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Abstract
Lead is an environmentally persistent toxin
that
causes
neurological,
hematological,
gastrointestinal, reproductive, circulatory, and
immunological pathologies. The propensity for
lead to catalyze oxidative reactions and generate
reactive oxygen species has been demonstrated
in multiple studies. These reactive oxygen
species (ROS) inhibit the production of sulfhydryl
antioxidants, inhibit enzyme reactions impairing
heme production, cause inflammation in vascular
endothelial cells, damage nucleic acids and
inhibit DNA repair, and initiate lipid peroxidation
in cellular membranes. These wide-ranging
effects of ROS generation have been postulated
to be major contributors to lead-exposure related
disease. Antioxidants – vitamins B6, C and E,
zinc, taurine, N-acetylcysteine, and alpha-lipoic
acid, either alone or in conjunction with standard
pharmaceutical chelating agents – have been
studied in lead-exposed animals. The evidence for
their use in lead exposure, alone and in conjunction
with chelating agents, is reviewed in this article.
(Altern Med Rev 2006;11(2):114-127)

Introduction

Lead is a persistent and common environmental contaminant. Like other commonly found,
persistent toxic metals – mercury, arsenic, and cadmium – lead damages cellular material and alters
cellular genetics. The mechanism all of these toxic
metals have in common involves oxidative damage.
Toxic metals increase production of free radicals
and decrease availability of antioxidant reserves to
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respond to the resultant damage. Data now indicate
that low-level exposures to lead, resulting in blood
lead levels previously considered normal, may cause
cognitive dysfunction, neurobehavioral disorders,
neurological damage, hypertension, and renal impairment. The pathogenesis of lead toxicity is multifactorial, as lead directly interrupts enzyme activation,
competitively inhibits trace mineral absorption, binds
to sulfhydryl proteins (interrupting structural protein
synthesis), alters calcium homeostasis, and lowers
the level of available sulfhydryl antioxidant reserves
in the body.1
Recent research examining the etiology of
lead toxicity-induced hypertension reveals that the
free radical production and lowering of inherent antioxidant reserves resulting from lead toxicity are directly related to vasoconstriction underlying lead-induced hypertension.2 The mechanisms of lead-related
pathologies, many of which are a direct result of the
oxidant effect of lead on tissues and cellular components, may be mitigated by improving the cellular
availability of antioxidants. N-acetylcysteine (NAC),
zinc, vitamins B6, C and E, selenium, taurine, and
alpha-lipoic acid have been shown, in a number of
animal studies, to interrupt or minimize the damaging
effects of lead and improve the effects of pharmaceutical chelating agents.
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Mechanisms of Lead Toxicity: The
Effect of Lead on Oxidant/Antioxidant
Balance
Lead Binds to Glutathione and
Sulfhydryl-Containing Enzymes

Lead also binds to enzymes that have functional sulfhydryl groups, rendering them nonfunctional and further contributing to impairment in
oxidative balance. Levels of two specific sulfhydrylcontaining enzymes that are inhibited by lead – deltaaminolevulinic acid dehydrogenase (ALAD) and glutathione reductase (GR) – have been demonstrated to
be depressed in both animal and human lead-exposure studies.6,9-12
In a study of pediatric lead exposure in
Lucknow, India, children with blood lead levels of
11.39 µg/dL had significantly depressed levels of
ALAD compared to children with levels of 7.11µg/dL
or lower.6 Depressed levels of ALAD in these children
correlated with depressed levels of glutathione. In a
study of lead-exposed battery plant workers, significant correlations were seen between ALAD activity,
blood lead levels, and erythrocyte malondialdehyde
(MDA) levels. MDA is a clinical marker of oxidative

