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Abstract
Background : To investigate the protective role and mechanism of exogenous biliverdin (BVD) on
ultraviolet B (UVB) irradiated human keratinocytes (HaCaT cells).
Methods : Cultured HaCaT cells were divided into control group, UVB group, and BVD + UVB group.
Morphological changes in the HaCaT cells were observed, the cell viability of each group was detected,
the mean fluorescence intensity (reactive oxygen species, ROS) of the cells was detected, the superoxide
dismutase (SOD) and malondialdehyde (MDA) levels of the cells were detected, and the protein
expression levels of nuclear factor erythroid 2-related factor 2 (Nrf2), matrix metalloproteinase-1 (MMP-1),
and matrix metalloproteinase-3 (MMP-3) were determined. Moreover, Nrf2 gene transfection was
performed in HaCaT cells.
Results : UVB irradiation induced apoptosis of HaCaT cells, decreased Nrf2 protein expression and
increased MMP-1 and MMP-3 protein expression, which increased ROS and MDA levels and decreased
SOD levels. Nrf2 gene enhancement increased UVB-irradiated HaCaT cell viability.
Conclusion : Exogenous BVD plays a protective role in UVB-induced HaCaT cell damage, and this effect
may be related to the Nrf2 antioxidant signaling pathway.
Keywords : Biliverdin, UVB irradiation, Photo-damage，Nrf2，oxidativestress，HaCaT

Background
Ultraviolet (UV) irradiation causes photoaging of the skin [1]. UV radiation is divided into UVA (320–
400 nm), UVB (280–320 nm), and UVC (100–280 nm), wherein UVC is absorbed by the ozone layer [2],
while UVA and UVB are important factors that cause photoaging of the skin. UVA, with the longest
wavelength, is the tanning segment; although it does not cause acute inflammation of the skin, it has
strong penetrating power that can easily damage the dermis of the skin and destroy fibrous tissue, and
long-term accumulation can age the skin, resulting in wrinkles. UVB can destroy the moisturizing
capability of the skin, making the skin rough and wrinkled, and long-term irradiation can thicken the skin
keratin and cause erythema, inflammation, skin aging and, in severe cases, skin cancer. UV rays can
induce photoaging of the skin by inducing the generation of reactive oxygen species (ROS) and
malondialdehyde (MDA) through lipid peroxidation, inhibiting the activity of superoxide dismutase (SOD),
inducing the expression of metalloproteinases, and inducing the activation of protein kinase signaling
pathways [3, 4]. In the skin, UV rays can destroy the normal regulatory function of the mitochondria,
which induces a large increase in ROS. A large amount of ROS can degrade polyunsaturated fatty acids
in cell membranes, causing lipid peroxidation [5]; lipid peroxidation is generally considered to be a marker
of induced cellular oxidative damage. MDA is the final decomposition product of lipid peroxidation
triggered by free radicals. MDA is the most widely recognized marker of lipid peroxidation and oxidative
stress [6]. UV rays can directly or indirectly generate effects on the body’s oxidation and antioxidation
balance. SOD is a chief superoxide free radical clearing factor that naturally exists in the body, and its
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high or low level in organisms is related to cell senescence and death [7]. UV irradiation can trigger a
series of conduction changes in intracellular signal pathways and activate the expression of downstream
matrix metalloproteinases (MMPs). MMPs degrade almost all extracellular matrix components, which
causes degradation of the normal collagen elements and elastic fibers and ultimately leads to
photoaging [8, 9].
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that has a basic leucine zipper
structure; it is the main regulatory factor of antioxidant responses [10]. As a redox-sensitive transcription
factor, Nrf2 mediates a series of cytoprotective factors, including antioxidant enzymes such as heme
oxygenase-1 (HO-1) and SOD [11]. It has been reported that Nrf2 deletion or activation disorder increases
the sensitivity of cells to UV irradiation and that the Nrf2/ARE pathway plays a protective role in cell
photodamage [12–14]. Studies in recent years have shown that Nrf2 protein expression is reduced in
HaCaT cells after UVB irradiation and that the application of an Nrf2 activator can effectively activate the
Nrf2 antioxidative stress pathway, which participates in reducing oxidative stress [15]. Therefore,
protecting against UV-induced oxidative stress by activating Nrf2 provides a new line of thinking in the
prevention and treatment of photoaging.
Heme oxygenase-1 (HO-1) degrades heme into carbon monoxide, BVD and free iron. BVD is rapidly
converted to bilirubin (BIL) by the enzyme biliverdinreductase. Indeed, accumulating evidence indicates
that BVD/BIL has a wide spectrum of biological effects such as antioxidant, anti-inflammatory and
cytoprotective effects[16]. At present, studies regarding BVD and its metabolite BIL are mainly
concentrated in fields related to the protection of the nervous system, the cardiovascular system, and
organ transplantation [17, 18]. However, there are no other researchers who have reported on the action of
BVD in skin photoaging and cell photodamage. It has been reported in studies that BVR in skin fibroblasts
decreases with age [19]; therefore, it may play a protective role in skin photoaging through the related
metabolites BVD/BIL [20, 21]. In a previous animal experiment, we confirmed that exogenous BVD can
delay the UV-induced chronic skin photoaging in nude mice [22]. In the current study, we studied the
antioxidative and antiaging role of BVD in UVB-induced HaCaT cell damage, and explored the mechanism
of BVD antagonization of skin photodamage by observing the effect of BVD on Nrf2. In addition, we
observed the severity of cellular damage from UV rays through activating or silencing the Nrf2 gene to
further prove that Nrf2 may be related to the antioxidative stress pathway.

