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Summary of Thesis
The renin angiotensin system (RAS) is a major physiological system that plays 

key role in the homeostatic control of arterial pressure, tissue perfusion, and 

extracellular volume. The cascade starts with the cleavage of the N-terminal portion of a 

large molecular weight globulin, angiotensinogen (ANG), to form the biologically inert

decapeptide angiotensin-I (Ang-I) by the enzyme renin. This is the rate-limiting step of 

the RAS pathway. Next, the dipeptidyl-carboxyl peptidase, angiotensin-converting 

enzyme (ACE), cleaves decapeptide Ang-I into an octapeptide angiotensin-II (Ang-II). 

The principal effector molecule, Ang-II, initiates various intracellular signal 

transduction cascades after binding to its receptors: the Ang-II type 1 receptor (AT1R) 

and the Ang-II type 2 receptor (AT2R). Ang-II also acts on the adrenal cortex and causes 

the release of aldosterone.

Dysfunction of the RAS has been found to be associated with several disease 

conditions like- preeclampsia, type 2 diabetes, renal dysfunction and cardiovascular 

diseases (CVDs). As renin is regulating the key step of RAS pathway, it is useful to 

measure renin to evaluate the RAS activity. Additionally, plasma renin activity (PRA) 

has been shown as a biomarker to predict future cardiovascular events and renal 

disorders in observational studies and in clinical trials. A comparative study showed that 

among several laboratories, the reproducibility of plasma renin concentration (PRC) is 

higher than that of PRA. PRC measured by activity assay (ac-PRC) is defined as Ang-I

production by plasma renin enzymatic activity acting on saturating amounts of 

exogenous ANG. Ovine ANG (oANG) has been utilized for many years as a renin 

substrate for measuring ac-PRC. Enzymatic studies showed that human renin has a 

higher affinity (lower Km) for and higher reaction velocity (higher kcat) with oANG than 
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human ANG, where Km and kcat indicate Michaelis constant and turnover number, 

respectively. In other words, oANG has been shown to be a better substrate than human 

ANG in measuring ac-PRC.

In the first part of the thesis, it has been shown that recombinant oANG expressed 

in Escherichia coli (E. coli) cells can be utilized as the substrate of renin while

measuring plasma renin. An immunoassay for measuring renin concentration at 

picomolar level using recombinant oANG has been elucidated in this dissertation. 

Recombinant oANG was expressed in E. coli BL21 cells transformed with 

pTAC-oANG-His plasmid and purified to homogeneity.

recombinant oANG was obtained from 0.5 L of E. coli cell culture. Enzymatic analyses 

of the protein were performed to ensure good quality. Recombinant purified oANG 

(0.80 µM) and picomolar concentrations of human renin standard (0.20, 0.40, 0.60, 0.80, 

1.0 and 1.5 pM) were reacted to measure the rate of Ang-I generation by Ang-I specific 

enzyme-linked immunosorbent assay. The enzymatic activity of renin (i.e., renin 

activity) is defined as follows:

Renin activity = [pg amount of Ang-I / (0.1 mL × 2 h ×1000)] ng Ang-I mL-1 h-1

Renin activities were measured at 0.8 µM of oANG (5 times higher than Km value), 

which is comparable with saturating amounts of exogenous ANG. In each condition, less 

than 1% of oANG was consumed, which indicates that the initial velocities of the 

renin-ANG reaction were estimated properly. A linear calibration curve was generated 

by plotting the renin activity versus renin concentration (0.2 1.5 pM), and the value of 

determination coefficient (R2) was calculated to be 0.99. This result suggests a strong 

linear relationship between renin activity and renin concentration. Unknown renin 

concentration, ranging from 0.2 pM and above, can be determined from known renin 

activity for any point on the calibration curve by selecting an appropriate dilution.
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Given that the molecular weight calculated from the amino acid sequence of renin is 37 

k, the measurable range is 7.4 ng/L or above. This method with recombinant oANG as a 

human renin substrate is applicable for measuring active renin concentration in human 

plasma.

