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Fic. 2. Detection of "OH in the Fenton reaction using HPF and
APF. A, HPF {{ower line) or APF (upper line) (final 10 uy; 0.1% DMF as
a cosolvent) were added to sodium phosphate buffer (0.1 m, pH 7.4), The
fluoreacence intensity was determined at 515 nm with excitation at 490
nm. H O, (final 1 mm) was added at 1, and ferrous perchlorate (final 100
u20) was added two times at 2 and 3. B, relation between the concen-
trationa of added ferrous perchlorate and fluorescence increase in the
Fenton reaction, Data are mean * S.E. (n = 8). HPF {circle) or APF
(square) (final 10 p; 0.1% DMF as a cosolvent) were added to godium
phosphate buffer (0.1 », pH 7.4) containing H,0, (1 mM). The wave-
length for measurement was the same as A.

raphy and three-dimensional fluorescence spectroscopy {(data
not shown). Furthermore, we examined the relation between
the concentration of ferrous perchlorate and the fluorescence
increase in the Fenton reaction (Fig. 2B). Ferrous perchlorate
was added at various concentrations to buffer solutions of HPF
and APF containing an excess of H,0,. The results showed that
the fluorescence increase is proportional to the concentration of
ferrous perchlorate. Therefore, both HPF and APF ean detect
“OH formed in the Fenton reaction in terms of a dose-dependent
increase of fluorescence.

Reactivity of HPF and APF with ~0Cl—"0Cl has a strong
microbicidal activity, and plays a key role in the killing of
bacteria by neutrophils (29, 30). Therefore, we investigated the
reactivity of HPF and APF with ~OCI. The results are shown in
Tig. 3. Interestingly, the fluorescence intensity of APF greatly
increased upon addition of ~OC), whereas that of HPF did not.
Tn addition, the fluorescence increase of APF was dose-depend-
ent. Therefore, we could detect ~OCI selectively by using both
HPF and APF together.

Reactivity of HPF, APF, and DCFH with Various ROS, and

the Lability of the Probes to Light-induced Autoxidation—As

mentioned above, DCFH is widely used as a fluorescence probe
for ROS, but it lacks specificity among ROS and suffers from
autoxidation; that is, the fluorescence increases even in the
absence of ROS upon illumination. We compared the reactivi-
ties of HPF, APF, and DCFH with O, H,0,, "OH, 0,, ~0Cl,
NO, peroxynitrite (ONOO™), and alkylperoxyl radieal (ROO’).
The observed fluorescence increases are shown in Table I
3(1,4-Dihydro-1,4-epidioxy-1-naphthyl)propionic acid ther-
mally generates 10, under mild conditions (31) and 1-hydroxy-
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Fia. 8. Detection of ~“OCl by HPF and APF. Relation between the
concentrations of added NaOC! and fluorescence increase. HPF (square)
or APF (cirele} (final 20 pp; 0.1% DMF as a cosolvent) were added to
sodium phosphate buffer (0.1 m, pH 7.4). The fluorescence intensity was
determined at 515 nm with excitation at 490 nm.

TABLE I
Fluorescence increase of HPF, APF, and DCFH in various ROS
generating eystems

Dyes (final 10 uM, 0.1% DMF as a cosclvent) were added to sodium
phosphate buffer (0.1 4, pH 7.4). The fluorescence intensities of HPF,
APF, and DCFH were measured at 515, 515, and 520 nm with excita-
tion at 490, 490, and 500 nm, respectively. DCFH was obtained by the
hydrolysis of DCFH-DA with base as mentioned under “Experimental
Procedures.”

ROS HPF APF DCFH
‘OH° 730 1200 7400
ONOO™® 120 560 6600
~0Cl¥ 6 3600 86
104 § 9 26

Fad 8 6 67
H,0. 2 <1 190
NO* 6 <1 150
ROO™* 17 2 710
Autoxidation? <1 <1 2000

# Ferrous perchlorata (100 ) and H,0, (1 mM} were added at room
temperature.
b ONQO~ (final 3 p) was added at 37 °C.
¢ NaOCl (final 3 uM} was added at 37 °C.
< 8.(1,4-Dihydro-1,4-epidioxy-1-naphthyllpropionic acid (100 pxM) was
added and the mixtures were stirred at 37 °C for 30 min.
* KO, (100 p») was added and the mixtures were stirred at 37 °C for
30 min.
fH,0, (100 1) was added and the mixtures were stirred at 37 °C for
0 min.
£ 1-Hydroxy-2-0xo-3-(3-aminopropyl)-3-methyl-1-triszene (100 uM)
was added and the mixtures were stirred at 37 °C for 30 min.
b 9 9. Azobis(2-amidinopropane)dihydrochioride (100 pn) was added
and the mixtures were stirred at 37 °C for 30 min.
¢ Dye solutions were placed under a fluorescent lamp for 2.5 h.

2-0x0-3-(3-aminopropyl)-3-methyl-1-triazene thermally gener-
ates NO under mild conditions (32). 2,2'-Azobis(2-
amidinopropane)dihydrochloride is an azo-initiator that forms
alkyl radicals as a result of thermal decomposition, and these
alkyl radicals ean reaet with molecular oxygen to give alkylp-
eroxyl radicals (33). Under these conditions, DCFH reacted
unselectively with all of these reactive species. On the other
hand, HPF and APF showed fluorescence augmentation only
upon reaction with "OH, ONOO™, and/or “OCl, and not with
03, H,0,, 105, NO, ROO", which are thought to be produced in
many biological systems. ONOO™ has a strong oxidizing power
(34, 35), so it should be included in the category of hROS.
Furthermore, DCFH was extensively autoxidized, resulting in
a marked increase of the fluorescence intensity, whereas HPF
and APF were not autoxidized at all. These resulis show that
HPF and APF have much higher selectivity among ROS and a
greater resistance to autoxidation than DCFH.

Next, we examined whether light-induced autoxidation
would occur under conditions practically used for excitation in
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Fi0. 4. Light-induced autoxidation in DCFH-DA-loaded HLE
cells (A) and HPF-loaded HLE cells (B). HLE cells were loaded with
DCFH-DA or HPF (10 pM; 0.1% DMF as a cosolvent) by incubation for
30 min at 37 °C in the dark, Fluorescence images were acquired. After
that, the cells were lazer-irradiated at 488 nm for 10 s, and fluorescence
images were acquired again.
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Fig. 5. Detection of hROS in the HRP/H, 0, system using HPF
and APF. A, representative data are shown (n = 3), HPF (lower line) or
APF (upper line) (final 10 pM; 0,1% DMF as a cosclvent) were added to
sodium phosphate buffer (0.1 m, pH 7.4) containing HRP (0.2 pM). H,0,
(final 1 uM) was added at the time indicated by the arrow. The fluores-
cence intensity was determined at §15 nm with excitation at 490 nm.
These reactions were performed at 37°C. B, relation between the
amount of added H,0, and flucrescence increase in the HRFYH,0,
system using HPF (cirele) and APF (square). Data are mean * SE

(n = 3). Dyes (final 10 uM; 0.1% DMF as a cosolvent) were added to
sodium phosphate buffer (0.1 M, pH 7.4) containing HRP (0.2 pM). The
fluorescence intensity was determined at 515 nm with excitation at 490
nm. These reactions were performed at 37 °C for § min.

fluorescence microscopy. We loaded HPF or DCFH-DA into
HLE cells and irradiated the dye-loaded cells for 10 s. Fluores-
cein and dichlorofluorescein, the autoxidized products, form
dianions in the buffer (pH 7.3) (36, 37), and therefore tend to
remain in the intracellular medium. The results are shown in
Fig. 4. HPF could permeate the cell membrane and enter into
cells. DCFH was much more easily autoxidized by light irradi-
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Fic. 6. Comparison between APF, Amplex Red, and HPPA. 4,
comparison of the sensitivity in the HRP/H,O, system. Dyes (final 10
gM; 0.1% DMF as a cosolvent) were added to 0.16 M KCl, 25 mm
Tris-HCl buffer {pH 7.4) containing HRP (0.2 pum). 1,0, (final 3 uM) was
added at the time indicated by the arrow. The fluorescence intensity
with APF, Amplex Red, and HPPA was determined at 15, 580, and 405
nm with excitation at 430, 5§70, and 320 nm, respectively. These reac-
tions were performed at 37 °C. B, comparison of the lability of light-
induced autoxidation. Dyes (final 10 p; 0.19% DMPF as a cosolvent) were
added to 0.15 M XCl, 25 mM Tris-HCl buffer (pH 7.4). Dyes were placed
under a fluorescent lamp for the indicated time.

ation than HPF in cells under conditions practically used for
excitation in fluorescence microscopy.

