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Ionizing radiation- (IR-) induced oxidative stress has been recognized as an important mediator of apoptosis in lens epithelial cells
(LECs) and also plays an important role in the pathogenesis of IR-induced cataract. Ferulic acid (FA), a phenolic phytochemical
found in many traditional Chinese medicine, has potent radioprotective and antioxidative properties via activating nuclear factor
erythroid 2-related factor 2 (Nrf2) signal pathway. The goals of this study were to determine the protective effect of FA against IR-
induced oxidative damage on human lens epithelial cells (HLECs) and to elucidate the role of Nrf2 signal pathway. HLECs were
subjected to 4 Gy X-ray radiation with or without pretreatment of FA. It was found that FA pretreatment protected HLECs against
IR-induced cell apoptosis and reduced levels of ROS and MDA caused by radiation in a dose-dependent manner. IR-dependent
attenuated activities of antioxidant enzymes (SOD, CAT, and GPx) and decreased ratio of reduced GSH/GSSG were increased by
pretreatment of FA. FA inhibited IR-induced increase of Bax and cleaved caspase-3 and the decrease of Bcl-2 in a dose-dependent
manner. Furthermore, FA provoked Nrf2 nuclear translocation and upregulated mRNA and protein expressions of HO-1 in a
dose-dependent manner. These findings indicated that FA could effectively protect HLECs against IR-induced apoptosis by
activating Nrf2 signal pathway to inhibit oxidative stress, which suggested that FA might have a therapeutic potential in the
prevention and alleviation of IR-induced cataract.

1. Introduction Cataract, defined as opacification of the eye lens, is the

leading cause of blindness in the world [3]. Numerous stud-

Head and neck cancers are the seventh most common malig-
nancy in the world with unacceptably high mortality rates,
which is a significant public health burden worldwide [1].
Radiation therapy plays a key role in curative-intent treat-
ments for these cancers. Despite advances in treatment
delivery, fractionation schemas, and thoughtful interplay
with technical surgical improvements, it is still burdened
by a high rate of acute and late side effects [1]. Ionizing radi-
ation- (IR-) induced cataract is a frequent and well-
documented side effect in these patients [2].

ies have demonstrated that oxidative stress plays a major
role in the initiation and progression of cataract [4]. Ionizing
radiation (IR) induces cell damage by generating reactive
oxygen species (ROS) [5]. Lens epithelial cells (LECs) com-
prise the middle layer of the lens and are found to be the
most metabolically active [6]. LECs are well equipped with
antioxidant systems to combat oxidative stress [7]. When
the ROS exceeds the antioxidant defensive protection in
the LECs, it will result in oxidative damage which leads to
apoptosis of LECs and cataract formation [4, 8]. At present,
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the only means to treat cataract is by surgical intervention.
However, surgery may lead to some serious complications
such as endophthalmitis, corneal edema, cystoid macular
edema, and increased intraocular pressure, especially in the
elderly people and in patients with systematic diseases [9,
10]. Therefore, it is necessary to develop nonsurgical thera-
peutics for the prevention and alleviation of IR-induced
cataract.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is one
of the most important transcription factors that control the
transcription of many antioxidant genes, such as glutathione
reductase (GR), superoxide dismutase (SOD), GSH-Px
(GPx), catalase (CAT), glutamate-cysteine ligase (GCL),
and heme oxygenase-1 (HO-1), to combat ROS and boost
cell survival [11, 12]. Our previous study has shown that
IR-induced cataract is related to the incapacity of Nrf2 anti-
oxidative systems [13]. Taken together, these findings sug-
gest that Nrf2 inducers may serve as potential therapeutic
agents for preventing or alleviating IR-induced cataract.

Ferulic acid (FA), a phenolic acid compound abundant
in vegetables, fruits, grains, and some Chinese medicine, is
able to scavenge ROS by increasing the activities of antioxi-
dant enzymes via activating Nrf2 signal pathway [14-16].
Furthermore, many studies have demonstrated that FA is a
nontoxic and effective radioprotectant in vivo and in vitro
[17-19]. However, no data is available on the beneficial
effect of FA on IR-induced cataract. Therefore, the present
study was aimed at investigating the protective effect of FA
against IR-induced oxidative stress in LECs and its underly-
ing mechanisms and attempting to provide a novel agent for
the prevention and alleviation of IR-induced cataract.

2. Materials and Methods

2.1. Materials and Chemicals. Fetal bovine serum (FBS)
(#16000044) and 0.25% trypsin-EDTA (#2053591) solution
were obtained from Gibco (Thermo Fisher Scientific, Inc.).
FA (#LRAB6783) (purity >99.0%) was purchased from
Sigma Chemical Co. (St. Louis, USA). Dulbecco’s modified
Eagle’s medium (DMEM) (#KGM12800-500), dimethyl
sulfoxide (DMSO) (#KGT5131), 4,5-dimethylthiazol-2-yl-
2,5-diphenyltetrazolium bromide (MTT) (#KGA311),
Annexin V-FITC Apoptosis Detection Kit (#KGA105),
whole cell lysis assay kit (#KGP250), bicinchoninic acid
(BCA) (#KGP902) protein quantitative detection Kkit,
HRP-conjugated secondary antibody (#KGAA35), and
chemiluminescence (ECL) detection kit (#KGP116) were
bought from KeyGen Biotech Co. (Nanjing, China).
Minute (TM) Cytoplasmic and Nuclear Fractionation kit
(#5C-003) was from Invent Biotechnologies (MN, USA).
MDA assay kit (#A003-1), total SOD assay kit (#A001-
3), GPx assay kit (#A005-1-1), and CAT assay kit
(#A007-1-1) were obtained from Jiancheng (Nanjing,
China). GSH/GSSG assay kit (#S0053) was obtained from
Beyotime Institute of Biotechnology (Shanghai, China).
Anti-Nrf2 (# ab137550), anti-HO-1 (#ab189491), anti-Bax
(#ab32503), anti-Bcl-2 (#ab182858), anti-procaspase-3
(#ab32150), anti-cleaved caspase-3 (#ab2302), anti-
GAPDH (#ab9485), and anti-histone H3 (#ab1791) anti-
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bodies were bought from Abcam (Cambridge, UK). TRIzol
reagent (#15596-026) was from Invitrogen (Waltham,
USA). PrimeScript RT Master Mix (#RR036B) and One
Step TB Green PrimeScript RT-PCR Kit II (SYBR Green)
(#RR086B) were from Takara (Dalian, China).

