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Abstract

Purpose of review—Metabolic syndrome (MS) describes the co-occurrence of conditions that 

increase one’s risk for heart disease and other disorders such as diabetes and stroke. The 

worldwide increase in the prevalence of MS cannot be fully explained by lifestyle factors such as 

sedentary behavior and caloric intake alone. Environmental exposures, such as heavy metals, have 

been implicated, but results are conflicting and possible mechanisms remain unclear. To assess 

recent progress in determining a possible role between heavy metal exposure and MS, we 

reviewed epidemiological and model system data for cadmium (Cd), lead (Pb), and mercury (Hg) 

from the last decade.

Recent findings—Data from 36 epidemiological studies involving 17 unique countries/regions, 

and 13 studies leveraging model systems are included in this review. Epidemiological and model 

system studies support a possible association between heavy metal exposure and MS or comorbid 

conditions; however, results remain conflicting. Epidemiological studies were predominantly 

cross-sectional and collectively, they highlight a global interest in this question and reveal 

evidence of differential susceptibility by sex and age to heavy metal exposures. In vivo studies in 

rats and mice, and in vitro cell-based assays provide insights into potential mechanisms of action 
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relevant to MS including altered regulation of lipid and glucose homeostasis, adipogenesis, and 

oxidative stress.

Summary—Heavy metal exposure may contribute to MS or comorbid conditions; however, 

available data are conflicting. Causal inference remains challenging as epidemiological data are 

largely cross-sectional; and variation in study design, including samples used for heavy metal 

measurements, age of subjects at which MS outcomes are measured, the scope and treatment of 

confounding factors, and the population demographics vary widely. Prospective studies, 

standardization or increased consistency across study designs and reporting, and consideration of 

molecular mechanisms informed by model systems studies are needed to better assess potential 

causal links between heavy metal exposure and MS.
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Introduction

Metabolic syndrome (MS) represents a major public health problem due to its increasing 

incidence worldwide and its association with serious life-threatening conditions such as 

cardiovascular disease. MS (also known as insulin resistance syndrome or syndrome X) 

describes the co-occurrence of conditions that increase an individual’s risk for heart disease 

and other disorders such as diabetes and stroke. Despite attempts by national and 

international entities such as the World Health Organization (WHO), National Cholesterol 

Education Program (NCEP) Expert Panel on Detection, Evaluation, and Treatment of High 

Blood Cholesterol in Adults (Adult Treatment Panel III) and the International Diabetes 

Federation (IDF) to define the diagnostic criteria for MS, there is still a lack of consensus, 

reflecting the complexity of the condition and population-based differences in baseline 

physiology(1). The National Heart, Lung and Blood Institute of the National Institutes of 

Health describes MS as having at least three of the following five metabolic risk factors: 

abdominal obesity (≥35 inch circumference for women and ≥40 inches for men), triglyceride 

level ≥150 mg/dL (or taking medication to treat high triglycerides), HDL cholesterol level 

<50 mg/dL for women and <40 mg/dL for men (or taking medication to treat low HDL 

cholesterol), blood pressure ≥130/85 mmHg (or taking medication to treat high blood 

pressure), and fasting blood sugar ≥100 mg/dL (or taking medicine to treat high blood 

sugar). The number of metabolic risk factors correlates with the severity of the syndrome.

The prevalence of MS among adults in the US increased from 25% during the period 

1988-1994 to 35% during the period 2007-2012(2). Whereas non-Hispanic white men were 

diagnosed with MS more frequently than non-Hispanic black men, the opposite was true for 

women. In addition, lower education and advanced age were significantly associated with 

MS. Globally, it is estimated that approximately one quarter of the adult population has 

MS(1). Not surprisingly, comorbid conditions such as obesity (body mass index [BMI] ≥30 

kg/m2) also increased in recent decades. Approximately 36% of adults and 17% of children 

in the US were diagnosed as obese during the period 2011-2014(3). According to WHO, the 

worldwide prevalence of obesity in adults tripled between 1975 and 2016. In 2016, 
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approximately 13% of adults were considered obese and 18% of children were considered 

overweight or obese.

Although energy imbalance due to sedentary lifestyles has been implicated in the etiology of 

MS, increasing evidence suggests that environmental exposures, particularly during critical 

periods of development, may also contribute to the onset of MS and comorbid conditions(4, 

5). Heavy metals such as cadmium (Cd), lead (Pb), and mercury (Hg) have been studied for 

potential associations with MS, diabetes, or obesity(6–9) but results are conflicting. To 

improve understanding of the potential contribution of these compounds to MS and 

underlying mechanisms, we provide an updated review of the epidemiological literature in 

combination with findings from model systems from the previous decade (2007-2017). 

Collectively, these data provide a summary of epidemiological findings, highlight possible 

molecular mechanisms based on model systems, enable comparisons between model system 

and human studies, and identify outstanding research gaps.

Criteria for inclusion

We identified publications for review by querying Medline using the PubMed application. 

Epidemiological literature was identified on August 2, 2017 using the string: epidemiology 

AND ((heavy AND metals) OR (cadmium OR mercury OR Pb)) AND (obesity OR 

metabolic syndrome OR diabetes). Model system literature was restricted to mammalian and 

fish models and identified on August 18, 2017 using the string: (Mus musculus OR mouse 

OR rat OR Rattus OR zebrafish OR Danio OR fishes) AND ((heavy AND metals) OR 

(cadmium OR mercury OR Pb)) AND (obesity OR metabolic syndrome OR diabetes). Both 

queries were further restricted to the previous 10 years (date range 2007 to present). The 

resulting corpus was reviewed manually and resulted in the elimination and addition of some 

articles (Figure 1). Articles were eliminated based on several criteria: 1) lack of relevant 

information; 2) they were review articles; 3) the full text was not accessible through the 

University of North Carolina electronic library system; 3) the focus was on different 

compounds or endpoints; 4) the focus was on potentially ameliorative (e.g., chelation, 

nutrition) or confounding (e.g., previous health disorders) influences on metal exposure-

associated MS; 5) the article was published prior to 2007; or 6) the article had been 

retracted. Based on these criteria, we ultimately included 36 epidemiological and 13 model 

system studies for this review. In addition to summarizing the results of the studies 

comprising this review we provide a high-level summary of the significant findings for 

prospective human studies in Table 1 and cross-sectional studies in Supplemental Table 1. 

Summaries of model system studies for Cd, Pb and Hg are provided in Tables 2–4, 

respectively. In addition, the reader is referred to the publicly available Comparative 

Toxicogenomics Database (CTD; http://ctdbase.org) where each epidemiology reference was 

expertly curated by CTD staff. In CTD, more extensive information including exposure 

levels measured for each epidemiology study is available for download.

Overview of heavy metals

Heavy metals are naturally occurring elements exhibiting high atomic weights and high 

densities. Many metals, including copper, iron, manganese, nickel, and zinc have important 
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biological roles as cofactors in enzymatic reactions, or as constituents of protein secondary 

and tertiary structure. However, a number of heavy metals, including cadmium (Cd), lead 

(Pb), and mercury (Hg), have no known biological roles. Instead, these metals exhibit high 

toxicity when consumed by humans, and are classified as toxic heavy metals. The World 

Health Organization lists Cd, Pb, and Hg in its list of top ten chemicals of major public 

health concern, and exposure to these metals has been linked to numerous diseases in 

humans. Although naturally occurring, these metals are generally found in the subsurface 

and associated with human activities, particularly through mining and industrial processes, 

and have led to widespread environmental distribution of toxic metals, thus increasing the 

likelihood that humans will come into contact with them through air, water, contaminated 

soil, and food.

Assays for the presence of Cd, Pb and Hg in humans can take place in different ways, 

depending on whether short- or long-term exposures are under investigation. Half-lives of 

metals in different tissues may result in measurements reflecting different exposure periods. 

Measuring blood metal levels typically captures acute exposures over the preceding several 

months, whereas measurements in hair or toenails can capture exposures over the past year 

depending on how the sample is collected, and are not considered reliable predictors of 

toxicity. Cd accumulates in the kidney and has relatively long resident half-lives; therefore 

urine Cd can capture exposures over many years, whereas Pb accumulates in bone and bone 

Pb measurements capture exposures over the past years to decades. Studies that rely on 

assessment of metals in biosamples may underestimate the effect of the metal’s presence on 

a disease of interest if the exposure period reflected by the biosample measurement does not 

include the exposure window of relevance for the disease. Cross sectional studies are also 

more subject to possible reverse causation whereby the disease state affects the measured 

metal concentration rather than vice-versa. For greater depth of coverage of these metals and 

their role in diseases other than MS, we refer the reader to several recent reviews(10–12).

