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Abstract — Changes in cellular energy and redox sates wetbestun the C6 glioma cells following exposure to
chemicals that affect glutathione metabolism. Iswd@monstrated that treatment with sublethal cdretgons (25,

50 and 10QuM) of buthionine sulfoxamine (BSO) did not affectlaiar energy state as measured by total adenosine
nucleotides (TAN=ATP+ADP+ AMP), ATP:ADP:AMP and eagg charge potential (ECP=[ATP + 0.5
(ADP)J/TAN). However, there was a significantly dease in cellular GSH/GSSG and total glutathione
(TG=[GSH+GSSG]/ TAN). The change was due to a figant decrease in intracellular GSH level without
significant change in [GSSG]. Cells exposed to BSO2# hr were much more sensitive to subsequenti@gju
caused by Cd (0.6 mM for 3 hr). The results indiddteat while a significant reduction of intracefiulredox state
did not affect cell viability, it could increase ethsusceptibility of cells to subsequent chemicaésst N-
acetylcysteine (NAC), on the other hand, causedse @b, 5 and 10 mM)-dependent increase in GSH/G8i8®But
significant changes in intracellular energy stateprovement of intracellular GSH/GSSG offered naotection
against subsequent Cd induced cell death unless N&<present at the time Cd was added. The pattecellof
death also correlated with the increase in intlalzelfree radial generation as measured by thadiscence labeling
with 2'7’- dichlorofluorescin. Results of the presestudy demonstrated that intracellular redoxestatould be
manipulated by addition of chemicals that affeaitghione metabolism. While the redox state may bwtthe
sufficient condition to cause cell death, it couttbdulate the response of cells to subsequent Cdmzea
Furthermore, the action of NAC against Cd cytotoyiaiiay not be related to intracellular redox status.

Key words: Cadmium, energy state, redox state, glutathion&i@uein sulfoximine, N-Acetylcysteine, C6 glioma
cell

INTRODUCTION Intracellular redox states could be changed by
) ) chemical treatments. Buthionine sulfoxamine
Amongst the different metals, Cd is one of th SO) caused intracellular oxidation by
most toxic in thg enwronment_. The action of C uppressing the enzyme that synthesizes GSH
has been associated with oxidative damage (14 "on, the other hand, N-acetylcysteine (NAC),
15, 21, 26). Using the cultured C6 glioma and oy steine analogue, was abie to increase
HepG2 cells as models, acute exposure 10 Gt acellular redox state by increasing GSH

resulted in oxidation of glutathione as indicate ynthesis (5). Although improving intracellular
by a d(_ecrease in intracellu_lar GSHIGSSG (2_6 5SH level was able to protect cells against
Glutathione ~ plays an important role ingiqative stress, some study suggested that the
scavenging free radials. In many studieg,iective action of NAC against Cd induced cell
improving intracellular glutathione content wagyeaih was not due to an increase in intracellular
able to protect cells against environmentally anéSH' but to prevent Cd entering into cells (22).

chemically induced oxidative stress (6, 8, 14, 16, the exact role of glutathione in protection

18, 20). This strategy has been adopted fafqingt cell death is still unclear. To clarify the
treatment and protection of a variety o

" . , ole of glutathione in protection against Cd
conditions that involved alteration of the redo’fnduced cytotoxicity the present study aimed to
status (3-5, 11). A decrease in intracelluldhye g re the change in cell viability, free radical

glutathione, on the other hand, was associatglaration, intracellular energy and redox state in
with a number of human diseases includin C6 glioma cell upon exposure to Cd

Alzheimer’s disease, cancer, Parkinson’s diseaﬁi?eatment under  altered redox  states
liver disease, heart attack, stroke, diabetes &s we '
as infection caused by HIV and AIDS (23).
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MATERIALS AND METHODS dichlorofluorescin (HDCFDA) (17). HDCFDA is a non-

polar compound that can be converted into a noordlscent
polar derivative BEDCF by cellular esterases.,[PICF is
membrane impermeable and readily oxidized to tighli
fluorescent DCF in the presence of hydrogen peroxide
H,DCFDA (10 pl/ml) was added to the cells after various
treatment. After a 30-min incubation, they wereviated,

nd rinsed three times with PBS, and passed thr@ugh
ACScan flow cytometer to determine the amount of
0ﬂuorescence in each cell. Fluorescence intensitypGF
stained cells was analyzed using the CellJlfesbftware
k%ecton Dickinson, FACScan). Each study was repeated
three times and approximately 100,000 were courited
each test.

