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bstract

The present study shows the use of confocal autofluorescence spectroscopy coupled with the time-resolved fluorescence decay analysis to
easure changes in FAD/NAD[P]H and free/bound NAD[P]H in HepG2 cells at 0.5, 1.5, 3 and 4.5 h after exposure to cadmium chloride (Cd).
hese changes were compared to changes in GSSG/GSH and production of reactive oxygen radicals (ROS) production. The results demonstrated

hat both FAD/NAD[P]H and GSSG/GSH increased significantly upon exposure to Cd. The change in GSSG/GSH occurred as early as 1.5 h after
reatment while the change in FAD/NAD[P]H did not occur until 3 h after exposure. Production of ROS was also increased at 1.5 h. The ratio of
ree/bound NAD[P]H was studied. It was demonstrated that free/bound NAD[P]H increased significantly as early as 0.5 h and remained elevated

ntil 4.5 h after treatment with Cd. The present study provides novel data to show that changes in NAD[P]H metabolism precedes the increase
n ROS production and cellular oxidative stress (increase GSSG/GSH, FAD/NAD[P]H). It is suggested that Cd causes a release of NAD[P]H, an
mportant cofactor for electron transfer, from its normal protein binding sites. This may result in a disruption of the activity of the enzyme and
roteins, and may lead to the subsequent toxic events.

2008 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Cd is a toxic metal that has been extensively studied. The
etal can bind to proteins, damage DNA and interfere with mito-

hondrial energy production (Muller and Ohnesorge, 1984; Liu
nd Liun, 1990; Al Nasser, 2000; Waalkes, 2000; Lopez et al.,
003). One of the major events in Cd-induced cell death is the
hange in intracellular redox state (Shih et al., 2004; Watjen and
eyersmann, 2004; Yang et al., 2004). Using HepG2 cells as a
odel, previous studies in our laboratory demonstrated that Cd

auses a dose-dependent decrease in intracellular GSH/GSSG
Yang et al., 2004), which may reflect a change in intracel-

ular NADPH/NADP (Yang et al., 2006). However, there has
een no experimental study to examine changes in intracellular
AD[P]H level upon exposure to Cd.
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tress

Nicotinamide adenine dinucleotides (NAD[P], NAD[P]H)
nd flavin adenine dinucleotides (FAD, FADH2) are important
lectron transfer couples for enzymatic reactions. NAD[P]H
nd FAD possess intrinsic fluorescence property which ren-
ers them detectable after being excited with light of specific
avelength (Chance et al., 1962; Galeotti et al., 1970; Huang

t al., 2002; Wu and Qu, 2005). The development of confocal
uorescence spectroscopy makes it possible to measure FAD
nd NAD[P]H simultaneously in cells (Huang et al., 2002;
ocheleau et al., 2004). The ratio of FAD/NAD[P]H has been
sed to reflect redox state in cells and tissues (Zhang et al.,
004). Coupled with the time-resolved fluorescence decay anal-
sis, it is possible to study the ratio of free/bound NAD[P]H in
ells (Vishwasrao et al., 2005; Wu et al., 2006), and to evaluate
etabolism of these molecules in regulating redox functions. In

he present study, the confocal autofluorescence spectroscopy

ogether with the time-resolved fluorescence decay analysis
ere used to evaluate the changes of FAD/NAD[P]H ratio and

he free/bound NAD[P]H in HepG2 cells following exposure
o Cd.
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. Materials and methods

.1. Chemicals

Cadmium chloride (Cd), GSH, GSSG, o-phthaladehyde (OPT), glutathione
eductase (GR), cadmium chloride, NADP+, NADPH, 5,5-dithiobis-2-
itrobenzoic acid (DTNB), N-ethylmaleimide (NEM) were from Sigma
hemical Co. (St. Louis, MO, U.S.A.). Antibiotics (amphotericin B and
enicillin–streptomycin) and phosphate buffered saline (PBS) were from Life
echnologies (Gibco, Grand Island, NY). Minimum essential medium (MEM),
etal bovine serum (FBS) and fungizone were obtained from Invitrogen Corp.
Scotland, UK). 2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA) were
rom Molecular Probes, Inc. (New Jersy, U.S.A.). All other chemicals used were
f analytical grade and purchased from Fisher Scientific (Fair Lawn, NJ). A stock
olution of Cd used for preparing the test medium was prepared by dissolving
he chloride salt in double-distilled water (Millipore).

