrome c are increased. When these cells are
transfected with iNOS siRNA, no increasesin iNOS,
caspase-3, caspase-9, and cytosolic cytochrome c are
observed. These results imply that the cellular level
of INOS is positively correlated with caspase-3
enzymatic activity. This conclusion is corroborated
by previous findings (47) in human intestinal epithelial
and T cells which demonstrate that pharmaceutical
manipulation of iNOS results in changes in caspase-
3 expression. Figure 1 represents a diagram depicting
the hypoxia-induced molecular abnormalities. Hypoxia
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Fig. 1. Schematic representation depicting the hypoxia-induced
molecular abnormalities. Hypoxiaincreases KLF6 and
NF-kB and decreases KLF4, resulting in an increased
expression of iINOS. This increase in iNOS leads to
increase NO production that reacts with O, to form
ONOQO". Then peroxynitrite makes mitochondria swell
up and release cytochrome C that subsequently is caged
by Apaf-1 and caspase-9 to form apoptosome. The
apoptosome, therefore, activates caspase-3, thereby lead-
ing to apoptosis. KLF4: Kruppel-like factor 4; KLF®6:
Kruppel-like factor 6; NF-kB: nuclear factor-kappa B;
iNOS: inducible nitric oxide; cyto-c: cytochrome c;
casp-9: caspase-9; 1: increase; | : decrease

increases KLF6 and NF-kB and decreases KL F4,
resulting in an increased expression of iNOS. This
increase in iINOS leads to increase NO production that
reacts with O, to form ONOO™. Then, peroxynitrite
makes mitochondria swell up and release cytochrome
¢ that subsequently is caged by Apaf-1 and caspase-
9 to form apoptosome. The apoptosome, therefore,
activates caspase-3, leading to apoptosis.

It has been reported that the apoptosis-induced
membrane blebbing results from caspase-3-mediated
activation of Rho-associated kinase 1 (ROCK 1). ROCK
1liscleaved by caspase-3 at a conserved DETD1113/
G sequence and its carboxy-terminal inhibitory domain
isremoved. The inactive ROCK 1 becomes active
and phosphorylates myosin light chain (MLC). Asa
result, cell contraction and membrane blebbing occur
in apoptotic cells (13, 66, 80).

Bahi et al. (6) report that hypoxiainduces DNA
fragmentation in rat differentiated cardiomyocytes.
This DNA fragmentation is contributed by EndoG
and AIF but not caspases. It should also bear in mind
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that apoptosis also can be initiated by Bcl-2-regulated
caspase activation independently of the cytochrome
c/Apaf-1/caspase-9 apoptosome (55).

ATP

ATP has been recognized as a universal currency
of free energy in biological system since 1941. The
energy is stored in the bond between O and P in which
the free energy is 7.3 kcal/mol. It is known that Ca®*
and Na" break the high-energy bond of the ATPmolecule,
whereas K* and Mg* help rebuild it (36, 74). Other
laboratories (48, 69, 70, 96) and our |aboratory (36)
report that hypoxia caused by hemorrhage induces
cellular ATP depletion. We havefound that hemorrhage
decreased ATP levels in mouse jejunum, lung, heart,
kidney, and brain tissue lysates. ATP levelsin brain
and kidney tissues return to basal levels, whereasin
jejunum, lung and heart, the ATP levelsremain below
the basal levels (36). Although the hemorrhage-
associated low levels of ATP in jejunum, lung, and
heart have been proposed to be responsible for the
delayed hemorrhage manifestations such as MOD and
MOF, the exact mechanism(s) are not known.

The decrease in cellular ATP levels after hem-
orrhage is caused at least in part by decreases in the
enzymatic activity and the protein expression of pyru-
vate dehydrogenase (PDH), an enzyme that catalyzes
the oxidative decarboxylation of pyruvate to generate
acetyl-coenzyme A, thereby linking glycolysis to the
TCA cyclewith respect to substrate. These hemorrhage-
induced decreases are not likely related to the increase
in caspase-3 becauseiNOS gene transfected cellsexhibit
the increased caspase-3 activity and protein level
without altering the levels of PDH and ATP (36).
However, the possibility that other caspasesareinvolved
in PDH metabolism can not be ruled out. Furthermore,
whether enzymes other than PDH are altered by
hemorrhage remains to be elucidated.

