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Abstract. Chronic ultraviolet (UV) exposure‑induced oxida-
tive stress is associated with the pathogenesis of skin damage. 
However, the nuclear factor erythroid‑2‑related factor  2 
(Nrf2) pathway is a critical factor in protecting cells against 
UVB‑induced injury through inhibiting oxidative stress. 
Furthermore, Nrf2 activation requires the involvement of the 
phosphoinositide‑3 kinase (PI3K)/protein kinase B (AKT) 
pathway, which has a major role in survival of various cell types. 
Molecular hydrogen exerts protective effects on UV‑induced 
injury, but the underlying mechanisms have remained elusive. 
The present study assessed the protective effects of hydrogen 
against oxidative stress‑induced injury caused by UVB irra-
diation and investigated the molecular mechanisms. In vitro, 
UVB‑induced HaCaT cells were collected for the detection of 
reactive oxygen species, 8‑iso‑prostaglandin F2α, malondial-
dehyde via fluorescence spectrometry and ELISA; cell activity 
and cytotoxicity by MTT and lactate dehydrogenase assays, 
respectively. Additionally, the expression level of PI3K, Akt, 
Nrf2 and heme oxygenase‑1 (HO‑1) were investigated using 
western blot, etc. All of the results indicated that hydrogen 
decreased the levels of reactive oxygen species, 8‑iso‑pros-
taglandin F2α and malondialdehyde, and promoted the UVB 
exposure‑induced expression of PI3K, Akt, Nrf2 and heme 

oxygenase‑1 in HaCaT cells. Of note, PI3K inhibition partially 
reversed the effects of hydrogen on UVB‑induced HaCaT 
cells. Therefore, hydrogen effectively protects cells from UVB 
radiation‑induced oxidative stress by inhibiting Nrf2/HO‑1 
activation through the PI3K/Akt signaling pathway.

Introduction

The skin is a primary of protective organ system and 
guards against destructive stimuli, including solar ultra-
violet (UV) radiation. With ozone layer depletion through 
halogen‑containing compound emissions caused by human 
activities, large amounts of UV radiation are able to reach 
to the earth, which increases the level of UV radiation. Once 
absorbed by human skin, severe skin problems, including cuta-
neous malignancies then arise (1). After sun exposure, specific 
pathophysiological insults, including massive elastosis, 
collagen degeneration, pigmentation, sallowness and deep 
wrinkling, occur in response to UV (2,3). Solar UV radiation 
on the surface of the earth consists of 90‑99% UVA and 1‑10% 
UVB rays (4), which are classified as wavelength ranges of 
315‑400 and 280‑315 nm, respectively. While UVB radiation 
constitutes 1‑10% of the UV energy that reaches the surface of 
the earth, it is 1,000‑10,000‑fold more carcinogenic than UVA 
radiation, which makes up 90‑99% of UV energy (5).

Excessive exposure to UV radiation predisposes humans to 
unhealthy conditions, including sunburn, inflammation, oxida-
tive stress, DNA damage, solar erythema, premature aging, 
suppression of the immune system and skin cancers (6‑9). Of 
note, exposure to UVB radiation induces excessive genera-
tion of reactive oxygen species (ROS), including hydrogen 
peroxide, superoxide anions, hydroxyl radicals and singlet 
oxygen (10), which may oxidize and damage cellular lipids, 
proteins and DNA, leading to pathophysiological changes and 
even skin aging (11,12). Accumulative studies have indicated 
that the direct absorption of UVB photons, which underlies 
UVB‑induced oxidative injury, leads to the formation of 
oxidative products (13,14). In addition, UVB influences the 
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expression of anti‑oxidant enzymes, activates the anti‑oxidant 
defense system and ultimately interferes with the ability of 
the skin to protect itself against ROS and reactive nitrogen 
species (15).

