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Fullerene–Polyvinylpyrrolidone Clathrate Localizes in
the Cytoplasm to Prevent Ultraviolet-A Ray-Induced
DNA-Fragmentation and Activation of the Transcriptional
Factor NF-kappaB
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ABSTRACT
By Western blot and immunostaining we proved that polyvinylpyrrolidone (PVP)-wrapped fullerene molecules (PVP–fullerene) could

combine the 8- and 53-kb proteins which localize in the membrane of human skin keratinocytes HaCaT. Only fullerene molecules are able to

cross the lipid membrane and conjugate 53-kb proteins in the cytosol. There are no fullerene molecules detectable in the nucleus or

cytoskeleton. Ultraviolet-A (UVA)-irradiation on HaCaT or normal human epidermal melanocytes (NHEM) caused nuclear fragmentations,

lowering of intracellular DNA-contents below diploidy, concurrently with the repressed DNA synthesis and the increased DNA-30OH cleavage

terminals, all of which were repressed by PVP–fullerene, as shown by flow cytometry and PI- or TUNEL-stain fluorography. Translocation of

the transcriptional factor NF-kappaB in the cytoplasm to the nucleus of the keratinocytes was caused with UVA and repressed by PVP–

fullerene with cytoprotective effects. Thus, the PVP–fullerene may be developed as a UV-protective agent with DNA-preservative effects

owing to its combinative ability to molecules in the cytoplasm and cytomembrane, and then represses cellular oxidative stress and blocks

abnormal signal pathways. J. Cell. Biochem. 111: 955–966, 2010. � 2010 Wiley-Liss, Inc.
KEY WORDS: FULLERENE; CELLULAR-BINDING SITE; UVA; APOPTOSIS; NF-kappaB
T he interaction of fullerene (C60) or its water-soluble

derivatives with various biological systems, such as organs,

tissues, cells, and cellular molecules has recently become an issue of

great research interest. Fullerenes have been characterized as novel

powerful antioxidants and new radical-scavenging compounds, and

are believed to protect various types of cells, tissues, and organs

from oxidative stress causing injuries, without acute and subacute

toxicities. Increasing evidences demonstrated that cytoprotective

activities of water-soluble fullerenes are considered to ensue from

their ability to pass the bio-membranes and then scavenge the

harmful free radicals or reactive oxygen species (ROS) [Krusic et al.,

1991; Dugan et al., 1996; Lin et al., 1999; Hu et al., 2007; Witte et al.,

2007]. It is considered that fullerene C60 molecule has a high

potential for permeability into bilayer membrane because it is not

hydrophilic. It has also a high solubility in the lipid core and strong

attractive interactions with the outer layer of the membrane [Bedrov
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ublished online 27 July 2010 in Wiley Online Library (wileyonlinelibrar
et al., 2008]. A computer simulation study suggested that the

fullerene C60 molecules rapidly aggregate in water but disaggregate

after entering the membrane interior. High concentrations of

fullerene induce changes in the structural and elastic properties of

the lipid bilayer, but there is no mechanical damage in the

membrane [Wong-Ekkabut et al., 2008]. When the pristine C60 was

taken up into cells, crystals, or aggregates were observed in close

proximity to the cell membrane as well as in the cytoplasm, along

the nuclear membrane and within the nucleus [Porter et al., 2006].

However, for fullerene derivatives, the permeability depends on

the molecular size, lipophilicity, and hydrophilic bond moieties

[Lipinski et al., 2001]. The mechanism of uptake of fullerenes into

cells is considered to include two main pathways: diffusion- and

the receptor-mediated endocytosis. The immune repertoire could

recognize and process fullerenes as protein conjugates [Chen et al.,

1998]. An in vivo study showed that a water-miscible fullerene
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(trimethylenemethane–fullerene) distributes rapidly in many tissues

and is able to cross the blood–brain barrier by intravenous injection

in rats [Yamago et al., 1995]. An orally administered water-soluble

fullerene derivative C3 (e,e,e-C60(C(COOH)2)3) can penetrate the

nervous system, significantly increase lifespan of mice and

reduce mitochondrial free radical production in the brain [Quick

et al., 2008]. C60(C(COOH)2)2 nanoparticles could selectively enter

oxidation-damaged cerebral endothelial cells and maintain their

integrity, then protect the cells from hydrogen peroxide-induced

apoptosis [Lao et al., 2009].

