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ABSTRACT 

Insoluble aggregates of the amyloid j8-peptide (A/3) are a major constituent of senile plaques found in brains of 
Alzheimer's disease patients. The /3-amyloid fragment A/3î o is toxic to rat pheochromocytoma PC12 cells, lead­
ing to a concentration-dependent decrease in the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT). The detrimental effects of A/Sj-̂ o are enhanced in the presence of 1 m M zinc, whereas 50 fiM zinc 
exerts a protective effect against A/3î j0-induced toxicity. Exposure of PC12 cells to low zinc concentrations (50 
fiM) affords a decrease (1.4-fold) in the extent of lipid peroxidation, a decrement in protein oxidation (1.1-fold), 
and an increase in ATP levels (1.2-fold), although the differences were not statistically significant. However, treat­
ment of cells with high concentrations of zinc (1 m M ) led to significant increases in lipid peroxidation (3.7-fold) 
and protein oxidation (1.5-fold) and to depletion of the ATP pool (21-fold). These data suggest that zinc has a con­
centration-dependent dual effect, protective and toxic, thus playing an important role in the pathogenesis of 
Alzheimer's disease. Antiox. Redox Signal. 2, 317-325. 

I N T R O D U C T I O N Various lines of genetic evidence support a 

central role of A/3 in the pathogenesis of A D , 

Alzheimer's disease (AD), the most c o m m o n and an increasing number of studies show that 

type of dementia in the elderly, is charac- A/8 m a y be one molecular link between oxida-

terized by the presence in the brain of numer- tive stiess and AD-associated neuronal cell 

ous extiacellular proteinaceous amyloid de- death (Yankner, 1996). High levels of oxidative 

posits and intracellular neurofibrillary tangles stress (Smith et ah, 1995; Yankner, 1996; Mark 

and also by the selective loss of neurons et ah, 1996) and increased levels of protein ox-

(Iversen et ah, 1995). The major protein com- idation (Smith et ah, 1991) and lipid peroxida-

ponent of these amyloid deposits are fibers tion (Lovell et ah, 1995) occur in vulnerable re-

composed of /3-amyloid (A/3), a 39- to 43- gions of A D brain. It has been proposed that 

residue peptide (Glenner and W o n g , 1984) de- oxidative stiess could initiate a cascade of 

rived by proteolysis from a large tiansmem- events leading to the neuronal cell death that 

brane glycoprotein, denoted as /3-amyloid occurs in A D (Yankner, 1996). 

precursor protein (/3-APP) (Goldgaber et ah, M a n y factors have been proposed as risk fac-

1987; Bendotti et ah, 1988). tors for A D , namely the exposure to certain 
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metals, such as zinc (Cuajungco and Lees, 

1997). Although enough information is not yet 

available with regard to the toxic mechanisms 
of zinc, it has recently been shown that zinc 

neurotoxicity occurs by oxidative stress (Kim et 
ah, 1999). In most systems, zinc is described as 

an antioxidant (Bray and Bettger, 1990). Previ­
ous results have shown that zinc deprivation 

leads to increased lipid peroxidation in animals 

(Coudray et ah, 1991; Faure et ah, 1991) and im­
pairs copper zinc-superoxide dismutase activ­
ity (Coudray et ah, 1992), whereas zinc supply, 

in a cellular system, is able to provide protec­
tion against oxidative stress by inhibiting lipid 
peroxidation, reactive oxygen species (ROS) 
generation, D N A fragmentation, glutathione 

depletion, and lactate dehydrogenase (LDH) 
leakage (Bagchi et ah, 1997, 1998). However, in 
some studies, zinc has been shown to exert a 
pro-oxidant activity, for example, increasing 

the cytotoxicity of hydrogen peroxide applied 
on cultured fibroblasts (Richard et ah, 1993). 
Furthermore, it has been shown that zinc binds 
to APP controlling its conformation and stabil­
ity (Bush et ah, 1993). In an in vitro study, Bush 
et al. (1994) observed that high concentrations 
of zinc ions caused the A/3i_4o protein to form 
clumps resembling the amyloid plaques found 
in the brains of Alzheimer's patients. 
In previous studies, using rat pheochromo-

