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Abstract

UVB radiation contributes to both direct and indirect damage to the skin including the generation 

of free radicals and reactive oxygen species (ROS), inflammatory responses, immunosuppression, 

and gene mutations, which can ultimately lead to photocarcinogenesis. A plant-derived flavonoid, 

baicalin, has been shown to have antioxidant, anti-inflammatory, and free radical scavenging 

activities. Previous studies from our laboratory have shown that in murine skin, Toll like 

receptor-4 (TLR4) enhanced both UVB-induced DNA damage and inflammation. The aim of the 

current study is to investigate the efficacy of baicalin against TLR4-mediated processes in the 

murine keratinocyte PAM 212 cell line. Our results demonstrate that treating keratinocytes with 

baicalin both before and after UV radiation (100 mJ/cm2) significantly inhibited the level of 

intracellular ROS and decreased cyclobutane pyrimidine dimers (CPDs) and 8-Oxo-2′-

deoxyguanosine (8-oxo-dG)—markers of DNA damage. Furthermore, cells treated with baicalin 

demonstrated an inhibition of TLR4 and its downstream signaling molecules, MyD88, TRIF, 

TRAF6, and IRAK4. TLR4 pathway inhibition resulted in NF-κB inactivation and down-

regulation of iNOS and COX-2 protein expression. Taken together, baicalin treatment effectively 

protected keratinocytes from UVB-induced inflammatory damage through TLR pathway 

modulation.
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INTRODUCTION

The skin is the first barrier to defend the body from environmental pathogens and damage, 

specifically including ultraviolet (UV) irradiation (1). Continuous and chronic exposure to 

UV radiation is known to result in skin damage, skin aging and skin cancer (2,3). Skin 

cancer represents a major, and growing, public health problem. It has been estimated that 

more than one million new cases of skin cancers are diagnosed each year in the United 

States alone, which is equivalent to the incidence of malignancies in all other organs 

combined (4). The major cell type in the epidermis is the keratinocyte, comprising more 

than 90% of the cells of the epidermal layer. The epidermis is most intensely exposed to 

solar UV radiation, especially its UVB (290~320 nm) component, which causes the 

generation of free radicals and reactive oxygen species (ROS), secretion of cytokines, 

immunosuppression, DNA damage and mutations, which all contribute to 

photocarcinogenesis (5–7). The formation of photoproducts, predominantly cis-syn 

cyclobutane pyrimidine dimers (CPDs), is critical to the initiation of UV-induced skin 

cancer (8,9). Further, there have been many studies supporting an important role for UV-

induced ROS in the development of skin cancers (10,11). UV exposure has been shown to 

suppress a wide variety of immune responses. The immunosuppressive mediators derived 

from keratinocytes and induced by UV may enter the circulation and inhibit immune 

reactions at skin sites that are not exposed directly to UV radiation (12,13).

Toll-like receptors (TLRs) initiate innate immune responses and direct subsequent adaptive 

immunity that play important roles in defense against pathogens via recognition of a wide 

variety of pathogen-associated molecular patterns (PAMPs) (14,15). TLRs also regulate cell 

proliferation and survival by expanding immune cells and integrating inflammatory 

responses and tissue repair processes (16–18). Many recent studies have shown that TLRs 

are widely expressed on tumor cells and are critical for the initiation and progression of 

cancer. Increasing evidence suggests that TLRs act as a double-edged sword in cancer cells. 

On the one hand, uncontrolled TLR signaling provides a microenvironment that is necessary 

for tumor cells to proliferate and evade the immune response. In contrast, TLRs can induce 

an antitumor immune response in order to inhibit tumor progression (19–21). Our previous 
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studies have shown that TLR4 mediates UVB-induced DNA damage and inflammation in 

murine skin (22, 23).

