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Abstract

Purpose of Review Cadmium has been recognized as a potential risk factor for cardiovascular disease (CVD). We present a
review of cadmium toxicity, its effect on cellular activities, and a summary of reported association between environmental
cadmium exposure and CVD. We also discuss the possible therapeutic benefit of cadmium chelation.

Recent Findings Experimental data suggest that cadmium affects several signaling pathways which may lead to endothelial
dysfunction and vascular tissue damage, promoting atherosclerosis. This is further supported by epidemiological studies that
have shown an association of even low-level cadmium exposure with an increased risk of clinical cardiovascular events. The
Trial to Assess Chelation Therapy (TACT) provided inferential evidence for the cardiovascular benefit of treating toxic metal
burden. However, at the present time, there is no direct evidence, but suggestive findings from clinical trials indicating that
removal of cadmium from body stores may be associated with improved cardiovascular outcomes.

Summary An evolving body of evidence supports environmental cadmium exposure as a pro-atherosclerosis risk factor in CVD;
however, the mechanisms for the proatherogenic effect of cadmium are still not completely understood. Further studies in
translational toxicology are needed to fill the knowledge gaps regarding the molecular mechanisms of cadmium toxicity and
the promotion of atherosclerosis.
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Introduction

Cadmium is a non-essential metal that has been recognized as
an environmental and industrial pollutant with diverse toxic
effects on human health [1, 2]. The world production of cad-
mium mainly comes from the by-product extraction of prima-
ry ores of lead, copper, and principally zinc. Cadmium extrac-
tion markedly increased during the twentieth century because
of the widespread use of this metal in consumer products,
including rechargeable nickel-cadmium batteries, jewelry
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and toys, pigments for plastic, ceramics and glassware, stabi-
lizers for plastics, and protective electroplating of metal sur-
faces [1, 3-5]. Cadmium is also a common constituent in
fertilizers derived from phosphate rock [6]. According to the
US Geological Survey, the global cadmium production in
2017 was approximately 23,000 tons [7].

This widespread use of cadmium has resulted in many
sources of exposure from which it can be inhaled or ingested
[1, 3]. Industrial emissions of cadmium arise from non-ferrous
metal production, iron and steel production, fossil fuel combus-
tion, recycling and incineration of metal and electronic waste
[8]. During production and use of cadmium-containing mate-
rials, contaminated aerosols and small particles are dispersed
by wind, polluting soil, and water. The deposition, accumula-
tion, and mobilization of cadmium in soil, freshwater, and
ocean waters lead to contamination of foods. In the USA, die-
tary intake is the primary exposure route in non-smokers [1].
High levels of cadmium are found in mollusks and crustaceans,
and in organ meats such as liver and kidney [9—11]. Plants can
selectively take up cadmium via root cells through micronutri-
ent transporters such as zinc-regulated transporter, iron-
regulated transporter, and natural resistance-associated
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macrophage protein [12]. Cadmium concentrations vary
among crop genotypes, being particularly high in grains,
starchy root vegetables, and leafy greens such as lettuce, spin-
ach, and tobacco. The high concentration of cadmium in tobac-
co leaves results in an additional source of exposure in smokers
and consumers of smokeless tobacco products, who have a
twofold higher body burden than non-smokers [13]. About 1
to 3 pg of cadmium is absorbed from smoking one pack of
cigarettes per day [1]. Public health policies and regulations
may have been able to reduce cadmium exposure in the
USA, likely related to the decline in smoking rate [14]. Yet
chronic cadmium exposure remains a significant hazard due
to both ongoing and past exposures.

Following ingestion or inhalation, cadmium is transported
in blood plasma bound to albumin and other proteins and
delivered to the liver and kidney, where it accumulates with
a half-life of approximately 10 years and 30 years, respective-
ly [1]. Cadmium is taken up in the liver and induces the syn-
thesis of metallothionein [3]. Metallothioneins are low-molec-
ular-weight, cysteine-rich metal-binding proteins that play an
important role in the retention of cadmium in various tissues
[15]. Cadmium binds to metallothionein and is released into
the circulation then delivered to target cells and tissues where
deleterious effects may ensue, inducing mitochondrial dam-
age and cell death, inflammation, and fibrosis [3]. The
cadmium-metallothionein complex is taken up by the kidney,
where it undergoes glomerular filtration and accumulates in
the proximal renal tubules. The level of cadmium in the urine
is proportional to the level of cadmium in the kidney [16].
Therefore, urine cadmium concentration serves as a biomarker
for the cumulative body burden of cadmium [17].