2.2. Cell Culture. A human lens epithelial cell (HLEC) line
(FHL124) was purchased from Binsui Biotech Co. (Shang-
hai, China). HLECs were cultured in DMEM supplemented
with 10% FBS at 37°C in a humidified atmosphere of 5%
CO,. Medium was replaced every 2 days, and the cells were
digested with 0.25% trypsin-EDTA when the density of the
cells reached 90%.

2.3. Cell Viability Assay. Cell viability was assessed using
MTT assay. Briefly, HLECs were seeded in 96-well plates.
After different treatment, 50 uL. MTT solution was added
to each well and further incubated for 4h to allow the con-
version of MTT into formazan crystals. Subsequently, the
medium was removed, and 150 yl DMSO was added to each
well to dissolve the crystals. The absorbance was measured at
a wavelength of 490 nm using a microplate reader (Thermo
Fisher Scientific, Inc.), and the cell survival ratio was
expressed as a percentage of the control.

2.4. Treatment with FA and Irradiation Schedule. FA stock
solution (0.5mM) was prepared in DMSO. The working
solution was diluted with DMEM so that the final concentra-
tions of DMSO in the culture medium were not more than
0.01% (v/v). 0.01% DMSO was used as control. For cytotox-
icity determination of FA, HLECs were exposed to different
concentrations of FA (0, 50, 100, 150, 200, 250, 300, 350,
400, 450, and 500 #M). Our preliminary MTT study showed
that the concentrations of FA below 250 uM had no signifi-
cant toxicity on HLECs. To determine the protective effect of
FA on IR-induced cell injury, HLECs were pretreated with
FA (50, 100, and 200 M) for 2 hours followed by exposure
to X-ray. The control cells were exposed to sham radiation.
After radiation, the cells were subsequently incubated for
72h. A single dose of 4Gy (370 Mu) X-ray was delivered
using Varian linear accelerator (Clinac-21EX, USA), when
the 6-well plates were placed in a 30 x30cm” field on
1.5cm of equivalent tissue material (Figure 1).

2.5. Microscopic Observations of Cell Morphology. HLECs
were seeded and incubated in 6-well plates for 24h at
37°C. Further, the cells were treated with indicated concen-
trations of FA 2h before radiation. Seventy-two hours after
radiation, the cellular morphological changes were observed
under phase contrast microscope (Olympus IX71, Japan)
and photographed.

2.6. Flow Cytometry. The assessment of apoptosis was per-
formed by using the Annexin V-FITC Apoptosis Detec-
tion Kit according to the manufacturer’s protocol as
described previously [20]. Briefly, after different interven-
tions, the cells were harvested, washed with PBS, and
resuspended in binding buffer. The cells (10*) were incu-
bated with 5ul Annexin V-FITC and 5 ul PI for 5 minutes
in the dark at room temperature. Finally, the cells were
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FIGURE 1: Diagram of the X-ray radiation of HLECs. Plates seeded
with HLECs were placed in a 30x30cm” field on 1.5cm of
equivalent tissue material, and the radiation (4 Gy of X-ray) was
delivered using Varian linear accelerator (Clinac-21EX, USA).

analysed using flow cytometry (Becton-Dickinson, FACS
Calibur, USA) to determine percentage of apoptosis.

2.7. Detection of Intracellular ROS. The level of ROS was
monitored using the fluorescent probe 2,7-dichlorofluores-
cein diacetate (DCFH-DA) by flow cytometry as previously
described [20]. Briefly, after different interventions, the cells
(10*) were collected in each group and incubated with 10 uM
DCFH-DA at 37°C for 30min in the dark. Then, the cells
were washed twice using culture medium. The intracellular
production of ROS was determined using flow cytometry
(Becton-Dickinson, FACS Calibur, USA). The values of
ROS levels were normalized to the control group and
expressed as fold of the control.

2.8. Antioxidant Assay. After indicated interventions, the
total cell extracts were prepared, and protein concentration
was determined as previously described [21]. The activities
of total SOD, CAT, and GPx, the content of MDA, and the
ratio of reduced GSH/GSSG were measured using respective
commercial diagnostic kits.

The activity for total SOD was examined according to
xanthine oxidase method provided by the total SOD assay
kit as described [22]. The assay used the xanthine/xanthine
oxidase system to produce superoxide ions, which reacted
with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophe-
nyl)-2H-tetrazolium to form a formazan dye, and the absor-
bance at 450 nm was determined. The values were expressed
as units per milligram protein (U/mg protein), where one

unit of SOD was defined as the amount of SOD inhibiting
the rate of reaction by 50% at 25°C.

