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Relationship between intracellular ROS production and
membrane mobility in curcumin- and tetrahydrocurcumin-
treated human gingival fibroblasts and human
submandibular gland carcinoma cells
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OBJECTIVE: Curcumin is a well-known chemopreventive

agent of oral cancers as well as stomach and intestinal

cancers. The relationship between reactive oxygen spe-

cies (ROS) production and cell membrane mobility was

investigated to clarify the pro-oxidant mechanism of

curcumin and tetrahydrocurcumin (TH-curcumin).

METHODS: The intracellular ROS production and

membrane mobility by curcumin or TH-curcumin were

measured in human submandibular adenocarcinoma cells

(HSGs) and human primary gingival fibroblasts (HGFs).

ROS and mobility were measured by 5-(and -6)-carboxy-

2¢,7¢-dichlorofluorescein diacetate staining and fluores-

cence recovery after photo bleaching, respectively.

RESULTS: Curcumin produced ROS dose-dependently.

ROS appeared in the region surrounding the cell mem-

brane. The membrane mobility coefficient of the curcu-

min-treated cells was significantly lower than that of

control cells. The lowered membrane mobility induced

by curcumin was reversed by the addition of glutathione,

an antioxidant. In contrast, TH-curcumin did not affect

the ROS production or the membrane mobility coeffi-

cient. The alternations induced by curcumin treated HSG

cells were greater than those by HGF cells.

CONCLUSION: The reduction in membrane mobility

induced by curcumin was attributed to ROS production.

The oxidative effects of curcumin may be related to the

structure of the a, b-unsaturated carbonyl moiety as well

as the phenolic OH group of this compound.

Oral Diseases (2005) 11, 236–242

Keywords: curcumin; tetrahydrocurcumin; reactive oxygen spe-

cies; membrane mobility; fluorescence recovery after photo

bleaching

Abbreviations: CDFH-DA, 5-(and -6)-carboxy-2¢,7¢-dichloroflu-

orescein diacetate; FRAP, fluorescence recovery after photo

bleaching; HGF, human gingival fibroblast; HSG, human subman-

dibular adenocarcinoma cell; NBD-PC, 1-acyl-2-(N-4-nitrobenzo -

2-oxa-1,3-diazole) aminocaproyl phosphatidyl-choline; ROS,

reactive oxygen species; TH-curcumin, tetrahydrocurcumin.

Introduction

Curcumin, 1, 7-bis (4-hydroxy-3-methoxyphenol)-1,6-
heptadiene-3,5-dione (Figure 1), obtained from the rhi-
zome of the plant Curcuma longa, is a naturally
occurring pigment and component of the spice turmeric.
Curcumin is of interest because of its anti-inflammatory
and anti-carcinogenic activity (Satoskar et al, 1986;
Donatus et al, 1990; Huang, 1997) and its action as a
chemopreventive agent (Li and Lin-Shia, 2001; Ireson
et al, 2002; Aggarwal et al, 2003).

Curcumin is a type of ortho-methoxyphenol, like
eugenol (4-allyl-2 methyoxyphenol) used in the dental
field. We previously reported the radical-producing and
radical-scavenging activities, as well as the cytotocity, of
o-methoxyphenols, demonstrating that these com-
pounds act not only as antioxidants but also as
prooxidants (Fujisawa et al, 2002). Also, we found that
eugenol produced reactive oxygen species (ROS) under
oxidative conditions with visible light irradiation or
alkalization and enhanced its cytotoxicity through
oxidation (Atsumi et al, 2001a). Curcumin-derived
ROS production under oxidative conditions has been
previously reported (Joe and Lokesh, 1994; Ahsan and
Hadi, 1998; Nakamura et al, 1998; Ahsan et al, 1999;
Bhaumik et al, 1999), however, the full quality, the
mechanism of ROS production, and particularly, the
distribution of intracellular ROS have not been precisely
investigated.

In the present study, intracellular ROS was estimated
by two different assays, i.e. flow cytometry using
flouting cells to obtain quantitative data and adherent
cell analysis and sorting system (ACAS) laser cytometry
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using adherent cells to obtain directly intact cell changes
and to avoid trypsinization.