There has been great interest in cancer chemoprevention, whereby the use of naturally 

occurring agents is considered a less toxic and more effective approach to reduce the risk of 

both melanoma and nonmelanoma skin cancers (24–26). Baicalin is the predominant 

flavonoid isolated from the roots of Scutellaria lateriflora Georgi (Huang Qin), which is one 

kind of Chinese herbal medicine. It has been reported that baicalin has many anti-bacterial, 

antiviral, anti-inflammatory, anti-oxidative and anticarcinogenic activities (27–29). In 

addition, our previous studies have shown the photoprotective effects of baicalin against 

UV-induced photodamage, including reducing apoptotic cells, oxidative stress and IL-6 

secretion levels (30–33). However, whether baicalin could protect skin cells from UVB 

irradiation-induced oxidative stress and DNA damage through the TLR pathway remains to 

be clarified. The objective of the present study is to investigate the efficacy of baicalin 

against TLR4-mediated photodamage processes in the murine keratinocyte PAM 212 cell 

line.

MATERIALS AND METHODS

Cell line and reagents

The murine epidermal keratinocyte cell line, PAM212, was obtained from Lonza 

Walkersville, Inc. (Walkersville, MD). Baicalin and N-acetyl-L-cysteine (NAC) were 

supplied by Sigma Aldrich (St. Louis, MO). Anti-8-oxo-dG antibody was purchased from 

Millipore (Billerica, MA) and anti-CPD antibody was purchased from Kamiya Biomedical 

Company (Tukwila, WA). Secondary Alexafluor 488 antibody and Alexafluor 594 antibody 

were purchased from Invitrogen (Carlsbad, CA). The primary antibodies TLR4 and the 

secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 

Antibodies for TRAF6, TRIF, myd88, NF-κB, iNOS, COX-2, IRAK4 and β-actin were 

procured from Cell Signaling Technology, Inc. (Danvers, MA). The DC protein assay kit 

was obtained from Bio-Rad Laboratories (Hercules, CA) and the enhanced 

chemiluminescence Western blotting detection reagents were purchased from Amersham 

Pharmacia Biotech (Piscataway, NJ).

Cell culture and UVB irradiation

PAM212 cells were cultured as monolayers in DMEM, which contained 25 mM glucose, 

10% heat-inactivated fetal bovine serum (FBS), and 1% penicillin–streptomycin 

(Invitrogen), and maintained in an atmosphere of 5% CO2 at 37°C. Baicalin was initially 

dissolved to a final concentration of 50 mg/ml using the serum-free culture medium and 

filter-sterilized by 0.22 mm syringe filter unit (Millipore) before use. The UV irradiation 

was performed with a band of four UVB lamps (Daavlin; UVA/UVB Research Irradiation 

Unit, Bryan, OH) equipped with an electronic controller to regulate UV dosage. The 

majority of the resulting wavelengths were in the UVB (290–320 nm; about 80%) and UVA 

(about 20%) range and the peak emission was recorded at 314 nm. The cells were irradiated 

at a fixed distance of 24 cm from the lamps to the surface of the cell culture plates. The 

UVB dose was chosen based on the previous study of our lab (34).

Min et al. Page 3

Photochem Photobiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Treatment of PAM212 cells

When the cultured cells reached sub-confluency (70–80%), they were harvested and divided 

into different subgroups for the following experiments. N-acetyl-L-Cysteine (NAC), a well-

known antioxidant, was used for the positive control at a concentration of 1 mM and BA 

was used at 50μg/ml. Subconfluent cells were treated with BA and NAC for 24 h before 

UVB irradiation, then cells were washed three times with PBS and exposed to 100 mJ/cm2 

UVB irradiation. After UVB exposure, cells were incubated again with BA or NAC and 

harvested at the desired time points.

MTT detection for cellular viability

Cell death was assayed by MTT detection as previously described (34). Different 

concentrations (10, 20, 50, 100 and 200 μg/ml) of BA were added to subconfluent PAM212 

cells in a 96-well plate and incubated for 24 hours then cells were washed three times with 

PBS and exposed to 100 mJ/cm2 UVB irradiation. After UVB exposure, cells were 

incubated again with different concentrations of BA for 24 hours. MTT was added (0.5 

mg/ml) to the cells and incubated for 4 hours. The media was aspirated and DMSO (200 μl/

well) was added. Cell density was determined by measuring the values of absorbance at 490 

nm.

