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Abstract

Environmental causes of cardiovascular diseases (CVDs) are global health issues. In particular, 

an association between metal exposure and CVDs has become evident but causal evidence still 

lacks. Therefore, this symposium at the Society of Toxicology 2022 annual meeting addressed 

epidemiological, clinical, pre-clinical animal model-derived and mechanism-based evidence by 

five presentations: 1) An epidemiologic study on potential CVD risks of individuals exposed 

occupationally and environmentally to heavy metals; 2) Both presentations of the second and third 
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were clinical studies focusing on the potential link between heavy metals and pulmonary arterial 

hypertension (PAH), by presenting altered blood metal concentrations of both non-essential and 

essential metals in the patients with PAH and potential therapeutic approaches; 3) Arsenic-induced 

atherosclerosis via inflammatory cells in mouse model; 4) Pathogenic effects on the heart by 

adult chronic exposure to very low-dose cadmium via epigenetic mechanisms and whole life 

exposure to low dose cadmium via exacerbating high-fat-diet-lipotoxicity. This symposium has 

brought epidemiologists, therapeutic industry, physicians, and translational scientists together to 

discuss the health risks of occupational and environmental exposure to heavy metals through direct 

cardiotoxicity and indirect disruption of homeostatic mechanisms regulating essential metals, as 

well as lipid levels. The data summarized by the presenters infers a potential causal link between 

multiple metals and CVDs and defines differences and commonalities. Therefore, summary 

of these presentations may accelerate the development of efficient preventive and therapeutic 

strategies by facilitating collaborations among multidisciplinary investigators.
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1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death worldwide and they 

disproportionally affect people living in different communities and environments. Each 

year, the American Heart Association (AHA), in conjunction with the National Institutes 

of Health and other government agencies, brings together in a single document of the most 

up-to-date statistics related to heart disease, stroke, and cardiovascular risk factors (Tsao et 

al., 2022). CVDs produce immense health and economic burdens in the United States (U.S.) 

and globally. In terms of economic costs of CVDs, the average annual direct and indirect 

cost of CVDs in the U.S. was about $378.0 billion from 2017 to 2018; the estimated direct 

costs of CVDs in the U.S. increased from $103.5 billion from 1996 to 1997 to $226.2 billion 

from 2017 to 2018. CVDs accounted for the highest direct cost ($99.6 billion) from 2017 to 

2018 in inpatient hospital stays. Globally, in 2020, about 19 million deaths were attributed 

to CVDs, which amounted to an increase of 18.7% from 2010. In the Cardiovascular 

Lifetime Risk Pooling Project including 30,447 participants from seven U.S. cohort studies, 

among individuals ≥60 years of age with low cardiovascular health (CVH), the 35-year 

risk of CVDs was the highest in white males (65.5%), followed by white females (57.1%), 

black females (51.9%), and black males (48.4%) (Tsao et al., 2022). In the AHA’s My 

Life Check–Life’s Simple 7, the CVD risk factors include core health behaviors (smoking, 

physical activity, diet, and weight) and health factors (cholesterol, blood pressure (BP), 

and glucose control) (Tsao et al., 2022). Except for these seven major risk factors, social 

determinants of health (SDoH), which encompass the economic, social, environmental, and 

psychosocial factors that influence health, also play significant roles in the development 

of CVD risk factors, particularly for the disparate prevalence among different populations 

(Althoff et al., 2022; Islam et al., 2022; Jilani et al., 2021; Powell-Wiley et al., 2022).
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In recent decades, observational and experimental research on risks for CVDs have 

increased regarding exposures to environmental and occupational toxicants including 

heavy metals such as inorganic arsenic (IAs), cadmium (Cd), and lead (Pb). Globally, 

heavy metals are found in all environmental systems (air, ground and surface water, 

soil/sediment, and particulate matters) and have been documented at elevated levels in 

certain occupational settings (smelting, metal manufacturing, and mining) (OSHA, 2022.). 

Observational research has evaluated environmental and occupational exposures to heavy 

metals as a risk factor for CVDs via multiple routes including inhalation and ingestion, 

which has been supported by experimental mechanistic models in animal and molecular 

studies. Recent research has expanded into metals and examined the cardiotoxic effects of 

exposure to multiple metals that typically co-exist in environmental systems or occupational 

settings (Guo et al., 2022; Zhang et al., 2016). In the largest global study of heavy metals 

exposure and CVDs (37 countries), findings demonstrated that exposure to IAs, Pb, and 

Cd was directly associated with increased CVD incidence and mortality in a dose-response 

manner (Chowdhury et al., 2018; Nigra et al., 2016).

This symposium provides an update on observational and experimental findings for heavy 

metal exposures and risks for CVDs. The summary is divided into four parts including: 

i) a review on the associated risk for CVDs from exposures to heavy metals in the 

environmental and occupational settings; ii) new clinical findings from pilot studies on 

metal concentrations and risks for pulmonary arterial hypertension (PAH), and iii) new 

insight on experimental animal models to address arsenic (As)-induced atherosclerosis with 

its underlying mechanisms, iv) Cd (Cd)-induced cardiac toxicity. This summary brings 

together current and new science that infers a causal relationship between chronic heavy 

metal exposures and CVDs, thus identifying potential sources for clinical and public health 

interventions to reduce CVD risk by mitigating exposures to heavy metals.

