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Abstract. Accumulating evidence suggests that ionizing 
radiation  (IR)‑induced cataract may be associated with 
oxidative stress. Nuclear factor erythroid 2‑related factor 2 
(Nrf2) serves as a master regulator of the antioxidant defense 
system against oxidative stress. The present study aimed to 
investigate the effects of different doses of neutron radiation 
on the Nrf2‑reegulated antioxidant defense system in rat lens 
and assess the status of oxidative stress. A total of 24 SD 
rats were randomly divided into the following four groups: 
i) Control group; iis) 0.4 Sv group; iii) 1.2 Sv group; and 
iv) 3.6 Sv group. The rats were sacrificed 7 days after radia‑
tion and lenses were dissected for histological, biochemical 
(malondialdehyde, glutathione and superoxide dismutase) and 
western blot (Nrf2, glutamate‑cysteine ligase catalytic subunit 
and heme oxygenase 1) analyses. The morphological features 
of the lenses remained intact in the 0.4 Sv, 1.2 Sv and control 
groups, whilst the lenses in the 3.6 Sv group exhibited injuries. 
Results from the TUNEL assay demonstrated apparent apop‑
tosis in lens epithelial cells following 3.6 Sv neutron radiation 
whereas sparse apoptosis was observed following 0.4 Sv and 

1.2 Sv radiation. Malondialdehyde levels were reduced in the 
0.4 Sv and 1.2 Sv groups but increased in the 3.6 Sv group, 
compared with those in the control group. Conversely, gluta‑
thione expression and the activity of superoxide dismutase 
were higher in the 0.4 Sv and 1.2 Sv groups, but lower in the 
3.6 Sv group, compared with those in the control group. In 
addition, the total and nuclear protein levels of Nrf2 were 
increased following neutron radiation compared with those in 
the control group, though the Nrf2 protein levels decreased 
in the 3.6 Sv group compared with those in the 1.2 Sv group. 
The levels of glutamate‑cysteine ligase catalytic subunit and 
heme oxygenase 1, downstream antioxidant enzymes of Nrf2, 
demonstrated the same profile as that in Nrf2. Taken together, 
the results of the present study suggest that neutron radiation 
affects Nrf2‑regulated antioxidant systems in a two‑stage 
process. Namely, the induction phase for low‑dose radiation 
and regression phase for high‑dose radiation. Therefore, 
it was hypothesized that activation and enhancement of the 
Nrf2‑regulated antioxidant system may be useful in preventing 
or delaying IR‑induced cataract, which may be extended even 
for other diseases associated with oxidative stress.

Introduction

It is well‑known that reactive oxygen species (ROS) serve a 
critical role in a number of biological processes, including 
disease and aging (1). Oxidative stress is defined as cellular 
damage from ROS exposure that occurs when ROS produc‑
tion exceeds the capability of the cellular antioxidant defense 
system (1,2). This ultimately leads to the modification and 
degradation of proteins, damage to the mitochondria and 
cell death  (1,2). Ionizing radiation  (IR) causes damage to 
biological tissues by inducing ROS production and can cause 
oxidative injury to cellular macromolecules like DNA, lipids 
and proteins, resulting in the impairment of organs and 
systems and even mortality (3,4). IR can arise from occupa‑
tional exposure, medical procedures or exposure to nuclear 
explosion (5‑7).

The lens is an avascular, encapsulated and transparent 
tissue containing organelle‑free, terminally differentiated fiber 
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cells at the center, where a single layer of epithelial cells covers 
the anterior surface of the organ (8). The lens is one of the most 
radiosensitive tissues in the body, where the dividing epithelial 
cells near the equator serve a critical role in IR‑induced cata‑
ract (9). ROS‑induced by IR can cause oxidative damage to 
proteins, resulting in protein aggregation and cataract, which 
is the leading cause of blindness worldwide (1). However, the 
lens has evolved several antioxidant systems to defend against 
ROS damage, including ROS scavenger systems and enzyme 
protective systems (1). Several antioxidant enzymes, such as 
superoxide dismutase (SOD) and catalase, are regulated by 
the key transcription factor, nuclear factor erythroid 2‑related 
factor 2 (Nrf2)  (10). Nrf2 is normally sequestered by the 
Kelch‑like ECH‑associated protein  1  (Keap1) protein in 
the cytoplasm, which serves as a master regulator of the 
antioxidant response element (ARE)‑driven cellular defense 
system against oxidative stress  (10). Upon activation by 
ROS, the Nrf2‑Keap1 complex is disrupted and the free Nrf2 
subsequently translocates into the nucleus and binds to ARE, 
which in turn activates the expression of downstream antioxi‑
dant and detoxification genes to combat ROS and boost cell 
survival (11). Previous studies have reported that the onset of 
cataract as a result of IR may be associated with compromised 
antioxidant capacity in the lens (12,13). However, the effects 
of varying IR doses on the Nrf2‑regulated antioxidant defense 
systems of lens and underlying molecular mechanisms remain 
poorly understood.