In the second part of this dissertation, the pathological contribution of heavy metals 

to the alteration of two molecular mechanisms: the RAS and oxidative stress leading to 

CVDs has been reviewed. CVDs are a group of disorders of the heart, brain and blood 

vessels including coronary heart disease, cerebrovascular disease, rheumatic heart 

disease and other conditions. Exposure to environmental toxic heavy metals has been 

found to be associated with an increased risk of CVDs. Heavy metals are naturally 

occurring elements with high atomic weight and a specific density of greater than 

3. This study focused on arsenic, lead, cadmium, mercury, chromium and iron

among other heavy metals because of their effects on RAS and oxidative stress. 

Oxidative stress has been defined as an imbalance between the production of free 

radicals or reactive oxygen species (ROS) and antioxidant defense system. Free radicals 

peroxynitrite (ONOO-) are molecules with increased chemical reactivity that contain 

unpaired electrons. Free radicals can be generated endogenously as the by-products of 

many biochemical processes within the body including reduction of molecular oxygen

during aerobic respiration and/or through exogenous factors e.g. food agents, 

xenobiotics, smoking, gamma rays, heavy metals etc.

A plethora of evidence exists regarding Ang-II involvement in the regulation of 

nicotinamide adenine dinucleotide phosphate oxidase activation, a major source of ROS 

which then initiates various redox signaling cascades. Heavy metals can alternate RAS

components and also modulate oxidative stress. Our experimental data showed that 
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decreasing GST activity, an antioxidant enzyme, led to an increased level of

thiobarbituric acid reactive substances (TBARS), oxidative stress marker, in plasma of 

heavy metal exposed subjects. Studies have demonstrated an association between 

increased prevalence of CVDs and elevated levels of TBARS in humans. Thus, 

individuals exposed to heavy metals have increased oxidative stress and decreased 

activity of scavenging enzymes. As a result, oxidative stress induced by heavy metals 

through activation of RAS and independent generation of ROS through Ang-II may 

have a synergistically deleterious effect on the cardiovascular system which may 

increase the risk CVD occurrence. The etiology of heavy metal-induced CVDs is 

viewed from the perspective of RAS and oxidative stress in the second part of the 

thesis.
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Chapter-1
1.1. General Introduction 

The renin angiotensin system (RAS) is known for decades for its role in the 

homeostasis of peripheral vascular resistance as well as volume and electrolyte 

composition of body fluids (133). The RAS hormonal cascade begins with the 

biosynthesis of renin by the juxtaglomerular cells that line the afferent (and occasionally 

efferent) arteriole of the renal glomerulus in response to the reduced renal blood flow

(31). Renin is synthesized as a preprohormone, and mature (active) renin is formed by 

proteolytic removal of a 43-amino-acid prosegment peptide from the N-terminus of 

prorenin, the proenzyme or renin precursor (196). Renin regulates the initial, 

rate-limiting step of the RAS by cleaving the N-terminal portion of a large molecular

weight globulin, angiotensinogen (ANG), to form the biologically inert decapeptide 

Ang-I (Fig. 1.1) (196). The primary source of systemic circulating ANG is the liver

(125). The inactive decapeptide Ang-I is hydrolyzed by angiotensin-converting enzyme 

(ACE), which removes the C-terminal dipeptide to form the octapeptide Ang-II, a 

biologically active, potent vasoconstrictor (125). ACE is a membrane-bound 

exopeptidase and is localized on the plasma membranes of various cell types, including 

vascular endothelial cells, microvillar brush border epithelial cells (e.g., renal proximal 

tubule cells), and neuroepithelial cells (31). The generation of angiotensin I (Ang-I) and 

II (Ang-II) is not restricted to the systemic circulation but production also takes place in 

vascular and other tissues (3).

Ang-II is the primary effector of a variety of RAS-induced physiological and 

pathophysiological actions. The effects of Ang-II are mediated through specific cell 
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surface receptors, known as the angiotensin II type 1 receptor (AT1R) and the 

angiotensin II type 2 receptor (AT2R) (Fig.1.1) (59). The AT1R mediates most of the 

established physiological and pathophysiological effects of Ang-II. These include 

actions on the cardiovascular system (vasoconstriction, increased blood pressure, 

increased cardiac contractility, vascular and cardiac hypertrophy), kidney (renal tubular

sodium reabsorption, inhibition of renin release), sympathetic nervous system, and 

adrenal cortex (stimulation of aldosterone synthesis) (31). The receptor also mediates 

effects of Ang-II on cell growth, cell proliferation, inflammatory responses, and 

oxidative stress (55). This receptor is typical of the G protein-coupled receptor 

superfamily containing seven membrane-spanning sequences and is widely distributed 

on many cell types in Ang-II target organs. The AT2R is abundant during fetal life in the

brain, kidney, and other sites, and its levels decrease markedly in the postnatal period. 

