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Introduction: Skin, as the outermost organ, is exposed to a wide range of environmental

risk factors including ultraviolet (UV) and all kinds of pollutants. Excessive UV exposure

contributes to many disorders, such as photoaging, skin inflammation, and carcinogenesis.

Methods: To determine the effects of bamboo extract (BEX) from our local plant,

Acidosasa longiligula, on UV-irritated human skin, we conducted a variety of studies,

including Western blot, apoptosis assays, reactive oxygen species (ROS) detection, and

thioredoxin (TXN) and thioredoxin reductase (TXNRD) activity assays in primary skin

keratinocytes.

Results: We first determined that BEX protects human skin keratinocytes against UV

radiation-induced apoptosis and ROS production. UV radiation can robustly impair TXN

and TXNRD activity which can, in turn, be significantly rescued by BEX treatment.

Moreover, BEX regulates TXN1 levels in primary skin keratinocytes and TXN1 is proved

to be required for the protective function of BEX. Last, we found that the NF-κB/p65

pathway mediates the protective function of BEX against UV.

Discussion: Collectively, our work delineates the beneficial role of BEX in UV-induced skin

cell damage and provides a novel therapeutic reagent to prevent or alleviate the progress of

photoaging and other UV-provoked skin diseases.

Keywords: Acidosasa longiligula, bamboo extract, BEX, ultraviolet radiation, UV radiation,

thioredoxin, TXN, NF-κB pathway

Introduction
Skin, the largest organ of human body, has functions of protection, regulation, and

sensation.1,2 As the outermost organ, it is exposed to a wide range of environmental

risk factors including ultraviolet (UV) and all kinds of pollutants. Cumulative solar

exposure, the major risk factor for many skin diseases, is well established to be

associated with reactive oxygen species (ROS) production, oxidative stress, and

eventually oxidative damage to DNA, lipids, and proteins.3–6 Excessive UV expo-

sure contributes to many disorders, such as photo-aging, skin inflammation, and

carcinogenesis.7–9

The TXN system, consisting of TXN, TXNRD, and NADPH, plays critical roles in

redox homeostasis and other cellular functions.10–12 It has a highly active redox site (-

Cys-X-X-Cys-) and effectively protects organisms from oxidative stress and

damages.13 It has been indicated in multiple cellular processes, such as cell metabo-

lism, differentiation, proliferation, and apoptosis.14 Any disturbance of the TXN
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system may cause health problems, including cancers, neu-

rodegenerative disorders, metabolic syndromes, and cardio-

vascular diseases.15 Nevertheless, UV-associated effects in

the TXN system still warrant further exploration.

Recently, a wide range of natural compounds has

become the focus of interest as antioxidants since they

are safer than many synthetic compounds. Acidosasa long-

iligula, one of the most widely distributed bamboo species

in central Fujian province (China), grows in mountains at

an altitude of 500–1000 meters. It has high protein con-

tent, an abundance of calcium phosphorus, and is rich in

fiber. Different bamboo products have been reported in

treatment of many diseases including cancer, inflammatory

disorders, neuropathy, and metabolism disorders.16–19 In

addition, recent studies revealed that the traditional Korean

food, bamboo salt, can effectively protect mouse skin from

2, 4-dinitrofluorobenzene-induced atopic dermatitis.20

However, the effect of this specific BEX in UV-irradiated

skin cells has yet to be determined.

In our study, we investigated the protective effects of

BEX on UV-irritated human primary skin keratinocytes.

We first determined that BEX protects human skin keratino-

cytes against UV radiation-induced apoptosis and ROS pro-

duction. UVradiation can robustly impair TXN and TXNRD

activity which can, in turn, be significantly rescued by BEX

treatment. Moreover, BEX regulates TXN1 levels in primary

skin keratinocytes and TXN1 is proved to be required for the

protective function of BEX. Last, we found that the NF-κB/
p65 pathwaymediates the protective function of BEX against

UV. Collectively, our work delineates the beneficial role of

BEX in UV-induced skin cell damage and provides a novel

therapeutic reagent to prevent or alleviate the progress of

photoaging and other UV-provoked skin diseases.