In present study, animal models were used to simulate 
ocular injury caused by space radiation experienced by astro‑
nauts whilst participating in missions on the International 
Space Station  (ISS). For an ISS‑type orbit, estimates of 
neutron contribution to an astronaut's total radiation dose 
range is 30‑60% (14). The quality factor for the neutron tends 
to be 4‑5X greater compared with that in the charged particles 
from space radiation (15). Therefore, the impact of neutron 
radiation on ocular injuries in space travel serves an impor‑
tant role. Furthermore, little has been investigated regarding 
neutron radiation on the lens. Therefore, the present study 
chose neutrons as the radiation source, which aimed to inves‑
tigate the effects of different doses of neutron radiation on the 
status of the Nrf2 antioxidant defense system and severity of 
oxidative stress in rat lenses in vivo. Results from the present 
study hopes to provide a deeper understanding of the effects 
of neutron radiation on the lens and the role of Nrf2 in the 
regulation of the antioxidant defense systems following radia‑
tion, which is indispensable for the prevention and treatment 
of IR‑induced cataract. In addition, it is hoped that data from 
the present study facilitate the development of management 
strategies for even other oxidative stress‑associated diseases 
and the field of radiation protection.

Materials and methods

Animals and neutron radiation. A total of 24  male 
Sprague‑Dawley rats (age, 6 weeks; weight, 200±8 g) were 
purchased from the Central Animal House of Qinglongshan 
Institute (Nanjing, China). All procedures involving animals 
and corresponding experimental protocols were approved by 
The Ethics Committee of Jinling Hospital (approval no. 2020
JLHGKJDWLS‑109; Nanjing, China). Animals were allowed 

free access to water and normal pellet diet and were housed 
in polypropylene cages bedded with sterilized rice husk under 
12‑h light/dark cycles with a temperature of 24±1˚C and 
humidity of 50±10%. The rats were randomly divided into 
the following four groups (n=6 rats in each group): i) Control 
group; ii) 0.4 Sv group; iii) 1.2 Sv group; and iv) 3.6 Sv group.

Neutron radiations were performed at the Radiological 
Research Center of Nanjing University of Aeronautics and 
Astronautics (Nanjing, China). Neutrons were generated by 
the reaction of deuterium on a tritium target (16), and rats were 
anesthetized (intraperitoneal injection of 90 mg/kg ketamine 
and xylazine 10 mg/kg) and immobilized by jigs surrounding 
the neutron generation device (Fig. 1A‑C) (17). Rats in the 
control group were sham irradiated, that is, rats were immobi‑
lized like the other 3 groups but were irradiated by 0 Sv. The 
eyes of the rats the other three groups were 17, 10 and 6 cm 
from the target center (Fig. 1D), where the dose rates were 
14, 45 and 131 mSv/h, respectively. Radiation was delivered in 
four fractions in 4 successive days (once per day) and the total 
doses were 0.4, 1.2 and 3.6 Sv, respectively. Sham‑radiated 
control animals were treated similarly to radiated animals 
but the radiation source was not activated. The rats were 
anesthetized with an intraperitoneal injection of pentobarbital 
sodium (30 mg/kg body weight) and subsequently sacrificed 
by cervical dislocation 7 days after the final radiation. Their 
eyes were then enucleated, where their lenses were collected 
for histopathological, biochemical and western blot analyses.

Histological analysis. The eyeballs were fixed in 10% formalin 
for 24 h at room temperature and dehydrated using a gradient 
alcohol series (70, 80, 90, 95 and 100% ethanol) followed by 
two xylene treatments. The samples were embedded in paraffin 
and then cut into 5‑µm‑thick sections. Tissue sections were 
subsequently deparaffinized in xylene and then rehydrated 
with a gradient alcohol series (100, 95, 80 and 75% ethanol) 
and washed in PBS. The sections were then stained with hema‑
toxylin for 7 min and eosin for 3 min at room temperature. For 
histopathological analysis, the slides were observed under a 
light microscope (magnification, x400; Olympus BX41).