Cadmium (Cd)

Epidemiology

Among the 27 epidemiological studies evaluating associations between Cd and MS 

components, three were prospective and the remaining were cross-sectional or case-control 

studies; 15 (two prospective) studies reported significant associations. Four cross-sectional 

studies of adults in South Korea, Norway, China and the US found no significant association 

between Cd in blood(13, 14), urine(15), or spot urine(16) and Type II Diabetes (T2D) 

diagnoses. Two studies examined associations with blood Cd in prospective studies of 

adults. The Swedish Malmo Diet and Cancer Study excluded people with diabetes at 

baseline and followed participants over a mean of 15.2 years(17). Although blood Cd levels 

were positively associated with glycated hemoglobin (HbA1c) at baseline, they were not 

associated with T2D at follow-up. In the international Modeling the Epidemiological 

Transition Study (METS; including participants from Ghana, Jamaica, Seychelles, South 

Africa, US) 78% of participants were classified as overweight or obese by BMI at baseline 

(prevalence of diabetes was not indicated); follow-up assessments were conducted annually 

over a three-year period(18). Cross-sectional analysis of a random sampling of 150 blood 
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samples at baseline did not find a significant association between Cd and elevated fasting 

glucose (FG) levels. Cross-sectional analysis of a prospective occupational study of adults 

working in one of the world’s largest nonferrous manufacturing operations (the Jinchang 

cohort) found no significant association between urinary Cd levels and FG(19). Similarly, 

MS was not significantly associated with hair or blood Cd levels in two cross-sectional 

studies of adults in South Korea(20, 21). A cross-sectional study did not find a significant 

association for Cd alone; however, when combined with Pb and Hg levels, the adjusted odds 

ratios for MS were significant for quartiles 2-4 (1.344, 1.638 and 1.556, respectively) 

relative to the lowest quartile(22). A cross-sectional analysis of a subset of 65-year old 

women with diabetes, or impaired or normal glucose tolerance did not detect significant 

differences between baseline blood or urinary Cd concentrations and diagnoses at baseline 

or with insulin production, blood glucose or glycated hemoglobin(23). In a follow-up study 

of adolescents with and without MS from the cross-sectional Iranian CASPIAN III study, 

blood Cd levels were detected that exceeded the WHO guidelines(24). Although Cd levels 

correlated with high diastolic blood pressure, serum TGs, FG, cholesterol within low density 

lipoprotein particles (LDL-C), and liver enzymes, the correlations were not statistically 

significant.

Four studies reported significant negative associations with MS or related conditions. 

Analysis of the cross-sectional NHANES 99-02 study population, consisting of children, 

adolescents and adults, reported a negative association between urinary Cd and BMI and 

waist circumference (WC); however, when the analysis was restricted to adolescents (6–18 

years) or to adults (≥19 years), the association in adolescents was not significant(25). In 

contrast to Cd, negative associations for Pb exposure remained significant in both groups 

suggesting metal-and age-specific sensitivities to weight gain(25). Analysis of children 6-19 

years of age from the cross-sectional NHANES 1999-2011 study identified a negative 

association between urinary levels of Cd and obesity; this association was strongest among 

the 6-12 year-old children(26). There are conflicting data about the possible connection 

between low birth weight and obesity later in life(27, 28). To determine the effects of 

developmental exposure to metals on birth weight, data from the prospective mother-child 

EDEN cohort were evaluated(29). Smoking status was positively correlated with Cd levels 

in mid-pregnancy maternal blood, and cord blood. Analysis of either smoking status or, 

separately, maternal blood Cd levels found negative associations between both exposures 

and birth weight and fetal growth. Notably, significant associations were not observed for Pb 

in this study. Cross-sectional analysis of adult males in Poland with and without MS 

identified a negative association between blood Cd and insulin levels but no associations 

were found with T2D, obesity or MS(30).

Eleven studies (one prospective, the remainder cross-sectional) reported positive 

associations between Cd levels and MS or comorbid conditions. Four studies specifically 

evaluated associations with cardiovascular outcomes. Urinary Cd levels were positively 

associated with hypertension (HT) among adults from heavily contaminated rural villages in 

northwestern Thailand(31). Notably, associations with HT were more significant in women 

who were ever or never smokers whereas the association was less significant in men that 

were never smokers. No significant associations were identified between Cd and T2D for 

either sex. A prospective study by the same authors compared renal function and diagnoses 
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of HT, T2D and urinary tract stones among highly exposed individuals in rural Thailand in 

2005 and at a five-year follow-up evaluation(32). Despite efforts to reduce Cd exposure 

during the interim period, decreases in renal function and increases in the incidence of HT, 

T2D, and urinary tract stones were observed at follow-up. Myocardial infarction was 

positively associated with blood Cd levels and the higher tertiles of urinary Cd levels among 

adults in the general US population(33, 34). T2D was positively associated with blood and 

particularly hair Cd levels among adults in the general population from Norway(35) and 

Pakistan(36), respectively. Urinary Cd was also associated with T2D in Chinese coke oven 

workers exposed occupationally and in male Korean residents living near abandoned metal 

mines(37, 38). A large cross-sectional study in China revealed positive associations between 

blood Cd levels and BMI and FG levels(39). In two separate analyses of different 

KNHANES data subsets, the same group reported positive associations between blood Cd 

levels and MS in males only(40, 41). Notably, although blood Cd levels in females were not 

reported in the first study, similar to other populations blood Cd levels in females were 

found to be higher than those in males in the second study (females: 1.157 ug/L ± 0.026 

[SEM] vs males: 0.823 ug/L ± 0.019 [SEM]). Thus, of the 15 studies that found associations 

between Cd and MS components, two were prospective cohort studies and the remainder 

were cross-sectional or case-control studies but measured Cd in urine, to estimate long-term 

exposure.

Overall, there is very little evidence to suggest that exposure to Cd is associated with MS in 

humans, consistent with an earlier systematic analysis of the effect of Cd exposure on the 

incidence of T2D(9). The presence of confounders, methodological differences in data 

collection, including how Cd levels are determined (for example, urine for long-term 

exposure or blood for short-term exposure) or study design (e.g. cross-sectional vs. 

prospective), genetics, and other factors could significantly affect data interpretation.

Model systems

Experimental studies using adult animals and cell culture models of Cd exposure have 

shown Cd to have both diabetogenic and antiobesogenic effects (Table 2). Adult female rats 

(180 days) exposed to high levels of Cd (3.1 ppm) via daily oral gavage for 45 days 

exhibited hyperglycemia, reduced serum insulin, progesterone and low density lipoproteins 

(LDL); increased serum estradiol, TGs, very low density lipoproteins (VLDL), and high 

density lipoproteins (HDL); and reduced glucose clearance at the end of treatment(42). Liver 

and muscle tissue was harvested and assayed at the termination of the experiment, revealing 

a significant association between Cd and decreased superoxide dismutase (Sod) and catalase 

activity, decreased total protein and glycogen content, and increased liver and kidney lipid 

peroxides (LPO) and serum markers of hepatic dysfunction. No significant differences were 

observed in body weight, glycogen phosphorylase (Gp) or glucose-6-phosphatase (G6pc). 