Nuclear factor erythroid‑2‑related factor  2 (Nrf2) is a 
crucial anti‑oxidant signaling molecule in mammalian cells. Of 
note, the Nrf2/antioxidant response element (ARE) signaling 
pathway has a vital protective role in UV radiation‑induced skin 
cell injury, which results from the induction of DNA damage 
or apoptosis (16‑18). After exposure to UV, Nrf2 dissociates 
from Kelch‑like ECH‑associated protein 1 (Keap1) to translo-
cate into the nucleus and combine with AREs. The Nrf2/ARE 
signaling pathway is thereby activated, which further activates 
downstream cytoprotective genes and upregulates anti‑oxidant 
enzymes, including heme oxygenase‑1 (HO‑1), to counteract 
UVB‑mediated cellular injury and eventually maintain cell 
survival (19). Zhong and Li (20) revealed that SKPs have a 
protective role in resisting UVB‑induced dermal fibroblast 
cell damage and aging via upregulation of Nrf2. Furthermore, 
the phosphatidylinositol 3‑kinase (PI3K)/Akt pathway may 
also improve cell survival and is required for Nrf2 activa-
tion (21). Activation of the Nrf2 signaling pathway requires 
the involvement of PI3K phosphorylation and downstream 
Akt phosphorylation  (22‑25). Activation of Nrf2/ARE via 
PI3K signaling has a protective effect on skin cells against 
UV‑induced DNA damage (26).

Numerous studies have verified that hydrogen exerts protec-
tive anti‑oxidant and anti‑inflammatory effects, and effectively 
scavenges ROS to promote a protective system in cells and 
organs. It was also revealed that hydrogen protects cells and 
tissues from oxidative injury by activating Nrf2/HO‑1 (27) and 
the Akt signaling pathway (28,29). In addition, hydrogen was 
also reported to protect the skin from psoriasis (30), dermatitis 
induced by local radiation (31) and oxidative damage induced 
by high glucose or mannitol  (32). Previous studies by our 
group have reported that hydrogen alleviates UVB‑induced 
inflammation (33,34) and oxidative damage (35).

Although hydrogen mitigates inflammation and oxidative 
damage in skin‑associated diseases, the detailed mechanisms 
of the effects of hydrogen in UVB‑radiated HaCaT cells has 
remained elusive. The present study first assessed the effects 
of hydrogen on oxidative damage in HaCaT cells irradiated 
with UVB and subsequently aimed to examine the mechanistic 
involvement of the regulatory effects of the PI3K/Akt/Nrf2 
signaling pathway.

Materials and methods

Cell culture and UVB radiation. The human keratinocyte 
cell line HaCaT was purchased from the American Type 
Culture Collection (Manassas, VA, USA) and cultured in 
Dulbecco's modified of Eagle's medium (DMEM) containing 
10% heat‑inactivated fetal bovine serum (FBS; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and 
100 µg/ml streptomycin in a humidified atmosphere containing 
5% CO2 at 37˚C. HaCaT cells were seeded 1x106 cells/ml 
in 6‑well plates and allowed to adhere for 24 h. Cells were 
exposed to UVB with an energy spectrum of UVB radiation 
(1, 10 or 50 mJ/cm2) with a thin layer of PBS using a UVB lamp 
with a peak emission at 301 nm (280‑320 nm; Sigma‑Aldrich; 

Merck KGaA, Darmstadt, Germany). After UVB irradiation 
for 30 sec, the cells were washed with warm PBS and incu-
bated with serum‑free DMEM for 24 h. LY294002 (30 µM; 
Sigma‑Aldrich; Merck KGaA) was added to the medium 2 h 
prior UVB irradiation. Cells in the control group underwent the 
same schedule for medium changes without UVB irradiation.

Hydrogen treatment. A previously described method was 
used with certain modifications (36). In brief, hydrogen was 
dissolved in DMEM supplemented with 10% FBS for 4 h 
under high pressure (0.4 MPa) to reach a supersaturated level. 
The saturated hydrogen‑rich medium was stored with no air in 
the vessel at 4˚C under atmospheric pressure in an aluminum 
bag. Hydrogen‑rich medium was freshly prepared every 
week to ensure that a concentration of 0.6 mmol/l hydrogen 
was maintained. A needle‑type H2 sensor (Unisense A/S, 
Aarhus, Denmark) was used to measure the hydrogen concen-
tration of the media according to the method published by 
Chen et al (27).

MTT assay. Cells were seeded into a 96‑well plate at a density 
of 1,000 cells/well. Different treatments were completed as per 
the experimental schedule. The cells were washed with PBS, 
the medium was removed from each well, and the cells were 
incubated with 200 µl of MTT (0.5 mg/ml) for 4 h at 37˚C. The 
formazan crystals that had formed were dissolved with 150 µl 
dimethylsulfoxide after the medium was removed. The plates 
were incubated on an agitator for 15 min at room temperature. 
The absorbance of each well was measured at 490 nm using a 
microplate reader (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA). The experiment was repeated five times.