CAT activity was measured using a CAT kit based on the
hydrolysis reaction of H,O, with CAT, which could be ter-
minated by molybdenum acid (MA) to produce yellow
MA-H,0, complex [23]. CAT activity was calculated by
the decrease in absorbance at 405nm due to the degradation
of H,0,. The values were expressed as units per milligram
protein (U/mg protein).

GPx activity was determined by the velocity method
using a GPx kit [24]. The reaction was initiated by the addi-
tion of GPx in the cell extracts which subsequently led to the
conversion of reduced GSH to oxidized glutathione (GSSG).
The change in absorbance during the conversion of reduced
GSH to GSSG was recorded spectrophotometrically at
412nm. The values were expressed as units per milligram
protein (U/mg protein).

Lipid peroxidation was evaluated by measuring MDA
concentrations according to the thiobarbituric acid (TBA)
method as commercially recommended [25]. The method
was based on the spectrophotometric measurement of the
colour produced during the reaction to TBA with MDA.
MDA concentrations were calculated by the absorbance of
TBA reactive substances (TBARS) at 532 nm. The concen-
tration of MDA was expressed as nanomole per milligram
protein (nmol/mg protein).

The reduced GSH/GSSG ratio was determined using a
GSH/GSSG assay kit (Beyotime Institute of Biotechnology)
according to the manufacturer’s instructions [26]. The cell
pellet was suspended in protein removal solution, thor-
oughly incorporated, and placed in -70°C and 37°C sequen-
tially for fast freezing and thawing, then placed in 4°C for
5min, and centrifuged at 10000 g for 10 min. The superna-
tant was used to determine the amount of glutathione in
the sample. Total glutathione level was measured by the
5,5'-dithiobis (2-nitrobenzoic acid) (DTNB)-GSSG recy-
cling assay. Briefly, GSH assay buffer, glutathione reductase,
DTNB solution, and supernatant sample were mixed
together and incubated at 25°C for 5 min, and then, NADPH
was added into this system to trigger the reaction. The
absorbance of TNB was measured at 412nm, and the total
glutathione level was calculated following the product
instructions. GSSG was determined by the same method in
the presence of 2-vinylpyridine. The amount of reduced
GSH was obtained by subtracting the 2 x GSSG values from
the total glutathione values.

2.9. Quantitative Real-Time PCR Analysis. Total RNA was
extracted using TRIzol reagent following the manufacturer’s
protocol and reversely transcribed into cDNA using Prime-
Script RT Master Mix (Takara, China). Real-time polymer-
ase chain reaction (PCR) was carried out using an ABI
Step one plus RT-PCR System (Applied Biosystems, USA)
with specific primers and SYBR Green Master Mix (Takara,
China). Both forward and reverse primers for target genes
were provided by General Biol (Chuzhou, China), as shown
in Table 1. The relative levels of mRNA were calculated
using the 274““T method, normalizing for GAPDH and
related to the control.



TaBLE 1: Primers used for qRT-PCR.

Gene Primer sequences (5'-3")

F: AAGACTGCGTTCCTGCTCAAC
R: AAAGCCCTACAGCAACTGTCG
F: AAAGCCTGCCGGTGACTAAC

R: AGGAAAAGCATCACCCGGAG

HO-1 (NM_002133)

GAPDH (NM_
001256799)

2.10. Western Blot. Whole cell protein lysates were extracted
using a Whole Cell Lysis Assay Kit, and nuclear extracts
were extracted using a Cytoplasmic and Nuclear Fractiona-
tion kit according to the manufacturer’s instructions. Pro-
tein samples were loaded and separated on 10% SDS-
PAGE and then transferred to polyvinylidene fluoride
(PVDF) membranes and blocked with 5% skim milk for
2h. After that, the membranes were incubated with primary
antibodies (anti-Bax, anti-Bcl-2, anti-cleaved-caspase-3,
anti-procaspase-3, anti-Nrf2, and anti-HO-1) overnight at
4°C. After the membranes were washed three times with
TBST buffer, they were incubated in HRP-conjugated sec-
ondary antibody at room temperature for 1h. The protein
blots were visualized with ECL using G:BOX chemiXR5.
The band densities of each sample were determined using
Image] software.

2.11. Statistical Analysis. All experiments were performed in
triplicate, and data were expressed as the mean + SD. Statis-
tical analysis was performed using a one-way analysis of var-
iance (ANOVA) followed by LSD using SPSS software
version 17.0. A value of P < 0.05 was considered to be statis-
tically significant.

3. Results

3.1. Effects of X-Ray Radiation on Cell Viability of HLECs by
MTT. To evaluate the effects of radiation on cell viability,
HLECs were exposed to 0, 1, 2, 4, and 6 Gy X-ray radiation
and then observed for 24, 48, and 72h. As shown in
Figure 2, cell viability was unchanged under different doses
radiation at 24 and 48h (P > 0.05), and cell viability began
to decrease at 4Gy at 72h (P <0.05). Therefore, we devel-
oped the radiation model by exposing the cells under 4 Gy
X-ray radiation and then incubation for 72h.

3.2. The Cytotoxicity of FA on HLECs by MTT. To explore
the cytotoxicity of FA on HLEC:s, cell viability was evaluated
by MTT after they were exposed to different concentrations
(0, 50, 100, 150, 200, 250, 300, 350, 400, 450, and 500 uM) of
FA for 72h. As shown in Figure 3, the concentrations of FA
below 250uM had no significant toxicity on HLECs
(P>0.05). Therefore, 50, 100, and 200 uM FA were used
for further experiments.