Chronic exposure to ultraviolet light A (UVA) (320–380 nm)

causes DNA damages to skin cells, and is then followed by

immunosuppression, photodermatoses, photoaging, and photocar-

cinogenesis [Ashok et al., 1998; Valko et al., 2007; Ridley et al.,

2009]. Nuclear transcriptional factor kappaB (NF-kappaB) is

involved in most of the above-mentioned UVA-mediated biological

processes via ROS [Tyrrell, 1996; Tak and Firestein, 2001]. UVA-

induced ROS formation rapidly releases labile irons, which mediate

lipid peroxidation in cell membranes, and consequently cause

increases in permeability of nuclear membrane. This iron-induced

lipid peroxidation in cell membranes is the main contributor to

induction of NF-kappaB [Reelfs et al., 2004]. NF-kappaB plays a

central role in cell death-signaling cascades-related factors such as

TNF, TRAIL, IL-1, JNK, bcl-2, and TGF-beta, all of which are related

to apoptotic signaling pathway [Yanada et al., 2006; Gan et al.,

2009; Plantivaux et al., 2009; Testa, 2010]. NF-kappaB acts as an

anti-apoptotic factor in TRAIL- and CD95-induced apoptosis

through TNF-alpha and IL-1 signaling pathway [Kothny-Wilkes

et al., 1998, 1999]. However, UVA- and UVB-induced DNA damages

appear to cause the conversion of NF-kappaB from an anti-apoptotic

mediator to a mediator of proapoptotic pathways by changing its

transcriptional properties, consequently enhancing UV-induced

apoptosis [Pöppelmann et al., 2005; Strozyk et al., 2006]. Therefore,

to protect skin cells from UVA-induced apoptosis, potential reagents

should have abilities to (1) scavenge cellular ROS, (2) stabilize

cellular membranes, especially nuclear membrane, and (3) reduce

NF-kappaB activation.

It has been reported that fullerene C60 and water-soluble

fullerene derivatives could be used as antioxidants against radical-

initiated lipid peroxidation [Wang et al., 1999; Hu et al., 2007;

Yin et al., 2009; Xiao et al., 2010]. By this reason, fullerenes might

be good candidates to be cytoprotective against UVA-induced

apoptosis. In our previous study, we had successfully prepared a

hydrophilic polymer-wrapped fullerene from purified fullerene

BioFullerene1 and polyvinylpyrrolidone (PVP), designated as

PVP–fullerene. PVP–fullerene showed the excellent antioxidant

effects as a free radical scavenger in terms of the molecular and

cellular levels, and protected skin cells from UVA-, UVB-, and

the hydroperoxide t-BuOOH-mediated cell death. PVP–fullerene

markedly scavenged UVA-induced ROS inside human melanocytes

[Xiao et al., 2005, 2006, 2007]. In the present study, to investigate

the anti-apoptotic effect of PVP–fullerene, we examined its

distribution inside/outside the cell after administration and its

effects on UVA-irradiation-induced apoptosis, DNA strand clea-

vages, and NF-kappaB translocation in skin keratinocytes and

melanocytes.
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MATERIALS AND METHODS

PREPARATION OF PVP–FULLERENE

PVP–fullerene is composed of the purified fullerene-C60, BioFuller-

ene1 (Vitamin C60 BioResearch, Inc., Tokyo) and PVP of 60–80 kDa

at a mixing molar ratio range of 0.42–0.67:1. PVP-entrapped

BioFullerene1 was prepared as the previous report [Xiao et al.,

2006].

CELL CULTURE

Human skin epidermal keratinocytes HaCaT were kindly provided

from Prof. Norbert E. Fusenig of Deutsches Krebsforschungszentrum

(Heidelberg, Germany) [Boukamp et al., 1988], and cultivated as

previously described [Xiao et al., 2005]. Normal human skin

epidermal melanocytes (NHEM) were purchased from Kurabo Bio.

Int., Osaka and maintained according to the manufacturer’s

protocol. The culture medium was replaced by fresh medium for

every 48 h before the experiment.

