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SUMMARY

Copper has been suggested to facilitate oxidative tissue injury
through a free radical-mediated pathway analogous to the Fen-
ton reaction. By applying the ESR spin-trapping technique, evi-
dence for hydroxyl radical formation in vivo was obtained in rats
treated simultaneously with copper and ascorbic acid. A second-
ary radical spin-trapping technique was used in which the hy-
droxyl radical formed the methyl radical upon reaction with
dimethylsulfoxide. The methyl radical was then detected by ESR
spectroscopy as its adduct with the spin trap phenyl-N-t-butyl-
nitrone(PBN). Because copper excreted into the bilefrom treated

animals is expected to be maintained in the Cu(l) state (by
ascorbic acid or glutathione), a chelating agent that would redox-
stabilize it in the Cu(I) state was used to prevent ex vivo redox
chemistry. Bile samples were collected directly into solutions of
bathocuproinedisulfonic acid, a Cu(l)-stabilizing agent, and 2,2’-
dipyndyl, a Fe(ll)-stabilizing agent. If these precautions were not
taken, radical adducts were generated ex vivo and could be
mistaken for radical adducts generated in vivo and excreted into
the bile. Besides the PBN/. CH3 adduct, three other radical
adducts were produced in vivo and excreted in bile.

Copper, like other heavy metals, can be quite toxic when

introduced into a living system in amounts that exceed the

ability of the system to render the metal inactive through

protein binding or other means. One illustration of the toxicity

of copper is the use of copper salts as a fungicide, molluskicide,
and algicide (1). Copper check-valves in dispensing machines,

copper-lined containers used for food storage, or copper cooking

utensils are but a few sources from which gram quantities of

copper can be introduced into the body. Excessive copper

accumulation can also occur by such means as chronic copper

intoxication of water supplied by copper pipes, accidental or

abusive ingestion of copper-contaminated materials, or envi-

ronmental exposure (2).

When administered to an animal, copper is rapidly taken up

into the liver by a mechanism that does not appear to be

saturable (3). Copper is then excreted into bile (3) or integrated

into ceruloplasmin and secreted into plasma (4). The excretion

of copper into bile has been shown to increase with increasing

dosage in the rat up to 1 mg/kg but saturates at 3 mg/kg (5).

Hypercupremia (positive copper balance) is also observed in

certain inherited metabolic diseases and carcinomas (1, 6).

1 Permanent address: Institute of Physiology, Bulgarian Academy of Sciences,

“Academician Georgy Bonchev” Street, Building 23, 1113 Sofia, Bulgaria.

Inherited copper toxicosis is prevalent in Bedlington terriers

(7). Hypercupremia in humans occurs in Wilson’s disease (he-

patolenticular degeneration) and Indian childhood cirrhosis (1).

Maldistribution of body copper is observed in Menke’s kinky

hair disease (8).

More work has been conducted on the hepatic disposition of

copper than on that of most other metals because of the

attempts to characterize the molecular basis of these disorders.

In the late 1970s the catalytic role of transition metals, partic-

ularly iron and copper, was implicated in free radical reactions.

In biological systems there may be concentrations of redox-

active copper sufficient to catalyze free radical reactions and

account for various deleterious processes. It has been shown

that traces of soluble copper or iron can catalyze the transfor-

mation of a superoxide radical anion ( . 02) to the highly

reactive hydroxyl radical ( . OH) via the metal-catalyzed Haber-

Weiss reaction:

O2 + � -+ 02 + � -

M=Cu(n=2)orFe(n=3)

M� 13+ � H202 .-* � + OH- + OH

Alternatively, a metal-mediated site-specific mechanism for

free radical-induced biological damage has also been proposed
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(9-11), where . OH is formed site-specifically in the vicinity of
the target molecule (Biol) and reacts at the site of its produc-

tion.