As curcumin is easily incorporated into cell mem-
branes because of its high lipid solubility, curcumin
might alter cell surface morphology, mobility, and
adhesion. Such cellular reactions by curcumin may have
inhibitory effects against oral carcinogenesis at the
postinitiation stage. Curcumin has previously been
reported to interact with egg and soy phosphatidylcho-
line that are models for the lipid bilayer of biological
membranes (Began et al, 1999). Curcumin also modu-
lates Fe-NTA (Ferric nitrilotriacetate) and hydrogen
peroxide-induced peroxidation of microsomal mem-
brane lipids and DNA damage (Iqbal et al, 2003).
However, the direct interaction between curcumin and
the cell membrane has not been studied. The technique
of fluorescence recovery after photo bleaching (FRAP)
is known as a suitable method to directly measure the
diffusion behavior of cell membranes (Axelrod et al,
1976). Thus, we investigated the change in cell mem-
brane mobility by curcumin using FRAP analysis.

As the cytotoxicity of curcumin focuses on cancerous
cells, but not on normal cells, we used normal human
primary gingival fibroblasts (HGFs) as well as cancerous
human submandibular adenocarcinoma cells (HSGs) in
this study. The anticancer activity of curcumin has been
investigated using oral-squamous cell carcinoma, but
the present study used HSGs cells because they tended
to form a uniform monolayer and would thus probably
give more reproducible effects on FRAP analysis.

Recently, tetrahydrocurcumin (TH-curcumin,
Figure 1), a reduced derivative of curcumin and one of
the major metabolites of curcumin, has been focused on
for its cancer preventative activity (Leyon and Kuttan,
2003). TH-curcumin is converted from curcumin easily
during digestion in vivo (Ravindranath and Chand-
rasekhara, 1981). TH-curcumin exhibits physiological
and pharmacological properties of protective effects on
oxidative stress as similar to those of curcumin in vivo
(Sugiyama et al, 1996; Nakamura et al, 1998; Khopde
et al, 2000; Naito et al, 2002).

To clarify the relationship between ROS production
and membrane-fluidity behavior by curcumin based on a
structure–activity relationship, in the present study we

measured the intracellular ROS production, its cellular
distribution and cellular membrane diffusion dynamics,
i.e. the alteration of the mobility coefficient and recovery
on curcumin or TH-curcumin treated HSGs or HGFs
cells by using the FRAP technique.

Materials and methods

Chemicals
The following chemicals and reagents were obtained
from the indicated companies: curcumin [1,7-bis(4-
hydroxy-3-methoxyphenol)-1,6-heptadiene-3,5-dione],
from Tokyo Kasei Chem. Co., Tokyo, Japan; 5-(and -6)
-carboxy -2¢,7¢-dichlorofluorescein diacetate (CDFH-
DA) and 1-acyl-2-(N-4-nitrobenzo-2-oxa-1,3-diazole)
aminocaproyl phosphatidyl-choline (NBD-PC), from
Molecular Probes Inc., Eugene, OR, USA; and MTT
[3-(4, 5–dimethyl-2-thiazolyl)-2, 5-diphenyltetrazolium
bromide] kit, from Promega Co., Madison, WI, USA.
TH-curcumin was kindly donated by Dr I. Yokoe of
Josai University. The chemical structures of curcumin
and TH-curcumin are shown in Figure 1.

Cells and cell culture
We previously intensively investigated to clarify the
cytotoxic effects of methoxyphenols such as curcumin
has been previously reported to be enhanced by their
intermediates, i.e. quinonemethides and quinones
formed via oxidation (Fujisawa et al, 2002, 2004) on
HSG and HGF cells. So, we used HSG and HGF cells in
the present study.

Human primary gingival fibroblasts were cultured by
the method of Kawase et al (1994) from a fragment of
the gingiva attached to a supernumerary tooth extracted
from a 7-year-old female patient. Informed consent from
the patient and her parents was obtained, as was ethical
clearance for the study from the Ethics Committee of the
Meikai University School of Dentistry. The tissue was
cut into 1–2 mm3 pieces, which were then washed twice
with phosphate-buffered saline supplemented with
100 U ml)1 penicillin and 100 lg ml)1 streptomycin
and placed into tissue culture dishes. The explants were
incubated for about 3 weeks at 37�C in culture medium
consisting of Minimum Essential Medium a modifica-
tion (a-MEM) containing 30% fetal bovine serum (FBS)
in a humidified atmosphere of 5% carbon dioxide in air.
The outgrowths were then subcultured by trypsinization
and passaged in a-MEM supplemented with 10% FBS.
The HGF cells, having a uniform structure of fibro-
blasts, were used in passage numbers 5–7.