IMMUNOFLUORESCENCE STAIN

Cells were seeded in a four-well Lab-Tek chamber slide. After

treatment, the cells were fixed for 5 min in �108C methanol, and air

dried. Specimens were incubated with 10% skim milk in calcium-

and magnesium-free PBS for 20 min to suppress non-specific

binding of IgG, and then incubated for 60 min with anti-NF-kappaB

rabbit polyclonal IgG (sc-109, Santa Cruz, Inc.), anti-fullerene-C60,

or anti-PVP–fullerene rabbit polyclonal IgG primary antibody

(1:100 dilution in 1.5% skim milk in PBS). Specimens were stained

with the FITC-conjugated goat anti-rabbit IgG (sc-2012, Santa Cruz,

Inc.) secondary antibody (diluted to 1–5mg/ml in 1.5% skim milk in

PBS) in dark for 45 min. The fluorescence images of stained cells

were observed under a fluorescence microscope and photographed

using an ACT-II software (Nikon ECLIPSE E 600, Nikon Co., Tokyo).

PREPARATION OF ANTI-BIOFULLERENE AND ANTI-PVP–FULLERENE

POLYCLONAL ANTIBODY

Two rabbits were immunized four times with Biofullerene or PVP–

fullerene using a combination of Freund’s complete adjuvants.

On 24 and 36 days after the first immunization, the enzyme-linked

immunosorbent assay (ELISA) was performed in substrate plates

which were coated with Biofullerene or PVP–fullerene at a

concentration of 10 or 2,400mg (containing �8mg Biofullerene)/

ml, respectively. The developed color was measured spectro-

photometrically at 405 nm. The serum ELISA titer was markedly

raised by Biofullerene or PVP–fullerene antigen with 1:10 diluted

antisera on 24 and 36 days after the first immunization (Fig. 1).

On 36 days after, the rabbits were subjected to exsanguination

and the subsequent immunofluorescence studies were done with

this antiserum.

WESTERN BLOTTING

Cellular-binding sites of PVP–fullerene in HaCaT cells were detected

by Western blotting analysis using the NuPAGE electrophoresis

system from Invitrogen, Inc. Subcellular proteins of cytosol,

membrane/organelle, nucleus, and cytoskeleton were extracted

from adherent HaCaT cells by ProteoExtract1 Subcellular Proteome
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Titration of anti-PVP–fullerene or anti-Biofullerene antiserum. ELISA

was conducted on a 24-well microplate which was coated with: (1) PVP–fullerene

antigen; (2) Biofullerene antigen; (3) Blank, and added sequentially with each

antiserum and the secondary antibody followed by chemiluminescence.

Fig. 2. Intracellular distribution of fullerene in human keratinocytes HaCaT. a: Ha

immunostained with anti-Biofullerene antiserum, and visualized with FITC-conjugated g

The images are representatives of three independent experiments. PVP–F: PVP–fullere

fullerene in a single cell out of HaCaT cells treated as in (a). The histogram of the fluores

secondary antibody was processed by an ACT-II software. Inner dotted curve: nuclear out

in (a) except using anti-PVP–fullerene antiserum. The images are representatives of three

issue, which is available at wileyonlinelibrary.com]
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Extraction Kit according to the detailed protocol (Calbiochem cat#

539790, EMD Chemicals, Inc., Germany). Protein concentration was

determined by Bradford assay kit (Bio-Rad, Hercules, CA). Twenty

micrograms of extracted proteins was separated according to their

molecular weight using denaturing polyacrylamide gel electro-

phoresis (PAGE) by a NuPAGE 4–12% Bis-Tris gel (NP0322,

Invitrogen, Inc.) and transferred to polyvinylidene fluoride

membrane (IB4010-02, Invitrogen, Inc.). The immunodetection

process was performed with a Novex1 ECL Chemiluminescent

Substrate Reagent Kit (WB20005, Invitrogen, Inc.) [Penna and

Cahalan, 2007].
CaT cells were incubated with PVP–fullerene at different concentrations for 3 h,

oat anti-rabbit IgG antibody. Specimens were observed under fluorescence microscope.

ne (the following are identical). Scale bar¼ 10mm. b: Intracellular distribution of

cence intensity corresponding to concentrations of anti-Biofullerene antibody and the

line. Outer dotted curve: cell outline. Scale bar¼ 10mm. c: HaCaT cells were treated as

independent experiments. Scale bar¼ 10mm. [Color figure can be viewed in the online
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Fig. 2. (Continued )
UVA IRRADIATION

After the culture medium was removed, cells were irradiated, in

200–500ml of PR-free DMEM containing no fullerene, with UV

lamps. The samples were rinsed three times by PR-free DMEM before

UVA irradiation. The emission maximum of the lamp was centered

at 365 nm with sheltering of UVB ray by a silica glass filter. The

control samples were kept in the dark under the same conditions.