Biol + � -+ Biol-M�

Biol-M� + O2 - Biol-M� - � + 02

Biol-M” - 13± #{247}H2O2 .-+ (Biol-M�. . . OH) + OH

(Biol-M�. . . OH) .-� damage

Other reductants present in cells (such as ascorbate or glu-
tathione) might be able to replace superoxide in the Haber-

Weiss cycle and, therefore, promote the toxicity of a metal/

hydrogen peroxide system. It has been previously demonstrated

that the combination of ascorbate and Cu(II) causes damage to

macromolecular structures such as polysaccharides and pro-

teins through generation of reactive oxygen species (12-15).

Studies in vitro showed that when albumin, for example, is

exposed to copper and ascorbate it is site-specifically cleaved

(15). Similarly, fibrinogen has been shown to coagulate as a

result of its reaction with vitamin C and copper (16). Ascorbate

has also been extensively used in combination with copper and

copper complexes to cause enzyme inactivation and to generate

strand breakage in DNA (14, 17, 18).

Although the antagonistic effects due to ascorbic acid sup-

plementation include inhibition ofcopper absorption (19), signs

of copper deficiency (20), and lowered tissue copper and ceru-

loplasmin levels (21, 22), the cytotoxicity of copper and ascor-

bate was attributed to . OH radicals repeatedly formed by

recycling Cu(II) back to Cu(I) (18, 23). However, under the

same experimental conditions, investigators have noted both

pro- and antioxidant effects of ascorbate with lower and higher
concentrations of ascorbate, respectively (24, 25). Because as-

corbic acid is the single most heavily consumed nutrient sup-

plement, it is important that more information be gathered on

the effects of ascorbic acid intake on copper bioavailability and

utilization.

In the present study we show in vivo formation of hydroxyl

radicals produced in rats during acute copper overload and

ascorbic acid intake. We used a secondary trapping technique

(26) in which the hydroxyl radical forms the methyl radical

upon reaction with DMSO. The methyl radical is then detected

by ESR spectroscopy as its adduct with the spin trap PBN.

The in vivo detection of the hydroxyl radical adduct of PBN is

extremely unlikely, due to its rapid decay (27). This is the first

report of ESR evidence for hydroxyl radical generation by

copper and ascorbic acid in vivo.

Materials and Methods

Chemicals. PBN, DMSO, FeSO4 - 7H20, CuSO4 - 5H2O, and L-ascor-
bic acid (sodium salt) were purchased from Aldrich. DP, 2,2’-biquino-

line, and BC were from Sigma. [‘3C2]DMSO (minimum 99 atom % ‘3C)
was obtained from Isotec Inc. (Miamisburg, OH).

In vivo animal treatment. Studies used Sprague-Dawley male rats
of 380-450 g (Charles River Breeding Laboratories, Raleigh, NC). Rats
were fed a standard chow mix (NIH Open Formula; Zeigler Brothers,

Gardner, PA) and were allowed free access to both food and water.
Rats were anesthetized with Nembutal (50 mg/kg intraperitoneally)

and anesthesia was maintained throughout the experiments. Bile ducts
were cannulated with a segment of PE 10 tubing. All animals were

given an intraperitoneal injection of the spin trap PBN (100 or 250

mg/kg of body weight) dissolved in DMSO (1 ml/kg of body weight)
and an intragastric injection of 1 M CuSO4 - 5H20 (3 or 1 ml/kg)
dissolved in distilled water. A 1 M solution of ascorbate was adminis-
tered intragastrically, where indicated, at a dose of 0.5 or 3 ml/kg body
weight.

Bile samples. Twenty-minute bile samples were collected for 2 hr
into plastic Eppendorf tubes containing 25 �l of a solution containing
300 mr�.i BC and 30 mM DP per 100 g of rat body weight. Samples were
immediately frozen on dry ice and stored at -70� until ESR analysis
or determination of iron and copper content.

Iron and copper analyses. After the intragastric administration
of 1 M CuSO4 (3 ml/kg), copper and iron levels in thawed 20-mm bile
samples were determined by a modified method of Ref. 28. One hundred

microliters of rat bile were placed in an Eppendorf tube to which were
added 200 �l of 0.1 M MOPS buffer, 100 �d of 0.25 M ascorbic acid, and
900 �l of 0.5 mg/ml 2,2’-biquinoline in glacial acetic acid for the Cu(I)
measurements or 900 gd of 0.5 mg/ml DP in glacial acetic acid for the
Fe(II) measurements. Absorbances were measured at 546 nm for Cu(I)
and at 522 nm for Fe(II), using a SLM-AMINCO DW-2C spectropho-

tometer. Each sample was measured against a reference prepared

exactly as described above, except that bile was excluded. Values were

then converted to corresponding concentrations by using standard

curves.