3.3. FA Alleviated IR-Induced Cell Morphological Change in
HLECs. To evaluate the protective effect of FA on IR-
induced damage in HLECs, the cells were pretreated with
FA (50, 100, and 200 uM) for 2 hours followed by expo-
sure to a single dose of 4Gy X-ray. After incubation for
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F1Gure 2: Cell viability of HLECs exposed to different doses of X-
ray radiation at different time by MTT. HLECs were exposed to
0, 1, 2, 4, and 6 Gy X-ray radiation and then incubated for 24, 48,
and 72 h.

72h, we observed the cell morphology under phase con-
trast microscope. As shown in Figure 4, HLECs displayed
epithelial cell-like adherent growth and clear outline and
were tightly arranged in the control. After radiation, the
cells were swollen and disorderly arranged with fuzzy out-
line. Pretreatment with FA improved cell morphological
changes caused by radiation. However, cell morphology
did not return to normal.

3.4. FA Reduced IR-Induced Cell Apoptosis in HLECs. To
investigate whether FA protected against IR-induced apo-
ptosis, flow cytometric analysis was performed to quantify
the rate of cell apoptosis using double staining of Annexin
V-FITC and PI. As shown in Figure 5, a significant increase
of apoptosis was observed in HLECs after 4 Gy X-ray radia-
tion compared with the control (P <0.05). However, FA
pretreated HLECs showed resistance to IR-induced apopto-
sis in a dose-dependent manner (P < 0.05).

3.5. FA Regulated IR-Induced Apoptosis-Related Protein
Expression in HLECs. To further confirm the inhibitory
effect of FA on IR-induced apoptosis, we detected the pro-
tein expressions of Bax, Bcl-2, and pro and cleaved
caspase-3 in HLECs by Western blot. Figure 6 showed that
a significant increased Bax expression and cleaved/procas-
pase-3 level occurred in HLECs after exposure to radiation,
in combination with a decreased Bcl-2 expression. FA pre-
treatment for 2 hours intensely downregulated Bax expres-
sion and cleaved/procaspase-3 level and upregulated the
Bcl-2 expression as compared to IR group in a dose-
dependent manner (P < 0.05).

3.6. FA Suppressed IR-Induced ROS and Lipid Peroxidation
in HLECs. ROS and MDA (a lipid peroxidation product)
levels were assayed to evaluate oxidative stress induced by
IR and the protective effect of FA. ROS, measured using
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F1GURE 3: Cell viability of HLECs treated with different concentrations of FA by MTT. HLECs were incubated with FA for 72 h. *P < 0.05 vs.
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FIGURE 4: The effect of FA on IR-induced cell morphological changes in HLECs (10x). Representative images of cell morphology in each
group. HLECs were pretreated with FA (50, 100, and 200 uM) for 2 hours followed by exposure to 4 Gy X-ray radiation and then

incubated for 72 h.

DCFH-DA, increased about four times after 4 Gy X-ray radi-
ation as compared to the control, while pretreatment with
FA reduced IR-induced ROS production in a dose-
dependent manner (P < 0.05) (Figure 7(a)).

Exposure of HLECs to X-ray radiation led to a signifi-
cant increase in MDA compared to the control, whereas pre-
treatment with FA protected the cells against lipid
peroxidation in a dose-dependent manner (P <0.05)
(Figure 7(b)).

3.7. FA Prevented IR-Induced Decreases in Antioxidative
Enzymatic Activities and Ratio of Reduced GSH/GSSG in

HLECs. To clarify whether the protective effect of FA was
related to the alteration of intracellular redox status, we
examined intracellular reduced GSH/GSSG level and activi-
ties of T-SOD, CAT, and GPx in HLECs. As shown in
Figure 8, intracellular reduced GSH/GSSG level and activi-
ties of SOD, CAT, and GPx were significantly downregu-
lated by radiation; pretreatment with FA provided
significant protection against downregulation of intracellular
reduced GSH/GSSG level and activities of SOD, CAT, and
GPx caused by radiation in a dose-dependent manner
(P <0.05).
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FIGURE 5: Protective effect of FA against IR-induced cell apoptosis in HLECs. (a) Flow cytometry analysis of cell apoptosis using Annexin V-
FITC/PI dual staining. (b) Quantitative results of the apoptosis rate. Annexin V-positive cell (Q2+Q3) was calculated for each group cells
and is shown in the bar graph. HLECs were pretreated with FA (50, 100, and 200 uM) for 2 hours followed by exposure to 4 Gy X-ray
radiation and then incubated for 72 h. All data were expressed as means + SD. *P < 0.05 vs. the control group; “P < 0.05 vs. the IR group.

3.8. FA Upregulated the Nrf2/HO-1 Signal Pathway in
HLECs. To determine the molecular mechanism of FA on
antioxidant capability, the effect of FA on Nrf2 nuclear
translocation and its downstream antioxidant gene in IR-
induced HLECs was examined. As shown in Figure 9, treat-
ment with FA before radiation significantly increased
nuclear Nrf2 and decreased cytosolic Nrf2 in a dose-
dependent manner compared with IR group (P <0.05).
Interestingly, we found that the levels of nuclear and cyto-
solic Nrf2 were both increased in IR group compared to
the control group which might be mainly related with oxida-

tive stress (P < 0.05). In addition, we found that mRNA and
protein levels of HO-1 were upregulated upon radiation, and
FA could further augment its expression (P < 0.05).