Results
Morphological changes in HaCaT cells before and after UVB irradiation
Under observation with an inverted optical microscope, HaCaT cells presented a flat paving stone-like
morphology, and cell growth was vigorous (Fig. 1a); 24 hours after irradiation with 30 mJ/cm2 UVB,
HaCaT cells became smaller and rounded, and the numbers were clearly reduced (Fig. 1b).
Effect Of BVD On UVB-irradiated HaCaT Cell Viability
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The CCK-8 results show that the cell viability of experimental groups was 100%, 32.93%, 48.85%, 52.92%,
and 64.74%(Fig. 2), respectively. Compared with the control group, cell activity in the UVB group was
clearly reduced, and the difference was statistically significant (p < 0.05); compared with the UVB group,
the cell viability of BVD pretreatment group increased significantly. Moreover, as the BVD concentration
increased, the cell viability also increased, presenting a dosage correlation, and the difference for each
BVD experimental group was statistically significant (p < 0.05).
Effect of BVD on ROS fluorescence intensity,SOD and MDA of UVB-irradiated HaCaT cells
A flow cytometer was used to detect intracellular ROS levels (Fig. 3a-f). Approximately 10,000 cells were
counted per gate to calculate the mean fluorescence intensity of a single cell (MEAN), and P2 was the
region indicating positive ROS expression. Compared with the control group, the mean ROS fluorescence
intensity of the cells in the UVB group clearly increased, indicating that more ROS was generated in the
cells after UVB irradiation, which caused certain damage to the cells. The ROS level (MEAN) of the cells
incubated with BVD prior to UVB irradiation was clearly lower than that of the UVB group, indicating a
dose-dependent correlation with BVD concentration. The results in Fig. 3g show that, compared with the
control group, the SOD activity in the cells in the UVB group clearly decreased and the SOD activity in the
cells incubated with added BVD before UVB irradiation was clearly increased, indicating a dosedependent correlation with BVD concentration; the difference for each group was statistically significant
(p < 0.05). The result in Fig. 3h shows that, compared with the control group, the MDA content in the cells
in the UVB group increased, with a statistically significant difference (p < 0.05), and that the MDA content
of HaCaT cells in each group irradiated by UVB after BVD pretreatment was reduced. However, only the
difference between the 10 µmol/L BVD + UVB group and the UVB group was statistically significant (p <
0.05).
Effect of BVD on MMP-1 and MMP-3 protein expression in UVB-irradiated HaCaT cells
The western blot results showed that, compared with the control group, MMP-1(Fig. 4a) and MMP3(Fig. 4b) expression in the UVB group increased, MMP-1 and MMP-3 expression in the HaCaT cells in
each group with BVD pretreatment and UVB irradiation decreased (p < 0.05), and the differences in MMP1 and MMP-3 expression for the 0.1 µmol/L, 1 µmol/L, and 10 µmol/L BVD + UVB groups were all
statistically significant (p < 0.05).
Effect of BVD on Nrf2 protein expression in UVB-irradiated HaCaT cells
The western blot results showed in Fig. 5, compared with the control group, Nrf2 protein expression in the
HaCaT cells of the UVB group decreased (p < 0.05) but Nrf2 protein expression in the 0.1 µmol/L,
1 µmol/L, and 10 µmol/L BVD + UVB groups increased; the protein expression in each BVD + UVB group
increased compared with that in the UVB group (p < 0.01).
Effect of Nrf2 gene enhancement on Nrf2 protein expression and viability in UVB-irradiated HaCaT cells
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The western blot results showed in Fig. 6a, Nrf2 protein expression was reduced in HaCaT cells after UVB
irradiation,and Nrf2 protein expression in Nrf2-shRNA stably transfected HaCaT cells was increased. The
CCK-8 results showed that the cell viability of experimental groups was 100%, 21.06%, 71.25%, and
43.04% (Fig. 6b), respectively. Compared with the control group (no transfection, no UVB irradiation), cell
activity in the UVB group was clearly reduced; the viability of cells in the shRNA + UVB group was clearly
increased compared with that of cells in the UVB group, and the difference was statistically significant (p
< 0.05). These results illustrate that Nrf2 gene enhancement increased the viability in UVB-irradiated
HaCaT cells.