cytoma PC12 cells, we have shown that the 

amyloid /3-peptide A/3i^0 leads to the inhibi­
tion of cell survival by a mechanism involving 
oxidative stress and mitochondrial dysfunction 
(Pereira et ah, 1998,1999). In the present study, 
the effect of zinc metal ions (50 /xM and 1 m M ) 
on the amyloid /3-peptide A/31 ̂-induced tox­
icity was evaluated by determining the reduc­

tion of the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT). Further­

more, to clarify the mechanisms by which zinc 
interferes with Aj8i_4o-induced inhibition of cell 

survival, the effect of zinc on lipid and protein 
oxidation and also on the metabolic function of 
PC 12 cells was analyzed. Data from this study 
clearly demonstrate that zinc has a concentra­
tion-dependent dual effect, probably related 

with the disruption of the oxidant/pro-oxidant 
status of PC12 cells and to the compromise of 
the cellular energy metabolism. 

MATERIALS A N D METHODS 

Chemicals 

Amyloid beta peptide fragment (A/3î 0) was 
obtained from Bachem A G (Bubendorf, Ger­

many). Zinc chloride (ZnCl2) was obtained 

from Fluka (Portugal). M T T and RPMI-1640 
medium were purchased from Sigma Chemi­

cal Co. (St. Louis, M O ) . Fetal calf serum (FCS) 
was obtained from Biokrom K G (Berlin, Ger­

many), and horse serum from GIBCO (Paisley, 

UK). All other reagents were of analytical 

grade. 

Cell culture and toxicity studies 

Stock cultures of PC12 cells (established line) 
(Greene and Tischler, 1976), purchased from 

ATCC (American Type Culture Collection), 
were grown routinely in 75-cm2 tissue culture 

flasks in RPMI-1640 medium supplemented 
with 10% heat-inactivated horse serum and 5% 

heat-inactivated FCS, to which 50 U/ml peni­
cillin and 50 /xg/ml streptomycin (Sigma 

Chemical Co., St. Louis, M O ) were added and 
maintained at 37°C in a humidified incubator 
containing 95% air and 5% CO2. Twenty-four 
hours after seeding, the medium was replaced 
by fresh medium containing the desired con­

centration of A/3i_4o and ZnC^. 

Measurement of cytotoxicity 

Cell viability was measured using the MTT 
reduction ability of PC12 cells. In brief, after in­
cubation of the cells with the compounds to be 
tested, the medium was aspirated and 0.5 

mg/ml M T T dissolved in serum-free RPMI-
1640 medium, was added. After an additional 
2 hr incubation at 37°C, isopropanol/HCl was 

added and the absorbance at 570 n m of solu-
bilized M T T formazan products was measured. 

Results were expressed as the percentage (%) 
of M T T reduction, assuming the absorbance of 
control cells as 100%. 

Quantification of lipid peroxidation 

The extent of lipid peroxidation was deter­

mined by measuring thiobarbituric acid reac­
tive substances (TBARS), which include mal-
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ondialdeyde (MDA), using the Thiobarbituric 

Acid Test (TBA) according to a modified pro­

cedure described by Ernster and Nordenbrand 

(1967). The amount of TBARS formed was cal­

culated using a molar extinction coefficient of 

1.56 X 105 mol"1 cm"1 and expressed as nmol 
TBARS/mg protein. 
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comparison (MANOVA), followed by the 

Tukey-Kramer posthoc test (a value of p < 0.05 

was considered significant). 

RESULTS 

Analysis of A T P 

After the incubation period, the medium was 

removed, and PC12 cells were extracted, in ice, 

with 0.3 M perchloric acid. The cells were 

scraped from the wells and centrifuged at 

15,800 X g for 5 min. The supernatants were 

neutralized with 10 M K O H in 5 M Tris and 

centrifuged at 15,800 X g for 5 min. The result­

ing supernatants were assayed for A T P by sep­

aration in a reverse-phase high performance 

liquid chromatography (HPLC). The chro­

matography apparatus was a Beckman-System 

Gold, consisting of a 126 Binary P u m p Model 

and 166 Variable U V detector, controlled by a 

computer. The detection wave length was 254 

nm, and the column was a Lichrospher 100 RP-

18 (5 fim) from Merck. A n isocratic elution with 

100 m M phosphate buffer (KH2P04), p H 6.5, 

and 1.0% methanol was performed with a flow 

rate of 1 ml/min. The required time for each 

analysis was 6 min. 