4. Discussion

The lens is one of the most radiosensitive tissues in the
human body, and it is known that ionizing radiation can
induce cataract, which is ranked second among occupational
diseases associated with radiation in China [27]. Our previ-
ous study showed that IR-induced cataract is related to the
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incapacity of Nrf2 antioxidative systems in the lens [13].
Enhanced oxidative stress and decreased antioxidant defen-
sive capacity are thought to be the two main contributors
to the pathogenesis of cataract [28]. LECs have powerful
defensive mechanisms against oxidation, with Nrf2 as a vital
one, which can eliminate ROS and maintain the redox bal-
ance [29]. Nrf2 is normally sequestered in the cytoplasm;
upon activation by ROS, its level rises and translocates into
the nucleus to bind to ARE, which in turn upregulates the
expression of downstream antioxidant genes, such as HO-
1, to combat ROS and boost cell survival [30].

There have been increasing interests in developing natu-
ral antioxidant nutrients that could effectively prevent and
delay the formation of cataract [31-33]. FA, a phenolic acid,

can be separated from many medicinal and edible plants and
has been shown to have antioxidant and radioprotective
activities [20, 34]. And these effects are related to its ability
to scavenge ROS by increasing the activities of antioxidant
enzymes via activating Nrf2 signal pathway [34, 35]. The
current study appears to be the first in the literature showing
the antioxidant and radioprotective effect of FA on IR-
induced oxidative damage in HLECs.

IR-induced damage is primarily attributed to ROS,
which plays a critical role in the occurrence and develop-
ment of IR-induced cataract [4]. Nevertheless, LECs have
antioxidant defensive systems to scavenge ROS, including
nonenzymatic and enzymatic antioxidant defensive mecha-
nisms [7]. GSH, the main nonenzymatic antioxidant in
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*P < 0.05 vs. the IR group.

LECs, protects cells against ROS; reduced GSH converts to
its oxidized form (GSSG) when it reacts with ROS and is
reinstated through GR action [28]. SOD, CAT, and GPx
are the main enzymatic antioxidants in LECs. SOD can
transform O2~ into H,0, and molecular oxygen, whereas
the CAT and GPx convert H,O, into water [36, 37]. In this
way, two toxic species, 0> and H,0,, are converted to the
harmless product water. When the activities of these enzy-
matic antioxidants increase, the capability of eliminating
ROS enhances. Conversely, a decrease in these protective
mechanisms’ activity may result in elevated ROS which can
cause membrane lipid peroxidation, breakdown of trans-
membrane ion gradients, and loss of cellular viability and
ultimately lead to LECs damage and even death [38]. One
of the by-products of lipid peroxidation is the toxic com-
pound malondialdehyde (MDA), whose involvement in cat-
aractogenesis has been suggested [6]. Ma et al. reported that
FA pretreatment significantly attenuated IR-induced ROS
production and provided significant protection against
downregulation of GSH in HUVECs in a dose-dependent
manner [39]. El-Mesallamy et al. found that pretreatment
with FA before radiation exhibited a marked protection
against IR-induced oxidative stress and conserved levels of
MDA, GSH, and SOD activity toward the control values in

testis tissues of rats [19]. Our data suggested that FA pre-
treatment could protect HLECs against IR-induced decrease
of reduced GSH/GSSG level and compromised activities of
SOD, CAT, and GPx, attenuated IR-induced ROS produc-
tion and lipid peroxidation, and protected IR-induced oxida-
tive damage. Our results were similar to Ma et al. and El-
Mesallamy et al.’s.

IR-induced oxidative stress can cause cell apoptosis [36].
Bax and Bcl-2 are the key regulators of cell apoptosis. IR has
been reported to be able to increase proapoptotic member
Bax and decrease antiapoptotic member Bcl-2 gene expres-
sion [36]. The imbalance between Bax and Bcl-2 can induce
mitochondrial membrane permeabilization and then cause
the release of Cyt ¢ from the mitochondria to activate the
caspase cascade. The upregulation of cleaved caspase-3 is
the final executioner enzyme of apoptosis [40]. In our study,
X-ray radiation indeed resulted in significant apoptosis in
HLECs and augmented the expression of Bax and cleaved
caspase-3 while decreased Bcl-2. Besides, we found that pre-
treatment of FA increased Bcl-2, decreased Bax and cleaved
caspase-3 level, and alleviated IR-induced apoptosis of
HLECs. A number of studies have also demonstrated the
protective effect of FA on IR-induced cell apoptosis by regu-
lating Bax, Bcl-2, and cleaved caspase3 expression [41].
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Nrf2 signal pathway is highly associated with oxidative
stress in the lens [13, 42]. Nrf2 has been proved to be main-
tained at a low level through 26S proteasome-mediated deg-
radation and Keapl-mediated ubiquitylation. However, Nrf2
is stabilized, and its level rises when the cells are exposed to
electrophiles or oxidants [43]. So as in our study, Nrf2 was
released and stabilized, and its level was increased after
HLECs exposed to radiation. Upon oxidative insult, stabi-
lized Nrf2 can be translocated into the nucleus, followed by
the upregulation of its downstream antioxidant genes to
combat oxidative stress. That is why both nuclear and cyto-
solic Nrf2 and its downstream gene HO-1 were augmented
upon radiation in our study. However, when the oxidative
stress overwhelms the intrinsic antioxidant capacity in cells,
it results in cell damage [39, 42]. This may explain our
results that although Nrf2 signal pathway was activated
upon radiation, nevertheless, HLECs still suffered oxidative
damage. There are many studies demonstrating that FA
can improve Nrf2 nuclear translocation and upregulate its
downstream antioxidant genes, such as HO-1, to protect
cells against oxidative stress [34, 44, 45]. HO-1, a stress pro-

tein, has been shown to be able to counteract oxidative
injury induced by ROS. Abraham et al. transfected the
human HO-1 gene into rabbit ocular tissues in vivo and
found that it could be a promising means to protect against
oxidative stress-related ocular diseases, such as cataract [46].
In the present study, our results showed that pretreatment
with FA further augmented the nuclear translation of Nrf2
and upregulated the expression of HO-1 to protect HLECs
against radiation-induced oxidative damage.

