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groups. Zonisamide monotherapy demonstrated
less frequent adverse effects than zonisamide
combined therapy. Combined antiepilepsy therapy
often induces adverse effects more frequently in
any antiepilepsy drug, not only zonisamide.”

In the treatment of epileptic children with zon-
isamide, anhidrosis accompanied by elevated body
temperature has been reported, especially during
summer.®? Moreover, Shimizu et al. reported a case
of anintellectually disabled 2-year-old boy demon-
strating a heat stroke-like episode associated with
zonisamide treatment.'® This patient showed hy-
perpyrexia and oligohidrosis. In the present study,
cases with anhidrosis were not reported by the
doctors. However, anhidrosis or oligohidrosis is of-
ten difficult to observe, especially by intellectually
disabled patients. Hyperpyrexia and oligohidrosis
should be carefully monitored during zonisamide
treatment.

References

1. Seino M, Ohkuma T, Mivasaka M, et al. Evaluation of the drug
efficacy of AD-810 (zonisamide). Results of double-blind
study in comparison with carbamazepine (in Japanese). J
Clin Exp Med 1988;144:275-91.

- 654 —

9.

10.

. Schmidt D, Jacob R, Loiseau P, et al. Zonisamide for

add-on treatment of refractory partial epilepsy: a European
double-blind trial. Epilepsy Res 1993;15:67—73.

. Wilder BJ, Ramsay RE, Browney T, Sackellares JC. A mul-

ticenter double-blind, placebo controlled study on zon-
isamide on medically refractory patients with complex
seizures. Epilepsia 1985;26:545.

Oguni H, Hayashi K, Fukuyama Y, finuma K. Phase Il
study of a new antiepilepsy AD-810, zonisamide in child-
hood epilepsy (in Japanese). Jpn J Pediatr 1988;41:439—
50

. Yamatogi Y, Chtahara 5. Current topics of treatment. In:

Ohtahara S, Roger J, editors. New trends in pediatric
epileptelogy. 1991, p. 136—48.

linuma K, Handa 1, Fueki N, Yamamoto K, Kojima A,
Haginoya K. Effects of zonisamide (AD-810) on refractory
epilepsy in children: special reference to temporal lobe
abnormatities. Curr Ther Res 1938;43:281-90.

Guberman A, Monotherapy or polytherapy for epilepsy? Can
J Neurol Scf 1998;25:53-8.

. Fujita Y, Okubo O, Noguchi Y, Nishimura A, Fuchigami T,

Harada K. Zonisamide-induced hidropoietic disorder in pa-
tients with childhood epilepsy. J Nihon Univ Med Assoc
1995;54.658-62.

Okumura A, Hayakawa F, Kuno K, Watanabe K. Oligohidrosis
caused by zonisamide. No To Hattatsu 1996;28:44-7 (in
Japanese).

Shimizu T, Yamashita Y, Satoi M, et al. Heat stroke-like
episade in a child caused by zonisamide. Brain Dev
1997;19:366-8. ’



Should thrombolysis be given to a
stroke patient refusing therapy due to
profound anosognosia?

Jeffrey M. Katz, MD; and Alan Z. Segal, MD

A 70-year-old woman was told by & neighbor that her speech was
slurred. She was alse having difficulty standing. She was brought
to the emergency room within 45 minutes of symptom onset stat-
ing “they said I had a stroke, but I didn’t.” She had a history of
hypertension, hypercholesterolemia, and stage IV non-small cell
lung cancer. Her examination was notable for a severe anosogno-
sia, dysarthria, a right paze preference, and left homonymous
hemianopia, hemiparesis, hemihypesthesia, and visual, tactile,
and spatial neglect. Her NIH Stroke Scale score was 15. Head CT
was unremarkable, and she had no contraindications for IV
thrombolysis.

Preparations were made for the administration of tPA, at ap-
proximately 2 hours after symptom onset. The patient, however,
vehemently refused therapy because she did not believe she was
having a stroke. Attempts were made to contact the patient’s
family, but this did not prove possible until after the 3-hour time
window had elapsed. Upon discharge to our acute rehabilitation
facility, the patient required maximal assist for transfers, re-
mained hemiparetic, and had persistent neglect and hemianopia.

Although the administration of tPA does not require written
informed consent, the risks and benefits of this therapy must be
explained to the patient and family to the greatest extent possi-
ble.? According to the American Academy of Neurology (AAN)
position paper,® tPA may be given without consent, if considered
an accepted standard of care, in keeping with the doctrine of
emergency treatment and implied consent. This would apply in
particular to patients who are unable to speak due to acute apha-
sia. Our patient differs in that she was interactive and talkative,
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and was actively refusing to be treated. Because her anosognosia
prevented her from properly comprehending the nature of her
medical situation, she was only partially competent to make this
decision.? Her lack of complete competency, however, still may not
warrant treating her against her will. tPA has long-term benefits
but also carries a trade-off of short term risk (including potentially
fatal intracerebral hemorrhage). Under the pressure of a tense
emergency situation, some patients may not be willing to accept
this risk even without anosognosia complicating the discussion.

Since up to half of all stroke cases might involve a portion of
the right middle cerebral artery and produce a component of
anosognosia, we would hypothesize that our case is not entirely
unusual. In an effort to expand the number of patients eligible for
tPA, while ensuring compliance with valid informed consent, we
would propose that the AAN consider updating its guidelines to
incorporate anosognosia.
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CSF hypocretin-1 (orexin-A) levels in
childhood narcolepsy and neurologic
disorders

J. Arii, MD; T. Kanbayashi, MD; Y. Tanabe, MD;

Y. Sawaishi, MD; S. Kimura, MD; A. Watanabe, MD;

K. Mishima, MD; Y. Hishikawa, MD; T. Skimizu, MD; and
8. Nishino, MD, PRD

Hypersomnia and cataplexy expression in childhood narcolepsy
are often different from adult cases, malking diagnosis difficult.?
The Multiple Sleep Latency Test (MSLT) for demonstrating hy-
persomnia ard sleep-onset REM periods has not been standard-
ized for children under age 8¢ and has limited value in pediatrics.

CSF hypocretin-1 measurements were established as a new
diagnostic tool for narcolepsy—cataplexy in adults*® but has not
yet been evaluated in children.* We measured CSF hypocretin-1
levels in 132 children with various neurologic disorders (including
six narcoleptic children) to evaluate the diagnostic value of CSF
hypocretin measures for childhood narcolepsy.

Patients and methods. ‘We analyzed previously collected data,
gathered from 1992 to 2003 for diagnostic and research purposes,
including CSF samples (n = 132, including 14 cases previously
reported), collected from patients (under age 20 from seven Japa-
nese hospitals) with neurologic disorders (the core experimental
protocol was approved at Aldta University in August 2002; the
local ethical committes approved the use of CSF samples). Pa-
tients were categorized based on the diagnosis determined by
individual clinical records (table). Patients without complete

Additional material related to this article can be found on the Neurclogy
‘Web gite, Go to www,neurclogy.org and scroll down the Table of Con-
tents for the December 28 isaue to find the title link for this article.
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records or definite diagnosis were excluded. Narcolepsy was diag-
nosed by the criteria of the International Classification of Sleep
Disorders.®

Hypocretin-1 was measured by direct radicimmunoassay of
CSF stored at —80 °C (detection limit 40 pg/mL}.? As there was no
difference in the mean CSF hypocretin level between children and
adults,” the levels were defined az low (<110 pg/mL), intermediate
(=110 to =200 pg/mL), and normal (>>200 pg/mL).? The low value
represents 30% of the mean value of normal adult CSF hypocretin
and has the best sensitivity/specificity ratio for diagnosing adult
narcolepsy.®

Results. Low CSF hypoeretin-1 levels were observed in all six
narcoleptic subjects (mean age 9.7 years; 6 to 16 years) (see the
table; see also table E-1 on the Neurology Web site at www.neu-
rology.org). All narcoleptic subjects had positive human leukocyte
antigen DR2 markers. The duration of hypersomnia (DH) was 1 to
20 months prior to the CSF sampling, In two of these patients
(DH: 1 and 2 months), the clinical diagnosis of nareolepsy was not
clear at the time of the CSF sampling. Nevertheless, they later
exhibited cataplexy, a typical symptom of narcelepsy.