There is some evidence that, despite low levels of expression in the adult, the AT2R

might mediate vasodilation, antiproliferative and apoptotic effects in vascular smooth 

muscle inhibiting growth and remodeling in the heart (31, 59). In the kidney, it has been 

proposed that activation of AT2R may influence proximal tubule sodium reabsorption 

and stimulate the conversion of renal prostaglandin E2 to prostaglandin F (31, 55).



3

Fig.1.1. Schematic presentation of RAS. Renin released from the kidney converts 
angiotensinogen (ANG) from the liver to the decapeptide angiotensin-I (Ang-I), which 
undergoes proteolytic cleavage generating angiotensin-II (Ang-II) through the activation 
of angiotensin-converting enzyme (ACE), released from the lungs. Ang-II exerts its 
effects through binding to specific cell surface receptors, Ang-II type 1 receptor (AT1R) 
and Ang-II type 2 receptor (AT2R)

1.2. Pathophysiological role of RAS

Numerous clinical and laboratory data are now available supporting the hypothesis 

that the RAS is relevant in the pathogenesis of several diseases. Historically, Ang-II was 

only seen as a regulatory hormone that regulates blood pressure, aldosterone release, 

and sodium reabsorption. Now it is generally accepted that locally formed Ang-II could 

activate the cells regulating the expression of many substances, including growth factors, 

cytokines, chemokines, and adhesion molecules, which are involved in cell 

growth/apoptosis, fibrosis, and inflammation (115, 171, 173). Drugs that block Ang-II 

actions, such as ACE inhibitors or angiotensin receptor antagonists, are currently 

employed in the treatment of hypertension, heart failure, atherosclerosis, and other 
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CVDs (115, 171, 173, 210). Dysregulation of the RAS has been also found to play an 

important role in the pathogenesis of preeclampsia, diabetes and renal disorders (80,

133, 180). Hence, it is necessary to evaluate the RAS activity for the prognosis of these 

diseases.

1.2.1. Dysregulation of RAS in preeclampsia

Hypertension is the most important clinical symptom in preeclampsia (189). RAS 

components such as Ang-II, ACE and AT1R play an important role in decidualization 

and spiral artery remodeling in normal pregnancy (126). There are also published 

reports showing that prorenin, (pro)renin receptor and AT1R regulate placental 

angiogenesis through the vascular endothelial growth factor expression (73, 160). Herse 

et al. (74) found that the level of renin, ACE, ANG and AT1R gene expression were 

significantly higher in the decidua in preeclampsia than that in normal pregnancy. 

Studies have reported that patients with preeclampsia exhibit AT1R agonistic 

autoantibody, suggesting the involvement of RAS in the pathogenesis of this condition

(180).

1.2.2. Dysregulation of RAS in type 2 diabetes

RAS blockade reduces insulin resistance, which is the pathophysiological hallmark 

of the metabolic syndrome and type 2 diabetes (87). Ang-II infusion was shown to 

hinder the early phase of insulin secretion in rats (32) and treatment with losartan

stimulated the early phase of insulin secretion in transplanted islets in mice (90).

Furthermore, activation of RAS is reported to be associated with fibrosis of pancreatic 

islets in animals with type 2 diabetes (87). In experimental models (21, 178) specific 

angiotensin receptor blockers have modulated peroxisome proliferator-activated 
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activity and thereby reduce insulin resistance. In addition, several clinical 

trials (1, 66) have shown that the frequency of new onset of type 2 diabetes can be 

reduced by ACE inhibitors and angiotensin receptor blockers.

1.2.3. Dysregulation of RAS in renal disease

The kidney contains all elements of the RAS, and intrarenal formation of Ang-II not 

only controls glomerular hemodynamics and tubule sodium transport, but also activated 

inflammatory and fibrotic pathways (193). Ang-II induces transforming growth 

factor- 1 in the various renal cells and is thought to be a mediator of proteinuria (229).