Cadmium Levels in the US Population

Many of the studies available on cadmium exposure and car-
diovascular outcomes use data from the National Health and
Nutrition Examination Survey (NHANES), a series of repre-
sentative samples of non-institutionalized US adults. Data
from NHANES surveys between 1999 and 2016 show that
the geometric mean (95% CI) of blood cadmium levels ranged
from 0.41 (0.37-0.44) ug/L in 1999-2000 to 0.23 (0.22-0.25)
pg/L in 2016. Blood cadmium levels were lower among males
than among females and are higher after 20 years of age [18].

Cadmium Levels and Cardiovascular Disease

Several observational studies conducted in the NHANES pop-
ulation have shown an association between cadmium expo-
sure and the risk for atherosclerotic disease and cardiovascular
mortality [19-20, 22-23, 26-30] (Table 1). In NHANES
1999-2000, blood cadmium levels were strongly associated

with increased prevalence of peripheral arterial disease
(PAD). The adjusted odds ratio (OR) for PAD comparing
the 4th vs. 1st quartile of blood cadmium was 2.42 (95% CI
1.13-5.15) [19]. This study also showed that after adjustment
for cadmium in current smokers, the odds ratio for PAD com-
paring smokers to never smokers decreased from 4.1 to 1.8
suggesting that at least part of the adverse vascular effect of
smoking may be mediated by the content of cadmium in cig-
arettes [19]. Similarly, an environment-wide association study
using datasets from NHANES 1999-2004 was used to evalu-
ate environmental factors associated with PAD [20]. The
study showed that smoking-associated factors, including uri-
nary cadmium, had a significant association with PAD. In
fact, urinary cadmium was found to mediate most of the harm
contributed by smoking [20]. In a small, exploratory cross-
sectional study of 43 patients with coronary artery disease
and PAD, toxic metals were measured before and after edetate
disodium (EDTA)-based chelation. The study showed that,
within this group of patients with CAD, the severity of PAD
was associated with an increase in urinary cadmium level in
both spontaneous and post-chelation urine (Fig. 1) [21].

Other cross-sectional analyses of NHANES have also re-
ported that elevated blood or urine cadmium level are associ-
ated with increased risk of myocardial infarction (MI) in wom-
en (NHANES 1988-1994; 4th vs. 1st quartile OR 95% CI:
1.80 (1.06-3.04)) but not statistically in men (OR 95% CI:
1.26 (0.71-2.26)) [22], stroke (NHANES 1999-2006; 4th vs.
Ist quartile OR 95% CI: 1.38 (1.14-1.67) and heart failure
(NHANES 1999-2006, 4th vs. 1st quartile OR 95% CI: 1.48
(1.17-1.87) (Table 1) [26]. Furthermore, in NHANES 1999—
2004, blood and urine cadmium levels remained a risk fac-
tor for cardiovascular mortality (80th vs. 20th percentile:
OR 95% CI: 1.74 (1.07-2.83)) [28]. Similarly, in another
prospective investigation of NHANES IIT 1988—-1994 par-
ticipants, urinary cadmium was associated with cardiac
mortality in men but not in women. The multivariable-
adjusted hazard ratios for cardiovascular and coronary heart
disease mortality associated with a 2-fold increase in
creatinine-corrected urinary cadmium in men were 1.21
(1.07-1.36)) and 1.36 (1.11-1.66) respectively vs. 0.93
(0.84-1.04) and 0.82 (0.76-0.89) in women [23].
Combining data from NHANES III 1988-1994 and
NHANES 1999-2004, including 15,421 adults > 40 years
old, it was estimated that 8.4% (95% CI: 4.3-36.4) deaths/
100 000 person-years) of the absolute reduction in cardio-
vascular deaths between the two periods was attributed to
reductions in cadmium burden, reflecting 31.0% lower
blood cadmium levels in 1999-2004 compared with
1988-1994. This relationship held after adjustment for car-
diovascular risk factors, sociodemographic factors, and
lead exposure [31].