Immunocytochemical detection of CPD or 8-oxo-dG positive cells

The CPD and 8-oxo-dG positive cells induced by UVB irradiation were detected using the 

protocol described previously (34). Briefly, the cells were adhered on coverslips overnight 

and the culture medium was replaced with fresh assay medium supplemented with 2.0% 

fetal bovine serum. PAM212 cells were treated for 24h with 50μg/ml BA and 1mM NAC 

before UVB irradiation and subsequently irradiated with 100mJ/cm2 UVB. After UVB 

exposure, the cells were incubated again for 30 min and 24 hours with 50μg/ml BA and 

1mM NAC, to assay CPD and 8-oxo-dG generation. Thereafter, cells were fixed in 1% 

paraformaldehyde for 10 min and washed with PBS and subsequently permeabilized with 

0.5% Triton-X 100 for 5 min on ice. 2.0 M HCl was used for DNA denaturation at room 

temperature for 20 min. Afterwards, cells were incubated in blocking buffer, 10% anti-goat 

normal serum, at room temperature for 1 hour. Then cells were incubated with either CPD-

specific or 8-oxo-G-specific mouse monoclonal antibody for 1 hour at room temperature and 

incubated with anti-mouse secondary IgG antibody Alexa Fluor 488 or Alexa Fluor 594 

respectively for 45 min. The coverslips were counterstained with DAPI and the CPD and 8-

oxo-dG positive cells were counted in five fields of view using an Olympus BX41.

Detection of ROS level

The intracellular ROS level was determined by 2′7′-dichlorofluorescin diacetate (DCFH-

DA) assay. Briefly, the PAM212 cells were seeded in 35 mm dishes (Nunc, Denmark) and 

incubated with BA or NAC for 24h before UVB irradiation. After 100 mJ/cm2 UVB 

exposure, the cells were washed three times with PBS and then incubated with culture 

medium containing 10 μM DCFH-DA (Sigma, Sigma-Aldrich Co, U.S.A) for 30 min at 

37°C in the dark. Thereafter, the cells were washed with PBS three times and collected for 

observation and flow cytometry detection. The ROS-positive cells were visualized and 
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counted using fluorescence microscopy with excitation at 485 nm and emission at 538 nm. 

For flow cytometry detection, the cells were analyzed with a FACS flow cytometer.

Western blotting analysis

The PAM212 cells were plated in 100 mm cell culture dishes (Nunc, Denmark) and after 

confluency incubated with 50μg/ml BA or 1 mM NAC for 24h before UVB irradiation. 

After irradiation, the cells were washed twice with ice-cold PBS and the total protein was 

extracted with lysis buffer containing 62.5 mM Tris–HCl (pH 6.8), 1% Triton X-100, 1% 

sodium deoxycholate and 0.1% sodium dodecyl sulfate (SDS). The protein concentrations 

were measured by BCA assay. 50 μg proteins was loaded in each well and resolved on 10% 

or 12% SDS polyacrylamide gels and transferred onto nitrocellulose membranes. The 

membranes were blocked in blocking buffer (Tris-buffered saline with 5% nonfat dry milk) 

and then incubated with various primary antibodies overnight at 4°C. The membrane was 

then washed with TBS-T and incubated with secondary antibody conjugated with 

horseradish peroxidase. After washing three times in TBST, protein bands were visualized 

using the enhanced chemiluminescence detection system (Amersham Life Science, Inc.). 

The band density was analyzed using Quantity One software (Bio-Rad) and the values were 

normalized to the β-actin band density.

Statistical analysis

Each experiment was repeated at least three times. The data were expressed as mean ± SD. 

The differences in the data among groups were statistically analyzed with one-way analysis 

of variance (ANOVA) using the SPSS statistical software version 11.0 (SPSS Inc, Chicago, 

USA). P-values less than 0.05 were considered to be statistically significantly different.

RESULTS

The effect of BA and UVB on PAM212 cell proliferation

After UVB exposure, the PAM212 cells were incubated for 24h. Percent cell death was 

assessed by MTT detection. The results showed that treatment of BA from 10 to 50μg/ml 

did not result in significant cell death after 24 h incubation. However, 100 and 200μg/ml BA 

treatment induced a notable cell death more than 30%. At the same time, 10, 20, 50 μg/ml 

BA treatment remarkably reduced the percent cell death induced by UVB irradiation 

therefore for further experiments, the dose of 50μg/ml was selected for the assessment of 

chemopreventive potential of BA on PAM212 cells. (Fig. 1). A closer look at the effects of 

the selected dose of Baicalin on PAM212 cell proliferation following UVB exposure can be 

found in Figure S1.