5. Conclusions

In summary, the present study demonstrated that FA pro-
tected HLECs against IR-induced oxidative damage by
upregulating Nrf2/HO-1 antioxidant signal pathway to
increase the capacity to scavenge ROS. Our findings provide
theoretic basis and experimental evidence for the application
of FA in the prevention and alleviation of IR-induced cata-
ract. However, further studies are needed to verify the radio-
protective effects of FA on IR-induced cataract and the role
of Nrf2/HO-1 signal pathway in an in vivo model of cataract.



10

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

CX and XS proposed the study protocol. YC, LZ, and HM
carried out the experiments. YC drafted the manuscript
and contributed to data analysis. CX revised the manuscript.
All authors read and approved the final manuscript. Yuegin
Chen and Lei Zhu contributed equally to this work.

Acknowledgments

We thank the Institute of Laboratory Medicine of Jinling
Hospital for providing experimental bases. The research
and publication of the article was funded by the Medical Sci-
ence Foundation of Military for Young Scholars (grant num-
ber 19QNP064) and Natural Science Foundation of Jiangsu
Province (grant number BK20191233).

References

[1] D. Alterio, G. Marvaso, A. Ferrari, S. Volpe, R. Orecchia, and
B. A. Jereczek-Fossa, “Modern radiotherapy for head and neck
cancer,” Seminars in Oncology, vol. 46, no. 3, pp. 233-245,
2019.

[2] N. Hamada, T. V. Azizova, and M. P. Little, “An update on
effects of ionizing radiation exposure on the eye,” The British
Journal of Radiology, vol. 93, no. 1115, article 20190829, 2020.

[3] S.Ramkumar, N. Fujii, N. Fujii et al., “Comparison of effect of
gamma ray irradiation on wild-type and N-terminal mutants
of alphaA-crystallin,” Molecular Vision, vol. 20, pp. 1002-
1016, 2014.

[4] S. Bahia, E. Blais, S. Murugkar, V. Chauhan, and
P. Kumarathasan, “Oxidative and nitrative stress-related
changes in human lens epithelial cells following exposure to
X-rays,” International Journal of Radiation Biology, vol. 94,
no. 4, pp. 366-373, 2018.

[5] D.R. Spitz and M. Hauer-Jensen, “Ionizing radiation-induced
responses: where free radical chemistry meets redox biology
and medicine,” Antioxidants ¢ Redox Signaling, vol. 20,
no. 9, pp. 1407-1409, 2014.

[6] S. Ceki¢, G. Zlatanovié, T. Cvetkovié, and B. Petrovié, “Oxida-
tive stress in cataractogenesis,” Bosnian Journal of Basic Med-
ical Sciences, vol. 10, no. 3, pp. 265-269, 2010.

[7] L. A. Brennan, R. S. McGreal, and M. Kantorow, “Oxidative
stress defense and repair systems of the ocular lens,” Frontiers
in Bioscience (Elite Edition), vol. 4, no. 1, pp. 141-155, 2012.

[8] H.Liu, A.]J. Smith, M. C. Lott et al., “Sulforaphane can protect
lens cells against oxidative stress: implications for cataract pre-
vention,” Investigative Ophthalmology ¢ Visual Science,
vol. 54, no. 8, pp. 5236-5248, 2013.

Oxidative Medicine and Cellular Longevity

[9] A. Haripriya, Z. R. Baam, and D. F. Chang, “Endophthalmitis
prophylaxis for cataract surgery,” The Asia-Pacific Journal of
Ophthalmology, vol. 6, no. 4, pp. 324-329, 2017.

[10] S.R.Peterson, P. A. Silva, T. J. Murtha, and J. K. Sun, “Cataract
surgery in patients with diabetes: management strategies,”
Seminars in Ophthalmology, vol. 33, no. 1, pp. 75-82, 2018.

[11] W. Tu, H. Wang, S. Li, Q. Liu, and H. Sha, “The anti-
inflammatory and anti-oxidant mechanisms of the Keapl/
Nrf2/ARE signaling pathway in chronic diseases,” Aging and
Disease, vol. 10, no. 3, pp. 637-651, 2019.

[12] X. Xin, Y. Li, and H. Liu, “Hesperidin ameliorates hypobaric
hypoxia-induced retinal impairment through activation of
Nrf2/HO-1 pathway and inhibition of apoptosis,” Scientific
Reports, vol. 10, no. 1, article 19426, 2020.

[13] Y. Chen, J. Feng, J. Liu et al.,, “Effects of neutron radiation
on Nrf2-regulated antioxidant defense systems in rat lens,”
Experimental and Therapeutic Medicine, vol. 21, no. 4,
p. 334, 2021.

[14] M. A. Alam, “Anti-hypertensive effect of cereal antioxidant
ferulic acid and its mechanism of action,” Frontiers in Nutri-
tion, vol. 6, article 121, 2019.

