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INTRODUCTION

There is increasing concern regarding the overall health effects
of exposure to various heavy metals in the environment. This is partic-
ularly true of mercury and less so with cadmium, lead, aluminum,
and arsenic. The cardiovascular consequences of mercury and cadmi-
um toxicity have not been carefully evaluated until recently. This
paper will critically review the vascular consequences of mercury and
cadmium toxicity in humans as it relates to hypertension, generalized
atherosclerosis, coronary heart disease (CHD), myocardial infarction
(MI), cerebrovascular accidents (CVA), carotid artery disease, renal
dysfunction, and total mortality.

MERCURY
Types of Mercury

Mercury exists in 3 basic forms: elemental, inorganic, and
organic (Table 1)."* Dental amalgams are the most common source
for elemental mercury vapor, which is a stable monoatomic gas.
Inorganic mercury, which is a divalent compound, is the toxic species
found in human tissue after conversion from the other forms. Organic
mercury in the form of methyl and ethyl mercury is primarily from
fish, sea mammals, and thimerosal vaccines. Although dental amal-
gams historically have been the major source of human exposure, fish
and sea mammals are becoming an increasingly important environ-
mental source of potential mercury toxicity.™

TABLE 1 Mercury Types™*

1. Elemental Mercury vapor (Hg") Dental amalgams
Stable monoatomic Gas
2.Inorganic  Divalent mercury (Hg*) Toxic species in human
tissue after conversion
3.Organic ~ Methyl mercury (CH,Hg+)  Fish, sea mammals

Ethyl mercury (CH,CH,Hg+) Thimerosal vaccines

Mercury Biotransformation and Biomethylation

Mercury from various sources, including elemental mercury from
earth sources or inhaled mercury vapor, methyl and ethyl mercury, is con-
verted by biomethylation to inorganic divalent mercury, the toxic form in
human organs and tissues (Figure 1)." Divalent mercury is soluble and sta-
ble in water and undergoes biomethylation to methyl mercury, which is
found in high concentrations in certain fish and sea mammals.

Mercury from earth sources (Hg") Inorganic
Inhaled mercury vapor (Hg") > Divalent Mercury
Methyl mercury (CH3Hg+) Hg2+

converts

Ethyl mercury (CH3CH3Hg+) Toxic Species

Mercuric Salt
Mercurous Salt

Soluble in H20
Diphenyl-Hg

<+——— Biomethylation —>

Phenyl-Hg

Elemental Hg (Hg®) Methyl Mercury CH3Hg+

Hg2+

Fish

FIGURE 1 Mercury Biotransformation and Biomethylation

The Environmental Protection Agency has determined the safe
daily intake of mercury to be less than 0.1 pg/kg/day (about 7 pg/day
for a 154 Ib person)." It is estimated that 1 dental amalgam filling
releases about 3-17 pgs of mercury vapor per day. The typical amalgam
is composed of 50% mercury, 25% silver, 25% tin, copper, and nickel.”"
Fish and sea mammals provide about 2-3 pg per day depending on the
type and amount consumed.""* The long-lived, large predatory fish
such as swordfish, tilefish, shark, and king mackerel contain about 1 pg
of methyl mercury per gram. Pike, whale, bass, tuna, and trout contain
about 0.1-0.5 pg of mercury per gram. Nine vaccines containing
thimerosal (now off the US market) would give an estimated exposure
of 62 pg of organic mercury.”* All other sources of mercury provide
about 0.3 pg per day.”**

Important Facts about Mercury

Mercury is the most dangerous of all the heavy metals.” It will
modify the distribution and retention of other heavy metals.** Mercury
has no known physiological role in human metabolism, and the human
body has no mechanisms to excrete mercury actively." Mercury, thus,
accumulates during life so that the average 70 kg person has a total body
burden of about 13 mg of mercury.” Mercury has a high affinity for
sulfhydryl groups (-SH), various enzymes and amino acids, N-acetylcys-
teine (NAC), alpha lipoic acid (ALA), and glutathione (GSH), which pro-
vide about 10-50% of the plasma protein antioxidant capacity.’** Lower
availability of these antioxidants reduces oxidant defense and increases
oxidative stress. Selenium antagonizes some of the adverse effects of mer-
cury by forming a seleno-mercury complex in tissue that is less toxic."**
Physiological Basis of Mercury Toxicity