Juvenile male rats (4 weeks) exposed in drinking water to 32.5 ppm Cd for 60, 90, and 120 

days, exhibited increased FG, insulin, free fatty acids (FFAs), TGs, total cholesterol, LDL, 

and VLDL as well as a decrease in HDL after 60 days(43). Glucose and insulin tolerance 

testing showed insulin resistance and glucose intolerance, along with increases in all indexes 

of insulin resistance/sensitivity tested (homeostatic model assessment-insulin resistance 

[HOMA-IR], HOMA-S%, QUICKI, Matsuda-DeFronzo) at 60, 90, and 120 days. Tissue 
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specific sensitivity and resistance analyses showed decreased hepatic and muscle insulin 

sensitivity and increased hepatic, adipose, and cardiovascular resistance at 60, 90, and 120 

days. No significant difference in body weight, BMI, or fat percentage was observed in any 

of the exposed rats. Male metallothionein (MT)-null mice (7-8 weeks) exposed to 0.5 or 

0.75 ppm Cd by subcutaneous injection for seven days, showed increased liver weight and 

plasma aspartate aminotransferase (Ast; a sign of liver damage) and decreased plasma blood 

urea nitrogen (BUN) at 0.5 and 0.75 ppm Cd, and decreased body and white adipose tissue 

weight when exposed to 0.75 ppm Cd(44). The decrease in white adipose tissue was 

associated with a significant decrease in adipocyte size. In addition to the decrease in body 

weight and adiposity, all exposed mice showed decreases in peroxisome proliferator 

activated receptor gamma (Pparg), CCAAT/enhancer binding protein alpha (Cebpa), leptin 

(Lep), and resistin (Retn) expression along with decreases in plasma leptin without 

significant changes in adiponectin (Adipoq). Additionally, MT-null mouse adipocytes 

exposed to 0.56 ppm or higher Cd for 48 hours showed decreased Pparg, hormone-sensitive 

lipase (Lipe), patatin-like phospholipase domain containing 2 (Pnpla2), acetyl-Coenzyme A 

carboxylase alpha (Acaca), fatty acid synthase (Fasn), perilipin 1 (Plin1), adiponectin 

(Adipoq), Lep, Retn, and chemokine (C-C motif) ligand 2 (Ccl2) expression along with 

increased AB-hydrolase containing 5 (Abhd5) and Serpine1 expression, Plin1 

phosphorylation, and FFA and TG efflux. Adult male mice exposed via a high fat diet (HFD) 

to 613 ppm Cd for 12 weeks were evaluated in comparison to mice fed either a standard diet 

(STD) or HFD alone(45). At eight weeks, HFD+Cd mice had significantly lower body 

weight than either control group and significantly higher blood glucose levels than STD 

controls. At 12 weeks mice fed HFD+Cd vs STD exhibited significant increases in N-acetyl-

b-glucosaminidase (Nag), microalbumin, total cholesterol, TGs, alanine transaminase (Alt), 

Ast, and LDL-C along with decreases in HDL-C, and changes in markers of oxidative stress 

(lipid peroxides, Sod, GSH, protein carbonyl [Pco], Cat, and nitric oxide [NO]). At 12 

weeks, Nag and microalbumin levels were significantly higher in HFD+Cd mice than in 

HFD controls(45). Mouse MIN6 pancreatic β-cell line exposed to 110 ppb Cd for 48 hours 

decreased glucose-stimulated insulin release and GSH levels and increased heme oxygenase 

1 (Hmox1) and glutamate-cysteine ligase modifier (Gclm) mRNA expression(46). Exposure 

of primary mouse β-cells to 11 ppb Cd for 48 hours decreased glucose-stimulated insulin 

secretion and oxidized glutathione (GSSG)/GSH ratio(46). The rat β-cell line, RIN-m5F, 

exposed to ≥300 ppb Cd exhibited mitochondrial dysfunction whereas at 560 ppb, sub-G1 

hypodiploidy, decreased insulin secretion and cell death were observed(47).

These data suggest that Cd promotes hepatic and adipose tissue release of lipids and identify 

two potential mechanisms for Cd-induced disruption in glucose homeostasis: increased 

hepatic function and disruption of pancreatic islet function. These findings are supported by 

a recent study demonstrating that Cd exposure during the prenatal period was associated 

with obesity in children as young as five years of age. They also were unlikely to be 

confounded by unmeasured non-chemical stressors as they were recapitulated in a zebrafish 

model (Green, Hoyo, Mattingly, and Planchart, unpublished data). While these data offer 

modest support for the diabetogenic effects of Cd more studies are needed to provide greater 

weight of evidence to facilitate public health policy changes. Further, making comparisons 

across studies is challenging considering differences in exposure route, dose, and animal 
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model used. To allow for improved validity and comparison across studies, internal 

measurements of blood and tissue specific Cd levels would be invaluable. Finally, care must 

be taken when reporting insulin or glucose levels as they can be influenced by the disease 

state of the animal. As shown in a study characterizing a rat model of T2D, insulin levels are 

higher even in the absence of increased blood glucose presumably to overcome rising insulin 

resistance; once β-cell function declines, blood glucose levels rise (48). Consequently, it 

may be necessary to monitor glucose and insulin at multiple timepoints during extended 

studies.

In conclusion, there is modest evidence that Cd exposure in adult animals is associated with 

MS-related effects in vitro and in vivo, and that the mechanisms linking Cd to MS may be 

associated with perturbations of gluconeogenesis and pancreatic islet dysfunction. The data 

show that Cd may have antiobesogenic activity in adult animals by promoting the release of 

lipids from hepatic and adipose tissue, resulting in dyslipidemia, whereas prenatal exposure 

may increase the risk of lipid accumulation. Finally, there is a dearth of data evaluating the 

association between developmental exposure to Cd and MS, for which further studies are 

warranted.

Lead (Pb)

Epidemiology

Among 18 studies evaluating associations between Pb and MS components, one was 

prospective and the remaining were cross-sectional or case control studies; nine (none were 

prospective) studies reported significant associations. Four studies conducted in South 

Korea(13), the US(16), Norway(35), and China(49) found no significant associations 

between urine or blood concentrations and diabetes diagnoses in adult populations. Three 

Korean studies(20, 40, 41) of adult males and females as well as a Polish study(30) of 

exclusively older men (50-75 years of age) found no significant association between blood 

Pb levels and MS as determined by standard anthropometric measures. Unlike the findings 

for Cd, no significant association was identified between Pb levels in maternal and cord 

blood and low birth weight or fetal growth restriction in the mother-child, prospective EDEN 

study(29).

Seven studies reported significant positive associations between Pb exposure and MS or 

associated disorders. A study of coke oven workers (86% men) in China revealed that 

participants in the highest tertile of urinary Pb levels had a 1.45-fold risk of 

hyperglycemia(37). Urinary Pb levels were also positively and significantly associated with 

impaired FG among the general adult Chinese population(15). Two small studies including 

adults in Pakistan and Norway reported significantly higher Pb levels in scalp hair and 

blood, respectively, in diabetic than in control participants(14, 36). Blood Pb levels were 

associated with increased TGs(21, 22) and WC(22) in two different subsets of KNHANES 

data. A small prospective study of randomly selected blood samples from the multinational 

METS study reported a significant and positive association specifically between Pb and 

elevated FG levels(18). Only two studies focused on Pb effects in children or adolescents. 

The earlier study evaluated 1999-2002 NHANES data for adolescents (defined as ages 6-18 

years old) and adults (≥19 years old) and reported a significant negative association between 
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urinary Pb levels and both BMI and WC in adolescents and adults(25). Analysis of data for 

children (ages 6-12 years) and adolescents (ages 13-19 years) from the 1999-2011 NHANES 

study also revealed significant negative correlations between urinary Pb levels and obesity, 

with more significant results found in the younger age group (ages 6-12 years)(26). Notably, 

the mean Pb levels measured in these children were lower than the CDC reference level for 

children, which was reduced in 2012 from 10 to five ug/dL based on NHANES data from 

2007-2008 and 2009-2010(50).

Together, the majority of studies evaluating associations between Pb exposure and MS and 

related disorders reported positive associations, regardless of whether blood or urine was 

used to measure Pb. Studies that did not find associations were largely cross-sectional with 

Pb measured in peripheral blood or its components.

Model systems

We identified five studies during the past decade that evaluated potential effects of Pb 

exposure on development of MS or associated conditions (Table 3). Among these studies, 

mammalian and cell culture models were used to evaluate diabetes-related phenotypes and 

regulators of glucose homeostasis. Juvenile female rats (6 weeks) exposed to 319 ppm Pb in 

drinking water for 20 weeks exhibited fasting hyperglycemia after 8 weeks and glucose 

intolerance after 12 weeks. Livers were harvested and assayed at the termination of the 

experiment, revealing a significant association between Pb exposure and increased TGs and 

transcription of phosphoenolpyruvate carboxykinase 1 (Pck1) and glucose-6-phosphatase 

(G6pc)(51). Both genes play important roles in glucose homeostasis; Pck1 is a key regulator 

of gluconeogenesis and G6pc is a key enzyme in both gluconeogenesis and glycogenolysis. 

