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Copper Activates the NF-kB Pathway In Vivo
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ABSTRACT

Previous results indicated that intravenous injection of copper in the form of a copper-histidine complex in
rats triggers the transcriptional induction of the inducible form of nitric oxide synthase (NOS-II). Here, the
authors demonstrate that copper activates the transcription factor NF-kB in the liver and lung tissues of rats,
and that this effect is mediated by oxidative stress, since all copper-induced changes, which include histologi-
cal alterations, formation of nitrotyrosines, vascular pressure drop, production of tumor necrosis factor-«
(TNF-a), induction of NOS-II and nitrites, are readily prevented by pretreatment of the animals with the an-
tioxidant tempol. By using electrophoretic mobility shift assays, the pS0/p65 dimer and higher molecular
weight aggregates have been found to be involved in the copper-induced NF-kB activation. COX-2, a NF-kB-
dependent gene involved in the inflammatory response, was also transcriptionally induced by copper, this ef-
fect being reduced in the presence of tempol. These results suggest that a physiopathological status, character-
ized by hypercupremic situations, may lead to the onset of inflammation through production of ROS and

activation of NF-«B. Antioxid. Redox Signal. 8, 1897-1904.

INTRODUCTION

THE MEMBERS OF NF-KB transcription factors of the Rel
family proteins are p65 (RelA), pS0, p52, c-Rel, and
RelB. In unstimulated cells, NF-kB, frequently under the
form of a p50/p65 dimer, resides in a latent form in the cyto-
plasm bound to the inhibitory subunit IkB (1, 2). Upon cell
stimulation, IkB is removed and the liberated NF-kB translo-
cates into the nucleus and activates target genes by binding to
regulatory elements in enhancers and promoters. The removal
of IkB is controlled by protein phosphorylation and subse-
quent rapid degradation by the 20 S or 26 S proteasome (19,
31). Specific peptide inhibitors of the proteasome that stabi-
lize the phosphoform of IkB are potent inhibitors of NF-«B
activation.

A number of distinct stimuli, including infections, inflam-
matory cytokines, radiations, and oxidants are known to post-
transcriptionally activate NF-kB (3, 17, 28). Many of these
stimuli cause oxidative stress in cells, with overproduction of

reactive oxygen species (ROS) such as superoxide, hydrogen
peroxide, and hydroxyl radicals (24, 25). NF-«kB activation is
thought to be a direct consequence of oxidative stress on the
basis of several lines of evidence. These include the notion
that NF-«kB activation can be suppressed by structurally unre-
lated antioxidants such as dithiocarbamates (26), NAC (27),
and vitamin E derivatives (29); the ability of hydrogen perox-
ide to act as an activator of NF-«kB in some cell lines (18, 27);
and the observation that stable overexpression of catalase im-
pairs NF-kB activation, whereas overexpression of Cu/Zn su-
peroxide dismutase superinduces NF-kB activation in re-
sponse to TNF-a (23). Antioxidants also prevent the decay of
IkB; however, they inhibit the phosphorylation step rather
than the proteasome. Hence, antioxidants may act upstream
of the kinase/phosphatase system, suggesting that the IkB
phosphorylation is redox-controlled.

There is, however, a consistent body of literature claiming
that ROS are not activators, but rather inhibitors for NF-kB
(4, 15). A central role for oxidative stress in NF-«kB activation
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seems to be ruled out by evidence such as the cell specificity
of hydrogen peroxide-induced activation of NF-«kB, and the
involvement of redox-independent targets in the inhibitory
effect of antioxidants (4). In this respect, recent findings
demonstrated that NAC and pyrrolidine dithiocarbamate,
compounds widely recognized as potential antioxidants, can
inhibit TNF-a-induced NF-«kB activation independently of
antioxidative function, either by lowering the affinity of re-
ceptor to TNF-a, or by inhibiting NF-kB activation in cell-
free systems, where extracellular stimuli-regulated ROS pro-
duction does not occur (12). Thus, according to this view, in
most cases, the role of oxidative stress in NF-kB activation is
at best facilitatory rather than causal, if a role exists at all.