Lead toxicity leads to free radical damage
via two separate, although related, pathways: (1) the
generation of reactive oxygen species (ROS), including hydroperoxides, singlet oxygen, and hydrogen
peroxide, and (2) the direct depletion of antioxidant
reserves.1 In any biological system where ROS production increases, antioxidant reserves are depleted.
In this situation, the negative effects on the human
system’s ability to deal with increased oxidant stress
occur via independent pathways.
One of the effects of lead exposure is on glutathione metabolism. Glutathione is a cysteine-based
molecule produced in the interior compartment of the
lymphocyte. More than 90
percent of non-tissue sulfur
in the human body is found in
the tripeptide glutathione.3 In
Figure 1. Inhibition of ALAD Results in Elevated ALA
addition to acting as an important antioxidant for quenching
free radicals, glutathione is a
substrate responsible for the
Succinyl CoA + Glycine
ÒH2O2, O2-, OH
metabolism of specific drugs
Ò4,5-dioxovaleric acid
and toxins through glutathi3
one conjugation in the liver.
ALA synthetaseÒ
The sulfhydryl complex of glutathione also directly binds to toxic metals
Òdelta-Aminolevulinic acid (ALA)
that have a high affinity for
sulfhydryl groups. Mercury,
arsenic, and lead effectively
Lead
ALA dehydratase (ALAD)
inactivate the glutathione
molecule so it is unavailable
as an antioxidant or as a subÚporphobilinogen
strate in liver metabolism.4
Concentrations of glutathione
in the blood have been shown
to be significantly lower than
Úheme
control levels both in animal
studies of lead exposure and
in lead-exposed children and
KEY:ÒorÚindicate changes in enzymes or substrates as a result of lead exposure.
adults.5-8
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Figure 2. Effect of Lead on Glutathione Metabolism

· ALA + oxyhemoglobin

Review

Lead Generates
Reactive Oxygen
Species (ROS)

Erythrocytes have a
high affinity for lead, bindPb
ing 99 percent of the lead in
ÚGSH
the bloodstream. Lead has a
· H2O2, O2destabilizing effect on cellular membranes, and in red
blood cells (RBC) the effect
Ú‚ glutathione
decreases cell membrane fluÚ‚ glutathione peroxidase (Se)
reductase
idity and increases the rate
of erythrocyte hemolysis.
Hemolysis appears to be the
end result of ROS-generated
H2O
lipid peroxidation in the RBC
GSSG
membrane.15 Lead can also
bind directly to phosphatidylcholine in the RBC memKEY:
ALA = aminolevulinic acid
brane, leading to a decrease
·‚ = reduction or elevation due to upregulation or decreased availability
in phospholipid levels.16 Lipid
Ú = reduction due to direct binding to Pb
peroxidation of cellular memGSH = reduced glutathione
branes has also been identified
GSSG = oxidized glutathione
in tissue from various regions
of the brain of lead-exposed
rats.17 Hypochromic or norstress, specifically lipid peroxidation, which occurs
mochromic anemia is a hallin lead exposure.13 ALAD is a crucial enzyme in
mark of lead exposure; it results from ROS generalead toxicity because the inhibition of ALAD lowers
tion and subsequent erythrocyte hemolysis.18 Lead is
heme production and increases levels of the substrate
considered, along with silver, mercury, and copper, to
delta-aminolevulinic acid (ALA) (Figure 1). Elevated
be a strong hemolytic agent, able to cause erythrocyte
levels of ALA, found both in the blood and urine of
destruction through the formation of lipid peroxides
subjects with lead exposure, are known to stimulate
in cell membranes.19
ROS production.14
In addition to membrane peroxidation, lead
Glutathione reductase, the enzyme responexposure causes hemoglobin oxidation, which can
sible for recycling of glutathione from the oxidized
also cause RBC hemolysis. The mechanism responform (glutathione disulfide; GSSG) to the reduced
sible for this reaction is lead-induced inhibition of
form (reduced glutathione; GSH) is also deactivated
ALAD. ALAD is the enzyme most sensitive to lead’s
by lead.11 Depressed levels of glutathione reductase,
toxic effects – depressed heme formation. As a result,
glutathione peroxidase, and glutathione-S-transferase
elevated levels of the substrate ALA are found in both
were all found to correlate with depressed glutathione
the blood and urine of lead-exposed subjects.10 These
levels in occupationally-exposed workers.8 Figure 2
elevated levels of ALA generate hydrogen peroxide
demonstrates the effect of lead on glutathione me(H2O2) and superoxide radical (O2-), and also intertabolism.
act with oxyhemoglobin, resulting in the generation
of hydroxyl radicals (OH), the most reactive of the
free radicals (Figure 1).14 As ALA is further oxidized,
it becomes 4,5-dioxovaleric acid. The generation of
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this potentially genotoxic compound is a possible
mechanism for the metal-dependent DNA carcinogenicity of lead. By the same mechanism, ALA may be
responsible for the increased frequency of liver cancer in acute intermittent porphyria, another condition
where elevated levels of ALA occur.20
Lead has also been shown to both elevate and
suppress blood levels of the antioxidant enzymes superoxide dismutase (SOD), catalase, and glutathione
peroxidase (GPx).21-23 Elevations of these enzymes
have been seen in lower levels of exposure, while
suppression can occur at higher exposure levels over
longer periods of time. In one study of 137 lead-exposed workers, those with high blood lead levels
(over 40 µg/dL) had significant reductions in blood
GPx that correlated with elevated erythrocyte MDA
levels.24 Those with lower exposures (25-40 µg/dL)
had elevated levels of GPx, a suggested compensatory reaction for increased lipid peroxidation.