In four neurologic categories, Guillain-Barré syndrome (GBS)
(6/6), acute disseminated encephalomyelitis (ADEM) (2/7), brain
tumor (2/4}, and head trauma (3/3), 13 children had low to inter-
mediate hypocretin-1 levels (see the table; also see table E-2 on
the Neurology Web site).

All GBS subjects in this study showed reduced CSF hypocretin
levels. Only one case (151 pg/mL) exhibited short sleep latency
(<1 minute) by a two-nap test after the recovery of the neurologic
symptoms, Two ADEM cases (102 and 146 pg/mL) presented tran-
sient sleepiness associated with bilateral hypothalamic lesions on
MRI. Two subjects with head traumsa and two with brain tumor
reported sleepiness, and these subjects together with one subject
with head trauma without sleepiness had reduced levels,

Intermediate hypocretin-1 levels were also found in some
neuropediatric-specific conditions, such as Prader—Willi syndrome
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Table CSF hypocretin-1 levels in various neurologic disorders

Low, Intermediate, Mean hypocretin-1
Diagnosis n <110 pg/mL 110200 pg/mL level (range), pg/mL
Narcolepsy (EDS with/without cataplexy, all are DR2 ‘ & [ ‘ o {L-79)
positive)

MSL =8 min + =2 SOREMPs 4 <40
MSL =8 min + no SOREMPs 2 0 <40, 79
Other primary hypersomnia (recurrent hypersomnia, 0 0 263 (232-292)

idiopathic hypersomnia)
CNS infection (meningitis, encephalitis, cersbellitis) 22 0 2 282 (156-423)
Autoimmune and postinfectious disease 18 3 5 202 (L-366)
GBS 6 2 4
ADEM 7 1 1
Others (MS, CIDP, myelopathy) 5 v} 0
Head trauma (subdural hematoma, diffuse axonal injury, 3 1 2 132 (56-192)
contusion)
Brain tumor (hypothalamic tumor, thalamic tumor) 4 1 1 175 (102-25T)
Malignancy without CNS invasion (leukemia, lymphoma} 12 0 0 297 (232-364)
Psychological/psychiatric status (depression, hysteria) 0 0 303 (265-345)
CNS malformations (migration disorder, brain anomaly) 0 0 270 (223-383)
Chromosome aberration (PWS, tuberous scleresis, Sturge— 0 1 233 (192-310)
Weber syndrome)
Epilepsy or mental retardation of unknown origin 19 0 2 286 (124-372)
(epilepsy, mental retardation, infantile spasms) :
Perinatal asphyxia and trauma, (cerebral palsy) 0 0 307 (304-310)
Metabolic or degenerative diseases (NPC, mitochondria [ 0 1 307 (142-481)
encephalopathy, leukoencephalopathy, spinocerebellar
degeneration)
Chronic CNS infection (SSPE) 0* (2) 313 (311-315)
Epileptic encephalopathy (progressive myoclonic 3 0 0 290 (215-348)
encephalopathy, Lafora disease, Rasmussen
encephalopathy)
Motor unit disease {(congenital myotonic dystrophy, spinal 4 0 0 807 (265-338)
muscular atrophy, congenital myopathy)
Cerebral hypertension (idiopathic cerebral hypertension, 2 0 0 320 (280-360)
hydrocephalus)
Transient neurologic conditions (suspected meningitis but 8 0 1 279 (195-338)
negative culture, migraine)
Total 132 11*(13) 15

When patients received multiple CSF taps, the values during the most representative phase of the disease are reported.

* Undetectably low levels under interferon-o treatment.

L = low levels; EDS = excessive daytime sleepiness; MSL = mean sleep latency; SOREMPs = sleep-onset REM periods; GBS = Guil-
lain-Barré syndrome; ADEM = acute disseminated encephalomyelitis; MS = multiple sclerosis; CIDP = chronic inflammatory demyeli-
nating polyneuropathy; PWS = Prader-Willi syndrome; NPC = Niemann-Pick type C; SSPE = subacute sclerosing panencephalitis.

(PWS) (1/1), infantile spasms due to birth frauma of unknown
origin (2/3), Niemann-Pick type C (NPC) (1/2), CNS infection (2/
22), and febrile convulsion (1/3). None of these patients showed
hypersomnia, but the NPC case with intermediate hypocretin
level (147 pg/mL) presented cataplectic-like episodes.

Discussion. Five subjects in four diagnostic categories (GBS,
ADEM, brain tumor, and head trauma) showed low hypocretin
levels. Partial impairments of hypocretin systems secondary to
hypothalamic damage may be responsible for decreased hypocre-
tin levels {and some rare hypersomnia cases), Clinical symptoms
and other diagnostic findings (such as MRI) are useful in differen-
tiating these cases from narcolepsy, so low hypocretin levels in
these diseases do not confound the diagnostic value for narcolepsy.

High percentages of low levels of GBS and ADEM are interest-
ing because they may suggest immune-mediated damage of hypo-
cretin neurons. A similar mechanism may also be involved in
hypocretin-deficient idiopathic narcolepsy. Intermediate levels
were seen in a neonatal case of PWS prior to the appearance of
hypersomnia and obesity. PWS may thus be a model for congeni-
tal dysfunction/developmental failure of the hypocretin system.
Similarly, the NPC case with cataplectic-like episodes may be a
model for acquired deterioration of the hypocretin system by accu-
mulation of lipids in the brain structures responsible for the in-
duction of cataplexy.

There may be some false negatives in the presumed nonnarco-
leptic group, as this group did not receive the same series of
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evaluations as the narcolepsy group, including polysomnography
and MSLT. Nevertheless, with any of the other neurologic disor-
ders, a concomitant diagnesis of narcolepsy is relatively improba-
ble based on their overall clinical presentations. Low CSF
hypocretin levels were consistently found in all narcoleptic sub-
jects, In addition, these levels were occasionally found prior to
classic narcoleptic signs and symptoms. There may be a true,
relatively independent diagnostic utility in measuring CSF hypo-
cretin levels when narcolepsy is suspected in children.
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Aortic dissection presenting with transient
global amnesia-like symptoms

C. Gaul, MD; W. Dietrich, MD; B. Tomandl, PhD;
B, Neundirfer, PhD; and F.J. Erbguth, PhD

Diagnostic criteria of transient global amnesia (TGA) are wit-
nessed attacks, clear-cut anterograde amnesia during the attack,
absent clouding of consciousness and loss of personal identity, no
accompanying focal neurologic symptoms or epileptic features,
resolution of attacks within 24 hours, and no recent head injury or
active epilepsy.! For the etiology of TGA, four main hypotheses
have been considered: TIA, epilepsy, migraine, and transient ve-
nous ischemia.’* None of these hypotheses fully explains the
mechanism of this episodic disease, but the accepted neuroana-
tomic correlate of TGA is the medicbasal temporal lobe and hip-
pocampus. We present two patients with aortic dissection who
provide evidencs for an ischemic pathogenesis in TGA.