[15] Z. C. Ma, Q. Hong, Y. G. Wang et al,, “Ferulic acid induces
heme oxygenase-1 via activation of ERK and Nrf2,” Drug dis-
coveries & therapeutics, vol. 5, no. 6, pp. 299-305, 2011.

[16] Y. Wu, Y. G. Shi, X. L. Zheng et al., “Lipophilic ferulic acid
derivatives protect PC12 cells against oxidative damage via
modulating B-amyloid aggregation and activating Nrf2
enzymes,” Food & Function, vol. 11, no. 5, pp. 4707-4718,
2020.

[17] Q. D. Liang, Y. Gao, H. L. Tan et al,, “Effects of four Si-Wu-
Tang's constituents and their combination on irradiated mice,”
Biological & Pharmaceutical Bulletin, vol. 29, no. 7, pp. 1378-
1382, 2006.

[18] Z. C. Ma, Q. Hong, Y. G. Wang et al.,, “Ferulic acid protects
lymphocytes from radiation-predisposed oxidative stress
through extracellular regulated kinase,” International Journal
of Radiation Biology, vol. 87, no. 2, pp. 130-140, 2011.

[19] H.O.El-Mesallamy, R. A. Gawish, A. M. Sallam, H. A. Fahmy,
and A. S. Nada, “Ferulic acid protects against radiation-
induced testicular damage in male rats: impact on SIRT1 and
PARP1,” Environmental Science and Pollution Research Inter-
national, vol. 25, no. 7, pp. 6218-6227, 2018.

[20] K. Xie, B. Jin, H. Zhu, P. Zhou, L. Du, and X. Jin, “Ferulic acid
(FA) protects human retinal pigment epithelial cells from
H,0,-induced oxidative injuries,” Journal of Cellular and
Molecular Medicine, vol. 24, no. 22, pp. 13454-13462, 2020.

[21] T.]J.Ma, D. H. Lan, S. Z. He et al., “Nrf2 protects human lens
epithelial cells against H,O,-induced oxidative and ER stress:
the ATF4 may be involved,” Experimental Eye Research,
vol. 169, pp. 28-37, 2018.

[22] J. Q. Zhang, M. Shen, C. C. Zhu et al., “3-Nitropropionic acid
induces ovarian oxidative stress and impairs follicle in mouse,”
PLoS One, vol. 9, no. 2, article 86589, 2014.

[23] H.X. Li, Y. Xiao, L. L. Cao et al., “Cerebroside C increases tol-
erance to chilling injury and alters lipid composition in wheat
roots,” PLoS One, vol. 8, no. 9, article €73380, 2013.

[24] L.Liu,Y.Liu,J. Cui et al,, “Oxidative stress induces gastric sub-
mucosal arteriolar dysfunction in the elderly,” World Journal
of Gastroenterology, vol. 19, no. 48, pp. 9439-9446, 2013.

[25] G. X. Mao, L. D. Zheng, Y. B. Cao et al.,, “Antiaging effect of
pine pollen in human diploid fibroblasts and in a mouse model



Oxidative Medicine and Cellular Longevity

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

induced by D-galactose,” Oxidative Medicine and Cellular
Longevity, vol. 2012, Article ID 750963, 10 pages, 2012.

W. X. Zhong, Y. B. Wang, L. Peng et al., “Lanthionine synthe-
tase C-like protein 1 interacts with and inhibits cystathionine
B-synthase,” The Journal of Biological Chemistry, vol. 287,
no. 41, pp. 34189-34201, 2012.

S. C. Ozgen, D. Dokmeci, M. Akpolat et al., “The protective
effect of curcumin on ionizing radiation-induced cataracto-
genesis in rats,” Balkan Medical Journal, vol. 29, no. 4,
pp. 358-363, 2012.

A. Hilliard, P. Mendonca, T. D. Russell, and K. F. A. Soliman,
“The protective effects of flavonoids in cataract formation
through the activation of Nrf2 and the inhibition of MMP-
9,” Nutrients, vol. 12, no. 12, article 3651, p. 3651, 2020.

X.F. Liu, J. L. Hao, T. Xie et al., “Nrf2 as a target for prevention
of age-related and diabetic cataracts by against oxidative
stress,” Aging Cell, vol. 16, no. 5, pp. 934-942, 2017.

Y. Nakagami, “Nrf2 is an attractive therapeutic target for reti-
nal diseases,” Oxidative Medicine and Cellular Longevity,
vol. 2016, Article ID 7469326, 8 pages, 2016.

W. Feng, X. Yang, M. Feng et al,, “Alginate oligosaccharide
prevents against D-galactose-mediated cataract in C57BL/6]
mice via regulating oxidative stress and antioxidant system,”
Current Eye Research, vol. 46, no. 6, pp. 802-810, 2021.

Y. Liu, W. Luo, X. Luo, Z. Yong, and X. Zhong, “Effects of Rosa
laevigata Michx. extract on reactive oxygen species production
and mitochondrial membrane potential in lens epithelial cells
cultured under high glucose,” International Journal of Clinical
and Experimental Medicine, vol. 8, no. 9, pp. 15759-15765,
2015.

M. H. Khedr, M. W. Shafaa, A. Abdel-Ghaffar, and A. Saleh,
“Radioprotective efficacy of Ginkgo biloba and Angelica arch-
angelica extract against technetium-99m-sestamibi induced
oxidative stress and lens injury in rats,” International Journal
of Radiation Biology, vol. 94, no. 1, pp. 37-44, 2018.

U. Das, K. Manna, A. Khan et al., “Ferulic acid (FA) abrogates
y-radiation induced oxidative stress and DNA damage by up-
regulating nuclear translocation of Nrf2 and activation of
NHE] pathway,” Free Radical Research, vol. 51, no. 1,
pp. 47-63, 2017.