Hypertension: The Role of Leadinduced Oxidative Stress and Nitric
Oxide

Multiple studies in animal models and human populations have shown a causal relationship
between low-level lead exposure and hypertension.25
Conversely, one meta-analysis concluded that current
data support a weak correlation between lead exposure and incidence of hypertension.26 Confounding
factors, including dietary intake of antioxidants, genetic resistance traits, dietary calcium intake, exposure to other environmental toxins, and dietary excesses of fat, sugar, salt and alcohol complicate the
isolation of lead as a risk factor in epidemiological
studies.26,27
There is evidence, however, that oxidant
stress plays a significant role in the etiology of hypertension. Antioxidant supplementation has been
shown to ameliorate hypertension in rats.28 Various
studies support the theory that hypertension is the
manifestation of ROS production that can occur in
many conditions, including lead exposure,29 experimentally-induced syndrome X,30 pre-eclampsia,31
salt-sensitivity,32 and uremia.33 Hypertensive patients
have lower levels of plasma vitamin C and higher
levels of plasma hydrogen peroxide, superoxide anion, and lipid peroxide.34-36

Nitric oxide metabolism has been shown to
play a central role in the pathogenesis of both oxidative stress-induced hypertension and lead-induced
hypertension.27 Adequate levels of nitric oxide are
necessary for endothelium-dependent vasodilation
and inhibition of smooth muscle cell proliferation,
platelet aggregation, and monocyte adhesion.37 The
role of nitric oxide regulation in vascular function
is complex and only briefly summarized here. For
a more complete review of the relationship between
lead, oxidative stress, and nitric oxide, the extensive
review by Vaziri is referenced.27 Nitric oxide, also
known as “endothelium-relaxing factor,” is effectively inactivated by ROS.33 ROS have been shown
to oxidize nitric oxide in vascular endothelial cells,
creating a nitric oxide deficiency and generating peroxynitrite, a highly active ROS that can damage lipids and DNA.38 Glutathione depletion and lead exposure have been independently shown to depress nitric
oxide and cause hypertension in animal models.28,29
Lead exposure has also been shown to upregulate monoamine oxidase activity in aortic tissues
and elevate plasma norepinephrine.39 Patients with
lead-induced hypertension exhibit neurotransmitter
changes that indicate increased sympathetic nervous
system activity and activation of the renin-angiotensin system.40 Nitric oxide has the ability to regulate
sympathetic nervous system activation. Although no
studies have directly investigated the effect of nitric
oxide depression on increased sympathetic activity in
hypertension, it has been hypothesized that the potential of ROS to suppress nitric oxide may play a role in
this aspect of lead-induced hypertension.27
In two hypertensive rat studies, antioxidants
increased nitric oxide availability and eliminated hypertension.28,41 In the first study, rats were made hypertensive by blocking glutathione production and
then fed vitamin E (5,000 IU/kg) and vitamin C (3
mMol/L of drinking water).28 Although the antioxidants were not sufficient to normalize glutathione
levels, they were sufficient to eliminate hypertension
in all the animals and normalize nitric oxide levels,
which had been suppressed by the glutathione-blocking drug. When the glutathione-blocking drug was
administered, elevated levels of nitrotyrosine were
observed in the tissue, a “footprint” of ROS action
on nitric oxide. The researchers then assumed the
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h ypertension was a result of ROS generated by glutathione depletion and reversed by the addition of vitamins C and E to the rat diet.
The second study examined lead-induced hypertension in an animal model and the use of tempol
(dimethylthiourea), a drug that mimics superoxide
dismutase.41 The researchers completely eliminated
lead-induced hypertension with tempol, which enters the intracellular space and eliminates superoxide radicals. The use of a substance that acts as an
antioxidant, quenching the superoxide radical, was
based on evidence that lead was causing elevations
of ROS (specifically superoxide anion, hydrogen peroxide, and hydroxyl radical), decreasing availability
of nitric oxide, and resulting in vasoconstriction. Using the antioxidant enzyme SOD was not effective
because it is unable to enter the intracellular space
(where mitochondrial superoxide is generated).

