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Abstract Over the last few decades, there has been a growing
body of epidemiologic evidence linking chronic toxic metal
exposure to cardiovascular disease-related morbidity and mor-
tality. The recent and unexpectedly positive findings from a
randomized, double-blind, multicenter trial of metal chelation
for the secondary prevention of atherosclerotic cardiovascular
disease (Trial to Assess Chelation Therapy (TACT)) have fo-
cused the discussion on the role of chronic exposure to toxic
metals in the development and propagation of cardiovascular
disease and the role of toxic metal chelation therapy in the
secondary prevention of cardiovascular disease. This review
summarizes the most recent evidence linking chronic toxic
metal exposure to cardiovascular disease and examines the
findings of TACT.
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Introduction

Metal chelation involves the use of specific drugs to remove
toxic metals from the human body. These drugs, known as
chelators, perform their action by creating molecular bonds

with metal ions, mobilizing them from tissues and enhancing
their excretion in urine or bile [1]. Chelation has taken root in
modern medicine for the treatment of metal poisoning such as
seen in lead toxicity, in which high blood levels, usually due to
industrial exposure, cause acute symptoms that require urgent
treatment. This article focuses on a different type of exposure:
low-level chronic exposure from environmental sources. Such
exposure may appear outwardly asymptomatic, but is insidi-
ously vasculotoxic, and there is increasing high-quality evi-
dence that enhancing excretion of these metals through chela-
tion may be beneficial.

Although toxic metals such as lead and cadmium have
been implicated in the pathogenesis of several medical
disorders such as cardiovascular disease, chronic kidney
disease, and diabetes [2–6], orthodox medical practi-
tioners have rarely employed toxic metal chelation as sec-
ondary prevention of atherosclerotic disease. Before 2012,
there was insufficient evidence to support or refute the use
of chelation in the management of cardiovascular disease
and there had been legitimate concerns about the safety of
intravenous chelating agents such as ethylene diamine
tetraacetic acid (edetate) and its salts [7].

The Trial to Assess Chelation Therapy (TACT) marked a
watershed moment in chelation therapy for cardiovascular
disease. TACT was designed and conducted to fill the gap in
knowledge about the efficacy and safety of chelation therapy
in a post-myocardial infarction, secondary prevention popula-
tion. The findings were unexpectedly positive, showing a re-
duction in a combined cardiovascular endpoint. This finding
opened a new chapter in the discussion about the role of toxic
metals in pathogenesis of cardiovascular disease and the pos-
sible protective effects from chelating toxic metals in persons
who have known cardiovascular disease. This article reviews
the role of toxic metals in the development of atherosclerotic
cardiovascular disease and the body of evidence supporting
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chelation therapy for the prevention of cardiovascular disease
in a post-myocardial infarction population.

Toxic Metals and Cardiovascular Disease

In the scientific literature, the nomenclature of metals that are
known to do harm to the human body is varied, often named
heavy, toxic, or xenobiotic metals. For the purposes of this
paper, we will refer to these metals as toxic metals. Four of
them, arsenic, lead, cadmium, and mercury are in the top ten
of the most recent Toxic Substances and Disease Registry
Priority List of Hazardous Substances (ATSDR) published
by the Centers for Disease Control and Prevention (CDC)
[8]. Although there is scientific evidence linking each to car-
diovascular disease, the epidemiologic evidence is strongest
for lead and cadmium, two metals effectively chelated by
edetate disodium [9•].