S.He, Y. Guo, J. Zhao et al., “Ferulic acid protects against heat
stress-induced intestinal epithelial barrier dysfunction in IEC-
6 cells via the PI3K/Akt-mediated Nrf2/HO-1 signaling path-
way,” International journal of hyperthermia: the official journal
of European Society for Hyperthermic Oncology, North Ameri-
can Hyperthermia Group, vol. 35, no. 1, pp. 112-121, 2018.

N. Zhu, R. Liu, L. X. He et al., “Radioprotective effect of walnut
oligopeptides against gamma radiation-induced splenocyte
apoptosis and intestinal injury in mice,” Molecules, vol. 24,
no. 8, article 1582, 2019.

C. J. Weydert and J. J. Cullen, “Measurement of superoxide
dismutase, catalase and glutathione peroxidase in cultured
cells and tissue,” Nature Protocols, vol. 5, no. 1, pp. 51-66,
2010.

R. Elanchezhian, P. Palsamy, C. ]. Madson et al., “Low glucose
under hypoxic conditions induces unfolded protein response
and produces reactive oxygen species in lens epithelial cells,”
Cell Death ¢ Disease, vol. 3, no. 4, article €301, 2012.

Z. C. Ma, Q. Hong, Y. G. Wang et al., “Ferulic acid protects
human umbilical vein endothelial cells from radiation induced
oxidative stress by phosphatidylinositol 3-kinase and extracel-

(40]

[41]

(42]

(43]

(44]

(45]

[46]

11

lular signal-regulated kinase pathways,” Biological & Pharma-
ceutical Bulletin, vol. 33, no. 1, pp. 29-34, 2010.

Z. Cao, P. Wang, X. Gao, B. Shao, S. Zhao, and Y. Li, “Lyco-
pene attenuates aluminum-induced hippocampal lesions by
inhibiting oxidative stress-mediated inflammation and apo-
ptosis in the rat,” Journal of Inorganic Biochemistry, vol. 193,
pp. 143-151, 2019.

U. Das, A. Sengupta, S. Biswas et al., “Alteration of murine
duodenal morphology and redox signalling events by reactive
oxygen species generated after whole body y-irradiation and
its prevention by ferulic acid,” Free Radical Research, vol. 51,
no. 11-12, pp. 886-910, 2017.

J. I Choi, J. Kim, and S. Y. Choung, “Polyphenol-enriched
fraction of Vaccinium uliginosum L. protects selenite-
induced cataract formation in the lens of Sprague-Dawley rat
pups,” Molecular Vision, vol. 25, pp. 118-128, 2019.

K.Ji, L. Fang, H. Zhao et al., “Ginger oleoresin Alleviatedy-Ray
irradiation-induced reactive oxygen species via the Nrf2 pro-
tective response in human mesenchymal stem cells,” Oxidative
Medicine and Cellular Longevity, vol. 2017, Article ID
1480294, 12 pages, 2017.

A. M. Mahmoud, O. E. Hussein, S. M. Abd El-Twab, and W. G.
Hozayen, “Ferulic acid protects against methotrexate nephro-
toxicity via activation of Nrf2/ARE/HO-1 signaling and
PPARy, and suppression of NF-xkB/NLRP3 inflammasome
axis,” Food & Function, vol. 10, no. 8, pp. 4593-4607, 2019.

A. M. Mahmoud, O. E. Hussein, W. G. Hozayen, M. Bin-
Jumah, and S. M. Abd El-Twab, “Ferulic acid prevents oxida-
tive stress, inflammation, and liver injury via upregulation of
Nrf2/HO-1 signaling in methotrexate-induced rats,” Environ-
mental Science and Pollution Research International, vol. 27,
no. 8, pp. 7910-7921, 2020.

N. G. Abraham, J. L. da Silva, Y. Lavrovsky et al., “Adenovirus-
mediated heme oxygenase-1 gene transfer into rabbit ocular
tissues,” Investigative Ophthalmology ¢ Visual Science,
vol. 36, no. 11, pp. 2202-2210, 1995.



	Ferulic Acid Protects Human Lens Epithelial Cells against Ionizing Radiation-Induced Oxidative Damage by Activating Nrf2/HO-1 Signal Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Materials and Chemicals
	2.2. Cell Culture
	2.3. Cell Viability Assay
	2.4. Treatment with FA and Irradiation Schedule
	2.5. Microscopic Observations of Cell Morphology
	2.6. Flow Cytometry
	2.7. Detection of Intracellular ROS
	2.8. Antioxidant Assay
	2.9. Quantitative Real-Time PCR Analysis
	2.10. Western Blot
	2.11. Statistical Analysis

	3. Results
	3.1. Effects of X-Ray Radiation on Cell Viability of HLECs by MTT
	3.2. The Cytotoxicity of FA on HLECs by MTT
	3.3. FA Alleviated IR-Induced Cell Morphological Change in HLECs
	3.4. FA Reduced IR-Induced Cell Apoptosis in HLECs
	3.5. FA Regulated IR-Induced Apoptosis-Related Protein Expression in HLECs
	3.6. FA Suppressed IR-Induced ROS and Lipid Peroxidation in HLECs
	3.7. FA Prevented IR-Induced Decreases in Antioxidative Enzymatic Activities and Ratio of Reduced GSH/GSSG in HLECs
	3.8. FA Upregulated the Nrf2/HO-1 Signal Pathway in HLECs

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