Is Oxidative Stress Responsible for the
Pathology of Lead Toxicity?

Lead-induced oxidative stress has been identified as the primary contributory agent in the pathogenesis of lead poisoning.42 Oxidative stress has also
been implicated in specific organs with lead-associated injury, including liver, kidneys, and brain tissue.
ROS generated as a result of lead exposure have been
identified in lung, endothelial tissue, testes, sperm,
liver, and brain.42
Workers with occupational lead-exposure
have a significantly higher frequency of infertility,
stillbirths, miscarriages and spontaneous abortion,
reduced sperm counts and motility, increased rates
of teratospermia, and decreased libido.43 Studies of
ROS in lead-exposed animals have shown alterations
in SOD activity in testicular tissue and increased
sperm ROS production that have been associated
with decreased sperm counts, decreased motility, and
decreased sperm-oocyte penetration.44
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The Role of Antioxidants in
Addressing Lead-induced Oxidative
Stress
Vitamin C

Vitamin C is a known free-radical scavenger
and has been shown to inhibit lipid peroxidation in
liver and brain tissue of lead-exposed animals.45 In
lead-exposed rats, a minimal 500 mg/L concentration
in drinking water was able to reduce ROS levels by
40 percent.46 In other animal studies, the toxic effects
of lead on heme production were reversed by a vitamin C dose of 100 mg/kg.47 This vitamin C intervention also normalized blood ALAD levels and resulted
in a significant decrease in blood and hepatic lead
content.
Other studies indicate vitamin C might have
significant chelation capacity for lead. One rat pharmacokinetic study found intravenously administered
vitamin C lowered lead tissue levels in rats that were
continuously administered lead.48 A human study,
evaluating blood lead levels in pregnant women,
found that 1,000 mg vitamin C per day, in addition
to a prenatal multivitamin supplement, significantly
lowered blood lead levels from a mean of 5.1 to 1.1
µg/dL during the course of pregnancy.49 The safety
of chelating pregnant women, however, and potential
exposure of the fetus to lead, was not addressed in
this study.
In a study of silver refining (involving lead
smelting), workers with mean blood lead levels of
32.84 µg/dL and symptoms of lead toxicity (anemia,
muscle wasting, abdominal colic) were given thiamine (vitamin B1) or vitamin C to evaluate the ability of these supplements to affect lead exposure. With
continuous lead exposure and either 75 mg thiamine
once daily or 250 mg vitamin C twice daily for 30
days, both vitamins significantly lowered blood lead
levels. However, only vitamin C was effective in reversing the inhibition of blood ALAD levels, indicating a significant antioxidant effect as well.50
The lead-lowering effect of vitamin C has not
been proven effective in exposure studies where occupationally-exposed workers had higher blood lead
levels. Workers with long-term lead exposure and
significant blood lead levels (28.9-76.4 µg/dL; mean
>40 µg/dL) were given 1 g vitamin C orally once
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Serum Vitamin E (µg/dL)

