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Abstract 
 

Conditions characterizing the cardio metabolic syndrome (CMS) including obesity, dyslipidemia, diabetes, insulin 
resistance, and hypertension are considered significant health problems worldwide. CMS is the product of the interplay 

between genetics and environment of which dietary factors are the main effectors. Fish consumption is recommended 

due to its good nutritional value especially omega-3 fats which have profound cardio protective effects. Heavy metals 
particularly lead and mercury contained in fish makes it difficult to clearly establish its health role. Henceforth, these 

metals are identified as potential risk factors for CMS development; though the mechanisms of their pathogenesis 
remain poorly understood. This article evaluates current literature linking among fish, lead, mercury, and pathogenesis 

of CMS components. In contrast to humans, evidence from animals supports the presence of associations between fish, 

lead and mercury and the emergence of obesity, insulin resistance, diabetes, and atherosclerosis. Randomized 
controlled trials that investigate the effects of fish, lead and mercury on the key CMS biomarkers are suggested. 
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1. Introduction 
 

Cardiometabolic syndrome (CMS) is a complex of interconnected factors that increase the risk of cardiovascular 

disease (CVD) and type 2 diabetes mellitus (Ahmad & Haddad, 2015). Obesity and its related disturbances including 

insulin resistance, dyslipidemia, hypertension, pro-inflammatory and pro-thrombotic states are the key components that 

characterize the CMS. It is well documented that CMS is the product of the interaction between genetic and 

environmental factors; however, the underlying mechanisms of its pathogenesis remain poorly understood (Ahmad & 

Haddad, 2015). The prevalence of CMS has increased considerably over the past two decades posing one of the 

greatest public health challenges worldwide (Meier et al., 2019). In 2016, CVD contributes to more than 30% of global 

deaths (>17 million people) and more than half of these deaths (9.1 million) are attributable to the risks associated with 

lifestyle changes particularly dietary habits and patterns (Meier et al., 2019). In this regard, evidence has accumulated 

indicating substantial concerns of fish, lead and mercury in nutrition and health with a major focus on their possible 

role in the pathogenesis of CMS (Ceja- Galicia et al., 2017; Leff et al., 2018; Zuliani et al., 2019; Liu, et al., 2019).  
 

Fish consumption is well known to associate with reduced risks of many diseases particularly CVD (Zárate et al., 2017; 

Meier et al., 2019; Kannaiyan, et al., 2019). Recently, this notion has been viewed with some health concerns. This is 

especially important in view of the great ability of fish to accumulate chemical contaminants and heavy metals such as 

mercury and lead (Abarshi et al., 2017; Zuliani et al., 2019; Liu, et al., 2019), a matter that might weaken the positive 

health effects of fish (Jayabrakash et al., 2015). In essence, evidence has emerged linking these metals to CMS 

development (Sun et al., 2018; Lee, 2018; Liu, et al., 2019; Baranowska-Bosiaka et al., 2019). Although relations 

between heavy metal toxicity including mercury and lead and adipogenesis and obesity risks have been suggested, the 

evidence is not consistent. Several studies, with considerable controversy, are available which link increased obesity 

prevalence with heavy metal exposure including mercury and lead (Ceja-Galicia et al, 2017; Park et al, 2017; Simić et 
al., 2017; Lee, 2018). The evidence that links diabetes and insulin resistance with heavy metal exposure is relatively 

limited and inconsistent (Feng et al., 2015; Fan et al., 2017). Although a direct association between lead and mercury 

with dyslipidemia has been recorded (Feng et al., 2015; Baranowska-Bosiaka, et al., 2019), no associations with other 

CVD risk factors have been observed (Zuliani et al, 2019).  
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The evidence that links mercury and lead with inflammatory responses (Gardner et al, 2009) or hypertension (Kosik-

Bogacka et al., 2017, Bilandžić et al., 2018) is limited, whereas that relates to inflammatory biomarkers is unavailable. 

Controlled human or animal studies that investigate possible links between feeding mercury and lead, incorporated 

freely into diets or given naturally in the form of foods, and obesity indices, insulin resistance, inflammatory responses, 

and other CVD risk factors are generally lacking. Thus, the aim of the present article is to evaluate the current literature 

dealing with the link among fish, lead, mercury, and CMS pathogenesis and its components, and suggesting future 

avenues of investigation.  
 

2. Scientific Evidence: Literature Search  
 

An up-to-date literature review was conducted on the relationships among fish and its contents of lead and mercury, 

cardio metabolic risks. The search was limited to English publications from a 15-year period (2005–2019). Relevant 

articles were principally identified through an online search of the PubMed, Science Direct, Google Scholar and other 

available databases. The search was performed using the following keywords or their combinations: fish, canned tuna, 

canned sardines, lead, mercury, cardio metabolic risks, diet, insulin resistance, obesity, dyslipidemia, diabetes, and 

CMS. Included articles were mainly original observational, experimental, and clinical, case study, intervention and 

cross-sectional researches in humans or animals. For further search accuracy, the reference lists of works were checked 

for additional publications from the major databases. 
 