In summary, in the US population, as represented in the
NHANES surveys, cadmium levels have been associated with
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Table 1 (continued)

Adjustment factors

Outcome OR (95% CI)

Cadmium Exposure group

biomarker

Population

Type of study

Study, year

Sex, age at baseline, education, location, body mass index,

1.41 (1.05-1.81)

Urine 80th vs 20th PAD incidence
Never smoker:

13 Native

Prospective

Tellez-Plaza

menopausal status, total cholesterol, LDL, HTN, DM, GFR,

smoking status, pack-years smoking

American percentile

2013 [30]

1.25 (0.83-1.80)

communities

from the Strong
Heart Study

43 patients with

CAD with PAD  Age, smoking status

0.56 +0.34*

Mean (SD) Cd level

CAD with or

Urine

Cross-sectional

Ujueta 2018

(ug/g creatinine)

without PAD

CAD

[21]

CAD with CLI
1.56 +2.33%*

*Values represented mean =+ std

PAD, peripheral arterial disease; BMI, body mass index; DM, diabetes mellitus; GFR, glomerular filtration rate; CRP, C reactive protein; SBP, systolic blood pressure; CCVD, cardiovascular and

cerebrovascular disease; IHD, ischemic heart disease; CHD, coronary heart disease; CAD, coronary artery disease; CKD, chronic kidney disease; HDL, high-density lipoprotein; LDL, low-density

lipoprotein; CLI, critical limb ischemia

risk of PAD, M1, stroke, heart failure, and cardiovascular mor-
tality. Some of these studies suggest that there may be sex
differences in cardiovascular outcomes related to cadmium
exposure [22, 23]. Sex differences on cadmium-related car-
diovascular endpoints may be due to confounding factors,
random sampling variability, or biological factors. For in-
stance, women had higher urine cadmium concentrations than
men regardless of smoking status. Iron deficiency in women
may lead to greater intestinal absorption of cadmium which
may result in higher urinary and blood cadmium levels in
women compared with men [24, 25]. Observations from
in vivo and in vitro studies have found that cadmium may also
possess estrogen-like activity, which may influence total body
burden of cadmium in women [28]. An interesting speculation
on the aforementioned studies is that sex differences in cad-
mium pharmacokinetics may contribute to the known sex dif-
ferences in cardiovascular outcomes among men and women.

The Strong Heart Study is an ongoing multi-tribal study of
3348 American Indian adults in the American West. Higher
baseline urinary cadmium levels measured in 1989-1991
were associated with increased incident cardiovascular disease
(CVD) and CVD mortality, including coronary heart disease,
stroke, and heart failure (Table 1). The subgroup with diabetes
showed a stronger, statistically significant association be-
tween cadmium and CVD endpoints, when compared with
those without diabetes [29]. Moreover, prospective analyses
of the Strong Heart Study cohort further added to the evidence
that cadmium is a risk factor for new-onset peripheral arterial
disease, independent of smoking [30].

The evidence reviewed, therefore, supports the conclusion
that cadmium has an adverse impact on health outcomes, par-
ticularly cardiovascular [14]. Overall, based on basic and ep-
idemiological evidence cadmium may be an untargeted risk
factor for the development of CVD.

Cadmium Toxicity at the Cellular Level

Ion channels on the cell membrane are the major route for
cadmium entry into the cell. lon channels are expressed in
nearly all vascular cells, including endothelial cells, smooth
muscle cells (SMCs), and fibroblasts. These ion channels play
an important role in the regulation of physiological processes
such as cell membrane potential and vasomotor function;
when disrupted, they contribute to pathophysiological condi-
tions of the vessel wall such as atherosclerosis [32]. Normal,
healthy vascular homeostasis involves maintenance of the bal-
ance between vasodilation and vasoconstriction which is ac-
complished in part by calcium and potassium ion channels on
the cell membrane of SMCs. Voltage-dependent calcium
channels (VDCC) on the cell membrane of SMCs become
activated when depolarized, allowing influx of extracellular
calcium and initiate smooth muscle contraction. In a negative