Effect of zinc on the cellular viability 

The effect of zinc on the cellular viability of 

PC12 cells was evaluated by determining the 

percentage (%) of M T T reduction upon incu­

bation of cells for 24 hr in the absence or in the 

presence of two zinc concentrations (50 /jlM and 

1 m M ) . As shown in Fig. 1, treatment of PC12 

cells with 50 fxM zinc did not induce any sig­

nificant alteration on the cellular viability. 

However, when PC12 cells were exposed dur­

ing the same period of time to 1 m M zinc, a sig­

nificant inhibition of M T T reduction occurred, 

as compared to control conditions (62.30 ± 

3.50% and 99.23 ± 2.59%, respectively). 

Dose-dependent Afi-induced toxicity in the 

presence/absence of zinc 

The dose-dependent amyloid /3-peptide tox­

icity was evaluated by determining the per­

centage (%) of M T T reduction upon incubation 

of PC12 cells for 24 hr with increasing concen-

Carbonyl content 

The carbonyl content was determined by re­

action of the carbonyl groups with 2,4-dinitio-

phenylhydrazine according to a procedure 

described by Levine et al. (1990). All of the sam­

ples had a blank prepared by treatment with 

HC1 instead of 2,4-dinitrophenylhydrazine in 

HC1. The carbonyl content was calculated from 

the m a x i m u m absorbance (360 n m ) using a mo­

lar absorption coefficient of 22,000 M " 1 cm"1. 

Data analysis 

Data were expressed as means ± S E M of the 

indicated number of determinations, from at 

least three independent experiments. Statistical 

significance analysis was determined by using 

the unpaired two-tailed Student's f-test or by 

the one-way analysis of variance for multiple 

100 

FIG. 1. Effect of zinc (50 fiM and 1 m M ) on the cellu­
lar viability of PC12 cells. After the desired incubation 
period, control and zinc-treated cells were analyzed for 
their ability to reduce the tetrazolium salt MTT. Data are 
the arithmetic mean ± SEM of triplicate determinations 
of 3-15 different experiments. *p < 0.05 (t-test) when com­
pared with control conditions. 
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FIG. 2. Dose-response curve for the A/3i_40 peptide-mediated toxicity on PC12 cells and the effect of zinc (50 mM 
and 1 mM). After the desired incubation period, control and drug-treated cells were analyzed for their ability to re­
duce the tetrazolium salt MTT. Data are expressed by the arithmetic mean ± SEM of triplicate determinations of 3-15 
experiments. *p < 0.05 (MANOVA test; Tukey-Kramer test) when compared with control conditions; #p < 0.05 
(MANOVA test; Tukey-Kramer test) when compared with the values determined in A/Ŝ o-treated cells, in the ab­
sence of zinc. 

tra tions of A/3i^o peptide in the presence /ab­

sence of 50 fxM and 1 m M zinc (Fig. 2). 

The A/3 i_4o peptide induced a decrease in cel­

lular viability in a dose-dependent manner, 

with a significant decrease of M T T reduction 

ability measured after treatment of the cells 

with 10 n M of the amyloid peptide. The toxic 

effect of A/3i_4o peptide was enhanced by 1 m M 

zinc when the cells were exposed for 24 hr to 

A/3i-4o peptide in the presence of 1 m M zinc, 

A/3i_4o concentiations that per se did not affect 

cell viability (1 pM-1 n M ) became toxic, and 

the toxicity induced by A/3i^0 peptide alone 

(10 nM-1 fiM) was potentiated. O n the other 

hand, 50 /xM zinc protected the cells against the 

amyloid peptide toxicity. The percentage of 

M T T reduction determined in cells treated with 

toxic concentrations of A/3i^0 peptide (10 nM-1 

fiM) in the presence of 50 /xM zinc is similar to 

that determined under control conditions, in 

the absence of A/3i_4o and zinc. 