2. Epidemiology evidence of the association between exposure to 

environmental metals and CVDs

2.1. Update for the general status

Heavy metal(oids) (herein: metals), such as As, Pb, Cd, and tungsten (W), are naturally 

occurring and found globally in environmental matrices including groundwater, surface 

water, soil and sediment, and ambient air. Environmental exposure to heavy metals 

especially As, Cd, and Pb have been associated with CVDs in observational studies and 

further evidenced through mechanistic investigations in experimental studies. Suggested 

mechanisms of cardiotoxicity due to exposure to As, Cd, Pb, or W include oxidative stress 

and lipid peroxidation (Ercal et al., 2001; Pi et al., 2002; Wasel and Freeman, 2018; Wu et 

al., 2001) inflammation (As, Cd, Pb) (Cortes et al., 2021; Moon et al., 2012; Tellez-Plaza 

et al., 2013), platelet aggregation (As, Cd)(Kumar and Bhattacharya, 2000; Lee et al., 2002; 

Moon et al., 2012; Tellez-Plaza et al., 2013), endothelial dysfunction and promotion of 

atherosclerosis [As (Lee et al., 2003), Cd (Tellez-Plaza et al., 2013), W (Nigra et al., 2018)], 

vascular smooth muscle cell dysfunction (As (Moon et al., 2012) and Cd (Tellez-Plaza et al., 

2013), and inactivation of nitric oxide (As, Cd and Pb)(Kao et al., 2003; Moon et al., 2012; 

Pineda-Zavaleta et al., 2004; Tellez-Plaza et al., 2013).
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Over the past century, industrialization has increased human activities such as mining, 

smelting, agriculture, and manufacturing, leading to increased levels of metals in 

environmental systems and thus increased exposure in humans (Bradl et al., 2005; 

Chowdhury et al., 2018; Nigra et al., 2018; Tchounwou et al., 2012). Observational studies 

have shown an increased risk for CVDs at low-moderate levels commonly found throughout 

the world. The extent of human exposure and increase in levels found in environmental 

systems creates a growing concern on the impact on CVD health in potentially millions of 

people. Evidence has identified independent risk for CVDs and related subclinical outcomes 

associated with As exposure (Abhyankar et al., 2012; Bhatnagar, 2006; Domingo-Relloso 

et al., 2019; James et al., 2015; Lahm et al., 2018; Moon et al., 2013; Shiue and Hristova, 

2014), Cd (Agarwal et al., 2011; Franceschini et al., 2017; Hassoun, 2021; Navas-Acien et 

al., 2004; Rich et al., 1987; Ruopp and Cockrill, 2022; Simonneau et al., 2019; Tellez-Plaza 

et al., 2008), Pb (Agarwal et al., 2011; Hassoun, 2021; Navas-Acien et al., 2007; Weisskopf 

et al., 2009), and W (Agarwal et al., 2011; Nigra et al., 2018; Tchounwou et al., 2012; 

Wasel and Freeman, 2018). These metals are also known to co-occur in environmental 

systems potentially increasing cardiotoxic effects due to exposure. Therefore, following are 

the examples for some metals.

2.1.1. Arsenic—Arsenic is found throughout the world with the highest natural levels 

occurring in areas with historical or current volcanic activity (ATSDR, 2016). Arsenic 

is additionally released into the environment through industrial emissions, mining, and 

smelting. Arsenic can exist in multiple forms in the environment, with the inorganic forms 

(arsenate and arsenite) being the most concerning for CVDs risk (Chen et al., 2011; Chen 

et al., 2013; Farzan et al., 2015; James et al., 2015; Jomova et al., 2011; Xu et al., 2020). 

Exposure to inorganic As (IAs) is most common through drinking water (ATSDR, 2016; 

Cosselman et al., 2015; Naujokas et al., 2013), diet, and in certain industrial areas, ambient 

air (ATSDR, 2016; Navas-Acien and Nachman, 2013; Schmidt, 2014, 2015). Exposure to 

IAs in ambient air can range from 40 nanograms in rural non-industrialized areas to up to 

600 nanograms in industrial areas (WHO, 2000). Inhaled IAs can contribute to the overall 

exposure however ingestion has been the main route of exposure of focus in research. 

IAs exposure through the diet may exceed the minimum risk levels when IAs-containing 

foods are independently consumed in high amounts or in combination (Brandon et al., 

2014; Gundert-Remy et al., 2015; Mantha et al., 2017; Nigra et al., 2017; Sobel et al., 

2020). The largest contribution of IAs from the diet is from rice and grains grown in 

contaminated water or soil (Gundert-Remy et al., 2015; Nigra et al., 2017). Seafood also 

contains As however predominantly in the less toxic organic forms of As (Brandon et al., 

2014; Gundert-Remy et al., 2015; Mantha et al., 2017). Limited studies have suggested the 

contribution of IAs in diet to CVD risk, however the evidence is inconclusive due to the 

lower gastrointestinal absorption rate (10–35%) compared to IAs ingested in drinking water 

(80–90%) (Council, 1999; Karagas et al., 2019; Misbahuddin, 2003; Sobel et al., 2020). It 

is hypothesized that IAs exposure through diet would have similar cardiotoxic effects as IAs 

exposure through drinking water, however discerning the contribution of IAs from rice in 

populations also exposed to IAs in drinking water is complicated (Karagas et al., 2019), thus 

most observational research has focused on exposure to IAs in drinking water. It is estimated 
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that approximately 200 million people are exposed to IAs in drinking water above the World 

Health Organization guideline (10 μg/L) (Moon et al., 2013).

Several mechanistic pathways for As risk for CVDs have been explored including up-

regulation of inflammatory signals (Bunderson et al., 2004; Simeonova et al., 2003; Tsai et 

al., 2002), enhanced oxidative stress (Barchowsky et al., 1999; Pi et al., 2002), alterations 

in nitric oxide metabolites (Pi et al., 2000), endothelial and smooth muscle cell proliferation 

(Pi et al., 2005), angiogenesis and increased apoptosis (Lee et al., 2003; Soucy et al., 2004; 

Soucy et al., 2005), and enhanced arterial thrombosis, platelet aggregation, and arterial 

vasoconstriction (Kao et al., 2003; Kumar and Bhattacharya, 2000; Lee et al., 2002). Current 

research is exploring other mechanistic pathways including how As enhances the formation 

of atherosclerotic lesions and how As can inhibit lipid efflux through macrophages (see 

Section 3 below).