The effect of UVA irradiation on cell viability was evaluated by

WST-1 assay according to the previous report [Xiao et al., 2005].

PI STAIN AND FLOW CYTOMETRY FOR APOPTOSIS-INDUCED CELLS

HaCaT cells were prepared according to the detailed protocol created

by BECKMAN COULTER, Co. The cell cycle and intracellular DNA

content were analyzed with a COULTER1 EPICS1 XLTM flow

cytometer using EXPO32TM software (BECKMAN COULTER, Co.).

Cells showing a DNA content less than the peak for G1/G0 were

considered to be subdiploid and apoptotic. The fluorescence images

were photographed under a fluorescence microscope (NIKON

ECLIPSE E600). The wavelengths of excitation and emission were

485 and 530 nm, respectively.

TUNEL ASSAY AND FLOW CYTOMETRY FOR

APOPTOSIS-INDUCED CELLS

The DNA fragments of NHEM cells were detected with TdT-mediated

dUTP-FITC nick end labeling (TUNEL) method using the MEBSTAIN

Apoptosis kit Direct (BECKMAN COULTER, Co.). Cells were prepared
958 INTRACELLULAR DISTRIBUTION OF PVP–F
according to the detailed protocol and analyzed with a COULTER1

EPICS1 XLTM flow cytometer using EXPO32TM software (BECKMEN

COULTER, Co.). The fluorescence intensity corresponding to extents

of DNA cleavages was also evaluated with a fluorescence

microscope (NIKON ECLIPSE E600) using an AquaCosmos software.

STATISTICAL ANALYSIS

All data, expressed as mean� standard deviation, were processed

statistically by the software of SPSS 11.5 for Windows. The

differences of the data were considered significance when P< 0.05.

RESULTS

INTRACELLULAR DISTRIBUTION OF PVP–FULLERENE IN

HaCaT CELLS

We prepared anti-Biofullerene and anti-PVP–fullerene antisera to

detect the intracellular distribution of PVP–fullerene. As shown in

Figure 2a at 3 h after incubation with PVP–fullerene of 25, 50, and

250mM, the anti-Biofullerene antiserum-stained HaCaT cells

showed the significant fluorescence with punctuated dots surround-

ing the nucleus, which suggested that fullerene particles could cross

the cell membrane and locate in the cytoplasm and peri-nuclear

regions. At 250 or 50mM of PVP–fullerene, a fullerene-attributed

slight or faint fluorescence was detected in the nucleus (the right-

ended or second-right panel of Fig. 2b). The fullerene-attributed

fluorescence intensity was increased in a dose-dependent manner.
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Intracellular localization of PVP–fullerene and Biofullerene in HaCaT

cells. HaCaT cells were incubated with PVP–fullerene at 250mM for 3 h, and

the extracts from 1� 107 cells were fractionated to four subcellular compo-

nents and subjected to immunoblots. Then the transferred membrane was

immunostained with anti-Biofullerene (a) or anti-PVP–fullerene antiserum

(b). The autoradiographic films were scanned and analyzed with an ACT-II

software. The images are representatives of three independent experiments.

The arrow heads indicate bands. M, molecular weight markers; 1, PVP–full-

erene; 2, control; A, cytosol; B, membrane; C, nucleus; D, cytoskeleton.

Fig. 4. The mechanism of permeation of PVP–fullerene into HaCaT cells.

After administration with PVP–fullerenes to HaCaT cells for 3 h, PVP–fullerene

clathrate compounds combine with protein I (8 kb), which localizes in the

membrane, and protein II (53 kb), which localizes in the membrane and cytosol.

Then the Biofullerene molecules are separated from the PVP–fullerene clath-

rate compounds and cross through the lipid-enriched membrane. Afterwards,

the Biofullerene molecules conjugated protein II (53 kb) in the cytosol.