Capillary filtration pressure of kidney is enhanced by Ang-II directly (efferent 

vasoconstriction) and indirectly (transforming growth factor- 1 mediated impaired 

afferent arteriole autoregulation) (186, 229). Moreover, Ang-II exhibits direct effects on 

the integrity of the ultrafiltration barrier (231). Ang-II stimulates albumin endocytosis in 

proximal tubule cells via AT2R mediated protein kinase B activation that activates the 

tubular RAS, leading to a vicious circle (34). Ang-II upregulates on mesangial cells 

Toll-like 4 receptors resulting in enhanced nuclear factor- B activation (230). The 

recruitment of various inflammatory cells into the glomerulus as well as into the 

tubulointerstitium plays a pivotal role in progression of chronic renal disease. Ang-II 

stimulates upregulation of adhesion molecules allowing circulating immune cells to 

adhere on capillaries (172). Nuclear factor- B mediated transcription of chemokines is 

responsible for renal tissue infiltration with leukocytes along with direct stimulation of

lymphocyte proliferation (170). It is obvious that the Ang-II-mediated proinflammatory 

effects amplify the pathophysiologic changes that are induced by proteinuria. Ang-II

stimulates proliferation of glomerular cells and fibroblasts which could enhance 

structural renal damage and fibrosis (172). Aldosterone was also found to be involved in 
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endothelial dysfunction, inflammation, proteinuria, and fibrosis in various animal 

models of renal diseases (143).

1.2.4. Dysregulation of RAS in cardiovascular risk

It is established that plasma renin levels vary widely in 

hypertension (67). Approximately 15% of patients with essential hypertension have 

mild to moderate increases in plasma renin activity (PRA), with several postulated 

mechanisms, including increased sympathetic activity and mild volume depletion (14).

The beneficial effects of ACE inhibitors and AT1R blockers in hypertensive patients and 

the improvement of cardiac function and remodeling in patients with heart failure, is an 

indisputable evidence of the harmful effect of Ang-II (155). Large clinical trials 

revealed the beneficial role of ACE inhibitors in patients with myocardial infarction as 

well as during hypertension (61, 63). AT1R blockers also reduce the incidence of 

interstitial fibrosis by decreasing collagen-I gene expression, which is an important

factor in the etiology of left ventricular hypertrophy and diastolic dysfunction (89). The 

gradients of Ang-II across the heart were increased in patients with congestive heart 

failure (182). De Mello (121) revealed that intracellular renin disrupts the exchange of

chemical signals between heart cells, including the cell-to-cell diffusion of glucose.

Aldosterone also disrupts the process of chemical coupling between cardiac myocytes

and contributes to inhibition of metabolic cooperation and heart disease (122).

1.3. Evaluation of RAS activity

Because of the involvement of RAS to several disease conditions, it is necessary to

evaluate the activity of the system. Given that renin is the rate-limiting enzyme of the

RAS, it is reasonable that measurement of PRA helps to determine the degree of RAS 



7

activation in the clinical setting of associated diseases. Activity of this system can be

assessed by measuring renin activity from plasma samples (52, 200, 225). Published 

literature suggests that PRA could be used as a predictive biomarker for cardiovascular 

and renal events (184). hree 

phases: investigating association between the biomarker and the outcome of interest 

(early-phase evidence), measuring its predictive performance (mid-phase evidence), and 

studying health impact of biomarker measurement by conducting randomized controlled 

clinical trials (late-phase evidence) (159). PRA has been shown to be a strong risk factor 

associated with all cause and cardiovascular mortality in patients with acute 

decompensated heart failure already being treated with RAS inhibitors (211).

Now-a-days direct renin assays that measure renin as mass concentration being faster, 

methodologically simpler and results, being independent of ANG concentration are 

progressively replacing traditional PRA assay (105). It has been also shown by several 

comparative studies that the reproducibility of plasma renin concentration (PRC) is 

higher than that of PRA among laboratories (127). PRC is defined as Ang-I production 

from exogenous ANG by plasma renin enzymatic activity (both renin and prorenin with 

open conformation) (30). Recombinant oANG produced in E. coli cells can be used as 

the exogenous source of ANG for PRC.