In vitro experiments in bile. For in vitro studies, bile from

untreated rats was added to tubes containing various combinations of

PBN, DMSO, DP, BC, and ascorbic acid. Cu(I), Cu(II), or Fe(II) was

added last to initiate the reaction. Scans were taken 5 mm after mixing.
In vivo bile experiments. For ESR measurements, bile samples

were thawed and transferred to flat quartz cells within 5 mm. All

spectra shown are from bile collected 2 hr after the administration of

CuSO4 and ascorbic acid.
ESR spectra were obtained using a Varian E-109 spectrometer

equipped with a TM110 cavity and operating at 9.3 GHz, 20-mW power,
and 100-kHz modulation frequency. Spectra were recorded on an IBM-

compatible computer interfaced to the spectrometer. Hyperfine cou-
pling constants were determined from a spectral simulation program,
SIMEPR (written by D. R. Duling of NIEHS), which sequentially
varies all parameters of each radical species until a minimum in the

error surface is located. Goodness of fit was judged by both a minimum
in the sum of the squared residuals and visual comparisons.

Student’s t test was used for statistical analysis of copper and iron

levels from groups of animals. Values of p of <0.05 were taken to
indicate significant differences.

Results

After an intragastric dose of Cu504 and ascorbic acid and

intraperitoneal administration of PBN in DMSO to rats, the

ESR analysis of bile samples collected into aqueous solutions

ofBC and DP gave a six-line spectrum (Fig. 1A). The formation

of this radical adduct was dependent on the administration of

Cu504 (Fig. 1B), PBN/DMSO (Fig. 1C), and ascorbate (Fig.

1D) and was apparently due to the in vivo formation of the

PBN-methyl adduct, PBN/ . CH3, from hydroxyl radical. The

ESR spectrum of bile from untreated rats showed only the

doublet of the ascorbate radical, which was variable in intensity

(data not shown). We were not able to show in vivo hydroxyl

radical generation from rats treated only with CuSO4 and PBN/
DMSO (Fig. 1D).

Because copper excreted into the bile from treated animals

is expected to be maintained in the Cu(I) state (by ascorbic

acid, glutathione, or other biological reductants), the chelating

agent BC, which stabilizes copper in the Cu(I) state, was used.

A chelating agent for redox-stabilizing Fe(II), DP, was also

used. We found that, if these precautions were not taken,

signals from radical adducts generated ex vivo might be mis-
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Fig. 1. A, ESA spectrum of radical adducts detected in the bile from rats
2 hr after CuSO4 (1 mmol/kg) and ascorbic acid (Asc) (0.5 mmol/kg)
were administered intragastrically and PBN (1 00 mg/kg) dissolved in
DMSO (1 mI/kg) was administered intraperitoneally. Bile samples were
collected into 25 �l of a solution containing 300 m� BC and 30 m� OP
per 100 g of body weight. B, Same as in A, but rats were not given
CuSO4; C, same as in A, but rats were not given PBN/OMSO; 0, same
as in A, but rats were not given ascorbic acid. Spectrometer settings:
modulation amplitude, 1 .3 G; microwave power, 20 mW; scan time, 16
mm; time constant, 1 sec.

taken for the adducts generated in vivo and excreted into the
bile. For example, Fig. 2A shows the spectrum obtained from
the bile of PBN/DMSO-treated rats during copper overload
when no chelators were added to the bile. The radical adducts

were still observed if only the Fe(II)-stabilizing agent DP (Fig.
2B) or the Cu(I)-stabilizing agent BC (Fig. 2C) was added to

the bile-collecting tubes. When both chelating agents were used

in the bile-collecting tube (Fig. 2D), no artifactual signals were

detected. Under these conditions, the initial spectrum showed

only the presence of the ascorbate radical. Fig. 2D shows the

same experiment as Fig. 1D with a lower instrument gain.