.2. Cell culture and treatment

The HepG2 cell line was purchased from American Type Culture Collection
U.S.A.) and cultured in MEM supplemented with 10% FBS, 0.5% antibiotics
nd 0.5% fungizone. Cells were cultured in a humidified atmosphere of 95% air
nd 5% CO2 to >90% confluence. By analyzing the concentration-dependent
hange in cell viability, previous study in our laboratory showed that cadmium
hloride (Cd) at 0.6 mM causes a 50% cell death after 3 h incubation (Yang et
l., 2004). The 3 h time provides a convenient window to trace the metabolic
hanges during the progression of cell death. Experiments were conducted at
.5, 1.5, 3 and 4.5 h after treatment with Cd (0.6 mM).

.3. The set-up for measuring autofluorescence

The basic set-up used for detecting fluorescence signals from cells was sim-
lar to that described previously (Wu and Qu, 2005). Specifically, the excitation
ource (365 nm) was the second harmonic generation of a pulsed Ti:Sapphire
aser (Mira 900-S, Coherent). The laser beam was driven by two galvanometric

irrors in order to scan the sample in the x ± y plane perpendicular to the optical
xis. A water immersion objective lens (40× and NA = 1.15) of the fluorescence
icroscope was used to focus the excitation beam into the sample and to collect

he backscattered fluorescence signals. A 100 �m optical fiber was used as a
inhole to collect the confocal fluorescence signals to the detection system. The
xcitation and fluorescence lights were separated by a dichroic mirror. The inten-
ity of the fluorescence signals were analyzed by a spectrometer and recorded by
cooled-CCD camera with 5-s acquisition time. In the time-resolved measure-
ent, the decay of fluorescence signals at a series of wavelengths ranging from

54 to 466 nm were analyzed using a time-correlated single photon counter
TCSPC) with 30-s acquisition time. The measured signals were the average
uorescence signals over a sampling area of 100 �m × 100 �m. The excitation
ower used was maintained at 40 �W to avoid photobleaching.

.4. Analysis of FAD/NAD[P]H and free/bound NAD[P]H in
ultured cells

Cells (1 × 106) were cultured on a coverslip (Marienfeld Laboratory Glass-
are, Germany) that was placed in a 35 mm Petri-dish (Iwaki, Japan) and covered
ith 1 ml medium containing 0.6 mM Cd. At the designated time after Cd

xposure, the coverslip was removed, rinsed with pre-warmed PBS and placed
nder the fluorescence microscope. The analysis was completed within 20 min
fter cells were removed from the incubator. In the time-resolved measure-
ent, the decay of autofluorescence from the HepG2 cells following treatment.
s the peak of the NAD[P]H emission spectra is about 460 nm (Wu et al.,
006), analysis was focused on the channels capturing the signals from 454 to

66 nm. The fitting analysis was based on the iterative nonlinear least squares
econvolution (Wu et al., 2006) and calculated by a dual-exponential func-
ion, A1 exp(−t/τ1) + A2 exp(−t/τ2), where A1 and A2 are the amplitudes of the
hort and long lifetime components, respectively. Because the fluorescence life-
ime of intracellular NAD[P]H molecules that exist in bound and free forms

t
w
τ

n
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re inherently different, the long lifetime component (τ2) carries information
f bound NAD[P]H while the short lifetime component (τ1) represents that of
ree NAD[P]H. The ratio of A1/A2 represents the free/bound NAD[P]H. Signals
rom 10 separate sites, with the minimum spacing of 200 �m between sites, were
ollected per dish for calculating the average of a sample. The mean and stan-
ard deviation for each treatment were calculated from the average value of 2–4
eplicates using the Student’s t-test. Treatments were considered significantly
ifferent from the control at p < 0.05.