Cell culture models

The C6 glioma cell was used in the present studytgor
susceptibility to Cd induced glutathione redox cheaf2g).
The cell line was purchased from American Type Caltu
Collection (ATCC) and maintained in the Ham's F-12K
medium supplemented with 10% FBS, antibiotics an@
fungizone, and incubated in a humidified atmosphefre
95% air and 5% C© The cells used were less than 1
passages after received from ATCC. Under microscop
examination, they formed monolayer.

Treatment of cells with BSO and NAC
Cells were cultured in 6 well plates. After conflen .
Analysis of Data

they were washed with PBS and replace with a medium
containing different concentration of 1) BSO (20, 60 The levels of ATP’ ADP, AMP, GSH an.d GSSG were
used for calculating the total adenosine nucleotide

100uM), or 2) NAC (1, 5 or 10 mM). The cells were _ . ) ;

incubated for 24 hr. The medium was then removetitha g’:rN;ATZ:QEZ: Azl\élgl):),_r[('abl\?rtévefﬁg SAD(Z'DA‘;\)/)I;D ' /Er]&r\%

cells were washed twice with pre-warmed PBS. Perithlo ge p - e ~ X

acid (1 ml of 0.3M) containing NEDTA (1 mM) was GSH/GSSG and total glutathlone .(TC.;._[GSH+GSSG]/
) TAN) (24, 26). Together with the cell viability arnide free

added directly to the culture plate. The cells wéren : L .
radical determination, each experiment was repehteg to
scraped off the bottom and transferred to an eppénabe. o ;
six times for calculate of means and standard tiewia

Any precipitated proteins were removed by centafign using the t-test from Sigma Plot. Results from

(9000 x g for 5 min). A 95Qu aliquot of the supernatant . oo -
was transferred to another tube and was neutralaéd treatment groups were considered significantly edeffit
from the controls at p<0.05.

170 pl potassium hydroxide ([KOH]=2M). After rigrsu
shaking, the mixture was centrifuged at 9000 x rg5fanin
to remove fine precipitates of perchlorate (KQIOThe RESULTS
neutralized samples were stored at°@0Levels of ATP,

ADP, AMP, GSH, and GSSG were analyzed. Effect of BSO

Analysis of adenosine nucleotides, GSH and GSSG . Inaddition to redox state (GSH/GSSG)’
Adenosine nucleotides (ATP, ADP and AMP) werdntracellular energy state was used to monitor the

quantified by isocratic reversed-phase HPLC on Systemetabolic status of the cell (24). Intracellular

coupled with a variable wavelength detector. Thebifao energy state represents a set of indicators which

phase used was 0.1M ammonium dihydrogen phosppidte ( ; : ; ;
6.0) with 1% methanol. Using the C-18 analyticaluom monitor the integrity of the cell. High level of

(reversed phase Utrapr@10 um Spherical 80A pore) and total adenosine _nU(_:leOtides (TAN) with ECP

a flow rate 1 ml/min, the peaks of ATP, ADP, and RM between 0.7-1.0 indicates that the energy status
were eluted at retention times, 5.53min, 6.49mmi 23.96 and the viability of the cells are maintained.
m|ni res(,jpectlvely. The OIpedak height resprc])nses fothai? Figure 1 shows that after treatment with
nucleotides were recorded at 206 nm. The concéntr . . .

each nucleotide was determined from a 15 pl saexitact Increasing Conc_emratlon of BSO'_ cellular energy
and expressed in terms of nmole nucleotide perxiaet  Staté was not different from that in control cells.
calculated from an ATP standard. Furthermore, there were no significant changes

The oxidized and reduced glutathione were measwed jn cellular ATP/TAN (Figure 1b), ADP/TAN and

spectrofluorometry according to the methods deedrib ; s di ot
previously (26). Levels of GSH and GSSG were caled AMP/TAN (Figure 1c), indicating that the

from standard curves constructed with the respectv®N€rgy production was not compromised. The
standards. results demonstrated that following a 24 hr

exposure to BSO at concentrations up to 10

Acute Cd induced cell death following pretreatmentwit~a|ls continue to survive and the energy
BSO and NAC

The change in Cd (0.6 mM) induced cell viability wasprOducnpn system was not affected.
tested in cells pretreated with BSO and NAC. Cellsewer De€spite the normal energy state, the redox
cultured in 96-well plates. Following a 24-hr pesttiment, sState of the cells was changed. There was a
cells were washed twice with pre-warmed PBS and @jgnificant decrease in the intracellular GSH

medium containing either 0.6 mM CdCbr 0.6 mM Cdd] : i :
together with NAC was added. Cell viability was measdu level without significant change in GSSG level.

by 3-(45-dimethyithiazol-2-yl)- 2 5-diphenyltetawm 1 NS change resulted in a reduction in
bromide (MTT). The reaction product was determined53SH/GSSG (Figure 1d). The level of TG was
through a S550 filter using a microplate reader. also significantly reduced by half (Figure 1e).

