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 Abstract 
  Background:  Long-term ultraviolet (UV) A eye irradiation in mice initiates the induction of 
photoaging. However, the changes in the eye due to long-term exposure to UVA radiation are 
still unclear.  Methods:  Male C57BL/6j (control) and inducible nitric oxide synthase knockout 
(iNOS –/– ) mice were used in this study. The eyes of the mice were locally exposed to UVA ra-
diation for 12 months.  Results:  The expression of iNOS, matrix metalloproteinase-2 (MMP-2), 
MMP-9, vascular endothelial growth factor, β-amyloid, and macrophages in the retina all in-
creased after UVA irradiation. Furthermore, in the iNOS –/–  mice, no retinal changes were in-
duced by UVA eye irradiation.  Conclusions:  These results indicated that long-term UVA eye 
irradiation led to iNOS-induced denaturation of the retina; however, further studies are need-
ed to confirm these findings.  © 2017 The Author(s)
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   What Is It about? 

Mice that received ultraviolet (UV) A eye irradiation for 12 months suffered marked retina denatur-
ation. The expression of inducible nitric oxide synthase (iNOS), matrix metalloproteinase-2 (MMP-2), 
MMP-9, and vascular endothelial growth factor in UVA eye irradiation mice was significantly higher 
than in control mice. Furthermore, following UVA eye irradiation, the expression of β-amyloid and 
macrophages was increased. In addition, the increase in these parameters observed due to denatur-
ation was not seen in iNOS knockout mice. These results indicate that long-term UVA eye irradiation 
induces retina denaturation and that this phenomenon is similar to age-related macular degeneration.
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   Introduction 

 When the skin or eyes are exposed to ultraviolet (UV) radiation, damage occurs in the 
exposed areas. With short-term exposure of the skin, UVB radiation causes sunburn and UVA 
radiation causes suntan. In addition, UV radiation induces photoimmunosuppression and 
reduces the resistance of the human body. Many reports have suggested potential mecha-
nisms underlying the activity of short-term UV radiation, such as via the production of active 
oxygen and cytokines by irradiation  [1–4] . With long-term exposure of the skin, UV radiation 
induces skin cancer and photoaging. In contrast to the mechanism of short-term exposure, 
the mechanism underlying the effects of long-term exposure on the skin has been well studied: 
UV radiation exposure over a long period of time produces high levels of reactive oxygen 
species (ROS), which attack immunopathologically mediated cells (natural killer cells, den-
dritic cells, T cells, and B cells) by damaging the DNA  [5–8] .

  When the eyes are exposed to UV radiation, the cornea becomes painfully inflamed and 
induces hyperemia of the eye  [9, 10] . The lens of the eye can be chronically damaged by long-
term exposure to UV radiation, becoming cloudy with cataracts. Regarding the mechanism of 
UV exposure-induced cataracts, the waste material lipofuscin accumulates in the retina due 
to UV radiation. This accumulation induces the production of singlet oxygen, which exerts 
oxidative stress on the lens. The singlet oxygen induces the destruction and denaturation of 
collagen, a structural component of the lens. In this manner, the ROS generated by UV radi-
ation are the main cause of UV exposure-induced cataracts. Long-term UV exposure of the eye 
can also induce age-related macular degeneration (AMD)  [11, 12] .

  In an earlier paper, we reported that inducible nitric oxide synthase (iNOS) and photo-
aging, which is induced by long-term UVA eye irradiation, are closely related  [13] . In addition, 
although there is a close relationship between long-term UVA irradiation and retinal dena-
turation, the relationship to iNOS is not known. In the present study, we aimed to clarify the 
mechanism underlying the onset of the retinal denaturation induced by long-term UVA eye 
irradiation based on iNOS.