Copper is an integral part of many important enzymes in-
volved in a number of vital biological processes. Although
this metallic ion is usually bound to proteins, it may be re-
leased and become free to catalyze the formation of highly re-
active hydroxyl radicals. For this reason, copper has been
largely involved in the onset of oxidative stress (32), at least
in in vitro and cell culture studies. Oxidative damage induced
by copper may be involved in a number of pathologies, with
particular regard to neurodegenerative conditions such as
Alzheimer’s disease, familial amyotrophic lateral sclerosis,
and prion diseases. However, the finding that the upper limit
of “free pools” of copper is far less than a single atom per cell
casts serious doubt on the in vivo role of copper in Fenton-
like generation of free radicals (21).

We have recently demonstrated that serum copper elevation
induced by i.v. injection of the metal ends up in massive acti-
vation of NOS-II in rats. To better understand the mecha-
nisms leading to in vivo NOS-II activation by copper, we have
analyzed the role of oxidative stress, on one hand, and the
possible involvement of NF-«kB, on the other.

MATERIALS AND METHODS

Chemicals

All reagents and compounds used were obtained from
Sigma Chemical Company (Milan, Italy), unless otherwise
stated. The Cu—His complex was prepared by adding 1 mol of
CuCl, to 3 mols of L-histidine in water (8).

Animals and experimental groups

Male Sprague—Dawley rats (200-250 g; Charles River,
Milan, Italy) were housed in a controlled environment and
provided with standard rodent chow and water. Animal care
was in compliance with Italian regulations on protection of
animals used for experimental and other scientific purposes
(D.M. 116192), as well as with the EEC regulations (O.J. of
E.C. L 358/1 12/18/1986). Rats were anesthetized with ure-
thane (1.3 g/kg. i.p.). The trachea was cannulated to facilitate
respiration, and body temperature was maintained at 37°C by
means of a heating pad. Following anesthesia, catheters were
placed in the carotid artery and jugular vein, as described pre-
viously (6). Blood pressure was monitored continuously by a
Maclab A/D converter (Ugo Basile, Varese, Italy), and stored
and displayed on Macintosh personal computer. The left
femoral vein was cannulated for administration of drugs.
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After recording baseline hemodynamic parameters, animals
were divided into four groups according to treatments: (a)
Cu—His group (n = 10): Cu—His (1 mM) given as a slow i.v.
bolus injection (0.3 ml volume) over 2 min; (b) Cu-His +
tempol group (n = 10): tempol (100 mg/kg i.v. bolus injec-
tion) was administered 15 min prior to Cu—-His (1 mM); (c)
sham group (n = 10) in which surgical procedures identical to
the Cu—His group were performed, except that saline was ad-
ministered instead of Cu—His; and (d) sham-tempol group (n
= 10), in which surgical procedures identical to the Cu—His +
tempol group were performed, except that tempol alone was
administered.

Light microscopy and immunohistochemistry

Lung and liver samples were taken 4 h after treatment. The
tissue slices were fixed in Dietric solution [14.25% (vol/vol)
ethanol, 1.85% (wt/vol) formaldehyde, 1% (vol/vol) acetic
acid] for 1 week at room temperature, dehydrated by graded
ethanol, and embedded in Paraplast (Sherwood Medical,
Mahwah, New Jersey). Sections (thickness 7 um) were de-
paraffinized with xylene, stained with hematoxylin and eosin
(lung) or by trichrome stain (liver), and observed in Dialux 22
Leitz microscope..