Influence of zinc on lipid peroxidation 

As shown in Fig. 3, the extent of lipid perox­

idation in PC12 cells incubated with 50 /xM zinc 

was not different from that determined under 

control condition although it was slightly lower 

(1.74 ± 0.06 and 1.24 ± 0.04 nmol TBARS/mg 

protein, respectively). However, 1 m M zinc in­

duced a significant enhancement in the extent 

of lipid peroxidation as compared with controls 

(4.62 ± 0.37 nmol M D A / m g protein and 1.74 ± 

0.06 nmol T B A R S / m g protein, respectively). 

Effect of zinc on protein oxidation 

Data from Fig. 4 show that the cellular oxi­

dation of proteins, evaluated by determining 

the content in carbonyl groups, was signifi­

cantly increased in PC 12 cells treated for 24 hr 

with 1 m M zinc (19.76 ± 0.75 nmol/mg pro­

tein). It was also observed that the incubation 

of cells with 50 /xM zinc did not affect signifi­

cantly the protein oxidation of PC12 cells, al­

though it leads to a small decrease in carbonyls 

content (11.43 ± 1.27 nmol/mg protein). 

Effect of zinc on ATP levels 

The intracellular levels of A T P were deter­

mined in PC12 cells upon incubation for 24 hr 
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FIG. 3. Effect of zinc on the extent of lipid peroxida­
tion in PC12 cells. The peroxidation of lipid membrane 
lipids was evaluated by the quantification of TBARS. Data 
are expressed by the arithmetic mean ± SEM of four in­
dependent preparations. *p < 0.05 (f-test) when com­
pared with the control condition. 

with or without 50 /xM or 1 m M zinc (Fig. 5). 

In the presence of 50 /xM zinc, the A T P levels 

were slightly increased as compared with those 

determined upon incubation of PC12 cells in 

the absence of zinc (4.33 ± 0.15 and 3.62 ± 0.54 

nmol/mg protein, respectively). However, this 

increase in A T P content, induced by 50 /xM 

zinc, was not statistically significant. O n the 

Zn2+(nlVf) 

FIG. 4. Effect of zinc (50 fiM and 1 mM) on protein ox­
idation. The oxidation of cellular proteins, determined as 
an increase in the content of carbonyl groups, was ana­
lyzed in control and zinc-treated cells. Data are expressed 
by the arithmetic mean ± S E M of four independent 
preparations. *p < 0.05 (r-test) compared with control 
condition; #p < 0.05 (t-test) when compared with the 50 
fiM condition. 

other hand, when PC12 cells were incubated 

with 1 m M zinc, a significant depletion on ATP 

levels occurred (0.18 ± 0.02 nmol/mg protein) 

in comparison with control conditions, in the 

absence of metal ions (3.62 ± 0.54 nmol/mg 

protein). 

DISCUSSION 

In the present study it was observed that zinc 

(50 /xM and 1 m M ) has a dual effect on PC 12 

cells, affording protection against A/3i^o at iOW 
concentrations and enhancing toxicity at high 

concentrations (Fig. 2). To elucidate the mech­

anisms involved in zinc-induced protection or 

potentiation of A/3 toxicity, the following pa­

rameters were analyzed in PC12 cells treated 

in the absence or in the presence of zinc (50 /xM 

and 1 m M ) : cellular viability (Figs 1 and 2), 

lipid peroxidation (Fig. 3), protein oxidation 

(Fig. 4), and energy levels (Fig. 5). 

The results presented in this paper, obtained 

using PC12 cells incubated with increasing con­

centrations of A/31-40 (10 nM-1 *xM) in the pres­

ence of 50 <xM zinc or 1 m M zinc, are in agree­

ment with a recent study reporting that zinc 

produces significant protection against A/3-in-

duced toxicity (at A/3/Zn molar ratios of 1:0.1 

and 1:0.01) in cultured primary hippocampal 

neurons, while it offers no protection or en­

hances A/3 toxicity at higher concentiations (1:1 

molar ratio) (Lovell et ah, 1999). 

