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Abstract

Cataracts are the major cause of blindness and are associated with oxidative damage of the lens. In
the present study, the aim was to evaluate the protective effects of rosmarinic acid on
selenite-induced cataractogenesis in Sprague-Dawley rat pups. The animals were randomly divided
into five groups, each of which consisted of 10 rat pups. Group | served as normal control (vehicle
administration). For testing cataract induction, animals of Groups I, lll, IV, and V were administered
a single subcutaneous injection of sodium selenite (2.46 mg/kg body weight) on postpartum day 12.
After sodium selenite intoxication, Group |l served as control selenite. From the 11th day through
the 17th day, Groups lll-V received rosmarinic acid intraperitoneally at doses of 5, 10, and 50 mg/kg,
respectively. On postpartum day 24, the rat pups were examined for cataract formation, and the
lenses were isolated for further analysis of proteins and oxidative damage indicators. Selenite caused
significant (p < 0.05) cataract formation. Through the effects of selenite, the protein expressions of
filensin and calpain 2 were reduced, and the calcium concentrations, the level of lipid peroxidation
(TBARS), and inflammation indicators (iNOS, COX-2, and NFKB) were upregulated. Furthermore,
the protein expression of the antioxidant status (Nrf2, SOD, HO-1, and NQOI), the antioxidant
enzymes activities (GSH-Px, GSH-Rd, and catalase), and the GSH levels were downregulated. In
contrast, treatment with rosmarinic acid could significantly (p < 0.05) ameliorate cataract formation
and oxidative damage in the lens. Moreover, rosmarinic acid administration significantly increased
the protein expressions of filensin, calpain 2, Nrf2, SOD, HO-1, and NQOI, the antioxidant
enzymes activities, and the GSH level, in addition to reducing the calcium, lipid peroxidation, and
inflammation indicators in the lens. Taken together, rosmarinic acid is a prospective anti-cataract
agent that probably delays the onset and progression of cataracts induced by sodium selenite.
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Introduction

A cataract, defined as any opacity in the ocular
lens caused by various etiological factors, is the major
cause of blindness. When people suffer from cataracts,
their vision and quality of life can be seriously
impaired [1]. Though the standard treatment for
cataracts is surgical intervention, which removes the
opaque lens and replace it with an artificial
intraocular lens, people cannot receive this procedure

in many countries. Fortunately, recent studies have
shown that experimental drugs designed to prevent
degeneration of the lens can minimize the effects of
cataracts.

The selenite cataract is a rapidly, clearly, and
stably rodent model for the study of senile nuclear
cataractogenesis, because experimentally selenite-
induced cataract response in animals is superficially
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similar to responses in human cataracts [2, 3]. Thus,
selenite-induced cataracts have been extensively used
in experimental medical models to screen and
evaluate the therapeutic potential of anti-cataract
drugs. Even though the mechanism of cataract forma-
tion is not completely understood, the formation of
senile cataracts is demonstrably associated with free
radical-related oxidative stress [4]. Many studies have
suggested that antioxidant supplements are success-
ful in preventing oxidative stress-related cataract
formation and oxidative damage [5, 6].

Rosmarinic acid (RA) is an ester of caffeic acid
and 3,4-dihydroxy-phenyllactic acid [7], which has
been found in more than 240 plant species [8].
Rosmarinic acid has several biological activities,
including anti-inflammatory, anti-viral, anti-bacterial,
anti-tumoral, and antiangiogenic properties. Many
reports have indicated that rosmarinic acid serves as a
photo-protective agent against UV exposure because
of its inhibitory effects on skin photocarcinogenesis in
vivo [9] and prevention of UVB-induced DNA damage
in vitro [10]. Moreover, rosmarinic acid can inhibit cell
proliferation and induce apoptosis of hepatic stellate
cells [11]. Rosemarinic acid can also induce
lymphoblastic leukemia cell death through a different
cell death pathway [12]. However, only a small
amount of evidence suggested that rosmarinic acid
was effective in preventing ocular diseases. Recently,
our group demonstrated that rosmarinic acid could
inhibit the viability of human pterygium epithelial
cells through the regulation of redox imbalance and
induction of extrinsic and intrinsic apoptosis
pathways [13]. Recent publications have shown that
rosmarinic acid as a promising potential for treatment
of cataract are reflected by its ex vivo and in vivo
anti-cataract effects [14-17]. Unfortunately, these
studies only reported that rosmarinic acid has the
effect of inhibiting cataract formation, but did not
elucidate the molecular mechanism by which
rosmarinic acid inhibits cataract formation in vivo.