.5. Analysis of GSSG/GSH and reactive oxygen species (ROS)
roduction

At the time of the study, the treated cells (1 × 106) were rapidly washed with
BS and extracted with 0.3 M perchloric acid (Yang and Gupta, 2003). After
entrifugation to remove any particulates, the cell extract was neutralized with
otassium hydroxide, and the precipitated potassium perchlorate was removed
y centrifugation. GSH and GSSG were analyzed from the supernatant by the flu-
rometric method as described in Hissin and Hilf (1976) using o-phthaladehyde.
he levels of GSH and GSSG were calculated from standard curves constructed

rom standard GSH and GSSG. The accuracy of the GSH standard was measured
ith DTNB, using a molar extinction coefficient of 13,600 with an absorbance
f 412 nm (Eyer and Podhradsky, 1986). GSSG was standardized by measuring
he decline of NADPH in the presence of glutathione reductase, taking into con-
ideration that the molar extinction coefficient of NADPH to be 6270 at 340 nm
nd 1 M of NADPH converts 1 M of GSSG to 2 M of GSH (Akerboom and Sies,
981).

Cellular ROS production was quantified by flow cytometer (Brandt and
eston, 1965; Cathcart et al., 1983). Briefly, cells were cultured in 6-well plates

t a density of 1 × 106 cells per well. Thirty minutes prior to the experiment,
0 �l H2DCFDA (1 mM) was added. In the presence of ROS, H2DCFDA was
onverted to its fluorescence product, dichlorodihydrofluorescein (DCF). At the
nd of the experiments, cells were washed twice with pre-warmed PBS and
rypsinized. After centrifugation, cells were re-suspended in PBS and passed
hrough the FACScan flow cytometer. Fluorescence intensities of DCF-stained
ells were analyzed using the CellQuestTM software (Becton Dickinson, FAC-
can).

. Results

Fig. 1 shows the time-course of changes in FAD/NAD[P]H
n HepG2 cells following exposure to Cd. The results demon-
trated that changes in FAD/NAD[P]H ratio occurred at 3 and
.5 h after Cd exposure. There was no significant change in this
atio at 0.5 and 1.5 h when compared to untreated cells. Cells
ppeared as a monolayer (Fig. 1, inserts a and b) until 3 h (c) after
reatment with Cd. At 4.5 h, the appearance of cells (d) changed
ut adequate number of attached cells was still available for
nalysis.

GSSG/GSH is a common index that reflects cellular redox
tate. Fig. 2 shows that similar to FAD/NAD[P]H, there was a
ignificant increase in GSSG/GSH ratio after exposure to Cd.
he change was significant at 1.5 h. Fig. 3 shows that there
as an increase in cellular ROS production. The increase was

ignificant at 1.5, 3 and 4.5 h after Cd exposure. These results
onsistently show that oxidative stress occurs at 1.5 h after Cd
xposure. Changes in GSSG/GSH and ROS production occurs
rior to changes in FAD/NAD[P]H.

The fluorescence lifetime for NAD[P]H was measured and

he ratio of the amplitudes of two lifetime components A1/A2
ere studied. At resting state, the decay constants for τ1 and

2 were 0.3–0.4 ns and 2–3 ns, respectively. There were no sig-
ificant changes in these parameters after Cd treatment (Table
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Fig. 1. FAD/NAD[P]H ratio in HepG2 cells at different time points after treat-
ment with 0.6 mM Cd. Each value represents the mean and S.D. of four sets of
e
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Fig. 3. Analysis of free radical production in HepG2 cells after exposure to Cd.
Each value is the mean and S.D. of three replicates. * indicates that the value is
significantly different (p < 0.05) from that of the control at 0 h.