  Methods 

 Animal Experiments 
 Specific-pathogen-free 8-week-old male C57BL/6j mice (SLC, Hamamatsu, Japan) and 

C57BL/6j iNOS knockout (iNOS –/– ) mice (Jackson Laboratories, Bar Harbor, ME, USA) were 
used for the experiments. The difference between C57BL/6j mice and control iNOS –/–  mice 
had no effect on the results  [14] . The mice were kept individually in cages in an air-condi-
tioned room at 23 ± 1   °   C and an a 12-h light-dark cycle. The study was carried out in strict 
accordance with the recommendations of the guide for the care and use of laboratory animals 
of Suzuka University of Medical Science (approval number: 34). There were 12 mice per 
group. UVA irradiation was performed as described in a previous study  [15] . Briefly, the eyes 
were irradiated with UVA at a dose of 110 kJ/m 2  using the FL20SBLB-A lamp (wavelength, 
300–400 nm; peak emission, 352 nm; Toshiba Co., Tokyo, Japan). The UVA light was filtered 
through a glass filter to block UVB rays. As the time of radiation, we covered the skin with 
aluminum foil, except for the eye. The control group received irradiation to the eyes with 
visible light (wavelength, 400–700 nm). Exposure was performed 3 times a week over a 
1-year period from 8 weeks of age. All of the surgeries were performed under pentobarbital 
anesthesia, and all efforts were made to minimize suffering. In addition, photoaging was 
induced in this test condition ( Fig. 1 ).
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  Clodronate Liposomes (Neutralizing) Treatment 
 One of the factors associated with the retina is the accumulation of macrophages. 

Therefore, we used clodronate liposomes as macrophage inhibitors. Approximately 200 μL 
of clodronate liposomes (macrophage inhibitor, clodronate disodium 7 mg/mL; FormuMax 
Scientific Inc., Palo Alto, CA, USA) in saline was injected intraperitoneally into the non-control 
mice once a week for 12 months  [16] . Saline alone (200 μL) was injected into the control mice.

  Preparation and Staining of the Eyes 
 The mice were sacrificed 6 h after the final exposure for histological study. The eye spec-

imens were fixed in phosphate-buffered paraformaldehyde (4%) and cut into 5-μm-thick 
sections. The eye specimens were stained with hematoxylin-eosin (HE) in accordance with 
the standard procedure.

  For the analysis of β-amyloid expression, the eye sections were stained with Congo red 
stain 6 h after the final exposure in accordance with the standard procedure. We used a polar-
izing microscope for all observations.

  Isolation of Retina Samples 
 For Western blot analysis, we isolated only the retina from the ophthalmus. The retina 

samples were homogenized in lysis buffer (Kurabo, Osaka, Japan) supplemented with protease 
inhibitor cocktail (Nakarai Tesque, Kyoto, Japan) and centrifuged at 14,000  g  for 30 min. The 
supernatant of the retina was extracted and kept at –80   °   C until analysis.

  Western Blot Analysis 
 We performed Western blot analysis as previously described  [17] . Briefly, the super-

natant samples of the retina (equal amounts of protein samples) were loaded onto a BIS-TRIS 
Blot Gel (Life Technologies, Carlsbad, CA, USA) and electrophoresed. Following separation, 
the proteins were transferred to a nitrocellulose membrane and incubated with 5% skimmed 
milk at 4   °   C overnight. After blocking, the membranes were incubated at 25   °   C for 1 h with 
primary antibodies against iNOS (1:   1,000; Santa Cruz Biotechnology Inc., Santa Cruz, CA, 
USA), matrix metalloproteinase-2 (MMP-2) (1:   1,000; Bioss Inc., Woburn, MA, USA), MMP-9 
(1:   1,000; Abnova Co., Taipei, Taiwan), vascular endothelial growth factor (VEGF) (1:   1,000; 

Control UVA irradiation

  Fig. 1.  Effects of long-term ultraviolet A (UVA) eye irradiation on the skin. One year after the irradiation of 
the eyes of C57BL/6j mice, skin specimens were obtained, fixed with 10% formalin, and embedded in paraf-
fin. Thin sections of the skin specimens were stained with hematoxylin-eosin. 
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Abnova Co.), macrophages (F4/80, 1:   1,000; Bio-Rad, Raleigh, NC, USA), β-amyloid (1:   1,000; 
Rockland Immunochemicals Inc., Gilbertsville, PA, USA), and β-actin (1:   5,000; Sigma-Aldrich, 
St. Louis, MO, USA). Bands on the membranes were visualized using a horseradish perox-
idase-conjugated secondary antibody (Life Technologies, Frederick, MD, USA) and Immu-
noStar Zeta reagent (Wako, Osaka, Japan). Images were acquired using the Multi-Gauge 
Software program (Fujifilm, Greenwood, SC, USA).