Because of the excellent bioactivity of rosmarinic
acid, we hypothesized that supplementation with
rosmarinic acid may protect against sodium
selenite-induced cataracts in rats. Therefore, the aims
of the present study were not only to investigate the
protective effects of rosmarinic acid on sodium
selenite-induced cataractogenesis in Sprague-Dawley
rat pups, but also to further elucidate the anti-cataract
molecular mechanisms of rosmarinic acid in enhanc-
ing the antioxidant defense system and inhibiting
inflammatory in vivo. The extent of selenite-induced
cataracts was also analyzed through histopathological
observations.

Methods

Animals

Eleven-day-old Sprague-Dawley rat pups were
obtained from the Animal Department of BioLASCO
Taiwan Co., Ltd. (Taipei City, Taiwan). In each cage,
ten pups and their mother were housed under normal
laboratory environments. The animal room’s relative
humidity was maintained at 55 + 5% with a
temperature of 25 * 2°C. All processes were
completed according to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Treatment

The animals were randomly divided into five
groups, each consisting of 10 rat pups. Group I served
as the normal control. To induce cataracts in the
lenses, we gave the rat pups in Groups II, 11, IV, and
V a single subcutaneous injection of sodium selenite
(246 mg/kg body weight) on postpartum day 12.
After sodium selenite intoxication, Group II served as
sodium selenite (SE) control. In addition, Groups III,
IV, and V received rosmarinic acid intraperitoneally at
doses of 5, 10, and 50 mg/kg body weight,
respectively, from the 11th day through the 17th day.
On day 12, the rat pups in Groups III, IV, and V
received rosmarinic acid 1 h prior to sodium selenite
injection. On postpartum day 24, the rat pups were
anesthetized with chloral hydrate and examined for
cataract formation. After an assessment of the cataract
formation, all animals euthanized and placed in a CO»
box. Lens samples were isolated and stored at -70°C
for further analysis.

Evaluation of cataract formation

At the final examination, the pupils were dilated
with  tropicamide 0.5% and phenylephrine
hydrochloride 2.5%. Each stage was graded and
identified with the help of an expert ophthalmologist.
Classification of the cataract stages was based on a
scale of 0 through 6 [18]. Grade 0 was a normal clear
lens; Grade 1 meant an initial sign of posterior
subcapsular or nuclear opacity involving tiny scatters;
Grade 2 indicated a slight nuclear opacity with
swollen fibers or scattered foci in the posterior
subcapsular; Grade 3 was a diffuse nuclear opacity
with cortical scattering; Grade 4 meant a partial
nuclear opacity; Grade 5 meant a nuclear opacity not
involving the lens cortex; Grade 6 was a mature dense
opacity involving the entire lens. The final numerical
score was calculated by dividing the sum of each
grade’s number of affected rat pups by the total
number of examined rat pups. Two observers without
prior knowledge of the exposure and study groups
performed all scorings.
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Estimation calcium level in lens

The dry weight of the lens was measured after
heating at 100 °C for 12 h. The lenses were then
digested with 0.2 ml concentrated HCl at room
temperature overnight and adjusted to 1.0 ml with
deionized water. The mixtures were centrifuged at
10,000g for 12 min to remove insoluble material. The
calcium concentrations in the supernatant fractions
were then measured by an atomic absorption
spectrophotometer (model Spectra AA-3100, Perkin
Elmer), operated with a slit width of 0.5 nm, with the
wavelength set at 422.7 nm. Standard solutions were
prepared from CaCO; and deionized water. The
results were expressed as mmol of calcium/gm dry
weight of the lens.

Measurement of catalase, GSH-Px and
GSH-Rd activities, and GSH in lenses

The homogenization procedure was performed
under standardized conditions. Lens homogenates
were prepared in cold Tris-HCI (5 mmol/L, contain-
ing 2 mmol/L ethylenediaminetetraacetic acid, pH
7.4) using a homogenizer with a rotatory speed of
1,500 piston/min; three shifts downwards and
upwards were performed. The unbroken cells and cell
debris were removed by centrifugation at 10,000 xg
for 10 min at 4°C. The supernatant was used
immediately for the catalase, glutathione peroxidase
(GSH-Px), glutathione reductase (GSH-Rd), and GSH
assays. The activities of these enzymes and GSH
concentrations were determined according to the
Randox Laboratories Ltd. kit instructions [13].