3. Role of Fish in Nutrition and Health 
 

Worldwide, fish consumption has been growing rapidly due to potential health benefits that are related to its 

distinctive nutritional value as indicated by high-quality proteins, low saturated fat and high vitamins, mineral elements 

and omega-3 fatty acids contents (Bosch et al., 2016). Nutritionally, fish is mainly rich in vitamins A, D, E, B12, B6, and 

niacin, in addition to calcium, phosphorus, iron, magnesium, zinc, sodium, potassium and selenium, as well as the 

omega-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)  (Bosch et al., 2016). These nutritional 

characteristics of fish signify its role in fighting hunger and malnutrition mainly in developed and middle-income 

countries that face food and nutrition insecurity (FAO, 2016). The global per capita per year fish consumption has risen 

from 9.9 kg  in 1960 to 19.2 kg  in 2012, and above 20 kg  in 2016 (FAO 2016). More than 3.1 billion people depend 

on fish for at least 20% of their total animal protein intake, and a further 1.3 billion people for 15% of animal protein 

intake. Fish may serve a solution to many health problems like goiter which can be solved only by fish consumption 

that contains natural iodine in cases of unavailable iodized salts, and CVD (Kannaiyan et al.,2019).  
 

In many cases, canned fish is regarded as more convenient and affordable cost and nutritious as compared to fresh or 

frozen fish (Bosch et al, 2016). This is especially important in fisheries-poor countries like Jordan where fresh marine 

foods are generally scarce due to short length of coastline and narrow continental shelf which limits the fishing process 

to artisanal methods so that local fish production does not exceed 1% of total consumption (Al-Zibdah et al., 2006). In 

fact, in Jordan, the overall per capita fish consumption is just approaching 3.63 kg a year and about 50% of it is 

contributed by canned tuna and canned sardines (DoS, 2013).  
 

White muscle meats in fish are known to have a unique lipid composition that is rich in omega-3 long-chain poly-

unsaturated fatty acids particularly EPA and DHA (Kannaiyan et al., 2019; Mehouel et al., 2019). In this regard, fish 

contains an appropriate high ratio (4:1) of two opposing properties fatty acids; the multi-beneficial omega-3 α-linolenic 

acid (ALA) to the pro-inflammatory omega-6 linoleic acid (LA). This ratio shapes the genetics of human nutrition 

saving DNA from mutations (Zárate, et al., 2017). Cellular desaturase and elongase system compete for both types of 

fatty acids, however, the system has a higher affinity for ALA than to LA, due to the much higher dietary content in 

fish ( Zárate, et al., 2017). This system metabolizes ALA to EPA and DHA, and LA to arachidonic acid (AA) that act 

as precursors of many bioactive mediators such as resolvins, protectins, and maresins (Mehouel et al., 2019). These 

mediators help the body to return to homeostasis and resolution of inflammation (Zárate et al., 2017). EPA and DHA 

are the precursors of the 3-series anti-inflammatory eicosanoids and the 5-series leukotrienes, whereas AA is the 

precursors of the 2-series pro-inflammatory eicosanoids and the 4-series leukotrienes (Mehouel et al., 2019).  
 

It is well known that omega-3 fatty acids have vasodilatory, vasoprotective, anti-atherogenic, anti-thrombotic and anti-

arrhythmic effects; they tend to improve blood pressure and lower atherogenic lipids and may slightly improve those 

antiatherogenic (Kannaiyan et al., 2019). They are incorporated into the phospholipids of cellular membranes and have 

a wide range of demonstrated physiological effects particularly those related to electrophysiology such as favorable 

changes to cardiac ion channel function, β-adrenergic and other receptors, cell signaling pathways and gap junction 

communication, as well as increased membrane fluidity (Zárate et al., 2017). Consumption of seafood-containing 

omega-3 fatty acids has been associated with other electrophysiological indexes, including lower heart rate, slower 

atrioventricular  
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Conduction, and a lower likelihood of abnormal repolarization and optimal values of many heart rate variability 

components (Kannaiyan et al., 2019). Moreover, increased dietary intake of these fatty acids has been shown to 

enhance arterial elasticity by increasing endothelium-derived vasodilators including 3-series prostacyclins, nitric oxide, 

and endothelium-dependent hyperpolarizing factor. Flow-mediated dilation is a measure of the brachial artery after 

shear stress that induces nitric oxide-dependent responses and resultant vasodilatation (Kannaiyan et al., 2019).  
 

Omega-3 metabolites particularly EPA and DHA are essential components of cell membranes (Zárate et al., 2017). 

Their levels are especially high in the retina, brain, and sperm cells. They are also important in promoting the growth, 

development, and health of infants, improving the cognitive function and lessening Alzheimer’s disease dementia and 

rheumatoid arthritis (USDA, 2017). Dietary Guidelines for Americans recommend the consumption of  8 oz. per week 

(≈2 servings) of seafood, which would provide about 250 mg/day of EPA and DHA (Kannaiyan et al., 2019; Mehouel 

et al., 2019). The American Heart Association’s Strategic Impact goal through 2020 and beyond policy suggests 

consuming more than two times of 3.5-oz fish servings per week as fish (Zárate et al., 2017; Rimm et al., 2018). The 

American Heart Association’s Strategic Impact goal through 2020 and beyond recommends more than two times of 

3.5-oz fish servings per week as an intervention approach to reduce the risk of CVD (Meier et al., 2019).  
 

 4. Mercury and Lead in Fish  
 

Fish are known to be good indicators of heavy metals contamination in aquatic systems (Abarshi et al., 2017). Heavy 

metals such as lead, mercury, cadmium, aluminum, and zinc are considered very important pollutants in biological 

systems with potential toxicity to humans (Hamida et al., 2018). In essence, lead and mercury are at the top of heavy 

metals in terms of the degree of contamination, fish bioaccumulation and toxicity concerns (Abarshi et al., 2017; 

Bilandzic et al., 2018). Aquatic systems heavy metals pollution is brought in by various natural or external sources 

particularly weathering of soil and rocks, volcanic eruptions and from a variety of human activities involving mining, 

processing and use of metal contaminants and or substances containing them (Jayaprakash et al., 2015; Hamida et al., 

2018). After entering the aquatic medium, metals are transformed, transported and often got precipitated in water, 

changing the environment by various geochemical processes. Fish bioaccumulates metals by being exposed to the 

surrounding water as a direct consequence of biomagnifications, sedimentation and from the diet (Jayaprakash et al., 

2015; Zuliani et al., 2019). 
 