No significant changes in adiposity or body weight were observed(51). Expression of Pck1 

and G6pc were also increased in FAO rat hepatoma cells exposed to 1 ppm Pb(51). Adult 

male rats exposed to drinking water without or with Pb (319 or 1274 ppm Pb as lead acetate) 

for 32 days exhibited significant increases in fasting blood insulin (1274 ppm Pb only), area 

under the curve (AUC) following an oral glucose tolerance test (GTT), Pck1 and G6pc 

activity, and expression of oxidative stress markers (TBARS, protein carbonyl (Pco) and 8-

hydroxyguanosine (8-OHG)), whereas glycogen phosphorylase (Gp) activity was 

decreased(52). Interestingly effects were seen at the low dose despite the fact that there was 

no significant difference detected in blood Pb levels between this group and control animals. 

No significant differences were observed for HOMA-IR or tumor necrosis factor alpha 

(Tnfa), a marker of inflammation. Cultured islets of Langerhans exposed to Pb had 

decreased cell viability and glucose-stimulated insulin secretion as well as altered markers 

of endoplasmic reticulum stress (e.g., glucose regulated protein 78 (Grp78), nuclear factor 

kappa-light-chain-enhancer of activated B cells (Nfkb), and CCAAT/enhancer-binding 

protein homologous protein (Chop), and increased baseline insulin levels, glycogen synthase 

kinase 3 beta (Gsk3b) activity, and ROS production. In another study, adult male rats (8 

weeks) were exposed for 21 weeks to a STD without or with Pb (500, 1500 or 4500 ppm) 

administered via drinking water, or to HFD alone(53). STD+500 ppm Pb animals exhibited 

significantly greater weight gain, as well as fasting glucose and insulin levels, HOMA-IR, 

TGs and glucose intolerance compared to all other STD±Pb animals. Notably, changes in 

weight gain, glucose intolerance and insulin resistance in the STD+500 ppm Pb animals 
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approximated those observed in animals fed a HFD only. No significant changes in 

hyperglycemia were observed with Pb exposure(53). Whole genome bisulfite sequencing of 

liver tissue from STD+500 ppm Pb animals revealed hypermethylation at the whole genome 

level and differentially methylated genes were enriched in pathways involved in lipid and 

glucose metabolism.

Two studies evaluated the metabolic effects of early-life exposure to Pb. In one study, male 

mice were chronically exposed to control conditions or Pb via lactation from dams exposed 

to 0 or 50 ppm Pb-treated water and then via the same drinking water treatment post-

weaning. In addition, the mice were fed either a low fat diet (LFD) or HFD from 5-12 

weeks(54). After six weeks on the diets, HFD mice exhibited increased weight gain and fat 

accumulation compared to LFD controls; neither weight nor fat content were affected by Pb. 

After 11 weeks on the diets, Pb, HFD, and Pb+HFD mice exhibited increased FG, plasma 

leptin, and tartrate-resistant acid phosphatase isoform 5b (Trap5b) levels compared to LFD 

controls. Pb alone increased sclerostin (Sost) and dickkopf WNT signaling pathway inhibitor 

1 (Dkk1) protein levels but did not alter glucose tolerance. In addition to metabolic effects, 

Pb treatment significantly decreased bone stiffness, suggesting a difference in bone mineral 

properties. Analysis of serum proteins as well as in vitro studies using mesenchymal stem 

cells derived from femur bone marrow and an osteoblast precursor cell line, MC3T3, 

indicated that Pb exposure promoted adipogenesis while decreasing osteoblastogenesis 

based on cell type-specific staining and molecular markers (see Table 3 for details). In 

another study, mice were exposed to Pb (1, 10 or 20 ppm) throughout gestation until 

postnatal day 21 and phenotyped at three, six, nine and 10 months(55). Exposure resulted in 

several sexually dimorphic phenotypes: Whereas increased food intake was observed in both 

males and females, only males exhibited significant increases in body weight and fat; and 

males exhibited increased insulin levels and HOMA-IR, whereas no differences were 

observed in females.

Collectively, these data suggest that Pb exposure in juveniles and adults can induce MS-

related phenotypes. Although not observed or measured in every study, significant 

phenotypes included glucose intolerance, insulin resistance, hyperglycemia, increased body 

weight and adiposity, changes in energy expenditure, and altered pancreatic function. 

Importantly, several studies also implicated genes, which may be direct or indirect targets of 

Pb, that are involved in lipid and glucose metabolism, possibly through epigenetic 

mechanisms, as well as regulators of stem cell differentiation to adipocytes. Only two 

studies examined the effects of developmental Pb exposure; both showed evidence of insulin 

resistance, glucose intolerance, or hyperglycemia. Most studies used either male or female 

animals, but in one study that used both there was a significant effect on body weight only in 

males, suggesting the possibility of sexually dimorphic sensitivity. There are several caveats 

to these studies including the small number of animals used and doses that are orders of 

magnitude greater than human exposure levels.
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Mercury (Hg)

Epidemiology

Among 18 epidemiological studies evaluating associations between Hg and MS components, 

four were prospective and the remaining were cross-sectional or case-control studies; nine 

(two prospective) studies reported significant associations. Three cross-sectional studies of 

adult males and females from Norway and South Korea failed to identify a significant 

association between blood Hg levels and T2D diagnoses(13, 14, 35). Similarly, three studies 

evaluating different data subsets of the KNHANES cross-sectional study did not find 

significant associations between blood Hg levels and MS(21, 40, 41). A cross-sectional 

analysis of blood Hg levels and elevated FG in a multinational cohort of adult males and 

females(18) found no significant association at baseline. Excluding occupational exposure, 

Hg is most often encountered in the diet, particularly via consumption of fish. This exposure 

route also provides significant dietary benefits, including access to high-quality protein, 

essential fatty acids, and numerous beneficial micronutrients. A prospective study of adult 

males from Finland(56) evaluated the relationship between T2D and fish consumption, 

omega-3 polyunsaturated fatty acids, or Hg. After an average follow-up of 19 years, there 

was no significant association between Hg and T2D. However, omega-3 polyunsaturated 

fatty acids appeared to be protective, raising the possibility that the benefits of fish 

consumption could potentially mask the interplay between Hg and T2D or MS-related 

conditions(56). A large prospective cohort of adult males and females in the US(57) found a 

negative association between toenail Hg levels and T2D. An earlier evaluation of the EDEN 

cohort than the one referenced above identified an association between hair Hg levels in 

pregnant mothers and fetal growth as determined by birth weight but the association was not 

significant(58). The prospective CARDIA Trace Element Study enrolled 3,875 young adults 

(ages 20-32 years) free of T2D at baseline(59). Toenail Hg levels at baseline were positively 

associated with T2D diagnoses at an average follow-up of 18 years, and levels in the highest 

quintile were significantly correlated with decreased homeostasis model assessment of beta 

cell function (HOMA-β) suggesting that Hg levels may increase the risk of T2D in young 

adults(59). A cross-sectional study of adult males in Poland evaluated associations between 

blood levels of several metals and MS by a range of standard parameters. A significant 

negative association was identified between Hg and waist-to-hip ratio (WHR) only(30). The 

following six cross-sectional studies reported positive associations between Hg levels and 

MS or associated conditions. A study of highly exposed adult Inuits in Greenland found 

weak associations between blood Hg levels and fasting plasma glucose and T2D(60). Other 

studies of adults from the US and South Korea found positive associations between 

blood(22, 61), toenail(62), or hair(20) Hg levels and MS. An additional study found a 

positive association between blood Hg level and visceral adiposity(63). Based on these 

studies, associations between Hg levels and MS or associated conditions are inconsistent.

Model systems

Studies investigating the relationship between Hg and MS in model systems are sparse. 

Nearly 15 years ago one study linked inorganic Hg to reduced expression of a glucose 

transporter (Glut4) and the adipogenic regulator Pparg in 3T3-L1 adipocytes(64). Since then 

two other studies were conducted in mouse and cell culture models (Table 4). Adult male 

Planchart et al. Page 11

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice exposed to 0.04 ppm Hg by oral gavage for 14 or 28 days exhibited decreased plasma 

insulin and increased blood glucose, glucose intolerance and plasma lipid peroxidation(65). 