Mercury induces mitochondrial dysfunction and oxidative
stress.*** The primary mitochondrial dysfunction occurs at the
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ubiquinone-cytochrome B region and with NADH dehydrogenase
causing displacement of Fe++ and Cu+ ions in the a3Cub center of
cytochrome C (Figure 2). This results in depolarization and auto-oxida-
tion of the inner mitochondrial membrane with lipid peroxidation and
severe mitochondrial dysfunction. Physiologic consequences include
increased hydrogen peroxide, depletion of mitochondrial glutathione
by over 50%, increased lipid peroxidation markers, such as TBARS, by
over 70%, oxidation of pyridine nucleotides, such as NAD(p)H, and
altered calcium homeostasis.”*' This severe mitochondrial dysfunction
increases oxidative stress and reduces antioxidant defenses, creating
significant health implications.

Hg

!

Ubiquinone-cytochrome B region and
NADH dehydrogenase and
Fe2+ and Cu+ ions A3Cub Center Cytochrome C

!

Depolarization Inner Mitochondrial Membrane
Autoxidation Inner Mitochondrial Membrane
Peroxidation Inner Mitochondrial Membrane

/’\

Altered Calcium | | TH202 || DeletesMito || TTBARS | |Oxidation of
Homeostasis GHS (>50%) Lipid Pyridine
Peroxidation | | Nucleotide

>70% NAD(p)H

Increased Oxidant Stress
Decreased Oxidant Defense

FIGURE 2 Pathophysiologic Basis of Mercury Toxicity,

TABLE 2 Vascular Biologic Effects of Mercury

. Increases free radical production™®

. Inactivates antioxidant defenses™*

. Binds to thiol-containing molecules™*"*

. Binds to Se, forming Se-Hg complex-mercury selenide, which
decreases Se available for cofactor with GPx***

. Inactivates glutathione, catalase, and SOD™”

. Increases lipid peroxidation in all organs™"

Increases 0xLDL27 and oxLDL immune complexes”

. Increases platelet aggregation®

Increases coagulation/thrombosis: increases Factor VIII PF4 and

thrombin and reduces protein C***

10. Inhibits endothelial cell formation and migration®

11. Increases apoptosis®

12. Reduces monocyte function and phagocytosis™

* Immune function is impaired

Increases inflammation®
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TABLE 3 Summary of Vascular Biologic Effects of Mercury

Oxidative stress

Inflammation

Thrombosis

Vascular smooth muscle (VSM) proliferation and migration
Endothelial dysfunction

Dyslipidemia (oxHDL and paraoxonase)

Immune dysfunction

Mitochondrial dysfunction

PN W

Mitochondrial Dysfunction and Oxidative Stress

The primary 3 sources of mercury-induced lipid peroxidation
include the Fenton reaction, affinity for sulfhydryl groups, and sele-
nium deficiency. Mercury serves as a direct catalyst in Fenton-type
reactions and as an indirect catalyst via iron stimulation, which
increases the production of radical oxygen species and superoxide
anion.” Mercury's high affinity for sulfhydryl groups (-SH), such as
glutathione, NAC, and ALA, which comprise much of the antioxidant
capacity of plasma, reduces both membrane and plasma antioxidant
defense. Finally, the formation of insoluble complexes of mercury
with selenium reduces selenium availability, which is a necessary
cofactor for glutathione peroxidase (GPx) activity to break down
hydrogen peroxides and various other toxic peroxidation products.
Thus, plasma and intracellular antioxidant capacity is reduced.™

Vascular Biological Effects of Mercury

Numerous toxic effects of mercury have been demonstrated in
vitro and in both animal and human studies (Table 2 provides details
with references, and Table 3 provides a summary).