Biofullerene molecules are scarce in the nucleus, and cannot combine with

any proteins in the cytoskeleton. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com] Fig. 5.
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Fig. 5. Inhibitory effect of PVP–fullerene on UVA-induced apoptosis in HaCaT keratinocytes. a: Histograms from one representative flow cytometry experiment. HaCaT cells

were seed in six-well plates at a density of 50,000 cells/well and cultivated for 18 h. At 3 h after incubation with or without PVP-fullerene at 25mM, the cells were rinsed three

times with PR-free DMEM and then irradiated using a UVA emission apparatus in 500ml PR-free DMEM. Cells were further incubated for 12 h and then stained with PI. Out of

them, 10,000 arbitrary cells were evaluated by single-parameter flow cytometry using PI fluorescence, and the typical data are expressed in a histogram. Fluorescence intensities

are indicated in the logarithmic mode (x-axes). The data analysis was using an EXPO32TM software. Area B: The percentages of dead cells. Area C: The percentages of apoptotic

cells. Area D: The percentages of live cells (G0/G1, S, and G2/M period). Cell fractions of G1, S, and G2þM phases were 69� 4%, 11� 3%, and 16� 3% for ‘‘Control,’’ 40� 3%,

10� 2%, and 8� 2% for ‘‘UVA 40 J/cm2’’ and 46� 2%, 12� 3%, and 13� 1% for ‘‘UVA 40 J/cm2þ RS 25mM,’’ respectively. b: Flow cytometric analysis for apoptotic changes

of HaCaT cells receiving PI stain. Data are expressed as % of the total cells, and each column and bar represent the mean� SD of five independent experiments. 			P< 0.001

versus ‘‘PVP–F 0mM.’’ c: Above-mentioned harvested cells were smeared on a slide glass and observed using a fluorescence microscopy NIKON ECLIPSE E600 (em: 450 nm; ex:

520 nm). Note the arrow-indicated karyorrhexis. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
In contrast, as compared with the control cells, only slender

fluorescence could be detected in anti-PVP–fullerene antiserum-

stained cells, which were incubated with PVP–fullerene even at

250mM. There is no significant difference in fluorescence intensity,

which is attributed assumedly to PVP moiety, among the control

cells and cells treated with PVP–fullerene of 25 and 50mM (Fig. 2c).

CELLULAR LOCALIZATION OF PVP–FULLERENE AND BIOFULLERENE

IN HACAT CELLS

To understand how fullerene C60 molecules permeate into HaCaT

cells, we extracted subcellular proteins of cytosol, membrane/

organelle, nucleus, and cytoskeleton from adherent HaCaT cells, and

then detected anti-Biofullerene antibody- and anti-PVP–fullerene

antibody-binding sites by Western blotting analysis. As shown in

Figure 3a after immunostained with anti-Biofullerene antibody, an

obvious band was shown at the cytosol lane of PVP–fullerene

sample at a 53-kb position. There was also another band at the

membrane/organelle lane at a 53-kb position, however, it was much

weaker than at the cytosol. The band at the nucleus lane was almost

undetectable in PVP–fullerene sample. Interestingly anti-PVP–
960 INTRACELLULAR DISTRIBUTION OF PVP–F
fullerene antibody-stained sample showed one obvious band and

one weak band on the membrane/organelle lane of PVP–fullerene

sample at 8 and 53 kb, respectively (Fig. 3b). There was no band in

both anti-PVP–fullerene and anti-Biofullerene antibodies-stained

control samples. These data suggest that PVP–fullerene is able to

combine the 8- and 53-kb proteins which localize in the membrane

of HaCaT kerytinocytes. Only fullerene molecules can cross the lipid

membrane and conjugate 53 kb proteins in the cytosol and

membrane (Fig. 4).

INHIBITORY EFFECT OF PVP–FULLERENE ON UVA-INDUCED

APOPTOSIS IN HACAT KERATINOCYTES

We have demonstrated that PVP–fullerene could protect HaCaT

keratinocytes from UVA-induced cell death, which remains to be

analyzed for the underlying mechanism. Because the optimal

cytoprotection of PVP–fullerene is achieved by administration at

doses of 20–30mM at 3 h before UVA irradiation [Xiao et al., 2006],

we choose the concentration of 25mM and 3-h preadministrations to

test the anti-apoptotic effect of PVP–fullerene in the present studies.