Case reports. Patient 1. A 47-year-old man was found con-
fused and disoriented. OUn examination at admission, he asked
repetitive questions and was alert but completely disoriented to
time and place and only partially orieated to person, The eranial
nerve examination showed only a slight anisocoria. The pronator
drift test revealed a discrete motor deficit of the left side, accom-
panied by a mildly increased reflex activity. The cranial CT was
unremarkable, The EEG revealed no epileptic discharges. Some
hours later, the patient was reoriented with an amnestic gap for
the attack’s duration, and the neurclogic deficit had completely
resolved. Because of persistent hypotension, a chest radiograph
was taken, which revealed a widening of the mediastinum. A CT
acan of the chest and abdomen revealed a dissecting aneurysm
(Stanford type A) of the aortic arch starting at the aortic valve,
involving both carotid arteries and the left subclavian artery, and
continuing into both iliac arteries (figure).

Patient 2. A 61-year-old woman was taken to hospital be-
cause of acute chest pain. On admission, she had retrograde am-
nesia for the past few hours, anterograde amnesia with inability
to learn new facts, and repetitious questioning. Neurologic exami-
nation revealed a mild right facial paresis. Cranial CT was unre-
markable. Five hours after onset of symptoms, she was recriented
with an amnestic gap. Because of the initial thoracal pain and our
knowledge of the first reported patient, an aortic dissection was
considered. Chest radiograph was normal, but a CT scan of the
chest and abdomen revealed a dissection of the aorta (Stanford
type A) starting at the aortic valve, involving all supra-aortal
branches, and ending above the left renal artery.

Discussion. Patients with TGA can be distinguished into
three groups: “pure TGA” patients who fulfill all diagnestic crite-
ria; patients with probable epileptic amnesia; and patients with
probable transient ischemic amnesia. The third group includes
patients with additional neurologic deficits during the attack as in
our patients.! Although we found no proof of ischemic lesions in
the eranial CT in our patients, the minor neurologic deficits sug-
gested cerebral ischemia. MRI including diffusion-weighted MRI
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(DWT) would have been helpful to characterize the eticlogy, but
both patients underwent immediate surgery without possibility
for further diagnostics, We presume that an aortic dissection can
cause a TGA subtype with ischemic etiology, which can be called
transient ischemic amnesia. The underlying mechanism may be
an embolic vascular occlusion in the posterior circulation, thus
causing an embolic TIA with an unusual TGA-like TIA syndrome.
The ischemic hypothesis in TGA was enforced by bitemporal hypo-
perfusion found in brain SPECT.* However, patients with TGA
have fewer thromboembolic risk factors and smaller risk of cere-
bral infarction compared with those with TIA.! The DWI findings
provide conflicting results concerning a possible ischemic mecha-
nism?® In one study using DWI in 10 patients with TGA, 7 pa-
tients showed an elevated signal intensity in the left or in both
temporomesial regions. This was interpreted as a hint of the pos-
sible etiologic role of spreading depression.® One-third of patients
with TGA also have migraine, The low recurrence rate of ~8% in
TGA and the different age distribution are arguments agsinst
migraine as a pathogenic mechanism.! The weakest evidence is

Figure. Multiplanar reconstructions from spiral CT: mul-
tiple dissection membranes within the aortic arch are
demonstrated with involvement of the supra-aortic
branches (arrows).
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Forum Original Research Communication

Mitochondrial Signal Lacking Manganese Superoxide
Dismutase Failed to Prevent Cell Death
by Reoxygenation Following Hypoxia
in a Human Pancreatic Cancer Cell Line, KP4

FUTOSHI HIRAI!2 SHIGEATSU MOTOORL,! SHIZUKO KAKINUMA,? KAZUO TOMITA,3
HIROKO P. INDO,3? HIROTOSHI KATO,2 TAKETO YAMAGUCHIL,! HSIU-CHUAN YEN,*
DARET K. ST. CLAIR,S TETSUOQ NAGANO,® TOSHIHIKO OZAWA,2 HIROMITSU SAISHO,!
and HIDEYUKI J. MAJIMA,237

ABSTRACT

One of the major characteristics of tumor is the presence of a hypoxic cell population, which is caused by ab-
normal distribution of blood vessels. Manganese superoxide dismutase (MnSOD) is a nuclear-encoded mito-
chondrial enzyme, which scavenges superoxide generated from the electron-transport chain in mitochondria.
We examined whether MnSOD protects against hypoxia/reoxygenation (H/R)-induced oxidative stress using a
human pancreas carcinoma-originated cell line, KP4. We also examined whether MnSOD is necessarily pres-
ent in mitochondria to have a function. Normal human MnSOD and MnSOD without a mitochondrial target-
ing signal were transfected to KP4 cells, and reactive oxygen species, nitric oxide, lipid peroxidation, and
apopiosis were examined as a function of time in air following 1 day of hypoxia as a H/R model. Our results
showed H/R caused no increase in nitric oxide, but resulted in increases in reactive oxygen species, 4-hydroxy-
2-nonenal protein adducts, and apoptosis. Authentic MnSOD protected against these processes and cell death,
but MnSOD lacking a mitochondrial targeting signal could not. These results suggest that only when MnSOD
is located in mitochondria is it efficient in protecting against cellular injuries by H/R, and they also indicate
that mitochondria are primary sites of H/R-induced cellular oxidative injuries. Antioxid. Redox Signal. 6, 523-535.

INTRODUCTION major chemotherapeutic agents utilized in the treatment of

B cancer, ete. (for review, see 16), which are all major treat-

It has been known that hypoxic cells exist in tumors ments in cancer therapy. These treatment modalitics are
(7. 39) because of irregular localization of blood vessels. known to generate reactive oxygen species (ROS) (4, 30,
The hypoxic cells are resistant to various anticancer treat-  49). These modalities are effective in killing tumor cells; one
ment modalities, such as radiation, bleomyein. cis-platinum, of the mechanisms of tumor killing could be related to ROS
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generation. Further, hypoxic cells may be related to the de-
velopment of metastasis (31). Hypoxic cells often become
reoxygenated after a dose of radiation or intermittent open-
ing of blood vessels (6, 42). This phenomenon has been
called reoxygenation {42).

Ischemia/reperfusion (I/R) in a normal brain causes oxida-
tive damage to neuronal cells (for review, see 20, 25). Patho-
logic events caused by transient tissue hypoxia followed by
oxygen reperfusion occur in numerous other tissues (for re-
view. see 10). The pathologic changes encountered following
reperfusion of an ischemic organ include an immediate gen-
eration of ROS, as well as subsequent inflammatory responses,
which lead to a second stage of further ROS generation at the
sites of damage. ROS generation following I/R has been ex-
amined in various experimental systems in vive and in vitro
(20). The injuries caused by I/R also occur in organ transplan-
tation (10). One method to increase the effectiveness of organ
transplantation may depend on methods to prevent oxidative
stress. Clinical trials have been performed to determine whether
antioxidant substances will prevent hypoxic-induced injury
(10, 20). The use of gene therapy to reduce redox-mediated
damage following snch I/R injuries is also a subject for ¢lini-
cal consideration (10).