Decades of research have established chronic exposure to IAs in drinking water is associated 

with multiple CVD endpoints (Council, 1999; Moon et al., 2013), especially coronary heart 

disease (Gundert-Remy et al., 2015; James et al., 2015) in multiple countries including the 

United States, China, Bangladesh, and Italy (D’Ippoliti et al., 2015; Farzan et al., 2015; 

Wade et al., 2015). Bangladesh is an area with 45 years of moderate-high IAs exposure 

(>100 μg/L) in drinking water. In a case-cohort study, a positive association was found 

between IAs levels >108 μg/L in drinking water and incident CVD (HR = 1.49; 95% 

CI:1.06,2.11) and incident coronary heart disease (HR = 1.54; 95% CI: 1.02, 2.31) (Chen et 

al., 2013; Misbahuddin, 2003). In the United States, the current EPA maximum contaminant 

level of IAs in drinking water is 10 μg/L with CVDs as a critical endpoint in support of 

the standard (Moon et al., 2013). Evidence of an association between low-moderate levels 

of IAs and CVD have been demonstrated in the Strong Heart American Indian population, 

which identified an association between baseline urine As species with CVD incidence 

and mortality over a 20-year follow-up (Chowdhury et al., 2018). In the San Luis Valley 

Diabetes Study, using a proportional hazards model adjusting for known CVD risk factors, 

the risk of CHD increased with time-weighted average exposure to IAs based on residential 

drinking water (HR = 1.43, 95% CI = 1.06–1.81 per 15 μg/L increase). The risk of CHD 

increased in a dose-dependent fashion with no evidence of a threshold (p-for linear trend p 
= 0.0007) (James et al., 2015). Other large studies have supported findings from these two 

studies. In a 2017 meta-analysis by Moon et al. (Moon et al., 2017), moderate exposure 

to As in drinking water (20 μg/L) was positively associated with outcomes CVD incidence 

(RR = 1.09; 95%CI: 1.03,1.14), ischemic attack (OR = 1.11; 95%CI: 1.05,1.17), and stroke 

incidence (RR = 1.08; 95%CI: 1.00,1.17). Past and ongoing research continue to show that 

IAs in drinking water is increasingly regarded as a potentially intervenable CVD risk factor.

2.1.2. Cadmium—Cadmium is a highly toxic metal found in all environmental systems 

especially soil (ATSDR, 2012; Cosselman et al., 2015). Cd is readily absorbed by vegetation 

from the soil where it bioaccumulates (ATSDR, 2012; Jarup and Akesson, 2009). Cd is 

also found in beef and other meat products due to consumption of contaminated plants 

and biomagnification (Di Bella et al., 2020). Human exposure to Cd is ubiquitous across 

all populations primarily through diet and tobacco smoking (Jarup et al., 1998). Smoking 

tobacco is the greatest source of Cd exposure in smokers (ATSDR, 2012; Lin et al., 2021) 
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and has been associated with CVD. After ingestion, Cd has a long half-life (15–30 years) 

due to bioaccumulation in the kidney and bone (Dorian et al., 1992; Jarup and Akesson, 

2009; Nordberg, 2007). This long-term accumulation can have cardiotoxic effects through 

several mechanisms including lipid peroxidation (Ercal et al., 2001; Lin et al., 2021), 

oxidative stress, and atherogenesis due to renal hypertension (Tellez-Plaza et al., 2013; 

Tellez-Plaza et al., 2008), which the section below will introduce more.

Observational studies have shown an increased risk for CVDs with Cd exposure estimated 

through urinary biomarkers (Lloyd-Jones et al., 2010; Navas-Acien et al., 2004; Navas-

Acien et al., 2005; Poulsen et al., 2021; Roger et al., 2012) in populations with low-

moderate exposure. National studies in NHANES, suggest a positive association between 

urine Cd (ATSDR, 2012; Jarup et al., 1998; Tellez-Plaza et al., 2008; Whittemore et al., 

1991) and hypertension and cardiovascular mortality among men (Agarwal et al., 2011; 

Lin et al., 2021). Research by Tellez-Plaza et al. found a hazard ratio of 2.32 (1.61,3.35) 

with corrected urine Cd (0.57 μg/g) levels and all CVD mortality (Tellez-Plaza et al., 2008) 

and documented a 9.2% attributable risk for CVD mortality with Cd exposure. Systematic 

reviews of urinary Cd exposure groups and CVD endpoints have demonstrated a 36% 

increased risk when comparing the highest and lowest exposure groups (Nigra et al., 2016; 

Tellez-Plaza et al., 2013; Tinkov et al., 2018). In a review (Tellez-Plaza et al., 2013), for 

instance, urine Cd measurements were significantly associated with pooled relative risks 

(95% confidence interval) for CVD (1.36 (95% CI: 1.11, 1.66)), coronary heart disease (1.30 

(95% CI: 1.12, 1.52)), stroke (1.18 (95% CI: 0.86, 1.59)), and peripheral arterial disease 

(1.49 (95% CI: 1.15, 1.92)). Exposure to Cd is a global burden with an established risk 

for multiple CVD endpoints. Prioritizing reduction in Cd exposure is recognized by many 

national and international health organizations.

2.1.3. Lead—Lead is one of the most prevalent and widely distributed elements in 

environmental systems (Hertz-Picciotto and Croft, 1993; Schwartz, 1995). Exposure to 

Pb has decreased over the past few decades with the removal from gasoline and paint, 

however the presence of Pb in drinking water and soil remains a public health concern. 

Extensive research has focused on acute Pb exposures and neurocognitive outcomes 

especially in children, however the past three decades has seen increased research examining 

low-moderate exposures to Pb and the associated risk for CVD. Systematic reviews of 

blood Pb levels suggested an associated positive risk for hypertension and increased blood 

pressure (Hertz-Picciotto and Croft, 1993; Meyer et al., 2008; Nawrot and Staessen, 2006; 

Staessen et al., 1995; Vaziri and Sica, 2004) with a combined estimated increase in blood 

pressure (1.0 mmHg (0.5 to 1.4 mmHg) systolic and 0.6 mmHg (0.4 to 0.8 mmHg) diastolic) 

with doubling of blood Pb levels (Nawrot et al., 2002). Coupled with this is supportive 

experimental research highlighting the role of oxidative stress as a main mechanism 

(Paithankar et al., 2021; Vaziri and Sica, 2004). These studies are sufficient to infer a 

causal effect of Pb exposure and hypertension, however findings from research on other 

CVD endpoints have been limited and inconclusive, therefore, the potential effects of metals 

on PAH will be discussed in the below section.