Discussion
Oxidative stress plays a key role in the pathogenesis of photoaging,and some studies have confirmed
that antioxidants are very effective to prevent skin photoaging in recent years [23, 24]. In this experient,
the defense mechanism of BVD on the photodamage caused by UVB irradiation was explored in HaCaT
cell. Both BVD and the metabolite BIL have antioxidation effects [25]. Under these in vitro conditions, BVD
scavenges peroxyl radicals more effectively than unconjugatedor conjugated BIL: each molecule of BIL
and BVD scavenges 1.9 and 4.7 molecules of peroxyl radicals, respectively. In addition༌BVD/BIL have
been reported to scavenge a number of other ROS, suggesting that BIL and BVD can scavenge both 1eand 2e-oxidants, similar toascorbate [26]. By comparison, many other antioxidants are effective against
only one class of oxidants. For example, atocopherol reacts rapidly with 1e-oxidants, but is a poor
scavenger of 2e-oxidants [27]. In this study, we found that BVD had a protective effect against UVBinduced photodamage. Compared with cells in the control group, after 30 mJ/cm2 UVB irradiation and a
24-hour culture, HaCaT cells became smaller and rounded, and the number of cells was clearly reduced.
Moreover, as the BVD concentration increased, the cells pretreated with BVD had less cell damage,
showing a dose correlation, which fully proved that BVD is able to increase the viability of UVB-irradiated
cells.
Overexposure to UVB irradiation results in the overproduction of free radicals, playing a potentially
important role in damaged skin, such as photo-damage, photo-aging and skin cancer. Free radicals can
diminish the protection of antioxidant enzymatic activities, resulting in increased oxidative stress. During
oxidative stress, ROS and MDA are continuously being produced, and SOD is being decreased [28–30]. In
this study, it was shown that the ROS in cells clearly increased after UV irradiation but that ROS
decreased significantly in cells incubated for one hour with BVD before UV irradiation, indicating a dosedependent correlation with BVD concentration. In this study, it was also shown that intracellular SOD
activity clearly reduced after UV irradiation; after adding BVD at a certain concentration, SOD activity
increased. In addition, this study showed that UVB irradiation increased the MDA levels in HaCaT cells
and that the MDA levels in the UVB group pretreated with BVD were clearly reduced. The above results
show that the ROS and MDA levels in cells in the BVD pretreatment groups were clearly reduced and the
SOD activity was significantly increased, thereby proving that BVD plays an antioxidative role in UVBinduced photodamaged cells.
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MMPs are secreted by keratinocytes and dermal fibroblasts after UV irradiation. wherein the abnormal
expression of MMPs plays a major role in the pathophysiological mechanism of skin photoaging [31, 32].
Long-term exposure to UV can reconstruct the extracellular matrix (ECM), degrade collagen, damage
connective tissue, and generate a series of ROS, leading to premature photoaging of the skin [33]. The
changes start from the activation of MMPs, ultimately leading to the generation of skin wrinkles [34].
Therefore, inhibiting MMPs generation has become an important strategy in the prevention of
photodamage, and reducing the natural materials produced by MMPs can similarly prevent photodamage
[35, 36]. In this study, it was found that after keratinocytes were UV irradiated, MMP-1 and MMP-3 protein
expression increased, whereas MMP-1 and MMP-3 protein expression in cells in the UVB group pretreated
with BVD was clearly inhibited, showing a dose correlation, which further confirms that BVD has a
protective effect against UVB-induced cell photodamage.
Nrf2 participates in the regulation of the cellular antioxidant response through the Nrf2/ARE pathway
[37]. When the external redox environment changes or is induced by the signal transduction system, this
pathway can be activated to switch on downstream target genes that play roles in antioxidation,
antiinflammation, antiapoptosis, maintaining the stability of the internal environment, and so on. The
Nrf2/ARE pathway plays a role in numerous diseases associated with the oxidative stress response [38–
40]. In this study, we found that after enhancing the Nrf2 gene in keratinocytes is via lentivirus
transfection, Nrf2 protein expression was significantly increased, and Nrf2 protein expression and
viability of cells in the shRNA + UVB group were clearly higher than those of the cells in the UVB group,
which further illustrates that the application of Nrf2 activators can increase the level of intracellular Nrf2
protein expression and the viability of UVB-irradiated cells. In a study by Soeur J et al., after UV irradiation
was performed on Nrf2 gene knockout mice and antioxidative gene expression was reduced, the oxidative
stress damage was clearly enhanced, thereby proving that the Nrf2-ARE pathway is important for
regulating the intracellular redox status[13], which is consistent with our study. In this study, after the
keratinocytes were UVB irradiated, Nrf2 protein expression was reduced, and cell viability was clearly
reduced; however, Nrf2 protein expression was clearly increased and cell viability was clearly increased
after UVB-irradiated cells were pretreated with BVD. This illustrates that BVD can activate the Nrf2 protein
to antagonize the cell photodamage caused by UVB irradiation and that its mechanism may be related to
the Nrf2 antioxidative stress pathway.