These findings were supported by cell culture assays performed in a hamster beta cell line 

(Hg-exposed HIT-T15) and islet cells isolated from Hg-exposed mice. In these systems, Hg 

increased Pik3 activity and ROS production, and decreased insulin secretion. Notably, Hg-

induced effects in vivo were reversed after terminating mercury exposure, and N-

acetylcysteine rescued Hg-induced effects in vivo and in vitro, suggesting that exposure-

related effects were not permanent and may be related to oxidative stress(65). In another 

study, adult male mice were fed a STD or HFD for 34 days with subcutaneous 

administration of 0.7 mg/kg Hg beginning at day 25(66). Compared to STD or HFD control 

mice, HFD+Hg mice exhibited significant decreases in adipocyte size, plasma insulin, 

plasma leptin, Lep mRNA, and mRNA levels of genes known to regulate adipocyte 

differentiation, fat accumulation, and energy balance (Cd36, AMP activated protein kinase 

a2 (Ampka2), peroxisome proliferator-activated receptors alpha (Ppara) and Pparg), whereas 

markers of liver (Alt, Ast) and kidney (BUN) stress and, paradoxically, a marker of fat 

accumulation (Aqpap/7) were increased. Compared to HFD controls, HFD+Hg mice also 

exhibited significant decreases in body weight, visceral white adipose tissue weight, blood 

glucose levels, and plasma lipid parameters (triglycerides [TG], total cholesterol [TC], 

LDL). In contrast, compared to STD controls, HFD+Hg mice exhibited increases in body 

weight, blood glucose levels, and lipid parameters (free fatty acids and LDL). With the 

exception of decreased white adipose tissue weight, STD+Hg vs STD mice did not exhibit 

significant changes in body weight, markers of liver and kidney stress, blood glucose, insulin 

or lipid parameters. Interestingly, Hg exposure appears to antagonize some effects of the 

HFD (blood glucose, body weight, white adipose tissue weight, TGs, total cholesterol, LDL, 

and plasma insulin and leptin levels) whereas it appears to compound others (BUN, and 

mRNA levels of Ampka2, ppara and pparg).

Conclusion

Overall, the data from model organisms suggest a possible association between Cd, Pb, and 

Hg with MS or associated conditions, whereas human data are conflicting. Reasons for 

conflicting findings are unclear but many factors contribute to this inconsistency and 

complicate across-study analysis, which we summarize. MS is a complex condition for 

which there is significant variability among its associated symptoms across cultures, 

developmental stages, and sexes making it difficult to control for in epidemiological studies 

or to identify patterns in exposure-related outcomes. Timing of exposure relative to outcome 

is further complicated by the differences in experimental design (i.e., in vivo, in vitro) and 

study design (i.e., cross-sectional vs. prospective). Typically, metals are measured in blood, 

urine or hair because these samples are easily procured from otherwise healthy individuals; 

however, interpretations about the timing of exposure vary by specimen. While blood is 

generally thought to assess recent exposure and urine a subacute or chronic exposure, these 

assumptions can vary based on the properties of the metal and other confounding factors 

such as age and health of the individual(67). For example, studies have shown that the 

kidney cortex is a high-affinity storage site for Cd (halftime varies between 18 and 44 

years(68)) and that kidney Cd is slowly released into the urine at a rate of approximately 
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1.7% of total kidney Cd approximately every eight hours. Therefore, assessing the cause and 

effect relationship between chronic exposure to Cd and MS or MS-related components by 

sampling urine at one time point partially circumvents the temporal ambiguity inherent in 

cross-sectional or case-control studies where Cd is measured in blood, wherein the latter 

sampling reflects exposure for the preceding 30 days(69). However, this assumption is 

difficult if not impossible to validate because knowledge about the timing and/or duration of 

exposure is unknown. The issue of metal speciation, specifically oxidation state (Hg) and 

complexation, which can affect toxicity and environmental partitioning/availability, is 

largely unaddressed. Increasing evidence indicates that populations in low socioeconomic 

status (SES) and urban areas carry a greater exposure burden for heavy metals; however, few 

studies have adequately controlled for residual confounding by SES in relation to MS(39, 

70). Although there are shared features, there remains a lack of consensus on the definition 

of MS, and the outcomes measured and measurement techniques vary across studies(1).

Similar to the epidemiological studies, model systems also suggest a potential association 

between heavy metal exposure and MS-related outcomes. These systems are uniquely 

positioned to control for the many complexities associated with exposure studies in human 

populations while evaluating many of the same outcomes such as adiposity, glucose 

intolerance, insulin resistance, body weight, and lipid profiles. Of particular importance, 

model systems offer opportunities to conduct discovery-driven mechanistic analyses in 

association with physiological endpoints, thereby providing insight into possible 

mechanisms of action and identifying markers that could be evaluated in human samples 

such as epigenetic or gene markers. However, similar to epidemiological studies, there are 

limitations to animal and in vitro studies when extrapolating to human outcomes. These 

include concentrations, mixtures, differential susceptibilities, and sex differences. Exposure 

concentrations were typically significantly higher than levels found in human and 

environmental studies. None of the studies we reviewed addressed exposure to mixtures of 

heavy metals despite the frequent co-occurrence of these compounds. Few studies addressed 

differential susceptibility to exposure during development or differentiated between males 

and females. Common to model system studies, it is unclear whether additional outcomes 

were evaluated beyond those reported as negative outcomes are often omitted.

As Cd, Pb and Hg are ubiquitous and often co-occur in the environment, the increasing 

incidence of MS and comorbid conditions worldwide coupled with epidemiological and 

experimental support for an association between them indicates that longitudinal studies 

with adequate statistical power to examine the effects of these metals, including the 

occurrence of sexually dimorphic responses, are warranted. Such prospective studies could 

be informed by the inclusion of experimental studies in model systems, which together 

should help to address exposure levels below which human disease is unlikely, mechanisms 

that could be targeted for screening algorithms, and the design of environmental or 

therapeutic interventions.
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Figure 1. 
Criteria by which epidemiological and model system studies were identified for review.

Planchart et al. Page 19

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Planchart et al. Page 20

Ta
b

le
 1

Su
m

m
ar

y 
of

 C
d,

 P
b,

 o
r 

H
g 

an
d 

as
so

ci
at

io
ns

 w
ith

 M
S-

re
la

te
d 

ou
tc

om
es

 in
 p

ro
sp

ec
tiv

e 
ep

id
em

io
lo

gi
ca

l s
tu

di
es

R
ef

.
St

ud
y 

N
am

e
St

ud
y 

L
oc

at
io

n
A

ge
 g

ro
up

Se
x

N
%

♀
Sa

m
pl

e
E

nd
po

in
ts

C
d

P
b

H
g

(1
7)

M
al

m
o 

D
ie

t a
nd

 C
an

ce
r 

st
ud

y
Sw

ed
en

A
du

lts
46

-6
7 

y
♀,

 ♂
45

85
60

B
lo

od
T

2D
N

/S
–

–

(2
9)

E
D

E
N

Fr
an

ce
Pr

eg
na

nt
 a

du
lts

18
-4

5y
♀

90
1

10
0

B
lo

od
B

W
, F

G
R

N
eg

. f
or

 B
W

 O
R

=
1.

41
(1

.0
0-

1.
99

)
N

/S
–

(3
2)

T
ha

ila
nd

A
du

lts
≥1

5y
 (

at
 b

as
el

in
e)

♀,
 ♂

48
4 

at
 b

as
el

in
e

66
U

ri
ne

H
T,

 T
2D

, U
rS

Po
s.

H
T

 3
6%

 p
=

0.
03

T
2D

 1
1%

 p
=

0.
02

U
rS

 1
6.

6%
p<

0.
00

1

–
–

(5
6)

K
uo

pi
o 

Is
ch

em
ic

 H
ea

rt
 

D
is

ea
se

 R
is

k 
Fa

ct
or

 s
tu

dy
Fi

nl
an

d
A

du
lts

42
-6

0y
♂

22
12

0
H

ai
r

T
2D

–
–

N
/S

(5
7)

H
PF

S 
A

N
D

 N
H

S
U

S
A

du
lts

 M
ea

n
♀ 

=
 5

4y
♂

=
61

y

♀,
 ♂

92
67

73
To

en
ai

l
T

2D
–

–
N

eg
. H

R
♀=

0.
86

(0
.6

6 
- 

1.
11

)
H

R
♂

=
0.

77
(0

.6
1-

0.
98

)

(5
8)

E
D

E
N

Fr
an

ce
Pr

eg
na

nt
 a

du
lts

♀
69

1
10

0
H

ai
r

FG
R

–
–

N
/S

(5
9)

C
A

R
D

IA
 T

ra
ce

 E
le

m
en

t 
St

ud
y

U
S

A
du

lts
20

-3
2 

y
♀,

 ♂
38

75
52

To
en

ai
l

T
2D

–
–

Po
s.

O
R

=
1.