Lactate dehydrogenase (LDH) detection. Cells were seeded 
at a density of 1x105 cells/well in a 12‑well plate and incu-
bated at 37˚C with 5% CO2 for 24 h. Different treatments were 
completed as per the experimental schedule. Subsequently, the 
supernatant from each well was collected and the cytolytic 
activity was measured with an LDH cytotoxicity detection kit 
(Nanjing Jiancheng, Nanjing, China). The LDH levels were 
expressed as percentages of the LDH levels observed in the 
control cultures.

Intracellular ROS detection. Intracellular ROS levels were 
measured with a dichlorodihydrofluorescein diacetate 
(DCFH‑DA) assay. HaCaT cells, at a density of 1x104 cells/well, 
were seeded in a 96‑well plate, cultured for 6 h and treated 
according to the indicated experimental schedules for 24 h. A 
total of 25 µM DCFH‑DA was added to the medium, followed 
by incubation at 37˚C for 30 min in the dark. The fluorescence 
of the 2',7'‑dichlorofluorescein product was detected with a 
PerkinElmer LS‑5B fluorescence spectrometer (PerkinElmer, 
Waltham, MA, USA). The amounts of ROS were expressed as 
percentages of the ROS observed in the control cultures. All 
experiments for the standards and samples were performed in 
duplicate.

8‑iso‑prostaglandin F2α (8‑iso PGF2α) and malondialde‑
hyde (MDA) detection. The culture media were collected and 
centrifuged at 1,000 x g for 10 min at 4˚C, and the superna-
tants were collected for detection. To estimate oxidative stress, 
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8‑iso‑prostaglandin F2α (8‑iso PGF2α) was measured with a 
kit (cat. no. 316350; Cayman Chemical Company, Ann Arbor, 
MI, USA) using a microplate reader (CA 94089; Molecular 
Devices, Sunnyvale, CA, USA) according to the manufac-
turer's recommendations. For MDA detection, supernatants 
were processed using the kit (cat. no. 10009202‑1; Cayman 
Chemical Company) as per the manufacturer's protocols. All 
experiments for the standards and samples were performed in 
duplicate.

Western blot analysis. After the incubations were completed, 
the cells were lysed with lysis buffer on ice for 10 min in 
radioimmunoprecipitation assay lysis buffer, and the protein 
was thereby extracted. The lysates were then collected and the 
protein concentration was evaluated via a Bicinchoninic Acid 
protein assay kit (Thermo Fisher Scientific, Inc.). The concen-
tration of all lysates was adjusted to be the same according to 
the results of the BCA assay. Proteins (30 µg per lane) were 
separated by 12% SDS‑PAGE and transferred onto polyvinyli-
dene fluoride membranes (Immobilon®‑P Transfer Membrane; 
EMD Millipore, Billerica, MA, USA). Nuclear extracts for Nrf2 
immunoblotting were prepared with the NE‑PER nuclear kit 
(Pierce; Thermo Fisher Scientific, Inc.). The membranes were 
blocked with 5% non-fat milk in Tris‑HCL‑based buffered 
saline with 0.1% Tween-20 (Sigma‑Aldrich; Merck KGaA) at 
pH 7.4 for 1 h and incubated with the following primary anti-
bodies overnight at 4˚C: β‑actin (1:2,000; cat. no. ab8226), Nrf2 
(1:1,000; cat. no. ab62352), HO‑1 (1:1,000; cat. no. ab13243), 
PI3K (1:1,000; cat. no. ab182651), phosphorylated (p)‑PI3K 
(1:500 dilution; cat.  no.  ab182651), Akt (1:500 dilution; 
cat. no. ab18785) and p‑Akt (1:500; cat. no. ab38449) (Abcam, 
Cambridge, MA, USA). The membranes were then incubated 
with corresponding horseradish peroxidase‑conjugated 
secondary antibodies (anti‑mouse, sc‑2005; 1:5,000; 
Santa  Cruz Biotechnology, Inc., Dallas, TX, USA and 
anti‑rabbit, sc‑2357, 1:5,000; Santa Cruz Biotechnology, Inc.). 
Protein bands were detected with a ChemiDoc™ (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). β‑actin expression 
was used as the reference. The protein expression level was 
quantified with Quantity One version 4.5.2 software (Bio‑Rad 
Laboratories, Inc.)

