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It has been demonstrated that VC protects the rat lens from
oxidative damage induced by UVR type B (UVR-B) (Reddy and Bhat,
1999; Reddy et al.,, 1998) or hydrogen peroxide (Shang et al., 2003)
in vitro. A few published studies have confirmed the efficacy of VC in
preventing cataracts in vivo (Malik et al., 1995). Although a UVR-B
exposure experimental system has been established using a repre-
sentative animal model of cataracts, the effect of VC in preventing
cataracts in this model has been demonstrated in only one report,
describing a study of guinea pigs in which cataracts progressed when
the animals were fed a low VC diet (Malik et al., 1995). But the cataract
seen in that experiment was atypical because the lens opacity was
located in the vicinity of the posterior capsule, unlike the anterior
sub-capsular opacity often seen following exposure of mice (Jose,
1986; Meyer et al, 2005), rats (Wu et al,, 1997), and guinea pigs
(Mody et al., 2008) to UVR-B.

It has been shown that SMP30 decrease in amount in kidney and
liver with aging, a decrease that is androgen-independent (Fujita
et al, 1992). To clarify the physiological role of SMP30 in age-
associated organ disorders, we used gene targeting to establish the
SMP30 knockout (KO) mouse model from C57/BL6 mice (Ishigami
et al, 2002). We recently reported that SMP30 KO mice have no
gluconolactonase (GNL) activity (Kondo et al., 2006). Since GNL is
a key enzyme in the VC biosynthetic pathway of mammals, mice
deprived of GNL (SMP30 KO mice) lack the ability to synthesize VC
(Ishigami and Maruyama, 2007).

We investigated whether the decreased VC in this mouse model
increases the ratio of lens opacity induction by in vivo exposure to
UVR-B.

2. Materials and methods
2.1. Animals

SMP30 KO mice were established and maintained as described
previously. SMP30 KO mice were fed commercial chow (CRF-1;
Oriental Kobo, Tokyo, Japan) and had free access to water containing
1.5g/LVCin 10 pM EDTA until they were weaned at the age of 30 days.
After weaning, the mice were fed VC-deficient chow (CL-2; CLEA
Japan, Tokyo, Japan) and divided into 2 groups: VC sufficient (VC (+))
and VC deficient (VC (—)). The VC (+) group had free access to water
containing 1.5 g/LVCin 10 uM EDTA, the VC () group free access to
water containing 0.0375 g/LVCin 10 uM EDTA. Wild-type (WT) mice
were fed commercial chow containing 12 mg/100 g VC (CRF-1;
Oriental Kobo. Tokyo, Japan) and had free access to plain water
without VC. The animals were maintained on a 12:12-h light—dark
cycle in a controlled environment throughout the experiments. All
animals were treated according to the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research.

2.2. Determination of total VC levels in lenses

After the mouse sacrificed, the eyes were enucleated and the
lenses were extracted microsurgically. Lenses were homogenized in
5% metaphosphate/T mM EDTA with a handy homogenizer
(Mojimojikun; Nippon Genetics, Tokyo, Japan). The supernatant was
obtained by centrifugation at 21,000 g for 15 min at 4 °C and imme-
diately frozen at —80 °C until use. Total VC levels were determined
using a high performance liquid chromatography (HPLC) electro-
chemical detection method as described previously (Sato et al.,, 2010).
Samples were analyzed by HPLC using an Atlantis dC18 5 wm column
(4.6—150 mm, Nihon Waters, Tokyo, Japan). The mobile phase was
50 mM phosphate buffer (pH 2.8), 0.2 g/L EDTA, and 2% methanol at
a flow rate of 1.3 mL/min, and electrical signals were recorded using
an electrochemical detector with a glassy carbon electrode at +0.6 V.