@ Springer



46

Curr Envir Health Rpt (2021) 8:42-53

Fig. 1 Urinary cadmium in
coronary artery disease patients
with and without PAD. Individual
p-values for urinary cadmium
levels within groups of patients
with CAD without PAD, CAD,
and PAD but no critical limb
ischemia, and CAD with critical
limb ischemia was significantly

F
n

IS

o4
n

w

Urinary Cadmiumin CAD patients with and without PAD

p=0.01

[ p=001 |

higher with increased severity of
disease

vl
n

"
wn

Urinary Cd (ug/g creatinine)
- ~

0.37

o
n
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*CAD indicated coronary artery disease; PAD, peripheral artery disease; CLI, critical limb ischemia; Cd, cadmium
Individual p-values within groups of CAD no PAD, PAD + CAD (no CLI) or CAD + CLI for urinary cadmium were significantly higher as disease
severity increased for baseline and post-edetate disodium. The association between urinary Cd and PAD status remained after adjustment

for age and smoking status.

feedback loop, calcium-sensitive potassium channels along
with voltage-gated potassium channels are activated hyperpo-
larizing the cell membrane promoting potassium efflux and
leading to smooth muscle vasodilation [33]. Ion channel dys-
function and alterations in the ion influx and efflux mecha-
nism contributes to vascular remodeling and stiffening and
has been linked to hypertension [33]. In addition, alterations
in the cell to cell communication and ion channel signaling
between vascular endothelial cells and surrounding SMCs in
the arteriole walls are also important in the development of
atherosclerosis. Due to similarities in the chemical properties
of cadmium and calcium, cadmium can mimic calcium entry
through the cell membrane VDCC leading to cadmium influx
and alterations in calcium homeostasis [34, 35]. This was
exemplified in rat hepatocyte models exposed to cadmium in
the absence or presence of different calcium channel blockers
or a calcium agonist. The uptake of cadmium was inhibited by
a calcium channel blocker suggesting calcium channels are
the mode of cadmium entry into the cell [36].

Thus, cadmium-induced calcium overload is one of the pro-
posed mechanisms causing direct vasoconstriction [37].
Cadmium interference in calcium signaling distorts other intra-
cellular calcium-dependent processes including inositol triphos-
phate (IP3) production and activation of calmodulin-dependent
enzyme (CaMK) and protein kinase C (PKC). For example,
cadmium activates PKC, a protein kinase involved in the sen-
sitization of contraction to calcium by stimulation of mitogen-
activated protein kinase (MAPK) [32]. In primary cultures of
vascular smooth muscle cells of spontaneously hypertensive
rats exposed to cadmium, there was greater increase in expres-
sion of MAPK in VSMs when compared with normotensive rat
controls. In addition, PKC inhibitor reduced the effect of cad-
mium on PKC expression [38]. Cadmium also exerts its