 

Table 1: Documented mercury and lead contents of selected commercial fish types (Means or ranges) 

Fish type  Mercury (mcg/g)  Lead (mcg/g) Reference 

Pink salmons 36.1 0.00 

Ikem & Egiebor, 2005 

Red salmons 32.8 0.00 

Mackerel 36.4 0.2 

Tuna 28.5 1.1 

Sardines 10.7 0.2 

Herring 59.8 1.7 

Mackerels 0.01- 0.08 0.01- 0.69 

Okyere et al., 2015 
Sardines 0.01- 0.04 0.01-1.44 

Pilchards 0.01- 0.03 0.01 

Tuna 0.12 - 0.20 0.01- 0.30 

Thunnus species 0.140 ± 0.021 0.036 ± 0.03 
Torres et al., 2016 

Skipjack tuna 0.014 ± 0.012 0.152 ± 0.03 

Mackerel 0.050 - 0..490 0.000 - 0.040 

Olmedo et al., 2013 

Salmon 0.000 - 0.004 0.040 - 0.019 

Sardines 0.009 - 0.067 0.004 - 0.034 

Tuna 0.298 - 0.770 0.004 - 0.040 

Swordfish 0.177 - 1.227 0.004 - 0.064 

Mackerel 0.500 ± 0.000 Not available Burger et al., 2012 

Canned Skipjack 0.373 ± 0.249 0.239 ± 0.205 Abolghait & Garbaj, 2015 

Canned tuna 0.044 - 0.402 0.00 - 0.0592 de Paiva et al., 2017 

Canned tuna Not available 2.8 ± 0.11 
Massadeh et al., 2018 

Canned sardines Not available 2.5 ± 0.09 

Thunnus species 0.898 ± 0.466 Not available Chen et al.,2011 

Canned tuna 0.777 ± 0.320 Not available Gerrstenberger et al., 2010 

https://www.sciencedirect.com/topics/medicine-and-dentistry/dietary-guideline-for-americans
https://www.sciencedirect.com/science/article/pii/S0889157518300553#!
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Table 1 shows documented mercury and lead levels in selected commercial fish types. Compared to other species, tuna 

fish is well known to accumulate substantial amounts of mercury (Ikem & Egiebor 2005), whereas lead predominates 

in sardines (Bilandzic et al., 2018). However, there is a great variability in the reported content of these heavy metals 

among the different fish types and species (Ikem & Egiebor 2005; Olmedo et al., 2013; Okyere et al., 2015; Abolghait 

& Garbaj, 2015; Torres et al., 2016; de Paiva et al., 2017; Massadeh et al., 2018). Mercury and lead levels range from 

zero in salmon (Ikem & Egiebor 2005; Olmedo et al., 2013) to as much as 59.8 mcg mercury/g in herring (Ikem & 

Egiebor 2005) and 28.5 mcg lead/g in canned tuna (Massadeh et al., 2018). In tuna, mercury levels range from 0.044 

mcg/g (de Paiva et al., 2017) to 28.5 mcg/g (Ikem & Egiebor 2005), whereas lead levels range from zero (de Paiva et 

al., 2017) to 2.8 mcg/g (Massadeh et al., 2018). In sardines, mercury levels range from 0.009 mcg/g (Olmedo et al., 

2013) to 10.7 mcg/g (Ikem & Egiebor 2005), whereas lead levels range from 0.004 mcg/g (Okyere et al., 2015) to 0.2 

mcg/g (Ikem & Egiebor 2005). In Jordan, it has been shown that the mean lead levels in canned sardines and canned 

tuna are 2.50 mcg/ g and 2.80 mcg/ g respectively ((Massadeh et al., 2018). However, the highest lead concentrations 

have been found  in canned sardines among 11 fish types (Alcala-Orozco et al., 2017). Variabilities of mercury and 

lead levels in various types of fish  can be attributed to several biotic and abiotic factors, such as differences in fish age 

and genotype, conditions and types of aquatic systems, pollution sources, and fish handling and storage conditions and 

methods of analysis (Abarshi et al., 2017; Bilandzic et al., 2018; Zuliani et al., 2019). In essence, the European 

Commission (2015/1005) has set a safe level of lead in fish by 0.3 mg/kg and that of mercury by 1 ppm (EC, 2015).   
 

5. Toxicity of Mercury  
 

Mercury occupies the third position in the priority list of hazardous substances published by the US Agency for toxic 

substances and disease registry (ATSDR, 2013). This is attributed to its persistence, ability to enter biological systems 

through ingestion and inhalation of contaminated food, water and environment, and its high toxicity even at very low 

concentrations (Liao et al., 2016). It may cause brain and kidney defects in infants leading to neurological changes, 

especially if it exceeds the European dietary limits of (0.5 mg/kg) of fresh weight (Ikem & Egiebor, 2005; Bilandžić et 

al., 2018). In fact, fish intake is the most significant source of methyl mercury exposure and accumulation in the human 

body (Burger et al., 2012). In aquatic systems, 80-90% of methyl mercury is accumulated in fish with a high degree of 

absorption from the gastrointestinal tract (95–100%) mostly deposited in the brain (Alcala-Orozco et al., 2017). 