Overall global and domestic trends in Pb exposure have decreased over the past four decades 

(Meyer et al., 2008); however, CVD trends have continued to increase in general populations 
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(Roth et al., 2020). Special considerations should be made for occupational cohorts with Pb 

exposure or communities with high Pb exposure. Pb exposure is decreasing however remains 

a global burden. Given the hypertensive effects of Pb exposure and the subsequent risk for 

CVD it should be a priority to reduce or mitigate exposure at all ages.

2.1.4. Tungsten—Tungsten is a metal that is found in soil and water systems and 

commonly co-occurs with IAs, Cd, and Pb, however most human exposure is through 

occupational settings (Nigra et al., 2018). Past research on W and CVD have suggested 

stroke (Agarwal et al., 2011; Tyrrell et al., 2013), peripheral arterial disease (PAD) (Navas-

Acien et al., 2005), and high blood pressure (Shiue and Hristova, 2014) as associated health 

outcomes – however, generalizability is limited. While it is understood to have coagulant 

properties, the toxicology of the metal is still not well known (ATSDR, 2005; Byrne et al., 

1997). Recent studies have examined potential increases in CVD risk with exposure to W 

based on proposed mechanism that W can interfere with binding sites for molybdenum, 

an essential metal for cellular health (Nigra et al., 2018) and oxidative stress (Lemus 

and Venezia, 2015; Nigra et al., 2018). Other epidemiologic studies on CVD endpoints, 

especially hypertension, have been limited and findings have been inconclusive (Lemus and 

Venezia, 2015; Nigra et al., 2018). The frequent co-occurrence with other heavy metals 

and their suspected augmentation by W (Bolt and Mann, 2016) is a common limitation to 

exposure related evidence. Additional research on W’s mechanistic effects is needed.

2.2. Potential effects of metals on PAH

PAH (group 1) is a rare disease with an annual incidence of about 2 to 5 cases per million 

and a prevalence of 10.6 cases per million adults with a higher predominance among 

women (Hassoun, 2021; Ruopp and Cockrill, 2022). It is characterized by an elevated 

mean pulmonary artery pressure (>20 mmHg), elevated pulmonary vascular resistance (≥3 

WU), with a normal pulmonary artery wedge pressure (≤15 mmHg) as measured by right 

heart catheterization during rest with exclusion of other groups that can cause precapillary 

pulmonary hypertension (PH) (Simonneau et al., 2019). It can be idiopathic, heritable, drug- 

and toxin-induced, or associated with other conditions such as connective tissue disease, 

HIV infection, portal hypertension, congenital heart disease or schistosomiasis (Simonneau 

et al., 2019). In contrast to the National Institutes of Health registry that started in 1981 

with a mean age of 36 years, more recent registries included older patients with a noted 

mean age of 53 years in the United States Registry to Evaluate Early and Long-term PAH 

Disease Management (REVEAL) (Badesch et al., 2010; Rich et al., 1987). The disease 

involves progressive pulmonary vascular remodeling that results in right ventricular (RV) 

failure and death. A significant number of group 1 PAH patients (46.5% in REVEAL) are 

still labelled as “idiopathic”, and we still do not fully understand the precise mechanisms 

of the different RV responses to increased afterload in setting of PAH with some patients 

developing “adaptive” while others develop “maladaptive” responses (Ryan and Archer, 

2014).

In vitro and in vivo experimental models and clinical data showed that oxidative stress, 

an imbalance between the generation of reactive oxygen species (ROS) and the biological 

system’s ability to detoxify these ROSs or to repair the resulting damages, appears to 
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be a significant mediator and predictor of more severe outcomes in PAH (Lahm et al., 

2018). Although environmental exposures to the nonessential metals, such as As, Pb, 

and Cd, are considered key determinants of oxidative stress and CVDs (Bhatnagar, 2006; 

Domingo-Relloso et al., 2019; Ercal et al., 2001; Navas-Acien et al., 2004; Nigra et al., 

2016; Wang et al., 2004), current studies suffer from multiple drawbacks with most studies 

being cross sectional in design and the relationship between metal exposure/essential metal 

dyshomeostasis and PAH and RV dysfunction is less investigated (Yang et al., 2020).

A small study found an association between isolated RV failure and self-reported exposure 

to occupational dusts (Lagat et al., 2014). In addition, patients with exposure to biomass 

fuel were found to have increased RV diameters, RV volumes, and PH when compared to 

controls (Rich et al., 2008). A previous study also showed that ambient pollutant particles 

can constrict isolated arterial rings, decrease pulmonary arterioles diameter in animals and 

intratracheal instillation of ambient pollutant particles increase the resistance of pulmonary 

artery in isolated buffer-perfused lungs (Huang and Ghio, 2006).

Understanding the molecular mechanisms of nonessential metal toxicities and essential 

metal dyshomeostasis in PAH/RV dysfunction would have a significant impact on exploring 

potential therapeutic options. For instance, metal toxicity by either generating ROS via 

Fenton reaction, or by competing/replacing essential metals from essential metal-containing 

proteins, transcription factors and enzymes to alter their functions, could be central 

mechanisms behind metal toxicity and essential metal imbalance-associated PAH/RV 

dysfunction (Paithankar et al., 2021). In fact, the association between altered iron (Fe) 

homeostasis and PAH have attracted attentions recently, because treatment of Fe deficiency 

in PAH improved patients’ exercise tolerance, quality of life, hospitalization rates and 

mortality (Sonnweber et al., 2020). Furthermore, intracellular Fe deficiency in mouse 

pulmonary artery smooth muscle cells directly led to PAH and RV failure, demonstrating 

a potential causal relationship (Lakhal-Littleton et al., 2019).