Analysis of free radical levels in cells
ROS production was studied by measuring th©®H
generated using the fluorescent probe 2'7-
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Change in Cd induced cell death following
pretreatment with BSO

ATP/TAN or ECP

1 ) . . Cd is a toxic metal that caused cell death.
z ./\%_( S d —_— |, Figure 3 shows that approximately 50% cell died
T g . ~owess | @ UpoN treatment with 0.6 mM of Cd for 3 hr. The

: S . .= data is consistent with the k£determined for

- % s . © this cell type in previous studies (26). Despite th

09 0 o apparently normal energy state, cells pretreated

! b W 25 5 w_ith BSO were more susceptible to a_subsequent

” 2 high dose of Cd treatment. The viability of cells

0" ca exposed to 0.6 mM Cdgfor 3-hr was decreased

” R 2 ﬂ H W to <10% in cells pre-exposed to BSO. The results
) - showed that pretreatment of cells with BSO
. d BB P predisposed the cells to Cd cytotoxicity.

01 i B e BSO (M)

%0 140
R o] R

BSO (M

Figure 1. Energy (a, b, c) and redox states (d, e) of cell 100
following exposure to different concentrations of@$or E
24 hr. * indicates that the value is significandifferent .E 01 .

(p<0.05) from that of control. Each value represetite g 60

mean and SD of 5 replicates. s 0

Effect of NAC 20 @
Opposite to BSO, NAC is a cysteine o . Ir;

analogue, which could stimulate glutathione cil BSOS50

production. Figure 2 shows that after the cell 24 by pretreatment

were exposed for 24 hr to up to 10 mM NAC
there was no significant change in intracellula

?nergy ste}te. However, there was a _Slgm_ﬁcamgure 3. Viability of the C6 glioma cells exposed to BSO
increase in cellular GSH and a significantsg um) for 24 hr followed by a 3 hr treatment with ahi

decrease in GSSG level, resulting in a significambncentration (0.6 mM) of Cdgl* indicates that the value
increase of GSH/GSSG from 3 to 8. TG was ald® Stigf;if(ig?ntll(ybdif)f%rené_ (pt<0-(if>]) tf;ﬁm thle CQrmqifng t
; control (black bar)™® indicates that the value is significan
increased by 50%. different (p<0.05) from control cells without BSO
pretreatment. Each value represents the mean anaf 8D

replicates.

— [GEH] (50

D | == [GE5G]

0 2 e
*

Change in Cd induced cell death following

GRHIGSSG

pretreatment with NAC
Figure 4a shows the change in the viability of

BIHT A Hmd ECP

15w the C6 glioma cells after pretreatment with 5 mM

AP AN and SM AT AN

e NAC. Pretreatment with NAC did not improve
. the tolerance of cells to subsequent Cd treatment.

— o The results indicated that improvement of

' 10 ﬂ intracellular GSH/GSSG could not prevent the

: Cd induced cell death. But when cells were

[\ e exposed to both Cd and NAC, the toxicity of Cd
o was completely prevented. Consistent with that

w previously reported in the LLC-RKeell (22), the
major action NAC against Cd cytotoxicity would
Be to prevent Cd from entering the cells.

E!\'-!L’.:-C:'-\Fj
Figure 2. Energy (a, b, ¢) and redox states (d, e) of cell
following exposure to different concentrations oAG! for