d aily, five days a week for 20 weeks or 60 mg zinc
meso-2,3-dimercaptosuccinic acid (DMSA; suc(as zinc gluconate) once daily, five days a week for
cimer), sodium 2,3-dimercapto-1-propanesulfonate
eight weeks. Neither treatment affected lead levels or
(DMPS), and penicillamine, as well as nutrients thialead metabolism.51
mine and pyridoxine, were also effective at inhibiting
The effect of vitamin C on lead levels has
uptake of lead and reducing its cytotoxic effects.
been clarified by studies that show ascorbic acid deVitamin C, in combination with silymarin,
creases intestinal absorption of lead.52 By reducing
has also been shown to effectively reduce the hepaferric iron to ferrous iron in the duodenum, vitamin
totoxic effect of acute lead poisoning.55 In a rat study
C increases the availability of iron, which competes
using toxic amounts of lead (500 mg/kg diet), vitamin
52
with lead for intestinal absorption.
C (1 mg/100 g body weight) and silymarin (1 mg/100
In a study assessing the mechanism of vitag body weight) were supplemented in an attempt to
min C’s lead-lowering capacity, 75 male smokers with
inhibit genetic damage to hepatocytes and halt the
no known occupational or residential lead exposure
onset of acute hepatitis. The combination of vitamin
were given 1,000 mg vitamin C daily for 30 days.
C with silymarin significantly improved elevated livBlood lead levels were effectively lowered from a
er enzymes alanine aminotransferase (ALT), asparmean of 1.8 µg/dL to 0.4 µg/dL within one week and
tate aminotransferase (AST), gamma-glutamyl transremained at that level for the remainder of the study.53
peptidase (GGT), and alkaline phosphatase (ALP), as
Urine lead levels did not change during the length of
well as evidence of histopathological liver damage.
the study, regardless of the vitamin C dosage. The
authors concluded that vitamin C was working to inhibit intestinal absorption of
lead. This would involve the
entero-hepatic recycling of
Figure 3. Relationship Between Blood Lead Levels and Serum Vitamin E
lead through erythrocyte catabolism rather than increasing lead excretion through
1,150
renal elimination.
In addition to acting
as an antioxidant and antiabsorption agent, vitamin C
1,100
also has an inhibiting effect
on lead uptake on a cellular
level. Mammalian cell culture
1,050
studies – using a methodology that assessed lead uptake,
lead toxicity, and lead release
1,000
by chelating agents and nutrients – determined the capacity of these agents to modify
950
the way cells absorb and are
54
damaged by lead. Vitamin
D1 D2 D3 D4 D5 D6 D7 D8 D9 D10
C was effective at inhibitDeciles of Blood Lead
ing lead uptake and reducing
lead cytotoxicity. Lead cheAdapted from: Lee DH, Lim JS, Song K, et al. Graded associations of blood
lators calcium disodium ethlead and urinary cadmium concentrations with oxidative-stress related
ylenediaminetetraacetic acid
markers in the U.S. population: Results from the Third National Health and
Nutrition Examination Survey. Environ Health Perspect 2006;114:350-354.
(CaNa2EDTA;
versenate),
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and oxidative damage. In this
analysis, whole blood lead and
urinary cadmium levels were
analyzed in association with
0.9
serum vitamins C and E, carotenoids, and serum GGT.57
In attempting to answer the
question, “Is oxidative stress
involved in the pathogenesis
of lead- or cadmium-related
0.6
disease in the general population?” the authors explored the
cross-sectional associations
of lead and cadmium using
blood levels of antioxidants
and serum GGT as markers of
oxidative stress. Normal range
0.3
variations of GGT have been
D1 D2 D3 D4 D5 D6 D7 D8 D9 D10
examined as an early biomarker of oxidative stress in epideDeciles of Blood Lead
miological studies.58 GGT has
been inversely correlated with
Adapted from: Lee DH, Lim JS, Song K, et al. Graded associations of blood
lead and urinary cadmium concentrations with oxidative-stress related
serum antioxidant vitamins
markers in the U.S. population: Results from the Third National Health and
and positively associated with
Nutrition Examination Survey. Environ Health Perspect 2006;114:350-354.
serum C-reactive protein.59,60
Mean blood lead levels in this
population were 2.8 µg/dL
Epidemiological Correlations Between Lead
(range 0.7-56 µg/dL). Blood lead was positively asand Vitamin C
sociated with serum GGT elevations within normal
Blood lead levels and serum ascorbic acid
lab ranges and inversely associated individually with
concentrations in 19,578 subjects in the Third Naserum vitamin E and vitamin C (Figures 3 and 4).
tional Health and Nutrition Examination Survey
The relationship between serum carotenoids and lead
(NHANES) were evaluated in an attempt to find any
was not as clear, but still maintained an inverse relacorrelations.56After controlling for the effects of age,
tionship in the upper deciles of lead (Figure 5). Even
race, gender, income level, dietary caloric intake, fat,
when the relationship between blood lead levels and
calcium, iron, and zinc, children and adolescents with
GGT values was adjusted for race, gender, smoking
the highest serum ascorbic acid levels had an 89-perstatus, drinking status, and body mass index, there
cent decreased prevalence of elevated blood lead levwas still a statistically significant positive correlation
els (>15 µg/dL), while adults with the highest serum
between the two (p value <0.01 for most of the conascorbic acid levels had a 65- to 68-percent decreased
founders).
prevalence of elevated blood lead. The authors conThe authors warn that oxidative stress appears
cluded that these variables (serum ascorbic acid and
to occur in these populations at low levels of expoblood lead) were independently associated and that
sure to lead and cadmium and should be considered
further research is needed to evaluate vitamin C as a
a mechanism in lead- or cadmium-related disease
possible therapeutic intervention for lead exposure.
states. As discussed in Part I of this article, the signs
Another evaluation of 10,098 adults from the
and symptoms of lead toxicity have been well docusame NHANES data provides more clarity on the remented in the literature to occur at levels of exposure
lationship of vitamin C and other antioxidants to lead
considered safe by current federal standards.61