Statistical analysis. Values are expressed as the mean ± stan-
dard error of the mean. Multigroup comparisons were 
evaluated using one‑way analysis of variance followed by 
Tukey's post hoc test using GraphPad Prism version 5 software 
(GraphPad Inc., La Jolla, CA, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effects of different doses of UVB radiation on LDH release 
and cell viability. UVB radiation disrupted the cells, decreased 
cell viability and increased LDH release. The LDH leakage 
assay is based on the measurement of LDH activity in the 
extracellular medium. In the present study, various doses of 
UVB radiation were used to imitate the effects of UVB on 
human keratinocytes. Irradiation of HaCaT cells with 1, 10 
and 50 mJ/cm2 UVB had different effects on LDH release and 
inhibited cell viability, but only 10 and 50 mJ/cm2 UVB had 
significant effects compared with the control group (P<0.05; 
Fig.  1A and B). Furthermore, it was investigated whether 
hydrogen exerts a protective effect on HaCaT cells irradiated 
by UVB. Hydrogen treatment reduced the LDH release of 
cells after exposure to 1, 10 and 50 mJ/cm2 UVB, which was 
significant at 10 and 50 mJ/cm2 UVB (P<0.05; Fig. 1A). The 
results of the cell viability assay were similar to those of the 
LDH assay, namely that 10 and 50 mJ/cm2 UVB significantly 
reduced the cell viability compared with that in the control 
group, while hydrogen significantly promoted the cell viability 
after exposure to 10 and 50 mJ/cm2 UVB (P<0.05; Fig. 1B).

Hydrogen treatment alleviates ROS, 8‑iso PGF2α and 
MDA release in UVB‑induced HaCaT cells. UV radiation 
is associated with the formation of ROS, leading to skin 
aging and photocarcinogenesis. To determine whether 
hydrogen alleviated UVB‑mediated ROS accumulation and 
oxidative products, ROS, 8‑iso PGF2α and MDA release 
levels caused by the augmentation of the endogenous 
anti‑oxidant capacity was measured in UVB‑induced HaCaT 
cells. The UVB‑induced intracellular oxidative stress level 
was measured with a redox‑sensitive dye, DCFH‑DA. 
The results indicated that UVB radiation stimulated ROS 

Figure 1. Effect of hydrogen on LDH release and cell proliferation induced by different doses of UVB radiation. HaCaT cells were irradiated with UVB at 
1, 10 and 50 mJ/cm2 for 30 sec. In groups UVB1+H2, UVB2+H2 and UVB3+H2, normal medium was replaced with hydrogen‑rich medium, and cells were 
further cultured for 24 h. Supernatant was collected for (A) detection of LDH and cells were subjected to an (B) MTT assay. Values are expressed as the 
mean ± standard error of the mean (n=6). *P<0.05 compared with Con group; **P<0.05 compared with UVB2 group; ***P<0.05 compared with UVB3 group. 
UVB1/2/3, UVB at 1, 10 and 50 mJ/cm2. LDH, lactate dehydrogenase; UVB, ultraviolet B; Con, control. 
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production in a dose‑dependent manner (Fig. 2A). Of note, 
hydrogen treatment obviously decreased the levels of ROS 
in UVB‑irradiated cells (P<0.05; Fig. 2A). Similarly, 8‑iso 
PGF2α and MDA were also induced by UVB radiation in 
a dose‑dependent manner compared with the control group; 

in addition, hydrogen significantly reduced the excessive 
8‑iso PGF2α and MDA release after UV irradiation (P<0.05; 
Fig.  2B  and C ). These results indicated that hydrogen 
alleviated ROS and their oxidative products induced by UVB 
irradiation.

Figure 2. Effect of hydrogen on (A) ROS, (B) 8‑iso PGF2α and (C) MDA induced by various doses of UVB radiation. HaCaT cells were irradiated with UVB 
at 1, 10 and 50 mJ/cm2 for 30 sec. In groups UVB1+H2, UVB2+H2 and UVB3+H2, normal medium was replaced with hydrogen‑rich medium, and cells were 
further cultured for 24 h. Supernatant was collected for detection of ROS and 8‑iso PGF2α and MDA. Values are expressed as the mean ± standard error of the 
mean (n=6). *P<0.05 compared with Con group; **P<0.05 compared with UVB2 group; ***P<0.05 compared with UVB3 group. UVB1/2/3, UVB at 1, 10 and 
50 mJ/cm2. UVB, ultraviolet B; Con, control; ROS, reactive oxygen species; MDA, malondialdehyde; 8‑iso PGF2α, 8‑iso‑prostaglandin F2α.