Application of HFF and APF to an Enzymatic System—We
investigated whether HPF and APF could detect hROS gener-
ated in an enzymatic system, i.e. the HRP/H,0, system. In this
system, two-electron oxidation of the native enzyme (HRP) to
compound I is followed by two one-electron reductions to yield
the resting state of HRF (38). H,0, was added to buffer solu-
tions of HPF and APF containing HRP. As shown in Fig. BA,
the fluorescence intensity increased immediately upon the ad-
dition of H,0,. Furthermore, it was found that HPF and APF
could detect hROS generated in the HRP/H,0, system in a
dose-dependent manner (Fig. 5B). Thus, the data in Fig. 5
really show that HPF and APF can serve as substrates for
horseradish peroxidase, and HPF and APF could detect hROS
in a dose-dependent manner not only in a chemical system, but
also in an enzymatic system.

Next, we compared the reactivity for hROS generated in the
HRP/H,0, systern and the lability to light-induced antoxida-
tion among our novel fluorescence probe APF and two widely
used fluorescence probes for peroxidase (Amplex Red and
HPPA) (39, 40). APF had slightly greater reactivity than Am-
plex Red for hROS generated in the HRP/H,0, system and
much greater reactivity than HPPA (Fig. 64). Furthermore,
APF had much greater resistance to autoxidation than Amplex
Red (Fig. 6B). Therefore, APF is superior to the most widely
used fluorescence probes for peroxidase.

Furthermore, we applied HPF and APF to the MPO/H 0,/
Cl™ gystem. In the presence of C1-, “OC! is predominantly
produced via the reactive intermediate, compound I. The re-
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Fic. 7. Application of HPF and APF to the MPO/H,0,/CI™ sys-
tem. A, representative data are shown (n = 3). HPF (fower line) or APF
tupper line} (final 10 pm: 0.1% DMF ns a cosolvent) were added to
sodium phosphate buffer (3.1 M, pH 7.4) containing MPO {11.2 nm) and
NaCi (150 mm). H,0, (final 1 zMt was added at the time indicated by the
arrow. The fluorescence intensity was determined at 6§15 am with
excitation at 480 nm. Theso reactions were performed ot 37°C. B,
relation between the amount of added H,0, and fluorescence increase
in the MPO/H,0,/Cl system using HPF (circle) and APF (square). Data
are mean = S.E. (n = 3). The buffer and wavelength for measurement
were same as A. These reactions were performed at 37 °C [or 25 min.

sults are shown in Fig. 7. APF showed a dose-dependent fluo-
rescence increase in this system, whereas HPF showed no
fluorescence. These results correspond well with the reactivi-
ties of HPF and APF for "QOCl Therefore, we succeeded in
visualizing the production of "OCl in the MPO/H,0,/C1”
system.,

Application of HFF and APF to Neutrophils—Neutrophils
are a population of ¢irculating blood cells, and their primary
function is host defense against pathogenic microorganisms.
Exposure of neutrophils to various stimuli such as PMA (41)
and fatty acids (42) activates the “respiratory burst oxidase,”
NADPH oxidase, to generate OF, which is then converted to
H,0, and O, (43, 44). As neither 03 nor H,0, is strongly
microbicidal, these species are thought to be precursors of more
potent oxidizing agents, such as "OH, ~OCI, and 10,. Neutro-
phils contain azurophilie granules, in which MPO exists abun-
dantly, and MPO has been shown to catalyze the formation of
“OCI from H,0, and Cl~ in vitro (45). Therefore, we tried to
apply our novel fluorescence probes to neutrophils. We stimu-
lated HPF- or APF-londed neutrophils with PMA, and observed
the dye-loaded neutrophils without washing out the extracel-
lular medium. The results are shown in Fig. 8. It is noteworthy
that the fluorescence intensity of HPF-loaded neutrophils did
not change upon stimulation with PMA, whereas that of APF-
loaded neutrophils greatly increased. Our results suggest that
MPO produces ~OC! in the presence of both CI™ and H,0,,
which is generated by the stimulation with PMA4, and we could
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Fic. 8. Fluorescence images of HPF- or APF-loaded neutro-
phils, HPF or APF (final 10 pu; 0.1% DMF as 1 cosolvent! were loaded
into neutrophils for 30 min at room temperature, and the dye-loaded
neutrophils were stimulated with PMA (2 ng/ml). Fluorescence images
were acquired before and 10 min after the stimulation with PMA,

identify this ~OCI production by using HPF and APF together.
In other words, we could for the first time visualize "OCl
selectively, distinguishing it from other ROS, by using HPF
and APF together, even in a biological system.

DISCUSSION

We have succeeded in developing novel autoxidation-resis-
tant fluorescence probes, HPF and APF, that can reliably de-
tect hROS andfer ~OCI selectively. Because it is likely that
individual ROS have distinct roles in biological systems, the
availability of selective fluorescence probes will be extremely
useful. For example, by using HPF or APF, we can distinguish
‘OH from NO. This is very important, because DCFH reacts
with both *OH and NO and so cannot be used reliably to study
the biological role of "OH. In addition, the mere production of
H,0, is completely different in terms of cell damage from the
situation in which H,0, is converted into hROS in the presence
of low-valent metal ions. We feel our probes are useful here,
because they can distinguish these two situations. Further-
more, we can also distinguish ONOO™ from NO or Oj. It has
been reported that ONOO™ can be generated from NO and
0; in vitro and in vivo (46, 47}, and therefore we will be able to
visualize the production of ONOO with a clear distinction from
that of NO or O3, and this will allow a reliable evaluation of the
role of ONOQ™ in various processes. Furthermore, we could
detect ~ OC! selectively by using HPF and APF together, because
HPF shows no fluorescence increase with “OCl, whereas APF
shows a dose-dependent increase. The ability to selectively detect
individual species of ROS represents a major advance.

As shown in Table I and Fig. 4, the currently used fluores-
cence probe DCFH is easily autoxidized by light irradiation.
This means that precautions must be taken to exclude light
during incubation to load DCFH-DA into cells, and it is neces-
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sary to change the visual field often during observations. How-
ever, HPF and APF are not autoxidized at all, as shown in
Table I and Fig. 4. Therefore, we believe HPF and APF will
contribute greatly to the elucidation of the roles of ROS in
living cells by making it possible to see the generation of
specific ROS with high resolution in time and space. Although
the sensitivity of HPF and APF is inferior to that of DCFH
(Table I), Iability to autoxidation and selectivity among ROS,
rather than sensitivity, are considered to be critical for fluores-
cence probes for ROS,

The question arises, why are HPF and APF selective for
hROS, unlike DCFH? DCFH is nonfluerescent, and HPF and
APF possess low fluorescence quantum efficiency, and all of
them are converted to strongly fluorescent compounds, dichlo-
rofluorescein or fluorescein, by oxidation. However, DCFH is
converted to dichloroflucrescein, initially via abstraction of the
hydrogen atom at the 9'-position, whereas HPF and APF are
converted to fluorescein, initially via abstraction of the hydro-
gen atom of the phenolic hydroxy group or abstraction of one
electron from the nitrogen atom. The hydrogen atom at the
9'-position of DCFH is readily abstracted because this hydro-
gen atom can be considered as being located at the central
carbon of a triphenylmethane, It is therefore vulnerable even to
a weakly oxidizing species, and this is the reason why DCFH
lacks the selectivity among ROS. However, a strongly oxidizing
species is required for the ipso-substitution reaction of HPF and
APF. Therefore, we conclude that the difference of oxidizing
power required for oxidation reaction used for detection causes
the difference of selectivity among ROS. Furthermore, the fact
that HPF ghows no fluorescence increase with ~0OCl, whereas
APF does (Fig. 3 and Table I, reflects the difference in lability to
oxidation between an aryloxyphenol and an aryloxyaniline.

HPF and APF could detect hROS generated in the HRP/
H,0, system (Fig. 5). HRP is often used as an enzyme label in
immunohistochemical studies, 3,3-diaminobenzidine is com-
monly used as a substrate for measurement of the peroxidase
activity. However, 3,3-diaminobenzidine can be detected only
by absorbance measurement and is easily autoxidized by light
irradiation. Because HPF and APF permit fluorescence detec-
tion, which has higher sensitivity than absorbance detection, and
they are not autoxidized by light irradiation at all, they are likely
to be more effective reagents for immunohistochemistry using
peroxidage than 3,3-diaminobenzidine and related compounds.