Studies find that mercury:

* Increases free radical production™*

Inactivates antioxidant defenses®™**

* Binds to thiol-containing molecules™*

* Binds to selenium, forming seleno-mercury complexes that
reduce selenium availability for GPx activity®™

¢ Inactivates glutathione, catalase, and superoxide
dismutase™"

* Increases lipid peroxidation™*'

* Increases oxidation of LDL (0xLDL)

* Increases plasma oxLDL complexes™

Thrombosis is potentiated by increased platelet aggregation®* and
by increases in Factor VIII, platelet factor,* and thrombin, with reduc-
tions in protein C.*** Endothelial cell formation and migration are
reduced, which decreases vascular endothelial repair, decreases nitric
oxide, and causes endothelial dysfunction.” Apoptosis is increased,*
monocyte function and phagocytosis are impaired,” immune function
is reduced,” and vascular inflammation is increased." There is an
increased production and release of superoxide anion from human neu-
trophils and monocytes,”** depolarization of the inner mitochondrial
membrane with severe mitochondrial dysfunction,”*" and disruption of
plasma membrane lipid integrity by translocation of phosphatidyl ser-
ine (PS).” Finally, mercury stimulates proliferation of vascular smooth
muscle cells™ and inactivates paraoxonase, an extracellular antioxida-
tive enzyme related to HDL, CHD, and MI risk."'™

In summary, the overall vascular effects of mercury include
oxidative stress, inflammation, thrombosis, VSM proliferation and
migration, endothelial dysfunction, dyslipidemia, immune dysfunc-
tion, and mitochondrial dysfunction. All of these functional
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abnormalities have the potential to increase the risk for hyperten-
sion and vascular disease.

Clinical Vascular Consequences of Mercury Toxicity

The clinical consequences of mercury toxicity include hyperten-
sion,"™ CHD,"™"" MI,"™" increase in carotid intimal medial thick-
ness (IMT) and carotid obstruction,'' CVA,'"” generalized
atherosclerosis,"” renal dysfunction and proteinuria,"" and an overall
increase in total mortality."

Coronary Heart Disease and Myocardial Infarction

In rabbits exposed to inhaled mercury vapor, the cardiovascular and
cardiac pathology included bradycardia, thrombosis in small and medi-
um caliber arteries, focal necrosis with thickening of the endocardium of
the perivalvular regions, papillary muscles and valves, and endothelial
proliferation with inflammatory foci and focal edema, endothelial prolif-
eration, inflammation, and fibrosis of the ascending aorta.™

In a case control study in 9 counties of 684 men with their first
MI, there was a significant association of toenail mercury content, adi-
pose tissue DHA, and first M1."" There was a 15% higher toenail mer-
cury content as assessed by neutron activation analysis (NAA) in the
men with their first Ml compared to the control group (95% CI; 5-
25%). The risk-adjusted OR for MI was 2.16 in the highest vs the low-
est quintile (P=.006, 95% CI; 1.09-4.29). The adipose DHA was
directly proportional to the mercury toenail content (P<.001) and the
DHA content was inversely correlated to MI with an OR of 0.59 in the
highest versus the lowest quintile (P=.02, 95% CI; 0.30-1.19). This
important study concluded that there exists a positive, monotonic
increase in the risk of MI with mercury toenail content above the 0.25
pg/g level, which was even steeper when adjusted for the DHA adi-
pose tissue content. Mercury diminishes the cardiovascular protec-
tion of fish consumption. Another study substantiated these
results—the highest quartile of DHA with the lowest quartile of mer-
cury was associated with a 67% reduction in CHD (P<.016).""

In another large, nested case control study of 33,733 male health-
care professionals between the ages of 40-75 years (Health
Professionals Follow-Up Study), no association between mercury toe-
nail content assessed by NAA and CHD was found." However, if den-
tists were excluded, there was a nonsignificant correlation of toenail
mercury and CHD. Also, subjects with the highest tertile of mercury
and the lowest serum selenium level had a significant increase in CHD.