Fig. 4. Time course of change in the ratio of free/bound NAD[P]H (A1/A2) in the
HepG2 cells after exposure to 0.6 mM Cd. The ratio of free vs. bound levels was
obtained from the decay of the NAD[P]H fluorescence emission at the wave-
length from 454 nm to 466 nm. The fluorescence decay curve was calculated by
a dual-exponential function, A1 exp(−t/τ1) + A2 exp(−t/τ2). Each value is the
mean and S.D. of two sets of experiments, each obtained with an average of 10
xperiments. * indicates that the value is significantly different (p < 0.05) from
hat of the corresponding control. Inserts (a–d) are micrographs (40×) of cells
aken at different time points.

), indicating that the emitted lights were characteristic to that
nder control at all times. However, the ratio of A1/A2 increased
ignificantly as the time of treatments increased (Fig. 4). There
as a 37% increase in the A1/A2 as early as 0.5 h after treatment
ith 0.6 mM Cd. The increase reached over twofold at 3 h, and
pproximately fourfold of that of control cells after 4.5 h treat-
ent. The result demonstrated that the level of free NAD[P]H

short lifetime component) was significantly increased relative
o the bound NAD[P]H (long lifetime component) in cells.

ig. 2. Analysis of GSH, GSSG and GSSG/GSH ratio in HepG2 cells at different
ime after treatment with 0.6 mM Cd. Each value represents the mean and S.D. of
our sets of experiment. * indicates that the value of GSSG/GSH is significantly
ifferent (p < 0.05) from that of the control at 0 h.

independent records. * indicates that the value is significantly different (p < 0.05)
from that of the control. The following table shows that the decay constants
(τ1 and τ2) were not different at the different time points after Cd treatment.

Treatment time (h) τ1 (ns) τ2 (ns)

0 0.33 ± 0.06 2.71 ± 0.42
0.5 0.35 ± 0.05 2.90 ± 0.23
1.5 0.32 ± 0.04 2.52 ± 0.24
3
4

4

c
o
t
c
(
F
p

0.34 ± 0.05 2.68 ± 0.58
.5 0.36 ± 0.04 2.74 ± 0.48

. Discussion

Cd is one of the most toxic environmental pollutants known to
ause cancer and cell death. The basic mechanism of the action
f Cd is not well understood. Previous studies in our labora-
ory demonstrated that exposure of HepG2 and the C6 glioma

ells to Cd resulted in a decrease in intracellular GSH/GSSG
Yang et al., 2004). Using three independent redox indicators,
AD/NAD[P]H (Fig. 1), GSSG/GSH (Fig. 2) as well as ROS
roduction (Fig. 3), the present study further confirmed that
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xidative stress occurred. Time course study demonstrated that
SSG/GSH ratio (Fig. 2) and ROS production (Fig. 3) were

ignificantly increased at 1.5 h and FAD/NAD[P]H was not sig-
ificantly increased until 3 h after Cd exposure. These events
ere preceded by a change in free/bound NAD[P]H, which
ccurred as early as 0.5 h. Thus, the results demonstrated that
xidative stress may be a consequence of NAD[P]H metabolism.
onsistently, previous study using the same experimental model

howed that there was a significant increase in intracellular
ADH and a corresponding decrease in NAD+ as early as 0.5 h

n this cell line (Yang et al., 2008). While it is difficult to distin-
uish NADH and NADPH using the current analytical method
Bennett et al., 1996), fluorescence images obtained by the
urrent method usually represents change of both NADH and
ADPH and denoted by NAD[P]H (Rocheleau et al., 2004).
he corresponding change in NADH and NAD+ in previous
tudy would indicate that a change in NADH (and NADPH) and
AD+ (and NADP+) interconversion rather than an increase in