The effect of BA on UVB-induced CPD and 8-oxo-dG formation

The photodamage induced by UVB irradiation include photoproducts and ROS production, 

measured by CPD and 8-oxo-dG formation. To determine whether BA could reduce UVB-

induced photodamage in PAM212 cells, the CPD and 8-oxo-dG positive cells induced by 

UVB irradiation were assayed using immunocytochemical detection. After UVB exposure, 

cells were cultured with or without BA and NAC treatment for either 30 min or 24 h, 

harvested, and examined for CPD and 8-oxo-G positive cells (Fig. 2a,2b). Neither CPD nor 
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8-oxo-G positive cells were detected in untreated cells or cells treated with BA or NAC 

alone. Furthermore, the amount of CPD or 8-oxo-G positive cells largely increased 

immediately following UVB exposure (30 min) compared to unexposed cells (Fig 2c, 2d, 

#p<0.01). Even at 24 h after UVB irradiation, there were still about 36% positive cells 

detected. With BA treatment, the percentages of CPD-positive cells were decreased upto 

7.26% at 24 h after UVB irradiation, which were significantly decreased compared to 

untreated cells (Fig 2c, **p<0.01). 8-oxo-dG positive cells were also significantly decreased, 

with 4.51% after 24 h (Fig 2d, **p<0.01). NAC treatment also significantly reduced 8-oxo-

dG positive cells upto 11.04% after 24 h (Fig 2d, *p<0.05)., but had no much influence on 

UVB-induced CPD formation. These results suggest that BA treatment may reduce UVB-

induced photodamage or accelerate its repair in PAM212 cells.

The effect of BA on intracellular ROS levels

We examined intracellular ROS levels by DCFH-DA assay at 24 h following 100 mJ/cm2 

UVB exposure. The DCFH-DA-positive fluorescence intensity significantly increased in 

UVB irradiated cells compared to the untreated/unexposed cells and cells treated with BA or 

NAC alone (Fig 3a, p<0.05). However, both BA and NAC treatment markedly decreased the 

fluorescence intensity for 73% and 87% respectively (p<0.01) after UVB exposure, which 

suggested the ROS levels of the PAM212 cells treated with BA or NAC were much lower 

than UVB-exposure cells. In addition, these results were further confirmed by FACS 

analysis. The ROS fluorescence intensity declined with BA and NAC treatment, while it 

decreased more significantly with BA treatment (Fig 3b, p<0.05). These results suggested 

that BA effectively reduced the production of intracellular ROS induced by UVB irradiation.

The effects of BA and UVB on TLR4 pathway proteins’ expression

In order to clarify the pharmacological effect and mechanism of BA on UVB-induced 

photodamage, the protein levels of TLR4, TRIF, myd88, TRAF6, IRAK4, NF-κB, iNOS 

and COX-2 were analyzed via Western blotting. The results showed that UVB exposure up-

regulated TLR4, TRIF, myd88, TRAF6 and NF-κB, protein levels (Fig 4 p<0.05), 

demonstrating that UVB can activate the TLR4 pathway and DNA damage process. 

However, BA treatment inhibited the up-regulation of the above proteins in the 

physiological condition and after UVB exposure (Fig 4 p<0.05). In addition to this BA also 

inhibits the downstream effectors of NF-kB such as iNOS and COX-2 and therefore it leads 

inhibition of UVB mediated inflammatory response (Fig 4 p<0.05). These data suggest that 

BA may offer protection to PAM212 cells against UVB-induced photodamage by 

suppression of the TLR4-mediated inflammatory signaling pathway. Further, we found that 

NAC has no significant influence on the TLR4 pathway as an antioxidant.

DISCUSSION

Human skin directly suffers from the deleterious effects of UVB radiation, such as ROS 

production and DNA damage, which induce inflammatory responses and contribute to skin 

cancer development. The incidence of skin cancer, including melanoma and nonmelanoma 

skin cancer (NMSC), has increased dramatically worldwide in the last several decades (35). 