Measurement of lipid peroxidation

The quantitative measurement of lipid peroxida-
tion was performed by measuring the concentration
of thiobarbituric acid-reactive substances (TBARS) in
the lens according to the method reported by Hsu et
al. (2009). The amount of TBARS formed was quanti-
fied by the substances’ reaction with thiobarbituric
acid (TBA) and used as an index of lipid peroxidation.
In brief, samples were mixed with a TBA reagent
consisting of 0.375% TBA and 15% trichloroacetic acid
in 0.25 M hydrochloric acid. The reaction mixtures
were placed in a boiling water bath for 30 min and
centrifuged at 1811 xg for 5 min. The supernatant was
collected, and its absorbance read at 532 nm with an
enzyme-linked immunosorbent assay plate reader
(Quant, BioTek, Winooski, Vermont, USA). The
results were expressed as nmol/pg of protein using
the molar extinction coefficient of the chromophore
(1.56 x 105 M-lcm1).

Western blot analysis

The protein concentrations of the lens

homogenates were determined by the Bradford
protein assay. The lens homogenates were separated
by 10% polyacrylamide gel and transferred onto
polyvinylidene fluoride membranes. After we
incubated the membrane with blocking buffer (5%
nonfat milk in phosphate-buffered saline with Tween
buffer) for 1 h at 4 °C, the membranes were incubated
overnight with specific primary antibodies in Tris-
buffered saline (TBS) containing 0.1% Tween 20 at 4
°C. The primary antibody was removed by washing
the membranes 3 times in the TBS-T buffer and
incubated for 2 h with the corresponding horseradish
peroxidase conjugated secondary antibodies (1:2500)
at 25 °C. After we washed the membranes three times
in TBS-T, we developed the membranes using ECL
Plus (GE Healthcare) and imaged them using an
LAS-3000 Imaging System (Fujifilm).

Histopathological evaluation

After the animals were sacrificed with CO,, the
eyes were removed, weighed, and fixed in Davidson’s
fixative. The eyes were processed for paraffin
embedding following the standard microtechnique.
Four- to five-micron sections of the eyes, stained with
hematoxylin and eosin to estimate the lens damage,
were observed under a microscope (IX71S8F-2,
Olympus, Tokyo, Japan).

Statistical analysis

All values are expressed as the mean * SD.
Comparison between any two groups was performed
using a Chi-square or one-way analysis of variance
(ANOVA) followed by Dunnett multiple comparison
tests that used the statistical software SPSS (DR
Marketing Co., Ltd. New Taipei City, Taiwan). A p
value < 0.05 was considered statistically significant.

Results

Morphological assessment of cataract
formation

Morphological examination of each rat pup’s
eyes provided important evidence of the cataract
formation caused by sodium selenite. The lenses in all
the animals in the normal control group were clear
(Figure 1A). All the rat pups treated with the selenite
alone developed moderate to severe cataracts (Figure
1B) that were graded as falling between stage 4 and
stage 6, indicating that our study had successfully
established the selenite-induced cataract model. In
contrast, we observed significantly greater ameliora-
tion in the extent of lens opacification in the groups
treated with respective doses of 5, 10, and 50 mg/kg
rosmarinic acid (Figures 1C, 1D, and 1E), than we did
in those in the selenite-treated group. In group 111, rat
pups treated with 5 mg/kg rosmarinic acid had mild
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to moderate cataracts that were graded as falling
between stage 2 and stage 4, and 60% of the rat pups
treated with 10 mg/kg rosmarinic acid had trace to
mild cataracts that were graded as falling between
stage 1 and stage 3. Eight out of 10 rat pups in the
group treated with a dose of 50 mg/kg rosmarinic
acid had clear lenses. These morphological findings
indicated that the cataract formation in the lens was
effectively ameliorated when treated with rosmarinic
acid.

Lens morphological examinations for cataract
formation were recorded and scored, as shown in
Figure 1F. In this semi-quantitative assessment, all
scores of lens morphological examination in the
selenite-treated group were significantly higher than
those of the normal control (p<0.05), indicating that
the selenite had induced severe cataracts. All the
tested doses of rosmarinic acid decreased the scores of
cataract formation much more significantly (p < 0.05)
than did the selenite-treated group, indicating that
rosmarinic acid ameliorated selenite-induced cataract
formation.