These findings suggest that, when bile was collected directly

into solutions of Cu(I)- and Fe(II)-chelating agents, ex vivo

hydroxyl radical generation was halted.

In rats treated with PBN and DMSO alone, a weak signal

was detected in bile (Fig. 2E) but was completely suppressed

by collection of bile into a solution of DP and BC or of DP
alone. Apparently iron was present that also catalyzed ex vivo

reactions (26). In an attempt to investigate this possibility, the
biliary excretion of iron and copper from copper-treated rats

was determined. Analyses of bile obtained after intragastric
injection of CuSO4 at a dose of 3 mmol/kg indicated that

significant concentrations of both copper (Fig. 3) and iron (Fig.

4) were present, particularly in those samples collected during

the second hour, compared with controls from nontreated rats.

In order to investigate under what conditions ex vivo reac-

tions occur in the bile, a series of in vitro experiments were

performed in which Cu(I), Fe(II), PBN, DMSO, BC, and DP

- Cu; into
F DP+BC

I 20 Gauss

Fig. 2. A, ESR spectrum of radical adducts detected in the bile of rats 2
hr after administration of CuSO4 (3 mmol/kg, intragastrically) and PBN/
DMSO (250 mg/kg, intraperitoneally). B, Same as in A, except OP (25 MI
of 30 m�i per 100 g of body weight) was added to the collection vial; C,
same as in A, except BC (25 MI of 300 m� per 100 g of body weight)
was added to the collection vial; 0, same as in A, except 25 MI of a
solution containing BC (300 mM) and OP (30 mM) per 100 g of body
weight were added to the collection vial; E, same as in A, but rats were
not given CuSO4; F, same as in A, but rats were not given CuSO4, and
BC and OP were added to the collection vial. Spectrometer settings:
modulation amplitude, 1 .3 G; microwave power, 20 mW; scan time, 8
mm (A and B) or 16 mm (C-F); time constant, 0.5 sec (A and B) or 1 sec

(C-F).

were added to bile from nontreated rats. As shown in Fig. 5A,

when Cu(I), PBN, and DMSO were added to bile in the pres-

ence of the Fe(II)-stabilizing agent DP, two prominent signals

were detected from PBN/ . CH� (aN 16.30 G and al’� 3.71
G) and PBN/OCH:� (aN 15.08 G and a1’� = 3.32 G). The

formation of . OCH occurs subsequent to the reaction of . CH�

with 02 (26, 29). When BC was included in the in vitro incu-

bation, no radical adducts were detected (Fig. SB). These find-

ings are consistent with the known ability of BC to inhibit the

oxidation of cuprous ion (30). When PBN, DMSO, and Fe(II)

were added to bile, a prominent signal from two species was

also detected (Fig. SC) that was inhibited by DP (26). The

addition of Cu(I) and Fe(II) to bile in the presence of both

chelating agents did not give any detectable radical adducts

(Fig. SD).

It was suspected that DP and BC might not be able to prevent

the occurrence of ex vivo radical reactions if copper and ascorbic

acid were both injected into the rat, so additional in vitro

control experiments were performed to examine this possibility.

When both DP and BC were included in incubation mixtures,

only the ascorbate radical was detected, regardless of which

metals were present (data not shown). An additional in vivo

experiment was performed where bile samples from animals

treated with ascorbate and PBN/DMSO, but not CuSO4 (Fig.

1B), were collected into aqueous solution of BC and DP con-
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taming 70 MM CuC1 (final concentration). At this concentration

of CuCl, which is comparable with that excreted in bile (Fig.

3), no detectable radical adduct formation occurred (data not

shown).