Serum Vitamin C (mg/dL)

Figure 4. Relationship Between Blood Lead Levels and Serum Vitamin C
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Vitamin E

Lead has been shown to alter RBC membrane flexibility and to increase RBC fragility, leading to increased risk for hemolysis.62 Vitamin E has
a known protective action in membrane stability and
prevents membrane lipoproteins from oxidative damage.63 Alpha-tocopherol was shown to prevent RBC
membrane damage in lead toxicity by lowering lipid
peroxide levels and increasing SOD and catalase activity.64 Animal studies have found vitamin E to effectively prevent lipoperoxide-related lead toxicity in
sperm46 and to be more effective than methionine or
vitamin C at decreasing lipoperoxidation in the liver,
brain, and kidney of lead-exposed rats when given in
doses of 100 IU/kg body weight.45

Methionine

N-acetylcysteine (NAC)

NAC was given to lead-exposed animals
with the explicit intention of replenishing reduced
glutathione and decreasing oxidant levels.69 In animals exposed to lead for five weeks prior to treatment, NAC was found to normalize reduced glutathione/oxidized glutathione ratios, improve glutathione
status, decrease MDA levels in brain and liver tissue,
and increase cell survival rates (which had been significantly reduced by lead toxicity). The antioxidant
effect of NAC also appeared to be effective in reducing and actually reversing the oxidant effect of increased levels of aminolevulinic acid, the hallmark of
“plumbism” or symptomatic lead toxicity.70

Figure 5. Relationship Between Blood Lead Levels and Serum Carotenoids

85
Serum Carotenoids (µg/dL)

Methionine is the
preferred substrate for glutathione production by
hepatocytes and acts as a
precursor for glutathione
production in the liver.65
Lead-exposed rats treated
with 100 mg/kg body weight
of methionine demonstrated
a significant decline in lipid
peroxides in the liver.45 Methionine has been shown to
react with ROS to form methionine sulfoxide66 and to
increase ROS-scavenging
by improving hepatic glutathione levels.65 Methionine
supplementation also led to
increases in thiol molecule
groups, sulfur-based protein, and non-protein molecules that act as antioxidants
to prevent peroxidation in
the liver and kidneys of animals exposed to lead or alcohol.45,66
In studies with
lead-exposed rats, Flora et
al found zinc and thiamine

given in addition to methionine normalized ALAD
activity and urinary excretion of ALA more effectively than any single nutrient alone.67,68

80
75
70
65
60
D1 D2 D3 D4 D5 D6 D7 D8 D9 D10
Deciles of Blood Lead

Adapted from: Lee DH, Lim JS, Song K, et al. Graded associations of blood
lead and urinary cadmium concentrations with oxidative-stress related
markers in the U.S. population: Results from the Third National Health and
Nutrition Examination Survey. Environ Health Perspect 2006;114:350-354.
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Alpha-lipoic acid is an antioxidant that functions to replenish glutathione and vitamins C and E,
reduce lipid peroxides, and chelate toxic metals.71
In animal studies exploring its effect in lead toxicity, lipoic acid had no direct chelating ability but was
consistent in countering the effects of lead on hepatic
glutathione, renal glutathione, and oxidative stress
markers.72,73 In lead-treated cell lines, lipoic acid prevented oxidative stress and increased cell survival
rates. Administration of lipoic acid was not effective
in decreasing blood or tissue lead levels compared to
the well-known chelator DMSA.