Determination of calcium concentration in the
lenses

The mean calcium concentrations in the lenses of
the five groups of rats on the 24th postpartum day are
shown in Fig. 2A. The mean calcium concentration
(3.32 £ 0.08 mmol) was significantly (p < 0.05) higher
in the lenses of selenite-treated group than that in the
lenses of all of the doses of rosmarinic acid treatment
groups and that in normal controls (0.75 £ 0.07 mmol).

Effects of rosmarinic acid on calpain 2
expressions in lenses

Elevated calcium levels in selenite-treated
animals prompted the comparison of calpain 2 activa-
tion. The results of the expressions of calpain 2 in the
lenses are shown in Figure 2B. The calpain 2
expressions in the selenite-treated group were
significantly lower than in the normal controls.
Consistent with the lens morphological examinations,
administration of rosmarinic acid significantly
maintained the level of calpain 2 in the lens without
being affected by selenite. The calpain 2 expressions in
the rosmarinic acid-treated group were significantly
higher than that in the selenite-treated control group
(p < 0.05). These findings indicated that the lenticular
opacity being developed in the lenses were effectively
inhibited by rosmarinic acid.

Effects of rosmarinic acid on filensin
expressions in lenses

We used a western blot analysis to investigate
the expressions of filensin in selenite-induced cataract

lenses, and the results are shown in Figure 3. The
expressions of filensin were significantly lower in
selenite-treated group than they were in normal
controls (p < 0.05). Moreover, a significant (p < 0.05)
elevation was observed in the filensin expressions in
the groups treated with rosmarinic acid in
comparison with those observed in the group treated
with selenite. However, the increase was maximum (p
< 0.05) in groups of rat pups that received a dose of 50
mg/kg rosmarinic acid.
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Figure 1. Effect of rosmarinic acid on selenite-induced

cataractogenesis. (A) Normal control. (B) Selenite-treated. (C) Selenite + 5
mg/kg body weight rosmarinic acid. (D) Selenite + 10 mg/kg body weight
rosmarinic acid. (E) Selenite + 50 mg/kg body weight rosmarinic acid. (F) Effects
of rosmarinic acid on the scores of lens opacification in sodium selenite
intoxicated rat pups. Values are the mean + SD for 10 rat pups; # p < 0,05 as
compared with normal control. * p < 0.05 as compared with selenite-treated

group.
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Figure 2. Effect of the rosmarinic acid on lens calcium concentration (A) and calpain expression (B) in selenite-intoxicated rat pups. Western blot
analysis to determine the protein levels of calpain and actin was used as the protein loading control. The protein levels of filensin and calpain were quantitatively
expressed after being standardized to actin (n=3 at each concentration point). # p < 0,05 as compared with normal control. * p < 0.05 as compared with

selenite-treated group.
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Figure 3. Effect of the rosmarinic acid on lens filensin expression in selenite-intoxicated rat pups. Western blot analysis to determine the protein levels
of filensin. Actin was used as the protein loading control. The protein levels of filensin were quantitatively expressed after being standardized to actin (n=3 at each
concentration point). # p < 0,05 as compared with normal control. * p < 0.05 as compared with selenite-treated group.

Effects of rosmarinic acid on Nrf2, SOD, HO-1,
and NQOI expressions in lenses

The biomarkers of the antioxidant status, such as
nuclear factor E2-related factor 2 (Nrf2), superoxide
dismutase (SOD), heme oxygenase 1 (HO-1), and the
phase II enzyme NAD(P)H: quinone acceptor
oxidoreductase 1 (NQO1), were measured to evaluate
the oxidation injuries in the lenses. After being

normalized and verified with actin, the expressions of
Nrf2, SOD, HO-1, and NQO1 were significantly lower
(p < 0.05) in the lenses that were treated with selenite
treatment alone than they were in the lenses of normal
control rat pups (Figure 4), suggesting that selenite
induced oxidative damage to the lens. However, the
rosmarinic acid-treated groups showed significant
increases in Nrf2, SOD, HO-1, and NQO1 expression
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at doses of both 10 and 50 mg/kg compared to the
selenite-treated control group (p < 0.05). The group
treated with rosmarinic acid at a dose of 5 mg/kg
exhibited remarkably amplified (p < 0.05) Nrf2 and
SOD expressions, whereas the expressions of HO-1
and NQO1 were not significantly affected compared
to the selenite-treated control group (Figure 4).