Biochemical assays. The lens tissues were homogenized in 
cold PBS (10% w/v) and centrifuged at 3,000 x g for 10 min 
at 4˚C. The supernatant was used for biochemical analyses, as 
previously described (18‑20).

Malondialdehyde (MDA) concentration in the homog‑
enate was determined based on the thiobarbituric acid 
reactive substances assay (TBARS), using the MDA Assay kit 
(cat. no. A003‑1; Nanjing Jiancheng Bioengineering Institute). 
Briefly, TBA reacted with MDA to form red products, the 
absorbance of which can be measured at a wavelength of 
532 nm. MDA concentration was expressed as nmol of MDA 
per milligram of protein (nmol/mg protein).

Reduced glutathione (GSH) concentration was analyzed 
based on the dithionitrobenzoic acid  (DTNB) reaction, 
using the GSH Assay kit (Nanjing Jiancheng Bioengineering 
Institute; cat. no. A006‑2‑1). DTNB reacts with reduced GSH 
to form yellow products, where the absorbance of which was 
measured at a wavelength of 405 nm. GSH concentration was 
expressed as µg of GSH per milligram of protein (µg/mg 
protein).
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Superoxide dismutase (SOD) activity was assessed using 
the SOD Assay kit (cat.  no.  A001‑3; Nanjing Jiancheng 
Bioengineering Institute), based on the xanthine and xanthine 
oxidase systems, where absorbance was measured at a wave‑
length of 450 nm. In total, 1 unit (U) of SOD activity was 
defined as the amount of enzyme causing 50% inhibition of the 
xanthine and xanthine oxidase reaction systems. SOD activity 
was expressed as units per milligram protein (U/mg protein).

Western blotting. Total protein and nuclear protein of lens 
tissue were extracted using the Whole Cell Lysis Assay 
(cat. no. KGP250/KGP2100) and Nuclear Protein Extraction 
(cat. no. KGP150/KGP1100) kits (both from Nanjing KeyGen 
Biotech Co., Ltd.), according to the manufacturer's protocols. 
For total protein extraction, lenses were homogenized in 
ice‑cold lysis buffer to obtain tissue homogenate. The homog‑
enate was subsequently centrifuged at 12,000 x g for 5 min 
at 4˚C and the supernatant was collected. For nuclear protein 
extraction, lenses were homogenized in ice‑cold lysis buffer 
and the homogenate was centrifuged at 3,000 x g for 10 min 

at 4˚C. Following centrifugation, the pellets were sonicated 
(3,000 rpm for 15 sec at 4˚C) with appropriate volumes of 
nuclear extraction buffer and re‑centrifuged at 14,000 x g 
for 30 min at 4˚C. The supernatant was collected for nuclear 
fractions. The protein samples were quantified using bicin‑
choninic acid kit (cat. no. KGPBCA; Nanjing KeyGen Biotech 
Co., Ltd.). In total, 50 µg protein samples were separated by 
10% SDS‑PAGE and transferred onto polyvinylidene fluoride 
membranes (EMD Millipore). The membranes were blocked 
with 5% non‑fat milk in TBST for 2 h at room temperature and 
incubated with primary antibodies at 4˚C overnight against: Nrf2 
(1:1,000; Abcam; cat. no. ab137550), glutamate‑cysteine ligase 
catalytic subunit (GCLC; 1:1,000; Abcam; cat. no. ab207777), 
heme oxygenase 1 (HO‑1; 1:1,000; Abcam; cat. no. ab189491), 
β‑actin (1:5,000; Abcam; cat. no. ab8226) and Histone H2A 
(1:1,000; Abcam; cat.  no.  ab177312). Following primary 
antibody incubation, membranes were incubated with goat 
anti‑rabbit HRP‑conjugated secondary antibody (1:10,000; 
cat. no. BL003A; Biosharp) for 1 h at 37˚C. Protein bands were 
visualized with New Super ECL (cat. no. KGP1127‑KGP1128; 