  Statistical Analysis 
 Results are reported as means ± standard deviation. For comparisons among groups, the 

Student  t  test was applied, with  p  values <0.05 considered to be statistically significant.

  Results 

 Effect of UVA Irradiation on the Eyes in C57BL/6j Mice 
 Under pentobarbital anesthesia, the eyes were irradiated topically with UVA 3 times a 

week for 12 months for 1 h per day, and the eye specimens were obtained after the last UVA 
irradiation session. No obvious changes were observed in the macroscopic evaluation of the 
surface of the eyes ( Fig. 2 a). However, examination of HE-stained retina specimens showed 
that chronic UVA radiation exposure resulted in an increased number of degenerated cells 
with vacuoles in the retinal pigment epithelium (RPE) layer in the exposed mice compared to 
unexposed control mice ( Fig. 2 b).

  Expression of iNOS, MMP-2, MMP-9, Macrophages, and VEGF in the Retina of C57BL/6j 
Mice 
 In order to analyze the factors associated with AMD in the UVA-irradiated mice, we inves-

tigated the expressions of iNOS, MMP-2, MMP-9, macrophages, and VEGF in the retina by 
Western blot analysis ( Fig. 3 ). In the 12-month-old mice, the expression levels of iNOS, MMP-2, 

Retina

Control UVA irradiation

a

b

  Fig. 2.  Long-term ultraviolet A 
(UVA) eye irradiation induced 
retinal damage in C57BL/6j mice. 
 a  Macroscopic eye examination.  b  
The eye specimens were stained 
with hematoxylin-eosin. The de-
generated cells with vacuoles in 
the retinal pigment epithelium 
layer are shown (short arrows). 
Scale bar, 100 μm. 
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MMP-9, macrophages, and VEGF were increased remarkably in the UVA-irradiated mice 
compared to the controls.

  Expression of β-Amyloid in the Retina of C57BL/6j Mice 
 Given that β-amyloid has been implicated as a cause of AMD in recent years, we examined 

its expression in the irradiated mice by Congo red-stained samples and Western blot analysis. 
The expression of β-amyloid in the retina was increased in the UVA-irradiated mice compared 
with the control mice ( Fig. 4 ).

  Effects of UVA Irradiation on the Eyes in iNOS –/–  Mice 
 Under pentobarbital anesthesia, the eye was irradiated topically with UVA 3 times a week 

for 12 months for 1 h per day, and the retina specimens were obtained after the last UVA irra-
diation session. Surprisingly, no obvious damage due to UVA irradiation was observed in the 
HE-stained retina specimens of iNOS –/–  mice ( Fig. 5 a). Furthermore, while β-amyloid 
expression was higher in the retinas of the UVA-irradiated C57BL/6j mice than in those of the 
control mice ( Fig. 4 ), no marked difference in expression was noted between the UVA-irra-
diated iNOS –/–  mice and the control mice ( Fig. 5 b).