However, mercury level differs from one fish species to another due to several biotic and abiotic factors (Bilandzic et 

al., 2018; Zuliani et al., 2019). It is estimated that the mean dietary mercury exposure is (8.2 µg/d) and (8.6 µg/day) for 

females and males respectively, assuming that the amount obtained by fish intake as (0.66±0.05 µg/g) wet weight 

(ATSDR, 2013; Alcala-Orozco et al., 2017). 
 

Table 2: Documented proposed mechanisms of action of mercury toxicity 
 

Bio-level Proposed mechanism of action Reference 

Cellular level 

(Mitochondrial 

oxidative stress) 

Fe
++ 

and Cu
++

 displacement in cytochrome C and  NADH 

dehydrogenase 
Valko et al., 2005 

Increased hydrogen peroxide, depletion of mitochondrial 

glutathione by 50%, increased lipid peroxidation markers’ 

thiobarbituric acid reactive substances by >70%, oxidation of 

pyridine nucleotides NADPH and alteration of  Ca  homeostasis 

Chen et al., 2006 

Depolarization , auto oxidation and lipid peroxidation of inner 

mitochondrial membrane  

Zhang et al., 2009;  

Gardener et al., 2009 

Increased 8-hydroxy-20-deoxyguanosine, a marker of oxidative 

DNA damage and decreased serum antioxidant levels  
Shenker et al., 2008 

Molecular level 

 

 

Defective enzymatic thiol or sulfhydryl groups, inhibited protein 

synthesis, caused microtubule disruption and disturbed 

intracellular Ca
2+

 with disturbed  neurotransmitters 

Chen et al., 2006 

 

Overproduction of free radicals Valko et al., 2005 

Induction of oxidative- mediated apoptosis in human T cells and 

monocytes and inactivation of several antioxidant mechanisms 
Kim & Sharma, 2004 

Induction of stress-related apoptotic signal by phosphorylation 

and activation of c-Jun N-terminal kinases and p38. 
Sun et al.,2018 

Liver and pancreas 

 

Increased oxidative stress of β-cell that progress to inhibition of  

insulin receptors through: activation of phosphoinositide 3-

kinase, depletion of  γ-Glutamyl-cysteinyl glycine and blocking 

the protein kinase B signaling pathway 

Fillion et al., 2008; Chen et 

al., 2006; 

Fan et al., 2017 

https://www.sciencedirect.com/science/article/pii/S0889157518300553#!
https://www.sciencedirect.com/science/article/pii/S0889157518300553#!
https://www.sciencedirect.com/science/article/pii/S0889157518300553#!
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Interference with transcription and translation processes, 

disappearance of  ribosomes and eradication of endoplasmic 

reticulum, apoptosis in human T lymphocytes and general 

apoptotic pathways activation 

Kim and Sharma, 2004 

Increased serum thiobarbituric acid reactive substances levels 

leading to decreased serum insulin, hepatic insulin resistance, 

and  hyperglycemia  

Shenker et al.,2008 

Cardiovascular 

system 

 

Mitochondrial dysfunction, lowered ATP-synthesis, increased 

phospholipid, protein and DNA peroxidation resulting in 

vascular oxidative stress and inflammation, inactivated 

paraoxonase causing dysfunctional HDL and defective hepatic 

reverse cholesterol transport and interference with antioxidant 

proteins and DNA enzymes  

Takahashi & Shimohat , 

2019 

 

Increased pro-oxidant NADPH oxidase, lessened nitric oxide 

levels, increased  vasoconstrictor cyclooxygenase -2 prostanoids  

production, raised angiotensin converting enzyme activity 

affecting rennin angiotensin system and body fluids 

Ceja-Galicia et al., 2017 

Endothelial cells dysfunction, reducer their formation and 

migration, increased platelet aggregation and increase 

coagulation factor XIII activity causing hyper-coagulation 

Takahashi & Shimohat , 

2019 

 

Nervous system 

Binding to sulfhydryl end of tubulin in microtubule, defective 

gamma-amino butyric acid and N-methyl-d-aspartate receptor 

system, oxidation of neurons, polarization of microglial cells 

damaging neurons and impairment of blood brain barrier 

endothelial cells  

Takahashi & Shimohat , 

2019 

 

 

 

Table 2 presents the documented proposed mechanisms of action of mercury toxicity. At the cellular level, mercury has 

a major role to induce mitochondrial dysfunction and oxidative stress (Zhang et al., 2009). The primary mitochondrial 

dysfunction occurs at the ubiquinone-cytochrome-b region and with NADH dehydrogenase triggering displacement of 

Fe
++ 

and Cu
+
 ions in the a3Cub center of cytochrome- C (Valko et al., 2005). This results in depolarization and auto-

oxidation of the inner mitochondrial membrane with lipid peroxidation and severe mitochondrial dysfunction (Zhang et 

al., 2009). Physiologic consequences comprise increasing of  hydrogen peroxide, depletion of mitochondrial 

glutathione by more than 50%, increasing lipid peroxidation markers such as thiobarbituric acid reactive substances 

(TBARS) by more than 70%, oxidation of pyridine nucleotides such as NADPH, and alteration of  calcium homeostasis 

(Cheng et al., 2006). This severe mercury-induced mitochondrial dysfunction increases the pro-oxidant NADPH 

oxidase, raises angiotensin-converting enzyme (ACE) activity that affects the renin angiotensin system and body fluids, 

lessens the antioxidant defenses like nitric oxide and vasoconstrictor cyclooxygenase -2 (COX-2) prostanoids 

production which have enormous health implications (Cheng et al., 2006; Ceja-Galicia, et al., 2017). This oxidative 

stress is identified by the increase in 8-hydroxy-20-deoxyguanosine "a marker of oxidative DNA damage" (8-OH-dG) 

and a decrease in antioxidant levels in the serum (Cheng et al., 2006; Shenker et al., 2008; Ceja-Galicia, et al., 2017). 
 