Having demonstrated in vivo copper- and ascorbic acid-

dependent free radical formation, we next sought to identify

the radical adducts detected. Isotope substitution techniques,

such as the incorporation of a magnetic nucleus (typically 13C)

into a radical adduct, can permit identification of a variety of

radicals trapped in complex biological systems (31). Using this

approach, experiments were performed with ‘3C-substituted

DMSO, which were expected to confirm the formation of PBN/
. ‘3CH3 in vivo. The ESR signal detected in the bile of rats given

an intraperitoneal dose of [13C2]DMSO/PBN and an intragas-

tric dose of CuSO4 and ascorbic acid is shown in Fig. 6A. This

spectrum clearly contains a signal from the PBN/ . 13CH3 radical

adduct, which is the dominant species and is characterized by
the hyperfine coupling constants of aN 16.30 G, a� = 3.63 G,
and a� (‘4C) = 3.81 G (Table 1; Figs. 6B and 7B).

Four other radical species were present in bile from copper-

and ascorbic acid-treated rats (Fig. 7); however, their assign-

ments are complicated by the heterogeneity of the bile. Al-

though an acceptable simulation could not be obtained unless

a minimum of five separate adducts were included in the
simulations, only the assignments for the PBN/ . 13CH3 adduct

(due to the additional splitting of the ‘3C nucleus from [‘3C2]

DMSO) and the ascorbate free radical can be considered

unique. The final values reported in Table 1 were consistently

obtained from several computer simulations in which various

reasonable initial values were used.
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Fig. 3. Concentrations of copper excreted in the bile of rats after
administration of an intragastric dose of 3 mmol/kg CuSO4. Concentra-
tion values are an average for bile from five rats (four for the controls);
error bars, standard errors. One time interval corresponds to the collec-
tion of bile over a 20-mm period, such that the fourth time interval
corresponds to the bile sample collected for 20 mm beginning 1 hr after
CuSO4 injection.

1 2 3 4 5

Time Interval

Fig. 4. Concentrations of iron excreted in the bile of rats after an
intragastric dose of 3 mmol/kg CuSO4 was administered. Concentration
values are an average for bile from five rats (four for the controls); error
bars, standard errors. The time intervals correspond to those in Fig. 3
and the analyses for iron were performed on the same samples as for
copper.

20 Gauss

Fig. 5. Inhibition of redox chemistry in vitro from Cu(l) and Fe(ll) by BC
and OP in a 95:5 bile OMSO mixture containing 15 m� PBN. A, 0.25 m�
Cu(l) (dissolved anaerobically in acetonitnle)(45) and 2.5 m� OP; B, 0.25
mM Cu(l) and 2.5 mM BC; C, 0.25 m�i Fe(ll); 0, 0.25 mM Cu(I), 0.25 m�
Fe(ll), 2.5 mM BC, and 2.5 m� OP. Spectrometer settings: modulation
amplitude, 0.25 G; microwave power, 20 mW; scan time, 8 mm; time
constant, 0.64 sec.  at T
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Fig. 6. A, ESR spectrum of radical adducts detected in the bile from rats
2 hr after CuSO4 (3 mmol/kg, intragastrically), ascorbic acid (0.5 mmol/
kg, intragastrically) and PBN (250 mg/kg) dissolved in [13C2]OMSO (1
mI/kg, intrapentoneally) were administered. Bile samples were collected
into 25 MI of a solution containing 300 mM BC and 30 m�i OP per 100 g
of body weight. Spectrometer settings: modulation amplitude, 1 .3 G;
microwave power, 20 mW; scan time, 1 hr; time constant, 4 sec. B,
Computer simulation of spectrum in A. Hyperfine coupling constants are
given in Table 1.

The adduct labeled as PBN/ . \� in Fig. 7C has not been

identified but has also been shown to be present in bile from

experiments of iron overload.2 Only a nitrogen hyperfine cou-

pling constant of 15.01 G was used to simulate the spectral

contribution from this nitroxide, but the corresponding line-

width used (1.3 G) was relatively large, suggesting that unre-

solved hyperfine coupling constants may be present. A similar
three-line signal (aN 15.92 G) was reported for a PBN-

dependent adduct that was formed during ischemia/reperfu-

sion-induced injury to gerbil brain and extracted into chloro-

2 M. J. Burkitt, M. B. Kadiiska, P. M. Hanna, S. J. Jordan, and R. P. Mason.

An ESR spin-trapping investigation into the effects of paraquat and desferriox-

amine on hydroxyl-radical generation during acute iron-poisoning. Submitted for
publication.

form (32). A PBN-derived nitroxide may lack a �3-hydrogen

coupling as the result of abstraction of this hydrogen in a

double-trapping reaction sequence (33).