65
 (

1.
07

-2
.5

6)

E
D

E
N

, E
tu

de
 d

es
 D

ét
er

m
in

an
ts

 p
ré

 e
t p

os
t n

at
al

s 
du

 d
év

el
op

pe
m

en
t e

t d
e 

la
 s

an
té

 d
e 

l’
E

nf
an

t; 
FG

R
, f

et
al

 g
ro

w
th

 r
at

e;
 H

PF
S 

A
N

D
 N

H
S,

 H
ea

lth
 P

ro
fe

ss
io

na
ls

 F
ol

lo
w

-u
p 

St
ud

y 
an

d 
N

ur
se

s’
 H

ea
lth

 S
tu

dy
 

(N
H

S)
; H

T,
 h

yp
er

te
ns

io
n;

 N
eg

., 
si

gn
if

ic
an

t n
eg

at
iv

e 
as

so
ci

at
io

n;
 N

/S
, n

ot
 s

ig
ni

fi
ca

nt
; O

R
, o

dd
s 

ra
tio

; P
os

., 
si

gn
if

ic
an

t p
os

iti
ve

 a
ss

oc
ia

tio
n;

 T
2D

, t
yp

e 
II

 d
ia

be
te

s;
 U

rS
, u

ri
na

ry
 s

to
ne

s;
 ♀

, f
em

al
es

; ♂
, m

al
es

.

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Planchart et al. Page 21

Ta
b

le
 2

E
xp

os
ur

e 
to

 C
d 

an
d 

m
et

ab
ol

ic
 p

ar
am

et
er

s 
in

 m
od

el
 s

ys
te

m
s

M
od

el
N

/S
ex

C
on

c.
 (

pp
m

)
R

ou
te

 (
D

ur
at

io
n)

B
lo

od
 g

lu
co

se
IR

/G
I

B
W

/A
di

po
si

ty
T

G
/L

ip
id

s
M

ol
ec

ul
ar

 s
ig

na
ls

R
ef

.

In
 V

iv
o

R
at

s
(A

lb
in

o 
W

is
ta

r)
25 ♀

3.
1

O
ra

l g
av

ag
e

(4
5 

d)
↑

↑
N

/S
↑ 

T
G

, V
L

D
L

, 
H

D
L

↓ 
L

D
L

↓ 
So

d 
an

d 
C

at
 a

ct
iv

ity
, t

ot
al

 p
ro

te
in

 
an

d 
gl

yc
og

en
↑ 

L
iv

er
 a

nd
 k

id
ne

y 
L

PO
 N

/S
 G

p,
 

G
6p

c

(4
2)

R
at

s
(W

is
ta

r)
30

-6
0

♂
32

.5
W

at
er

(6
0,

 9
0,

 1
20

 d
)

↑
↑

N
/S

↑ 
FF

A
, T

G
, T

C
, 

L
D

L
, V

L
D

L
↓ 

H
D

L

–
(4

3)

M
ic

e
(M

T-
nu

ll)
9-

18 ♂
0.

5,
 0

.7
5

Su
bc

ut
an

eo
us

(7
 d

)
–

–
↓ 

(0
.7

5 
pp

m
) 

ad
ip

oc
yt

e 
si

ze
, 

B
W

, W
A

T

–
↓ 

Pp
ar

g2
, C

eb
pa

, L
ep

, R
et

n 
an

d 
M

es
t m

R
N

A
, p

la
sm

a 
le

pt
in

, B
U

N
↑ 

pl
as

m
a 

A
st

 N
/S

 a
di

po
ne

ct
in

(4
4)

M
ic

e
(K

un
m

in
g)

10 ♂
61

3 
pp

m
C

d 
+

 H
FD

(v
s 

ST
D

)

D
ie

t
(1

2 
w

)
↑ 

(8
, 1

2 
w

)
–

↓ 
(8

, 1
2 

w
)

B
W

↑ 
T

G
, T

C
, L

D
L

-
C

↓ 
H

D
L

-C

↓ 
So

d 
an

d 
C

at
 a

ct
iv

ity
, G

SH
↑ 

N
ag

, m
ic

ro
al

bu
m

in
, A

lt,
 A

st
, L

PO
, 

Pc
o,

 n
itr

ic
 o

xi
de

(4
5)

10 ♂
61

3 
pp

m
C

d 
+

 H
FD

(v
s 

H
FD

)

D
ie

t
(1

2 
w

)
N

/S
–

↓ 
(8

, 1
2 

w
)

B
W

N
/S

↑ 
N

ag
, m

ic
ro

al
bu

m
in

(4
5)

In
 V

it
ro

M
T-

nu
ll

(M
ou

se
 a

di
po

cy
te

s)
–

0.
01

1 
- 

11
M

ed
ia

(6
-4

8 
h)

–
–

–
↑ 

(≥
0.

56
 p

pm
)

FF
A

, T
G

↓ 
Pp

ar
g,

 L
ip

e,
 P

np
la

2,
 A

ca
ca

, F
as

n,
 

L
ep

, C
cl

2,
 A

di
po

q,
 R

et
n,

 a
nd

 P
lin

1 
m

R
N

A
↑ 

A
bh

d5
 a

nd
 S

er
pi

ne
1 

m
R

N
A

, P
lin

1 
ph

os
ph

or
yl

at
io

n

(4
4)

M
IN

6
(M

ou
se

 β
-c

el
ls

)
–

0.
11

M
ed

ia
(4

8 
h)

–
–

–
↓ 

G
SH

↑ 
H

m
ox

1 
an

d 
G

cl
m

 m
R

N
A

(4
6)

Pr
im

ar
y 

m
ou

se
 is

le
t 

ce
lls

–
0.

01
1 

- 
0.

05
6

M
ed

ia
(8

, 4
8 

h)
–

↓ 
(0

.0
11

 p
pm

)
–

–
↓ 

G
SS

G
/G

SH
(4

6)

R
IN

-m
5F

(R
at

)
–

0.
11

2 
- 1

.1
2

M
ed

ia
(2

4 
h)

–
↓ 

(0
.5

6 
pp

m
)

–
–

↑ 
R

O
S

(4
7)

A
A

, a
ra

ch
id

on
ic

 a
ci

d;
 A

bh
d5

, a
bh

yd
ro

la
se

 d
om

ai
n 

co
nt

ai
ni

ng
 5

; A
ca

ca
, a

ce
ty

l-
C

oe
nz

ym
e 

A
 c

ar
bo

xy
la

se
 a

lp
ha

; A
di

po
q,

 a
di

po
ne

ct
in

, C
1Q

 a
nd

 c
ol

la
ge

n 
do

m
ai

n 
co

nt
ai

ni
ng

; A
lt,

 a
la

ni
ne

 a
m

in
ot

ra
ns

fe
ra

se
; 

A
st

, a
sp

ar
ta

te
 a

m
in

ot
ra

ns
fe

ra
se

; B
U

N
, b

lo
od

 u
re

a 
ni

tr
og

en
; B

W
, b

od
y 

w
ei

gh
t; 

C
at

, c
at

al
as

e;
 C

eb
pa

, C
C

A
A

T
/e

nh
an

ce
r 

bi
nd

in
g 

pr
ot

ei
n 

al
ph

a;
 C

cl
2,

 c
he

m
ok

in
e 

(C
-C

 m
ot

if
) 

lig
an

d 
2;

 C
on

c.
, c

on
ce

nt
ra

tio
n;

 d
, 

da
ys

; F
as

n,
 f

at
ty

 a
ci

d 
sy

nt
ha

se
; F

FA
, f

re
e 

fa
tty

 a
ci

ds
; G

6p
c,

 g
lu

co
se

-6
-p

ho
sp

ha
ta

se
, c

at
al

yt
ic

 s
ub

un
it;

 G
cl

m
; g

lu
ta

m
at

e 
cy

st
ei

ne
 li

ga
se

, m
od

if
ie

r 
su

bu
ni

t; 
G

I,
 g

lu
co

se
 in

to
le

ra
nc

e;
 G

p,
 g

ly
co

ge
n 

ph
os

ph
or

yl
as

e;
 G

SH
, g

lu
ta

th
io

ne
 (

re
du

ce
d)

; G
SS

G
, g

lu
ta

th
io

ne
 (

ox
id

iz
ed

);
 h

, h
ou

rs
; H

D
L

, h
ig

h 
de

ns
ity

 li
po

pr
ot

ei
ns

 (
C

-p
ar

tic
le

s)
; H

FD
, h

ig
h 

fa
t d

ie
t; 