Zinc

Review

Pyridoxine (Vitamin B6)

Supplementation with pyridoxine in lead-exposed rats improved ALAD activity.78 Blood, kidney,
and liver levels of lead were also reduced, while brain
levels remained stable. The proposed mechanism of
pyridoxine in lead toxicity relates to its role in the
metabolic trans-sulfuration pathway, which allows
for the metabolism of cysteine from methionine. Methionine is the main dietary source of cysteine, the
rate-limiting amino acid in glutathione production.
Lead-exposed rats who had diet-induced vitamin B6
deficiencies had significantly lower glutathione levels than lead-exposed rats with normal vitamin B6
levels.79

Zinc is known to compete with lead binding
by a metallothionein-like transport protein in the gastrointestinal tract.74 As a result, zinc appears to have a
mitigating effect on lead toxicity. When lead-exposed
rats were given zinc, previously depressed levels of
SOD in the testes returned to normal and ALAD inhibition was reversed.75 As mentioned previously, when
zinc was given simultaneously with methionine and
thiamine in the presence of lead, evidence of lead toxicity (elevated urine ALA and depressed ALAD levels) was significantly improved.67,68 Although there is
no strong evidence that zinc works by a direct antioxidant effect or a chelating effect, the competitive
inhibition of lead uptake appears to act indirectly as
an antioxidant during ongoing lead exposure.

Taurine

Selenium

Antioxidants Used in Combination with
Lead Chelators

Selenium is a required mineral for the metalloenzyme glutathione peroxidase. GPx plays a key
role in recycling glutathione and is effective in reducing free radical damage in specific disease states.76
Selenium supplementation has been shown to have a
protective effect when given prior to lead exposure in
animals. Increased levels of SOD, glutathione reductase, and reduced glutathione occurred in both liver
and kidney tissue after intramuscular injection of sodium selenite.77 These effects continued even after
exposure to lead in rats that had been pre-treated with
selenium. Lead can bind to selenium and form highly
bonded selenium-lead complexes, which have been
proposed as a mechanism for selenium’s protective
effect in lead toxicity.74
Page 122		

Taurine, a semi-essential amino acid, is
known to have antioxidant membrane-stabilizing effects. It acts as a potent inhibitor of lipid peroxides,
inhibits cellular apoptosis in ischemic reperfusion injury, and prevents glycation injury in erythrocytes.8082
In cell cultures exposed to lead, taurine treatment
significantly improved cell survival, increased glutathione levels, and decreased MDA levels.81 Lead-exposed rats given dietary taurine (1.2 g/kg/day) had
the same results in RBCs, brain, and liver tissue.81
Taurine had no direct chelating effect on lead, and the
improvement in oxidative status in both studies was
believed to be related to the membrane-stabilizing
and free-radical scavenging effect of the amino acid.

Multiple studies have assessed the effect of
antioxidants used in conjunction with the lead chelators CaNa2EDTA and DMSA. Both CaNa2EDTA
(used intravenously) and DMSA are chelating agents
used in pediatric and adult treatment of lead toxicity.
Chelating agents have antioxidant properties; DMSA
has been shown to lower ROS levels in erythrocytes
and D-penicillamine has been shown to act as a free
radical scavenger.69,83 The majority of chelation studies have assessed the role of antioxidants in the presence of DMSA (Table 1).83-88
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Table 1. Antioxidants in Combination with Chelating Agents
Antioxidants

Treatment

Tissue

Results

Reference

NAC

800 mg/kg/day with
DMSA

RBC

Both NAC and DMSA increased
RBC GSH

83

NAC

50 mg/kg intraperitoneal
injection alone and with
DMSA 50 mg/kg

Blood, liver,
kidney, brain

More effective than DMSA
alone at reversing oxidative
lead toxicity; more effective
than DMSA alone or DMSA +
Melatonin at increasing urinary
lead excretion

84

Melatonin

50 mg/kg intraperitoneal
injection alone and with
DMSA 50 mg/kg

Blood, liver,
kidney, brain

More effective than NAC +
DMSA at increasing GSH and
reducing elevated liver
enzymes