1.4. Effect of heavy metal toxicity on RAS

Humans are subjected to environmental-induced stress. The environmental factors 

are the sources, reactions, transport, effects, and fates of chemical species in the air, soil, 

and water environments. Exposures to heavy metals like arsenic (As), lead (Pb),

cadmium (Cd) as well as pollutant gases, solvents and pesticides have been linked to 

increased incidence of CVDs (29). Animal studies show that exposure to ambient air 
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particles increases peripheral thrombosis and atherosclerotic lesion formation (23).

Heavy metal toxicity is the accumulation of heavy metals, in toxic amounts, in the 

soft tissues of the body (2). Symptoms and physical findings associated with heavy 

metal poisoning vary according to the metal accumulated (2). Human exposure to heavy 

metals has risen dramatically as a result of an exponential increase of their use in 

several industrial, agricultural, domestic and technological applications (27). In 

biological systems, heavy metals have been reported to affect cellular organelles and 

components such as cell membrane, mitochondrial, lysosome, endoplasmic reticulum, 

nuclei, and some enzymes involved in metabolism, detoxification, and damage repair 

(221). Heavy metals also affect several components of the RAS pathway. For example, 

acute exposure to Cd and Pb results in depressed plasma renin levels (56, 162) whereas 

chronic low-level exposure to Pb results in increased levels of plasma renin, Ang-II, 

aldosterone and ACE activity (26, 117, 215). It has been also reported that coronary 

microsvascular endothelial cells exposed to cadmium chloride, exhibit increased 

secretion of Ang-II (96). Alteration of RAS by heavy metals may explain 

pathophysiological role of the system in several diseases (i.e. CVDs, renal dysfunction).

1.5. Objective of the study

PRA has long been viewed as a potentially useful biomarker in CVDs and renal 

disorders. PRA measurement has gained recognition as a substitute of RAS activity 

evaluation also. Interestingly, PRC measurement method has replaced PRA 

measurement method due to higher reproducibility. An assay system for measuring 

renin concentration using cost effective renin substrate will serve both clinical and 

research purposes. The first part of this thesis proposes a novel assay system for 

measuring renin concentration using cost-effective recombinant oANG produced in E. 
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coli cells.

According to the report of World Health organization, CVDs take the lives of 17.9 

million people every year, 31% of all global deaths. Other than genetic make-up,

environmental factors are considered key determinants of CVDs. Exposures to heavy 

metals have been linked to increased incidence of CVDs. Essential hypertension has 

been found to be associated with greater than normal lipoperoxidation and an imbalance 

in antioxidant status, suggesting that oxidative stress is important in the pathogenesis of 

essential hypertension or in arterial damage related to CVDs. Heavy metals can cause 

oxidative stress directly by interaction with the components of antioxidant defense 

system and indirectly via alteration of the RAS components. Though the RAS is mainly 

involved in regulating blood pressure, body fluid, electrolyte balance and systemic 

vascular resistance; over-activation of RAS is associated with oxidative stress. As a 

result, oxidative stress induced by heavy metals through direct generation of ROS and 

through activation of RAS may have a synergistically deleterious effect on the 

cardiovascular system leading to CVDs. The pathological contribution of heavy metals 

to the alteration of the RAS and oxidative stress leading to CVDs has been discussed in

details in the second part of this thesis.
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Chapter-2
Abstract

Plasma renin can predict future cardiovascular events as well as the prevalence of 

chronic renal disease in hypertensive subjects. Ovine angiotensinogen (oANG) is a 

better substrate for measuring renin concentration through activity assay. Recombinant 

oANG expressed in Escherichia coli cells can be utilized as the substrate while 

measuring plasma renin. We aim to establish an immunoassay for measuring renin 

concentration at picomolar level using recombinant oANG.

Recombinant oANG was expressed in E. coli cells and purified to homogeneity. 

Various concentrations (0 1.5 pM) of recombinant human renin standard were prepared 

and incubated with recombinant oANG. Renin activity was determined by angiotensin-I

specific enzyme-linked immunosorbent assay. 

About 4.5 mg of purified recombinant oANG was obtained from 0.5 L of E. coli

culture. The Michaelis constant and turnover number of human renin with recombinant 

-1, respectively. A linear relationship was obtained when 

renin activity was plotted as a function of renin concentration using recombinant oANG 

as the renin substrate. Picomolar amounts of renin can be measured from known renin 

activity using this method.