  Effect of UVA Irradiation on the Retina of C57BL/6j Mice after Clophosome Injection 
 One of the causes of AMD is the increase in macrophage expression. Thus, we next 

examined retinal damage using a macrophage inhibitor. Under pentobarbital anesthesia, the 
eye was irradiated topically with UVA 3 times a week for 12 months for 1 h per day, and 
clodronate liposomes (macrophage inhibitor) were injected intraperitoneally into the mice 
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  Fig. 3.  Effects of long-term ultraviolet A (UVA) eye irradiation on the expression of inducible nitric oxide 
synthase (iNOS), matrix metalloproteinase-2 (MMP-2), MMP-9, vascular endothelial growth factor (VEGF), 
and macrophages in C57BL/6j mice. Values are expressed as mean ± SD derived from 12 animals.  *     p  < 0.05. 
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once a week for 12 months. The retina specimens were obtained after the last UVA irradiation 
session. The examination of HE-stained retina specimens showed that the damage to the 
retina by UVA irradiation plus Clophosome injection was increased compared to that of the 
unexposed retina, but it was not markedly different from the findings in mice exposed to UVA 
irradiation alone ( Fig. 6 a). The β-amyloid expression by Western blot analysis was markedly 
higher in the retinas of the UVA plus Clophosome-treated mice than in the control mice and 
was increased compared with the mice exposed to UVA irradiation alone. The expression of 
VEGF was increased in the UVA plus Clophosome-treated mice compared with the controls, 
but it was not markedly different from the findings in the mice exposed to UVA irradiation 
alone ( Fig. 6 b). In addition, the expression levels of iNOS, MMP-2, and MMP-9 in the UVA-
irradiated mice were increased in comparison to controls; however, the expression levels of 
UVA-irradiated mice and UVA plus Clophosome-treated mice were similar.

  Discussion 

 In this study, the damage and expression of iNOS, MMP-2, MMP-9, VEGF, macrophages, 
and β-amyloid in the retina increased by long-term UVA eye irradiation. Furthermore, in 
iNOS –/–  mice, this increased damage as well as MMP-2, MMP-9, VEGF, macrophage, and 
β-amyloid expression were suppressed.

  MMP-2, MMP-9, and VEGF expression in the retina is increased by light radiation, subse-
quently inducing the development of AMD  [18, 19] . With regard to the mechanism, the levels 
of ROS are increased by photic (or UV) stimulation, which causes an inflammatory reaction 
and vascularization by VEGF. ROS also induce increased levels of MMP-2 and MMP-9, which 
causes degradation of the extracellular matrix necessary for the progress of vascularization. 
In this study, we observed an increased expression of MMP-2, MMP-9, and VEGF following 
UVA irradiation, just as seen with AMD ( Fig. 1 ,  2 ).

  In recent years, the relationship between retina disorders and β-amyloid levels has been 
examined. The β-amyloid appearing in the retina is increased by physical stress etc. The 
increased β-amyloid produces drusen to derive and induce AMD. Thus, β-amyloid is frequently 
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  Fig. 4.  Effects of long-term ultra-
violet A (UVA) eye irradiation on 
the expression of β-amyloid in the 
retinas of C57BL/6j mice.  a  Thin 
sections of the eye specimens 
were stained with Congo red. 
Scale bar, 100 μm.  b  Expression of 
β-amyloid in the retina by West-
ern blot analysis. Values are ex-
pressed as mean ± SD derived 
from 12 animals.  *     p  < 0.05. 
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expressed in AMD patients’ retinas  [20–22] . Furthermore, cultured RPE cells showed elevated 
expression of VEGF as well as β-amyloid  [23] . The production reinforcement action in RPE 
cells by β-amyloid is the activation of NF-κβ receptor for advanced glycation end products 
(AGEs), which is a receptor for AGEs (RAGE) produced by aging  [24] . This marked increase 
in the levels of AGEs and the immunological activity of RAGE are apparent in the RPE and 
visible cells in AMD patients  [24] . Beta-amyloid subsequently reduces the visual performance 
in AMD patients by denaturation of the RPE and/or visible cells through RAGE. Our findings 
in the present study further suggest that VEGF might contribute to the genesis of choroidal 
neovascularization and the sthenia of vascular permeability.