ynthesis of NAD[P]H. NAD[P]H and NAD[P]+ are important
lectron carriers for many enzymatic reactions. A change in their
nterconversion may reflect a disruption in the activity of these
nzymes. Thioredoxin reductase, glutathione reductase, phos-
hoglycerate dehydrogenase, NADH Coenzyme Q reductase,
itochondria glycerol-3-phosphate dehydrogenase, biliverdin

eductase A as well as the nucleoside diphosphate linked moiety
nd mitochondrial apoptosis inducing factor (AIF) (Homolo-
ene link database for human cells, Pubmed) are enzymes
nown to bind to NAD[P]H. In the case of glutathione reductase,
ecent study by Tandogan and Ulusu (2007) showed that Cd can
nhibit its activity in yeast. Although it is not clear how the inhibi-
ion reaction occurred, it is possible that Cd displaces NAD[P]H
rom this enzyme and interferes with its ability to carry out the
eduction reaction. A reduced in glutathione reductase activity
ight gradually lead to an accumulation of GSSG and thus an

ncrease in GSSG/GSH.
Besides glutathione reductase, another interesting protein

hat requires attention is the mitochondrial AIF, a flavopro-
ein with NADH oxidase activity that also acts as a powerful
ntioxidant in the mitochondria (Modjtahedi et al., 2006). In
ammalian cells, AIF is released in response to proapoptotic
embers of the bcl-2 family and translocates to the cell nucleus
here it binds to DNA, resulting in chromosome condensa-

ion and caspase-independent apoptosis (Cande et al., 2004;
odjtahedi et al., 2006). AIF is closely associated with the mito-

hondrial electron transport chain (Modjtahedi et al., 2006). In
arlequin (Hq) mouse deficient in AIF (to 10–20% wild type

evel), there were functional defects in the oxidative phospho-
ylation complexes I and III in brain and retina, resulting in
ignificant reduction in ATP generation and organ degeneration
Vahsen et al., 2004). Cd-induced apoptosis occurs via activation
f caspases (Oh and Lim, 2006). Using the present experimen-
al model, Yang et al. (2008) showed that majority of the events
ssociated apoptosis including caspase activation, reduction in

TP production and appearance of apoptotic cells occurred at
arious time points after 1.5 h. Thus, the signaling pathway for
d-induced apoptosis is associated with caspase activation and
ot AIF translocation. Nevertheless, whether there was a release

G

gy 247 (2008) 6–10 9

n NAD[P]H from this protein and whether this event may be
elated to other mitochondrial events associated with apoptosis
equire further investigation.

In the present study, the time course of changes showed
hat prior to oxidative stress, there was a change in NAD[P]H

etabolism. To further demonstrate that the change in redox
tate may not be the primary event of Cd-induced toxicity, stud-
es using the LLC-PK1 kidney cells (Wispriyono et al., 1998)
r the C6 glioma cells (Yang et al., 2007) showed that improve-
ent of intracellular GSH/GSSG by pretreatment with NAC, a
olecule capable of improving intracellular GSH/GSSG, was

nable to protect against Cd-induced death unless NAC was
pplied simultaneously with the toxic metal. The results sug-
ested that the efficacy of NAC may not be due to the change in
ntracellular redox state, but to the ability of NAC to prevent Cd
rom binding to cellular organelles (Yang et al., 2007). In conclu-
ion, the study demonstrated that upon Cd exposure, NAD[P]H,
n important cofactor for electron transfer, is released from its
ormal protein binding sites. It can be hypothesized that this
hange may cause a disruption of the activity of the enzymes
nd/or proteins, and may lead to subsequent toxic events. Fur-
hermore, experiment in the present study was conducted with a
oncentration of Cd that causes 50% cell death after 3 h of expo-
ure. Cd has been shown to cause DNA damage at concentration
uch lower than this level (Waalkes, 2000). In subsequent study,

esearch should be carried out to study changes in NAD[P]H
inding and the impact of NAD[P]H release upon exposure to
ublethal concentration of Cd.
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