To investigate the cytoprotective ability of PVP–fullerene on HaCaT
JOURNAL OF CELLULAR BIOCHEMISTRY



keratinocytes, apoptosis was induced by irradiation with UVA (40 J/

cm2). At 12 h after UVA irradiation, HaCaT cells showed significant

apoptosis, which was assessed by nuclear staining with PI

fluorescent reagent, and analyzed by flow cytometry and

fluorescence microscopy. As shown in Figure 5b the percentages

of apoptotic cells detected by flow cytometric analysis showed that

�30% of the UVA-irradiated cells underwent apoptosis, whereas

the presence of 25mM of PVP–fullerene significantly decreased the

numbers of apoptotic cells to�19.6% (P< 0.001 vs. ‘‘PVP–fullerene

0mM’’). Histograms from one representative flow cytometry

experiment showed that a proportion of HaCaT cells with a DNA
Fig. 6. Protective effect of PVP–fullerene against UVA-induced cell death in normal h

density of 8,000 cells/well and cultivated for 18 h. At 3 h after incubation with or withou

free DMEM and then irradiated using a UVA emission apparatus in 200ml PR-free DM

mitochondrial dehydrogenase-based WST-1 assay. Data are expressed as % of the contro
		P< 0.01; 			P< 0.001 versus ‘‘PVP–F 0mM.’’ b: Cultures of NHEM cells under above-m

a Hoffman interference apparatus (Nikon DM510). The arrow heads indicate apoptosi
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content below diploidy was increased by UVA irradiation, which

indicated that the cells underwent apoptosis. The G2þM and S cell

fractions were markedly decreased for the UVA-irradiated cells

as compared with the control cells, suggesting UVA-attributed

slowdown of the cell cycle and the concurrent lowering of DNA

synthesis (Fig. 5a). In DNA-stained cultures that were irradiated

with UVA, cellular morphological aspects such as cell shrinkage,

nuclear fragmentation (karyorrhexis), and nuclear condensation

(pyknosis) in part were observed (Fig. 5c, middle panel). The

presence of PVP–fullerene blocked the UVA-induced cell morpho-

logical changes.
uman epidermal melanocytes NHEM. a: NHEM cells were seed in 24-well plates at a

t PVP–fullerene at different concentrations, the cells were rinsed three times with PR-

EM. Cells were further incubated for 48 h and then measured for the cell viability by

l, and each column and bar represent the mean� SD of five independent experiments.

entioned conditions. The images were observed using a phase-contrast microcopy with

s-like morphology. Scale bar¼ 25mm.
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PROTECTIVE EFFECT OF PVP–FULLERENE AGAINST UVA-INDUCED

CELL DEATH IN NORMAL HUMAN MELANOCYTES NHEM

To examine the cytoprotective effects of PVP–fullerene in human

melanocytes NHEM, cell death was induced by irradiation with UVA

(33 J/cm2). As shown in Figure 6b at 48 h after UVA irradiation,

NHEM cells underwent severe morphological damages. The cells

became rounded and detached from the plate substratum. UVA

irradiation markedly decreased the cell viability to 54% of the

control cells, whereas PVP–fullerene significantly restored the cell

viability to 70–78% at the concentrations of 10–50mM, especially

markedly at 25mM of PVP–fullerene (Fig. 6a), which was shown to

be cytoprotective against UVA injuries to NHEM melanocytes.
INHIBITORY EFFECT OF PVP–FULLERENE ON UVA-INDUCED

APOPTOSIS IN NHEM CELLS

We further tested the preventive effect of PVP–fullerene against

UVA-induced DNA strand cleavages in human melanocytes NHEM

by TUNEL assay using flow cytometric analysis. NHEM cells showed

a higher tolerance to UVA than HaCaT keratinocytes. UVA

irradiation at a higher irradiance of 50 J/cm2 induced apoptosis

for �15% versus the total cells in NHEM melanocytes. The apoptotic

percentage of PVP–fullerene (25mM)-pretreated cells was markedly

reduced to about 8% (P< 0.001 vs. non-treated cells) (Fig. 7b).