  We also observed increased expression of iNOS in this experiment. UV radiation is known 
to induce such an increase  [14, 25] . While increased β-amyloid expression was observed in 
the retinas of the control mice, no increase in β-amyloid or VEGF expression was noted in the 
iNOS–/– mice, and the retina damage was reduced ( Fig. 4 ). These results suggest that iNOS 
may be involved in AMD of β-amyloid origin in long-term UVA-irradiated mice. Although 
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  Fig. 5.  Long-term ultraviolet A (UVA) eye irradiation induced retinal damage ( a ) and the expression of induc-
ible nitric oxide synthase (iNOS), matrix metalloproteinase-2 (MMP-2), MMP-9, vascular endothelial growth 
factor (VEGF), macrophages, and β-amyloid ( b ) in iNOS knockout mice. Thin sections of the eye specimens 
were stained with hematoxylin-eosin. Scale bar, 100 μm. Values are expressed as mean ± SD derived from
12 animals.  *     p  < 0.05. 
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there have been many reports that β-amyloid is involved in the expression of iNOS  [26, 27] , 
none have reported the converse, namely that iNOS is involved in the expression of β-amyloid. 
We previously reported that gp91phox was involved in the expression of β-amyloid  [28] . 
Therefore, while we do suspect that iNOS may have increased the expression of β-amyloid 
through gp91phox, further examinations will be necessary to confirm these findings.

  In a previous study, we reported that long-term UVA eye irradiation caused accumulation 
of β-amyloid in the hippocampus of the mouse brain  [28] . In addition, Suzuki and colleagues 
reported that β-amyloid causes neurodegenerative effects and is expressed in both the hippo-
campus and the retina  [29–31] . Alzheimer patients often suffer from AMD  [20–22] . Given the 
above, increased expression of β-amyloid in the hippocampus and the retina due to long-term 
UVA irradiation may be a risk factor for Alzheimer disease and AMD. However, further studies 
will be necessary to clarify the relationship between long-term UVA eye irradiation and the 
iNOS//β-amyloid system.
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  Fig. 6.  Long-term ultraviolet A (UVA) eye irradiation induced retinal damage ( a ) and increased expression 
of macrophages, vascular endothelial growth factor (VEGF), and β-amyloid ( b ) in Clophosome-treated 
C57BL/6j mice. Thin sections of the eye specimens were stained with hematoxylin-eosin. Scale bar, 100 μm. 
Values are expressed as mean ± SD derived from 12 animals.  *     p  < 0.05. iNOS, inducible nitric oxide synthase; 
MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9. 
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  Several studies have reported that photooxidative stress causes the oxidative phosphor-
ylation of phospholipids, which induce a continual increase in MCR-1 expression and macro-
phage production  [32–34] . Macrophages increase the expression of VEGF and induce vascu-
larization in the retina  [32–34] . Furthermore, in the retina, while macrophages perform the 
introjection of β-amyloid and prevent the onset of Alzheimer disease, the mass release of 
inflammatory cytokines is achieved by the introjection of β-amyloid  [35] . Given the above, we 
examined the effects of the prolonged administration of clodronate liposomes, a macrophage 
inhibitor, on retina degeneration in the present study. While β-amyloid expression was 
markedly increased by the administration of clodronate liposomes ( Fig. 5 ), VEGF expression 
remained unaffected ( Fig. 5 b). As described in a previous report  [35] , the macrophages 
removed the β-amyloid from the retina, subsequently increasing the secretion of inflam-
matory cytokines and active oxygen. We therefore concluded that β-amyloid and macro-
phages influenced each other mutually and were both involved in the denaturation of the 
retina.

  In addition, VEGF plays an important role in retina damage. These results suggest that 
although vascularization was affected by iNOS, which was induced by long-term UVA eye irra-
diation, it was shown that it was not influenced by macrophages. Although it was thought that 
VEGF and macrophages act separately, the relationship between VEGF and long-term UVA 
eye irradiation remains to be fully elucidated.

  In this study, the expression of iNOS, β-amyloid, and macrophages was increased by long-
term UVA eye irradiation, suggesting that all three acted mutually and in concert to cause 
AMD-like damage. We therefore concluded that prophylactic treatment of AMD-like damage 
and the clarification of the role of iNOS, β-amyloid, and macrophages in the onset of AMD-like 
damage due to long-term UVA eye irradiation are needed.
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