Figure 3. Nrf2, HO‑1, Akt and PI3K expression after hydrogen and UVB treatment of HaCaT cells. HaCaT cells were irradiated with UVB at 1, 10 and 
50 mJ/cm2 for 30 sec. In groups UVB1+H2, UVB2+H2 and UVB3+H2, normal medium was replaced with hydrogen‑rich medium, and cells were further 
cultured for 24 h. Cells were collected and subjected to western blot analysis. (A) Representative western blot image. (B‑F) Quantified expression levels of 
(B) HO‑1, (C) cytosolic Nrf2, (D) nuclear Nrf2, (E) p/total Akt and (F) p/total PI3K. Values are expressed as the mean ± standard error of the mean (n=6). 
*P<0.05 compared with Con group; **P<0.05 compared with UVB2 group; ***P<0.05 compared with UVB3 group. UVB, ultraviolet B; Con, control; p‑PI3K, 
phosphorylated phosphoinositide‑3 kinase; HO‑1, heme oxygenase 1; Nrf2, nuclear factor erythroid‑2‑related factor 2.
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Hydrogen increases the protein levels of p‑PI3K, p‑Akt and 
Nrf2 in UVB‑irradiated HaCaT cells. Hydrogen reduced 
ROS and oxidation product levels in UVB‑irradiated HaCaT 
cells. The Nrf2 pathway is an endogenous anti‑oxidant system 
that protects cells from oxidative injury. The present study 
assessed whether hydrogen was able to activate the Nrf2 
pathway to reduce ROS and oxidative products. The expres-
sion levels of Nrf2 and its downstream protein HO‑1 were 
determined to confirm the role of Nrf2 in hydrogen‑mediated 
protection  (Fig. 3). UVB radiation increased Nrf2 expres-
sion in the nucleus in a concentration‑dependent manner, 
while cytoplasmic Nrf2 expression was reduced (P<0.05; 
Fig. 3A, C and D). In addition, the changes in HO‑1 protein 
expression in the cytoplasm were similar with Nrf2 expression 
in the nucleus after UVB‑radiation (P<0.05; Fig. 3A and B). 
Hydrogen treatment clearly increased nuclear Nrf2 expres-
sion and HO‑1 expression after UVB irradiation  (P<0.05; 
Fig. 3A‑C).

PI3K is the upstream factor of the Nrf2 signaling 
pathway  (37). To determine the effect of PI3K on the 
hydrogen‑activated Nrf2 pathway in UVB‑irradiated HaCaT 
cells, the protein levels of PI3K and its downstream effector, 
Akt, were measured by western blot analysis (Fig. 3). It was 
indicated that the p‑Akt and p‑PI3K levels were increased 
by UVB radiation compared with those in the control group 
(P<0.05; Fig. 3A, E and F). Hydrogen further increased the 
p‑Akt and p‑PI3K levels in UVB‑irradiated cells (P<0.05; 
Fig.  3A,  E and  F). These results indicated that hydrogen 
increased the expression of PI3K/Akt and Nrf2/HO‑1 pathway 
modulators.

Hydrogen exerts its protective effects against UV‑induced cell 
damage through the PI3K/Akt pathway. To confirm that the 
effect of hydrogen on LDH release and cell viability was medi-
ated through the PI3K/Akt pathway, cells were treated with a 
PI3K‑specific inhibitor, LY294002, and its impact on the effects 
of hydrogen on LDH release and viability of irradiated cells 
was measured. Compared with the UVB group, the cell the 
viability increased and LDH release decreased in the UVB+H2 

group; however, following PI3K inhibition, it appeared that the 
protective roles exhibited by hydrogen on cell viability and 
damage were reduced (P<0.05; Fig. 4A and B). These results 

Figure 4. Role of PI3K in the protection of hydrogen against the cytotoxic and anti‑proliferative effect of UVB on HaCaT cells. Cells were irradiated with 
UVB at 50 mJ/cm2 for 30 sec. In group UVB+H2, normal medium was replaced with hydrogen‑rich medium and cells were further cultured for 24 h. PI3K 
inhibitor LY294002 was used to inhibit PI3K at 24 h prior to UVB exposure. Supernatant and cells were utilized for detection of (A) LDH and (B) MTT assay, 
respectively. Values are expressed as the mean ± standard error of the mean (n=6). *P<0.05 compared with Con group; **P<0.05 compared with UV2 group; 
***P<0.05 compared with UVB+H2 group. PI3K, phosphoinositide‑3 kinase; UVB, ultraviolet B; Con, control; LDH, lactate dehydrogenase.