Many neuronal diseases, such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis, and
other diseases, such as aging, diabetes, premature babies, and
cancer, are now believed to result from oxidative stress (12,
24, 43). Involvement of oxidative stress in tumor tissue is a
subject of potentially great importance. Reoxygenation fol-
lowing hiypoxia in tumor tissue has been implied to result in
better prognosis after radiation therapy, although this hypoxia
might also cause acceleration of tumeor growth. However, how
hypoxia/reoxygenation (II/R) affects tumor cell viability, and
the subcellular mechanism(s) involved, have not been well
elucidated. Possible changes in tumors may result from mito-
chondrial degeneration, as well as from subsequent ROS gen-
eration in cells (10). Several studies have shown that mito-
chondria produce superoxide, mainly from complex I and III
of the electron transport system, which is located in the inner
membrane of mitochondria (5, 36). Production of ROS from
the electron transport chain may result in oxidative stress in
cells, and may result in apoptotic cell death (23-25, 43).
Manganese superoxide dismutase (MnSOD) is an essential
enzyme, which scavenges superoxide located in mitochondria
{44). The biological importance of Mn$SOD is demonstrated
by the following: (a) A lack of the MnSOD gene in Es-
cherichia coli and yeast makes them hypersensitive to oxida-
tive stress (8, 11, 41). {b) Homozygous mutant mice lacking
MnSOD died within the first 10 days after birth and showed
dilated cardiomyopathy, an accumulation of lipid in the liver
and skeletal musele, and metabolic acidosis (21). (3) Mutant
mice lacking MnSOD showed degenerative injury of large
central nervous system neurons, particularly in the basal gan-
glia and brainstem, associated with damaged mitochondria.
Also, these mice showed progressive motor disturbances
characterized by limb weakness, rapid fatigue, and circling
behavior (18). (d) Transfection of MnSOD ¢DNA into cul-
tured cells rendered the cells resistant to paraquat- (32).
tumar necrosis factor- {13, 47), doxorubicin- (13}, mitomycin
C-{13), radiation- (13, 27, 35), alkaline- (23}, and chemical-
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induced hypoxia (15), cigarette smoke-induced cytotoxicity
{34), and radiation-induced neoplastic transformation (33).
(&) The expression of human MnSOD genes in transgenic mice
protected the mice against oxygen-induced pulmonary injury
(45) and adriamycin-induced cardiac toxicity (48). Thus, the
expression of MnSOD is essential for the survival of aerobic
life and the development of cellular resistance to oxygen rad-
ical-mediated toxicity. '

MnSOD has a leader sequence to target mitochondria [mi-
tochondrial targeting signal (MTS)). This targeting signal
translates to an oligopeptide consisting of 24 amino acids
(14). The gene is transcribed in the nucleus, translated in the
cytosol, and transported into mitochondria, where the precur-
sor is cleaved and the protein undergoes maturation (22, 26).
The localization of MnSOD in mitochondria is dependent on
the presence of the signal. However, whether the enzyme
could have an antioxidative function when it is present in the
cytosol remains unclear.

In these studies, we examine the role of mitochondria-
localized MnSOD in prevention against H/R-induced oxida-
tive injuties, vsing a human pancreatic tumor-derived cell
line, KP4, following H/R treatment. To elucidate further the
significance of mitochondrial localization. MnSOD without
the MTS gene was also tested using transfection in the same
cell system.

MATERIALS AND METHODS
Cell lines

A pancreatic cancer cell line, KP4 (28), was purchased
from the Riken Cell Bank (Tsukuba, Japan). pCR3.1-Uni
plasmid (Invitrogen, Carlsbad, CA, U.5.A.) containing a sense
human MnSOD ¢DNA insert was a kind gift of Dr. Akashi
(National Institute of Radiological Sciences, Chiba. Japan)
(27). A sequence analysis of the MnSOD gene in the con-
struct showed that the sequence was identical to the accession
number Y00472, except that C (nucleotide [13) was changed
to T, and C (nucleotide 529) was changed to G, which
changed alanine to valine and glutamine to glutamic acid,
respectively (27). The KP4 cell was transfected using the
GenePORTER transfection procedure (Gene Therapy Sys-
temns, San Diego, CA, U.S.A.} according to the manufac-
turer's instructions. In brief, cells were plated for 24 h before
fransfection at 60% confluence in a 60-mm dish. The cells
were stably transfected with 5 pg of pCR3.1-Uni plasmids
containing a sense human MnSOD c¢DNA insert, and lin-
earized by Sca ], in a serum-free Dulbecco’s modified Eagle
medium (DMEM) (Life Technologies. Inc., Grand Island. NY,
U.S.A.). The cells were also transfected with the same human
MnSOD construct, but without an MTS fmite(—) MnSOD].
which encodes 24 amino acids. The controls were transfected
with pCR3.1-Uni plasmids without a human MnSOD ¢cDNA
insert and linearized by Sca I. Stable clones of both MnSOD
and control plasmid transfectants were selected with Ge-
neticin (Life Technologies, Inc.) at a final concentration of
500 pg/ml. Selected cellular clones that expressed MnSOD
(MnSOD-5, -9, and -10), MnSOD without a targeting precur-
sor [mito{ —)-4, -6], selectable marker alone (vec-1 and -2),
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and the parental cell (KP4) were used in all of the experi-
ments. Selected clones were routinely maintained in DMEM
containing 10% fetal bovine serum (JRH Biosciences, Lenexa,
KS, US.A.) and 500 pg/m] Geneticin at 37°C in humidified
air containing 5% CO,.

To identify the localization of MnSOD and mito(~)
MnSOD, KP4 cells were also transfected with pEGFP expres-
sion plasmid with the MaSOD gene or the MaSOD gene lack-
ing MTS, which encodes the entire open reading frame of
MnSOD or the MnSOD lacking a mitochondria targeting
peptide, and also the mitochondria targeting peptide alone. To
construct pPEGFP expression plasmids, the cDNAs were in-
cised with Fco RI and Hind II1 from the PCR products and in-
serted into the pEGFP-N1 expression vector (Clontech, San
Diego, CA, US.A). The construct was transformed into an
XL1 Blue competent cell (Stratagene, La Jolla, CA, U.S.A))
and purified with a QLAFilter Plasmid Kit (QIAGEN, Valen-
cia, CA, U.S5.A). The product was then transfected into cells
using the GenePORTER 2 (Gene Therapy Systems), using the
same method as described in the pCR3,1-Uni plasmid trans-
fection procedure above. The transfected cells were visual-
ized using a CSU-10 confocal laser scanning unit (Yokogawa
Electric Co., Tokyo, Japan) coupled to an IX90 inverted mi-
croscope with a UPlanAPO X40 objective lens (Olympus Op-
tical Co., Tokyo, Japan), and a C5810-01 color chilled 3CCD
camera (Hamamatsu Photonics K. K., Hamamatsu, Japan).
The cells were excited at 488 nm, and the emission was fil-
tered using a 515-nm barrier filter. To ascertain localization
of mitochondria, the cells were stained with MitoTracker Red
CMXRos (Molecular Probes, Eugene, OR, U.S.A.), then vi-
sualized using a confocal laser scanning microscope excited
at 488 mmn, whereas the emission was filtered using a 580-nm
barrier filter. A merged double image of {GFP) and Mito-
Tracker was taken using a confocal laser scanning micro-
scope excited at 488 nm, and the emission was filtered using
a double-window barrier filter, of which the ranges were
510-590 and 580-620 nm.

In vitro biological experimental system
for hypoxia and PO, measurement system

Biological experiments were performed in a hypoxic
chamber [Anaerobic System MIP-1025 (Forma Seientific,
Marietta, OH, U.S.A.)]. which was specially modified to cul-
ture mamimalian cells. The conditions inside the chamber
were maintained with 95% humidified nitrogen plus 5% CO,.
The medium PO, in a representative flask was measured with
MT 50005 (MTGiken, Tokyo, Japan), which was designed
and made especially for our experimental system. This equip-
ment included a small electrode (0.2 mm in diameter), which
could detect PO, at a level as low as 0.1 mm Hg. A hypoxic
condition of <8 mm Hg was maintained throughout the exper-
iments. For H/R treatment. cells were maintained in hypoxia
for 24 h followed by subsequent exposure to air.