NOS-II was determined in different tissues by immunohis-
tochemistry as previously described (8). Briefly, tissues were
fixed in 10% (wt/vol) PBS-buffered formalin and 8 pm sec-
tions were prepared from paraffin embedded tissues. After
deparaffinization, endogenous peroxidase was quenched with
0.3% (vol/vol) hydrogen peroxide in 60% (vol/vol) methanol
for 30 min. The sections were permeabilized with 0.1%
(vol/vol) Triton X-100 in PBS for 20 min. Nonspecific ad-
sorption was minimized by incubating the section in 2%
(vol/vol) normal goat serum in PBS for 20 min. Endogenous
biotin or avidin binding sites were blocked by sequential in-
cubation for 15 min with avidin and biotin (DBA, Milan,
Italy). The sections were then incubated overnight with
1:1,000 dilution of primary anti-NOS-II antibody (DBA), or
with control solutions. Controls included buffer alone or non-
specific purified rabbit IgG. Specific labeling was detected
with a biotin-conjugated specific secondary anti-IgG and
avidin—biotin peroxidase complex (DBA). To verify the bind-
ing specificity for NOS-II, some sections were also incubated
with primary antibody only (no secondary antibody) or with
secondary antibody only (no primary antibody). In these situ-
ations, no positive staining was found in the sections, indicat-
ing that the immunoreactions were positive in all the experi-
ments carried out.

Immunocytochemistry photographs (n = 5) were assessed
by densitometry by using an Imaging Densitometer (AxioVi-
sion, Zeiss, Milan, Italy) and the related software from the
manufacturer.

Measurement of NO_and TNF-a

Nitrite/nitrate (NO,), the breakdown products of NO, and
TNF-a levels were measured in plasma samples from the dif-
ferent groups 4 h after the specific treatment. To measure
NO,, nitrate in the plasma was first reduced to nitrite by incu-
bation with nitrate reductase (670 mU/ml) and NADPH (160
uM) at room temperature for 3 h. Nitrite concentration in the
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samples was then measured by the Griess reaction, by adding
100 ul of Griess reagent (0.1% NEDA in H,0 and 1% sul-
fanilamide in 5% concentrated H,PO,; vol. 1:1) to 100 pl
samples. The optical density at 550 nm (OD,,) was measured
using a Spectramax 250 microplate reader (Molecular De-
vices, Sunnyvale, CA). Nitrite concentrations were calculated
by comparison with ODy. of standard solutions of sodium ni-
trite prepared in saline solution.

TNF-a was evaluated by using a colorimetric, commercial
kit (Calbiochem—Novabiochem, La Jolla, CA). The enzyme
linked immunosorbent assay has a lower detection limit of
5 pg/ml.

Quantification of NF-kB activation by ELISA

NF-kB activation was quantified using a TransAM NF-kB
kit (Active Motif, Rixensart, Belgium). Briefly, nuclear ex-
tracts were prepared from liver or lung tissues after homoge-
nization with Dounce in buffer A (10 mM Hepes pH 7.9,
10 mM KCl, 3 mM MgCl,, 0.1 mM EDTA, 0.1 mM EGTA,
0.5 mM DTT, 1 mM PMSEF, 10 pg/ml aprotinin, and 10 pg/ml
leupeptin). A second step was carried out in buffer A with
0.5% Igepal to separate nuclei from cytosol. After centrifuga-
tion at 200 g for 10 min at 4°C, pellets containing nuclear
fractions were resuspended in buffer C (20 mM Hepes pH
7.9,400 mM NaCl, 1 mM EDTA, | mM EGTA, 0.5 mM DTT,
1 mM PMSEF, 10 pg/ml aprotinin, and 10 pg/ml leupeptin) and
incubated on ice for 15 min. A final centrifugation at 12,000 g
was carried out, and the supernatants were collected and
quickly frozen in liquid nitrogen. Total protein content of ex-
tracts was determined according to Bradford (5). Ten pg/well
of nuclear extracts were incubated in a 96-well plate on which
a double-stranded oligonucleotide containing the NF-kB con-
sensus site (5'-GGGACTTTCC-3") had been immobilized.
The primary antibody used to detect NF-kB recognized an
epitope on p65 subunit that is accessible only when NF-«B is
activated and bound to its target DNA. After incubation with
a horseradish peroxidase-conjugated secondary antibody and
the developing solution, absorbance was read at 450 nm, with
a reference wavelength of 655 nm.