Materials and Methods
Chemicals and Reagents
BEX compound used in the present study was obtained from

Xu Hui LLC (Fuzhou, China). The compound powder was

freshly made from bamboo leaves and small branches of

Acidosasa longiligula by ethanol/water (70/30, v/v) extrac-

tion. To prepare the BEX solution, the dry powder (100 mg)

was freshly dissolved in 1 mL of distilled water and then

filtered with sterile 0.22 µm syringe filter (Millipore).

Cell Culture and UV Radiation
As previously described,21–25 the primary skin keratinocytes

from American Type Culture Collection (ATCC) were

maintained in Dulbecco’s Modified Eagle Medium

(DMEM) (Invitrogen Life Technologies, Carlsbad, CA,

USA) with 10% fetal bovine serum (FBS) (Biomeda, Foster

city, CA, USA) and 1% penicillin/streptomycin/glutamine

(Gibco/Invitrogen, Carlsbad, CA, USA), in a humidified

incubator with 5% CO2 at 37°C. UV radiation equipment

and procedures have been described previously.21–25

Antibodies and Reagents
The primary antibodies used in our study were rabbit anti-

cleaved caspase 3 (#9661, 1:1000), mouse anti-β-actin
(#3700, 1:3000), rabbit anti-thioredoxin 1 (#2429,

1:1000), rabbit anti-thioredoxin 2 (#14,907, 1:1000), rabbit

anti-thioredoxin reductase 1 (#15,140, 1:1000), mouse

anti-thioredoxin reductase 2 (#12,029, 1:1000), rabbit anti-

NF-κB p65 (#8242, 1:1000), and rabbit anti-lamin B1

(#13,435,1:1000) from Cell Signaling Technology

(Danvers, MA, USA). Species-specific secondary antibo-

dies were purchased from LI-COR Biosciences.

Cell Viability Assays
Methods have been described previously.26,27 Cell viabi-

lity was examined by Cell Counting Kit-8 (CCK-8)

(Dojindo, Japan) according to the manufacturer’s instruc-

tions. 2 x 105 cells/well were used in a 96-well plate with

100 µL medium.

Western Blot
This method has been described previously with slight

modifications.27 In brief, samples consisting of 50 μg of

protein were resolved on a denaturing 8–12% SDS-PAGE

gel (Bio-Rad) and then transferred to polyvinylidene fluor-

ide membranes by electroblotting. The membrane was

blocked in blocking buffer (LI-COR) at room temperature

for 1 hour and incubated with primary antibodies at 4°C

overnight. Blots were then incubated with specific second-

ary antibodies at room temperature for 1 hour the next day.

The signals were detected by ECL reagents. β-actin and

lamin B1 were used as equivalent loading controls.

Apoptosis Assay
The levels of apoptosis in human skin keratinocytes were

examined byWestern blot analysis of the cleaved Caspase-3,

TUNEL assay, and cell apoptosis by ELISA. Methods have

been described previously.21,27 Briefly, cell apoptosis ratio

was measured by the TUNEL percentage (TUNEL/Hoechst

33,342 ×100%). Results shown were expressed of at least

200 cells in 5 random scope fields per treatment. Cell
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apoptosis was also examined by Cell Apoptosis ELISA

Detection Kit (Roche, Palo Alto, CA) after indicated treat-

ments. The detailed protocols were previously described.22,24

Reactive Oxygen Species (ROS)

Detection
As described in our previous studies,23–25 the cellular ROS

content was assessed by fluorescence-activated cell sorting

(FACS; Beckton Dickinson FACScan, Suzhou, China)

using the fluorescent dye dihydrorhodamine (DHR). All

fluorescent intensities were normalized to an untreated

control group.

Cell Transfection
The procedure has been previously described.21 In brief,

short hairpin RNA (shRNA) against TXN 1 (Sigma) and

non-target control (NTC) shRNA (Sigma) was transfected

into human skin keratinocytes using Lipofectamine 2000

Transfection Reagent (Thermo Fisher) according to the man-

ufacturer’s instructions. In all studies, cells were subjected to

different treatments 48 hours after the transfection.