Figure  5. Role of PI3K in the protective effects of hydrogen against 
UVB‑induced production of ROS, 8‑iso PGF2α and MDA by HaCaT cells. 
Cells were irradiated with UVB at 50 mJ/cm2 for 30 sec. In group UVB+H2, 
normal medium was replaced with hydrogen‑rich medium and cells were 
further cultured for 24 h. PI3K inhibitor LY294002 was used to inhibit PI3K 
at 24 h prior to UVB exposure. Supernatant were collected for detection 
of (A) ROS, (B) 8‑iso PGF2α and (C) MDA. Values are expressed as the 
mean ± standard error of the mean (n=6). *P<0.05 compared with Con group; 
**P<0.05 compared with UV2 group; ***P<0.05 compared with UVB+H2 
group. ROS, reactive oxygen species; MDA, malondialdehyde; 8‑iso PGF2α, 
8‑iso‑prostaglandin F2α; PI3K, phosphoinositide‑3 kinase; UVB, ultra-
violet B; Con, control.
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suggested that the protective effect of hydrogen was mediated 
by the activation of the PI3K/Akt pathway.

Hydrogen exerts its anti‑oxidative effects via the PI3K/Akt 
pathway in UVB‑irradiated HaCaT cells. The present study 
further investigated whether the effects of hydrogen to decrease 
ROS and its oxidative products occurred via PI3K/Akt. 
Compared with the UVB group, ROS, 8‑iso PGF2α and MDA 

release were reduced in the UVB+H2 group, but LY294002 
abolished the anti‑oxidant effect of hydrogen  (P<0.05; 
Fig. 5A‑C). These results indicated that hydrogen exerted its 
anti‑oxidative effects in UVB‑irradiated HaCaT cells through 
the activation of the PI3K/Akt pathway.

Hydrogen activates Nrf2 expression through the PI3K/Akt 
pathway. To explore whether hydrogen stimulates the increase 
in Nrf2 protein via PI3K/Akt, the expression of the upstream 
proteins PI3K and Akt had been assessed (Fig. 3); further-
more, LY294002 was applied to assess the involvement of 
the PI3K/Akt pathway in the effects of hydrogen on the Nrf2 
pathway. The results indicated that LY294002 inhibited Nrf2 
translocation into the nucleus and reduced HO‑1 and p‑Akt 
levels in the UVB+H2+LY294003 group compared with those 
in the UVB+H2 group (P<0.05; Fig. 6A‑D).

Discussion

As a potent environmental risk factors, exposure to UV 
irradiation is involved in the pathogenesis of several skin 
diseases (38). Of note, UVB primarily acts on the epidermal 
basal cell layer, whereas UVB may directly cause pathological 
changes of the skin. The present study focused on the effects 
of hydrogen, a newly identified gaseous signaling molecule, on 
HaCaT cells treated with UVB radiation. The results indicated 
that UVB radiation increased cell toxicity, reduced HaCaT cell 
proliferation, exacerbated oxidative stress injury by increasing 
the levels of ROS, 8‑iso PGF2α and MDA, and upregulated 

Figure 6. Role of PI3K on the effect of hydrogen on Nrf2, HO‑1 and Akt levels in HaCaT cells induced by UVB radiation. Cells were irradiated with UVB 
at 50 mJ/cm2 for 30 sec. In group UVB+H2, normal medium was replaced with hydrogen‑rich medium and cells were further cultured for 24 h. PI3K inhib-
itor LY294002 was used to inhibit PI3K at 24 h prior to UVB exposure. Cells were collected for detection of Nrf2, HO‑1 and p/total Akt by western blot. 
(A) Representative western blot image. (B‑D) Quantified expression levels of (B) HO‑1, (C) nuclear Nrf2 and (D) p/total Akt. Values are expressed as the 
mean ± standard error of the mean (n=6). *P<0.05 compared with Con group; **P<0.05 compared with UV2 group; ***P<0.05 compared with UVB+H2 group. 
UVB, ultraviolet B; Con, control; p‑PI3K, phosphorylated phosphoinositide‑3 kinase; HO‑1, heme oxygenase 1; Nrf2, nuclear factor erythroid‑2‑related factor 2.