We also used HPF and APF to visualize the production of
~0Cl from neutrophils (Fig, 8). Dye-loaded neutrophils weakly
fluoresced before the stimulation with PMA, because the dyes
were taken up by pinocytosis and MPO was slightly released
into pinocytic vacuoles. Nevertheless, the fluorescence inten-
sity of APF-loaded neutrophils markedly increased, in contrast
to little fluorescence increase of HPF-loaded cells upon stimu-
lation with PMA. ~OCl is believed to play important roles not
only in bacterial killing bacteria by neutrophils but alse in
injury to the venular endothelial surface in platelet-activating
factor-induced microvascular damage (48). However, it has
been difficult to draw firm conclusions eoncerning direct par-
ticipation of ~OCI because a completely selective detection
method for “OCl has never been developed. Therefore, our
finding that we could detect “OC] selectively by using HPF and
APF together will make it possible for the first time to elucidate
reliably the roles of ~OC! in biological systems such as
neutrophils.

In summary, we have developed novel fluorescence probes,
HPF and APF, that can selectively and dose dependently detect
certain species among ROS and that are highly resistant to
autoxidation. They can be used in enzymatic and cellular sys-
tems. They are greatly superior to the existing fluorescence
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probes for ROS, and are expected to have many chemical and
biological applications.
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ABSTRACT: Cisplatin (CPT) is an effective anticancer
drug that causes cumulative toxicity to normal tissues.
It has been suggested that CPT damages normal cells
by causing oxidative stress, butit is notknown whether
it can induce similar oxidative damage to tumor cells.
In this study, by using normal human lung fibroblast
(W138) cells and SV40-transformed WI38 (VA13) cells
as a model, we compared the effect of CPT on cyto-
toxicity, apoptosis, lipid peroxidation, and mitochon-
drial gene expression, which could be regulated by ox-
idative stress, between normal and tumor cells. CPT
induced greater growth inhibition and percentage of
apoptotic cells in VA13 cells. However, levels of es-
terified Fs-isoprostanes and 4-hydroxy-2-nonenal, two
specific products of lipid peroxidation, were increased
by CPT in WI38 cells, but not in VA13 cells. Further-
more, the transcript level of mitochondrial 125 rRNA
was augmented by CFPT in both cells, but to a higher
degree in WI38 cells. The data suggest a correlation be-
tween lipid peroxidation and cytotoxicity or increased
mitochondrial transcript levels in WI38 cells but not in
VA13 cells. The results also indicate an altered response
of oxidative damage and mitochondrial gene regulation
to CPT in the transformed phenotype of WI38 cells.
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17:39-46, 2003; Published online in Wiley InterScience
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INTRODUCTION

Cisplatin (CPT), or cis-dichlorodiammine plat-
inum(H), is an important anticancer drug but its irre-
versible cumulative toxicity to normal tissue has been
a major clinical problem during CPT therapy [1]. The
chlorinated form of CPT becomes electrophilic once
CPT gets hydrated inside the plasma membrane and
can react with nucleophilic molecules such as DNA
bases and sulfhydryl groups [2]. Although there is no
known pathway by which CPT generates reactive oxy-
gen species (ROS) directly, it has been proposed that
oxidative stress is an important mechanism of CPT-
induced normal tissue toxicity possibly due to deple-
tion of glutathione (GSH) [2,3]. On the other hand, it
has been shown that CPT inhibited the function of res-
piratory complexes in normal tubular cells {4]. Since
mitochondrial respiratory chain is a source of ROS [5],
mitochondrial damage could also be a source of oxida-
tive stress induced by CPT. The use of antioxidants has
therefore been proposed as a means to alleviate CPT-
induced toxicity [6,7]. However, whether effects of CPT
on redox status and mitochondria are similar between
normal and tumor cells remains to be determined.

Lipid peroxidation is initiated by the abstraction
of allylic hydrogen on polyunsaturated fatty acids
(PUFAS) by free radicals. Fp-isoprostanes, a group of
prostaglandin Fy (PGF;)-like compounds, are specific
in vivo markers of lipid peroxidation produced from
free-radical-catalyzed peroxidation of arachidonic acid
independent of the cyclooxygenase pathway [8] and
are initially formed in situ esterified to phospholipid
onmembranes [9]. 15-Fy-isoprostane {15-Fy-IsoP) or 8-
iso-PGF;,, the most abundant form of Fz-isoprostanes
in vivo, has been shown to be elevated in a variety
of oxidative stress related human diseases and tox-
icity [10]. On the other hand, 4-hydroxy-2-nonenal
(HINE) is formed during the peroxidation of w6-PUFAs
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by cleavage of lipid hydroperoxides catalyzed by
transition-metal ions [11]. HNE is a highly reactive
and toxic aldehyde that can react with GSH or macro-
molecules to form protein adducts, DNA adducts, and
phospholipid adducts [12]. It has been shown that HNE
can modulate the activity of redox-sensitive transcrip-
tion factors [13), indicating the involvement of HNE in
signal transduction pathways.

Human mitochondrial DNA. (mtDNA) is a circu-
lar DNA with 16,569 bp. It encodes 13 polypeptides
as essential subunits of complexes for oxidative phos-
phorylation, and 2 rRNA and 22 t{RNA genes [14]. Nu-
clear DNA-encoded mitochondrial transcription factor
A (mtTFA) is required for the transcription of mtDINA
[15]. Oxidative stress has been suggested to modu-
late mitochondrial gene expression either by retrograde
signaling from mitochondria to nucleus or through
redox-sensitive transcription factors, such as nuclear
respiratory factor-2 (NRF-2), AP-1, and NF-«xB [16,17].
Upregulation of both nuclear and mtDNA genes for
oxidative phosphorylation was found in adenine nu-
cleotide transiocator {ANT)-1 knockout mice with ox-
idative stress [18,19] and in human cells treated with
antimycin A that induced oxidative stress by inhibiting
respiratory complex III [20]. Furthermore, it has been
shown that the upregulation of NRF-1, mtTFA, and NF-
kB was associated with increased levels of hydrogen
peroxide in mtDNA-depleted HeLa cells [21].

Ithasbeenindicated that the redox status differs be-
tween normal and tumor cells. For example, levels of
Mn superoxide dismutase, a mitochondrial antioxidant
enzyme that scavenges superoxide anion radicals, were
reduced in transformed cells compared to their normal
counterparts [22]. Some tumors had higher levels of
GSH in tumor cells than in normal cells [23], or were
less responsive to agents stimulating lipid peroxidation
[24,25]. On the other hand, characteristics of mitochon-
dria and energy metabolism were often altered in tu-
mors, such as the change in respiratory functions and
mitochondrial morphology [26]. It has been hypothe-
sized that altered mitochondrial physiology, by affect-
ing apoptosis and cell signaling through ROS, may play
important roles in cellular transformation [17]. There-
fore, responses of normal and tumor cells to oxidative
stress induced by CPT may be different.

In this study, we compared the effect of CPT on
cytotoxicity, apoptosis, lipid peroxidation, and mito-
chondrial 125 rRNA transcript levels in normal human
WI38 cells and in SV40-transformed WI38 (VA13) cells.
We show that CPT exerted different effects on levels
of lipid peroxidation and mitochondrial 125 rRNA be-
tween WI38 and VA13 cells although CPT treatment re-
sulted in greater growth-inhibitory effect and cell death
in VA13 cells.
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MATERIALS AND METHODS

Cell Culture

The embryonic human lung fibroblast WI38 cells
(ATCC CCL 75) and their SV40-transformed subline
VA13 cells (ATCC CCL 75.1) were obtained from Riken
Cell Bank, Japan. The passage number of WI38 cells
used in this study was 28-33. Both cells were main-
tained in minimum essential media (MEM) with Earl’s
salts supplemented with 10% defined fetal bovine
serum (HyClone, UT). The use of WI38 and VA13 cells
as counterparts to a cell model for comparing the dif-
ference between normal and tumor cells has been pre-
viously reported [27,28].

Cytotoxicity Assay

Cytotoxicity was evaluated by the growth inhibi-
tion. CPT was purchased from Bristol-Myers Squibb
S.p.A. (Italy) in the form of 0.5 mg/mL solution (Plan-
tinex). Cells grown in 96-well tissue culture plates
were treated with various doses of CPT 48 h before
confluence. At the end of treatment, cells were incu-
bated with reagents from the CellTiter 96 Aqueous One
Solution Cell Proliferation Assay Kit {Promega, WI).
The absorbance of reduced tetrazolium compound cat-
alyzed by dehydrogenases in viable cells was recorded
at 490 nm. On the other hand, cell number in 6-well
plates was also counted after 48-h CPT treatment at the
dose of 6.7 uM (2 pg/mL) to verify results using the
colorimetric kit.