TXN and TXNRD Activity Assays
Human skin keratinocytes (1–10 x 106) were washed with

PBS and then sonicated in TE Buffer (50 mM Tris-Cl and

1 mM EDTA, pH 7.5). Protein concentration was mea-

sured using the Bradford assay (BioRad). Equivalent

amounts of total protein (20 µg) were subjected to TXN

and TXNRD activity assessment by TXN activity fluores-

cent assay kit (IMCO, Sweden) and TXNRD assay kit

(Sigma, MO, USA) following the manufacturer’s instruc-

tions. TXN activity was measured by detecting the reduc-

tion of insulin disulfides by reduced TXN with TXNRD

and NADPH as the electron donor. Excess TXNRD and

NADPH were provided to keep TXN at reduced state.

During this reaction, fluorescence intensity at 515–525

nm will be altered. Human recombinant thioredoxin 1

(hTXN-1) was used to generate a standard curve and

TXN activity of the sample was determined using the

formula given by this standard curve. TXNRD activity

was assessed using a colorimetric assay based on the

reduction of 5, 5ʹ-dithiobis (2-nitrobenzoic) acid (DTNB)

with NADPH to 5-thio-2-nitrobenzoic acid (TNB), which

is measured at 412 nm. TXNRD activity of samples was

determined by measuring the increase in absorption at

412 nm.

Measure of DNA Single-Strand Breaks

(SSBs)
The procedure was described in our previous study.25

Briefly, cells were washed and lysed with the described

lysis buffer and 1.5 mL of SDS-EDTA lysis solution sup-

plemented with 0.5 mg/mL proteinase K (Sigma). DNAwas

then eluted with tetrapropyl-ammonium hydroxide-EDTA

(pH 12.1) with 0.1% SDS. Fractions were collected at

20-min intervals for 2 hours. Filters were treated with

HC1 (1 M) for 1 hour at 60°C, and 0.4 M NaOH was

added prior to scintillation counting. SSBs were normalized

to the control.

NF-kB DNA Binding Assay
The activation of NF-κB was examined by use of a NF-κB
(p65) Transcription Factor Assay Kit (Cayman) that

detects specific NF-κB (p65) DNA binding activity in

nuclear extracts. 10 μg of nuclear fractions extracted

from human skin keratinocytes was used in duplicate

with positive and negative controls. After incubation with

the primary and secondary antibody, samples were added

with developing solution. The absorbance of the samples

was then measured at 450nm.

Statistical Analysis
All data shown in this study were represented as mean

values ± SEM of at least three independent experiments.

P values were calculated with the appropriate statistical

tests using GraphPad Prism software 7.0 (GraphPad

Software Inc.). Statistical tests were indicated in the figure

legends. Significance was chosen as p< 0.05.

Results
The Protective Role of BEX in

UV-Irradiated Human Skin Keratinocytes
To test the role of BEX in UV-irradiated human skin

keratinocytes, cells were irradiated with UV at different

intensities (5, 10, 15, 20, and 25 mJ/cm2) with or without

BEX pretreatment (100 μg/mL) (Figure 1A). MTT assay

results revealed that UV radiation significantly induced the

keratinocyte cell death, which was largely inhibited by

BEX (100 μg/mL) pretreatment (Figure 1A). Further

experiments showed that BEX exhibited a dose-

dependent response to UV (20 mJ/cm2) radiation in kera-

tinocytes (Figure 1B). Cell treated with BEX at 100 μg/mL

exhibited decent anti-UV activity, thus, this concentration

was chosen for our present study.
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Apoptosis levels in human skin keratinocytes were

analyzed by measuring cleaved caspase-3 levels using

Western blot and TUNEL assay. Expression of cleaved

caspase-3 was elevated by UV radiation and was signifi-

cantly reduced by BEX co-treatment (Figure 1C and D).

Consistent with the aforementioned results, TUNEL assay

results supported that BEX protects keratinocytes from

UV-provoked cell apoptosis (Figure 1E). UV radiation is

known to cause DNA damage largely attributed to ROS

production and oxidative stress.28,29 Therefore, in our

study, ROS production was tested after treatments

(Figure 1F). UV radiation in human primary keratinocytes

provoked significant ROS production and this effect was

largely diminished by BEX pretreatment (Figure 1F).