Histograms from one representative flow cytometry experiment

showed that, at 12 h after UVA irradiation, �15% of NHEM cells

showed more intense fluorescence which suggested those cells

suffered from abundant DNA cleavages, whereas the control cells or

PVP–fullerene-pretreated cells showed scarce DNA cleavages

(Fig. 7a). Figure 7c showed that, after UVA irradiation, the

characteristic intense nuclear stain (from blue to red in pseudo-

color) due to FITC-conjugated dUTP which labeled the DNA stand

cleavage terminals was observed in NHEM cells, whereas this

fluorescent labeling was not shown in the presence of PVP–fullerene

(25mM). Thus PVP–fullerene was suggested to be able to rescue

NHEM cells from apoptotic cell death.
Fig. 7. Inhibitory effect of PVP–fullerene on UVA-induced DNA strand

cleavages in NHEM cells. a: Histograms from one representative flow cytometry

experiment. NHEM cells were treated as Figure 2 and then stained for the

cellular DNA cleavage terminals by fluorescent dye-based TUNEL method. Out

of them 10,000 arbitrary cells were evaluated by single-parameter flow

cytometry using FITC fluorescence and expressed in a histogram. Fluorescence

intensities are indicated in the logarithmic mode (x-axes). The data analysis

was using an EXPO32TM software. Area C: Percentages of apoptotic cells. b:

Flow cytometric analysis for apoptotic changes of NHEM cells receiving TUNEL

assay. Data are expressed as % of the total cells, and each column and bar

represent the mean� SD of five independent experiments. 			P< 0.001 versus

‘‘PVP–F 0 mM.’’ c: Cells were treated as described in Figure 4a and smeared on a

slide glass. Specimens were observed using a fluorescence microscopy NIKON

ECLIPSE E600 (em: 450 nm; ex: 520 nm). The fluorescence intensity corre-

sponding to extents of DNA cleavages was processed by an AquaCosmos

software and expressed in a rainbow-colored gauge from blue (scarce DNA

cleavages) to red (abundant DNA cleavages). Scale bar¼ 10mm. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com]
INFLUENCE OF PVP–FULLERENE ON UVA-INDUCED

TRANSLOCATION OF NF-kappaB p65-SUBUNIT FROM THE

CYTOPLASM TO THE NUCLEUS IN HaCaT CELLS

To elucidate the effect of PVP–fullerene on cellular signaling

pathway, the influence of PVP–fullerene on UVA-induced translo-

cation of NF-kappaB was examined. ROS, which could be generated

by UVA irradiation, enhanced the signal transduction pathways

for NF-kappaB activation in the cytoplasm and the subsequent

translocation into the nucleus [Tyrrell, 1996; Tak and Firestein,

2001]. Cellular NF-kappaB was determined with anti-NF-kappaB

antibody using the immunofluorescence method. First, the relation-

ship among UVA doses, past times, the expression degrees, and

translocation of NF-kappaB was examined.

As shown in Figure 8a at 16 h after UVA irradiation (30 J/cm2),

the expression of NF-kappaB proteins was increased in the

cytoplasm. The nuclear translocation occurred at 24 h after UVA

irradiation. In contrast the UVA irradiation at a higher dose of 60 J/

cm2 induced morphological abnormalities and lower expression of

NF-kappaB proteins in the cells. Based on this condition, we further
962 INTRACELLULAR DISTRIBUTION OF PVP–F
investigated the influence of PVP–fullerene on NF-kappaB

activity. Pretreatment of HaCaT cells with 25mM PVP–fullerene

for 3 h suppressed UVA (30 J/cm2)-induced nuclear translocation of
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 7. (Continued )
NF-kappaB (Fig. 8b). These results suggested that PVP–fullerene

exerts the anti-apoptotic effect through the influence to cellular

apoptotic signal transduction pathway.