Lead

Lead is the most abundant of the toxic metals and ranks sec-
ond on the 2015 priority list of hazardous materials [8].
According to the Environmental Protection Agency (EPA),
lead can be found in common household products, including
lead-based paint, drinking water pipes, ceramics, and some
cosmetics. Lead is also found in solder, batteries, ammunition,
and gasoline additives [10]. Although federal, state, and local
regulations have helped to reduce the level of lead exposure,
exposure to lead persists from lead-based paint and contami-
nation of soil and ground water. A recent example is the Flint,
Michigan lead crisis in which a change in water supply led to
increasing levels of lead in the city’s water, in association with
delayed recognition of same [11]. The problem of excess lead
in water is not limited to Flint, as over 5300 water systems in
all 50 states of the USA and serving approximately 18 million
Americans have also been shown to have excess lead levels
[12]. Underscoring the relative lack of knowledge about
chronic lead burden and cardiovascular disease in adults, the
lead crisis in Flint was discovered by a pediatrician and the
efforts at mitigation have focused on children [11, 13].

Once absorbed, lead accumulates in the blood (largely
erythrocytes), soft tissues, and bones [14]. In the erythrocytes
and soft tissues, the half-life of lead is 35 and 40 days, respec-
tively. However, in bones, with a half-life of about 30 years,
absorbed lead may last a lifetime. Unfortunately, the blood
lead load only reflects lead exposure within the last 3–5 weeks
and does not correlate with chronic lead exposure [14]. Thus,
the attempts to mitigate the lead poisoning in Flint and other
cities with bottled water simply allows blood lead levels to
fall, while body lead burden likely remains unchanged.

The health effects of lead exposure has been extensively
studied, and lead has been shown to be associated with in-
creased cardiovascular disease and all-cause mortality [5, 15,

16, 17•, 18, 19]. An analysis from the National Health and
Nutrition Examination Survey (NHANES) data from 1976 to
1980 and 1988 to 1994 showed that elevated blood lead levels
including those below 10 μg/dl (previously the US cut-off for
acceptable levels [20]) were associated with increased risk of
all cause and cardiovascular disease mortality [15, 16]. The
strongest epidemiologic evidence supporting the association
of directly measured total lead burden and mortality comes
from the Veterans Affairs Normative Aging Study in which
participants in the highest tertile of bone (patella) lead had a
fivefold increase in cardiovascular mortality risk, eightfold
increase in ischemic heart disease mortality, and an 86% in-
crease in all-cause mortality compared to those in the lowest
tertile after accounting for other confounders [14, 17•].
Exposure to lead is also associated with an increased preva-
lence of cardiovascular disease risk factors such as hyperten-
sion [21–23] and peripheral arterial disease [24, 25]. There has
also been described an association between atherosclerosis
and lead concentrations [26, 27].

Cadmium

Like lead, cadmium is another substance of concern ranked by
ATSDR (number 7) [8]. The major sources of cadmium are
from mining and smelting of cadmium ores, combustion of
fossil fuels such as coal, waste incineration, and disposal,
manufacture or application of phosphate fertilizers, and man-
ufacture and disposal of rechargeable nickel-cadmium batte-
ries [28]. From these sources, cadmium can be released into
water, soil, or air. In the air, cadmium may exist in a vaporized
form and can be transported over significant distances and
deposited in the soil or water. In the soil, cadmium competes
with other mineral nutrients such as calcium and magnesium
at absorption sites within the transport systems of plants [29].
Cadmium’s uptake in plant roots is facilitated by a transmem-
brane carrier and is dependent on the soil concentrations of
cadmium as well as other factors such as temperature, soil PH,
and the concentrations of other elements [30]. Cadmium,
therefore, is readily taken up by green leafy plants such as
tobacco, spinach, and kale [28]. Consequently, cadmium ex-
posure occurs both by inhalation (as seen with cigarette
smoking) and by ingestion of these cadmium-rich foods [5].
The association between cigarette smoking and cadmium ex-
posure has been shown to extend to secondhand smoking [31,
32]. Close to half of the inhaled cadmium and about 5% of
ingested cadmium is absorbed and stored in the kidneys and
other tissues including the adrenals, testes, placenta, and
bones. Although cadmium is filtered in the urine, it is almost
entirely reabsorbed in the renal tubules. Therefore, the half-
life of cadmium is very long; up to 38 years [5], similar to that
of lead in the bone.