The HSG cell line (Shirasuna et al, 1981) was donated
by Dr M. Satoh of Tokushima University. HSG cells
were cultured in MEM supplemented with 10% FBS.

Detection of intracellular ROS production
ROS was measured by dichlorofluorescein assay (Boissy
et al, 1989) in both adherent cell and flow cytometetic
analysis. Briefly, CDFH-DA is a non-fluorescent and
stable ester compound that readily diffuses through cell
membrane. Intracellularly, cytosolic esterase enzymes
cleave the acetate moiety, and the resultant hydrolyzed

Figure 1 Chemical structure of curcumin and tetrahydrocurcumin
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compound is trapped within the cell. In the presence of
peroxides or hydroperoxide, the compound is oxidized
to the highly fluorescent form of 5-(and -6)-carboxy-
2¢,7¢-dichlorofluorescein (CDF). As all ROS form per-
oxide in living cells, these species were detected by
measurement of the fluorescence intensity of CDF.

Flow cytometry on flouting cell
This was modified from our previous report (Atsumi
et al., 2001b).

In the case of quantitative analysis, HGF or HSG
cells were seeded at 1 · 105 cells per 2 ml of MEM
with 10% FBS in each well of a 6-well plate and
cultured for 2 days to reach semi confluence. The cells
were then washed twice with Hanks buffered saline
solution (HBSS, pH 7.4) and kept in the solution for
60 min before the assay. If the medium was not
replaced with HBSS, the level of ROS produced was
higher, but the results were not reproducible. Curcumin
or TH-curcumin was added 1–30 lM to the cells,
which were then incubated for 30 min. Next, 10 lM
CDFH-DA was added to each well, after which the
cells were incubated at 37�C for 30 min. The cells were
then detached by use of trypsin solution and washed
with HBSS. Next, they (2–4 · 105) were suspended in
0.5 ml of HBSS, and the intensity of CDF at 520–
530 nm (PMT 2) of 5000 individual cells was measured
with a flow cytometer (Beckman ALTRA, Miami, FL,
USA). ROS values were obtained from the X-mean of
PMT 2 of the flow cytometric distribution chart. To
minimize the effect of auto fluorescence of HSG cells
and HSG cells, we adjusted the PMT 2 of each control
sample to 1.0 by changing its voltage. Some scavengers
of ROS, such as N-acetyl-L-cysteine (NAC), glutathi-
one (GSH), mannitol, sodium azide, catalase (from
bovine), and superoxide dismutase (SOD) (from bovine
erythrocytes) were added separately to the cells 1 h
before the addition of curcumin.

ACAS laser cytometry on adherent cells
The ACAS laser cytometry was performed to obtain
directly intact cell changes and to avoid trypsinization
using adherent cell. HSG or HGF cells were inoculated
into 35-mm glass-bottom dishes at a density of 3 · 104

cells in 1 ml of MEM supplemented with 10% FBS, and
were cultured at 37�C for 2 days. The cells were then
washed twice with serum-free medium. Both 10 lM
CDFH-DA and 5 or 10 lM curcumin or 10 lM TH-
curcumin were added to the dish, and the cells were then
incubated for 30 min. The cells were washed and then
analyzed with an ACAS 570 laser cytometer (Meridian
Inc, Okemos, MI, USA), a computer-controlled scan-
ning laser instrument operated by an image analysis
program. The instrument was equipped with an argon
laser set at 488 nm, and the emission at 530 ± 30 nm
(CDF intensity) was recorded as a pseudo-color from
two-dimensional image scans.

