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Fig. 1. (A) Body weight changes in groups of VC[+) and VC{=) WT and SMP30/GNL KO mice. After the mice were weaned at 30 days of age {indicated at day 0}, their body
weights were measured for 57 days, and the mean body weight changes (difference from the mean body weight at day 0) were plotted. The final body weights of VC(+)
SMP30/GNL KD, VC{—) SMP30/GNL KO, VC(+) WT and VC[—) WT mice at day 57 were 279210, 187409, 264209 and 27220.7g, respectively. Values are expressed as
means £ SEM of five animals. {B) Total VC levels in the brains from VC(+) and VC[—) groups of WT and SMP30/GNL KD mice. Mice were supplied with or deprived of VC in
drinking water for 2, 4, and B weeks, starting when they were weaned at 30 days of age. Values of total VC are axpressed as means £ SEM of five animals. “p<0.05 and "p<0.01
as compared to VO(+) SMP30/GNL KD, M'p <0.01 as compared to VC[—) WT, *p<0.05 and **p<0.01 as compared to VC{+) WT.
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Fig. 2. Superaxide formation in brain slices estimated by imaging of chemilumineseence distribution. Brain slices at 2 (A), 4 (C), and 8 (E) weeks after weaning from VC[+)
and VC[— ) WT and SMP30/GNL KO mice were incubated with 2mM Lucigenin in oxygenated (95% 02/5% C0;) Krebs-Ringer medium in a chamber for 120min (0-120min).
Then the slices were incubated under hypaxic conditions (95 Naf5% €03) for 15min (120-135min) and returned to the oxygenated condition for 120min (135-255 min).
Sup ide-dependent chemil ent intensities were acquired every 15min and expressed as ‘counts/pixel/min’, Superoxide formarion of baseline and reaxygenation
conditions at 2 {B), 4 (D), and 8 (F) weeks fram VC(+) and VIC{—) KD and WT mice were calculated as averages fram 90 to 120min and from 135 to 180min, respectively. Val-
ues are expressed as means:SEM of five animals. 'p<0.05 and “p<0.01 as compared to VC(+) SMP30/GNL KO, 'p<0.05 and fp<0.01 as compared to VT~ ) WT, *p<0.05 and
**p<0.01 as compared to VC{+) WT.
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To determine whether VC depletion affects ROS gene
we modeled conditions in the living brain by usin
biography imaging system, Here, Lucigenin acted as a chemi
luminescence probe to measure superoxide formation during
hypoxia-reoxygenation treatment. Chemiluminescence emission
images were obtained every 15min from the start of incubation
and throughout the 255min period that included the oxygenated,
hypoxic, and then reoxygenated conditions. The time courses of
superoxide formation in the brain slices from VC(+) and VC(—)
groups of SMP30/GNL KO and WT mice are shown in Fig. 2. The
intensity of chemiluminescence reached a steady-state (baseline)
by 120 min after the start of oxygenation treatment. A decrease fol
lowed under hypoxic conditions (95% N;/5% CO;) for 15 min (from
120 to 135min) and then increased during reoxygenation to reach
a maximum at 15-30min (from 150 to 165 min) after the hypaoxic
treatment. The intensity then decreased slowly and returned to
the baseline after 255min. Overall, the intensity of superaxide-
dependent chemiluminescence during hypoxia-reoxygenation
treatment at the experiment’s 2-week-mark was not significantly
different for VC[—) KO mice from that for the other three groups
Fig. 2A and B). However, at 4 weeks, the intensity of chemilumi-
nescence under basal and reoxygenation conditions for VC(—) KO
mice was 2.6- to 3.5-fold and 3.0- to 4.2-fold higher than that for
the other three groups, respectively (Fig. 2C and D). The intensity
level for VC(—) KO mice during basal and reoxygenation condi-
tions at 8 weeks was also 1.6- to 2.1-fold and 1.9- to 2.1-fold higher,
respectively, than levels for the other three groups, but levels dur-
ing reaxygenation did not differ significantly (Fig. 2E and F). Typical
images of chemiluminescence in brain slices under basal, hypoxic,
and reoxygenated conditions from VC(+) VC(—) KO and WT mice
at 4 weeks appear in Fig. 3. Superoxide formation was distributed
heterogeneously throughout the brain regions and did not change
significantly during hypaxia-reoxygenation treatment.

Antioxidant levels in the brain during VC depletion

Finally, to assess whether VC depletion affects antioxidant levels
in the- brain, we measured the SOD activity and protein levels of
- n'uj.m\ ymes, inclu 1dm; Mn SOD Cu, Zn-S0D, and
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ide levels were signi I‘LJ"'I[_',? hig hr-r than |‘1¢an of
with a normal VC content and of their WT counterparts. In vitro, \ (.
is known to scavenge superoxide generated by the xanthine-xan-
thine axidase system (2], singlet oxygen generated photochemically
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Fig. 3. Typical chemiluminescence images in brain slices at experimental week 4
from VC{+) and VC[-) groups composed of WT and SMP30/CGNL KO mice during
hypadtia-reaxygenation treatment. Images were acquired dunng oxygenated (105-
120 min), hypoxic {120-135 min), and then reoxygenated {135-150 min) conditions
Brightness was represented by the same area and scale in each image. SuperoX-
ide-dependent chemiluminescence showed a heterogeneous distribution amar
the brain regions.