Figure 1. Diagram of the neutron radiation of rats. Rats were exposed to neutron radiation. (A) Bird's eye, (B) vertical and (C) lateral view of the irradiation 
apparatus in the presence of the neutron generator. (D) The eyes of the rats were 17, 10 and 6 cm from the radiation source in the 0.4, 1.2 and 3.6 Sv groups, 
and the dose rates were 14, 45 and 131 mSv/h, respectively (longitudinal section of relative position for rats' eyes and neutron generator tube). Solid black spots 
represent the position of the rats' eyes. 
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Nanjing KeyGen Biotech Co., Ltd.) using G:BOX chemiXR5 
(Syngene Europe), whilst the densities were determined using 
ImageJ software (version 2.1.4.7; National Institutes of Health). 
The band densities of each sample were normalized to β‑actin 
or Histone H2A.

Te r m i n a l  d eox y n u c l eo t i d y l  t ra n s f e ra s e  dU T P 
nick‑end labeling  (TUNEL) assay. The eyeballs were 
fixed in 10%  formalin for 24  h at room temperature, 
paraffin‑embedded, then sectioned at a thickness of 5 µm. 
TUNEL analysis was performed using One Step TUNEL 
Apoptosis Assay Kit (cat. no. KGA7071; Nanjing KeyGen 
Biotech Co., Ltd.), according to the manufacturer's protocol. 
Briefly, paraffin‑embedded lens sections were deparaffinized 
in xylene, rehydrated with a gradient ethanol series, digested 
with protein K for 30 min at 37˚C and incubated with the 
TUNEL reaction mixture for 1 h at 37˚C. Nuclei were coun‑
terstained with 2 µg/ml DAPI (cat.  no. KGA215; Nanjing 
KeyGen Biotech Co., Ltd.) in the dark for 5 min at room 
temperature, and then rinsed with PBS. Antifade Mounting 
Medium (cat.  no. KGF028; Nanjing KeyGen Biotech Co., 
Ltd.) was used for mounting. TUNEL‑positive cells were 
identified via green fluorescence. For quantitative analysis, 
the number of lens epithelial cell nuclei and the number of 
TUNEL‑positive epithelial nuclei were manually counted. 
The TUNEL index was expressed as the percentage of the 
number of TUNEL‑positive epithelial cells in relation to the 

total number of epithelial cells in five randomly selected fields 
under a fluorescence microscope (magnification, x200), as 
previously described (21).

Statistical analysis. Statistical analysis was performed 
using SPSS  17.0 software (SPSS, Inc.). All experiments 
were performed in triplicate and data are presented as the 
mean ± standard deviation. One‑way ANOVA was used to 
compare differences among multiple groups followed by 
Tukey's post hoc test, whilst the unpaired Student's t‑test was 
used to compare differences between two groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Effects of neutron radiation on lens morphology. The morpho‑
logical features of the lenses remained intact in the 0.4 Sv, 
1.2 Sv and control groups, including the epithelial cells, lens 
bow pattern, fiber cells and posterior pole (Fig. 2). However, 
lenses that were exposed to 3.6  Sv exhibited injury, with 
reduced density and abnormal alignments in the epithelial 
cells, slight distortion in the lens bow configuration, swollen 
cortical fibers and vacuolization near the posterior pole of the 
lens (Fig. 2).

Effects of neutron radiation on oxidative stress and SOD 
activity in rat lens. Compared with those in the control group, 

Figure 2. Histological images of the lenses following neutron radiation. The lens tissue sections were stained with hematoxylin and eosin and observed under 
a light microscope (magnification, x400). Lens bow region in the (A) control, (C) 0.4 Sv, (E) 1.2 Sv and (G) 3.6 Sv groups. Lens posterior pole region in 
(B) control, (D) 0.4 Sv, (F) 1.2 Sv and (H) 3.6 Sv groups. Black arrows indicate vacuolization under the posterior capsule. Ep, epithelial cells. Bow, lens bow 
region. 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  21:  334,  2021 5

MDA levels were found to be significantly lower in the 1.2 Sv 
group (P<0.05; Fig. 3A) but significantly higher in the 3.6 Sv 
group (P<0.05; Fig. 3A).

Conversely, GSH levels were significantly increased in the 
1.2 Sv groups (P<0.05; Fig. 3B) and significantly decreased 
in the 3.6 Sv group, compared with those in the control group 
(P<0.05; Fig. 3B).