Fluorescence recovery after photo bleaching analysis
The FRAP is made with a short intense pulse of light
from an argon ion laser, and recovery of fluorescence

within the bleached area is subsequently measured by
repetitive scanning across the cell surface with an
attenuated laser beam of an ACAS laser cytometer.
HSG or HGF cells were inoculated into 35-mm glass-
bottom dishes at a density of 1 · 104 cells in 1 ml of
MEM supplemented with 10% FBS, and cultured at
37�C overnight. The cells were washed with serum free
MEM twice 1 h before the experiment. Curcumin or
TH-curcumin at 10 lM was then added to the cells,
and the cells were incubated for 30 min and thereafter
labeled with NBD-PC, a fluorescent indicator of a
naturally occurring membrane lipid, phosphatidylcho-
line, used at 10 lM (4�C for 15 min on ice) for the
purpose of staining only the cell membrane. The cells
were washed with HBSS and immediately transferred
to the ACAS work station. In the FRAP program, a
pseudo color two-dimensional image can be obtained
to visualize the distribution of the fluorophore, and to
determine the start, end, and bleach positions, as
indicated by �a,’ �b,’ and �c,’ respectively, in Figure 2a.
The computer-controlled stage automatically positions
itself according to these coordinates. Prebleach line
scan (Figure 2b) were made in order establish the
initial fluorescence intensity profile. Recovery of
fluorescence occurred if unbleached fluorescent mole-
cules from the surrounding regions were free to diffuse
into this area. A selected small area was irradiated
with a larger high intensity beam, and the recovery of
fluorescence was monitored with postbleach scans by
line scans (Figure 2c). Analysis was performed with a
modified round type of program. The recovery curve
(l value curve) was then drawn (Figure 2d) and
finally, the coefficient of mobility, i.e. the diffusion
constant and/or flow velocity, and the rate recovery of
fluorescence were obtained using the computer pro-
gram included with the FRAP program.

Data analysis
Statistical comparisons of the effects of curcumin and
TH-curcumin on ROS levels and membrane mobility
were made using a Student’s t-test.

Results

Curcumin- and TH-curcumin-elicited ROS production
and distribution of ROS in HGFs and HSGs
Figure 3 shows the ROS production induced in HGF
and HSG cells by treatment with 1–30 lM curcumin
or TH-curcumin for 1 h obtained from inserted flow
cytometric data. Curcumin induced ROS production
dose dependently from 1 to 30 lM in both HSG and
HGF cells. In detail, ROS production of curcumin
was greater in HSG cells than in HGF cells. In
contrast, TH-curcumin did not produce any ROS
in either cell type. To elucidate the events involved in
curcumin-stimulated ROS production, we examined
the inhibitory effects of various antioxidants on ROS
production in HSG cells elicited by treatment with
30 lM curcumin for 1 h (Table 1). Catalase (H2O2

inhibitor), mannitol (a specific inhibitor of hydroxyl
radical), sodium azide (a specific inhibitor of singlet
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oxygen), and antioxidants (N-acetyl-L-cysteine and
GSH) effectively reduced the level of curcumin-
produced ROS, whereas SOD had no effect. Surely

this may be because SOD catalyses the dismutation
of superoxide to form H2O2 and therefore, SOD will
have no effect on reducing H2O2 formation.

Next, to clarify the distribution of ROS in the cells,
we measured intracellular ROS production using
adherent cells. Figure 4 shows typical two-dimensional
image-scan data as the pseudo-colors of CDF inten-
sity for ROS produced in the adherent HSG and
HGF cells treated with curcumin or TH-curcumin.
Curcumin apparently produced ROS in the cytoplasm
surrounding cell membranes. High ROS production
was observed in the cells treated with curcumin, but
not those treated with TH-curcumin. HSG cells
produced much more ROS than the HGF ones. The
average fluorescence of curcumin- and TH-curcumin-
treated single cells determined by the computer
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Figure 3 Reactive oxygen species (ROS) production of curcumin- or
tetrahydrocurcumin (TH-curcumin)-treated human primary gingival
fibroblast and human submandibular adenocarcinoma cells (HSG).
Cells (1 · 105) were incubated in a medium containing 10% fetal
bovine serum for 2 days, then washed with Hans buffered saline
solution (HBSS). Curcumin or TH-curcumin (1–30 lM) was added to
the cells, and incubation was carried out for 1 h. The cells were then
stained with 10 lM 5-(and -6)-carboxy-2¢,7¢-dichlorofluorescein diac-
etate (CDFH-DA) for 30 min. Cells were harvested with trypsin
solution and washed with HBSS. Amounts of intracellular ROS were
estimated by using a flow cytometer (Beckmann, ALTRA), which
measured the fluorescence intensity of CDF (520–530 nm, PMT 2 of
the flow cytometer). The insert shows a typical flow cytometric
fluorescence distribution (PMT 2), with the white area being the
control sample and the colored area, 30 lM curcumin-treated HSG
cells. ROS values were obtained from the mean of PMT 2 and
expressed as control cells taken as 1. Data are the average ± SD of
three or five different experiments