2.3. UVR-B exposure

UVR-B in the 302 nm wavelength region was generated with
a transilluminator (TFML-20; UVP, Upland California, USA). UVR-B
intensity was 200 mW/cm?, measured with a radiometer (UV-340;
CUSTOM, Tokyo, Japan) as irradiance in the corneal plane. The
transilluminator was covered with aluminum foil except fora 5 mm
hole. Each mouse was manually held (without anesthesia), such that
the right eye was irradiated through the hole. The left eye was not
irradiated and was used as control. Five minutes before UVR-B
exposure, 1% tropicamide and 0.1% atropine sulfate hydrate were
instilled in both eyes to induce mydriasis. Prior to exposure, all
animals were checked with a slit lamp to exclude pre-existing
cataracts. One eye of each mouse was exposed in vivo to UVR-B for
100 s twice a week for 3 weeks (total: 1200 mJ/cm?). Each animal
was kept for a latency period of 48 h from the last UVR-B exposure,
based on data showing cataract progression after in vivo exposure to
UVR-B, as described previously (Meyer et al., 2005).

2.4. Cataract morphology

Cataract development was observed with a slit-lamp microscope
(Kowa SL-15, Nagoya, Japan). Immediately after lens extraction from
the eyes, cataract morphology was documented by dark-field illu-
mination with a microscope photography system.

Digital images of the anterior capsules were captured, and areas of
cataract were measured using freely available National Institutes of
Health Image ] software. The ratio of the cataract area to the anterior
capsule area was calculated as the cataract area ratio (Fig. 2a—d).

2.5. Histology

Eyes were fixed in Superfix (Kurabo, Osaka, Japan) as described
previously (Yamamoto et al, 2008) and embedded in paraffin.
Paraffin sections (3 pm thick) were prepared and stained with
hematoxylin and eosin (HE).

2.6. Determination of lens protein contents

Radio immunoprecipitation assay buffer was added to isolated
lenses, followed by crushing with a homogenizer and centrifugation
at 4 °C and 1000 rpm for 30 min. The supernatant was harvested as
a sample. Each 160 pL sample was combined with 40 uL of protein
assay fluid (Bio-Rad, California, USA). The mixture was agitated and
left standing at room temperature for 20 min. Then, absorbance at
595 nm was measured with a microplate reader.
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Fig. 1. Total vitamin C (VC) levels in lenses from SMP30 KO VC (-), SMP30 KO VC (+)
and WT mice at age 16 weeks. Values are expressed as the means £ SD of 4 animals.
DHA == dehydroascorbic acid; AA = ascorbic acid.
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Fig. 2. Stereomicroscopic images of lens opacities were obtained 48 h after the last exposure to UVR-B. SMP30 KO VC(~)(A), SMP30 KO VC (+)(B), and WT (C). Unexposed lens of SMP30
KO VC () was clear (D). The cataract area was the range surrounded with a dotted line, and the anterior capsule area was the range surrounded with a solid line. (a, b, ¢,and d) Asthe actual
area ratio, a is 58.2%, b is 27.6%, ¢ is 26.4%, and d is 0.0%. The cataract area ratios were 59.3% = 10.6% in the SMP30 KO VC (~) group, 32.2% 4 11.7% in the SMP30 KO VC (+) group and
29.0% - 9.0% in the WT group. In the SMP30 KO VC () group the cataract area ratio was significantly higher than in the SMP30 KO VC (+) group and the WT group (P < 0.001)(e).

2.7. Statistical parameters

Data are expressed as means + SD. Statistical analyses were
performed using one-way ANOVA followed by the Tukey post hoc
test for multi-group comparisons. SPSS for Windows (version 11.0,
SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.
P < 0.05 was considered statistically significant.