@ Springer

calcium mimetic effect on another calcium-sensitive enzyme,
CaMK, which mediates apoptotic cell death [39]. The role of
cadmium-induced CaMK in vascular cells is still poorly under-
stood; however, we know that chronic apoptosis of vascular
SMCs accelerates atherogenesis [40]. Cadmium also affects
another specific calmodulin-dependent enzyme in endothelial
cells, nitric oxide synthase (eNOS), which plays an important
role in nitric oxide (NO) production and regulation of vasoac-
tivity [41]. In an in vitro study, low levels of cadmium (0.01-1
uM) blocked endothelial NO phosphorylation, reduced endo-
thelial cell NO production, and disrupted endothelial vasodila-
tion [42]. The vascular effect of NO was examined in the rats
poisoned with hypertensive doses of cadmium. Rat mesenteric
arteries exposed to hypertensive doses of cadmium demonstrat-
ed a decrease in vascular reactivity with evidence of decreased
serum NO concentration [43]. In an experimental study of the
Ca®" ATPase activity of the sarcoplasmic reticulum in rabbits,
cadmium altered calcium homeostasis functioning as a potent
inhibitor of the Ca** pump [44]. Cadmium-induced calcium
pump inhibition causes an acute transient elevation of calcium
concentration in the cytosol, but chronic exposure to cadmium
leads to reduced calcium pools in the endoplasmic reticulum
and a diminished response to evoked calcium signaling [45].
Another target of cadmium toxicity is the vascular endothelial
(VE) cadherin-dependent cell adhesion molecules which main-
tain the integrity of endothelial cell to cell contact and vascular
permeability [46]. In vitro studies have shown cadmium can
displace calcium from cadherin-binding sites thereby interfer-
ing with its adhesive function [46]. Crosstalk between the var-
ious signaling pathways highlights the complexity and multi-
factorial mechanisms of cadmium-induced toxicity. Cadmium
can also be toxic by inducing redox-active species, which may
contribute to lipid peroxidation and oxidative DNA damage. In
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a study investigating the effects of cadmium on lipid levels, rats
chronically exposed to 50 to 100 parts per million cadmium
through drinking water for 7 weeks showed a significant in-
crease in total serum cholesterol and triglycerides [47].
Subsequently, there was a 2-fold increase in oxidized LDL
levels which mediate the transformation of macrophages to
foam cells, key players in the pathogenesis of atherosclerosis
[47, 48]. Furthermore, there is evidence of a reduction in the
activity of antioxidant glutathione and enzymes, such as para-
oxonase 1 (PON1), catalase, and superoxide dismutase, as well
as depletion of radical scavengers with exposure to cadmium
[49, 50]. PONI1 is thought to contribute to the anti-
inflammatory and antioxidant effect of high-density lipopro-
teins. In a prospective cohort study, low level of PONT1 activity
was associated with a higher prevalence of CVD [51, 52]. In the
experimental rat model chronically exposed to cadmium, there
was a significant decrease in PONI activity [47]. Oxidative
stress can lead to apoptosis of vascular smooth muscle cells,
endothelial cells, and macrophages, which is a mechanism im-
plicated in atherogenesis [53, 54]. Nuclear factor kappa B
(NF-kB) is a redox-sensitive transcription factor important
in the regulation of apoptosis [55]. NF-kB initiates tran-
scription of target genes such as the inhibitors of apoptosis
(IAPs) which are critical in cell survival as they bind to
caspases and inhibit apoptosis [56]. The effect of cadmium
on cell death signaling pathway was examined in rat kidney
epithelial cells exposed to 20uM Cd for 5 h. The study
showed that the activity of NF-kB was significantly re-
duced, downregulating of the target gene products IAPs
and enhancing cadmium-induced apoptosis [56].Induction
of vascular SMC and endothelial cell death by cadmium
suppression of NF-kB activity may play a central role in
the promotion of atherosclerosis [56—58]. Hence, cadmium
exposure can result in endothelial and vascular SMCs dys-
function by interfering with the NO and intracellular calci-
um signaling pathways, increasing oxidative stress and ap-
optosis (Fig. 2), all of which could promote atherosclerosis.
A full understanding of cadmium toxicity at the cellular
level would provide further insight into possible mecha-
nisms of cadmium-induced CVD.

Discussion

The above studies, ranging from basic science, to small-scale
clinical studies, to large-scale epidemiologic studies represen-
tative of the US population, form a robust body of evidence
indicating that cadmium, even at relatively low levels of ex-
posure, is vasculotoxic and may be a risk factor for atheroscle-
rosis. Preventive measures should address reduction of cadmi-
um exposure in the general population to minimize atheroscle-
rotic risk. Yet its protracted biological half-life, low rate of
excretion, and preferential storage in soft issues, as described

above, emphasize the need for a biomarker or surrogate mea-
sure of cadmium body burden.