NF-kB dimer characterization by DNA
Electrophoresis Mobility Shift Assay (EMSA)

Nuclear extracts from lung or liver tissues were prepared
as described above. Three picomoles of the double-stranded
oligonucleotide containing the NF-kB binding site of the
NOS-II promoter (5'-AGTTGAGGGGACTTTCCCAGGC-3")
were end-labeled with [y-32P]ATP (74 MBg/ml, 220 TBq/
mmol; Amersham Biosciences Europe GmbH) by T4 polynu-
cleotide kinase (New England Biolabs, Beverly, MA). Ex-
tracts (8 ng) were incubated in the presence of the labeled
oligonucleotide probe (40,000 cpm) at 4°C for 30 min and at
room temperature for 40 min in 20 pl of binding buffer
(20 mM Tris, pH 7.5, 75 mM KCl, 13% glycerol, 1 mM DTT,
1 ng of BSA, and 2 pg of poly(dl)/poly(dC)). Cold competitor
was added in a 100-fold molar excess of the radiolabeled
probe. Supershift was performed by using 1 pg of the specific
antibodies recognizing different NF-kB subunits (anti-p50,
anti-p65, anti-RelB,or anti-c-rel polyclonal antibodies; Santa
Cruz Biotechnology, Santa Cruz, CA). DNA—protein com-
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plexes were resolved on 5% polyacrylamide gels in 25 mM
Tris-borate buffer, pH 8.2, 0.5 mM EDTA, and were visual-
ized by autoradiography.

mRNA expression by reverse transcriptase—
polymerase chain reaction (RT-PCR)

RT-PCR was carried out on total cellular RNA purified
from the homogenized tissues by using the RNA Fast Isola-
tion Reagent (Molecular System, San Diego, CA) and reverse
transcribed into cDNA using MMLV reverse transcriptase
and oligo dT(12-18) as primers. cDNA was amplified for the
COX-2 gene (297 bp) using specific primers (Ambion, Inc.
Woodward, Austin, TX). The mRNA for the constitutive
GAPDH enzyme was examined as the reference cellular tran-
script, and it was found to be present at comparable levels in
all tissue lysates. Estimates of the relative mRNA amounts
were obtained by dividing the area of the COX-2 band by the
area of the GAPDH band (Bio-Rad Multi-Analyst™/PC Ver-
sion 1.1). Molecular weight was the 100-bp DNA ladder (Life
Technologies, Inc.).

Data analysis

All values are expressed as mean =+ standard error of the
mean (SEM) of n observations. For the in vivo studies, n rep-
resents the number of animals studied. In the experiments in-
volving histology or immunohistochemistry, the figures
shown are representative of at least three experiments per-
formed on different experimental days. The results were ana-
lyzed by one-way ANOVA, followed by a Bonferroni’s
posthoc test for multiple comparisons, or by two-way analysis
of variance with the F statistic to test for independent eftects
of treatments and time.

RESULTS

Effect of tempol on copper-challenged rats

We have previously reported that rats treated with copper
(administered as a Cu—His complex) show massive induction
of NOS-II and formation of nitrotyrosines (an indicator of
peroxynitrite production) in liver and lung tissues, compara-
ble to that attained after LPS treatment (8). To ascertain the
involvement of oxidative stress in the observed NOS-II in-
duction, rats were treated with Cu—His after preinjection of a
bolus of 100 mg/kg tempol, and sections of lung and liver
were analyzed 4 h after challenge. The results are reported in
Fig. 1. As can be clearly seen, the effect of copper was effi-
ciently counteracted by treatment with the antioxidant, which
significantly prevented the NOS-II (panels A, C) and nitroty-
rosines (panels B, C) positive staining induced by the metal.
No staining for NOS-II or nitrotyrosines was observed in
lung and liver sections obtained from sham-operated rats. A
densitometric analysis performed on several standard fields
confirmed that the effect of tempol was statistically signifi-
cant (Fig. 1, panel C).