Cadmium exposure is associated with increased risk of
coronary artery disease, peripheral artery disease, stroke, and
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mortality from all cause and cardiovascular disease [2, 27–30,
33, 34]. The epidemiological evidence linking cadmium to
peripheral artery disease is robust. A 2004 analysis of the
1999–2000 NHANES showed that persons in the highest
quartile of blood cadmium had nearly three times the odds
of having peripheral artery disease compared with those in
the first quartile (OR 2.82, 95%CI 1.36–5.85) [24]. This
NHANES analysis also demonstrated an effect modification
of the association of blood levels with cadmium and periph-
eral artery disease by smoking [24]. Urinary cadmium, a
marker of long-term cadmium exposure, is associated with
incident peripheral artery disease (HR for highest versus low-
est tertile was 1.96, 95%CI 1.32–2.81) [35].

Linking Toxic Metals to Atherosclerosis

The pathophysiologic mechanisms linking toxic metals to car-
diovascular disease are incompletely understood but appear to
be linked to oxidative stress [5]. Many metals are thought to
generate toxic vascular environments through the intracellular
accumulation of reactive oxygen species (ROS). Metals can
form bonds with several enzyme systems responsible for de-
toxifying ROS such as glutathione, depleting them and pro-
moting accumulation of ROS and free oxygen radicals. These
free radicals are promoters of atherogenesis through many
mechanisms, including LDL peroxidation, one of the early
events in development of atherosclerosis. In addition to the
above, each metal also has idiosyncratic effects. For instance,
lead exposure has been linked to DNA hypomethylation in the
COLIA2 gene which codes for the alpha 2 chain of type I
collagen [36]. Lead, and to a lesser extent cadmium, interacts
with cellular calcium, competing with it for transport systems
and modifying its intracellular distribution [37, 38]. There is
evidence that both lead and cadmium are substitutes for calci-
um in calmodulin-dependent reactions [38]. These interac-
tions are thought to promote vascular remodeling and may
contribute to vascular disease [37]. Cadmium has been linked
to apoptosis, abnormal glucose metabolism, and reduced en-
ergy production in cardiomyocytes [39].

Chelation Treatment for Chronic, Low-Level, Metal
Toxicity

Edetate and its salts, first patented by Ferdinand Munz nearly
a century ago [40] is one of the most used chelating agents.
Edetate chelates lead, cadmium, and a handful of other metals
[9•]. Thus, it has been used for industrial metal toxicity such as
lead poisoning [41]. A recent study showed that edetate
disodium-based infusions increased the urinary excretion of
lead and cadmium by 3700 and 750%, respectively [9•]. An
older study also showed similar marked increases in the ex-
cretion of both lead and cadmium within 24 hours of an
EDTA-based infusion [42].

Complementary and alternative medicine practitioners have
embraced the use of metal chelation for the treatment of car-
diovascular disease, particularly with edetate and its salts
(disodium and calcium disodium, most prominently), for many
years. In contrast, the traditional medical community has
shunned this practice. The reasons for chelation therapy being
unpopular among orthodox medical practitioners arise from the
poor evidence base prior to the TACT trial, concerns about the
safety of edetate-based chelation therapy, and general suspicion
and distrust of alternative medicine. The safety concerns re-
garding edetate disodium have been addressed by the FDA.
They reviewed their database encompassing over 30 years of
use and reported four cases of hypocalcemia-induced mortality
following definite edetate disodium infusion in a timeframe
when hundreds of thousands, perhaps millions of infusions
had been administered in the USA [43, 44].