Microscopic Assessment of Nuclear
Chromatin Condensation and
Fragmentation

Extent of apoptosis was quantified by the pres-
ence of nuclear chromatin and fragmentation by stain-
ing the nuclei of cells with Hoechst 33342 dye, using
previously described methods [29,30]. Hoechst 33342
dye is a minor groove-binding dye that can easily en-
ter cells during the early state of apoptosis [31]. Cells
grown on glass-bottomed and poly-D-lysine coated 35-
mm dishes (MatTek Corp., Ashland, MA) were fixed
in 4% paraformaldehye in phosphate-buffered saline
(PBS) for 30 min, washed with PBS, and then incu-
bated with Hoechst 33342 dye (Molecular Probes, Eu-
gene, OR) at the final concentration of 1 ug/mL for 30
min. Cells were washed twice with PBS and fluores-
cence of the dye was visualized by exciting the dye at
340 nm with an inverted microscope equipped with an
UV epifluorescence filter (TE200, Niken, Tokyo, Japan).
Random fields were selected and 300-500 cells were
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counted. Percentage of apoptotic cells was calculated
for each dish. :

Detection of Esterified Fz-isoprostanes

The extraction and purification of F,-isoprostanes
from samples was performed according to the method
described by Morrow and Roberts [32]. All organic
solvents were purchased from Merck (Darmstadt,
Germany). Phospholipids in cells were extracted by
homogenizing cells in ice-cold Folch solution (chloro-
form/methanol, 2:1 v/v) containing 0.005% butylated
hydroxytoluene (BHT) and hydrolyzed with 15% KOH.
The hydrolyzed free Fr-isoprostanes were purified by
performing solid-phase extraction using Cjs columns
and silica columns from ]J.T. Baker (Phillipsburg, NJ)
with a 24-channel vacuum manifold from J.T. Baker
[33]. The nitrogen-dried eluate was resuspended in
the enzyme immunoassay (ELA) buffer. 15-F-IsoP was
then analyzed by using an 8-isoprostane ELA kit from
Cayman Chemical (Ann Arbor, MI). The standard curve
and concentrations of unknown samples were plotted
and calculated by using the 4-parameter fit in the soft-
max Pro software (Molecular Devices, Sunnyvale, CA).
The level of 15-Fy-IsoP was normalized by the cell
number of each sample.

Detection of Intracellular HNE-Modified
Proteins ‘

This method has been previously described by
Motoori et al. [30]. Cells grown on glass-bottomed
dishes were fixed with 4% paraformaldehyde in PBS.
Cell membranes were permeabilized by 95% ethanol
plus 5% acetic acid. After being washed with PBS twice
and then with PBS containing 0.1% bovine serum albu-
min (BSA) twice, cells were incubated with anti-HNE-
modified protein monoclonal antibody (Japan Institute
for the Control of Aging, Japan) at the concentration
of 0.5 pg/mL for 60 min and finally incubated with
AlexaFlour 488 goat anti-mouse IgG (H + L) secondary
antibody (Molecular Probes) at the concentration of
10 pg/mL for 60 min. Fluorescent images were ac-
quired and quantified using a CSU-10 confocal laser
scanning unit (Yokogawa Electric Co., Tokyo, Japan)
coupled to an LX90 inverted microscope (Olympus
Optical Co.) and a C5810-1 color-chilled 3CCD camera
(Hamamatsu Photonics K.K., Japan). The AlexaFlour
488 was excited at 488 nm and the emission was fil-
tered using a 515-nm barrier filter. The intensity of the
laser beam, the gain of the amplifier, and the exposure
time were held at 500 wW, 18 dB, and 3 s respectively.
The focus of the cells was adjusted to the middle of Z-
axis before exposing the cellstolaser and taking images.
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Therefore, each field taken was only exposed to thelaser
once. Several fields were scanned randomly. Fluores-
cent intensity per unit area of each field was quantified
using IPLab Spectrum version 3.0 software (Scanalytics
Inc., VA). Data were presented as the relative intensity
calculated by dividing mean fluorescence intensity of
each field with that of one data from the WI38 control

group.

Nonradioactive Northern Blot Analysis

Total RNA was isolated by the StrataPrep Total
RNA Miniprep Kit with DNase I treatment (Strate-
gene, La Jolla, CA). The concentration of RNA
was determined by measuring the absorbance at
260 nm. The ratio of absorbance at 260 to that at 280 nm
was at least 1.8. The level of mitochondrial 125 rRNA
was detected by nonradioactive Northern blot analy-
sis modified from the manufacturer’s instruction (The
DIG System User’s Guide for Filter Hybridization,
Roche, Mannheim, Germany). Fifteen micrograms of
total RNA was electrophoresed in 1.5% agarose gel
containing formaldehyde [34] and transferred to the
GeneScreen Neutral Nylon membranes (NEN, Boston,
MA) in 10x S5C (3 M sodium chloride and 300 mM
sodium citrate, pH 7.0 for 20x 55C). Digoxigenin (DIG)-
labeled probes for mitochondrial genes were gener-
ated by polymerase chain reaction (PCR) using total
DNA isolated from WI38 cells as the template and
the PCR DIG Probe Synthesis Kit {(Roche). Primers for
125 rRNA were 5'CCCCATACCCCGAACCAACCY
and 5GGAGTGGGTTTGGGGCTAGGY . DIG-Iabeled
probes for B-actin were also generated by PCR but
using cDINA as the template and the primers 5’AGA-
GATGGCCACGGCTGCTT3 and 5'ATTTGCGGTGG-
ACGATGGAGGS'. Membranes with RNA were placed
in a UV cross-linker at 0.12 J/cm?, prehybridized in
hybridization solution (50% deionized formamide, 5x
SSC, 0.1% N-lauroyl-sarcosine, 0.02% SDS, 2% blocking
reagent from Roche) at 42°C for 1 h, and then hybridized
with gel-purified probes in hybridization solution at
42°C overnight. The membranes were then washed
twice in the first wash buffer (2x SSC and 0.1% SDS) at
room temperature and in the second wash buffer (0.5x
SSC and 0.1% SDS) at 68°C. The DIG on hybridized
probes was detected by the DIG Luminescent Detec-
tion Kit (Roche) with alkaline phosphatase-conjugated
anti-DIG antibody according to the manufacturer’s in-
struction. Chemiluminescent bands were detected by
exposing the membranes to the BioMax ML film (Ko-
dak, Rochester, NY) and the density on the film was
analyzed by the ChemiDoc system (Biorad, Hercules,
CA) or directly photographed and analyzed by the
ChemiDoc. Total RNA isolated from mtDNA-depleted
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143B-TK~ (143B-TK—-p?) cells, which were obtained
from Dr. Douglas C. Wallace at Emory University [35],
was used as a negative control in the Northern blot
analysis.

Statistical Analysis

Data were analyzed by SAS Win 8.1 software (SAS
Institute, Cary, NC). Two-way analysis of variance
(ANOVA) was first used to examine the interaction be-
tween cell type (WI38 vs. VA13) and treatment (con-
trol vs. CPT), that is, to examine whether WI38 cells
reacted to the treatment effect differently from the way
VA13 cells reacted to the treatment effect. If interaction
between cell type and treatment was significant, one-
way ANOVA was further used to compare the differ-
ence among multiple groups. All data were presented
as mean = standard deviation (SD). Statistical signifi-
cance was considered when p < 0.05.

RESULTS

Inhibition of Cell Growth and Induction
of Apoptosis by CPT

To compare the effect of 48-h CPT treatment
on the growth of WI38 and VAI3 cells, cytotoxic-
ity was first accessed by colorimetric method for a
dose range (0.67-66.7 pM) of CPT, and the exact cell
number remaining after CPT treatment was counted
in both cells at the dose of 6.7 pM. As shown in
Figure 1, there was significantly higher cytotoxic-
ity in VA13 cells than in WI38 cells after 48-h CPT
treatment in the range from 3.34 to 334 pM. The
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FIGURE1. Cell proliferation assay for W138 and VA13 cells treated
with CPT for 48 h. Data were represented as percentage relative to
mean of the control group (1 = 5 for each group). The X-axisis in log
scale.
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dose that inhibited 50% growth (ICsp) for WI38 and
VA13 cells was approximately 51.3 and 5.7 pM of
CPT, respectively. By counting the cell number di-
rectly, we confirmed that 6.7 pM (2 pg/mL) of CPT
treatment resulted in greater reduction in cell growth
in VA13 than WI38 cells, following 48-h treatment
(Figure 2). There was 51 and 27% reduction in cell num-
ber by 48-h CPT treatment in WI38 and VA13 cells,
respectively. To further evaluate the role of apopto-
sis in the reduction of cell number after CPT treat-
ment, percentage of apoptotic cells following Hoechst
33342 staining were counted under a fluorescence mi-
croscope. Table 1 shows that CPT caused significant
increase of apoptotic cells in both WI38 and VA13 cells
and the effect was greater in VA13 cells.