The DNA and inflammatory damage induced by UVB is also considered an important event 
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in skin carcinogenesis. TLRs have been reported to play a key role in the innate immune 

system and participate in the regulation of the cellular response to UV exposure (36, 37). 

There are also reports indicating that the TLR signaling pathways have important effects on 

cancer progression, whereby cancer cells may suppress the immune system through the 

TLRs. Our previous study indicated that TLR4 plays an important role in UVB-induced 

DNA damage and cutaneous photoimmunosuppression in murine skin (22, 23). However, 

the relationship between TLRs and photocarcinogenesis is still obscure.

Baicalin has been reported to exhibit a wide range of pharmacological actions such as 

antioxidant, anti-inflammatory, and anti-tumor activity, as well as free radical scavenging 

ability. Our previous study demonstrated that baicalin effectively inhibits UV-induced 

damage to human skin cells (including keratinocytes and fibroblasts) and mouse skin, by 

reducing inflammatory cytokine secretion and inhibiting cell cycle arrest induced by UV 

(30–33). But more studies still need to be carried out to clarify the photoprotective 

mechanisms of baicalin. In the current study, we assessed the photoprotective effect of 

baicalin against UVB irradiation in the mouse keratinocyte PAM212 cell line. Our results 

showed that treatment with baicalin affords significant protection from cell death following 

UVB exposure. In addition, the data also demonstrated that specific doses of baicalin (less 

than 50μg/ml) had no obvious toxicity on PAM212 cells.

UVB irradiation induces both direct and indirect DNA damage, the later is mainly through 

the generation of ROS. Both CPDs and 8-oxo-dG are considered as important biomarkers of 

DNA damage following UVB irradiation (38, 39). Our results showed that baicalin 

treatment significantly reduced the number of CPD and 8-oxo-dG-positive cells, which may 

be partly due to DNA repair capacity strengthened by baicalin. ROS generation induced by 

UV irradiation initiates molecular responses in the skin and plays a key role in the 

immunosuppression and photocarcinogenesis processes (40). Though skin cells contain 

networks of antioxidants to eliminate ROS or decrease their harmful effects, long-term UVB 

irradiation continuously induces ROS production and accumulation in keratinocytes, which 

overwhelms the antioxidant networks and contributes to the carcinogenic process (41, 42). 

In this study, we assessed the antioxidant effects of baicalin. Our data showed that baicalin 

remarkably reduced UVB-induced ROS generation in PAM212 cells. We also compared the 

antioxidant effect of baicalin to NAC, a potent free radical scavenger, which demonstrated 

that baicalin has a strong ability to scavenge ROS and protect cells from photodamage. 

Previous literature has shown that Baicalin has strong antioxidant properties. Baicalin 

demonstrates its antioxidant capabilities by enhancing the activity and expression level of 

the endogenous antioxidant network, whereas NAC shows prompt antioxidant activity by 

replenishing the glutathione (GSH) level.

It has been reported that the immuno-inflammatory responses play a key role in UV-related 

tumorigenesis, suggesting that prevention of inflammatory pathways and genes could 

provide molecular targets for skin cancer prevention (43, 44). TLRs have emerged as a key 

component in the cellular response to UV exposure. Upon the cell damage-specific factor, 

such as UVR, the stimulation of TLRs would recruit adaptor molecules, including MyD88, 

TRAF6 and TRIF leading to activation of NF-κB, which results in inflammatory gene 

expression and reactions (47–51). TLR signaling has also been reported to induce the 
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activation of cyclooxygenase-2 (COX-2) and nitric oxide synthase (iNOS), which have been 

implicated in UVB-induced skin inflammation and photocarcinogenesis, including enhanced 

cell proliferation, induction of angiogenesis, regulation of apoptosis, cancer cell invasion 

and metastasis (52–54). Although how UV radiation activates TLR4 is still under 

investigation, a few studies have shown that UV radiation activates several endogenous 