Figure 7. Schematic representation of the molecular mechanisms in cells in 
response to UVB radiation and the preventive effect of hydrogen. ROS, reac-
tive oxygen species; PI3K, phosphoinositide‑3 kinase; P, phosphate; HO‑1, 
heme oxygenase 1; Nrf2, nuclear factor erythroid‑2‑related factor 2; ARE, 
antioxidant response element.
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the protein levels of Nrf2, HO‑1, p‑PI3K and p‑Akt. However, 
hydrogen reduced the UVB radiation‑induced cytotoxicity, 
inhibition of cell proliferation, and release of ROS, 8‑iso 
PGF2α and MDA in HaCaT cells, and further increased 
the levels of Nrf2, HO‑1, p‑PI3K and p‑Akt, which were all 
upregulated via the PI3K‑Akt signaling pathway.

The depletion of the ozone layer markedly aggravates the 
intensity of UVB radiation on the surface of the earth. Although 
UVB has certain beneficial functions, including its involvement 
in vitamin D synthesis, excessive exposure to UVB radiation 
causes various undesirable effects, including premature aging, 
solar erythema, cell damage and even skin cancer (39). Excessive 
generation of ROS from exposure of the skin to UVB may not 
be compensated by the anti‑oxidant defense capacity of the skin, 
which leads to oxidative stress and oxidative photodamage to the 
skin (40,41). Imbalances between the production and scavenging 
of ROS may stimulate the secretion of 8‑iso PGF from HaCaT 
cells, which is a specific index of lipid peroxidation (42). As an 
end product of peroxidation, MDA damages cell membranes and 
indirectly indicates the extent of oxidative stress (43). Therefore, 
these biomarkers were assessed in the present study to reflect 
oxidative stress in HaCaT cells, and the results indicated that 
UVB radiation induced oxidative stress injury in HaCaT cells 
with increased levels of 8‑iso PGF and MDA.

However, hydrogen, an anti‑oxidant gas, was reported to 
inhibit oxidative processes associated with numerous diseases. 
For instance, in 2007, Ohsawa et al (44) indicated that hydrogen 
reduced the oxidative stress damage induced by focal ischemia 
and reperfusion of the brain by selectively reducing hydroxyl 
radicals and peroxynitrite (another cytotoxic ROS) in vitro. Also, 
hydrogen attenuated acute kidney injury induced by pacreatitis 
through inhibition of ROS in patients (45). In the present study, 
to verify whether hydrogen was able to protect HaCaT cells from 
UVB radiation‑induced oxidative stress injury, cells were treated 
with hydrogen‑saturated medium, which was revealed to obvi-
ously ameliorate cell toxicity and inhibition of cell proliferation, 
and reduce the production of ROS, 8‑iso PGF and MDA induced 
by UVB radiation. These results indicated that hydrogen has a 
protective effect on HaCaT cells exposed to UVB radiation.

Although ROS were initially described as a disruptive factor, 
it is now known to be involved in regulating cell signaling, 
immune functions and gene transcription (46). ROS are asso-
ciated with signaling that may activate transcription factor 
Nrf2 (47). In addition, as a master regulator of anti‑oxidant 
enzymes and cellular stress resistance, Nrf2 is associated with 
UV‑induced skin cell damage (20,48‑51). After cell damage 
through exposure to UVB, Nrf2 translocates from the cytoplasm 
into the nucleus to combine with AREs, activate downstream 
cytoprotective genes and upregulate the antioxidant enzyme 
HO‑1 to counteract UVB‑mediated cellular injury  (19). In 
addition, the present study indicated that 1‑50 mJ/cm2 UVB 
stimulated HaCaT cells to produce excessive amounts of ROS. 
Subsequently, Nrf2 was presumably separated from Keap1 and 
released into the cytoplasm, after which Nrf2 translocated into 
the nucleus and activated the expression of the downstream 
HO‑1 gene, resulting in the protection of HaCaT cells from 
the harms induced by excessive UVB radiation. These results 
were consistent with those of a previous study (52). Of note, the 
therapeutic effects of hydrogen in alleviating oxidative stress 
in numerous diseases, including dermatitis, neurodegenerative 

diseases and ischemia‑reperfusion, are mediated via several 
important signaling pathways (53). The protective effect of 
hydrogen has been associated with the Nrf2 signaling pathway 
in different diseases models (54‑56). A previous study by our 
group indicated that molecular hydrogen protected mice from 
polymicrobial sepsis via the Nrf2/HO‑1 signaling pathway (27). 
The present study indicated that hydrogen stimulated UVB 
radiation‑induced Nrf2 translocation and HO‑1 expression to 
further protect cells against oxidative stress injury.