Although SOD activity was increased in the 0.4 Sv and 
1.2 Sv groups, the differences was not found to be statistically 
significant (Fig. 3C). Conversely, SOD activity was signifi‑
cantly decreased in the 3.6 Sv group compared with that in the 
control group (P<0.05; Fig. 3C).

Effects of neutron radiation on Nrf2 and downstream anti‑
oxidant enzymes. The total and nuclear protein levels of Nrf2 
were increased following 0.4, 1.2 and 3.6 Sv neutron radiation 
compared with the control group (all P<0.05; Fig. 4). However, 
the levels were significantly lower in the 3.6 Sv group compared 
with that in the 1.2 Sv group (P<0.05; Fig. 4C and D). The 
protein levels of HO‑1 and GCLC, downstream antioxidant 
enzymes of Nrf2 (4), exhibited similar trends (P<0.05 in the 
1.2 Sv group vs. control group for HO‑1; P<0.05 in the 0.4 Sv 
and 1.2 Sv groups vs. control group for GCLC; Fig. 4E and F).

Apoptosis of lens epithelial cells. The results of the TUNEL 
assay demonstrated that the apoptotic cells were sparse 
following radiation with 0.4 Sv and 1.2 Sv (Fig. 5B and C). 
However, 3.6 Sv neutron radiation significantly induced cell 
apoptosis compared with that in control (Fig.  5D and E). 
In addition, quantitative assessment demonstrated that the 
TUNEL index was significantly higher following radiation 

with 3.6 Sv compared with that in the control group (P<0.05; 
Fig. 5E). Notably, the difference was not statistically signifi‑
cant following radiation with 0.4 Sv and 1.2 Sv compared with 
that in the control group (Fig. 5E).

Discussion

IR‑induced damage is primarily attributed to ROS, which 
serves an important role in the effects of radiation on biolog‑
ical tissues and organisms (22). Organisms have antioxidant 
defense systems for scavenging ROS, which are reported to 
be regulated by the Nrf2/ARE signaling pathway (10,23). The 
present study investigated the effect of neutron radiation on 
the status of oxidative stress and Nrf2‑regulated antioxidant 
defense systems in rat lenses at different radiation doses (0.4, 
1.2 and 3.6 Sv).

Several protective systems have evolved in the ocular 
lens, including the antioxidant enzymatic and nonenzymatic 
systems, to combat oxidative stress induced by ROS (1). SOD 
is one of these antioxidant enzymes. When the SOD activity 
increases, the capability of eliminating ROS enhances (24). 
MDA is commonly used to assess the active oxygen 
damage (25). In the present study, SOD activity increased 
following radiation with 0.4 and 1.2 Sv compared with that 
in the control group, but the difference was not statistically 
significant. Conversely, MDA levels were reduced in the 0.4 
and 1.2 Sv groups compared with those in the control group. 
This phenomenon of beneficial biological effects caused 
by low‑dose radiation was previously termed as ‘radiation 
hormesis’ (26). A number of previous studies have addressed 
the beneficial effects of low‑dose radiation, which demonstrated 

Figure 3. Oxidative stress and SOD activity in rat lenses following neutron radiation. (A) MDA concentration was determined based on thiobarbituric acid 
reaction. (B) GSH concentration was analyzed based on the dithionitrobenzoic acid reaction. (C) SOD activity was assessed using the xanthine and xanthine 
oxidase systems. *P<0.05 vs. Control; #P<0.05 vs. 0.4 Sv; ▲P<0.05 vs. 1.2 Sv. SOD, superoxide dismutase; MDA, malondialdehyde; GSH, glutathione. 
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induction of antioxidant enzymes by low‑dose radiation both 
in vitro and in vivo. For example, Yamaoka et al (24) assessed 
changes in SOD activity and lipid peroxide (TBARS/MDA) 
levels in brain, lungs, liver, thymus, spleen and bone marrow of 
rats following exposure to whole‑body low‑dose X‑radiation, 
which reported that SOD activity increased in immune organs 
following exposure to radiation at doses of 0.05‑0.50 Gy 
for 4 h, whilst the levels of MDA reduced. In another study, 
Pathak et al (27) demonstrated that SOD activity increased 
in rodent kidneys by 37% following exposure to whole‑body 
low‑dose γ‑radiation (10‑50 cGy) for 12 h. However, the levels 
of MDA were enhanced, which differed from the results of the 
present study and the study by Yamaoka et al (24). This varia‑
tion may be due to species differences in each animal model, 
radiation source, radiation dose, dose rate, time and organs 
selected for the measurement of several parameters.