Effect of rosmarinic acid on GSH-PX, GSH-Rd,
and catalase activities

In this study, we measured the activities of the
antioxidant enzymes GSH-Px, GSH-Rd, and catalase

in the lenses, and the results are shown in Figures 5A,
4B, and 4C. The activities of GSH-Px, GSH-Rd, and
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catalase in the lenses of selenite-treated control group
were significantly lower (p < 0.05) than in the normal
control group. Conversely, treatment with rosmarinic
acid at the maximum dose of 50 mg/kg increased the
percentages of GSH-Px and GSH-Rd by 22% and
115%, respectively, compared with the selenite-
treated control group (Figures 5A and 5B). Moreover,
there was a significant elevation (p < 0.05) of catalase,
up to 30% in the group treated with a dose of 50
mg/ kg rosmarinic acid, but rosmarinic acid treatment
at doses of 5 and 10 mg/kg did not significantly affect
the catalase level compared to the selenite-treated
control group (Figure 5C).
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Figure 4. Effect of the rosmarinic acid on lens protein expression in sodium selenite-intoxicated rat pups. Western blot analysis to determine the
protein levels of (A) Nrf2, (B) SOD, (C) HO-1 and (D) NQOI. Actin was used as the protein loading control. The protein levels of Nrf2, SOD, HO-1 and NQOI
were quantitatively expressed after being standardized to actin (n=3 at each concentration point). # p < 0,05 as compared with normal control. * p < 0.05 as compared

with selenite-treated group.
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Figure 5. Effects of rosmarinic acid on lens GSH-Px, GSH-Rd, catalase, GSH, and TBARS in sodium selenite intoxicated rat pups. (A) GSH-Px. (B)
GSH-Rd. (C) catalase. (D) GSH. (E) TBARS. Values are the mean * SD for 10 rat pups; # p < 0.05 compare with normal control; * p < 0.05 compare with sodium

selenite-treated group.

Effect of rosmarinic acid on GSH and TBARS
levels

GSH is an important nonenzymatic antioxidant
in the detoxification pathway that downgrades the
reactive toxic metabolites of selenite. The results of the
present study demonstrate that selenite caused a
significant decrease (p < 0.05) in the GSH concentra-
tion in the lens when compared to the normal control
group. Furthermore, rat pups treated with rosmarinic
acid at a dose of 50 mg/kg showed remarkably
increased (p < 0.05) GSH concentration, but treatment

with rosmarinic acid at doses of 5 and 10 mg/kg did
not significantly affect GSH concentration compared
to the selenite-treated control group (Figure 5D).

The TBARS is the general biomarker that
appears during the lipid peroxidation of polyunsatur-
ated fatty acids in the biological membrane. The
results of the TBARS examinations of the lenses are
also shown in Figure 5E. The TBARS concentrations in
the selenite-treated group were significantly higher
than in the control group (p < 0.05). However, the
administration of rosmarinic acid significantly
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reduced selenite-induced lipid peroxidation in the
lenses. The TBARS concentrations in the rosmarinic
acid-treated groups were at least 27% lower than they
were in the selenite-treated control group (p < 0.05).

Effects of rosmarinic acid on iNOS, COX-2,
and NFKB expressions

The protein expressions of iNOS, COX-2, and
NFxB are the most frequently used indicators of
inflammation. To evaluate the effects of rosmarinic
acid on selenite-induced inflammation in the lenses,
iNOS, COX-2, and NFxB expressions were deter-
mined in this study, and the results are presented in
Figure 6. The inflammation-indicating levels of iNOS,

A
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Selenite - + + + + %
iNos R & - E
Actin . — — ——
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&
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NFkB = S TR W o
Actin “...