84

Vitamin E

5 IU/kg intramuscularly
with DMSA 50 mg/kg

Blood, liver,
kidney, brain

Vitamin E + DMSA more
effective in reducing GSSG and
TBARS than either alone

85

Vitamin C

25 mg/kg orally with
DMSA 50 mg/kg

Blood, liver,
kidney, brain

Effective in reducing GSSG and
TBARS; more effective than
vitamin E or DMSA for increasing hepatic GSH; no additive
chelating effect

85

Alpha-lipoic
acid

25 mg/kg intraperitoneal
injection alone and with
DMSA 20 mg/kg

Liver

Lipoic acid + DMSA effectively
reversed lead-induced liver
enzyme and ROS damage;
neither alone was effective

86

Alpha-lipoic
acid

25 mg/kg intraperitoneal
injection alone and with
DMSA 20 mg/kg

Blood, liver,
kidney, brain

Lipoic acid was effective in
reducing ROS-related kidney
inflammation; lipoic acid +
DMSA more effective at decreasing ROS than either alone

72

Zinc

10 mg/kg, 25 mg/kg, or
50 mg/kg (oral) with
CaNaEDTA

Blood, liver,
kidney, brain

At 10 mg/kg and 25 mg/kg,
zinc improved CaNaEDTA
mobilization of lead from tissue
and blood; at 50 mg/kg it
reduced CaNaEDTA effects

87
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Cumulative Urinary Lead Blood Levels (mg)

Figure 6. Cumulative Urinary Lead Excretion: DMSA plus
NAC or Melatonin

400
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Melatonin

Adapted from: Flora SJ, Pande M, Kannan GM, Mehta A. Lead
induced oxidative stress and its recovery following coadministration of melatonin or N-acetylcysteine during chelation with succimer in male rats. Cell Mol Biol 2004;50:543-551.

The studies that assess the effect of antioxidants as chelating agents do not show that antioxidants act as effectively as conventional chelating
agents in reducing lead tissue burden.83,85 Although
lead-exposed rats treated with NAC did show a reduction of blood lead from a baseline of 34.8 µg/dL
to 25.3 µg/dL after one week of treatment, DMSA
alone reduced blood lead levels to 2.5 µg/dL.83
When antioxidants were combined with chelating agents, one trial clearly showed a synergism
that improved chelating ability. In an animal trial
utilizing DMSA plus melatonin or NAC, the combination of DMSA and NAC resulted in significantly
higher urinary lead excretion than either treatment
alone or the combination of melatonin and DMSA
(Figure 6).84
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In a study of lead-exposed animals, vitamin E was found to have a synergistic effect with DMSA in reducing levels of oxidized glutathione and preventing
free radical damage.85 While vitamin C
was more effective than vitamin E at improving hepatic glutathione levels, there
was no evidence vitamin C had a direct
lead-chelating effect.85
A combination of alpha-lipoic
acid and DMSA in lead-exposed animals
was more effective than either used alone
in preventing oxidative damage as measured by alterations in erythrocyte membrane enzyme levels.86 When used without
a chelator, alpha-lipoic acid had a significant ability to prevent lipid peroxidation
in the kidneys of lead-exposed rats, but
when DMSA was added, the combined effect was even greater.72
Zinc, at dosages of 10 or 25 mg/
kg body weight, was effective at increasing the chelating ability of CaNa2EDTA,
although a higher dosage of 50 mg/kg actually reduced the chelating capacity of
the drug.87 From the above data, it appears
that antioxidants can be used in standard
doses in conjunction with lead chelating
agents with beneficial effects.

Conclusion

Lead affects mammalian systems by directly
lowering antioxidant reserves and generating ROS,
specifically hydroperoxides and lipoperoxides. These
ROS alter cellular membranes and tissue, resulting in
vascular, neurological, and genetic damage. Hypertension is a lead-induced condition where the pathway between exposure and pathology is most clearly
understood through nitric oxide metabolism. Antioxidants, specifically vitamins C, E, and B6, taurine,
methionine, selenium, zinc, alpha-lipoic acid, and Nacetylcysteine have been shown to lower ROS-generated cellular damage. The literature also indicates
that specific antioxidants have chelating capacities,
although limited, and that a synergism exists between
antioxidants and pharmaceutical chelating agents.
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