24 hr. * indicates that the value is significantlifferent In addition to the viability Of_ cells, Figurg 4b_
(p<0.05) from that treated with no (0 mM) NAC. Eaatiue shows the levels of free radical generation in
represents the mean and SD of 5 replicates cells following the different treatments. There

was no significant increase in intracellular free
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radical generation 5 mM NAC. Cd (0.6 mM) wasn a significant decrease in GSH/GSSG ratio.
able to cause a significant increase imMowever, the decrease in GSH/GSSG did not
intracellular free radical production. Pretreatmergause significant change in intracellular energy
with NAC was unable to prevent free radicaktate as demonstrated by a steady level of
generation following subsequent exposure to CATP/TAN and ECP, or energy production as
However, if NAC was present at the time Cd wademonstrated by an unchanged ATP:ADP.
added, there was a complete suppress the Therefore, a change in GSH/GSSG is not
induced free radical generation. sufficient to cause cell death, but the treatment
caused the cells to become more susceptible to
subsequent Cd induced injury (Figure 3).
Furthermore, the present study also demonstrated

120 that intracellular energy and redox states reflect
100 a) l L the activity of two independent intracellular
1 71 I metabolic states. These two systems do not
g an - respond similarly, but complement each other on
= assessing cellular metabolic changes.
= B0 * il NAC, a membrane permeable cysteine
= analogue, could increase GSH in cell cultures.
T 40 NAC has been shown to protect against Gamma-
QO . :
ray induced damage in rats (24). It can also
201 prevent intra-acinar oxygen free radical
0 B N I I O I N production in pancreatic duct obstruction-
& o & oy S oty induced acute pancreatitis (18); attenuate
o G &d\@@ &g@@ pyrazole-mediated increases in CYP2A5 mRNA
§ 10 levels (6) and alcohol-induced oxidative stress in
o . . the rat (14). Besides, NAC could also protect
R L ] against inflammation in ischemic rat brain (8),
E a0 - and lung (16). It has also been used clinically for
“?EJ treatment against acetaminophen-induced
z 407 oxidative damage (4,11). Results of the present
S o study showed that NAC could also protect cells
T against Cd induced injury. However, the action
2 r o requires the presence of NAC at the time of Cd

P Y e ires the presence of NAC at the fin
cﬁ‘“ocﬁ@ \A@*cﬁ@ &god\@ administration. This is consistent with that
T\pﬁ\ previously reported in the LLC-RKkidney cell
(22). Thus, consistent with this previous study,
results of the present study support the notion
Figure 4. Changes in a) cell viability and b) the degree ofnat the efficacy of NAC against Cd induced cell
free radical generation measured by the DFC fluerese death may not be due to the improvement of
measured in the C6 glioma cell exposed to 0.6 mMC8 intracellular GSH/GSSG. It may be due to the
mM NAC+0.6 mM Cd aﬁgr pretreatment vyith 5 mM NAC. ability of NAC to prevent Cd entry.

o;rt]r?lec(i;?\?ré?at the value is significantly diffetefrom that The action of Cd in mediating cell death has
been of particular interest as the metal is an

important environmental toxin that can cause

DISCUSSION serious health hazard to the public. In studying

. . the metabolic changes in both the HepG2 and the
Previous studies in our laboratory showed th?’fG glioma cells, it 8vas demonstratedpthat a3hr

thelzlre are changes 'rf[ r‘? dox22n2d6en|ertghy St""teseB'Zbosure to Cd caused a concentration-dependent
cellS upon exposure 1o (25,26). In the Preseflerease in intracellular GSH/GSSG as well as

study, similar quantitative  analysis Waspan (ATp+ADP+AMP) (26). But amongst the
conducted in cells exposed to Cd in S'm'larwayﬁifferent nucleotides ~ studied. there was a

following prolonged (24 hr) pre-treatment withSi " - - :
e gnificant increase in ATP/TAN and decrease in
BSO and NAC. BSO, an inhibitor of Gamma'ADP/TAN and AMP/TAN. Thus, upon

glutafmylcyzteine synthase,” ICOUId Cﬁus omparing the ATP and ADP changes, there
significant decrease in intracellular GSH withou I . . '
a significant change in GSSG level. This resulte ould be a significant increase in ATP/ADP,
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which indicated that there is a significaninterest in biomedical research as it is involved i

increase in energy production, probably bynediating neuronal cell death in a number of

activation of the electron transport chain at thdegenerative diseases (28). While continuous

mitochondria. This is further supported by thetudies are need to demonstrate the correlation

increase in free radicals {8,) generated (Figure between Cd toxicity and oxidative burst, it may

4b). Taken together, these data suggested that I also of interest to demonstrate the role of

may increase the rate of oxidativeoxidative burst in neurons following Zn induced

phosphorylation. The free radicals generated mayjury.

be by-products of this activity. The role of GSH

|s_to remoye the ¥0, that 'e?"fed out fro.m t.he Acknowldgement The study was supported by the HKBU
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