The documented loss of ATP caused by hypoxia
is believed to play a central role in tissue pathology.
Figure 2 presents a model for the interaction between
hypoxia-induced changes. On the basis of our data
and those from other laboratories (96), hemorrhage
decreases the PDH enzymatic activity and its protein
levels, which results in decreased intracellular ATP.
Low intracellular ATP levels cause mitochondria
disruption. Because apoptosis requires energy, if the
levels of cellular ATP remain at levels higher than
15% of baseline, then apoptosis ensues. If the cellular
ATP levels fall below 15% of baseline, then necrosis
ensues (14, 50-52).

Interference with the synthesis of ATP in
mitochondria results in cell apoptosis and therefore,
inhibition of ATP loss has been shown to prevent
hemorrhage-associated clinical manifestations (7, 35).
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Fig. 2. Schematic representation of model for ATP after expo-
sureto hypoxia. Hypoxiaincrease inflammation media-
torssuch asL TB, and decreases pyruvate dehydrogenase
(PDH) activity, which leads to low ATP levels. Low
ATP levelsand increased inflammation mediators cause
mitochondrial disruption that results in either apoptosis
or necrosis depending on the level of ATPIeft inthecell.
Concurrently, Low ATP levels enhanced free radical
formation that contributesto the mitochondrial disruption.

Addition of ATP-MgCl, (64) or ethyl pyruvate (17,
22) into resuscitation fluids or treatment with
geldanamycin (36) have been shown to maintain tissue
ATP levels and limit tissue injury. Treatment with
geldanamycin prevents the hemorrhage-induced ATP
loss and organ injury probably by inducing the
increased expression of HSP-70i and PDH and
activating PDH (36).

Free Radicals

Free radicals are molecules that contain unpaired
electrons. The unpaired electron is highly reactive. It
can either causes oxidative damage to the molecules
or is passed from one molecule to another turning the
recipient into afreeradical (26). Figure 2 depictsthat
the hypoxia-induced cellular ATP depletion promotes
formation of free radicals produced from xanthine
with help of the catalyzing activity of xanthine oxidase.
It has been shown to have H,O,, O,~, and OH- produced
(3). They tend to react with NO to form N,Os,
ONOO7, NO,, and HNO that react with cellular targets
and may result in a major configuration change in
critical molecules (91). Depending on the duration of
exposure to the assaults and the type of assaults, the
presence of NO can enhance or retard toxicity of the
reactive oxygen species [(ROS), see ref. 84, 91].
These ROS and reactive nitrogen species (RNS) are
thought to cause mitochondrial disruption so that
cytochrome ¢, AlF, or EndoG translocate to the
cytoplasm. Then, cytosolic cytochorme ¢ binds to
Apaf-1 and caspase-9 to form apoptosome that
activates other caspases to initiate apoptosis (29, 31).
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A. B-Carotene
S, S S S

B. Lycopene

Fig. 3. A proposed energy transfer process suggested by our
experimental resultsin the neutralization of singlet oxy-
gen molecules by (3-carotene (A) and lycopene (B). In
the process, two singlet oxygen moleculessimultaneously
lose their excitation energy to 3-carotene which is ex-
cited to the first excited vibronic state S;, whereas one
singlet oxygen molecule loses its excitation energy to
lycopenewhich is excited to the ground excited vibronic
state §). Theresultsexplain at least in part why lycopene
is more effective than [3-carotene in neutralizing singlet
oxygen.

On the other hand, AIF and EndoG induce DNA
fragmentation and micronuclei formation, resulting
in occurrence of apoptosis (6, 29, 31). In addition, we
have found that hypoxia increases lipid peroxidation
in human intestinal epithelial T84 cells and human
Jurkat T cells (Kiang, unpublished data).

Removal or neutralization of the free radicals
can, therefore, protect against injury induced by harmful
assaults. Other benefits are, for instance, that free
radicals might underlie the aging process itself because
low caloric intake that reduces the generation of free
radical s has been shown to increase the life span in C.
elegans (53) and others (33). Antioxidants such as
vitamine C, vitamine E, chlorpromazine, mepacrine,
dibucaine, butylated hydroxytoluene, butylated
hydroxyanisole, propylgallate, zinc, and allopurinol
have all been claimed to have the ability to inhibit free
radical-mediated processes. Recently, 3-carotene, and
lycopene are shown to be good antioxidants. It is
reported that lycopene is 20 times more effective than
[B-carotenein thisregard. We have been studied both
of them on neutralizing the free radicals.