Copper has also been reported to cause severe NO-depen-
dent tissue injury in lung and liver (8). Therefore, histological
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FIG. 1. Immunohistochemical localization of
NOS-II (panel A) and nitrotyrosines (panel B) in
the liver and in the lung. Four hours after
Cu—His, positive NOS-II and nitrotyrosine staining
was found in both tissues. There was essentially no
detectable immunostaining in the liver or lung of
rats treated with tempol before injection of
Cu-His. Original magnification: 128.5X. Figure is
representative of at least three experiments per-
formed on different experimental days. Arrows in-
dicate positive hepatocytes. Panel C is the densito-
metric analysis of several sample fields (n = 5).
Values from the sham group were undetectable.
Statistics: (*), p <0.001 Cu—His vs. sham; (°), p <
0.05 Cu—His + tempol vs. Cu—His group.
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examination was carried out on sections of lung and liver
from rats challenged with copper for 4 h after injection of
tempol. As expected, the pathological changes induced by
copper were efficiently prevented by tempol (Fig. 2). In par-
ticular, necrosis of hepatocytes in the liver, and extravasation
of red cells and inflammatory cell accumulation in the lung
were significantly reduced in tempol-treated rats.

To further confirm that tempol was efficient in reducing
copper-induced physiological alterations of nitric oxide me-
tabolism, we have examined three more parameters previ-
ously found to be affected: vascular pressure, accumulation
of nitrite/nitrate in the plasma, and presence of TNF-«a in the
blood. When compared to sham, treatment with Cu—His
showed a significant decrease of the mean arterial blood pres-

sure (F, 241.4 [p <0.0001]). This effect was reverted by treat-
ment with tempol (F, 55.31 [p < 0.001]), differences being
statistically significant already after 4 h of treatment (Fig.
3A). Likewise, levels of nitrite/nitrate (Fig. 3B), and of TNF-
a (Fig. 3C), both indicative of NO production, were markedly
increased (p < 0.001) in the plasma from rats challenged with
copper, but significantly (p < 0.01) reduced toward basal lev-
els in animals preinjected with tempol.

NF-kB activation and dimer characterization

To assess whether NF-kB was activated in the liver and
lung of copper-challenged rats, the extent of NF-kB activa-
tion was evaluated at different times (15, 30, 60, and 180 min)
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FIG. 2. Morphology of liver and lung. Rep-
resentative liver sections from Cu—His-treated
rats demonstrate hepatic damage, characterized
by necrosis of hepatocytes. Representative lung
sections from Cu—His-treated rats demonstrate
inflammatory cells infiltration. Liver and lung
sections from rats pretreated with tempol dem-
onstrate reduced liver injury and reduced inflam-
matory cells infiltration, respectively. Original
magnification: 125X. Figure is representative of
at least three experiments performed on different
experimental days.
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as the increase of binding activity to a specific target se-
quence in an ELISA assay. As shown in Fig. 4A, treatment
with copper induced an early activation of NF-kB, which
peaked after a 60-min stimulation (Fig. 4A). Pretreatment of
rats with tempol was able to inhibit copper-elicited NF-kB
activation (Fig. 4A), again suggesting that oxidative stress is
involved in this mechanism. Similar results were observed in
the lung of copper-challenged rats (Fig. 4B).

The NF-kB subunits involved in the copper-induced
NF-kB activation were analyzed by EMSA (Fig. 5). A lysate
from the liver of animals treated with copper for 60 min (lane
4) showed the presence of two shifted components (arrows).
Consistent with the ELISA data above, NF-kB activation was
efficiently prevented by tempol (lane 3). When the liver
lysate was incubated with antibodies specifically recognizing
the p50, the p65, RelB, or c-rel NF-kB subunits, or, as a con-
trol, with a cold competitor, both shifted bands turned out to
be efficiently super-shifted by the anti-p65 and anti-p50 anti-
bodies (lanes 5 and 6, respectively), but not by anti-RelB or
anti-c-rel (lanes 7 and 8), clearly indicating the presence of
the p50/p65 heterodimer in both components. Similar results
were obtained with the lung (data not shown).