3. Results
3.1. Total VC levels in lenses

We measured VC content in the lenses of SMP30 KO mice to
confirm that eliminating VC from the diet led to VC deficiency and

that supplementation via ad libitum access to VC-containing water
resulted in essentially normal levels (Fig. 1). The total VClevel for WT

mice was approximately 0.36 + 0.03 pmol/g lens tissue. The total VC
level in lenses from the SMP30 KO VC (—) group was significantly
reduced (0.14 =+ 0.01 wmol/g lens tissue) at age 16 weeks (P < 0.001).
The SMP30 KO VC (+) group (0.34 + 0.004 pumol/g lens tissue),
however, had VC levels similar to those of the WT group (P = 0.860).

3.2. Cataract morphology

48 h after the last exposure to UVR-B, lens opacity was observed
mainly at anterior sub-capsular with a slit-lamp microscope. Slit-
lamp examination revealed no lens opacity at 1 and 2 weeks. All
exposed lenses of SMP30 KO VC (), SMP30 KO VC (+), and WT
mice developed lens opacity (Fig. 2A—C). The left (control) eye, not
exposed to UVR-B, was free of opacity in all mice (Fig. 2D). Opacity
of the UVR-B-exposed eye was more extensive in the SMP30 KO VC
(=) group than in the SMP30 KO VC (+) and WT groups, with the
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cataract area ratio being 59.3% + 10.6% in the SMP30 KO VC (-)
group, approximately double the ratios in the SMP30 KO VC (+)
group (32.2% + 11.7%) and the WT group (29.0% + 9.0%) (P < 0.001;
Fig. 2e).

3.3. Histology

HE staining findings were similar in the 3 groups. Anterior sub-
capsular cell proliferation, a sign of anterior sub-capsular cataract,
was accompanied by disturbed arrangement of surrounding lens
fibers (Fig. 3).

4. Discussion

We investigated cataract development 48 h after unilateral in vivo
exposure to UVR-B for 100 s twice a week for 3 weeks (total: 1200 m]/
cm?) in SMP30 KO, a vitamin C deficient mouse model, and age-
matched WT mice. In the SMP30 KO (~) group, exposure to UVR-B
resulted in cataract nearly twice as extensive as that seen in the
SMP30KO (+)and WT groups. These findings suggest that decrease of
VC increase the ratio of lens opacity induced by in vivo exposure to
UVR-B. The free radicals formed in the lens exposed to UVR-B are
scavenged primarily by glutathione and VC (Niki, 1991; Pirie, 1965).
SMP30 KO (—) mice, characterized by low lens VC levels, were more
susceptible to UVR-B damage, probably resulting in more extensive
lens opacity. The severity of lens opacity in SMP30 KO (+) mice was
similar to that in WT mice. It seems that the VC administered to these
mice scavenged free radicals (formed in the lens following UVR-B
exposure) to a degree similar to the scavenging of free radicals by
endogenous VC in WT mice.

SMP30 KO mice develop scurvy-like symptoms and die at about
2 months after they are fed a VC-free diet and water. Keeping these
mice alive requires administration of the minimum amount of VC
needed for avoidance of manifestations of deficiency. For this
reason, as in previously reported experiments, mice fed the
minimum necessary amount of VC (0.0375 g/L, in aqueous solution)
served as the VC deficient group (Iwama et al,, 2011; Kashio et al,,
2009). In view of a previous report demonstrating that adminis-
tration of an aqueous solution with a higher concentration of VC
(1.5 g/L) resulted in brain (Koike et al., 2010; Kondo et al., 2008; Sato
et al,, 2010), lung (Koike et al., 2010) and muscle (Sato et al., 2010)

KO Vit.C 0.0375g/l UV (+)

Fig. 3. Histological changes in the lenses of SMP30 KO VC (~) mice exposed to UVR-B.
Cell proliferation in the anterior sub-capsular area (arrow head) is accompanied by
disturbed arrangement of lens fibers in the surrounding region (*).

VC levels similar to those in WT mice under normal conditions,
mice given this VC-containing aqueous solution served as the VC
sufficient group. In mice given the 0.0375 g/L aqueous solution of
VC, the lens VC level decreased to approximately 1/3 of that in WT
mice. In mice given the 1.5 g/L aqueous solution of VC, the lens VC
level was similar to that in WT mice. Thus, the 2 VC doses used in
this study can be viewed as appropriate for achieving VC deficiency
and sufficiency, respectively, in the SMP30 KO mouse lens.