Superoxide dismutase (SOD ) activity gel assay

A nondenatured gel assay for SOD activity was performed
according to a previously described methed (3) with slight
modifications. Cells were souicated in a 50 mM potassium
phosphate buffer (pH 7.8). Fifty micrograms of protein per
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lane was electrophoresed through a nondissociating ri-
boflavin gel consisting of 5% stacking gel (pH 6.8) and 12%
running gel (pH 8.8) at 4°C. To visualize SOD activity, gels
were first incubated in 2.43 mM nitro blue tetrazolium (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) in deionized
water for 20 min, and then in 0.028 md/ riboflavin (Wako
Pure Chemical Indusiries, Ltd.) and 280 mM TEMED
(NN.N' N'-tetramethyl ethylenediamine; Sigma Chemical
Co., St. Louis, MO, U.S.A.} in a 50 mM potassium phosphate
buffer (pH 7.8) for 15 min in the dark, Gels were then washed
in deicnized water and illuminated under a fluorescent light
until clear zones of SOD activity were evident. The images
were obtained as TIFF files by a CCD camera in connection
with a Power Macintosh G4 (Apple Computer, Inc., Cuper-
tino, CA, US.A)). The bands of MnSOD were quantified
by NIH Image 1.61, which is available on the Internet via a
file-transfer protocol from hitp://rsb.info.nih.gov/nik-image/
download.html. The MnSOD activity of the parental cell was
used as the reference, and the relative MnSQD activities of
other cells were normalized to those in the parental cells. The
mean of the integrated density obtained from three indepen-
dent experiments was used as a representative value for the
experiment. '

RT-PCR detection in MnSOD cells
and mito{—) cells

Total RNA was jsolated from cultured cells using the acid
guanidinium-phenol-chloroform method (9). First-strand
¢DNA was synthesized using Moloney leukemia virus reverse
transcriptase (TOYOBO, Tokyo, Japan) with an antisense
primer, MnGPB 53' CCCGAATTCCCTTTTTGCAAGCCAT-
GTATCT 3. A subsequent PCR was then performed using the
same antisense primer, MnGPB, and a sense primer, MnGPA
5' GGGAAGCTTTGGCTTCGGCAGCGGCTTICAG 3/, which
is for detecting a whole range of normal MnSOD mRNA, or a
sense pritmer, Mnmt-GPA 5' GGGAAGCTTATGAAGCACAG-
CCTCCCCGACCTG 3/, which is for deteoting MnSOD lack-
ing MTS mRNA, using ExTag DNA polymerase (TaKaRa,
Tokyo, Japan) (Fig. 1). PCR was conducted in a PerkinElmer
Cetus Thermal Cycler for 31 cycles. After 5 min at 94°C and 5
min at 60°C, amplification was performed for a cycling profile
consisting of extension at 72°C for 1 min, denaturation at
94°C for 30 s, and annealing at 60°C for 30 s, followed by final
extension at 72°C for 10 min. The PCR products were analyzed -
electrophoretically in a 1.5% agarose gel with ethidium bro-
mide staining. An image was obtained, and the bands were
quantified with an image quantifier (440CF; Kodak., New
Haven, CT,US.A)

Microscopic assessment of nuclear chromatin
condensation and fragmentation

Cells grown on glass-bottom (35 mm) dishes (MatTek
Corp., Ashland, MA. U.S.A.) were stained with a fluorescent
dye, Hoechst 33342 (Molecular Probes). At 0, 0.25, 0.5, 1, 3,
and 5 h after 1 day of hypoxia, the cells were fixed for 30 min
in a solution containing 4% formaldehyde in phosphate-
buffered saline {PBS), and then incubated in PBS with
1 pg/ml of the dye for 30 min. The cells were washed twice
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FIG. 1. Schematic diagram of MnSOD gene and primer
setting. (A) Construct and primer range for MnSOD and
primers used to generate and detect full-length MnSOD cDNA
and mRNA. (B) Construct of the full-length MnSOD and
primers used to generate and detect MTS-lacking MnSOD
cDNA and mRNA.

with PBS and then twice witl: water. Fluorescence was visu-
alized using an IX90 inverted microscope with a UPlanAPO
20 objective lens (Olympus Optical Co.). The dye was ex-
cited at 340 nm, and the emission was filtered with a 510-nm
barrier filter. Photographs of microscope fields were taken
using a C5810-01 color chilled 3CCD camera (Hamamatsu
Photonics K.K.). More than 500 cells per culture dish were
counted, and counts were made in three separate cultures per
each H/R treatment. Analyses were performed without any
knowledge of the H/R treatment history of the culture dishes.
The percentage of apoptotic cells {(apoptotic index) in each
culture dish was determined.

Bioimaging of nitric oxide (NO)

Diaminofluoresceins (DAFs) (Daiichi Pure Chemicals,
Tokyo, Japan) are fluorescent indicators for NO (17). They do
not react with NO itself, but with NO+ equivalents, such as
nitric trioxide (N,0,), which are produced by autoxidation of
NO, Diaminofluorescein-FM diacetate (DAF-FM DA), which
was a kind gift from Daiichi Pure Chemicals, is a newly syn-
thesized DAF, which permeates well into cells and is quickly
converted into water-soluble DAF-FM by esterases in the cy-
tosol, where the dye can remain for a long time. Under aero-
bic conditions, DAF-FM traps NO to yield highly fluorescent
triazofluoresceins (DAF-FM Ts) by nitrosation and dehydra-
tion. DAF-FM Ts are not formed in the presence of NO.
Glass-bottom (35 mm} dishes (MatTek Corp.) with monolay-
ers were prepared for staining with DAF-FM DA, At 0,1, 2.3,
and 6 h after a H/R treatment, the cell culture medium was re-
placed with a modified Hanks’ balanced salt solution con-
taining 10.0 mM HEPES, 1.0 mM MgCl,, 2 m#f CaCl,, and
2.7 mM glucose adjusted to pH 7.3 £ 0.05. The cells were
then loaded with 10 pM DAF-FM DA by incubation for
30 min at 37°C. Bioimages of DAF-FM DA were acquired
using a CSU-10 confocal laser scamning unit (Yokogawa
Electric Co.) coupled to an IX90 inverted microscope with
UPlanAPO X20 cbjective lens (Olympus Optical Co.) and
C5810-01 color chilled 3CCD camera (Hamamatsu Photon-
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ics. K.K.). The DAF-FM DA was excited at 438 nm, and the
emission was filtered using a 51 5-nm barrier filter, The inten-
sity of the laser beam, the exposure time of the 3CCD cam-
era, and the gain of the amplifier were held at 500 uW, 1.0 s,
and [8 db, respectively, to allow quantitative comparisons of
the relative fluorescent intensity of the cells between groups.
Cells were chosen and scanned at more than three spots for
analysis on a random basis. The values for the average fluo-
rescence intensity per cell were cbtained using IPLab Spee-
trum version 3.0 (Scanalystics Inc., Fairfax, V4, U.S.A ) soft-
ware with some modification of the program by the author
(H.IM). The fluorescent intensity (which was acquired by
confocal laser microscopy and analyzed by computer) follow-
ing H/R treatment divided by the intensity of no-treatment in-
tact cells was calculated as the relative fluorescent intensity,
which indicates the “increment™ of the intensity induced by
H/R treatment in each cell. Note that the relative fluorescent
intensity is not the ratio of the fluorescent intensity to the
control plasmid transfected cells or parental cells.

Relative levels of mitochondrial ROS

Dihydrorhodamine 123 (dhRho) (Molecular Probes) is an
oxidation-sensitive lipophilic dye that enters a cell and fluo-
resces when oxidized by mitochondrial ROS to the positively
charged rhodamine 123 derivatives. The relative level of mi-
tochondrial ROS loaded with dhRho was quantified by a con-
focal laser microscope image using the same procedures
described for DAF measurements, except that the final con-
centration of the dye used in the study was 10 pg/ml.