Table 1 Effects of various inhibitors on reactive oxygen species (ROS)
production by curcumin-treated human submandibular adenocarcino-
ma cells (HSGs)

Treatment ROS (%)

Curcumin (30 lM) 100.0 ± 14.60
Curcumin (30 lM) + SOD 98.3 ± 13.40
Curcumin (30 lM) + Catalase 37.5 ± 3.40***
Curcumin (30 lM) + Mannitol 80.4 ± 1.38*
Curcumin (30 lM) + NaN3 46.1 ± 2.29***
Curcumin (30 lM) + NAC 52.5 ± 7.25***
Curcumin (30 lM) + GSH 44.1 ± 3.86***

Inhibitors were added to HSG cells 1 hour before the addition of
30 lM curcumin. ROS production was measured similarly to Figure 3.
The value of ROS production was expressed as % of the 30 lM cur-
cumin-treated HSG cell sample taken as 100. Concentrations of
inhibitors were as follows: superoxide dismutase (SOD), 500 U; cat-
alase, 500 U; mannitol, 10 mM; sodium azide (NaN3), 50 mM;
N-acetyl-l-cysteine (NAC), 5 mM; glutathione (GSH), 5 mM. Data are
average ± SD of three or four different experiments. ***P > 0.001;
*P > 0.05 vs curcumin-treated sample without inhibitor.
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Figure 2 Fluorescence recovery after photo bleaching (FRAP) analysis method. An example of curcumin-treated human submandibular
adenocarcinoma cells (HSGs) subjected to FRAP analysis using an adherent cell analysis and sorting system (ACAS) laser cytometer. HSG were
inoculated into 35-mm glass-bottom dishes, cultured at 37�C overnight, then pretreated with curcumin (10 lM) for 30 min. Thereafter, they were
labeled with NBD-PC (10 lM), at 4�C for 15 min. The cells were transfered to the ACAS workstation run by the FRAP program. (a) Pseudocolor
representation of the two-dimensional image of a prebleach scan, and the �·’ symbols show the start �a’, end �b’, and bleach �c’ positions. The small
selected area (c) was irradiated with a high intensity larger beam, and the recovery of fluorescence was monitored with postbleach scans 10 times per
3 s and 6 times per 20 s. (b) Line scan at prebleach. The blue line indicates the bleached point at the �c’ position in (a). (c) All of the line scans
recovered, that is, prebleach (green line), just after irradiation (orange line), after the first recovery (red line) and last recovery (white line). The left
bleached edge point showed recovery, in contrast, that of the right edge, which was not bleached, remained steady. (d) Recovery curve (l value
curve) obtained from (c). Conditions for the detection: step size, 0.5 lm; x scan, 100; y scan, 100; PMT, 40%; scan strength, 5%; blast strength,
100%; blast time, 15 ms; laser power, 100 mW
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program was 405 (control, photo �a’ in Figure 4),
419 (10 lM TH-curcumin, �b’), 1741 (5 lM curcumin,
�c’), and 2408 (10 lM curcumin, �d’) for HSG cells,
and 216 (control, �e’), 258 (10 lM TH-curcumin, �f’),
637 (5 lM curcumin, �g’), and 1154 (10 lM curcu-
min, �h’) for HGF cells. These values were paral-
leled by the flow cytometric ROS level shown in
Figure 2.