Furthermore, Nguyen  et  al  (57) demonstrated that 
the activation of Nrf2‑mediated HO‑1 production via the 
PI3K/Akt and/or protein kinase C pathways has a critical role 
in the protective effect of caffeoylserotonin against oxidative 
stress‑induced keratinocyte cell death. Of note, PI3K/Akt 
signaling is important for boosting cell proliferation and 
migration in various diseases and cancer types (58‑61). In 
addition, ROS not only activated the Nrf2 pathway directly 
to amplify its downstream signaling, but also positively 
regulated PI3K activation and expression of its target genes, 
which was activated through autophosphorylation  (62). 
Once PI3K is phosphorylated, it activates Akt, which is a 
key downstream molecule of PI3K. The PI3K/Akt signaling 
pathway is associated with the Nrf2 pathway in human 
keratinocytes (57,63,64). The PI3K/Akt‑mediated Nrf2/HO‑1 
signaling pathway was also reported to have a critical role 
in the 7,8‑dihydroxyflavone‑mediated protection of human 
keratinocytes from oxidative stress‑induced cell damage (63). 
In addition, Li  et  al  (65) demonstrated that hydrogen 
ameliorated liver ischemia/reperfusion injury, which featured 
marked oxidative stress injury, through inhibition of the 
PI3K/Akt signaling pathway. Collectively, these aboveme 
ntioned studies prompted us to hypothesize that PI3K/Akt 
signaling is involved in the protective effects of hydrogen on 
HaCaT cells that were exposed to excessive UVB radiation. 
An inhibitor of PI3K was then employed to confirm this 
notion. The results of the present study indicated that UVB 
radiation stimulated the phosphorylation of PI3K and Akt in 
HaCaT cells, while the hydrogen treatment obviously further 
increased the p‑PI3K and p‑Akt levels after UVB irradiation. 
Furthermore, the specific PI3K inhibitor LY294002 partially 
reversed the effect of hydrogen in attenuating the cytotoxicity, 
inhibition of cell proliferation and production of ROS, 8‑iso 
PGF2α and MDA stimulated by UVB. The results of the 
present study indicated that hydrogen may serve a role in 
amplifying the protective response to UVB‑induced damage, 
which may be inhibited by LY294002. Hydrogen may have 
amplified the effects of irradiation on the expression PI3K 
in response to radiation; however, it may be difficult to 
distinguish between the effects of hydrogen and the cellular 
response to radiation. When PI3K was inhibited, Nrf2 
translocation to eliminate ROS was suppressed, so that ROS 
generation accumulated to decrease the cellular function 
and proliferation. Thus, a negative feedback loop was then 
formed. These results supported the conclusion that hydrogen 
exerted protective effects against UVB‑induced cytotoxicity 
and reduction of proliferation of HaCaT cells by quenching 
excessive ROS, leading to the inhibition of the production of 
8‑iso PGF2α and MDA, as well as by promotion of nuclear 
translocation of Nrf2 and HO‑1 expression through the 
PI3K‑Akt signaling pathway.
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In conclusion, the present study provided evidence that UVB 
radiation has cytotoxic effects and inhibits cell proliferation, and 
stimulates ROS production and the generation of their oxida-
tion products, and that PIK3/Akt and Nrf2/HO‑1 contribute to 
the oxidative stress response of HaCaT cells induced by UVB 
radiation. Furthermore, hydrogen exerts a protective effect 
by increasing Nrf2/HO‑1 levels via the PI3K‑Akt signaling 
pathway in UVB‑irradiated HaCaT cells (Fig. 7). Although 
PI3K/Akt was demonstrated to be involved in the protective 
effect of hydrogen in UVB‑induced oxidative stress injury, 
further investigations of the specific mechanisms are required 
for future applications of hydrogen in the clinic.
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