H
m

ox
1,

 h
em

e 
ox

yg
en

as
e 

1;
 I

R
, i

ns
ul

in
 r

es
is

ta
nc

e;
 

L
D

L
, l

ow
 d

en
si

ty
 li

po
pr

ot
ei

ns
 (

C
-p

ar
tic

le
s)

; L
ep

, l
ep

tin
; L

ip
e,

 li
pa

se
; L

PO
, l

ip
id

 p
er

ox
id

es
; M

es
t, 

m
es

od
er

m
 s

pe
ci

fi
c 

tr
an

sc
ri

pt
; N

ag
, N

-a
ce

ty
l-
β-

gl
uc

os
am

in
id

as
e;

 N
/S

, n
ot

 s
ig

ni
fi

ca
nt

; P
pa

rg
, p

er
ox

is
om

e 
pr

ol
if

er
at

or
 a

ct
iv

at
ed

 r
ec

ep
to

r 
ga

m
m

a;
 p

pm
, p

ar
ts

-p
er

-m
ill

io
n 

(c
on

ve
rt

ed
);

 P
co

, p
ro

te
in

 c
ar

bo
ny

l; 
Pl

in
1,

 p
er

ili
pi

n 
1;

 P
np

la
2,

 p
at

at
in

-l
ik

e 
ph

os
ph

ol
ip

as
e 

do
m

ai
n 

co
nt

ai
ni

ng
 2

; R
et

n,
 r

es
is

tin
; R

O
S,

 r
ea

ct
iv

e 
ox

yg
en

 s
pe

ci
es

; S
er

pi
ne

1,
 s

er
pi

n 
fa

m
ily

 E
 m

em
be

r 
1;

 S
od

, s
up

er
ox

id
e 

di
sm

ut
as

e;
 T

C
, t

ot
al

 c
ho

le
st

er
ol

; T
G

, t
ri

gl
yc

er
id

es
; V

L
D

L
, v

er
y 

lo
w

 d
en

si
ty

 li
po

pr
ot

ei
ns

; w
, w

ee
ks

; ↑
, i

nc
re

as
ed

 le
ve

ls
; ↓

, d
ec

re
as

ed
 

le
ve

ls
.

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Planchart et al. Page 22

Ta
b

le
 3

E
xp

os
ur

e 
to

 P
b 

an
d 

m
et

ab
ol

ic
 p

ar
am

et
er

s 
in

 m
od

el
 s

ys
te

m
s

M
od

el
N

/S
ex

C
on

c.
 (

pp
m

)
R

ou
te

 (
D

ur
at

io
n)

B
lo

od
 g

lu
co

se
IR

/G
I

B
W

/A
di

po
si

ty
T

G
/L

ip
id

s
M

ol
ec

ul
ar

 s
ig

na
ls

R
ef

.

In
 V

iv
o

R
at

s
(Z

uc
ke

r 
D

ia
be

tic
 F

at
ty

)
4 ♀

31
9

W
at

er
(2

0 
w

)
↑ 

(3
19

 p
pm

)
↑

N
/S

↑ 
(3

19
 p

pm
)

T
G

↑ 
Pc

k1
 a

nd
 G

6p
c 

m
R

N
A

(5
1)

R
at

s
(W

is
ta

r)
6 ♂

31
9,

 1
27

4
W

at
er

(3
2 

d)
N

/S
↑ 

(3
19

 p
pm

)
–

–
↑ 

Pc
k1

 a
nd

 G
6p

c 
ac

tiv
ity

; T
B

A
R

S,
 

Pc
o,

 a
nd

 8
-o

hg
 le

ve
ls

↓ 
G

p 
ac

tiv
ity

 N
/S

 T
nf

a,
 H

O
M

A
-I

R

(5
2)

R
at

s
(W

is
ta

r)
5 ♂

50
0,

 1
50

0,
 4

50
0

W
at

er
(2

1 
w

)
N

/S
↑ 

(5
00

 p
pm

)
↑ 

(5
00

 p
pm

)
↑(

50
0 

pp
m

)
T

G
D

if
fe

re
nt

ia
l m

et
hy

la
tio

n 
of

 li
pi

d 
an

d 
gl

uc
os

e 
m

et
ab

ol
is

m
 g

en
es

(5
3)

M
ic

e
(C

57
B

L
/6

J)
5-

6
♂

3
50

 (
+

 L
FD

 o
r 

H
FD

)
L

ac
ta

tio
n 

an
d 

w
at

er
(5

6,
 7

7,
 1

19
 d

)
↑ 

(s
ee

 te
xt

)
N

/S
N

/S
–

↓ 
B

on
e 

st
if

fn
es

s,
 tr

ab
ec

ul
ar

 b
on

e 
vo

lu
m

e
↑ 

L
ep

tin
, T

ra
p5

b,
 S

os
t a

nd
 D

kk
1 

pr
ot

ei
n

(5
4)

M
ic

e
(A

go
ut

i)
11

-1
4

♂
 ♀

1,
 1

0,
 2

0
W

at
er

(5
6 

d)
N

/S
↑ 

(1
0 

pp
m

)
♂

↑ 
(1

0 
pp

m
)

♂
 B

W
, f

at
–

–
(5

5)

In
 V

it
ro

FA
O

 r
at

 h
ep

at
om

a 
ce

lls
–

1
M

ed
ia

(8
 h

)
–

↑
–

–
↑ 

Pc
k1

 a
nd

 G
6p

c 
m

R
N

A
(5

1)

Is
le

ts
 o

f 
L

an
ge

rh
an

s
–

20
7

M
ed

ia
(2

4 
h)

–
↑

–
–

↑ 
G

sk
3b

 a
ct

iv
ity

, R
O

S,
 C

ho
p 

m
R

N
A

↓ 
C

el
l v

ia
bi

lit
y,

 N
fk

b 
an

d 
G

rp
78

 
m

R
N

A

(5
2)

Pr
im

ar
y 

B
on

e 
M

SC
s

–
50

M
ed

ia
(v

ar
ie

d 
du

e 
to

 
di

ff
er

en
tia

tio
n 

fa
ct

or
s)

–
–

↑ 
A

di
po

si
ty

–
↓ 

O
st

eo
bl

as
to

ge
ni

c 
ca

pa
ci

ty
 (

al
iz

ar
in

 
re

d 
st

ai
ni

ng
)

↑ 
A

di
po

ge
ni

c 
ca

pa
ci

ty
 (

O
il 

R
ed

 O
 

st
ai

ni
ng

) 
an

d 
os

te
oc

la
st

og
en

ic
 

ca
pa

ci
ty

 (
T

ra
p 

ex
pr

es
si

on
, a

lth
ou

gh
 

N
/S

)

(5
4)

M
C

3T
3 

ce
lls

–
0.

4
M

ed
ia

(5
 d

)
–

–
–

–
↑ 

Fa
bp

4 
an

d 
So

st
 m

R
N

A
↑ 

Pp
ar

g-
 a

nd
 S

os
t-

m
ed

ia
te

d 
D

N
A

 
bi

nd
in

g 
(l

uc
if

er
as

e 
as

sa
y)

↓ 
R

un
x2

 a
nd

 β
-c

at
en

in
 m

R
N

A

(5
4)

8-
oh

g,
 8

-h
yd

ro
xy

gu
an

os
in

e;
 B

W
, b

od
y 

w
ei

gh
t; 

C
ho

p,
 C

C
A

A
T

/e
nh

an
ce

r-
bi

nd
in

g 
pr

ot
ei

n 
(C

/E
B

P)
 h

om
ol

og
ou

s 
pr

ot
ei

n;
 C

on
c.