Biomarkers are objective measurements that serve as indi-
cators of disease processes or unintended environmental ex-
posure. As discussed earlier, urine cadmium concentration has
served as a biomarker for long-term cadmium exposure in
epidemiologic research. Studies have shown that urine cadmi-
um is a temporally stable biomarker as evidenced by its repro-
ducibility when repeat samples are collected years apart [59,
60]. Yet, factors that influence renal physiology greatly im-
pact the variability of urine cadmium. One such factor of uri-
nary biomarkers is the degree of urine dilution, which is typ-
ically adjusted for by urine creatinine or specific gravity.
However, residual influence of diuresis may persist even after
correction, which may influence variations in urinary cadmi-
um [61]. Moreover, there is a positive correlation between
urine cadmium and the glomerular filtration rate. In the pres-
ence of a normal, efficient renal function, there is faster elim-
ination of cadmium in the urine [62]. However, cadmium can
adversely impair glomerular and renal tubular function and
may increase urinary excretion of low-molecular-weight pro-
teins [61]. In patients with renal disease and diabetes, due to
damage to the proximal renal tubules, inhibition of renal tu-
bular reabsorption of low molecular weight proteins such as
retinol-binding protein results in increased co-excretion of
these proteins and cadmium in the urine [63]. Blood cadmium
can also be used to assess exposure to cadmium. It has been
recognized, however, to reflect recent exposure rather than
chronic exposure, although a compartment in blood cadmium
also reflects long-term cadmium exposure [11, 64]. For in-
stance, recent smoking is associated with markedly higher
blood cadmium concentration vs. urine cadmium. Similarly,
a decline in blood cadmium concentration after smoking ces-
sation most likely occurs within days and weeks, although
former smokers still have higher blood cadmium levels com-
pared with never smokers [65].

The use of metallothionein as a biomarker of chronic
cadmium exposure has been entertained in prior studies
[66—68]. Metallothionein plays an important role in the
cadmium retention in tissues, mainly the liver and kidney.
As briefly discussed earlier, cadmium stimulates synthesis
of metallothionein enhancing metallothionein gene tran-
scription leading to an increase in apo-metallothionein that
tightly binds to cadmium cations in the cytosol. It is a spe-
cific metal-binding protein, with particularly high affinity
towards cadmium, which makes it an attractive option as a
biomarker, and thus, the level of cadmium in the body should
be proportional to the level of saturated metal-binding ligands
of metallothionein. However, metallothionein’s major role is
to regulate zinc and copper metabolism. Zinc status influences
the expression of metallothionein and the ability to bind cad-
mium [69]. For instance, zinc losses through the urine in the
presence of diabetes could influence metallothionein
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Fig. 2 Mechanism of cadmium c Cd’g
toxicity. Stimulatory (“+”) and + Cdi
inhibitory (“=") effects of
cadmium on second messenger
signaling pathways leading to <
decreased nitric oxide, increased protein 7
superoxide anions (ROS), cellular $ v <
dysfunction, and necrotic cell PLC,
death. G, GTP binding; IP3, a——— ":/ DAG IKK A
inositol-1,4,5 triphosphate; CAM, 3 - PRC o
Ca’*-calmodulin; PKC, protein \+ |
kinase C; NO, nitric oxide; \ : NF-kB —+ . ©
NAD(P)H, nicotinamide adenine : P
dinucleotide phosphate oxidase Ca 2 -CaM v t
’C-dZ-r :
L-arginine + O? +0,” >
—elp i
Superoxide
onoo- ¥, . s
; Endothelium

expression and potentially explain higher cadmium toxicity in
the presence of diabetes [70]. The evidence available suggest-
ing the potential use of metallothionein as a cadmium bio-
marker has largely been from environmental biomonitoring
studies in the marine environment [71, 72]. It is unclear if
metallothionein protein is associated with CVD. Further stud-
ies are needed to fully understand the use of metallothionein as
a potential biomarker in humans, and its association with cad-
mium toxicity in CVD.