Energy transfer processes between (3-carotene,
lycopene and singlet oxygen (*O,) are studied by
ultrafast Raman spectroscopy. Figure 3 shows that
during the neutralization of singlet oxygen by -carotene
the excitation energy of singlet oxygen is transferred
directly to the first excited electronic state S; of -
carotene. In contrast, the excitation energy of singlet
oxygen is transferred directly to the ground excited
vibronic state S, of lycopene (93). Our experimental
dataprovide[1] thefirst direct experimental elucidation
of energy transfer processesin such important biological
systems and [2] an explanation at least in part why

lycopene is a more potent antioxidant than (3-carotene
in the neutralization of singlet oxygen.

Conclusion

Hypoxia-associated pathophysiology is com-
plicated and elusive yet conspicuously significant.
Many adverse effects of hypoxia are commonly ob-
served under conditions generated by ischemia and
hemorrhage. Like reperfusion and resuscitation,
reoxygenation eventually does not completely reverse
the hypoxia-induced changes. The complexity of the
cellular response to hypoxia complicates efforts to
design approaches to treat or prevent injury resulting
from reoxygenation. Nevertheless, an additive in the
reoxygenation process, which can induce HSP-70i,
block iNOS, restore ATP depletion, and reduce
caspases, may be potentially therapeutic to salvageable
patients suffering from hypoxia.

Hypoxia induces overexpression of iNOS and
HSP-70i proteins, increases in cellular caspase-3
activity (38), and reduction in ATP (36, 48, 69, 70,
96). iNOS over-expression appears relatively early
and it leads to the NO production and its direct and
indirect effects. HSP-70i over-expression appears 12
h after occurrence of hypoxia (37). Because of its late
appearance, it is possible that this HSP-70i is not
serving its usual protective rolein hypoxia, but that it
is rather facilitating tissue repair for salvaging the
damage caused by hypoxia. The continuous increase
in caspase-3in lung, arelapse in kidney and a delayed
elevation of brain caspase-3 with the continuous
ATP depletion in small intestine, lung and heart 24 h
after hemorrhage-induced hypoxia may explain the
occurrence of MOD and MOF. However, a pre-
treatment to induce HSP-70i overexpression and/or
inhibit iINOS induction prior to hypoxia have been
proven to prophylactically prevent the resulting injury
(35, 42). Other pathways such as PI3-K activation
also have been suggested to reduce the hypoxia-induced
cell death (62). On the other hand, its post-treatment
isstill useful in order to minimize the morbid sequelae
suchasMOD and MOF. Most importantly, it isknown
that the hypoxia-induced iNOS overexpression causes
caspases-activated cell death. iNOS inhibitors and
siRNA may be of valuein reducing pathol ogy resulting
from hypoxia-associated disorder and imbal ance.

Per spective

Hypoxia resulted from ischemia, hemorrhage,
or other cardiovascular problemsisacommon scenario
in the clinical practice of medicine and occurs in
virtually al organ systems. Itshallmarksarerelatively
consistent across patient populations and organ
systems. In our murine model (36-38), treatment with
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geldanamycin is known to increase HSP-70i and PDH
and reduce iNOS, cellular caspase-3 activity and ATP
loss. Though the underlying mechanism is not
completely unfolded, geldanamycin treatment inhibits
iNOS by inhibiting KLF6, induces HSP-70i by
activating HSF1, and elevates PDH protein and its
enzymatic activity. HSP-70i is shown to complex
with iNOS and its transcription factor KLF6 and the
key enzyme of ATP synthesis PDH. In human cultured
cells, similar results obtained from experiments with
HSP-70 gene transfer or iINOS siRNA treatment are
observed. Understanding the interaction between
these proteins may provide an insight for atherapeutic
design to prevent the hypoxia-induced injury and cell
death. Taking together the data obtained from
geldanamycin, HSP-70 gene transfer, iNOS siRNA,
or other agents such as ethanol (9, 75, 78, 95),
glutamine or crocetin (96), adjunct therapy with the
optimal resuscitation fluid containing ATP-MgCl,
(64) or ethyl pyruvate (17, 22) may be anovel approach
to address the problems raised from assaults under
circumstances of hypoxia or hypoxia/reoxygenation.
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