These results support that BEX mitigates UV-induced

cell apoptosis and ROS production in skin keratinocytes.

Figure 1 BEX protects human skin keratinocytes against UV radiation. Primary cultured human skin keratinocytes were pretreated with BEX (0–300 μg/mL) for 30 min

prior to UV radiation at the indicated doses. Cells were then cultured in complete medium for an additional 24 hours and cell viability was tested by MTT assay (A and B).
(C) Apoptosis levels in human skin keratinocytes were analyzed by measuring cleaved caspase-3 levels using Western blot. (D) Expression of cleaved caspase-3 was elevated

by UV radiation which was inhibited by BEX. (E) Apoptotic cells were measured by fluorescent TUNEL assay. (F) ROS production were tested by listed assay. Results are

shown as means ± SEM (Two-way ANOVA analysis) and repeated at a minimum of three replicates. **p<0.01, ***p<0.001 compared to control groups.
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BEX Regulates TXN1 Level in Primary

Skin Keratinocytes
It is well established that TXN system is fundamental in

many biological processes including cell proliferation

and apoptosis.30 As demonstrated in our previous

study, BEX significantly attenuates UV-induced ROS

production. Therefore, we sought to test the effects of

BEX in the TXN system in UV-irritated keratinocytes.

Results revealed that TXN and TXNRD activities of

human keratinocytes were significantly reduced after

UV radiation. In addition, this effect was largely atte-

nuated by BEX treatment (Figure 2A and B). We then

tested whether TXN family proteins would be affected

by BEX treatment. Skin keratinocytes were treated with

or without BEX at indicated concentration for 24 hours.

Expression of TXN1, TXN2, TXNRD1, and TXNRD2

was examined by Western blot analysis (Figure 2C).

Remarkably, only TXN1 levels were significantly ele-

vated by BEX treatment (Figure 2D), indicating

a crucial role of TXN1 in the cytoprotective function

of BEX.

TXN1 Is Important for the Protective

Function of BEX in UV-Irradiated Human

Skin Keratinocytes
To study the specific role of TXN1 in BEX-mediated

cytoprotection, we conducted experiments using keratino-

cytes transfected with NTC or TXN 1 shRNA. As demon-

strated in Figure 3A, although TXN1 deficiency

significantly decreased cell viability in the BEX pretreat-

ment group, it could not totally block the protective func-

tion of BEX, indicating that BEX may have other

alternatives to regulate the UV-induced skin cell death.

In line with this result, data from Histone-DNA ELISA

assay showed that BEX has little effect on UV-irritated

cell apoptosis when TXN1 is knocked down (Figure 3B).

These results suggest that TXN1 is pivotal for BEX-

mediated cytoprotection against UV in keratinocytes.

BEX Diminishes UV-Induced NF-κB/P65
Activation in Skin Keratinocytes
Next, we sought to identify the underlying mechanism in

the protective effect of BEX against UV. Recent studies

Figure 2 TXN1 level is elevated by BEX treatment. Primary cultured human skin keratinocytes were pretreated with or without BEX (100 μg/mL) for 30 min prior to UV

radiation. Cells were then cultured in complete medium for an additional 24 hours. (A and B) Levels of TXN and TXNRD activities were measured by listed assay in human

keratinocytes. (C) Skin keratinocytes were then treated with or without BEX at indicated concentration for 24 hours. Expression of TXN1, TXN2, TXNRD1, and TXNRD2

were examined by Western blot. (D) Levels of listed proteins in keratinocytes were quantified. TXN1 levels were significantly elevated by BEX. Results shown are

representative as means ± SEM of three independent experiments (Two-way ANOVA analysis and unpaired Student’s t-tests). ***p<0.001 compared to control groups.
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have proposed that TXN activates NF-κB signaling by

reducing the cysteine residues using its active redox

sites.31 Surprisingly, we discovered that BEX diminishes

UV-induced NF-κB/p65 activation in skin keratinocytes.