Other Mechanisms of Toxicity

Epigenetics has been recognized as an additional layer in the
understanding of cadmium toxicity [73]. To the best of our
knowledge, few studies have investigated the relationship be-
tween cadmium epigenetic effects and CVD. This novel area
of research suggests potential participation of DNA methyla-
tion, post-translation histone modifications, and non-coding
RNA or microRNA in CVD pathogenesis including athero-
sclerosis [74]. As previously discussed, cadmium is a well-
known blocker of voltage-dependent calcium channels
influencing vascular cell dysfunction. It is plausible that cad-
mium toxicity may itself cause changes in the gene expression
of voltage-dependent calcium channels, which then leads to
smooth muscle proliferation in atherosclerosis. Epigenome-
wide association study of 2,325 adults 45-74 years of age
who participated in the Strong Heart Study in 1989-1991
suggests that smoking-related cadmium exposure may be part-
ly associated with changes in DNA methylation at specific
sites; however, the functional consequence of the differential
methylation at these sites remains to be understood [75].
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Experimental and observation data has also linked dysregula-
tion in microRNA expression with exposure to cadmium [76,
77]. Studies focused on the nephrotoxic effects of cadmium,
have shown that deregulation of microRNA may play a role in
the pathophysiology of cadmium-induced kidney damage
[11]. Tt is unclear if cadmium is involved in the alteration of
key regulators of gene expression in atherosclerosis, such as
microRNA-126, microRNA-145, and microRNA-155 [78,
79]. The discovery of its role in microRNA dysregulation in
atherosclerosis may shed light on the mechanism of cadmium
toxicity and perhaps provide novel treatment pathways for
CVD.

Interventional Studies

Despite the epidemiological and experimental evidence, there
is not yet outcome data from clinical trials showing that a
reduction of cadmium body burden is associated with im-
proved CV outcomes. In fact, chelation to treat low-level met-
al intoxication remains a controversial therapy in clinical tox-
icology and cardiology. Chelation involves binding of cation-
ic metallic and nonmetallic ions and their mobilization from
physiological tissue. Various chelating agents have been used
for the treatment of cadmium toxicity such as dimercaprol
(BAL), dimercaptopropanesulfonic acid (DMPS),
dimercaptosuccinic acid (DMSA), and edetate disodium or
edetate calcium disodium (EDTA), though no specific therapy
has been approved for clinical use due to limited clinical re-
search. EDTA is the most widely accepted chelating agent that
can form complexes with cadmium, which are then excreted
in the urine. In fact, the edetates are potent cadmium chelators.



Curr Envir Health Rpt (2021) 8:42-53

49

A single infusion of edetate disodium will increase cadmium
excretion by about 700% in a few hours [80, 81].

In the mid-twentieth century, EDTA was used to treat
symptoms of CVD in small, uncontrolled studies [82, 83].
Since then, subsequent case reports and case studies and 3
small clinical trials, studying an aggregate of 269 subjects,
followed. Each of these studies had methodological problems,
but principally, in aggregate, the studies were too small to
exclude a small to moderate effect of therapy [84-86].

The first properly powered clinical trial of edetate
disodium—based chelation took place from 2002 to 2012.
Funded by the National Institutes of Health, The Trial to
Assess Chelation Therapy (TACT) was designed as a dou-
ble-blind, placebo-controlled, randomized trial designed to
determine the safety and efficacy of edetate disodium—based
chelation in patients with a prior MI [87-89].

There were 1708 patients enrolled in the clinical trial across
134 sites in the USA and Canada between 2003 and 2010. The
primary endpoint for the study was a composite of all-cause
mortality, MI, stroke, coronary revascularization, and hospi-
talization for angina at median follow-up of 55 months.

Edetate chelation reduced the primary composite endpoint
by 18%: hazard ratio (HR), 0.82; 95% confidence interval
(CD), 0.69-0.99, p = 0.035 (Fig. 3); with a 5-year number
needed to treat (NNT) of 18 patients to prevent an event
[88]. In the prespecified group of patients with diabetes (n =
633), there was a 41 % reduction of the primary endpoint by
edetate disodium—based chelation (primary endpoint: EDTA
chelation vs. placebo: 25% vs. 38%; HR = 0.59; 95% ClI,
0.44-0.79; p =0.0002) (Fig. 4). The NNT in 5 years to prevent
a single event in diabetic patients was 6.5. In this subgroup of
participants, the rate of the major secondary endpoints was
also markedly reduced by EDTA treatment. Death from any
cause was reduced by 43% (10% vs 16%; HR = 0.57; 95% CI,
0.36-0.88; p = 0.011) with a 5-year NNT of 12 (Fig. 5).