Our own pilot clinical study enrolled 20 PAH patients and 10 healthy controls, completed 

dietary surveys, and measured 31 metals in whole-blood, plasma and urinary samples using 

an X Series II quadrupole inductively coupled plasma mass spectrometry (ICP-MS). We 

found that intake of sulforaphane (SFN)-rich vegetables was significantly less in PAH 

patients when compared to controls (p < 0.05). PAH patients had higher whole-blood levels 

of nonessential metals such as Cd, chromium (Cr), Pb, silver, and As, and urinary levels of 

Cd, Cr, and As. Meanwhile, PAH patients showed lower concentrations of plasma essential 

metals, manganese (Mn) and Fe, and higher urinary Mn, Zn, and Fe concentrations when 

compared to controls (Huang et al., 2021).

In addition, antimony blood and plasma levels were significantly higher in PAH patients 

when compared to controls, and there was a trend for higher blood and plasma antimony 

levels in idiopathic PAH when compared to the non-idiopathic PAH group. Furthermore, 

the plasma antimony level was significantly associated with several prognostic invasive 

hemodynamic markers that reflect the RV function and disease severity in PAH patients 

including mean right atrial pressure, cardiac output, cardiac index, pulmonary vascular 

resistance, and mixed venous oxygen saturation (El-Kersh et al., 2022). Previous studies 
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showed an association between antimony exposure and cardiac adverse effects (Guo et 

al., 2016; Jiang et al., 2021; Tan et al., 2020; Tirmenstein et al., 1995). In animal 

studies, antimony exposure was associated with cardiac myocyte granular degeneration, 

mitochondrial swelling, and endoplasmic reticulum dilation (Tirmenstein et al., 1995). In a 

large population-based study, a higher level of urinary antimony was linked to an increased 

risk of self-reported congestive heart failure and heart attacks (Guo et al., 2016). The 

mechanisms of these cardiac adverse events could be related to the effects of antimony 

on calcium homeostasis and/or an increased oxidative stress that may be induced by 

environmental antimony exposure (Fig. 1) (Jiang et al., 2021; Tirmenstein et al., 1995). 

However, it is difficult to conclude a causal relationship between metals and PAH from 

clinical studies alone, and our preliminary results promoted us to further explore direct roles 

of individual metals on PAH and/or RV dysfunction and contributions of the oxidative stress 

pathway.

3. Experimental and mechanistic studies on the effects of As and Cd

3.1. Atherosclerosis and As

As exposure is linked to increased CVDs as mentioned above, including atherosclerosis, 

which is the gradual occlusion of arteries due to accumulation of a fibro-fatty plaque. 

When the plaque becomes less stable, it can rupture and fragments can block arterial 

flow to the heart, resulting in myocardial infarct. In human populations, As exposure is 

linked to cardiovascular outcomes and mortality (Chen et al., 2011; Engel and Smith, 1994; 

Lisabeth et al., 2010; Meliker et al., 2007; Ruiz-Navarro et al., 1998; Sohel et al., 2009; 

Wade et al., 2009; Zierold et al., 2004). Several different mouse models have been used to 

investigate As-induced atherosclerosis, including the apolipoprotein E knock-out (apoE−/−) 

(Negro Silva et al., 2017; Simeonova et al., 2003; States et al., 2005) and low-density 

lipoprotein receptor (LDL-R−/−) mice (Bunderson et al., 2004). These models respond 

to pro-atherogenic stimuli and the cellular and non-cellular components of the plaque 

mimic that in humans (Getz and Reardon, 2012). Of importance, these models appear to 

reflect the consequences of human exposures and have provided important insight into As 

concentrations (Makhani et al., 2018), key windows of early-life exposure (Srivastava et 

al., 2007), and sex-specific differences (Negro Silva et al., 2021). Multiple overlapping 

mechanisms have been proposed for As-induced atherosclerosis, including activation of 

endothelial cells leading to dysfunction (Farzan et al., 2022; Straub et al., 2008; Xu et 

al., 2017), increased reactive oxygen species (Lemaire et al., 2015; Straub et al., 2008), 

inflammation (Chen et al., 2007; Wu et al., 2003), and dyslipidemia (Lemaire et al., 2014).

Macrophages play a key role in generation of the atherosclerotic plaque, as they respond 

to and engulf increased oxidized lipids in the subendothelial space, becoming foam cells. 

These foam cells can propagate the immune response at the plaque, further recruiting other 

cell types, such as T lymphocytes, dendritic cells, and neutrophils (Ilhan and Kalkanli, 

2015). Macrophages are highly responsive to stimuli in their microenvironment and are 

polarized in gene expression and response. This polarization exists along a spectrum, whose 

extremes are characterized by classically activated, pro-inflammatory macrophages on one 

end and wound-healing, pro-resolving macrophages on the other (Mantovani and Locati, 
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2009). Pro-inflammatory macrophages predominate in accelerating plaque development, 

while wound-healing macrophages are more abundant in regressing plaques (Barrett, 2020).

Macrophages are sensitive to As (Fig. 2). In vitro, As increases ROS and alters macrophage-

specific gene expression (Bourdonnay et al., 2009a). Importantly, many of these changes 

are reversible upon removal of As (Bourdonnay et al., 2009b), suggesting that As-induced 

changes in macrophages that promote atherosclerosis could also be reversible. In order 

to understand the effects of As on polarized macrophages, murine bone marrow-derived 

macrophages were polarized to pro-inflammatory macrophages with interferon γ (IFNγ) 

or wound-healing macrophages with interleukin-4 (IL-4) in the presence or absence of As 

and gene expression assessed by RNA sequencing. Surprisingly, As has different effects 

depending on the polarization state of the macrophage. Only a small number of genes 

were modulated in both IFNγ and IL-4 polarized macrophages, and the majority of the 

common genes were changed in opposite directions. As inhibited liver X receptor (LXRα) 

signaling specifically in IFNγ polarized macrophages, while MHC class II gene expression 

was decreased in IL-4 polarized macrophages. These data suggest that As will affect 

macrophages differently depending upon polarization state.