COX-2, and NFxB were significantly higher in the
lenses of the selenite-treated group than in the normal
control group (p < 0.05). However, the groups treated
with the maximum dose of rosmarinic acid showed a
significantly decreased percentage of selenite-induced
iNOS, COX-2, and NFxB expression in the lenses.
These protein expressions were reduced by 66%, 45%,
and 82%, respectively, compared to the selenite-
treated group (p < 0.05). Similar findings were also
found in groups treated with the dose of 10 mg/kg of
rosmarinic acid. These results suggested that the
inflammatory protein indicators induced in the lens
were effectively inhibited by rosmarinic acid.

smum.“.g sk RA 10mg/kg sk RA Simg/kg

SE+RASmghkg  SE+RA 10mg/kg  SE+RA S0mg/kg

SE+RASmg/kg SE+RA 10mgkg SE+RA S0mgkg

Control

Control

Control

Figure 6. Effect of the rosmarinic acid on lens protein expression in selenite-intoxicated rat pups. Western blot analysis to determine the protein levels
of (A) iINOS, (B) COX-2, and (C) NFKB. Actin was used as the protein loading control. The protein levels of iINOS, COX-2, and NFKB were quantitatively expressed
after being standardized to actin (n=3 at each concentration point). # p < 0,05 as compared with normal control. * p < 0.05 as compared with selenite-treated group.
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Figure 7. Effect of the rosmarinic acid on lens morphological analysis in selenite-intoxicated rat pups. Lenses were sectioned and stained with
hematoxylineosin by standard techniques (200X). (A) Normal control. (B) Selenite-treated. (C) Selenite + 5 mg/kg body weight rosmarinic acid. (D) Selenite + 10
mg/kg body weight rosmarinic acid. (E) Selenite + 50 mg/kg body weight rosmarinic acid.

Histopathologic examination

The effects of rosmarinic acid in preventing
damage to the lenses of the selenite-intoxicated rat
pups could be observed by histopathological
examination (Fig. 7). In the normal control animals,
the histological sections of the lenses displayed
normal, tightly packed lens fibers (Figure 7A). The
lenses of the selenite-treated rat pups revealed severe
injuries, including the lens fibers’ degeneration,
deformation, swelling, and rupture, with large
vacuolization near the lenses’ posterior poles (Figure
7B). Compared to the damages observed in the
selenite-treated rat pups, the damages of the
rosmarinic acid-treated rat pups were much milder or
normal. These animals showed only slight swelling of
the lens fibers or were as normal as the normal
controls (Figures 7C, 7D, and 7E).

Discussion

An epidemiologic study conducted by the Eye
Diseases Prevalence Research Group showed that an
estimated 30.1 million Americans will suffer from
cataracts in 2020 [19]. Therefore, preventive medical
protection as a major defense mechanism against
cataracts has been investigated extensively. Over-
doses of selenite have often been used for inducing
cataracts in rodent pups, and this model shows
general similarities to human senile nuclear cataracts,
such as the formation of vesicles, increased levels of
water-insoluble protein, accumulation of calcium, a
decrease in the activity of antioxidant enzymes, and
the depletion of GSH [20, 21]. Therefore, we have used
sodium selenite-induced cataractogenesis in animal
models for investigating the preventive usefulness of
rosmarinic acid. Morphological examinations of the

lenses treated with sodium selenite showed cataract
formation. However, the administration of rosmarinic
acid significantly ameliorated and/or delayed
cataract formation in the animals’ lenses (Figure 1),
indicating that rosmarinic acid has the potential to
prevent and delay cataracts.

In selenite-induced cataractogenesis models,
oxidative stress-induced lipid peroxidative damage of
lenticular membranes is a important factor
contributing to inhibition of Ca?*-ATPase activity,
resulting in the accumulation of calcium in the lens
nucleus of selenite cataracts, which, in turn, leads to
the activation of lenticular calpains and subsequent
proteolytic degradation of lens-soluble proteins. [22,
23]. Accumulation of calcium in the lens nucleus leads
to calpain activation, proteolysis, insolubilization, and
precipitation of crystallins. We have detected a
4.5-fold increase in calcium levels in the lenses of the
selenite-treated group, as compared to the levels in
the normal control. Our results are in agreement with
other studies that previously reported elevated
calcium levels in the lenses of selenite-induced
cataracts [22, 24, 25]. However, it is worth noting that
treatment of selenite-intoxicated rats with rosmarinic
acid prevented such exaltation, and maintained the
lens calcium levels close to those of normal control
(Fig. 2A).