Levels of Lipid Peroxidation

To compare lipid peroxidation after CPT treatment,
cells were treated with CPT for48h at the dose of 6.7 pM
and lipid peroxidation levels were measured. Figure 3
shows that levels of esterified 15-Fa-IsoP were signifi-
cantly increased in WI38 cells after CPT treatment, but
not in VA13 cells. Furthermore, HNE-protein adducts
were detected using immunofluorescent staining and
the image is shown in Figure 4. Quantification of the
fluorescent images indicated that intracellular levels of
HINE were also elevated in WI38 cells, but not in VA13
cells (Table 2). These findings provided strong evidence
for the occurrence of lipid peroxidation in WI38 cells
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FIGURE2. Cell countafter 48-h CPT treatment. WI-C, control group
of WI38 cells; WI-CPT, CPT (6.7 pM)-treated WI38 cells; VA-C, con-
trol group of VA13 cells; VA-CPT, CPT-treated VA13 cells. Two-way
ANOVA was made (n = 4 for each group). Interaction between cell
type and treatment was statistically significant (p < 0.001), indicat-
ing the reduction of cell number following CPT treatment was signif-
icantly different between WI38 cells (51% remained} and VA13 cells
(27% remained). One-way ANOVA was further made and showed
that CPT treatment resulted in significant inhibition of cell growth in
either WI38 or VA13 cells. *, WI-CPT vs. WI-C (p < 0.001);*, VA-CPT
vs. VA-C (p = 0.03).
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TABLE 1. Microscopic Assessment of DNA Chromatin
Condensation and Fragmentation by Hoechst 33342 Staining

Group Percentage of Apoptotic Cells
WI38-control 0.616 +0.199
WI3S-CPT 2.415+0.702"
VA13-control 0.857 £ 0.458
VA13-CPT 5.053 £ 1.816*

Percentage of apoptotic cells were calculated from 300 to 500 cells counted.
Data were obtained from four dishes for each group. Two-way ANGVA indi-
cated significant interaction effect between cell type and treatment {p = 0.03).
One-way ANOVA indicated that there was significant increase of percentage
of apoptotic cells in either WI38 or VA13 cells.

S WI38-CPT vs. WI38-control (p < 0.001).

$VA13-CPT vs. VA13-control (p = 0.003).

as the results of Fy-isoprostanes and HNE agreed with
each other.

Levels of 125 rRNA Relative to Nuclear
B-actin mRNA

Since CPT can cause mitochondrial dysfunction [4]
and mtDNA damage [36], we next determined the pat-
tern of mitochondrial gene expression, which could be
modulated by oxidative stress or mitochondrial dys-
function. We established nonradiocactive Northern blot
analysis using PCR-generated and DIG-labeled probes
to detect steady-state RN A levels. Figure 5A shows the
excellent quality of total RNA of each sample following
electrophoresis. Figure 5B shows levels of mitochon-
drial 125 rRNA and B-actin mRNA from nucleus. After
normalization to the density of B-actin bands in arbi-
trary densitometric units, levels of 125 rRINA gene were
increased by 203 & 52% and 132.5 = 3%, relative to the
control group, in WI38 and VA13 cells respectively, fol-
lowing CPT treatment from three sets of experiments,
but the increase in WI38 was more.

30

L L F

WI-C WI-CPT VA-C VA-CPT

FIGURE 3. Levels of esterified 15-Fy-IsoP in WI38 and VA13 cells.
Cells were treated with 6.7 pM of CPT for 48 h. Data were represented
as mean =+ SD {n = 5-6 for each group). *, CPT-treated WI38 cells had
significantly higher level of esterified 15-Fy-IsoP than its control cells
(p = 0.001). WI-C, WI-CPT, VA-C, and VA-CPT represent the same
groups described in Figure 2.
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HNE Staining - 48 hr

WI-CPT

FIGURE 4. Immunofluorescent staining for detecting intracellular
levels of HNE-protein adducts in cells. WI-C, WI-CPT, VA-C, and
VA-CPT represent the same groups described in Figure 2,

DISCUSSION

We have shown that in spite of inducing greater
growth inhibition and apoptosis in VA13 cells than in
WI38 cells, CPT increased lipid peroxidation in WI38
cells but not in VA13 cells, indicating a differential re-
sponse in transformed phenotypes. The results indicate
that although CPT, as an anticancer drug, unsurpris-
ingly has more greater inhibitory effect on the growth
of VA13 celis, which have faster proliferation rate, it
can preferentially cause oxidative damage to normal
WI38 cells by inducing lipid peroxidation. We have also
demonstrated that CPT could have a positive effect on
transcription of mtDNA, and the increase of 125 rRNA
in WI38 cells was greater than that in VA13 cells.

Because much lower doses of CPT and a longer
treatment time were used in the current study, the re-
sults would be different from that of experiments using
much higher acute doses {4,6]. There was no appre-
ciable amount of lactate dehydrogenase released in the
medium following the CPT treatment (data not shown).
Although CPT also significantly increased the amount

TABLE 2. Quantification of Intracellular HNE Levels

Group Relative HNE Levels
WI38-control 1.00£0.05
WI3R-CPT 1234+011°
VAI3-control 108 £0.11
VA13-CPT 1114008

Data were presented the ratio of relative fluorescence infensity to one WI38
control data. There were 13-15 data from three dishes for each group. The
intracellular levels of HNE-protein adducts were significantly increased by
CPT in WI38 cells but not in VA13 cells.

S WI3S-CPT vs. WI3B-control group (p < 0.001).
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FIGURES. Northernblotanalysis for the detection of mitochondrial
125 rRNA transcript level. RNA gel electrophoresis showed excellent
quality of total RNA (A). Steady-state levels of mitochondrial 125
rRNA. and nuclear f-actin mRNA in WI38 and VA13 cells before
and after 48-h CPT treatment were shown (B). M, 0.16-1.77 Kb RNA
ladder from GIBCO; 1, WI38 control; 2, CPT-treated WI3S; 3, VA13
control; 4, CPT-treated VA13; 5, 143-B-TK"-p° cells. :

of apoptotic cells, there was only about 2.4 and 5.1% of
apoptotic cells in CPT-treated WI38 and VA13 cells, re-
spectively (Table 1). The results indicate that such small
degree of apoptosis may contribute to greater cytotoxic-
ity in VA13 cells but its significance was uncertain since
degreeof growﬂxinhibi’a’on wasmuch higher (Figure 2).
Although it is known that oxidative stress is important
in apoptosis [37], the results suggest that apoptosis in-
duced by CPT in VA13 cells may not be associated with
lipid peroxidation.

Detection of lipid peroxidation provides one reli-
able indicator for the occurrence of oxidative damage
to cells. Most studies showing CPT-mediated lipid per-
oxidation applied a less specific indicator of lipid per-
oxidation, malondialdehyde [3]. In our study, we used
two more specific markers of lipid peroxidation. There
was one report showing that CPT treatment increased
F,-isoprostanes in normal renal fubular cells [6]. By us-
ing a much lower dose, we also showed an increase
in Fp-isoprostanes levels in normal WI38 cells. In ad-
dition to Fp-isoprostanes, elevation of intracellular cy-
totoxic HNE was also found in WI38 cells following
CPT treatment, which was first demonstrated in CPT

toxicity by our study. We also first demonstrated pref- -

erential increase in lipid peroxidation levels by CPT
in normal WI38 cells but not their transformed coun-
terpart cells. It has been shown that HNE could not
only activate NF-«B and induce apoptosis, but also fur-
ther induce the formation of 15-F¢-IsoP in normal cells
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[38]. There were many possible explanations as to how
CPT caused lipid peroxidation in WI38 but not in VA13
cells. First, if GSH depletion was the major cause of
lipid peroxidation, VA13 cells could have more protec-
tion because of higher total glutathione levels [27]. In-
creased formation of HNE in WI38 cells could further
augment GSH depletion. However, as with the action
of many anticancer drugs, CPT-mediated DNA dam-
age by forming interstrand cross-links with DNA [39]
may have a more detrimental effect on the growth of
VA3 cells because of more active proliferating ability
of VA13 cells. Second, if lipid peroxidation was initi-
ated from mitochondria, the difference in the outcome
of oxidative stress between WI38 and VA13 cells could
be due to possible altered mitochondrial properties in
VA13 cells, which requires further examination. Finally,
there could be an altered lipid composition, such as the
proportion of arachidonic acids, or altered metabolism
and regulation of fatty acids in VA13 cells. As reviewed
by Dianzani [24], normal liver and hepatoma cells gen-
erally have different levels and compositions of PU-
FAs. AH-130 Yoshida ascites tumors were much less
responsive to stimulation that induced lipid peroxida-
tion than were normal hepatocytes, but enrichment of
arachidonic acids resulted in the restoration of the lipid
peroxidation responses in hepatoma cells.