Conclusion
In summary, UVB irradiation can lead to a clear decrease in the viability of HaCaT cells, but the viability of
cells in the UVB group pretreated with BVD was significantly increased, suggesting that BVD can
antagonize the cellular photodamage caused by UVB irradiation. The Nrf2 gene has a protective effect
against photodamage. As an activator of Nrf2, BVD has a protective effect in UVB-irradiated HaCaT cells,
and its mechanism is related to the Nrf2 antioxidative stress pathway.

Methods
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Chemicals
BVD HCl (Sigma Company, USA.10 mg; No. 30891) was dissolved in 0.2N NaOH, adjusted to a final pH of
7.4 with HCl and subsequently diluted with saline (0.9% NaCl) to the final concentrations. The final pH
was between 7.3 and 7.5 for each BVD solution used in this study.
Cell Culture
HaCaT cells were provided by the laboratory of the Second Affiliated Hospital of Harbin Medical
University. The immortalized human keratinocytes, HaCaT, were cultured in DMEM containing 4.5 g L− 1
glucose and L-glutamine supplemented with 10% fetal bovine serum, 100 µg mL− 1 penicillinand 100 U
mL− 1 streptomycin. The cells were maintained under standard cell culture conditions at 37℃ and 5%
CO2 in a humid environment.
Cell Grouping And Prossing
HaCaT cells were divided into five groups: control group: no BVD added, no UVB irradiation; UVB group:
30 mJ/cm2 UVB irradiation, no BVD added; and three BVD groups − 100 nmol/L, 1 µmol/L, or 10 µmol/L
BVD + UVB groups: corresponding concentration of BVD was added one hour before 30 mJ/cm2 UVB
irradiation.
HaCaT cells were divided into four groups: control group: no transfection, no UVB irradiation; UVB group:
30 mJ/cm2 UVB irradiation, no transfection; shRNA group:lentivirus transfection and gene enhancement,
no UVB irradiation; and shRNA + UVB group: lentivirus transfection and gene enhancement before
30 mJ/cm2 UVB irradiation.
UVB Irradiation
A bank of two UVB lamps (Nanjing huaqiang, China) was used as the UVB source. These lamps emit UV
light at wavelengths ranging from 290 to 320 nm (mainly UVB), with the peak emission at 313 nm. The
intensity of irradiation by the lamp (3.0 mW/m2) was measured using a Waldmann UV meter (Waldmann,
Medizintechnik, Germany). The cells to be irradiated by UVB were prepared. When their confluence
reached more than 80%, the culture solution was aspirated, PBS was used to wash the cells once, and a
small amount of PBS was added to cover the bottom surface of the plate; UVB irradiation (total
irradiation dose of 30 mJ/cm2) was applied with the culture plate 15 cm from the light source. After
irradiation, the PBS was discarded, and fresh DMEM was added, and the cells were cultured for 24 hours,
after which the cells were collected for analysis.
Virus Transfection
The infection method and infection parameters were confirmed by an interference pretest. Fluorescence
was used to determine the multiplicity of infection (MOI), 20. During infection, the addition of polybrene
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was the most suitable method. At 48 hours after infection, irradiation was carried out on the cells
according to the cell growth situation.
CCK-8 Method For The Detection Of Cell Viability
After culturing cells for 24 hours, 10 µl of CCK8 (Tongren Company, Japan)was added into each well, and
cell culture was continued for 4 hours. The absorbance (A value) of each well was measured by an
enzyme-labeling instrument at a wavelength of 450 nm. Cell viability=(experimental well A value–blank
well A value)/(control well A value–blank well A value) × 100%.
Detection Of Cellular ROS, SOD and MDA
Detection of cellular ROS carried out in accordance with the kit instructions (Biyuntian Company,
Shanghai ,China). Detection of cellular SOD and MDA carried out in accordance with the kit instructions
(Jiancheng Bio-Technology, Nanjing, China).
Western blot detection of MMP-1, MMP-3, and Nrf2 protein expression
The MMP-1, MMP-3 and Nrf-2 protein levels were detected by Western blot. Protein samples were
extracted. Protein extract was boiled in loading buffer for 5 min, separated using SDS-polyacrylamide gel
electrophoresis and then transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were
blocked in 5% nonfat dried milk overnight and then incubated with primary rabbit polyclonal Nrf2, antiMMP-1 anti-MMP-3 antibody (1:500, Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h followed by
secondary horseradish peroxidase-tagged goat anti-rabbit antibody (1:500, Zhongshan Golden Bridge
Biotechnology, Beijing, China) for 1 h. Finally, the membranes were developed with 3, 30diaminobenzidine reagent and exposed to film. Protein levels were normalized to the corresponding bactin protein levels (1:500; Zhongshan Golden Bridge Biotechnology, Beijing, China). The relative
expression levels of each protein were expressed as the ratio of signal intensity of the target proteins to
that of the ß-actin.
Statistical analysis
Statistical analysis of data was performed by experts, using SPSS 17.0 software. The data are expressed
as the mean ± standard deviation (SD). Differences in measured variables between groups were
determined by one-way analysis of variance (ANOVA) followed bya Student–Newman–Keuls (SNK) test.
A significant difference was set at p < 0.05.