Calpains, the major calcium-activated proteases
in the lenses, have been investigated intensively
because their function is highly correlated with lens
transparency. In fact, the unregulated activation of
calpains directly contributes to cataract formation in
animal models. Calpain-mediated degradation of lens
crystallin proteins and proteolysis of cytoskeletal
elements cause increased light scatter [2]. Several
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studies demonstrated that the administration of
sodium selenite could degrade the Ilenses’
intermediate filaments through activation of calpain
2, leading to the disruption of the cytoskeleton and
finally cataract formation [26].

However, decreases in calpain 2 activity appear
to occur concomitantly with a rise in lenticular
calcium, presumably due to the well-known autolysis
of calpain that results from exposure of the enzyme to
an elevated calcium concentration [27]. In other
words, activation of calpain is followed by
degradative autolysis of calpain [28]. Loss of calpain
activity after formation of cataract in the mouse model
was also postulated to be due to autolysis [29].
Consequently, a decrease in the level of calpain 2 has
been reported to occur during selenite cataracto-
genesis [22]. Contrary to our expectations based on
increased calcium levels, decreased calpain 2 levels
were observed in the lenses of selenite-treated group.
These results could be attributed to the degradative
autolysis of calpains 2 subsequent to their activation.
Our results are in agreement with other studies that
previously reported decreased in both of calpain
activity and levels were observed in the
selenite-treated group [28]. Their results are also
shown that the calpain activity analyzed by casein
zymography has consistent results with the calpain
expression of Western blot analysis. Furthermore, in
the lenses of rosmarinic acid-treated groups, no
significant decrease in the level of calpain 2
expression was recorded when compared to the
lenses of normal control (Figure 2B) in the present
study. Therefore, rosmarinic acid treatment possibly
prevented an increase in lenticular calcium levels
(Figure 2A), and maintaining lenticular calpain 2
levels at near normal control levels (Figure 2B).

Moreover, filensin is the cell-specific
intermediate filaments in the lens and is believed to
contribute to the maintenance of lens transparency
[30]. In the present study, the rat pups that were
treated with sodium selenite alone showed
significantly fewer filensin expressions than did the
rat pups in the normal control group, implying
increased opacity to the lens. On the contrary, we
found that treatment with the rosmarinic acid
markedly inhibits sodium selenite-induced lenticular
opacity as evidenced by elevated filensin expressions
in the lenses (Figure 3).

The etiology of cataracts is extremely
complicated, but an important mechanism of lens
opacity may be related to free radicals that can induce
oxidative damage [31, 32]. Free radicals are capable of
binding to proteins or other molecules, resulting in
protein oxidation, a decrease in the capabilities of the
antioxidant defense system, structural damage of the

crystalline lens, and finally cataract formation [4, 31].
Many studies have shown that a crucial mechanism of
protecting the lens against cataract formation may be
related to the antioxidant capacities to scavenge
reactive oxygen species (ROS) [33, 34]. To prevent free
radicals from attacking the cells, which would lead to
oxidative damage, cells have established an
antioxidant defense system to remove the ROS.
Therefore, enhancing the intracellular antioxidant
defense system and/or inhibiting the production of
free radicals are important in protecting the lens from
sodium selenite-induced oxidative damage [3]. Nrf2, a
major regulator in antioxidant defense, can regulate
the expression of antioxidant genes. When motivated
by exogenous oxidative stress, Nrf2 translocates to the
nucleus from the cytoplasm, thereby binding to
antioxidant response elements (AREs). This process
also promotes the transcription of antioxidant
objectives and finally enhances the intracellular
antioxidant defense system. The progression of lens
opacification is reportedly associated with the loss of
antioxidant enzyme activities. If antioxidant enzyme
activities are enhanced, cataractogenesis can be
prevented or delayed [35, 36]. The results of the
present study report that the expression of Nrf2 in the
lens was significantly less in the groups treated with
sodium selenite treatment alone than it was in the
normal control group. The sodium selenite treatment
also appeared to downregulate the levels of SOD,
HO-1, NQO1, catalase, GSH-Px, and GSH-Rd in
sodium selenite-intoxicated rat pups. By contrast, the
rosmarinic acid treatment showed remarkable
elevation of the protein expression of Nrf2 and
upregulation of the activities of SOD, HO-1, NQOI,
catalase, GSH-Px, and GSH-Rd, implying that
rosmarinic acid could restore and/or maintain these
enzymes’ activities in sodium selenite-damaged
lenses (Figure 4 and 5). Similar results from our
previous research confirmed that rosmarinic acid
prompted the expression of the Nrf2 protein in
pterygium epithelial cells and wupregulated the
activities of enzymes in the antioxidant defense
system, such as HO-1, NQO1, SOD, and catalase [13].