We have also demonstrated that CPT can augment
steady-state levels of mitochondrial 125 rRINA. Since
the formation of individual mitochondrial transcripts
is generated from the same initial polycistronic tran-
script, which is controlled by mtTFA from the nucleus
[15,40], only 12SrRINA transcriptlevels were examined.
It has been shown that the upstream region of mtTFA
gene has recognition sites for NRF-1, NRF-2, and Sp1
[41], which could be regulated by redox. 51gnahng [17).
It is possible that CPT can damage mtDNA via oxida-
tive damage or by direct cross-linking [35,38]. It has
been demonstrated that there was increased expression
of both mitochondrial and nuclear genes associated
with oxidative phosphorylation in tissues of patients
carrying genetic mtDNA mutations [42]. Therefore,
CPT may increase mitochondrial transcription by al-
tering-activities of nuclear-encoded transcription fac-
tors inresponse to oxidative stress, metabolic 51gnals, or
mtDNA -damage. Furthermore, because HNE detected
was bound to proteins and HNE may modulate the
activity of redox-sensitive transcription factors [13,38],
it is also possible that HNE can affect factors regulat-
ing mitochondrial gene expression. Higher lipid per-
oxidation levels in WI38 cells may contribute to the
higher degree of 125 rRNA increase in W138 cells than in
VA13 cells. Possible different mitochondrial properties
or regulatory mechanisms of mitochondrial genes be-
tween WI38 and VA13 cells may also contribute to this
difference.
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In conclusion, we have shown that CPT signifi-
cantly increased levels of lipid peroxidation in WI38
cells, butnot in VA13 cells. Our results suggest that CPT
may preferentially induce lipid peroxidation in normal
cells independent of the extent of growth inhibition and
apoptosis or lipid peroxidation is less inducible by CPT
in tumor cells. Nevertheless, the increase of lipid peroxi-
dation would have toxic effects onnormal cells by inter-
fering normal membrane functions on cell membrane
or intracellular organelles, such as mitochondria. More-
over, the higher increase of mitochondrial transcripts by
CPT in WI38 cells may be associated with higher levels
of lipid peroxidation in WI38 cells. These findings may
have implications in managing CPT-induced toxicity
by understanding the differential responses between
normal and transformed cells to CPT.
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Mitochondrial mycpathy, encephalopathy, lactic acidosis
and stroke-like episodes (MELAS) is a materpally inherited
multisystem mitochondrial disorder characterized by
stroke-like episodes before 20 years of age [1]. Mitochon-
drial angiopathy, with degenerative changes in small
arteries and arterioles, has been reported in many MELAS
patients [2]; these blood vessels have been designated as
strongly succinate dehydrogenase-reactive vessels (S5Vs)
[3]. However, the primary cause for stroke-like episodes in
young MELAS patients—whether mitochondrial cytopathy,
angiopathy, or both-—remains controversial. Many thera-
peutic trials have been undertaken to cure mitochondrial
disorders, but not for the acute stroke phase of MELAS.
Based on a hypothesis that stroke-like episodes in MELAS
are caused by segmental impairment of vasodilation in
intracerebral arteries, L-arginine has been used for thera-
peatic trials in MELAS patients during the acute phase of
stroke. We found that L-arginine therapy quickly decreased
severity of stroke-like symptoms in MELAS, enhanced
dynamics of microcirculation, and also reduced tissue injury
from ischemia [4]. L-arginine is a potent vasodilator via
endothelial function through nitric oxide (NO) production
[5). Cardioprotective effects of L-arginine and NO are
associated with endothelial cell preservation [6], decreased
neutrophil activation [7], improved coronary blocd flow,
and reduced free radical-mediated injury [8]. Although the
molecular mechanism of L-arginine therapy in MELAS is
not known, it is a potential new therapy for use at the acute
phase of stroke-like episodes in MELAS.

In this paper, Dr Kubota and colleagues have performed
a therapeutic trial to a 16-year-old girl with an acute phase
of MELAS, using L-arginine infusion in order to improve
the symptoms from stroke-like episodes. Among one out of
five severe stroke-like episodes, L-arginine was added on
the conventional steroid and glycerol therapy at the fifth

* Tel.: +81-942-31-7565; fax: +81-942-38-1792.
E-mail address: yasukoga@med. karume-v.ac.jp (Y. Koga).

0387-7604/% - see front matter © 2004 Elsevier B.V. All rights reserved.
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episode. The authors described that L-arginine improved the
symptoms much earlier than those without L-arginine
infusion and shortened the duration of hospitalization.
They measured the lactate level by MRS, which is a good
indicator of the therapeutic effect. This is a case report
describing a successful therapeutic result in MELAS. The
finding will provide information about a new therapeutic
approach to this currently incurable disease.
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Noonan Syndrome,
Moyamoya-like
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This reports describes a 12-year-old Japanese female
with Noonan syndrome who had antiphospholipid syn-
drome and moyamoya-like vascular changes. She pre-
sented choreic movements in her face and extremities.
She manifested phenotypic features of Noonan syn-
drome with short stature, mental retardation, and a
webbed neck, Magnetic resonance angiography re-
vealed occlusion of bilateral internal carotid arteries
and moyamoya-like vascular changes around the basal
ganglion region. Pimozide completely resolved the pa-
tient’s choreic movements. Tests for anticardiolipin
antibody and lupus anticoagulant were positive. The
patient has manifested no symptoms for 2 years with
pimozide, aspirin, and growth hormone tfreatment,
without further aggravation of moyamoya-like vascu-
lar changes. This article is the first report of Noonan
syndrome with antiphospholipid syndrome and moy-
amoya-like vascular lesions, © 2004 by Elsevier Inc.
All rights reserved.

Yamashita Y, Kusaga A, Koga Y, Nagamitsu S, Matsuishi
T, Noonan syndrome, moyamoya-like vascular changes,
and antiphospholipid syndrome. Pediatr Neurol 2004;31:
364-366.

Introduction

Noonan syndrome is characterized by 2 normal karyo-
type and clinical features that resemble Turner syndrome.
An association between Noonan syndrome and moyamoya
has been reported in only two cases [1,2). In adults, the
association between strokes and antiphospholipid antibod-
jes has been established, but such an association with
moyamoya disease has not been identified.

This report describes for the first time a first patient
with a rare combination of Noonan syndrome, moyamoya-
like vascular changes, and antiphospholipid syndrome.

Case Report

In June 2001, a 12-year-old female experienced difficulty in walking
because of involuntary movement in the left upper and lower lirnbs, She was
observed at Saga University Hospital. Cranial magnetic resonance imaging
was nommal. By the end of June, her symptoms improved. She was
diagnosed as having antiphospholipid syndrome because of thrombocytope-

* nia and positive anticardiolipin antibody. None of her family members had

similar problems. The family did not return to the hospital because the
patient was completely well. In February 2002, however, she had chorea
again starting from the right hand and extending to the right foot. In April,
her chorea extended to the left side and she began to speak less, The family
saw a neurosurgeon, and cranial magnetic resonance angiography reveated
moyamoya-like vascular changes. The patient was then referred to Kurume
University Hospital for further evaluation and treatment. '

Cn admission, her height was 120.8 cm (—3 SD} and her weight was
27 kg (—2 SD). She had multiple purpura lesions in her extremities. She
manifested phenotypic features of Noonan syndrome, including a
webbed and short neck, low posterior hair lines, Jow-set and abnormal
auricles, and hyperterolism. She manifested no signs of lupus er
secondary sexual development. The patient had no history of seizures,
and no cardiac Iesions were evident. There was no family history of
thrombosis.