Immunofluorescent staining for
4-hydroxy-2-nonenal {HNE)

Glass-bottom (35 mm) dishes (MatTek Corp.) with mono-
layers were prepared for immunofluorescent staining with 2
monoclonal antibody directed against proteins modified by
the major membrane lipid peroxidation product, HNE. This
monoclonal antibedy (NOF Corp., Tokyo, Japan), specific for
HNE-modified proteins, was raised by immunizing mice with
an HNE-modified keyhole Hmpet hemocyanin conjugate
(40). The antibody was tested for cross-reactivity toward glu-
taraldehyde, formaldehyde, 1-hexanal, 2-hexanal, 4-hydroxy-
2-hexanal, and 2-nonenal. Enzyme-linked immunosorbent as-
says with these potential competitors were performed. The
results indicated that the anti-HNE antibody is highly spe-
cific to HNE-derived modifications to protein. At 0, 1, 2, 3,
and 6 h after the /R treatment, cells were fixed with 4%
formaldehyde/PBS at room temperature for 3¢ min and then
rinsed twice with PBS, and membranes were permeabilized
by incubation in 95% ethanol with 5% acetic acid for 10 min,
After washing with PBS twice, the cells were incubated for
4 min in a blocking solution{1% bovine serum albumin in
PBS) and for | b in anti-FINE mouse monoclonal antibody at
a dilution factor of 1:200. The cells were rinsed twice with
0.1% bovine serum albumin in PBS and reincubated with
Alexa Fluor 488 goat anti-mouse IgG (H+L) conjugate (Mol-
ecular Probes) for | h at room temperature, Image acquisition
and analysis were similar to that of DAF-FM DA, except that
the exposure time of the 3CCD camera was 10 s.
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Statistical analysis

A statistical analysis was performed by an analysis of
variance, followed by Fisher’s post hoc tests. A p value of
<(.05 was considered to be statistically significant. Data
were presented as the means + SE. Calculations were per-
formed with a statistical package, StatView 5.0 (SAS Insti-
tute Inc., Cary, NC, US.A)), on 2 Power Macintosh G3
{Apple Computer, Iuc.). '

RESULTS

Isolation of KP4 transfectants expressing
MnSOD and mito(—) MnSOD

The production of active MnSQD in these transfectants
was investigated in cell lysates. The parent KP4 cells, two
vector clone transfectants (vec-l and -2) (from six clones),
two mito(—) MnSOD clones [mito(—)-4 and -6] (from six
clones), and three MnSOD clones (MnSOD-5, -9 and -10)
(from 12 clones) were examined for MnSOD activity, The in-
tensity of MnSOD was semiquantified from the captured
image. MnSOD activity of the parental cells was normalized
to 1, and the relative MnSOD activities of the other cells were
calculated (Table 1). The increase in MnSOD activity in the
clones MnSOD-5, -9, and -10 was clearly detectable, ie.. the
MnSOD activity in the MnSOD-transfected cells was greater
than that in the control cells. The relative activities of MTS-
lacking MnSOD [mito{—)] transfectants were also greater
compared with that in the control cells, although they were
generally slightly less than those in the MnSOD c¢lones.

RT-PCR detection of mRNA in MnSOD
cells and mito(—) cells

To ascertain the expression of MnSOD and MnSOD lack-
ing MTS, total cellular RNA was first reverse-transcribed
into ¢cDNA with an antisense primer, MnGPB, and then sub-
sequently amplified by PCR. To examine the full-range MaSOD
including MTS gene expressions, a sense primer (MnGPA)
and an antisense primer (MnGPB) were used for PCR ampli-
fication, whereas to examine the MoSOD without MTS gene
expression, a sense primer (Munit-GPA) and an antisense
primer (MnGPB) were used for PCR amplification (Fig. 1).
Increased MnSOD mRNA levels were confirmed in MnSOD-
5, -9, and -10 using the MnGPA primer (Fig. 2A). However,

TaBLE 1. RELATIVE INTENSITY OF MNSOD AcTIviTY
Cell line Relative intensity

KP4 1

Vec-1 1.091 £0.040
Vec-2 1.207 £0.292
Mito{—}-4 232040494
Mito{—)-6 1.861 £0.191
MnSOD-5 2471 +£0.362
MnSOD-2 3.024 £ 0482
MnSOD-10 2,570 1: 0.505
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FIG.2. RT-PCR detecting mRNA of the full length of nor-
mal MnSOD, or MTS-facking MnrSOD. (A} The full-length
MnSOD including MTS gene expression, a sense primer
(MnGPA), and an antisense primer (MoGPB) were used for
PCR. amplification. The full-length mRNA levels were higher
in MnSOD-5, -9, -10 compared with that in the controls and
mito(—) clones. (B) MnSOD without MTS, a sense primer
(Mumt-GPA), and an antisense primer (MnGPB) were used for
the PCR amplification. The transfected mRNA was higher in
MnSOD-5, -9, -10, mito{—) -4 and -6 transfectants, compared
with the untransfected and vector alone controls.

when the Mnmt-GPA primer was used, not only did the
mRNA for MnSOD-5, -9, and -10 increase, but higher mRNA
levels of the MnSOD products for mito{—)-4 and -6 trans-
fectants were observed (Fig. 2B). These results are consistent
with those found for MnSOD activity and demonstrate that
the transfection of MnSQD lacking MTS vectors was suc-
cessful in mito{ —) -4 and -6 fransfectants.

Effect of MnSOD on H/R-induced
apoptotic cell death

To determine the effect of H/R treatment on apoptotic cell
death, we performed a microscopic assessment of nuclear
chromatin condensation and fragmentation assay using
Hoechst 33342 staining. For control experiments, we exam-
ined the change in the apoptotic index (number of apoptotic
cells/500 cells counted) in air (Fig. 3A) or hypoxic conditions
alone (Fig. 3B). As shown in Fig. 3, in cells grown up to
5 days in either air or hypoxic conditions, no increase in the
apoptotic index was observed. In H/R experiments (Fig. 4).
the apoptotic index was determined in cells cultured in air for
0, 025,05, 1, 3, and 5 days after the 1-day hypoxia treat-
ment. Except for MnSQD-5, -9, and -10, the apoptotic index
significantly increased at 1 day, and by 5 days declined to the
control levels in al! cells. The absolute number of apoptotic
cells and the relative index, which was calculated as the ratio
of apoptotic cell count on day 1 to that on day 0. are listed in
Table 2. The results show that the relative apoptotic index was
suppressed in the full-length MnSOD transfected cells com-
pared with that of the KP4, vec-1 and -2, and mito(—) trans-
fectants, This result indicates that only when MnSOD is
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FIG.3. No change in the apoptotic index as a function of time in air or hypoxic conditions. The change in apoptotic index
(number of apoptotic cells/500 cells counted) in air (A) or hypoxia alone (B) is presented. ni.s, not significant.
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2008 2003 =003 ascertain NO generation ability in every cell type, we irradi-
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Day Day Thy TABLE2. NUMBER OF APOPTOTIC CELLS AND THE RELATIVE
. AporToTiC INDEX
mito (-}-4 mito (-)-6
Eo.m - 52-04 — " <005 Apoproric cell Relative apoprotic
2004 £ PR Cell line day liday 0% index
=00 J\ =0.03
= =}
200 gooy [ KP4 16.33+0.88/9.33 +0.67 175 £.0.09
oot ano Vec-1 14.00 £ 1.00/7.67 £0.67 183 +0.13
o1 3 5 01 3 5 Vee-2 18.00+£1.00/9.67+1.20 1.86 % 0.10
Day Day Mito(—)-4 17.00 £0.00/8.67 £ 0.33 1.96 £ 0.00
Mito(—)-6 1433 £+ 0.88/7.33£0.33 1.95+0.12
FIG. 4. Apoptotic index for H/R condition. The apoptotic MnSOD-5 933 088/9.67+0388 0.97 +: 0.097
index in each cell line at 0, 0.25, 0.5, 1, 3. and 5 days in air after MnSOD-9 9.00+0.58/8.67£1.20 1.04 £0.07*
1 day of hypoxia treatment (/R treatment) was determined. MnSOD-10  11.00+0.58/9.67 £0.33 1.14 4 0.06%

With the exception of MnSOD-5, -9, and -10, the apoptotic
index increased to a maximum in 1 day, followed by a decline
in all cells. The full-length MnSOD, and not MTS-lacking
MnSOD, suppresses H/R treatment-induced apoptosis. n.s, not
significant; *p < 0.05.