Moreover, methyl mercury toxicity can act at the molecular level. It has been suggested that methyl mercury may 

inhibit  protein synthesis causing microtubule disruption or  increasing intracellular Ca
2+

 levels with disturbances of 

neurotransmitter function mainly by binding to thiol or sulfhydryl groups resulting in activation of sulfur and blockage 

of the related enzymes, cofactors and hormones (Valko et al., 2005; Chen et al., 2006). Oppositely, the indirect 

interactions of methyl mercury at critical cellular sites and as a consequence of the inhibition of the protective 

mechanisms may cause  overproduction of free radicals (Valko et al., 2005). Indeed, the formation of reactive oxygen 

species (ROS) in the kidney, liver, and brain has been observed following administration of methyl mercuric chloride 

to rodents, fish and in vitro cells ((Valko et al., 2005; Chen et al., 2006).  
 

Mercuric ions are broadly sulfhydryl reactive and modulate ROS. It has been reported that mercury regulates redox 

status (Shenker et al., 2008) that results in the induction of apoptosis in human T cells and monocytes inducing 

oxidative stress and inactivate several antioxidant mechanisms (Kim and Sharma, 2004). Oxidative stress induces 
activation of mitogen-activated protein kinases and results in caspase activation that would impede calcium metabolism 

that affects bone health (Liu et al., 2019). Oxidative stress also induces activation of the c-Jun N-terminal kinases (c-

JNK) and p38 via phosphorylation triggering stress-mediated apoptotic signals (Sun et al., 2018). 
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Mercury is reported to cause the formation of glutathione–mercury complexes on the cysteine residue of the glutathione 

that reduces the cellular defense system against oxidative stress impairing the activity of glutathione peroxidase and 

stimulating lipid peroxidation, and thus atherosclerosis (Cheng et al., 2006; Liu et al., 2019). In several animal 

experimental studies, it has been reported that intraperitoneal or subcutaneous injections of methyl mercury or mercuric 

chloride result in intensified lipid and phospholipid peroxidation in various brain and renal regions (Shenker et 

al.,2008). Lipid peroxidation is shown to occur by free radicals degradation of phospholipids in the low-density 

lipoprotein cholesterol (LDL-C) molecules. Mercury exposure is suggested to induce production of free radicals, 

mitochondrial dysfunction, lowered ATP-synthesis and increased peroxidation of phospholipids, proteins and DNA 

resulting in vascular oxidative stress and inflammation (Takahashi & Shimohat, 2019) 
 

Increased free radicals production may inactivate paraoxonase that causes dysfunctional high-density lipoprotein, thus 

reducing reverse cholesterol transport to the liver. It may also interfere with the active site of repair proteins for the 

DNA and cell homeostasis (Takahashi & Shimohat, 2019). By binding to the thiol groups present in the platelets 

membrane Na
+
-
 
K

+
-
 
ATPase, mercury can induce changes in platelet aggregation. It inhibits adenylate cyclase and 

stimulates phosphodiesterase activity that is associated with the elevation of platelet aggregation, a matter that is 

suggestive of a specific role of cellular cyclic AMP in this biochemical event (Takahashi & Shimohat, 2019).  
 

In pancreatic β-cells, increased ROS production due to mercury exposure causes alteration of intracellular Ca
2+

 

homeostasis; this results in dysfunction of these cells or evenly cell death leading to reduction in insulin secretion or an 

eventual autoimmune attack as in type 1 diabetes (Chen et al., 2006). Moreover, mercury causes disruption of 

phosphoinositide 3-kinase, depletion of γ-glutamyl cysteinyl glycine and blocking the protein kinase B signaling 

pathway (Chen et al., 2006; Fillion et al., 2008; Fan et al., 2017). Dysfunctioning of pancreatic β-cells and apoptosis in 

murine models, increased lipid peroxidation and NADPH oxidase, a reduction in antioxidant defenses, lessening in 

nitric oxide, raised vasoconstrictor Cox-2 prostanoids production and ACE activity have recently been reported (Fan et 

al., 2017). On the other hand, mercury exposure has been shown to cause phosphorylation of c-JNK that leads to serine 

phosphorylation in insulin signaling pathways resulting in inhibition of peroxisome proliferator-activated receptor 

γ expression and disrupting the pre-adipocyte differentiation, maturation, and adipokines secretion, thus increasing 

risks of obesity related problems (Kim & Sharma, 2004).  
 

6. Toxicity of Lead  
 

Lead is the second potent occupational toxicant with widespread use especially in marine foods (Hamida et al., 2018). 

It is thought that lead toxicity is responsible for the collapse of the Roman Empire due to their use of lead components 

in wine production, a matter that leads to dementia in many emperors (Wani et al., 2015). Once absorbed, lead 

accumulates in high levels in bones, teeth, liver, lungs, kidneys, brain, and spleen; then it goes through the blood brain-

barrier and the placenta (Wani et al., 2015). The most sensitive targets for lead toxicity are the developing nervous, 

cardiovascular and hematological systems. The allowable level of lead in fish set by the European Commission 

guideline and FAO is 0.04 mc/g (EC, 2015).  
 