Other human studies have shown mixed results.”"" One study
of mercury miners showed no relationship between CHD and mercury
levels.'” However, another study of European mercury miners showed
a significant relationship between mercury exposure and total mortali-
ty (increase 8%), hypertension (increase 46%), CHD (increase 36%),
renal disease (increase 55%), and CVA (increase 36%)."*" A Finnish
study found a significant relationship between hair mercury, 24-hour
urine mercury, and cardiovascular events." In patients with hair mer-
cury in the highest tertile (over 2 pg/g) and increased 24-hour urinary
mercury, CHD and MI risk was increased 2-fold (P=.005), cardiovascu-
lar death increased by 2.9 times (P=.014) and circulating oxLDL and
immune complexes to oxLDL increased significantly. The Gothenburg
Study showed no relationship between serum mercury content and the
number of amalgam fillings and CHD or ML

Carotid Atherosclerosis

High hair mercury content correlates with increased carotid
IMT and carotid atherosclerosis.™ A study of 1,014 men between the
ages of 42-60 years found an increase in mean carotid IMT over 4

years (P=.0007). Each increase of 1 pg in hair content equaled an 8
pmol increase in carotid IMT, a 7.3% increase over the mean. There
was a 0.042 mm/4-year difference in the highest quintile versus the
lowest quintile, which correlated to a 32% greater increase (P<.05). In
addition, mercury hair content was proportional to blood pressure,
fibrinogen levels, waist-hip ratio, and low HDL cholesterol; all were
significant at P=.0002.

Hypertension
The association of mercury toxicity and hypertension in humans
is convincing."""** Mercury miners were found to have significant

increases in systolic blood pressure (P<.01) that correlated with lipid
peroxidation and overall oxidative stress (P<.01)."" European mercury
miners had a 46% greater incidence of hypertension vs aged-matched
controls. Other studies have shown significant correlations with hair
mercury content, hypertension, and carotid IMT."*

In acute and probably chronic mercury intoxication, mercury
binds to the sulfhydryl group S-adenosyl methionine (SAMe) and
inactivates this enzyme, which is a necessary cofactor for cate-
cholamine-O-methy! transferase (COMT), the enzyme needed to con-
vert norepinephrine, epinephrine, and dopamine by methoxylation."
This results in a clinical syndrome that resembles a pheochromocy-
toma crisis with malignant hypertension in acute mercury intoxica-
tion and significant increases in urinary catecholamines in chronic
mercury toxicity. This can be a very helpful clinical clue to mercury-
induced hypertension. Mercury also induces renal dysfunction and
proteinuria, which contribute to sodium retention and hyperten-
sion."™" Studies have shown an increase in renal insufficiency in mer-
cury miners of 55%."*' Mercury concentrates in the renal tubules and
glomerulus and results in proteinuria, fibrosis, and chronic renal
insufficiency and dysfunction."*""

CADMIUM

The role of cadmium in cardiovascular disease and hypertension is
less convincing than that of mercury due to methodological flaws and
study design in most of the published human studies."*'" Cadmium
exposure is uncommon in most of the population unless there is oral
consumption of polluted water or chronic inhalation exposure from ciga-
rettes.'™ Twenty cigarettes will release about 30 pg of cadmium, of which
2-4 pgis actually inhaled." The oral absorption of cadmium in tap water
is 13-19% or about 2-4 g per day." Absorption of cadmium is increased
in the presence of low dietary calcium, iron, and protein." Cadmium
concentrates in all organs, but mostly in kidney, liver, and pancreas, and
has a halflife of over 30 years in renal tissue.'™

Serum and urinary cadmium reflect recent exposure, but not
total body burden."”” Cadmium binds to metallothionein,'" substi-
tutes for zinc and copper in metalloenzymes,"™ and has a high affinity
for sulfhydry! groups, similar to mercury."