*Absolute apoptotic cell nmumber per 500 cells, Data shown
in the table are the averages of {hree independent experiments.
*p < 0.05 versus KP4, p < 0.05 versus vec-1, p < 0.05 versus
vee-2, p < (.05 versus mito( — -4, and p < 0.035 versus mito{ —)-6.
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lowing the irradiation. The results show 12-20% increases in
NO generation in 2!l cell types, indicating that every cell line
has the ability to generate NO against oxidative stress (data
not shown). In the next H/R experiments, the dye was loaded
at 0, 1, 2, 3, and 6 h in air after 1 day of hypoxia treatment,
and the images were acquired after 30 min of incubation. The
fluorescent intensity was not changed after the H/R treatment
in all cell types (Fig. 5). This result indicates that NO was not
a major contributor of H/R-induced cell injury.

MnSOD suppresses H/R-induced
mitochondrial ROS generation

To determine the effect of MnSOD on H/R-induced mito-
chondrial ROS generation, a dye sensitive to a change in mi-
tochondrial ROS was used. For an analysis of the levels of
mitochondrial ROS, we utilized the same analytic technique
used for NO detection. The dye was loaded at 0. 1, 2, 3, and
6 h in air after 1 day of hypoxia freatment, and the images
were acquired after 30 min of incubation. The change in the
relative fluorescent intensity is shown in Fig. 6. This result
shows that the relative fluorescent intensity of the dhRho was
reduced in the MnSOD-transfected cells compared with the
KP4, vec-1. and -2 cells, indicating that MnSOD suppresses

A

529

H/R treatment-induced ROS generation in mitochondria. In
addition, the change in ROS in the mito(—) cells following
the H/R treatment was similar to that of the confrol and vector
cells, indicating MnSOD lacking MTS had no effect on H/R-
induced mitochondrial ROS levels.

H/R induces lipid peroxidation

To determine if changes of mitochondrial ROS generation
are accompanied by an increase in lipid peroxidation prod-
ucts, the levels of HNE-modified proteins were evaluated by
immunohistochemical staining, Preliminary experiments showed
that there was no significant change in HNE-modified protein-
staining intensity among all cell types using the intact cells
(data not shown). The change in the relative HNE-modified
protein-staining intensity in each cell line, which was obfained
at 0, 1, 2, 3, and 6 h in air after | day of hypoxia treatment,
is shown in Fig. 7. The resuit shows that the relative HNE-
modified protein-staining intensity was suppressed in the
MnSOD-transfected cells, but not in vector alone or MnSOD
lacking MTS transfected cells. These results indicate that nor-
mal MaSOD, and not MnSOD lacking MTS, suppresses the
levels of the H/R treatment-induced formation of intracellular
HNE-modified proteins.
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FIG.5. Intracellular NO generation. The intracellular NO generation in each cell line 2t 0,1, 2,3, and 6 hin air after | day of
hypoxia treatment (H/R treatment) was determined. No increase in the intracelluar NO levels was observed in all cell lin‘es exam-
ined. The apparent increase in NO level did not achieve statical significance. (A} Representative photographs of cell stained with
DAF. (B) Relative fluorescent intensity of DAF versus time (hours) in air following 1 day of hypoxia treatment (H/R treatment).

n.5. not significant.
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FIG. 6. Mitochondrial ROS generation. The levels of ROS in mitochondria in each cell line at 9, 1, 2, 3, and 6 h in air after
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poxia treatment (H/R treatment). n.s, not significant; *p < 0.05.

Correlation between mitochondrial ROS,
intracellular lipid peroxidation products,
and cell death

To understand better the relationship between mitochon-
drial ROS, intracellular lipid peroxidation, and cell death, we
used a scattergram to plot (a) the relative apoptotic index
against the relative dhRho (ROS) staining intensity, (b) the
relative apoptotic index against the relative HNE-modified
protein-staining intensity, and (¢) the relative HNE-modified
protein-staining intensity against the relative ROS staining in-
tensity, and then analyzed the data using linear regression
analysis. Figure 8A shows a linear-regression analysis of the
relative apoptotic index against the relative mitochondrial
ROS staining intensity {r = 0.818, p = 0.018). Figure 8B
shows a linear-regression analysis of the relative apoptotic
index versus the relative HNE-modified protein-staining in-
tensity (r=0.933, p = 0.018). These results show a strong pos-
ittve correlation between the mitochondrial ROS, the intracel-
lular lipid peroxidation products, and apoptosis. Figure 8C
illustrates a linear-regression analysis of the relative ROS
staining intensity versus the HINE-modified protein-staining
intensity (» = —0.856, p = 0.020), indicating a correlation be-
tween the relative ROS staining intensity and that of HNE-
modified protein adducts. Thus, intracellular mitochondrial

ROS staining intensity and relative HNE-modified protein-
staining intensity have a strong correlation with apoptosis, and
there is a strong correlation with mitochondrial ROS staining
intensity and HNE-modified protein-staining intensity.

Localization of MnSOD, MnSOD lacking MTS,
and MTS signal only in KP4 cells

To examine localization of MnSOD, MnSOD lacking
MTS [MnSOD mito(—)], and MTS signal alone (Mito sig-
nal), the ¢cDNA was linked with the pEGFP vector and then
transfected with KP4 cells. To localize mitochendria, the
same cells were stained with MitoTracker Red CMXRos. A
merged double image of GFP and MitoTracker was made to
verify coexistence of MnSOD, MnSOD lacking MTS, or
MTS zlone in mitochondria. Figure 9 shows that MuSCOD was
localized in mitochondria, as shown by the color yellow
(green plus red) in the double image of pEGFP and Mito-
tracker. A similar image was taken for MTS alone (Mito sig-
nal) in the double image, where a yellow color is clearly
shown. However, for MTS-lacking MnSOD [MnSOD mito( —)],
only a few yellow color regions can be seen in the double
color picture, indicating the most of the MnSOD lacking MTS
was localized in cytosol. although the fluorescent intensity of
pEGFP in the image is unclear or obscure in the cytosol.
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DISCUSSION

Using a human pancreatic tumor cell line, KP4, we first
examined the effects of H/R on ROS production, lipid peroxi-
dation, and cellulat viability following 1 day of hypoxia and
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FIG.8. Correlation between mitechondrial ROS, intracel-
lular lipid peroxidation protein adducts, and cell death. {A)
Linear-regression analysis showing the relationship between the
relative apoplosis index and the relative dhRho staining intensity
(mitochondrial ROS) after H/R treatment (r =0.818, p =0.018).
(B) Relationship between the relative apoptosis index and the
relative HINE protein-adducts staining intensity (intracellular
lipid peroxidation products) (» = 0.933, p =0.018). (C) Relation-
ship between the relative dhRho staining intensity and the rela-
tive HNE protein adducts staining (= —0.856, p = 0.020). Mito-
chondrial ROS, intracellular lipid peroxidation products. and
apoptosis have a strong correlation with each other.

subsequent exposure to air. The results show that H/R in-
creased ROS, lipid peroxidation, and apoptosis, although the
apoptosis frequency was small. In this study, we investigated
whether an enhanced expression of mitochondrial MnSOD, a
superoxide-scavenging enzyme, can protect cells against H/R.