Previous studies on the mechanism of sodium
selenite-induced oxidative damage in the lens showed
that GSH acts as a nonenzymatic antioxidant that
reduces ROS, reactive nitrogen species, and
xenobiotic compounds [3, 4]. In fact, GSH depletion is
significantly correlated with the grade of lens damage
[37], suggesting that GSH is essentially necessary for
reducing sodium selenite-induced oxidative damage
in the lens. Previous studies on the mechanism of
sodium selenite-induced oxidative damage in the lens
showed that GSH easily reacts with selenite in a
non-enzymatic reaction that results in the formation
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of the selenium derivative, GS-Se-SG. Moreover,
GSH is easily transformed into glutathione disulfide
(GSSG) upon an oxidation reaction with selenite,
which may then cause depletion in GSH’'s
intracellular levels. GSSG is either easily decreased by
NADPH and glutathione reductase or exploited to
assist in the protein-folding processes in the
endoplasmic reticulum. Ultimately, GSSG is reduced
because it reacts with protein disulfide isomerase to
produce GSH. Because of these circulating processes,
GSH is a particularly effective intracellular buffer
against oxidative stress [38]. Restoring and/or
maintaining the GSH levels in the lens may aid in
keeping its protective capacity against oxidative stress
and eventually postponing the onset of cataracts [39].
In the present study, the lenses” GSH content was
significantly less in the sodium selenite-exposed rat
pups than it was the control rat pups. However, the
group treated with rosmarinic acid had significantly
more GSH content in their lenses than did the
untreated group (Figure b5D), indicating that
rosmarinic acid decreases GSH leakage from the lens.

The TBARS groups are the major indicators that
appear during the peroxidation of polyunsaturated
fatty acids in biological membranes, and the
accumulation of TBARS has been found in numerous
human diseases. A rise in TBARS concentrations
suggests heightened lipid peroxidation, leading to
tissue injury and the antioxidant defense mechanisms’
failure to prevent the development of excessive free
radicals [40]. Therefore, TBARS concentrations are
essentially the most typical biomarkers of lipid
peroxidation. In the present study, the TBARS
contents of the lenses significantly increased in the
sodium selenite-treated group; however, the
rosmarinic acid-treated group had significantly
decreased TBARS levels (Figure 5E).

The etiology of cataracts includes oxidative
stress, inflammation, and apoptotic factors, which,
because of rapid increases in reactive oxygen or
nitrogen species and lipid peroxidation, lead to the
breakdown of proteins and finally to the opacification
of the lens. However, the NFxB pathway is one of the
major pathways of cellular stress and inflammation.
The transcription factor NF-«B is a crucial mediator of
the immune response, regulating the expression of
pro-inflammatory enzymes and cytokine receptors,
which are involved in inflammation, cell proliferation,
and apoptosis [41]. Upon stimulation with oxidative
stress, NF-xB is released from an inhibitory subunit
(IxkB) and allowed to translocate the factor’s
heterodimer into the nucleus, where it promotes the
transcriptional activation of several pro-inflammatory
enzymes that include iNOS and COX-2 [42].
Moreover, nitric oxide derived from iNOS and

prostaglandin E2, which is synthesized by COX-2,
plays a central role in the pathogenesis of acute and
chronic inflammation. A previous study indicated
that rosmarinic acid inhibits TPA-induced inflamma-
tory responses by inhibiting the NF-xB pathway [43].
In the present study, the expression of pro-
inflammatory cytokines, including NFxB, iNOS, and
COX-2 were increased by a sodium selenite treatment.
However, rosmarinic acid showed potent anti-
inflammatory activity, including the down-regulation
of NFxB activation and consequent suppressions of
iNOS and COX-2 expression (Figure 6).

Based on our findings, this study provides
evidence of the preventive effect of rosmarinic acid on
sodium selenite-induced cataracts in the rat pups. Our
results show that the protective effects of rosmarinic
acid come from its inhibiting the processes of lipid
peroxidation and inflammation, as well as the acid’s
increase of the activity of the antioxidant defense
system. In the final analysis, our results suggest that
rosmarinic acid can ameliorate sodium selenite-
induced cataractogenesis in rat pups.
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