Effects of curcumin and TH-curcumin on the lateral
diffusion of the cell membrane
Table 2 shows the lateral diffusion of the fluorescent
lipid probe in the cell membrane (mobility coefficient
and rate of recovery of fluorescence) of HSG or HGF
cells when the cells were treated with 10 lM curcumin or
TH-curcumin for 30 min, as calculated from the FRAP
data shown in Figure 2. The correlation coefficient for
all experiments was within 0.02. The mobility coeffi-
cients (10)8 cm2 s)1) obtained with curcumin
(1.73 ± 0.60 for HSG and 1.25 ± 0.51 for HGF) were
significantly lower than those of the control
(3.43 ± 1.49, HSG, P < 0.001; 1.98 ± 1.14, HGF,
P < 0.05). The value for curcumin on the HSG cells
was significantly reversed by the addition of GSH
(P < 0.05), whereas the coefficients obtained with TH-
curcumin (3.57 ± 1.46, HSG; 2.03 ± 0.90, HGF) were
not significantly different from those of controls. The

rate of recovery (%) for both curcumin and TH-
curcumin was 70–75% and was not significantly
different from controls.
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Figure 4 Typical 2-dimensional image scans (in pseudo color) of reactive oxygen species produced by curcumin or tetrahydrocurcumin (TH-
curcumin) in human submandibular adenocarcinoma cells (HSGs) or human primary gingival fibroblast (HGF) cells obtained by adherent cell
analysis and sorting system (ACAS) 570 laser cytometry. HSG and HGF cells (3 · 104 ml)1) were cultured in MEM containing 10% fetal bovine
serum for 2 days. Both 10 lM 5-(and -6)-carboxy-2¢,7¢-dichlorofluorescein diacetate and 5 or 10 lM curcumin or TH-curcumin were added to the
cells, and cells were then incubated at 37�C for 30 min. An image scan of the cells was immediately obtained with a laser cytometer. Photos �a’ and
�e’ are the control; �b’ and �f,’ are cells treated with 10 lM TH-curcumin; �c’ and �g,’ with 5 lM curcumin; and �d’ and �h,’ with 10 lM curcumin.
Photos �a’–�d’ are HSG cells; and �e’–�h,’ HGF cells. Conditions for the detection of the ACAS 570: step size, 0.5 lm; x scan, 150; y scan, 150; PMT,
40%; scan strength, 50%; laser power, 100 mW

Table 2 Mobility coefficient and rate of recovery of fluorescence in
curcumin- and tetrahydrocurcumin (TH-curcumin)-treated human
submandibular adenocarcinoma cell (HSG) or human primary gingi-
val fibroblast (HGF) cells as determined by fluorescence recovery after
photo bleaching (FRAP) analysis

Mobility coefficient

(·10)8 cm2 s)1)

Rate of

recovery (%)

HSG cell
Control 3.43 ± 1.49 71.3 ± 9.2
Curcumin (10 lM) 1.73 ± 0.60*** 75.3 ± 18.2
Curcumin (10 lM)
+ GSH (1 mM)

2.69 + 1.24� 74.4 ± 17.8

TH-curcumin (10 lM) 3.57 ± 1.46 69.2 ± 16.0
HGF cell
Control 1.98 ± 1.14 72.5 ± 15.8
Curcumin (10 lM) 1.25 ± 0.51* 73.4 ± 16.2
TH-curcumin (10 lM) 2.03 ± 0.90 71.3 ± 17.7

HSG or HGF cells were incubated with curcumin (10 lM) or TH-
curcumin (10 lM) for 30 min. FRAP analysis was carried out as
described in Figure 2. Glutathione (GSH, 1 mM) was added before
1 hour addition of curcumin or TH-curcumin. Student t-test was
performed 10 independent experiments except for minimum and
maximum value. ***P > 0.001; *P > 0.05 vs the controls and
�P < 0.05 vs the curcumin-treated HSG cells.
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Discussion