It has been proposed (Lovell et ah, 1999) that 

the protective effect of zinc against A/3 toxicity, 

in hippocampal neurons, is due, in part, to the 

enhancement of N a + / K + ATPase activity, 

which prevents the disruption of calcium 

homeostasis on cell death associated with A/3 

toxicity (Mattson et ah, 1992). Zinc ions m a y 

also affect the perturbation of calcium home­

ostasis induced by the A/3 through its interac­

tions with calcium-permeable, zinc-sensitive 

channels formed by the A/3 peptides (Kawa-

hara et ah, 1997; Rhee et ah, 1998). Furthermore, 

in previous studies it was shown that zinc ex­

posure at a nonphysiological dose (^600 /xM), 

for 15 min, resulted in neuronal death in mixed 

cultures of cortical and glial cells, while expo­

sure for a longer period (18-24 hr) at lower con­

centrations (<300 fxM) induces glial cell death 

(Choi et ah, 1988; Yokoyama et ah, 1986). 



322 MOREIRA ET AL. 

an 
E 

F I G . 5. Effect of zinc exposure o n intracellular A T P 
levels. Cells were exposed, or not, to zinc (50 m M and 
1 m M ) for 24 hr, and then the ATP concentration of con­
trol and zinc-treated cells was determined by reverse-
phase HPLC with UV detection. Data are expressed by 
the arithmetic mean ± SEM of 3-4 independent prepa­
rations. *p < 0.05 (t-test) compared with control condi­
tions. 

Several studies have shown that zinc protects 

fatty acids from peroxidation by inhibiting the 

production of R O S catalyzed by transition met­

als, and zinc deprivation in animal models can 

cause increased lipid peroxidation (Coudray et 

ah, 1991; Faure et ah, 1991). Furthermore, zinc 

salts have been shown to provide protection 

against oxidative stress, leading to inhibition of 

lipid peroxidation, R O S generation, and re­

duced glutathione (GSH) depletion (Bagchi et 

ah, 1997, 1998). 

Our results suggest that at high concentra­

tions (1 m M ) zinc leads to oxidative stress 

promoting lipid peroxidation (Fig. 3) and 

protein oxidation (Fig. 4). Kim et al. (1999) 

have shown that zinc-induced cortical neu­

ronal death is mediated by free radicals, 

which increased membrane lipid peroxida­

tion. O n the other hand, data obtained with 

50 /jlM zinc suggest that, at low concentra­

tions, zinc has antioxidant potency decreas­

ing the extent of lipid peroxidation and pro­

tein oxidation. 

W h e n PC12 cells were treated with 1 m M 

zinc, the A T P levels decreased when compared 

to control conditions, which suggests that per­

haps this is an extremely toxic concentration 

that affects the oxidative phosphorylation. It 

has been proposed that A T P depletion within 

the cell, as a result of an alteration of mito­

chondrial function, is one of the major rea­

sons for the cell death following exposure to 

oxidant agents (Carini et ah, 1992; Imberti et 

ah, 1993). Oxidative stress, induced by en­

dogenous agents or during the aging process, 

is known to inhibit the mitochondrial respi­

ratory chain (Bowling et ah, 1993; Bates et ah, 

1995; Schapira and Cooper, 1992; Glinka and 

Youdim, 1994; Cleeter et ah, 1992). Zinc can 

inhibit the cellular respiratory chain (Kj = 

10"7 M ) by blocking the initial step of respi­

ration at the level of electron transfer be­

tween ubiquinone (coenzyme Q ) and cy­

tochrome b and be 1 complex (complex III) 

(Link and von Jagow, 1995). At higher con­

centrations (10"3 M ) , zinc m a y further inhibit 

the mitochondrial electron transport at the 

levels of flavoprotein 1 or 2 (complex I or II) 

and cytochrome c oxidase (complex IV) ac­

tivities (Skulachev et ah, 1967). 