COX-2 mRNA expression by RIT-PCR

To prove that other NF-kB-dependent genes besides NOS-
IT and TNF-a were transcriptionally switched on in the liver
of copper-challenged rats, COX-2 mRNA expression levels
were analyzed using RT-PCR. As shown in Fig. 6, the ex-
pected 297 bp fragment was readily amplified in animals
treated with copper for 3 h. As expected, the copper-induced
expression of COX-2 mRNA was inhibited by preadministra-
tion of tempol.

DISCUSSION

In this manuscript, we present the first in vivo evidence
that copper can activate NF-kB and transcriptionally induce
NF-kB-dependent genes such as NOS-II, TNF-a, and COX-2
through production of reactive oxygen species. As already
pointed out in a previous paper (8), the induction of NOS-II
has dramatic consequences for the animal, including a signif-

icant drop of the vascular pressure (which ultimately leads to
death) and the significant impairment of histological parame-
ters of liver and lung. To test directly whether oxidative stress
is involved in these effects, we used tempol, which permeates
biological membranes and scavenges superoxide anions (7).
All these changes are readily prevented when the animal is
pretreated with the antioxidant tempol before copper chal-
lenge. Moreover, the massive formation of nitrotyrosines in
all examined tissues following copper injection, indicative
that synthesis of peroxynitrite occurs, is also strongly pre-
vented in the presence of tempol.

Conflicting results have been presented in the last two
decades on the effect of oxidative stress on the transcription
factor NF-kB (4, 12, 15, 18, 23, 26, 27, 29). Moreover, al-
though copper is naturally recognized as an inducer of ox-
idative stress (32), little is known on its effects in vivo, most
studies dealing with cellular models. Intracellular concen-
trations of free copper may be well below the threshold for
efficient Fenton reaction to occur (21), which makes the
role of copper in vivo even more uncertain with respect to
ROS production.

Our data are straightforward in demonstrating that eleva-
tion of serum copper triggers a massive oxidative stress, as
shown by the highly significant effect of tempol on all
changes induced by the metal. The effect of tempol is consis-
tent with previous data on copper-induced nitrotyrosines pro-
duction in different tissues (8), and indeed we show here that
nitrotyrosines do not form when the antioxidant is adminis-
tered along with copper. The oxidative stress triggered by
copper results in activation of NF-kB under the classical form
of a p50/p65 heterodimer, as shown by EMSA, supporting the
idea that the activation of the NF-«B transcription complex is
part of the inflammatory response to copper. As a matter of
fact, copper-evoked activation of NF-kB leads in turn to tran-
scriptional switch on of a number of inflammatory genes, in-
cluding NOS-II, TNF-a, and COX-2. It should be noted that
our data suggest that a higher molecular weight complex is
involved besides the p50/p65 heterodimer. As a matter of
fact, the super-shift experiments show that the copper-
induced shifted bands both contain p50 and p65, since they
are sensitive to both anti-p65 and anti-p50 antibodies. It can
be therefore safely speculated that the higher mobility band is
due to the p50/p65 heterodimer, while the lower mobility
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FIG. 3. Vascular parameters of copper-treated rats. Mean
arterial pressure (panel A), plasma levels of NOx (panel B),
and TNF-a (panel C) in rats treated with copper and/or tempol.
Symbols used for different treatments in panel A: ¢, sham
group; M, Cu—His; &#9633;, tempol + Cu—His. Panels B and
C: clear bars: without tempol pretreatment; filled bars, with
tempol pretreatment. Statistics: panel A, Cu—His vs. sham E,
241.4 (p <0.0001); Cu—His vs Cu—His + tempol E, 55.31 (p <
0.001). Panel B and C, (*) p <0.001 Cu—His vs. sham; (**) p <
0.001 Cu—His + tempol vs. Cu—His.

band arises from p50/p65 complexing of additional transcrip-
tion factors. In this respect, a number of coactivators (e.g.,
p300, CBP, Spl, CPAP, SIMPL, and RHA) have been de-
scribed to interact with the p65 subunit (13, 14, 20, 30, 34).
Further studies are in progress to better specify the compo-
nent of the transactivation complex that appears to mediate
the transcriptional activity of NF-kB induced by copper.