VC(+) KO

by using ultraviolet light and hematoporphyrin as a sensitizer [3],
and hydroxyl radicals generated by exposure to ionizing radiation
[4]. Measuring the ROS accurately in living tissues and whole ani-
mals is very difficult, because ROS is highly reactive and has an
extremely short life span, Therefore, little direct evidence exists to
verify that VC actually scavenges ROS in a physiologic setting. Here,
we overcame this problem by using a real-time biographic system
[19] in which Lucigenin is a chemiluminescence probe that detects
supernxide anion radicals. Lucigenin represent superoxide produc-
tion within cells and tissues at physiological pH [20.21]
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brain.

Although the total VC levels in the brains from VC(—) KO mice
were <6% of the values obtained for the VC{+) KO mice (the latter
given 4 and 8 weeks of VC supplementation) (Fig. 1B), the total SOD

pres-
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Fig. 4. Antioxidant activity and protein levels in brain slices at experimental weeks 4 and 8 fram VC[+) and VC[— | groups composed of WT and SMP30/GNL KO mice. (A) Total
50D activity and protein levels of (B) Mn-50D, (€) Cu. Zn-50D and (D) catalase were determined as described in Materials and meathods. Hundred percent has been adjusted
according o the 4-week-value of VC[—) WT mice. Typical signals of Mn-50D, Cu, Zn-50D, and catalase were represented in Western blot analysis Values are expressed as

means +SEM of five animals.

activity and protein levels of Mn-SOD, Cu, Zn-50D and catalase
were not altered in VC(—) KO mice (Fig. 4). We recently reported
that superoxide-dependent chemiluminescent intensity in brain
tissues from senescence accelerated mice (SAM) of the C57/BL6
strain as well as Wister rats and pigeons clearly increased in an
age-dependent manner [25]. However, SOD activity in their brains
was unchanged during the aging process. Thus, the antioxidative
defense system in the brain must be very weak even in a state of
high oxidative stress.

Superoxide-dependent chemiluminescence showed a
heterogeneous distribution among the brain regions (Fig. 3).
That is, chemiluminescent intensity in white matter was more
vigorous than in gray matter. Okabe et al. [26] reported that
less SOD activity was found in white matter than gray matter by
histochemical localization analysis. Thus, weaker SOD activity in
the white matter could account for the strong chemiluminescent
intensity at those sites.

The brain needs a great deal more oxygen to produce high
energy per unit mass than other organs [27), and this feature of
brain metabolism translates into extremely high oxidative phos-
phorylation accompanied by a correspondingly large amount of
electron leakage. Mitochondria are a major source of ROS gen-
eration and are implicated in the production of oxidative stress.
Dehydroascorbic acid, which is an oxidative form of ascorbic acid,
Is known to enter mitochondria via facilitative glucose transporter
1 and then evolve into a reduced form, VC |2B]. VC quenches ROS in
the mitochondria to protect the mitochondrial genome from dam-
age and prevent depolarization of the mitochondrial membrane. In
the present study, VC depletion did not alter the scavenging capa-
bility represented by the protein levels of Mn-SOD, Cu, Zn-50D,
and catalase. Therefore, VC depletion in the brain must increase

ROS generation within the cells, especially in their mitochondria,
by causing a loss of VC's scavenging capability. An increase of oxi-
dative stress in mitochondria is associated with mitochondrial
dysfunction resulting from oxidative damage and, finally, induces
cell death [11,29]. Here, we found that the intensity of superox-
ide-dependent chemiluminescence in the brain after 8 weeks of
VC deprivation in KO mice was approximately one-half the inten-
sity at 4 weeks (Fig. 2C and E). Histochemical analysis revealed
numerous dead cells in the cerebral cortex of VC(—) KD mice at 8
weeks, but not at 4 weeks of VC deprivation (data not shown), Thus
these outcomes suggest that long-standing ROS generation during
VC deficiency in the brain must cause mitochondrial dysfunction
and induce cell death, which would in turn decrease superoxide
generation, as we noted during hypoxia-reoxygenation treatment.
Finally, we verified that VC depletion increased superoxide gener-
ation in the brain during hypoxia-reoxygenation treatment. This
result in our VC-depleted SMP30/GNL KO mice demonstrates the
usefulness of this human-like animal model for the evaluation of
antioxidants as scavengers of superoxide radicals in vivo.
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