This study established a novel assay system for measuring renin at picomolar level 

using cost effective recombinant oANG.

2.1. Introduction

Renin is the key enzyme of the RAS that maintains body fluid and thus, regulates 

blood pressure (55, 133). This enzyme cleaves its substrate, ANG to produce the 
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decapeptide Ang-I, followed by the enzymatic generation of octapeptide, Ang-II that 

induces vasoconstriction, vasodilation and release of aldosterone (55, 133). Dysfunction 

of RAS activity may lead to organ damages leading to CVDs (55, 133). PRA

measurement has gained recognition as a substitute of RAS activity evaluation (52, 200, 

225). PRA has been suggested to be a predictor of the increased risk of CVDs (6, 67, 

114, 217, 218) and renal dysfunction (18, 36, 93).

A comparative study showed that among several laboratories, the reproducibility of 

PRC is higher than that of PRA (127). PRC measured by activity assay (ac-PRC) is 

defined as Ang-I production by plasma renin enzymatic activity acting on saturating 

amounts of exogenous ANG (30). oANG has been utilized for many years as a renin 

substrate for measuring ac-PRC (154, 194). Enzymatic studies showed that human renin 

has a higher affinity (lower Km) for and higher reaction velocity (higher kcat) with oANG 

than human ANG (50, 79, 139), where Km and kcat indicate Michaelis constant and 

turnover number, respectively. In other words, oANG has been shown to be a better 

substrate than human ANG in measuring ac-PRC (30, 69).

The initial rate of enzymatic reaction is proportional to the enzyme concentration 

under the saturating concentration of a substrate (223). Thus, ac-PRC reflects the renin 

concentration. Owing to the lower Km of oANG (50, 79, 139), a lower amount of ANG 

is needed to reach a saturating concentration of substrate when oANG is utilized in 

ac-PRC measurement. But the prerequisite of its measurement is to prepare the enough 

amount of renin substrate, ANG. Native oANG used for ac-PRC measurement has been 

obtained from sheep plasma (154, 194). Milligram amounts of oANG can be prepared 

as a recombinant protein using the Chinese hamster ovary (CHO) cell line (137).

Increasing the availability of oANG would facilitate the measurement of ac-PRC, which 

can be a measure of RAS activity evaluation.
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Recently, we have established an E. coli-based expression system for producing 

recombinant oANG (233), which showed 26-fold more time-effective production 

efficiency compared to our previously described CHO cell line-based production of 

ANG. Also, recombinant oANG produced by E. coli-based method retains a similar 

activity and stability to that expressed in CHO cells (233). Since a large amount of 

oANG is available now, we take a step forward in the development of better ac-PRC 

assay system using our cost-effective recombinant oANG.

2.2. Materials and Methods

2.2.1. Production of oANG using E. coli cells

The production of recombinant oANG in E. coli was performed as described 

previously (233). Briefly, E. coli BL21 cells transformed with pTAC-oANG-His 

plasmid (233) were pre-cultured in LB medium supplemented with ampicillin. A 

preculture aliquot was inoculated into 0.5 L of Terrific Broth medium supplemented 

with a mixture of glucose and lactose, ampicillin, and antifoam. The cells were grown 

for 20 h at 30°C using the culture system (233). After the lysis of harvested cells, 

recombinant oANG was purified using immobilized metal affinity column 

chromatography followed by ion exchange column chromatography. The molar 

concentration of recombinant oANG was determined using the molecular extinction 

coefficient at 280 nm (39,165 M-1 cm-1), which was calculated according to the formula 

provided by Kuramitsu et al. (95). oANG (291 µM) dissolved in 20 mM Tris-HCl (pH 

8.0) was diluted to 4 µM using 1× enzyme solution (ES) [10 mM NaH2PO4, 100 mM 

NaCl and 0.1% w/v BSA (fraction V); pH 7.2].

2.2.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
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analysis

Fractions were pooled from different stages of recombinant oANG preparation and 

subjected to SDS-PAGE using SuperSep Ace 12.5% gel, 13 wells (Wako, Tokyo, Japan). 

Prior to SDS-PAGE, the protein samples were mixed with 5× loading dye and denatured 

at 96°C for 5 min. Proteins were visualized via Coomassie Brilliant Blue (CBB) 

staining. 