Neurologically, she was alert, but had dysarthria caused by facial
chorea. Her chorea was more prominent in the right side upper and lower
limbs with hypotonia. Her deep tendon reflexes were elevated, and the
Babinski reflex was positive on the right side. Her full intelligence
quotient {(Wechsler Intelligence Scale for Children—third version [WISC-
I]) was 53; verbal intelligence quotient 60, performance intelligence
quotient 55. Her social performance was relatively good, and she was in
a mainstream classroom.

Complete blood count revealed low platetets (90,000), Prothrombin
time and activated partial thromboplastin time were mildly prolonged,
and lupus anticoagulant 1.76 (normal <1,3), anticardiolipin antibody 100
(normal <10), anti-b2 glycoprotein, and antinuclear antibody were
positive, Anti-Sm, anti-RNA, anti-SS-A/Ro, and anti-SS-B/La antibodies
were negative. Protein C and § were normal, Her bone age was delayed,
and growth hormone secretion was abnormal by both an L-arginine and
glucagon loading test. Auditory brainstem response and electroencepha-
logram were normal, The cranial computed tomography revealed mild
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Figure 1. Cerebral angiogram: Right carotid angiogram indicated
severe stenosis of internal carotid artery terminal lesion (A), and left
carotid angiogram (B) demonsirated severe stenosis in the supraclinoid
segment and collateral moyameya-like vascular changes distal (o the
stenosis. The left internal carotid artery was narrower than the left side.

atrophy of the parictal lobe in the right hemisphere. The cranial magnetic
resonance imaging revealed low-intensity areas in the basal ganglia on
the right side. The cranial magnetic resonance angiography documented
bilateral stenosis of the intemal carotid arteries, which was more
prominent on the right side, and moyamoya-like vascular changes in the
bilateral basal ganglia and thalami region (Fig 1). Her chromosome count
was normal (46 XX).

The patient was treated with a D2 antagonist, pimozide (1.5 mg/day),
and her chorea completely resolved by the end of May. She has
manifested no symptoms for 2 years with pimozide, aspirin (100
mg/day), and growth hormone treatment, with no further aggravation of
moyameoya-like vascular changes.

Discussion

This patient was diagnosed with antiphospholipid syn-
drome because she had thrombocytopenia, positive anti-

cardiolipin antibody, and lupus anticoaguiant. These find-
ings were repeatedly demonstrated at 10-month intervals.
Furthermore, the patient manifested characteristic features
of Noonan syndrome, including short stature, facial and
neck abnormalities, mild mental retardation, and a normal
karyotype. On magnetic resonance angiography, she also
manifested moyamoya-like vascular changes in bilateral
carotid arteries and basal ganglia. She was diagnosed with
moyamoya disease because she had underlying Noonan
syndrome and antiphospholipid syndrome,

Booth et al. have reported a 7-year-old female with an
ischemic event in association with repeated elevation of
anticardiolipin antibody [3]. They demonstrated bilateral
moyamoya-like vascular changes. The patient was treated
with warfarin for 5 months, followed by aspirin. Eleven
months after the treatment, a marked improvement in
blood flow with decreased stenosis of the left internal
carotid was observed. They speculated that the develop-
ment of moyamoya-like vascular changes might be sec-
ondary to initial thrombosis and stenosis of the basal
cerebral vasculature with subsequent formation of collat-
eral vessels. Takahashi et al. reported eight children with
acute hemiplegia, with three being diagnosed as having
infarctions due to moyamoya [4]. Anticardiolipin immu-
noglobulin G antibody was positive in three of the five
with idiopathic infarction, but none with moyamoya dis-
ease, suggesting that the etiology of the infarct might be
distinct from that in the patients with idiopathic infarction,
In contrast, Bonduel et al. reported detecting prothrom-
botic disorders in 4 of 10 patients with moyamoya disease,
suggesting its role in the pathogenesis of moyamoya [5].
Shoning et al, reported eight children who suffered from
cerebrovascular ischemia or stroke in which antiphospho-
lipid antibodies were detected. In two patients, stenoses of
the basal cerebral arteries were present; a S-year-old
female with moyamoya-like vascular changes manifested
improved circulation after treatment with aspirin and
intravenous immunoglobulin, whereas a male patient re-
quired surgery for encephalo-duro-arterio-synangiosis [6].

There have been. only two case reports of Noonan
syndrome and moyamoya [1,2]. One of these patients had
activated protein C resistance, which was thought to be
coincidental. Antiphospholipid antibodies were not mea-
sured in these cases. Both patients were treated with
aspirin and were responsive to nonsurgical therapy.

Encephalo-duere-arterio-synangiosis surgery was also
considered for the patient in the present report; we decided
not to pursue this route, however, because pimozide
dramatically improved her symptoms and no further re-
currence or progression of moyamoya-like vascular
change occurred. In patients with moyamoya disease or
moyamoya-like vascular changes, the possibility of an-
tiphospholipid syndrome should be considered.

The authors gratefully acknowledge the assistance of Dr. Muneyuki
Matsuo at the University of Saga, Department of Pediatrics.
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L-Arginine
improves the
symptoms of
strokelike episodes
in MELAS
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Abstract—Based on the hypothesis that mitochondrial myopathy, encephalop-
athy, lactic acidosis, and strokelike episodes (MELAS) are caused by impaired
vasodilation in an intracerebral artery, the authors evaluated the effecta of
administering L-arginine, a nitric oxide precursor. Patients were administered
L-arginine intravenously at the acute phase or orally at the interictal phase.
L-Arginine infusions significantly improved all strokelike symptoms, suggest-
ing that oral administration within 30 minutes of a stroke significantly de-
creased frequency and severity of strokelike episodes.

NEUROCLOGY 2005;64:710-712

Y. Koga, MD, PhD; Y. Akita, MD, PhD; J. Nishioka, MD; S. Yatsuga, MD; N. Povalko, MD;
Y. Tanabe, MD, PhD; S. Fujimoto, MD, PhD; and Toycjiro Matsuishi, MD, PhD

Mitochondrial myopathy, encephalopathy, lactic
acidosis, and strokelike episodes (MELAS) is a ma-
ternally inherited, multisystem mitochondrial disor-
der.! The primary cause of strokelike episodes in
young patients with MELAS, whether mitochondrial
cytopathy, angiopathy, or both, remains controversial.
Based on the hypothesis that strokelike episodes in
MELAS are caused by segmental impairment of vaso-
dilation in intracerebral arteries, we administered
L-arginine by IV administration during the acute phase
of strokelike episodes and by oral administration dur-
ing the interictal phase.

Methods. Patients. We studied 24 patients referred to the hos-
pital with MELAS diagnosed according to clinical, muscle patho-
logie, and genetic studies and 72 healthy control subjects (table 1).
Patients with congenital anomalies, sepsis, IV hyperalimentation,
diabetes mellitus, cardiac failure, or a bedridden state were ex-
cluded from this study.

Study design. All patients or patients’ parents gave written
informed consent, and the L-arginine study protocol was approved
{Kurume University IRB no. 9715). The study design was chosen
because of patients’ availability and finances did not permit a
balanced, randomized design invelving multiple centers. Our
strokelike episodes fulfilled the criteria that patients have mi-
graine headache, vomiting, convulsion, and transient blindness
with brain image suggesting focal brain abnormality. Twenty-four
patients with a total of 34 strokelike episodes took part in this
study of L-arginine versus placebo, following a previously de-
scribed protocol.? The severity of a strokelike attack {convulsion,
cortical blindness, hemiparesis, or abnormality in brain images
associated with headache and vomiting) was similar when either
L-arginine or placebo was administered.
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Six patients were treated by oral administration of L-arginine
to prevent strokelike episodes. Four to 24 g of L-arginine (Arugi U,
Ajinomoto Pharma; 0.15 to 0.3 g/kg/d) were given orally for 18
months. Patients were monitored clinically and biochemically as
described previously once every 2 weeks. When patients were
admitted to the hospital with a strokelike episode, the following
symptoms were scored: headache (present: 1, none: 0), vomiting
(present: 1, none: 0), teichopsia (present: 1, none: 0), convulsion
{present: 1, none: () and hemiparesis {present: 1, none; 0).2 For
each admission during the study period, these scores were
summed as the severity score for the stroke. Frequency of admis-
sion was taken to be the frequency of strokelike episodes. Severity
and frequency were related to time as number and month and
were compared between perieds 18 months before and after oral
administration of L-arginine in the same patient.

Analysis of amino acids, asymmetric dimethylarginine
(ADMA),* nitric oxide (NOx},’ cyclic guanosine mencphosphate
(cGMP)® were measured using described methods.