Furthermore, there was a 52% relative reduction in the risk
of recurrent MI (HR = 0.48; 95% C10.26-0.88; p =0.015) and
a 32% relative reduction in the risk of coronary revasculariza-
tion (HR = 0.68; 95% CI, 0.47-0.99; p = 0.042) [89]. TACT
provided the strongest inferential evidence thus far for the
potential benefit of toxic metal chelation to reduce major ad-
verse cardiovascular events. However, metal levels were not
measured in this study, and it was unclear if clinical outcomes
were linked to a reduction in cadmium or/and other toxic
metals that are removed by EDTA or by other mechanisms
(e.g., improving endothelial function and oxidative stress, cal-
cium removal/homeostasis, etc.). An ongoing replicative
study (TACT2) enrolling post-myocardial infarction patients
with diabetes will investigate the possible mechanisms of ben-
efit including the relationship of cadmium chelation with
outcomes.

A post hoc, non-prespecified analysis of 162 TACT pa-
tients with diabetes and PAD demonstrated an even greater
benefit from edetate disodium—based chelation compared with
placebo. Patients exhibited a 48% relative risk reduction (p =
0.00609) of the TACT primary endpoint [90].

Given the evidence of high levels of cadmium in patients
with severe PAD and critical limb ischemia (CLI) and the
beneficial effects observed in TACT, an open-label study
was performed to evaluate the safety and efficacy of EDTA-
based chelation as a therapeutic option in patients with diabe-
tes and CLI [90]. This recently published unblinded pilot
study demonstrated a potential signal of benefit and prelimi-
nary evidence of safety. The study enrolled 10 patients with
diabetes and moderate to severe infra-popliteal chronic limb
ischemia, each receiving up to 50 edetate disodium—based
infusions. All patients had coronary artery disease, previous
lower extremity revascularization, ischemic limb pain, and
70% had non-healing ulcers or dry gangrene. There were no
adverse events related to therapy. At 1-year follow-up, there
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Fig. 4 Primary endpoint in
patients with diabetes mellitus

TACT

Kaplan-Meier Estimates of the Primary Composite Endpoint

EDTA Chelation Therapy vs. Placebo

Subset of Patients with Diabetes: Hx, Med Use or Baseline Glucose>=126

0.5 7
0.4

0.31

Event Rate

0.2

0.1

0.0 1

EDTA:Placebo 0.59 0.44,0.79  .0002

Hazard Ratio 95% Cl P-value (log-rank)

EDTA Chelation

Placebo

18 24 30 36 42 48 54 60

Months since randomization

243 217 198 187 177 157 126 74
214 187 168 155 134 116 94 63

showed complete wound healing and improvements in overall
quality of'life as ascertained by PAD Questionnaire and SF-36
[91]. Still, the conclusion that a reduction in cadmium led to
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clinical benefit is confounded by concomitant increased ex-
cretion of other cations such as lead and calcium and by the
absence of a control group in this pilot study [80]. Further
studies are needed with measurements of blood or urinary
cadmium concentrations before and after chelation treatments
and a placebo control in order to conclude that there is a causal
relationship between the use of a cadmium-avid chelator and
improved outcomes in patients with severe vascular disease.

Conclusion

Cadmium has significant impact on human disease and
may be a modifiable risk factor for the development and
progression of atherosclerosis as supported by epidemi-
ological studies and the TACT trial. However, there are
still several limitations in understanding the role of cad-
mium in CVD. The knowledge gaps regarding the
mechanisms of cadmium toxicity and promotion of ath-
erosclerosis underscore the need for additional transla-
tional toxicology research. Identification of other molec-
ular targets of cadmium and epigenetic mechanisms in
cadmium-induced gene alterations are necessary for
translation into clinically useful therapeutics. In addi-
tion, early markers of cadmium cardiovascular toxicity
as well as the interaction of cadmium with other cardio-
vascular risk factors including levels of other toxic and
non-toxic metals merit further research. TACT2, current-
ly enrolling, will provide further light on the potential
benefits of cadmium removal therapy to improve cardio-
vascular outcomes. TACT2 will maintain a biorepository
to investigate the mechanistic role of cadmium chela-
tion. Additionally, a trial (TACT3a) to further assesses
the safety and efficacy of EDTA-based chelation in pa-
tients with PAD is currently underway.
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