TLR4 ligands such as heat-shock proteins (55), S100 family proteins (56, 57), HMGB1 (58), 

and hyaluronic acid (59) that leads to TLR4 activation. In the present study, we assessed the 

influence of baicalin on TLR4 pathway protein expression following UVB irradiation. Our 

results demonstrate baicalin treatment inhibited TLR4 and its downstream signaling 

molecules, MyD88, TRIF and TRAF6. And TLR4 pathway inhibition also resulted in NF-

κB inactivation and down-regulation of iNOS and COX-2 protein expression. In contrast, 

NAC treatment had no significant inhibitory effects on protein expression, indicating that 

baicalin may directly affect the TLR signaling pathway to inhibit UV-induced inflammation, 

in addition to acting as an antioxidant. The experimental design from this study cannot rule 

out whether these ligands are proximate targets of baicalin treatment which lead to the TLR4 

inhibition. Therefore, futher studies are needed to clarify the exact mechanism.

In conclusion, our data demonstrate that baicalin treatment effectively protected 

keratinocytes from UVB-induced oxidative stress, DNA damage and inflammatory damage 

by modulating the TLR pathway. Thus, the application of baicalin may exert 

photochemopreventive effects against skin carcinogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of BA and UVB on the proliferative activity of PAM212 cells
Dose-dependent effect of BA on the cell death of PAM212 keratinocytes was determined by 

MTT assay. The cells were treated with 0, 10, 20, 50, 100 and 200 μg/ml BA for 24 hours 

before and after, with or without 100 mJ/cm2 UVB irradiation. There was no significant cell 

death induced by treatment of BA alone from 10 to 50 μg/ml after 24 h incubation. 

However, 100 and 200 μg/ml BA alone treatment induced more than 30% cell death. 10, 20, 

50 μg/ml BA treatment remarkably reduced the percent cell death induced by UVB 

irradiation. The values are represented as the percentage of cell death. The data represent the 

mean ± SD of three independent experiments each conducted in triplicate. (#P<0.05 and ##P 

<0.01 vs control; *P > 0.05 vs UVB).
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Figure 2. The inhibitory effect of BA on UVB-induced formation of CPDs and 8-oxo-dG in 
PAM212 cells
The cells were treated with 50 μg/ml BA and exposed to 100 mJ/cm2 UVB as described in 

the Materials and Methods section. Immunocytochemical staining for CPDs (A) and 8-oxo-

dG (B) was performed using appropriate antibodies. The number of CPDs-positive cells (C) 

and 8-oxo-dG-positive cells (D) after immunostaining were counted in five different areas of 

the sections under microscope. The number of CPDs and 8-oxo-dG positive cells are 

represented as the percent of CPDs- and 8-oxo-dG-positive cells, respectively. The data 

represent the mean ± SD of cells in triplicate (#P<0.05 and ##P <0.01 vs control; *P > 0.05 

and **P > 0.01 vs UVB). The representative micrographs are shown from three independent 

experiments.
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Figure 3. Effect of BA on UVB-induced ROS generation in PAM212 cells
PAM212 cells were treated with 50 μg/ml BA or 1 mM NAC concentration with/without 

exposure to 100 mJ/cm2 UVB. Then, ROS levels were detected by DCFH-DA assay for 

observation using fluorescence microscopy (A) and flow cytometry detection (B). Both BA 

and NAC treatment significantly decreased the fluorescence intensity for 73% and 87% 

respectively (p<0.01) after UVB exposure. The representative data are shown as mean ± SD 

(n = 3). (##P <0.01 vs control; *P > 0.05 and **P > 0.01 vs UVB)
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Figure 4. Effect of BA on UVB-induced TLR4 pathway proteins expression in PAM212 cells
Cells were treated with either BA or with NAC and exposed to 100 mJ/cm2 UVB as 

described in the Materials and Methods section. Western blot analysis was performed to 

determine the protein expression using TLR4 pathway proteins specific antibodies, 

including TLR4, MyD88, TRIF, TRAF6, NF-κB, iNOS and COX-2. There was an up-

regulation of TLR4 and its downstream targets after UVB exposure (p<0.05). However, BA 

treatment inhibited the up-regulation of the above proteins induced by UVB exposure 

(p<0.05). The representative blots are shown from three independent experiments. Values 

are given as mean ± SD (n = 3). (#P<0.05 vs control; *P > 0.05 and **P > 0.01 vs UVB).
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