Design and Results of TACT

Before the initiation of TACT, there had been five randomized
trials examining the efficacy of EDTA-based chelation thera-
py [45–49]. Overall, these were small trials testing surrogate
endpoints with generally negative results; but, even in aggre-
gate, they could not exclude a small to moderate benefit of
therapy. A Cochrane review concluded that there was
Binsufficient evidence^ in support or against the use of chela-
tion therapy to improve outcomes of persons with atheroscle-
rotic cardiovascular disease [50]. Despite the results of the
RCTs discussed above, chelation therapy continued to be used
by US adults [44] for a variety of indications, not all cardio-
vascular. TACT, developed in response to a Request for
Applications from the National Institutes of Health, was de-
signed under the Food and Drug Administration (FDA)
Investigational New Drug (IND) listing as a pivotal trial of
edetate disodium therapy to finally understand whether
edetate disodium was harmful or ineffective (expected out-
come), or safe and effective. To date, TACT remains unique
as the only pivotal trial of edetate disodium therapy for coro-
nary disease.

TACTwas a multicenter randomized double-blind clinical
trial with a 2 × 2 factorial design sponsored by both the
National Center for Complementary and Alternative
Medicine (NCCAM) and the National Heart Lung and
Blood Institute (NHLBI) [51]. This design was chosen to con-
trol for the potential confounder of high doses of oral vitamins
and minerals commonly used in the chelation practices [52].
Thus, participants were randomly assigned to one of four
groups:

IV chelation plus oral vitamins (active/active)
IV chelation plus oral placebo (active/placebo)
IV placebo plus oral vitamins (placebo/active)
IV placebo plus oral placebo (placebo/placebo)
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The chelation group received up to 3 g of Na2EDTA (based
on weight and renal function) in addition to 7 g of ascorbic acid,
2 g of magnesium chloride, 840 mg of sodium bicarbonate,
250 mg of pantothenic acid, 100 mg of thiamine, 100 mg of
pyridoxine, 2500 U of unfractionated heparin, 2 meq of potas-
sium chloride, 100 mg of procaine hydrochloride and sterile
water to make up 500 ml of infusion. The placebo infusion
consisted of 500 ml of normal saline and 1.2% dextrose [53••].
Participants received 30 weekly infusions followed by 10 main-
tenance infusions that were 2 to 8 weeks apart. Those random-
ized to multivitamins received a 28-component high oral dose
combination of vitamins and minerals [51]. Participants in
TACT were 50 years and older with a previous myocardial
infarction ≥6 weeks before enrollment. Persons with renal im-
pairment (serum creatinine >2 mg/dl) or those unable to tolerate
500 ml of chelation on a weekly basis were excluded [51].

The study protocol strongly suggested to investigators that
post-MI patients receive evidence-based cardiac therapies, so
that rather than chelation as alternative medicine, TACT really
tested chelation as add-on therapy post-MI. Thus, 83% of the
study population had undergone a prior revascularization,
91%were on an anticoagulant or anti-platelet, 73% on a statin,
and the median LDL was 89 (67–115) mg/dL [53••].

The primary outcome was a composite of all-cause mortal-
ity, myocardial infarction or coronary revascularization,
stroke, and hospitalization for angina. The secondary out-
comes included a composite of cardiovascular mortality, myo-
cardial infarction, or stroke. There were also pre-specified
subgroup analyses including participants with diabetes and
anterior MI [51]. Participants were followed for up to 5 years
(with a median of 55 months) [53••].

The trial took 9 years to complete. There were 55,222 in-
fusions of active or placebo chelation delivered. The Kaplan-
Meier 5-year estimate for the primary endpoint in the chela-
tion group (i.e., active/active plus active placebo) was 32.8%
(95%CI, 29.1–36.5%) compared with 38.5% (95%CI, 34.6–
42.3%) in the placebo group (placebo/active and placebo/pla-
cebo) with a HR of 0.82 (95%CI0.69–0.99; p = 0.035; see
Fig. 1), meeting the statistical goals of the trial [53••].
Compared to the placebo group, participants in the chelation
group had lower frequencies of myocardial infarction (6 vs.
8%) and coronary revascularizations (15 vs. 18%); however,
the individual effect sizes did not achieve statistical signifi-
cance [53••]. This was expected, as the study was not powered
to assess for these individual outcomes [53••], but for the
aggregate primary endpoint.