DISCUSSION

Fullerene C60 derivatives can be incorporated into artificial lipid

bilayers [Hwang and Mauzerall, 1993], and rapidly accumulated

into human keratinocytes or human fibroblasts without cytotoxicity

[Scrivens et al., 1997]. Inside the cells, fullerene-C60 localizes

preferentially to mitochondria [Foley et al., 2002], which generate

the great mass of cellular ROS. Although fullerene and its derivatives

are considered as antioxidants, it has been reported that several

derivatives of fullerene showed cytotoxicity to some cell species at

certain concentrations [Sayes et al., 2005]. In our previous study, we

have screened out the fullerene-PVP clathrate as a safe and powerful

antioxidant from several water-soluble derivatives of fullerene

[Xiao et al., 2005, 2006]. In the present study, we first demonstrated

that PVP–fullerene is able to combine the 8- and 53-kb proteins

which localize in the membrane of HaCaT kerytinocytes. Only

fullerene molecules are able to cross the lipid membrane, and

conjugate 53-kb proteins in the cytosol. The immunofluorescence

staining data showed that, after passing through the cytoplasmic

membrane, Biofullerene molecules localize in cytoplasm surround-

ing the nucleus or in part in the nucleus. These findings suggest that

PVP–fullerene clathrate and Biofullerene molecules might act like

protectants to prevent ROS-induced membrane damage, especially
JOURNAL OF CELLULAR BIOCHEMISTRY
nuclear membrane damage in the cell, and therefore stabilize

cellular membranes against oxidative injuries. The whole PVP–

fullerene molecule is not able to enter into the cells, which is

considered that PVP–fullerene molecule was possibly separated into

PVP and Biofullerene because fullerene may exert an appreciable

affinity with lipid portion (it might be protein II) of the cell

membrane, and subsequently cross the plasma membrane owing to

lipophilic and smaller molecular properties in contrast to the

hydrophilic and larger molecule PVP.

The oxidative stress generated by UVA irradiation causes DNA

cleavage, and consequently activates NF-kappaB, which is one of

the SOS responses in skin, related to multiple deleterious signaling

pathways and reportedly plays important roles in photoaging and

carcinogenesis [Muller et al., 1993; Kim et al., 2002; Kabe et al.,

2005]. According to our data (Fig. 8a), the stronger UVA irradiation

(60 J/cm2) caused a serious damage to HaCaT cells which lost the

cellular SOS responses and failed in the activation of NF-kappaB,

whereas the translocation of NF-kappaB from the cytoplasm to the

nucleus could be observed in HaCaT cells which were irradiated by

UVA at a lower dose (30 J/cm2). PVP–fullerene-pretreated cells did

not show the translocation of NF-kappaB, indicating that the

cellular abnormal inflammatory and immune signaling cascades

might be prevented. From these evidences, the cytoprotection

by PVP–fullerene against UVA irradiation is considered to be

accompanied by DNA preservation against oxidative damages

attributed to UVA-induced ROS, which can be scavenged by the

fullerene derivative as demonstrated by fluorography using the

redox indicator CDCFH-DA [Xiao et al., 2005, 2007].
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Fig. 8. InfluenceofPVP–fullereneonthetranslocationofNF-kappaBp65fromthecytoplasmto thenucleus inHaCaTcells. a:HaCaTcellswere seededonachamber slideatadensity

of 8,000 cells/well and cultivated for 24 h. The cells were then irradiated with UVA at different doses in 200ml PR-free DMEM. Cells were further incubated for 16–24h and then

immunostained with anti-NF-kappaB rabbit antibody and visualized with FITC-conjugated goat anti-rabbit IgG antibody. Specimens were observed with a fluorescence microscope.

Thehistogramof thefluorescence intensity corresponding toextentsof thenuclearexpressionofNF-kappaBproteins ina typical single cell shown inadottedarrowlinewasprocessed

by an AquaCosmos software. The images are representatives of three independent experiments. Scale bar¼ 10mm. b: HaCaT cells were similarly seeded and cultivated. At 3 h after

incubation with or without PVP–fullerene (25mM), the cells were then irradiated with UVA at a dose of 30 J/cm2 in 200ml PR-free DMEM. Cells were further incubated for 24 h and

then similarly immunostained. Specimens were observed under a fluorescence microscope. Out of 500 arbitrary cells, nuclear NF-kappaB-positive cells were counted with an

ImageTool software. Data are expressed as % of the total cells, and each column and bar represent themean� SDof three independent experiments. 		P< 0.01 versus ‘‘PVP–F0mM.’’

c: The images are representatives of three independent experiments. The histogram of the fluorescence intensity corresponding to extents of the nuclear expression of NF-kappaB

proteins was processed by an AquaCosmos software. Scale bar¼ 10mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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In conclusion, PVP–fullerene may act as an anti-apoptotic, UV-

protective, and DNA-preservative agent, and is expected to be also

potently developed as an anti-inflammatory and anti-photo-aging

agent, through scavenging of intracellular ROS and an NF-kappaB-

antagonist as the intrinsic action, in terms of the prevention of both

skin aging and carcinogenesis.
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