The lens also has a non‑enzymatic antioxidant defense 
system to cope with oxidative stress  (28). One aspect of 
this mechanism is by redox balancing by GSH (28). Lenses 
contain high concentrations of GSH, which maintain the thiol 
groups in their reduced forms (29). Reduced GSH levels have 
been reported in human lens following aging and those with 
cataract (29). GSH serves a vital role in the maintenance of 
cellular redox balance by acting as a radical scavenger (30). 
Yamaoka et al (24) previously demonstrated that GSH levels 
significantly increased in the kidneys following radiation at 

varying doses (10‑50 cGy) for 12 h. Consistent with these find‑
ings, the results of the present study demonstrated that GSH 
levels were higher in the lower dose groups (0.4 Sv and 1.2 Sv) 
compared with those in the control group. This increase in 
GSH levels may be due to the activation of protective responses 
in the lenses to counteract ROS accumulation (28). However, 
GSH levels and SOD activity were reduced in the lenses 
of the high dose group, whilst the MDA levels increased. 
Taken together, these results suggest that low‑dose neutron 
radiation can increase both the non‑enzymatic and enzymatic 
antioxidant defense systems to overcome IR‑induced ROS in 
the lenses; as the radiation dose increases and ROS content 
exceeds the capacity of the antioxidant defense systems, lenses 
may become damaged eventually leading to cataractogenesis. 
In the present study, the lenses remained intact in the 0.4 Sv, 
1.2 Sv and control groups. However, lenses that were exposed 
to 3.6 Sv exhibited injury, including reduced density and 
abnormal alignment of epithelial cells, apoptotic epithelial 
cells, slight distortion in lens bow, swollen cortical fiber cells 
and vacuolization near the posterior pole of the lens.

Nrf2 is a redox‑sensitive transcription factor that regulates 
the expression of antioxidant enzymes and phase II metabolic 
enzymes (31). Nrf2 is normally sequestered in the cytoplasm, 
which can be activated by signals, such as ROS, which 
subsequently translocates into the nucleus to regulate expres‑
sion of downstream antioxidant and detoxificationgenes that 

Figure 4. Protein levels of Nrf2, HO‑1 and GCLC in rat lenses following neutron radiation. (A) Western blot analysis was performed to detect protein levels 
of total Nrf2, HO‑1 and GCLC. Each signal was normalized to that of β‑actin. (B) Western blot analysis was performed to measure nuclear Nrf2 expression, 
where the signal was normalized to that from Histone H2A. Quantification of (C) total Nrf2, (D) nuclear Nrf2, (E) HO‑1 and (F) GCLC. For (C‑F), all values 
were normalized to that of control for each protein. *P<0.05 vs. Control; #P<0.05 vs. 0.4 Sv; ▲P<0.05 vs. 1.2 Sv. Nrf2, nuclear factor erythroid 2‑related factor 2; 
HO‑1, heme oxygenase 1; GCLC, glutamate‑cysteine ligase catalytic subunit. 
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counteract ROS (31). These target genes include glutathione 
peroxidase, SOD, HO‑1, quinone oxidoreductase  (NQO1) 
and GCLC (4,32). Activation of the Nrf2 signaling pathway 
is one of the critical defensive mechanisms against oxida‑
tive stress in a number of tissues, including heart, retina, 
liver and kidney (23). Purbey et al (33) previously reported 
that Nrf2 activation by ROS is highly selective to radia‑
tion exposure compared with other environmental insults, 
such as a microbial inducer of inflammation. Furthermore, 
Tsukimoto et al (34) demonstrated that low‑dose γ‑radiation 
induces Nrf2 activation in mouse macrophage RAW264.7 
cells, whilst McDonald et al (35) reported that single doses 
of IR from 2‑8 Gy activate ARE‑dependent transcription in 
breast cancer cells. These findings are consistent with the 
results of the present study, which demonstrated that neutron 
radiation increased the level of Nrf2 and induced nuclear 
translocation of Nrf2. Therefore, a two‑phase Nrf2 expres‑
sion was observed following neutron radiation, namely, an 
increasing phase from 0.4‑1.2 Sv and a decreasing phase from 
1.2‑3.6 Sv. A previous study demonstrated Nrf2‑medidated 
antioxidant defense in two phases in mouse embryonic fibro‑
blasts isolated from p53 and p21 wild-type and knockout 
pregnant female mice at embryonic day 13 (36). However, 

McDonald et al (35) previously demonstrated that radiation 
activated Nrf2 in a dose‑dependent manner, which differed 
from the results of the present study. The difference may be 
due to the different experimental subjects, radiation sources, 
dose and dose rates.