While in vitro polarized macrophages are useful tools, they may not faithfully reflect all the 

macrophages at the plaque. Recent single-cell RNA sequencing experiments in both apoE−/− 

mice and LDL-R−/− mice have revealed several different types of macrophages, although 

none correlate with the IFNγ/IL-4 polarized macrophages described in vitro (Zernecke et 

al., 2020). In contrast, these studies have identified three different macrophage populations 

namely 1) resident-like, 2) inflammatory-like, and 3) foamy/Trem2hi macrophages. 

Resident-like macrophages are likely derived from macrophages seeded in the adventitia of 

aorta and other organs during early stages of embryonic development (Cochain et al., 2018; 

Ensan et al., 2016). Inflammatory macrophages are characterized by elevated expression 

of inflammatory cytokines and chemokines, such as Ccl2, Ccl3, Ccl4, Cxcl1 and Cxcl2, 

and are likely derived from blood monocytes (Cochain et al., 2018; Kim et al., 2018b; Lin 

et al., 2019). The foamy/Trem2hi cluster displays high levels of Mmp12, Mmp14, Itgax 

(CD11c), and markers of lipid loading (Abcg1, Trem2, Fabp4), lysosomal cathepsins (Ctsd, 

Ctsl) Cd9, and Spp1 (osteopontin) (Cochain et al., 2018; Ensan et al., 2016). Thus, we 

asked whether As exposure changed macrophage populations within the plaque of apoE−/− 

mice. We identified the three main clusters of macrophages but found that each cluster was 

changed independently by As. This mirrored our in vitro findings in that depending on the 

macrophage subtype, As changed the gene expression specific to that subtype.

However, we have yet to identify the contribution of each macrophage subtype and 

the arsenic-induced gene expression changes to the generation and/or resolution of the 

atherosclerotic plaque. The early-life period is important for generation and seeding of 

tissue resident macrophages (Nobs and Kopf, 2021), but is also a window of exposure to 

arsenic that increases atherosclerosis later in life in mice (Negro Silva et al., 2021; Srivastava 

et al., 2007). The macrophage profile in atherosclerotic plaques of adult mice following 

limited early-life exposure is unknown. Other variables such as sex and diet should also 

be considered. Finally, we hope to use this model to understand possible interventions. 

Do macrophage changes reverse upon cessation of arsenic exposure? Chelation therapy 

Huang et al. Page 10

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2023 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



has shown promise in reducing CVD mortality (Lamas and Ergui, 2016; Lamas et al., 

2013), however it is unknown whether this involves changes to the atherosclerotic plaque 

components, including macrophages. Comparison with human data should also enhance our 

understanding of relevance of these mouse models, although recent data suggest that at least 

DNA methylation changes associated with As and As-CVD are similar between humans and 

mice (Domingo-Relloso et al., 2022).

3.2. Cardiac pathogenic effects of Cd

As mentioned above, Cd is a naturally occurring heavy metal without known biological 

function in humans, but its toxic impact has been ranked as the top 7 on the Agency for 

Toxic Substances and Disease Registry (ATSDR) list of environmental chemical hazards 

(ATSDR, 2012). The primary source of Cd exposure in the non-smoking, general population 

is ingestion of contaminated food and water, with an average daily intake of between 

4 and 26 μg/day (Choudhury et al., 2001; Kim et al., 2018a; Martorell et al., 2011). 

However, extensive studies have been done for the hepatic and renal toxicities with acute 

and chronic and high and low doses of Cd exposure. Compared to hepatic and renal 

toxicities, the cardiac toxicities of Cd, particularly at chronic and low doses were relatively 

less investigated.

3.2.1. Cardiac effect of chronic exposure of adult mice and rats to very low-
dose Cd—We have treated young adult C57BL/6 male mice (6-week-old) with low-dose 

Cd by i.p. injection of CdCl2 (20 nmol/kg in saline) every other day for 4 weeks. Then, all 

mice were sacrificed at the 56th week following the 4-week Cd exposure (i.e.: 60th week 

since the first dose of Cd), as illustrated in Fig. 3A. Exposure to such low-dose Cd overtly 

increased left ventricle (LV) end-systolic diameter (LVESD) and suppressed fractional 

shortening without affecting heart rate, LV wall thickness and LV end-diastolic diameter 

(LVEDD). Chronic Cd exposure significantly suppressed peak shortening and maximal 

velocity of shortening/relengthening (α dL/dt) without affect duration of shortening and 

relengthening (TR90) in mouse cardiomyocytes, measured by in vitro isolated primary 

cardiomyocytes (Turdi et al., 2013). In contrast with this study, female C57BL/6 J mice (> 

8 weeks old) randomly received drinking water with and without Cd (100 mg/L, 100 ppm) 

for 12 weeks (Fig. 3A), but no significant pathological changes were observed in the heart 

of Cd-treated female C57BL/6 J mice except for increased TUNEL positive cells (Turkcan et 

al., 2015).

In a study with rats investigating for the role of chronic Cd exposure in modulating cardiac 

matrix metalloproteinases (MMPs) in the heart, adult male Sprague-Dawley rats were 

exposed to 15 ppm CdCl2 in drinking water for 10 weeks followed by withdrawal of Cd for 

4 weeks (Fig. 3A). Gene expression of inflammatory mediators (IL-1β, IL-6, IL-10, TNF-α 
and NF-κB), as well as protein expression of matrix metalloproteinases (MMPs), MMP-2 

and MMP-9 and their respective inhibitors- TIMP-1 and TIMP-2, and gelatinolytic activity 

of MMP-2 and MMP-9 were determined. At the protein level, Cd caused a differential 

effect on the expression and activity of gelatinases and their endogenous inhibitors in an 

exposure-dependent manner: the administered Cd dose induced an inflammatory response 

until week 10 that slightly diminishes after 4 weeks. This study suggests that Cd-induced 
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imbalance in the MMP-TIMP system in the cardiac tissue probably by Cd-induced cardiac 

inflammation, which might contribute to certain pathologies (Das et al., 2021).