Lead causes cell toxicity by ionic mechanisms of oxidative stress. The production of ROS is increased after lead 

treatment in vitro studies (Ahmad & Siddiqui, 2007). In vivo studies, it has been suggested that lead exposure causes 

the generation of ROS and alteration of antioxidant defense systems in animals (Hsu et al., 2002). The mechanisms for 

lead-induced oxidative stress include cellular structural damage of membranes proteins and lipids, nucleic acids and 

antioxidant defense systems through generation of highly ROS such as superoxide and hydroxyl radicals, and hydrogen 

and lipid peroxides (Mathew et al., 2011; Flora et al., 2012; Taylor et al., 2012). The ionic mechanism of lead toxicity 

occurs mainly due to the ability of lead metal ions to replace other bivalent cations mainly Ca
2+

, Mg
2+

, Fe
2+

 and 

monovalent cations particularly Na
+
, K

+
 which ultimately disturbs the biological metabolism of the cell (Hsu et al., 

2002; Ahmad & Siddiqui, 2007). The ionic mechanism of lead toxicity possibly causes significant changes in various 

biological processes such as cell adhesion, intra- and inter-cellular signaling, protein folding, maturation, apoptosis, 

ionic transportation, enzyme regulation, and release of neurotransmitters (Taylor et al., 2012). Lead can substitute 

calcium even in picomolar concentrations affecting protein kinase C, which regulates the neural excitation and memory 

storage (Mathew et al., 2011). 
 

Table 3 shows the documented proposed mechanisms of action of lead toxicity. At the cellular level, lead  has a high 

affinity for sulfhydryl groups in enzymes of the antioxidative defense systems such as superoxide dismutase, catalase, 

glutathione peroxidase, and glucose-6-phosphate dehydrogenase, and subsequently inhibits their activities (Ahmad & 
Siddiqui, 2007; Flora et al., 2012). Lead has a higher affinity than calcium for calmodulin and can activate some 

calmodulin-dependent processes, inhibit Ca-ATPase and sodium-potassium and
 
calcium bombs and channels and 

replace calcium in several of its receptors by calcium-mimicking effects (Flora et al., 2012).  
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In essence, lead  may cause frank anemia as its absorption is inversely related to dietary calcium, thus the low dietary 

intake of calcium can lead to higher levels of lead in the circulation (Castro-González et al., 2008). 
 

Table 3: Documented proposed mechanisms of action of lead toxicity 
 

Bio-level Proposed mechanism of action Reference 

 

 

Red blood cells  

Inhibited δ-aminolevulinic acid dehydratase I in heme synthesis  

and accumulation of δ-aminolevulinic inducing reactive oxygen 

species 

Taylor et al., 2012; 

Hsu et al., 2002; 

Flora et al., 2012 

Binding and inhibiting activity of antioxidant defense enzymes: 

Superoxide dismutase, catalase, glutathione peroxidase and 

glucose-6-phosphate dehydrogenase 

Flora et al., 2012 

Activated calmodulin-dependent processes inhibiting Ca bombs 

and channels and replacing Ca in several of its receptors 

Castro-González  

et al., 2008 

Disturbed porphobilinogen synthase and ferrochelatase, halted 

porphobilinogen formation and inhibited  iron incorporation into 

protoporphyrin IX 

 

Wani et al., 2015 

Liver 

Upregulation of gluconeogenic gene expression, disruption of 

hepatic energy metabolism, reduced levels of glycogen and 

elevated liver alanine aminotransferase and triglyceride leading 

to fatty liver 

Castro-González 

et al., 2008; 

Tyrrell et al., 2017; 

Leff et al., 2018 

Muscles and adipose 

tissue 

Increased reactive oxygen species promoting insulin resistant by 

inhibiting insulin receptor substrates (1and 2) required for 

downstream signaling by addition of serine/threonine kinases 

phosphorylation 

Leff et al., 2018 

 

Nervous system 

 

Calcium substitution in protein kinase C, neural excitation and 

memory storage defect, fluid movements into blood brain barrier  

interstitial spaces, disrupted intracellular second messenger 

systems and altered functioning of central nervous system, 

mental retardation, birth defects, psychosis, autism, allergies, 

dyslexia, weight loss, hyperactivity, paralysis, muscular 

weakness and brain damage 

Mathew et al., 2011; 

Tyrrell et al., 2017; 

Castro-González  

et al., 2008 

Pancreas Defective antioxidant enzymes causing reduced β-pancreatic 

cells insulin secretion 

Leff et al., 2018 

Cardiovascular 

system 

Stimulated oxidative stress mechanism causing: Defective renin-

angiotensin system; nitric oxide down-regulation, reduced 

soluble guanylate cyclase and declined glomerular filtration rate 

Feng et al., 2015; 

Nawrot et al., 2002 

Increased oxidation, accumulated foam cells in macrophages and 

stimulated lipids oxidation  leading to esterified cholesterol and 

fatty acids participation 

Baranowska et al., 2019 

 

On the other hand, lipid peroxidation in red blood cell membranes causes its fragility and decreases their lifespan as a 

consequence of lead-induced oxidative stress (Flora et al., 2012). This type of stress causes hemolysis and restraining 

hemoglobin synthesis via inhibition of δ-aminolevulinic acid dehydratase (δ-ALAD), an important enzyme in heme 

biosynthesis which leads to the accumulation of δ-ALA (Ahmad & Siddiqui, 2007; Flora et al., 2012; Tyrrell et al., 

2017). These oxidative events eventually induce the generation of ROS in the hematopoietic system resulting in lead-

induced hemolytic anemia (Ahmad & Siddiqui, 2007; Tyrrell et al., 2017). 
 