The results of the present study demonstrated that the 
levels of the downstream antioxidant enzymes of Nrf2, GCLC 
and HO‑1, increased following radiation at doses of 0.4 and 
1.2 Sv. These enzymes serve vital roles in the detoxification 
and antioxidant processes in the body (37). Zhao et al (38) 
demonstrated that RNAi‑mediated reduction of Nrf2 
expression significantly decreases the expression levels of 
GCLC and HO‑1 in radiated lung cancer cells. Notably, 
Tsukimoto et al (34) reported that HO‑1 expression increases 
following radiation with >0.1 Gy of γ‑rays for 24 h in mouse 
macrophage RAW264.7 cells. However, the present study 
demonstrated that high‑dose neutron radiation would deplete 
Nrf2, HO‑1 and GCLC protein levels and weaken anti‑oxida‑
tive stress mechanisms, leading to histopathological changes 
in the lenses, such as vacuolation under posterior capsule. This 
is in accordance with the study performed by Liu et al (39), 
who demonstrated that lower fluences of ultraviolet A rays 
enhance Nrf2 expression, along with its downstream enzymes 
HO‑1 and NQO1, whilst higher fluences of UVA downregu‑
late Nrf2 and its downstream antioxidant enzymes in corneal 
endothelial cells.

A limitation of the present study is that neutron radiation 
[high‑linear energy transfer (LET)] was not compared with 
low‑LET radiation, such as X‑rays or γ‑rays, or non‑ionizing 
radiation, such as UV. The aim of the present study was to 
simulate lens injury from space radiation experienced by 
astronauts participating in missions on the ISS in animal 
models. Another reason was that, among other types of radia‑
tion, neutrons can produce more severe damage compared with 
χ‑rays, γ‑rays or UV (40). A number of studies have studied the 
effects of other radiations on lens. Bahia et al (41) exposed 
human lens epithelial cells (HLE) to χ‑rays at different doses 
and demonstrated that HLE exhibits a bi‑phasic response in 
terms of cell viability and ROS. Similar to the Bahia et al 
study, the findings of the present study also reported a 
two‑phase response. Several studies have demonstrated that 
excessive UV can induce oxidative damage to the lens and 
cause cataract (42,43). Similarly, results of the present study 
demonstrated that high‑dose neutron radiation caused lens 
damage. Another limitation of the present study was that 
Nrf2‑knockout rats were not used. Prospective studies with 
Nrf2‑knockout rats are required to validate the role of the 
Nrf2 pathway and to identify agents that can prevent or delay 
IR‑induced cataract by activating the Nrf2 pathway.

In conclusion, results of the present study demonstrated 
that Nrf2‑regulated antioxidant systems are affected by 
neutron radiation in two phases. Low‑dose neutron radiation 
upregulates Nrf2 and its downstream enzymes to combat 
oxidative damage in the lenses. However, as the radiation dose 
increases further, Nrf2‑mediated antioxidant mechanisms are 
compromised, which causes oxidative damage in the lens and 
eventually leads to cataract. Taken together, these findings 
suggest that activation and enhancement of the Nrf2‑mediated 
antioxidant defense systems may be useful in preventing 
and delaying IR‑induced cataract or even for other oxidative 

Figure 5. TUNEL staining of rat lens sections following neutron radia‑
tion. Representative images of TUNEL‑stained sections of lenses from the 
(A) control, (B) 0.4 Sv, (C) 1.2 Sv and (D) 3.6 Sv groups. Magnification, x200. 
TUNEL‑positive cells were identified using green fluorescence and nuclei 
were counterstained with DAPI (blue). (E) The TUNEL index bar represents 
the number of TUNEL‑positive epithelial cell nuclei/total epithelial cell nuclei 
in the four groups. *P<0.05 vs. Control; #P<0.05 vs. 0.4 Sv; ▲P<0.05 vs. 1.2 Sv. 
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stress‑associated diseases, in addition to the field of radiation 
protection.
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