When the factorial groups were compared, patients receiv-
ing both chelation and vitamins (active/active) were 26% less
likely to experience the primary outcome than those receiving
IV placebo and oral placebo (placebo/placebo) (HR 0.74
95%CI 0.57, 0.95, p = 0.016) [52]. This corresponded to a 5-
year number needed to treat (NNT) of 12 [52]. This compared
favorably with the 5-year NNT for statin therapy [54].

In the TACT trial, the edetate disodium-based infusions
exhibited an excellent safety profile as the frequency of non-
endpoint serious adverse events (other than mortality) were
very low and similar (statistically identical) in both groups.
Among the non-severe adverse events, hypocalcemia oc-
curred more frequently in the chelation arm than in the place-
bo arm (6.2 vs. 3.5%; p = 0.008). This is somewhat consistent
with the reported adverse effects that predated TACT in which
no serious adverse effects were noted but hypocalcemia was
more common in the chelation groups [55]. Of the 839 partic-
ipants, about 67% completed all 40 infusions and nearly 80%
(77%) completed 30 or more infusions. Similar completions
rates were seen in the placebo infusion arm (64 and 75%,
respectively) [53••].

Perhaps the most interesting results from TACTwere found
in the pre-specified subgroup of patients with diabetes. There
were 633 participants with diabetes mellitus (322 edetate and
311 placebo). There was a 41% (HR 0.59, 95%CI 0.44–0.79,
p = 0.0002) reduction in the composite endpoint (Table 1)
with a corresponding 5-year NNT of 6.5 [56••]. For the sec-
ondary endpoints, participants with diabetes demonstrated a
43% reduction in all-cause mortality (p = 0.011) and a 52%
reduction in recurrent MIs (p = 0.015).

There are some clear differences between the former trials
assessing the effects of chelation therapy and TACT, which
may account for TACT’s success. TACT had a larger sample
size, almost six times the number of study participants in the
other trials combined thus increasing the power to detect
smaller differences. Likewise, the length of follow-up in
TACT (median of 55 months) far exceeded that of any of
the previous studies (longest reported follow-up duration of
12 months) [50]. TACT also had twice the number of chela-
tion infusion cycles (40 vs. about 20 in most of the earlier
trials). Unlike the previous trials, TACT did not use surrogate
outcomes but employed Bhard^ clinical outcomes similar to
those used in other major cardiovascular trials [57, 58].

Edetate Disodium Therapy and Diabetes

Admittedly, the reasons why participants with diabetes had the
greatest benefits from chelation therapy were unclear; howev-
er, persons with diabetes tend to have greater co-morbidity
such as hypertension, chronic kidney disease, dyslipidemia,
and tend to havemore severe atherosclerosis.While these may
have contributed to the unexpected findings, there is biologic
plausibility that the effects of chelation therapy observed in
the TACT diabetic population could be due to prevention of
diabetic vascular complications through mechanisms that in-
volve a reduction of oxidative stress. These potential mecha-
nisms may involve alterations in the creation or metabolism of
advanced glycation end-products (AGEs). AGEs, which are
non-enzymatically modified proteins or lipids (or in some
cases, nucleic acids) generated in the presence of reducing
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sugars like glucose, which activate toxic cytokines through the
receptor for AGEs (RAGE) [59] and may be causative for
some vascular complications of diabetes [60, 61]. Transition
metals including iron and copper have been implicated in the
development of AGEs and the consequent oxidative compli-
cations they bring [62]. AGE inhibitors and AGE breakers
may even act on AGEs through their chelation effects [62,
63]. Therefore, it is a plausible hypothesis, albeit emphatically
unproven, that chelation with edetate disodium therapy may
protect against the long-term vascular complications of diabe-
tes through mitigating the accumulation of AGEs.