Animal studies show that cadmium toxicity causes aortic and
coronary atherosclerosis, reduces cardiac output, alters the cardiac
conduction system, reduces ATP, increases cholesterol and free fatty
acids, increases blood pressure, and induces renal tubular dysfunction,
proteinuria, and chronic renal insufficiency."™" These effects are miti-
gated by calcium administration.

Human studies attempting to show a relationship between cadmi-
um and cardiovascular disease or hypertension are subject to many
methodological errors, so that accurate conclusions are difficult to
draw.""*'* [n human autopsy studies, there is a poor correlation
between renal cadmium content and hypertension."™ In those studies
where hypertension and cadmium coexist, the mechanisms include
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increases in urinary catecholamines, renal toxicity with proteinuria,
sodium retention, increased intracellular calcium, and alteration in
Na+/K+ ATPase.' Cadmium concentrates in the renal cortex and
tubules and there reduces the expression of renal cortical CYP4A11.""
CYP4A1 is involved in the hydroxylation of PUFA and affects sodium
balance through 20 HETE. The combination of increased renal tubular
sodium reabsorption, direct renal toxicity, and proteinuria increases the
risk of hypertension."™

Cadmium also increases metallothinein in renal tubular cells and
other tissues, which alters intracellular zinc.” This reduces zinc-depen-
dent ligand binding to DNA and reduces PPAR expression, and may
increase free fatty acids, lipids, glucose, and blood pressure. It is possi-
ble that some degree of insulin resistance occurs, which contributes to
many of the associated metabolic disturbances noted above.

It is quite likely that chronic high exposure to cadmium in smok-
ers, those drinking polluted water, and those with the CYP4A11 genet-
ic alteration could have cadmium-induced hypertension and
cardiovascular disease, but additional human studies are required to
confirm this association.

SUMMARY

1. Mercury, cadmium, and other heavy metals have a high affinity
for sulthydryl (-SH) groups, inactivating numerous enzymatic reactions,
amino acids, and sulfur-containing antioxidants (NAC, ALA, GSH), with
subsequent decreased oxidant defense and increased oxidative stress.
Both bind to metallothionein and substitute for zinc, copper, and other
trace metals reducing the effectiveness of metalloenzymes.

2. Mercury induces mitochondrial dysfunction with reduction in
ATP, depletion of glutathione, and increased lipid peroxidation;
increased oxidative stress is common.

3. Selenium antagonizes mercury toxicity.

4. The overall vascular effects of mercury include oxidative
stress, inflammation, thrombosis, vascular smooth muscle dysfunc-
tion, endothelial dysfunction, dyslipidemia, immune dysfunction,
and mitochondrial dysfunction.

5. The clinical consequences of mercury toxicity include hyper-
tension, CHD, M, increased carotid IMT and obstruction, CVA, gen-
eralized atherosclerosis, and renal dysfunction with proteinuria.
Pathological, biochemical, and functional medicine correlations are
significant and logical.

6. Mercury diminishes the protective effect of fish and omega-3
fatty acids.

7. Mercury, cadmium, and other heavy metals inactivate COMT,
which increases serum and urinary epinephrine, norepinephrine, and
dopamine. This effect will increase blood pressure and may be a clinical
clue to heavy metal toxicity.

8. Cadmium concentrates in the kidney, particularly inducing
proteinuria and renal dysfunction; it is associated with hypertension,
but less so with CHD. Renal cadmium reduces CYP4A11 and PPARSs,
which may be related to hypertension, sodium retention, glucose
intolerance, dyslipidemia, and zinc deficiency. Dietary calcium may
mitigate some of the toxicity of cadmium.

9. Heavy metal toxicity, especially mercury and cadmium, should
be evaluated in any patient with hypertension, CHD, or other vascular
disease. Specific testing for acute and chronic toxicity and total body
burden using hair, toenail, urine, serum, etc. with baseline and pro-
voked evaluation should be done.
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