Analysis. Plasma concentrations of amine acids, NOx, and
ADMA in patients in the acute or interictal phase of MELAS were
compared with those in controls using unpaired ¢ tests, with Bon-
ferroni corrections for outlying values. Concentrations of
L-arginine, L-citrulline, NOx, ADMA, and ¢cGMP in plasma ob-
tained before, 30 minutes after, and 24 hours after L-arginine
infusion were compared with those in controls using paired ¢ tests.
Statistical analysis of clinical improvement was performed using
Fisher’s exact test. Frequency and severity of strokelike episodes
in six patients with MELAS after long-term oral L-arginine sup-
plementation were compared with those in the same patients
without supplementation using a nonparametric Mann-Whitney
U test. All data are presented as means * SD. p Values of 0.05 or
less were considered to indicate significance.

Results. Baseline characteristics of the 24 patients and
72 controls are shown in table 1. Mean plasma concentra-
tions of L-arginine and L-citrulline were lower in both acute
(L-arginine: 47 * 13 pmol/L; L-citrulline: 23 = 10 pmol/L)
{p < 0.01) and interictal phases (L-arginine: 84 * 26
pmol/L; L-citrulline: 26 * 10 pmol/L) (p < 0.01) of MELAS
than in controls (L-arginine: 108 + 28 umol/L; L-citrulline:
35 = 9 pumol/L). Concentrations of L-arginine in the acute
phase were also significantly lower than in the interictal
phase, whereas those of L-citrulline did not show a signifi-
cant phase-related change. NOx concentrations were lower
in the acute phase (24 * 10 pmol/L) {(p < 0.01) of MELAS
than in controls (45 * 30 pmol/L), whereas in the interic-
tal phase (91 * 44 umol/L) (p < 0.01), they were higher
than in controls. Conversely, concentrations of ADMA did
not significantly differ between controls and acute phase,
although the ADMA/L-arginine ratio was higher in the
acute phase (0.011 = 0.004) (p < 0.01) than in the controls
(0.005 = 0.001) or in the interictal phase {0.005 x 0.001).
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Table 1 Baseline characteristics of the patients with MELAS and
controls

Patients with MELAS Controls

Variable (n = 24) (n =72}
Age, y (range) 18,6 = 12.5(8.2-30.3) 21.5 = 10.4 (4.3-35.9)
Gender, M/F 8/16 27/45
BMI 17.8 = 3.6* 204 =23
Height ~2.2 + 0.8 0.2 %09
Alanine, pmol/L 514 *+ 164* 406 = 121

plasma
Pyruvate, pmol/L 0.22 = 0.06* 0.08 = 0.05
Lactate, pmol/L 45+ 1.8* 08+02
L/P ratio 19.8 = 2.9* 105 = 1.8
Total cholesterol 139 = 27 135 * 38
LDL cholesterol 13.8 > 3.7 146 =59
A3243G in 68 + 18 ND

muscle, %
Ragged-red fibers 36x19 ND

in muscle, %

Plus-minus values are means = SD.
* p < 0.05 compared with controls.

MELAS = mitochondrial myopathy, encephalopathy, lactic acido-
sis, and strokelike episodes; BMI = body mass index; L/P = lac-
tate pyruvate; LDL = low density lipoprotein; ND = not
detectable.

Symptoms and biochemical measurements after
L-arginine therapy in the acute phase of strokelike epi-
sodes in MELAS are shown in table 2 and the figure. After
administration of iL-arginine, all symptoms suggesting
stroke dramatically improved. No adverse effects occurred,
except headache, when L-arginine was infused too rapidly
in two patients. With treatment, concentrations of lactate
and pyruvate, L-arginine, L-citrulline, NOx, ¢<GMP, and
ADMA returned to interictal-phase concentrations within
24 hours.

After oral L-arginine supplementation, the frequency
and severity of symptoms caused by the stroke had de-
creased dramatically. Frequency of strokelike episodes af-
ter treatment (0.09 = 0.09) (p < 0.05) decreased compared
with before supplementation (0.78 * 0.42). The severity
score after treatment (0.17 * 0.18) (p < 0.05) was also
lower than before supplementation (2.04 = 0.34). After
L-arginine supplementation, no patient with MELAS had a
major strokelike attack, including hemiconvulsion or hemi-
paresis, but only headache or teichopsia. Plasma concen-
trations of L-arginine in patients with MELAS ranged from
82 to 120 pmol/L (mean = SD 92 = 17 pmol/L) after
initiation of L-arginine supplementation.

Discussion. L-Arginine, which plays an important
role in endothelium-dependent vascular relaxation,
was significantly lower in both the acute and interic-
tal phases of MELAS than in control subjects. Why
plasma L-arginine is decreased in the acute phase of
MELAS remains to be elucidated. We analyzed the

Table 2 Effects of L-arginine on the clinical symptoms in acute phase of MELAS

Time after administration

Before 15 min 30 min 24 h

Headache (improvement of seore from 3/2 to 1/0)

L-Arginine 0/22 2/22 18/22* 21/22*

Placebot 0/12 0/12 1712 112
Clinical disability (improvement of score from 3/2 to 1/0)

L-Arginine 0/22 3122 16/22* 20/22*

Placebot 0/12 0/12 112 1/12
Nausea

L-Arginine 0/22 2/22 15/22* 22/22*

Placebot 0/12 0/12 0/12 112
Vomiting

L-Arginine 022 3722 18/22* 22/22*

Placebo¥ 0/12 0/12 0/12 1/12
Hemi-blindness {transient)

L-Arginine 07 277 417* T

Placebot 0/4 0/4 1/4 1/4
Teichopsia

L-Arginine 0/22 0/22 822+ 19/22*

Placebot 0/12 0/12 0/12 0/12

Numbers indicate the number of occasions when improvement was seen relative to the total number of episodes.

* p < 0.05 by Fisher’s exact test.

+ 5% dextrose (0.5 gfkg/dose) in eight episodes, and D-arginine in four episodes.
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Figure. Plosma concentrations of L-arginine, L-citrulline,
nitric oxide (NOx), cyclic guanosine monophosphate
{cGMP), lactate, and asymmetric dimethylarginine
(ADMA) before and after L-arginine therapy in the acute
phase of strokelike episodes in MELAS. Data represent
mean % SD (umol/L) (n = 24). *p < 0.05; **p < 0.01 vs
values before L-arginine therapy. ns = not significant.
Filled eircles show biochemical analysis after L-arginine
therapy. Open squares show biochemical analysis after
administration of placebo.

correlation in all amino ac¢ids and found that the
decrease of L-arginine in the acute phase is not influ-
enced by urea cycle activities but may be caused by
endothelial dysfunction (data not shown). A low
L-arginine concentration and a relatively high ADMA
concentration may predispose to strokelike episcdes
in MELAS. Impairment of endothelial function asso-
ciated with relatively increased ADMA concentra-
tions is reversed by IV r-arginine.? Consistent with
these data, L-arginine infusion improved the ische-
mic process during the acute phase of MELAS.
Focal cerebral hyperemia has been reported in
MELAS.® Although the underlying mechanisms are
incompletely understood, hyperemia is thought to re-
flect vasodilation caused by local metabolic acidosis
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in the area of the infarct or by the foci of periodic
epileptiform discharge? Because the above studies
were performed several days or several weeks after
the onset of a strokelike episode, secondarily induced
NOx production generated by inducible NOx syn-
thase in the injured region may alter evidence of the
primary pathophysiologic abnormality. In an analy-
sis of SPECT findings in young patients with
MELAS at a very early stage of strokelike episodes
(within 3 hours after onset), we found hypoperfusion
in the region affected by the strokelike episode. We
cannot explain conclusively why our findings differ
from those reported by neurologists treating adults.
If the sites of angiopathy in MELAS most likely in-
clude small cerebral arteries, arterioles, and capillar-
ies, small infarcts would be expected rather than the
large confluent region of infarction described in
many reports of MELAS. L-Arginine is an important
precursor of NOx, which may reduce ischemic dam-
age in the acute phase of focal brain ischemia by
inereasing microcireulation in the cerebral blood
flow. The symptoms improved earliest, and magnetic
resonance spectroscopy abnormality was minimal
when L-arginine was given during the acute phase of
strokelike episodes in MELAS 10

We evaluated the effects of oral L-arginine supple-
mentation on long-term occurrence of strokelike epi-
sodes. The frequency and severity of clinical
symptoms of strokelike episodes decreased without
serious adverse effects. Prophylactically treated pa-
tients with MELAS have not had major strokelike
attacks such as hemiconvulsion and hemiparesis.
Headache and teichopsia have occurred.
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