There is one report describing observation of the lenses of
VC-deficient guinea pigs exposed to UVB-R. In that experiment,
lens opacity increased (Malik et al., 1995), as in the present study.
However, the lens opacity seen in that experiment appeared to
reflect not only the influence of UVR-B exposure but also nutritional
disorders, for the following reasons: (1) the lens opacity was
located in the vicinity of the posterior capsule, unlike the anterior
sub-capsular opacity often seen following exposure of mice (Jose,
1986; Meyer et al,, 2005), rats (Wu et al,, 1997), and guinea pigs
(Mody et al., 2008) to UVR-B; (2) the VC-deficient guinea pigs
showed weight loss and were evidently in poor general condition;
and (3) opacity was also seen in guinea pigs not exposed to UVR-B
(Malik et al, 1995). In the animal model used in our study, it is
unlikely that pathological conditions possibly causing nutritional
disorders were present and evaluation of the influence of VC defi-
ciency under conditions close to normal was apparently possible,
taking into account the following facts: (1) the animals showed no
evident external signs of health disorders at the time [14—17 weeks
of age] of the experiments (Kashio et al., 2009); (2) the lens opacity
was located in the anterior sub-capsular region, a finding similar to
those in previously reported animal studies of UVR-B exposure; and
(3) the eye not exposed to UVR-B was free of opacity.

Despite the development of lens opacity, there was no change in
lens protein levels in the present study (data not shown). UVR-B
with a wavelength close to 300 nm is known to attenuate on the
anterior plane of the lens, and lenses exposed to UVR-B show
changes largely confined to the sub-capsular area (Lofgren and
Soderberg, 2001). In the present study, we analyzed the entire
lens in the form of a homogenate. With this method, we cannot rule
out the possibility that even if there had been changes in the
anterior sub-capsular region, such changes might have been
masked by proteins levels in the core and posterior cortex, which
are not reached by UVR-B. Also, any changes might have been
minimal and thus undetectable. VC is considered to play important
roles in the maintenance of homeostasis and transparency of the
lens through reducing and scavenging free radicals formed by
various factors (Chiu and Taylor, 2007; Lou, 2003; Pirie, 1965). In
the present study, administration of VC reduced the lens opacity
induced by UVR-B and thereby exerted a protective effect. A
possible mechanism underlying the activity of VC is that this
vitamin reduces and scavenges the free radicals formed in the lens
following exposure to UVR-B. However, since the present study did
not incorporate measurement of VC levels (dehydroascorbic acid,
ascorbic acid) after exposure to UVR-B, whether or not VC was
directly oxidized as a free radical scavenger remains unknown.

Excessive administration of VC can stimulate the progression of
cataracts (Cheng et al., 2001, 2006; Linetsky et al., 1999, 2008; Nagaraj
et al., 1999). This is considered to be attributable to denaturation of
cross-link-associated lens proteins caused by products of the oxida-
tive degradation of VC, which in turn leads to the induction of cata-
racts (Nagaraj et al., 1999). In the present study, SMP30 KO mice were
exposed to UVR-Bin either a state of VC deficiency (1/3 of the VClevel
for WT mice) or a state similar to that in WT mice. To evaluate the
influences of an excessive VC dose on cataract development, further
study involving massive VC administration is needed.

We have shown that in SMP30 KO VC (~) group lens opacities
induced by UVR-B were more extensive than in SMP30 KO VC (+)
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group or in WT group, and in SMP30 KO VC (~) the lens VC level
decreased to 1/3 of that in SMP30 VC (+) group or in WT group.
These findings suggest that VC deficiency increases lens suscepti-
bility to in vivo UVR-B induced oxidative stress in the mouse.
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