Taken together, these mice and rats chronically exposed to low doses of Cd in IP or drinking 

water did not consistently show significant abnormalities in terms of their cardiac function 

and pathological structure even though there were some subtle pathogenic changes and 

fibrotic responses. Whether these inconsistent results among above studies (Das et al., 2021; 

Turkcan et al., 2015) are due to the difference of species, strain, and sex of animals as well 

as Cd administration routes and doses need further investigation.

3.2.2. Whole-life exposure to low-dose Cd—The cardiac effects of prenatal to the 

adulthood exposure to low-dose Cd was also examined recently by a couple of studies. 

Female C57BL/6 J mice were exposed to 0, 0.5 ppm and 5 ppm Cd, in form of CdCl2, 

in drinking water for two weeks prior to mating with the same strain of male mice, and 

continually exposed to these doses of Cd during the breeding and pregnant period. Then, the 

offspring (F1) of the parents with and without Cd exposure received the same spectrum of 

treatments as their parents (F0) until 13 or 27 weeks of age, shown in Fig. 3A. These mice 

did not show significant cardiac dysfunction (neither diastolic nor systolic) or structural 

changes (Zhou et al., 2022). There was also no significantly pathophysiological remodeling, 

including hypertrophy and fibrosis (Liang et al., 2019; Zhou et al., 2022). These two studies 

suggested that chronic whole-life exposure to low-dose Cd did not cause significantly 

pathogenic effects on the heart in terms of functional and pathological changes. This is a 

little different from the exposure to adults that showed subtle inflammation and contractility 

decrease.

3.2.3. Exacerbating effect of chronic pre-exposure to low-dose Cd on the 
second challenges—An early study showed in female C57BL/6 J mice (8 weeks old) 

receiving Cd via drinking water at 100 mg/L (10 ppm CdCl2) for 12 weeks (Fig. 3A), 

Cd induced an inflammatory response and cell death in cardiac tissue. However, disease 

progression leading to the development of cardiac fibrosis depended on lipid concentrations, 

as a HFD significantly accelerated Cd deposition in organs, especially in the heart (Turkcan 

et al., 2015). Based on these results, the authors hypothesized that the combination of two 

cardiovascular risk factors, hypercholesterolemia and increased cardiac Cd concentrations, 

as seen in obese smokers, might accelerate and aggravate the pathological processes 

otherwise induced individually (Turkcan et al., 2015). These studies strongly suggest that 

the cardiac precondition or co-treatment can significantly affect its sensitivity to Cd-induced 

damage.

Pre-exposure of animals to chronic low-dose Cd, to mimic the situation of individuals who 

are residentially exposed to environmentally contaminated low-dose Cd, was investigated 

for whether it also enhances subsequent challenges-induced cardiac pathogenesis by our 

group and others. Considering that childhood obesity, which is prevalent in developed 

countries, is a metabolic risk factor for CVDs, the effects of lifelong, low-dose Cd exposure 

on post-weaning HFD-induced cardiac remodeling was investigated with C57BL/6 J mice 

exposed to Cd (0.5 and 5.0 ppm) via drinking water from conception to sacrifice along 

with offspring mice fed with a HFD (42% kcal from fat) for an additional 10 weeks (Fig. 
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3B). Exposure to 5 ppm Cd increased cardiac metallothionein (MT) protein levels only 

in female mice, regardless of dietary intake. Histological analysis revealed that 5 ppm Cd 

exposure combined with a HFD induced cardiac hypertrophy and fibrosis only in female 

mice. Biochemical examination showed elevated expression of cardiac hypertrophy markers, 

atrial natriuretic peptide (ANP) and fibrotic markers collagen 1A1 (COL1A1) protein levels 

along with COL1A1, COL1A2, and COL3A1 mRNA levels as well as profibrotic markers 

plasminogen activator inhibitor 1 (PAI-1), connective tissue growth factor (CTGF), and 

fibronectin (FN) in HFD-fed female mice pre-exposed to 5 ppm Cd. This study showed that 

lifelong, low-dose Cd exposure enhanced post-weaning HFD-induced cardiac hypertrophy 

and fibrosis in female but not male mice (Liang et al., 2019).

However, the HFD used in the above study was 42% kcal from fat, called Western diet, 

rather than the commonly used diet (60% kcal from fat). Therefore, we conducted a similar 

study, for which females were exposed to Cd-containing (0, 0.5, or 5 ppm) drinking water 

before breeding; the pregnant mice and dams with offspring continually drank the same 

Cd-containing water. After weaning, the offspring were continued on the same regime as 

their parents and fed either a HFD (60% kcal from fat) or ND for 24 weeks (Fig. 3B). 

This showed a dose-dependent Cd accumulation in the hearts of male and female offspring 

along with decreased cardiac zinc and copper levels only in female offspring. Exposure to 

5 ppm, but not 0.5 ppm, Cd significantly enhanced HFD cardiac effects only in female 

mice, shown by worsened cardiac systolic and diastolic dysfunction (ejection fraction, mitral 

E-to-annular e’ ratio), increased fibrosis, hypertrophy, and inflammation, compared to the 

HFD group. These results suggest that whole-life 5 ppm Cd exposure significantly increases 

the susceptibility of female offspring to HFD-induced cardiac remodeling and dysfunction 

(Zhou et al., 2022).

However, the opposite finding was also reported when the second hit was changed. For 

instance, rats were given Cd at 1 or 2 mg/kg I.P. injection and at 48 h later, hearts were 

isolated from control and different doses of Cd treated rats were subject to ischemic 

and reperfusion (I/R) in the ex vivo Langendorff model, the I/R-induced cardiac damage 

was prevented in the heart from 2 mg/kg Cd-treated rats with significant induction of 

MT compared to control and l mg/kg Cd-treated rats (Devaux et al., 2009). Therefore, 

whether there is synergistic or preventive effect of exposure to Cd in combination with 

other challenges, such as obesity or I/R, may be mediated by different mechanisms due to 

the difference between chronic and acute models as wells species and Cd exposure route 

differences.