The stimulation of A/3-induced toxicity by 

high concentiations of zinc (Fig. 2) could be ex­

plained by the promotion of A/3 aggregation, 

because the formation of insoluble aggregates 

of the peptide is related with its neurotoxicity 

(Pike et ah, 1991). Huang and colleagues have 

suggested that zinc leads to A/3i-4o aggregation 

due to the promotion of conformational 

changes, such as the modification of sulfhydryl 

groups of the A/3 peptide (Huang et ah, 1997). 

Previous work (Mantyh et ah, 1993; Esler et ah, 

1996) indicated that salts of zinc at high, pos­

sibly nonphysiological, concentiations >10"4 

M significantly enhance the rate of A/8 aggre­

gation in vitro. These results stand in quantita­

tive disagreement with one study that reported 

significant aggregation of A/3 by zinc at phys­

iological concentrations (Bush et ah, 1994). 

However, zinc-mediated A/3i^o precipitation 

levels (<5 /xM) per se is not sufficient for neu­

rodegeneration, as co-addition of zinc to rat 

hippocampal primary cultures, specifically and 

in a dose-dependent manner, reduced A/3i^o 

neurotoxicity (Fuson et ah, 1996). 

Zinc can act as an antioxidant at low con­

centration (50 /xM), protecting the PC12 cells 

against ROS. Probably zinc competes with cer­

tain oxygen radicals-inducing agents, such as 

the A/3i^0 peptide (Pereira et ah, 1999), relative 

to its binding site on the cellular membrane. 

Transition metals attach themselves to active 
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binding sites and induce enhanced production 

of reactive species, leading to tissue-damaging 

effects. It has been described that zinc inhibits 

the toxicity of paraquat, a widely used herbi­

cide, through a mechanism that involves the 

displacement of copper from its binding sites, 

thus preventing free radical production 

(Chevion et ah, 1990). It has also been shown 

that zinc, at low concentrations (micromolar), 

has an antagonistic effect on the oxidative 

properties of copper, decreasing -OH forma­

tion (Powell et ah, 1994). Zinc competes with 

iron and copper for their binding sites, pro­

viding protection against metal-mediated 

D N A single- and double-strand breaks (Har-El 

and Chevion, 1991). Therefore, zinc may func­

tion as a site-specific rather than a general an­

tioxidant. By competing with other metal ions 

for binding to cell membranes and proteins, 

zinc may displace redox-active metals, namely 

iron and copper, and make them more avail­

able for binding to ferritin and metallothionein, 

respectively (Bettger, 1993). Furthermore, zinc 

may affect A/3 toxicity through its action on 

copper induced amyloid /3-chain aggregation 

(Atwood et ah, 1998). Zinc may also alter the 

amyloid-induced hydrogen peroxide (H2O2) 
formation that results from copper binding and 

reduction by A/3 (Huang et ah, 1999), and it pro­

tects from oxidation by binding to zinc 

sulfhydryl groups in proteins (Bagchi et ah, 

1998). 
In conclusion, we can say that zinc might 

have a concentration-dependent dual action, 

protective and toxic, thus playing an important 

role in the pathogenesis of Alzheimer's disease. 

However, further experiments are needed to 

clarify the mechanisms underlying those ef­

fects. 
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ABBREVIATIONS 

AD, Alzheimer's disease; A/3, amyloid /3-pep­

tide; Afii-40,1-40 fragment from amyloid /3-pep­

tide; /3-APP, /8-amyloid precursor protein; FCS, 

fetal calf serum; GSH, reduced glutathione; 

H2O2, hydrogen peroxide; HPLC, high-perfor­

mance liquid chromatography; LDH, lactate de­

hydrogenase; M A N O V A , one-way analysis of 

variance for multiple comparison; M D A , mal-

ondialdeyde; MTT, 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide; OH, hy­

droxyl radical; PC12, pheochromocytoma cell 

line; ROS, reactive oxygen species; TBA, Thio­

barbituric Acid Test; TBARS, thiobarbituric acid 

reactive substances; Zn, zinc. 
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