We found that H/R-produced apoptosis is suppressed by
MnSOD, but not by mito(—) MrSOD, which is not located in
the mitochondria. These results signify the importance of mi-
tochondrial localization of MnSOD. It has been shown that
adenoviral gene transfer with MnSQD is effective in reducing
the extent of in vive IR injury in the rat heart (1) and in
mouse liver (50), but expression of copper/zine SOD (Cu/
ZnSOD) did not function in protection in the mouse liver
model (50). Given the fact that the MnSOD and Cw/ZnSOD
used in these studies were mainly expressed in the mitochon-
dria and cytosol, respectively, these results are consistent
with our results. Qur results further indicate that not only is
active MnSOD important, but also it must be located in the
mitochondria for the observed protection.

The reaction between superoxide radicals and NO to form
peroxynitrite is a subject under considerable study. Superox-
ide radicals can react at diffusion rates with NO to form per-
oxynitrite, a potent biological oxidant. In this study, however,
we could not find evidence of further NO induction by hy-
poxia treatment. This is not surprising, because oxygen is an
essential substrate for NO synthesis. Our results are also con-
sistent with various other reports that indicate that hypoxia
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FIG. 9. Localization of MnSOD, MnSOD lacking MTS, and MTS alone in KP4 cells. Localization of full-length MnSOD,
Mn8OD lacking MTS [MnSOD mito (—)], and MTS signal alone (Mito signal) is shown. GFP was visualized using the pEGFP
transfection sytem. To locate mitochondria, the same cells were stained with MitoTracker Red CMXRos, Merged double images
of GFP and MitoTracker were made to identify MnSOD in mitochondria. MnSOD was localized in mitochondria, as shown by the
yellow color (green phis red) in the double image of pEGFP and MitoTracker. A similar image was taken for MTS alone (Mito
signal) in the double image, where a yel.low color is clearly shown. However, for MTS lacking MnSOD [MnSOD mito (=)}, only
a few yellow color regions can be seen in the double color picture, indicating that most of the MnSOD lacking MTS was localized
in cytosol, although the fluorescent intensity of pEGFP is unclear or obscure in cytosol in the plcture

limits NO synthesis even when NO synthase 1s overexpressed
(for review, see 19). As ROS are increased without a concur-
rent increase in NO production in the H/R model, it is likely
that the observed increase in HNE-modified proteins is medi-
ated via hydroxyl radical generation. The finding that in-
creased expression of MnSOD abolished the increased levels
of HNE-modified protems uncler H/R further supports this
possibility.

Our results indicating that only MnSOD and not mito(~)
transfectants suppress the formation of HNE-modified pro-
teins suggest that superoxide production in the mitochondria
is important for the production of HNE-modified proteins
under conditions of H/R. Our results further indicate that the
localization of active MnSOD in the mitochondrion is impor-
tant for the suppression of ROS production and subsequent
formation of HNE protein adducts. These results suggest that
H/R-induced apoptosis is linked to the production of ROS
and its toxic products.

Mitochondrial damage and the role of mitochondria in
apoptosis are well established in various pathological condi-
tions. However, it is largely unknown whether mitochondria
are the sources or targets in such apoptosis events. Our results

suggest that induction of oxidative injury in mitochondria is
an upstream event leading to apoptosis in H/R-induced cell
death.

Endogenous MnSOD is a nuclear-encoded protein that is .
cotranslationally transported into mitochondria where the
signal peptide is removed and Mn is inserted to produce ac-
tive proteins. The role of MnSOD in protecting against ox-
idative stress-mediated cell death has been demonstrated in
organisms ranging from bacteria to mammals. In all studies
reported thus far, it has been assumed that the effect of
MnSOD is due to its location in mitochondria. However, the
question remains to be investigated as to whether enzyme lo-
calized outside mitochondria has any protective effect. Our
results reported here clearly demonstrate that expression of
active MnSOD outside mitochondria was not effective. Al-
though it is unclear how MnSOD located outside mitochon-
dria acquires its Mn and proper conformation for its activity,
our results from activity assay, mRNA RT-PCR assay, apop-
tosis observation, and celecalization studies (Table 1, Figs.
2, 4, and 9) provide strong support that active MnSOD out-
side mitochondria is not effective in protecting against H/R-
induced apoptosis. Our GFP vector images (Fig, 9) show that
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only small amounts of transfectants of MnSOD mito(—} are
found in mitochondria. The distribution of GFP outside mi-
tochondria of the MnSOD and Mito signal alone may indi-
cate that the intensity of MnSOD lacking MTS was low be-
cause of a wide dispersion over cytosol. Although our
finding that the MnSOD construet lacking MTS expresses
active MnSQOD protein outside mitochondria is unexpected;
this phenomenon has been ohserved for other antioxidant en-

zymes as well. For example, Tamura ef al.(37) demonstrated
a much greater enhancement of cellular resistance to oxidant

challenge by CHO cells by stable transfection with leader se-
quence of glutathione reductase (GR) ¢cDNA than they ob-
served in a construct lacking the MTS, which produced com-
parable increases in the total cellular GR activities, but did
not increase mitochondrial GR activities (29, 37, 38). Arai ef
al. (2) demonstrated the effect of phospholipid hydroperoxide
glutathione peroxidase, which is naturally synthesized as
a long form (the L-form; 23 kDa) and a short form (the
S-form; 20 kDa). The long form contains a mitochondrial tar-
geting leader sequence, whereas the short form lacks the
leader sequence. Cells transfected with the L-form containing
vector were more resistant against oxidative stress, including
potassium cyanide, rotenone (chemical hypoxia), and exoge-
nous fert-butyl hydroperoxide oxidant injuries, compared with
those ¢cells transfected with the S-form containing vector (2).
Wong (46) demonstrated that MnSOD without the mitochon-
drial leading targeting signal failed to protect against radia-
tion, whereas the reduction of normal cytosolic CwW/ZnSOD or
normally extracellularly expressed SOD to mitochondria with
MTS resulted in protection against radiation. These results
suggest that MnSOD, which is located in cytosol, does not
function to prevent against H/R treatment-induced oxidative
damage and cell death, and only when the enzyme is located in
mitochondria does MaSOD have a function. Taken together,
these data support the critical role of mitochondria localiza-
tion of antioxidant enzymes for the protection against cellular
injury from outside stress initiated in the mitochondrion.

In swmmary, the findings shown in study indicated that
(a) H/R induced increased mitochondrial ROS production,
lipid peroxidation protein-adducts, and subsequent apoptosis;
(b) these processes were suppressed by active MnSOD in the
mitochondria but not in the cytosol even when the MnSOD is
active; and (c) the results support the overall hypothesis de-
picted in Fig. 10 showing that H/R triggers mitochondrial
ROS production and generation of lipid peroxidation prod-
ucts, and subsequently accelerates cell death and its inhibi-
tion by MnSOD.
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ABBREVIATIONS

Cw/ZnSOD, copperfzinc superoxide dismutase; DAF, di-
aminofluorescein; DAF-FM DA, diaminoflucrescein-FM di-
acetate; dhRho, dihydrothodamine 123; DMEM, Dulbecco’s
modified Eagle medium; GFP, green fluorescent protein; GR,
glutathione reductase; HNE, 4-hydroxy-2-nonenal: H/R, hy-
poxia followed by reoxygenation; I/R, ischemiafreperfusion;
mito{ —}, lacking MTS; mito{~)-, MTS lacking MnSOD
transfected cell clone; MnSOD, manganese superoxide dis-
mutase (EC 1.15.1.1); MnSOD-, MnSOD transfected cell
clone; MTS, mitochondrial targeting signal; NO, nitric oxide;
PBS, phosphate-buffered saline; ROS, reactive oxygen species;
SOD, superoxide dismutase; vec-, vector alone transfected
cell clone. '
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