The hyperfine coupling constants for the adduct shown in

Fig. 7D suggest that this adduct may be due to an aliphatic

carbon-centered radical, especially from its a>/a,” ratio (34);

however, the possibility of an alkoxyl radical adduct, PBN/

. OR, cannot be dismissed. The carbon dioxide anion radical

adduct, PBN/.C02 (Fig. 7E), has been identified from its

distinctive coupling constants and is possibly a result of the

oxidation of endogenous formate anion by hydroxyl radical

(35). In fact, the latter three radical adducts all appear to be

products of spin-trapping of free radicals formed from endoge-

nous molecules, because they all lack hyperfine coupling from

13C� however, the adduct in Fig. 7D may be due to the methoxy

radical formed from the reaction of . ‘CH: with 02 (26). The

ascorbate free radical was observed in all bile samples from

copper-treated rats (Fig. 7F).

Discussion

One broadly accepted explanation for the cytotoxicity of

copper stems from its redox activity and its potential to catalyze

the repeated production of highly active oxygen-derived species

(9, 30, 36). ESR evidence for hydroxyl radical formation in vivo

due to the combination of copper overload and ascorbic acid

intake is provided by spin-trapping of the methyl radical re-

sulting from the scavenging of hydroxyl radical by DMSO.

Although alkoxyl radicals have also been shown to react with

DMSO to form the methyl radical (37), their rate of re-

arrangement through a 1,2-hydrogen atom shift is on the order

of 105_106 sec’ (38, 39) and >10 sec for decomposition

through f3-scission (40). In contrast, the rate of reaction of

DMSO with alkoxyl radicals to form the methyl radical is <1.3

x 10�� M’sec (37); therefore, it seems unlikely that alkoxyl

radicals that may have formed during copper overload could be

responsible for the DMSO-dependent methyl radical formation.

Fatty acid alkoxyl radicals react internally with double bonds

to form epoxides even faster (41). On the other hand, the

reaction rate of hydroxyl radical with DMSO is >10 M’sec’

(42), and this is, therefore, the species most likely responsible

for the DMSO-dependent methyl radical formation in vivo.

To produce the highly reactive hydroxyl radical, Cu(II) must

be reduced to Cu(I). It is assumed that Cu(I) is oxidized by

H2O2 to yield -OH, although the reaction between Cu(I) and

H2O2 may not be a simple one-electron oxidation of Cu(I) to

Cu(II) with concomitant formation of the free hydroxyl radical

(10, 43-45). We found that, in ascorbic acid-treated rats, hy-

droxyl radical (or a closely related species such as a high-

TABLE 1

Hyperfine coupling constants obtained from the simulation of Fig. 6A
The five radical species used to simulate the experimental spectrum are shown in Fig. 7, B-F and are presented
composite spectra in Figs. 6B and 7A. The radical assignments listed below are discussed in the text.

at the relative concen trations determined from the

Hyperfine coupling constants in Gauss
Radicaldetected

N H C 13�’. H
a 2 � � a

aN/a�
Relative

.
concentration

Source

PBN/ 13CH3 16.30 3.63 3.81
PBN[13CH3 16.18 3.38 3.96
PBN/Y 15.01
PBN/C 16.01 3.59
PBN/CO2 15.42 4.88
Asc 1 .74

4.49
4.79

4.46
3.16

49

28
1 1

2
1 0

Fig. 7B
Footnote 2

Fig. 7C
Fig. 7D
Fig. 7E
Fig. 7F
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E PBN/’C02A� A A� A A A