3.2.4. Cd-exposure changing the individual susceptibility to subsequent 
stress-induced cardiac effect may be mediated by its epigenetic modification
—Although the mechanism of synergistic toxicity or preventive action mentioned above are 

unclear, DNA methylation seems to play an important role. Movassagh et al. have identified 

at least three loci of angiogenesis-related genes where methylation correlated with overt 

differential expression of corresponding genes in myopathic hearts in patients with end-stage 

heart failure. These findings suggest that altered DNA methylation may be responsible 

for, at least in part, characteristic gene expression changes in heart failure (Movassagh 

et al., 2010). In our animal experimental study, we have demonstrated the potential role 
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of increased DNA methylation, as simultaneously administration of the DNA methylation 

inhibitor 5-AZA could prevent the subtle cardiac dysfunction and overt interstitial fibrosis 

(collagen deposition) in adult mice at 60 weeks after a 4-week exposure to low-dose Cd 

(Turdi et al., 2013).

However, there was also evidence that DNA hypomethylation at the neonatal stage alters 

gene expression patterns in the heart, leading to development of a cardiac I/R-sensitive 

phenotype later in life. This is because when DNA methylation inhibitor 5-AZA was 

administered in newborn rats from postnatal day 1–3, cardiac function and related key 

genes measured at 2-week and 2-month old exhibited that 5-AZA treatment induced an 

age- and sex-dependent inhibition of global and gene-specific DNA methylation levels 

in LV, resulting in a long-lasting growth restriction, and enhanced I/R-induced cardiac 

dysfunction and injury in adults as compared with the saline controls (Zhang et al., 

2020); however, whether this increased susceptibility to I/R is also the case that prenatal 

to whole-life exposure to Cd enhances post-weaning HFD-induced cardiac effects needs 

further exploration.

4. Conclusive and prospective remarks

This multidisciplinary review provides an update on cardiovascular effects of exposure to 

non-essential metals such as As, Pb, Cd, and CVDs. We also present findings on metal 

levels in PAH patients, a significantly less investigated disease. These experimental and 

observational research updates highlight the continued needs for further research on non-

essential metals commonly found in the environment and certain occupational settings and 

various CVDs, particularly the disparate features of these CVDs among different regions 

and populations, which may be due to the geographic differences in metal contamination or 

occupational impact.

By applying pre-clinical models, translational research could provide the link between 

multiple metals and CVDs and define differences and commonalities of different metals 

in CVDs. These studies further confirm the direct effect of metals on the specific 

disease pathogenesis, such as atherosclerosis and cardiac toxicity. Although there remain 

more questions than answers in the cardiovascular toxicity of these non-essential metals, 

these new pre-clinical studies and clinical observations may stimulate more mechanistic 

studies and accelerate the development of efficient preventive and therapeutic strategies by 

facilitating collaborations among investigators.

Directions for future research should be considered: (1) Cd-mediated epigenetic 

modification in CVDs has been extensively investigated, but its effect on the cardiac 

toxicities under different conditions in terms of Cd exposure times of life stage such as 

prenatal, postnatal, young or adult, sexes of the individuals exposed to Cd, and Cd doses 

and routes remain further investigation; (2) atherogenic mechanisms of As and how they 

differ by sex, window of exposure, and diet; (3) translating dose-response studies in animal 

models into human risk estimates. Although investigating the effects directly caused by non-

essential metals are important, the indirect effect of these non-essential metals by disturbing 

the essential metal homeostasis may also be important.
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Fig. 1. Proposed mechanism of antimony (Sb) adverse effects in pulmonary arterial hypertension 
(PAH).
Environmental antimony exposure can potentially increase oxidative stress resulting in redox 

imbalance, contribute to disturbance of right ventricular (RV) calcium homeostasis, and 

increase RV endoplasmic reticulum stress which can result in worsening RV dysfunction and 

maladaptive RV response in PAH. (Created with BioRender.com).
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Fig. 2. Arsenic causes different pro-atherogenic changes depending on the type of macrophages.
In vitro, macrophages polarized with either IFNγ or IL-4 for 48 h in the presence or 

absence of arsenic were analyzed by bulk RNA sequencing. Arsenic induced different 

gene expression changes depending on the polarization. For example, arsenic decreased 

liver X receptor signaling in IFNγ-stimulated macrophages, but not in IL-4-stimulated 

macrophages. Arsenic decreased MHC II and CCL17/22 in IL-4-stimulated macrophages, 

but not IFNγ. In vivo, cells from the atherosclerotic plaques of ApoE−/− mice (tap water 

versus 200 ppb arsenic for 13 weeks) were isolated and analyzed by single cell RNA 

sequencing (scRNASeq). Foam cell macrophages in control animals (green cluster 2) 

increased heterogeneity (to red cluster 3 and light blue cluster 8). Resident-like macrophages 

changed from yellow cluster 10 (control) to purple cluster 4 (arsenic). However, these 

changes were distinct and dependent upon the original cluster from which they were derived. 

(Figure created with Biorender).
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Fig. 3. Cardiac effects of low-dose Cd exposure with and without the second stress, HFD or 
Western diet.
The experimental designs were briefly described for a few studies, for which mice and 

rats were chronically exposed to low-dose Cd (blue bar) either intraperitoneally or in the 

drinking water at different stages of life for various durations. In panel A: a, starting at 

6 week (wks) old and continuing for 4 wks only, followed by abstaining Cd for 56 wks 

(white box); b, starting at 8 wks old and continuing for 12 wks; c, starting at 8 wks 

old and continuing for 10 wks, followed by abstaining Cd for 4 wks; d, whole-life Cd 

exposure until sacrifice. All four strategies caused only mild cardiac pathogenesis without 

significant cardiac dysfunction. In Panel B: the exacerbated effects of whole-life exposure to 

low-dose Cd in the drinking water (blue bar) on post-weaning HFD- or Western diet (yellow 

bar)-induced cardiac remodeling and dysfunction. This illustration was made based on the 

experimental models and outcomes by Turdi et al. (Panel A-a), Turkcan et al. (Panel A-b), 

Das et al. (Panel A-c), Liang et al. (Panel A-d, Panel B, Western diet), and Zhou et al. (Panel 

A-d, Panel B, HFD).
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