Curcumin produced ROS efficiently on cell mem-
branes in both HSG and HGF cells (Figures 3 and 4).
The present findings are in agreement with those
previously reported (Joe and Lokesh, 1994; Ahsan and
Hadi, 1998; Ahsan et al, 1999; Bhaumik et al, 1999),
despite differences in the cells and experimental
conditions. To detect ROS production, we used a
combination of CDFH-DA, which is a peroxide or
hydrogen peroxide probe, and ACAS laser cytometry,
which was capable of directly detecting the ROS
distribution in the cell. Focusing on the ROS distri-
bution on biological membranes allowed us to inter-
pret the possible alteration in the membrane structure
or morphology. Actually, the lateral diffusion of lipid
in the membranes of the curcumin-treated HSG and
HGF cells was reduced, compared with that of
controls or TH-curcumin-treated cells (Table 2), as
judged from the results obtained by using the FRAP
technique. Also, the diffusion coefficient was reduced
by curcumin and recovered by the addition of GSH, a
powerful antioxidant (Table 2). A positive correlation
was found between ROS production and the decrease
in the diffusion coefficient, possibly because of the
lipid peroxidation of unsaturated lipids in membranes
induced by ROS. However, there is little information
about the effect of curcumin on direct lipid peroxida-
tion in cell membranes. Several researchers previously
reported that curcumin reduced lipid peroxidation
induced by H2O2 and so (Khopde et al, 2000;
Venkatesan and Rao, 2000; Iqbal et al, 2003), sug-
gesting that curcumin itself acted as an antioxidant.
Conversely, in the present study curcumin promoted
lipid peroxidation in cell membranes. Curcumin
seemed to preferably act as a pro-oxidant, which
was possibly related with the formation of ROS and
consequently, the less GSH level. Chlorogenic acid (a
curcumin-related compound)-induced lipid peroxida-
tion was previously reported to be detected by
measuring 4-hydroxynonenal, which is a decomposi-
tion product of lipid peroxidation derived from
polyunsaturated fatty acids (Sakiyama and Yamasaki,
2002). Also, curcumin is well known to induce
apoptotic death (Khar et al, 2001; Morin et al, 2001)
and to exhibit phosphatidylcholine exposure induced
by a flip flop in the lipid bilayer as an early apoptosis
sign (Bhaumik et al, 1999). Together with these
findings, curcumin-induced lipid peroxidation of bio-
logical membranes may be associated with ROS
production of this compound.

In the present study, increasing ROS production and
decreasing membrane mobility for curcumin-treated
cells was observed not only in cancer cells (HSG) but
also in normal cells (HGF). Such an alteration was
much more prevalent in HSG cells than in HGF cells.
Thus, it is clear that such changes were caused by non-
specific effects of curcumin on cellular membranes, in
both normal and cancer cells.

On the contrary, TH-curcumin did not undergo
ROS production or membrane fluidity (Figures 3 and

4 and Table 2). We recently found that the cytotox-
icity of curcumin was about twofold greater than that
of TH-curcumin, that is, the CC50 (lM) of curcumin
and TH-curcumin against HSG cells were 85.3 and
113.4, respectively, whereas those of corresponding
HGF cells were 62.3 and 164.2, respectively (data not
shown). In addition, we also investigated that the
cytotoxicity of visible-light irradiated curcumin was
one order of magnitude greater than that of the TH-
curcumin counterpart, whereas that of curcumin in the
presence of horseradish peroxidase was significantly
less than that of TH-curcumin (data not shown),
possibly due to the binding of the horseradish
peroxidase heme environment with chelatable curcu-
min. Horseradish peroxidase (donor H2O2 oxidore-
ductase) is a hemoprotein enzyme that primarily
catalyzes the oxidation of a wide variety of donor
molecules by hydrogen peroxidase. These findings
suggest that the cytotoxic mechanism of TH-curcumin
might be different from that of curcumin involving
ROS production. TH-curcumin, without double bonds
in the a, b carbonyl moiety, did not produce ROS and
less membrane fluidity, in contrast, curcumin with the
a, b carbonyl moiety produced much more ROS and
alterations in membrane fluidity, suggesting that
curcumin has a high oxygen affinity. We recently
demonstrated that curcumin preferably scavenged
peroxyradicals, but not alkylradicals, and underwent
dimerization from curcumin monomers via radical
oxidization, strongly suggesting that curcumin is a
potent scavenger of peroxyradicals derived from
unsaturated phosphatidyl lipids in biological mem-
branes and that curcumin might have adverse effects
on nucleophiles in proteins during the oxidation
process (Fujisawa et al, 2004).

As a prooxidant, TH-curcumin is different from
curcumin, however, as an antioxidant, TH-curcumin is
known to be similar to curcumin (Khopde et al, 2000; Li
and Lin-Shia, 2001; Ireson et al, 2002). TH-curcumin
may be useful as a chemopreventitive agent of cancers
and anti-inflammatory agents.
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