20 Gau��

Fig. 7. Relative contributions of the assigned radical adducts from
computer simulation of the experimental spectrum shown in Fig. 6A. A,
Complete simulation; B, simulation of PBN/. ‘3CH3 (linewidth, 0.96 G;
lineshape, 86% Lorentzian 14% Gaussian); C, simulation of PBN/-Y
(linewidth, 1 .3 G; lineshape, 100% Gaussian); 0, simulation of PBN/- C
(linewidth, 0.50 G; lineshape, 97% Lorentzian 3% Gaussian); E, simula-
tion of PBN/-CO2 (linewidth, 0.16 G; lineshape, 44% Lorentzian 56%
Gaussian); F, simulation of ascorbate radical (linewidth, 0.29 G; line-
shape, 1 00% Gaussian). Simulated linewidths are corrected for experi-
mental modulation amplitude contributions. The hyperfine coupling con-
stants obtained from these simulations are given in Table 1.

valence metal species) is generated during acute copper over-

load. The suggested mechanism involves the oxidation of as-

corbate to the ascorbate radical, the reduction of Cu(II) (either

spuriously protein bound or non-protein bound) to Cu(I), and

the production of superoxide, hydrogen peroxide, and hydroxyl

radical.

Ascorbate + Cu2� -+ Ascorbate radical + Cu� + H�

Cu� + 02 -� Cu2� + 02

2O2 - H2O2 + 02

H202 + Cu� -+ Cu2� + OH- + 0H

The results in this study support a free radical mechanism

that attributes an important role to ascorbic acid and copper

in vivo in the induction of biological damage already demon-

strated in numerous in vitro experiments (9, 12, 14, 18, 23, 46).

From our studies here it is clear that generation of detectable
. OH during acute copper poisoning of rats is dependent on

high intragastric concentrations of ascorbic acid. Conceivably,

radical production may occur in the digestive tract, where the

spin-trapped adduct is absorbed and transported directly to the

liver via the portal vein. However, we could not detect any free

radical in blood samples drawn from the portal vein (data not

shown). Other mechanisms have been discussed in which as-

corbate promotes the release of iron and copper from metal

storage and metal transport proteins and the release of copper

from ceruloplasmin (47).

In cellular systems, glutathione is well suited to participate

as a copper ligand by virtue of its millimolar concentration in

many cells and the thermodynamic strength of the copper-

thiolate bond. The importance of glutathione in metal detoxi-

fication is also supported by its role as a substrate for GSH

peroxidases and its reaction with reactive oxygen species. In an

in vitro study, Hanna and Mason (45) provided direct evidence

for the inhibition of free radical formation from Cu(I) and H2O2

by glutathione and other thiols. No radicals were detected when

these ligands were present in stoichiometric excess, whereas

Fe(II) remained redox active and generated both GS . and . OH

radicals in the presence of GSH and H2O2. The inhibition by

glutathione of free radical formation from Cu(I) and H2O2 may

also have implications in vivo. Although we were not able to

detect . OH from copper-treated rats even after depletion of

glutathione (data not shown), the role of glutathione is still

presumed to be significant because, even under these conch-

tions, the glutathione concentration is still in large excess over

the copper. Furthermore, the lack of an observed adduct from

copper treatment alone was not a result of reduction by GSH

of the radical adduct formed in vivo, because radical adducts

are easily detected in vitro in the presence of GSH (45) and in

vivo from iron overload experiments (26).

Clearly, in our system ofcopper-intoxicated rats copper alone

does not cause the formation of detectable PBN/ . CH3, unlike

what had been demonstrated for iron (26). Either the binding

ofcopper to its physiological ligands prevents it from catalyzing
. OH formation (45, 48, 49) or . OH participates in site-specific

reactions of the bound copper and does not have the opportu-

nity to react with DMSO to form the methyl radical in detect-

able concentrations (11, 23, 43, 46). Free radical production

from copper in vivo, however, can be stimulated by sufficient

quantities of ascorbic acid to produce radical adducts similar

to those observed from iron overload.2
Finally, we showed that, if bile samples from copper-treated

rats were not collected directly into solutions of chelating

agents that would redox-stabilize copper and traces of iron,

signals from radical adducts generated ex vivo might be mis-

taken for adducts generated in vivo and then excreted into the

bile. In summary, the findings presented here indicate that

radicals detected in the bile are formed in vivo due to the

combination of acute copper and ascorbic acid intake.
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