TACT results were initially greeted with skepticism and
harsh criticism [64–66]. The criticisms surrounding TACT’s
positive results surround the 17% withdrawal of consent ob-
served in the trial and other issues involving the conduct of the
trial including differential follow-up rates. As pointed out in
an editorial (not written by the authors), since consent with-
drawal was greater in the placebo group, the bias would be

against chelation therapy if indeed there was one [67]. The
other issues surrounding the study’s conduct have been ad-
dressed extensively [53••].

Conclusions

According to the 2016 AHA Heart Disease and Stroke
Statistics, approximately 200,000 recurrent myocardial infarc-
tions occur and there are over 100,000 deaths frommyocardial
infarction per year [68]. Data from epidemiologic studies sug-
gest that within 5 years of a myocardial infarction, 36% of
men and 42% of women aged 45 years and older will die
[68]. With over 11 billion USD in yearly costs, myocardial
infarction is not only one of the leading causes of death but is
also one of the most expensive illnesses [68]. Diabetes is a risk
factor for recurrent myocardial infarction and death [69].
These data emphasize the enormity of the public health burden

Table 1 TACT primary and
secondary endpoints among
participants with diabetes mellitus

EDTA chelation
(n = 322)

Placebo
(n = 311)

HR (95%CI) p value

Primary endpoint (%) 25 38 0.59 (0.44–0.79) <0.001

Death (%) 10 16 0.57 (0.36–0.88) 0.011

MI (%) 5 10 0.48 (0.26–0.88) 0.015

Stroke (%) 1 1 1.19 (0.27–5.30) 0.829

Coronary revascularization (%) 15 20 0.68 (0.48–0.99) 0.042

Hospitalization (%) 2 2 0.72 (0.22–2.36) 0.588

Secondary endpoint (%) 11 17 0.60 (0.39–0.91) 0.017

CVD mortality (%) 6 9 0.63 (0.35–1.13) 0.118

Participants with diabetes either self-reported as having diabetes were taking antidiabetic medication or had a
fasting blood glucose ≥126 mg/dl. Table reproduced with permission from reference [56••]

CVD cardiovascular disease,MImyocardial infarction,HR hazard ratio, TACT Trial to Assess Chelation Therapy,
EDTA ethylene diamine tetraacetic acid
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TACT: Primary End Point in Overall Population TACT: Primary End Point in Participants with Diabetes
a b

Fig. 1 Kaplan-Meier estimates of the primary composite endpoint,
EDTA chelation therapy vs. placebo in the overall participant
population (a) and in participants with diabetes (b). EDTA ethylene
diamine tetraacetic acid. The primary endpoint was a composite of

death from any cause, reinfarction, stroke, coronary revascularization,
or hospitalization for angina. Reproduced with permission from [52]
and [54]
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associated with recurrent myocardial infarction, particularly
among those with diabetes. The results of TACT, which
showed a modest but significant reduction in risk among per-
sons with a prior MI and a more robust benefit among patients
with diabetes provide impetus to further investigate chelation
therapy for cardiovascular disease. Unsurprisingly, with the
findings of TACT, chelation therapy for the management of
stable ischemic heart disease has been upgraded from a class
III (no benefit) to class IIb (benefit uncertain; treatment may
be considered) [70].

Spurred by the findings of TACT, particularly the strong
protective effect of chelation among persons with diabetes
mellitus [53••, 56••], the National Institutes of Health has
funded TACT2 for $37 million. This second, replicative study
will definitively inform the scientific and lay community as to
whether chelation and excretion of vasculotoxic metals will
confirm (or refute) the very positive findings in post-MI pa-
tients with diabetes. In the meantime, the TACT2 study team
has just enrolled the first few of 1200 patients. We are still
looking for enrolling sites interested in this potentially disrup-
tive pharmacotherapy.
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