To identify the possible involvement of NF-κB signaling

in BEX-induced activity against UV in skin cells, we first

tested the effect of BEX in UV-induced DNA damages and

NF-κB DNA binding activity (Figure 4A and B). As

demonstrated, BEX significantly lowered DNA SSB for-

mation and NF-κB activation following UV radiation

(Figure 4A and B). In addition, proteins extracted from

cytoplasm (Figure 4C and E) and nucleus (Figure 4D and

F) were subjected to Western blot analysis for NF-κB p65

pathway proteins. BEX significantly abrogated the trans-

portation of NF-κB p65 from cytoplasm to nucleus

induced by UV-B radiation. These results suggest that

NF-κB/p65 pathway is critical for BEX-induced cytopro-

tection against UV-B radiation in human keratinocytes.

Discussions
Over the past several decades, great effort has been applied

towards studies of multiple interrelated physiological and

pathological factors behind UV-related skin disorders,

including genetics, age, and protective reagents, etc.

A direct correlation between solar UV radiation and oxida-

tive damage in skin tissues has been clearly defined.7

Repetitive exposure to UV radiation is observed to induce

cytotoxic effects, such as solar erythema, edema, skin sen-

sibility, skin inflammation, eventually photoaging, and even

skin cancers.28,29 Therefore, a growing interest exists in

investigating new therapeutic reagents that can effectively

prevent UV-provoked cellular toxicity. In the present study,

we discover a new compound extracted from our local

plant, Acidosasa longiligula, that can counteract UV-

induced ROS generation (Figure 1F), DNA damage

(Figure 4A), and cell death (Figure 1) in keratinocytes.

Remarkably, data presented herein indicates that TXN1 is

an important mediator in BEX-regulated protective effect.

TXN-regulated redox signaling during the last several

decades has been developed very fast. The TXN systems

are undoubtedly an important counteractant of ROS gen-

eration through the utilization TNX cysteine residues in

the Cys–X–X–Cys active site. TXNs are strong antiox-

idants and fundamental for cell growth and apoptosis in

different organs.32 TXNs are upregulated in many cancer

types and negatively regulates apoptosis in various can-

cer cells, such as colon, melanoma, liver, and lung

cancers.33–35 Among TXN family proteins, TXN1 is

known to be involved in the aging process and some age-

related diseases such as neurodegenerative disorders and

cancers.33,34,36,37 It can interact with redox-sensitive sig-

naling molecules containing redox-sensitive cysteines in

their DNA binding domain including activator protein 1

(AP-1), protein 21 (p21), protein 53 (p53), hypoxia-

inducible transcription factor-1 alpha (HIF-1), nuclear

factor κB (NF-κB), etc. The NF-κB pathway has

a documented role in immune responses via regulation

of the gene expression of a large number of cytokines

and other immune response genes.38 NF-κB is located in

the cytoplasm and will translocate into the nucleus in

response to various stimuli, including ROS.35 Recent

studies have indicated that TXNs facilitate NF-κB

Figure 3 TXN1 mediates BEX-induced cytoprotection against UV. Primary skin keratinocytes were first transfected with NTC or TXN1 shRNA. Cells were then treated

with or without BEX (100 µg/mL) for 30 minutes prior to UV radiation. (A) Cell viability (MTTassay) and (B) cell apoptosis (Histone DNA ELISA assay) was tested. Results

are represented as means ± SEM (Two-way ANOVA analysis). *p<0.05, ***p<0.001 compared to control groups.
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signaling by reducing the cysteine residues.10

Surprisingly, in the present study, we found that BEX

diminishes UV-induced NF-κB/p65 activation even when

BEX upregulates the TXN 1 expression, indicating BEX

may have multiple downstream targets. We here verified

that BEX inhibits UV-triggered NF-κB/p65 activation

and translocation from cytoplasm to nucleus.

Herein, our findings provide novel evidence revealing

that BEX from this special species, Acidosasa longiligula,

can effectively protect human skin keratinocytes from UV

radiation-mediated ROS production and apoptosis via reg-

ulation of thioredoxin 1 and inhibition of NF-κB pathway.

Thus, BEX could serve as a potential and promising ther-

apeutic reagent in UV-related disorders.
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