The central nervous system is the most sensitive organ to lead toxicity (Tyrrell et al., 2017). Chronic exposure of lead 

can result in mental retardation, birth defects, psychosis, autism, allergies, dyslexia, weight loss, hyperactivity, 

paralysis, muscular weakness, brain damage, kidney damage and may even cause death. In addition, elevated serum 

lead concentrations have negative effects on a persons’ intelligence quotient (Castro-González et al., 2008). Although 

lead poisoning is preventable, it still remains a dangerous disease that can affect most organs (Burger et al., 2012). 

Edema-induced encephalopathy results from increased serum lead concentrations in which lead moves into the 

interstitial spaces of the blood-brain barrier (Tyrrell et al., 2017), replaces Ca
+2

 ions and accumulates in the astroglial 

cells and disrupts the intracellular second messenger systems and alters the functioning of the central nervous system 

by oxidative stress mechanisms (Burger et al., 2012;  Tyrrell et al., 2017). 
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7. Mercury and Cardio metabolic Concerns 
 

Evidence is now arising on the possible role of toxic heavy metals particularly mercury and lead in the pathogenesis of 

CMS and its associated diseases. They are accumulated in vital body organs such as liver, heart, kidneys, and brain 

disturbing normal biological functioning and possibly increasing the susceptibility of infection, inflammatory reactions, 

oxidative stress, hypertension, dyslipidemia, diabetes type 2, CVD, and thus CMS (Ceja-Galicia, et al, 2017; Park et al, 

2017; Simi´c, et al, 2017; Lee, 2018). In addition, the development of CMS due to oxidative stress, endoplasmic 

reticulum stress and inflammatory reaction as a result of the environmental exposure to mercury and lead has been well 

documented (Lee, 2018). It has been suggested that CVD mortality could be reduced by decreasing or eliminating 

exposure to environmental pollutants such as heavy metals. The cardiovascular system is considered sensitive to acute 

or chronic exposure of low doses of mercury or lead exposure (Lee, 2018). 
 

Blood mercury concentrations have been reported to associate with the CMS components mainly obesity and weight 

phenotype in a dose-dependent manner (Park et al., 2017; Lee, 2018). In animals, it has been shown that blood mercury 

concentration is associated with obesity which is the main risk factor for CMS (Kosik-Bogacka et al., 2017). On the 

other hand, in humans, the link between blood mercury level and adiposity is a matter of controversy. A possible role 

of mercury in the induction or exacerbation of chronic metabolic diseases such as diabetes mellitus and CVD and hence 

CMS has been postulated (Lee et al.,  2018). Inorganic mercury is a well-established immunotoxin that might force the 

induction of oxidative stress, inactivation of several antioxidant mechanisms and generation a chronic low-grade 

inflammation leading to increased risk of CMS development (Liao et al., 2016). Furthermore, mercury might 

impudence calcium metabolism and affect bone health (Kosik-Bogacka et al., 2017). In animals, the development of 

systemic autoimmune diseases  has been accelerated by inorganic mercury exposure (Sun et al., 2018). 
 

There is a marked interrelation among heavy metal exposure, the pathogenesis of obesity and other related diseases 

(Sun et al., 2018). A tight relationship between CMS components and oxidative stress has been demonstrated.  To our 

knowledge, the effect of environmental exposure to metallic elements on obesity development is still unclear (Sun et 

al., 2018). Some epidemiological studies have suggested that trace heavy metals may play key roles in the development 

of obesity as well as CVD, type 2 diabetes, hypertension and dyslipidemia (Okyere et al., 2015; Simić et al., 2017). It is 

known that the adiposeness process involves a complex and high orchestrated program of transcriptional factors, 

cofactors and signaling intermediates from numerous pathways. As heavy metals have long half-lives of several 

decades, they would accumulate persistently in the human body when ingested and absorbed (Simić et al., 2017) . 
 

It is well known that insulin resistance and pancreatic β-cell dysfunction can occur several years before the 

development of type 2 diabetes. This heightens the risk of CMS sufferers who will become pre-diabetics and ultimately 

diabetics (Fan et al., 2017). In experimental studies, it has been shown that hyperglycemia is induced by orally treating 

rats with doses of  methyl mercury of 20 μg/kg for 2 weeks leading to β-cell damage (Shenker et al., 2008; Fan et 

al.,2017). It is supposed that mercury is involved in the etiology in type II diabetes by a toxic mechanism affecting 

oxidative stress which may elaborate in the progression of insulin resistance and of pancreatic β-cell dysfunction (Fan 

et al., 2017). In addition, mercury induces apoptosis in human T lymphocytes. Both aforementioned theories suggest 

that the affected organelle is the mitochondrion and that inducing oxidative stress activates apoptotic pathways (Kim & 

Sharma 2004). These findings possibly indicate that methyl-mercury induces oxidative stress, regulated pancreatic β-

cell cytotoxicity through a mitochondrial apoptotic pathway which activates caspase3 in response to the mitochondrial 

release of cytochrome C (Shenker et al., 2008). 
 

Few human studies have investigated the association between blood mercury concentrations and the adipogenesis 

process in several points. Mercury level and adiposity which is measured by body mass index and waist circumference 

(Fan et al., 2017), although these are not direct measures of adiposity, the results have been inconsistent. Blood 

mercury concentration has been found to be related to waist-hip ratio, which is a cardiovascular risk factor via an 

obesity-related mechanism (Zárate et al., 2017). The mechanism of obesity by mercury exposure is not yet clear, 

although a possible relationship between dysregulation of lipid metabolism and glucose metabolism has been suggested 

(Fan et al., 2017), beside the higher content of omega -3 polyunsaturated fatty acids metabolites, that serve as anti-

inflammatory agents (Zárate et al., 2017). 
 