We are reminded that, although cells readily uptake copper
through several molecular mechanisms (10, 11, 16), copper
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FIG. 4. Quantification of NF-«kB activation by ELISA. Ef-
fect of tempol on copper-induced NF-kB activation in the liver
(A) and lung (B) tissues. The extent of NF-«kB activation was
evaluated at different times (15, 30, 60, and 180 min) as the in-
crease of binding activity to a specific consensus sequence in
an ELISA assay (for further details see “Materials and Meth-
ods” section). Bars represent the absorbance at 450 nm with a
reference wavelength of 655 nm. Statistics: p < 0.001 Cu—His
vs. sham at all times tested; p < 0.001 Cu—His + tempol vs.
Cu—His at all times tested.

apparently does not enter tissue cells under our conditions, as
shown by the unchanged metal content of lung or liver after
copper-histidine injection (8). Although cellular enrichment
in copper content might be very difficult to catch because of
its transient kinetics, this suggests that the oxidative stress is
induced in the plasma, and is then transduced within the cells,
leading to the inflammatory cascade. However, a ROS gener-
ation at intracellular level can not be excluded. Indeed, total
copper content into a tissue does not necessarily reflect the
intracellular copper level, because an acute impairment of
copper traffic can lead to redistribution of the metal into the
various cellular compartments and consequent modification
of its biological activity.

While little is known on the chronic effects of elevated
serum copper levels, apart from isolated evidence on the as-
sociation with atherosclerosis (9), myocardial infarction (22),
and stroke and pregnancy-induced hypertension (33), even
less data are available on the consequences of acute serum
copper elevation. We are the first to show that this status,
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FIG. 5. DNA Electrophoretic Mobility Shift Assay (EMSA).
Labeled oligonucleotide probe (40,000 cpm) containing NOS-
IT promoter NF-«kB binding site was incubated with 8 pug nu-
clear extracts of liver tissue derived from sham-treated rats in
the absence (lane 1) or presence (lane 2) of tempol, or from
rats challenged with Cu—His for 1 h in the presence (lane 3) or
absence (lanes 4-8) of tempol. To characterize the NF-kB pro-
tein involved specific antibodies were used: anti-p65 (lane 5),
anti-pS0 (lane 6), anti-cRel (lane 7), and anti-Rel B (lane 8).
As a specific control of DNA-NF-«kB protein binding, cold
competitor was added in 100-fold molar excess of radiolabeled
probe (lane 9).
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FIG. 6. COX-2 mRNA expression. Effect of tempol (t) on
copper-induced COX-2 mRNA expression in the liver.
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which can be pathologically achieved upon heavy metal in-
toxication, or physiologically attained in naturally occurring
hypercupremic situations such as pregnancy, leads to the
onset of inflammation through production of ROS and activa-
tion of NF-kB.
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hydroxyethylpiperazine N-2-ethanesulfonic acid; LPS, E. coli
lipopolysaccharide; NAC, N-acetyl-L-cysteine; NEDA, N-(1-
naphthyl) ethylenediamine dihydrochloride; NO, nitric oxide,
NOS-II, inducible nitric oxide synthase; PBS, phosphate-
buffered saline; PMSE, phenyl-methyl sulfonyl fluoride;
RHA, RNA helicase A; ROS, reactive oxygen species;
RT-PCR, reverse transcriptase—polymerase chain reaction;
SIMPL, signaling molecule that interacts with mouse pelle-
like kinase; TNFa, tumor necrosis factor «.
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