, c
on

ce
nt

ra
tio

n;
 d

, d
ay

s;
 D

kk
1,

 d
ic

kk
op

f 
W

N
T

 s
ig

na
lin

g 
pa

th
w

ay
 in

hi
bi

to
r 

1;
 

Fa
bp

4,
 f

at
ty

 a
ci

d 
bi

nd
in

g 
pr

ot
ei

n 
4;

 G
6p

c,
 g

lu
co

se
-6

-p
ho

sp
ha

ta
se

, c
at

al
yt

ic
 s

ub
un

it;
 G

p,
 g

ly
co

ge
n 

ph
os

ph
or

yl
as

e;
 G

rp
78

, g
lu

co
se

 r
eg

ul
at

ed
 p

ro
te

in
 7

8;
 G

sk
3b

, g
ly

co
ge

n 
sy

nt
ha

se
 k

in
as

e 
3 

be
ta

; h
, h

ou
rs

; 
H

FD
, h

ig
h 

fa
t d

ie
t; 

IR
, i

ns
ul

in
 r

es
is

ta
nc

e;
 L

FD
, l

ow
 f

at
 d

ie
t; 

N
fk

b,
 n

uc
le

ar
 f

ac
to

r 
ka

pp
a-

lig
ht

-c
ha

in
-e

nh
an

ce
r 

of
 a

ct
iv

at
ed

 B
 c

el
ls

; N
/S

, n
ot

 s
ig

ni
fi

ca
nt

; p
pm

, p
ar

ts
-p

er
-m

ill
io

n 
(c

on
ve

rt
ed

);
 P

ck
1,

 
ph

os
ph

oe
no

lp
yr

uv
at

e 
ca

rb
ox

yk
in

as
e;

 P
co

, p
ro

te
in

 c
ar

bo
ny

l; 
Pp

ar
g,

 p
er

ox
is

om
e 

pr
ol

if
er

at
or

 a
ct

iv
at

ed
 r

ec
ep

to
r 

ga
m

m
a;

 R
O

S,
 r

ea
ct

iv
e 

ox
yg

en
 s

pe
ci

es
; R

un
x1

, r
un

t r
el

at
ed

 tr
an

sc
ri

pt
io

n 
fa

ct
or

 2
; S

os
t, 

sc
le

ro
st

in
; T

B
A

R
S,

 th
io

ba
rb

itu
ri

c 
ac

id
 r

ea
ct

iv
e 

su
bs

ta
nc

es
; T

G
, t

ri
gl

yc
er

id
es

; T
nf

a,
 tu

m
or

 n
ec

ro
si

s 
fa

ct
or

 a
lp

ha
; T

ra
p,

 ta
rt

ra
te

-r
es

is
ta

nt
 a

ci
d 

ph
os

ph
at

as
e;

 w
, w

ee
ks

; ↑
, i

nc
re

as
ed

 le
ve

ls
; ↓

, d
ec

re
as

ed
 le

ve
ls

.

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Planchart et al. Page 23

Ta
b

le
 4

E
xp

os
ur

e 
to

 H
g 

an
d 

m
et

ab
ol

ic
 p

ar
am

et
er

s 
in

 m
od

el
 s

ys
te

m
s

M
od

el
N

/S
ex

C
on

c.
 (

pp
m

)
R

ou
te

 (
D

ur
at

io
n)

B
lo

od
 g

lu
co

se
IR

/G
I

B
W

/A
di

po
si

ty
T

G
/L

ip
id

s
M

ol
ec

ul
ar

 s
ig

na
ls

R
ef

.

In
 V

iv
o

M
ic

e
(S

lc
:I

C
R

)
16 ♂

0.
04

, 0
.4

O
ra

l g
av

ag
e

(1
4,

 2
8 

d)
↑ 

(0
.0

4 
pp

m
)

↑ 
(0

.0
4 

pp
m

)
–

–
↑ 

Pl
as

m
a 

lip
id

 p
er

ox
id

at
io

n
(6

5)

M
ic

e
(S

lc
:I

C
R

)
4 ♂
3

0.
7 

pp
m

H
g 

+
 H

FD
(v

s 
ST

D
)

Su
bc

ut
an

eo
us

(1
0 

d)
↑

–
↑ 

B
W

↓ 
ad

ip
oc

yt
e 

si
ze

↑ 
FF

A
, L

D
L

↓ 
Pl

as
m

a 
in

su
lin

 a
nd

 le
pt

in
, a

nd
 L

ep
, C

D
36

, 
A

m
pk

a2
, P

pa
ra

, a
nd

 P
pa

rg
 m

R
N

A
↑ 

A
lt,

 A
st

, B
U

N
, a

nd
 A

qp
ap

/7
 m

R
N

A
 N

/S
 

L
iv

er
 w

ei
gh

t, 
H

D
L

, a
di

po
ne

ct
in

 a
nd

 
A

m
pk

a1
 m

R
N

A

(6
6)

4
0.

7 
pp

m
H

g 
+

 H
FD

(v
s 

H
FD

)

Su
bc

ut
an

eo
us

(1
0 

d)
↓

–
↓ 

B
W

, v
is

ce
ra

l 
W

A
T,

 a
di

po
cy

te
 

si
ze

↓ 
T

G
, T

C
, 

L
D

L
↓ 

Pl
as

m
a 

in
su

lin
 a

nd
 le

pt
in

, a
nd

 L
ep

 C
D

36
, 

A
m

pk
a2

, P
pa

ra
, a

nd
 P

pa
rg

 m
R

N
A

↑ 
A

lt,
 A

st
, B

U
N

 a
nd

 A
qp

ap
/7

 m
R

N
A

 N
/S

 
L

iv
er

 w
ei

gh
t, 

H
D

L
, a

di
po

ne
ct

in
 a

nd
 

A
m

pk
a1

 m
R

N
A

In
 V

it
ro

H
IT

-T
15

 c
el

ls
–

0.
04

M
ed

ia
(8

 h
)

–
↑

–
–

↑ 
R

O
S,

 P
ik

3 
ac

tiv
ity

(6
5)

Pr
im

ar
y 

m
ou

se
 

is
le

t c
el

ls
–

0.
04

M
ed

ia
(4

h)
–

↑
–

–
↑ 

R
O

S,
 P

ik
3 

ac
tiv

ity
(6

5)

A
lt,

 a
la

ni
ne

 a
m

in
ot

ra
ns

fe
ra

se
; A

m
pk

1 
(P

rk
aa

1)
, p

ro
te

in
 k

in
as

e 
A

M
P-

ac
tiv

at
ed

 c
at

al
yt

ic
 s

ub
un

it 
al

ph
a 

1;
 A

m
pk

2 
(p

rk
aa

2)
, p

ro
te

in
 k

in
as

e,
 A

M
P-

ac
tiv

at
ed

, a
lp

ha
 1

 c
at

al
yt

ic
 s

ub
un

it;
 A

qp
ap

/7
 (

A
qp

7)
, 

aq
ua

po
ri

n 
7;

 A
st

, a
sp

ar
ta

te
 a

m
in

ot
ra

ns
fe

ra
se

; B
U

N
, b

lo
od

 u
re

a 
ni

tr
og

en
; B

W
, b

od
y 

w
ei

gh
t; 

C
d3

6,
 C

d3
6 

m
ol

ec
ul

e;
 C

on
c.

, c
on

ce
nt

ra
tio

n;
 d

, d
ay

s;
 F

FA
, f

re
e 

fa
tty

 a
ci

ds
; h

, h
ou

rs
; H

FD
, h

ig
h 

fa
t d

ie
t; 

IR
, 

in
su

lin
 r

es
is

ta
nc

e;
 L

ep
, l

ep
tin

; L
D

L
, l

ow
 d

en
si

ty
 li

po
pr

ot
ei

ns
; N

/S
, n

ot
 s

ig
ni

fi
ca

nt
; p

pm
, p

ar
ts

-p
er

-m
ill

io
n 

(c
on

ve
rt

ed
);

 P
I3

K
/A

kt
 (

Pi
k3

),
 p

ho
sp

ho
in

os
iti

de
 3

-k
in

as
e;

 P
pa

ra
, p

er
ox

is
om

e 
pr

ol
if

er
at

or
 a

ct
iv

at
ed

 
re

ce
pt

or
 a

lp
ha

; P
pa

rg
, p

er
ox

is
om

e 
pr

ol
if

er
at

or
 a

ct
iv

at
ed

 r
ec

ep
to

r 
ga

m
m

a;
 S

T
D

, s
ta

nd
ar

d 
di

et
; T

C
, t

ot
al

 c
ho

le
st

er
ol

; T
G

, t
ri

gl
yc

er
id

es
; W

A
T,

 w
hi

te
 a

di
po

se
 ti

ss
ue

; ↑
, i

nc
re

as
ed

 le
ve

ls
; ↓

, d
ec

re
as

ed
 le

ve
ls

.

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.


	Abstract
	Introduction
	Criteria for inclusion
	Overview of heavy metals
	Cadmium (Cd)
	Epidemiology

	Model systems
	Lead (Pb)
	Epidemiology
	Model systems

	Mercury (Hg)
	Epidemiology
	Model systems

	Conclusion
	References
	Figure 1
	Table 1
	Table 2
	Table 3
	Table 4