In humans, a tight relationship among the serum, hair, urine, and toenails mercuric concentrations in diabetic patients 

has been reported (Bilandžić et al., 2018). Furthermore, serum mercuric chloride and methyl mercury have been found 

to associate with lower levels of serum insulin, hyperglycemia, glucose intolerance and higher levels of serum TBARS 
concentrations (Shenker et al., 2008). In contrast, an inconsistent evidence for diabetes incidence as a result of high fish 

intake has been documented (Lee, 2018; Baranowska-Bosiaka et al., 2019). It has been assumed that the high 

antioxidant selenium content in fish may lessen the oxidative toxicity of mercury. In a cross-sectional study, it has been 

shown that methyl mercury blood levels are associated with hepatic insulin resistance (Shenker et al., 2008).  
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Controversially, in a nested case-control study, no evidence for mercury exposure from regular fish consumption to 

increase CVD risk in a population of Spanish adults with high CVD risk and high fish consumption has been found 

(Bilandžić et al., 2018). Although fish is a source of beneficial DHA and EPA for the cardiovascular system, their 

protective effect is expected to diminish by the presence of mercury in fish and products (Zhang et al., 2009). 
 

8. Lead and Cardiometabolic Concerns 
 

It has been revealed that exposure to low levels of lead can influence the development of diabetes (Feng et al., 2015). 

The urinary lead levels have been shown to be positively and significantly associated with impaired fasting blood 

glucose among the general adult Chinese population (Dapul et al., 2014). High-dose exposure to lead also causes acute 

symptomatic poisoning characterized by colic, anemia, and depression of the central nervous system that may result in 

coma, convulsions, and death  Moreover, the immune, reproductive and cardiovascular systems are adversely affected 

(Dapul et al., 2014).  
 

In an animal experiment, Tyrrell et al. (2017) have demonstrated that lead exposure in the obese rat model can disrupt 

glucose metabolism and lead to hyperglycemia and impaired glucose tolerance independently of body weight or food 

consumption.  The suggested mechanisms include the promotion of insulin resistance in key peripheral tissues mainly 

skeletal muscle and adipose, the reduction of β-cell insulin secretion, or  by dysregulation of glucose production in the 

liver leading to elevated hepatic glucose output (Castro-González et al., 2008). This may also induce an increase in 

hepatic glucose production which would contribute to both fasting hyperglycemia and glucose intolerance exacerbating 

impairments and metabolic abnormalities associated with diabetes (Lee, 2018). Additionally, the liver is the target 

organ in animals exposed to lead which leads to disruption of hepatic energy metabolism with the reduced level of 

glycogen and elevated triglyceride (Castro-González et al., 2008). At the same time, lead consumption induced 

upregulation of gluconeogenic gene expression which caused  fatty liver, a condition associated with hepatic insulin 

resistance and diabetes (Lee, 2018).  
 

Chronic exposure to lead has been linked to atherosclerosis and increased cardiovascular mortality in men; positive 

associations between serum lead and serum fasting glucose, body mass index, serum triglycerides, LDL-C, cholesterol, 

and insulin have been reported. Lead intoxication has been shown to promote atherosclerosis in experimental animals. 

It acts at multiple sites within the cardiovascular system and may affect systemic lipid metabolism (Ahmad & Siddiqui, 

2007; Baranowska-Bosiaka et al., 2019). 
 

Dose-response relationships as a result of lead exposure with blood pressure have been identified in numerous studies. 

The cardiovascular effects of lead are not limited to increased blood pressure and hypertension but also boost the  

incidence of clinical cardiovascular endpoints such as coronary heart disease, stroke, and peripheral arterial disease 

(Nawrot et al., 2002; Feng et al., 2015). Several suggestions for the mechanisms for lead toxicity as hypertensive 

effectors include oxidative stress mechanism that stimulates the renin-angiotensin system, down-regulation of nitric 

oxide and soluble guanylate cyclase that increases vascular tone and peripheral vascular resistance (Feng et al., 2015). 

In a general population study, inverse associations between estimated glomerular filtration rate and blood lead have 

been observed at blood lead levels less than 5 µg/dl indicating that lead-induced reductions in renal function could play 

a major role in hypertension (Nawrot et al., 2002).  
 

Lead might be associated with obesity, Park et al. (2017) have observed correlations among lead exposure and risk of 

low birth weight infants, followed by rapid adiposity gain that is a consistent risk factor for childhood obesity, 

cardiovascular and metabolic impairment later in life. The suggested mechanism of lead resulting in obesity may 

involve the effects of metal neurotoxicity on brain function and signaling related to dysregulated appetite and satiety 

response (Coretes et al., 2016; Park et al., 2017). A higher risk of attention-deficit or hyperactivity disorder as a result 

of lead toxicity has been shown and linked with increased food intake and obesity (Coretes et al., 2016).  
 

9. Conclusions 
 

Worldwide, CMS presents a serious health problem and is closely associated with lifestyle and dietary factors. Fishes 

are an essential part of the human diet deeming their good nutritional value and cardioprotective effects. Fishes 

particularly tuna and sardines contain detectable amounts of mercury and lead that could seriously affect health. This 

makes it difficult to ascertain the role of fish in the healthy diet. Mercury and lead are especially identified as potential 

risk factors for CMS development. Nonetheless, the underlying mechanisms of their pathogenesis are poorly 

understood. In animals, the available evidence indicates the presence of associations between fish, lead and mercury 

and emergence of obesity, insulin resistance, diabetes, and atherosclerosis. In humans, the evidence is less clear and is 

highly controversial and no causal relationship is yet established. Randomized controlled trials are suggested that 

investigate direct clinical and longitudinal effects of fish, lead and mercury on the key biomarkers of CMS. 
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