Abbreviations
BIL:Bilirubin;BVD:Biliverdin;HO-1:heme oxygenase-1;MDA:malondialdehyde;MMPs:matrix
metalloproteinases;Nrf2:nuclear factor erythroid 2-related factor 2;ROS:reactive oxygen and
species;SOD:superoxide dismutase
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Figures

Figure 1
Cell morphology under an optical microscope (×200)：HaCaT cells with normal morphology (a);
Morphology of HaCaT cells cultured for 24 hours after irradiation with 30mJ/cm2 UVB(b).
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Figure 2
Cell viability of each group：Compared with the control group, cell activity in the UVB group was clearly
reduced（p<0.05）; cell activity in the BVD+UVB groups was clearly increased, vs the UVB group（p<0.05）;
cell activity in three BVD+UVB groups was statistically significant (p<0.05).

Figure 3
Cellular ROS fluorescence intensity (MEAN) in experimental groups was1645, 3403, 2904, 2689, 2382(bf). Compared with the control group, the MEAN ROS fluorescence intensity of the cells in the UVB group
clearly increased, ROS level (MEAN) of the cells incubated with BVD prior to UVB irradiation was clearly
lower than that of the UVB group. Intracellular SOD activity in each group：*p<0.05, vs control group;
#p<0.05, vs UVB group, n=3 (g). Intracellular MDA content in each group：*p<0.05,vs control group;
#p<0.05（only the 10μmol/L BVD+UVB group）, vs UVB group, n=3 (h).
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Figure 4
Intracellular MMP-1 protein expression in each group:*p<0.01, vs control group; #p<0.01, vs UVB group,
n=3(a). Intracellular MMP-3 protein expression in each group:*p<0.01, vs control group; #p<0.05, vs UVB
group; ##p<0.01, vs UVB group, n=3(b).

Figure 5
Nrf2 protein expression in the cells in each group:*p<0.05, vs control group; #p<0.01, vs UVB group, n=3.
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Figure 6
Nrf2 protein expression in each group：*p<0.05 vs control group; #p<0.05 vs UVB group, n=3(a). Cell
viability in each group，for UVB group，p<0.05, vs control group; for shRNA+UVB group，p<0.05, vs UVB
group, n=12(b).
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