2.2.3. Differential scanning fluorimetry (DSF) analysis

DSF experiments were performed as described previously (142). Briefly, purified 

recombinant oANG was diluted to 20 µM using phosphate buffer solution [8 mM 

Na2HPO4, 137 mM NaCl and 1.5 mM KH2PO4 (pH 7.5)]. Diluted recombinant oANG 

(20 µM) was mixed with SYPRO Orange solution [10×, 100 mM HEPES, 150 mM 

NaCl (pH 7.5)] in a 1:1 ratio. Fluorescence intensity of the mixture was measured using 

a StepOnePlus real-time PCR instrument (Applied Biosystems, Foster City, USA). To 

estimate the melting temperature (Tm), the Boltzmann equation was used to fit the 

fluorescence data using GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA) and the 

calculation templates (142). The Tm values were expressed as the mean ± standard 

deviation (SD).

2.2.4. Preparation of recombinant human renin standard

Recombinant human prorenin was expressed in CHO cells as described previously 

(139), and purified using ammonium sulfate precipitation followed by ion exchange 

column chromatography as previously described (233). The protein concentration of 

human prorenin was determined using a molecular extinction coefficient at 280 nm of 

47,705 M-1 cm-1, which was calculated using the ProtParam tool (64). The final 
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concentration of human prorenin was 2.7 µM. Human prorenin was treated with trypsin 

to prepare human renin, as described previously (202). The resulting human renin 

preparation was used as a recombinant human renin standard, and its aliquots were 

stored at -60°C until use.

2.2.5. Enzymatic analysis

Various concentration (0.08 1.5 µM) of recombinant oANG were incubated with 

recombinant human renin standard (27 pM) at 37°C for 30 min in 1× ES. The rate of 

Ang-I generation was determined by an enzyme-linked immunosorbent assay (ELISA) 

(203). The Km and maximum velocity (Vmax) were estimated by Hanes-Woolf plot using 

GraphPad Prism 7.0. The kcat of the renin-ANG reaction was calculated using the 

following formula:

kcat = Vmax / renin concentration

2.2.6. Establishment of calibration curve of renin concentration using recombinant 

oANG

Recombinant purified oANG (0.80 µM) and picomolar concentrations of human 

renin standard (0.20, 0.40, 0.60, 0.80, 1.0 and 1.5 pM) were reacted to measure the rate 

of Ang-I generation. The solution containing renin (5 µL), oANG (40 µL) and the 1× 

ES (155 µL) was incubated at 37°C for 2 h. To the final volume of 200 µL reaction 

en renin and 

oANG. Next, 100 µL of the diluted reaction mixture was added to each well and then an 

equal volume of Ang-I labelled with horseradish peroxidase (HRP) was added to the 

well. Thereafter, incubation for 2 h at 4°C was followed by the addition of

tetramethylbenzidine and H2O2 solution to develop color at 37°C (203). Finally, the 
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HRP reaction was stopped by the addition of 1 N H2SO4. Absorbance of the ELISA 

plate was recorded at 450 nm to measure the amount of Ang-I produced with respect to 

Ang-I standards (0.5 25 pg/µL) (203). The Microplate Manager 6 software (Bio-Rad 

Laboratories, Inc., Hercules, CA, USA) was used to calculate the amount of Ang-I

produced from the absorbance. The enzymatic activity of renin (i.e., renin activity) is 

defined as follows:

Renin activity = [pg amount of Ang-I / (0.1 mL × 2 h ×1000)] ng Ang-I mL-1 h-1

Calibration curve for measuring renin activity was plotted using mean ± SD values of 

six independent experiments (n = 6). Each experiment was performed in triplicates. 

2.2.7 Statistical analyses

The data represented were expressed as mean ± SD where applicable. GraphPad 

Prism 7.0 was used to generate the figures where appropriate. Replicates of experiments 

required to construct each figure have been mentioned within the legends of respective 

figures.

2.3. Results and Discussion

2.3.1. Production of recombinant oANG

Recombinant oANG was expressed in E. coli cells and purified to homogeneity 

using two separate steps of column chromatography (Fig. 2.1A). The final preparation 

contained oANG protein alone (lane 5, Fig. 2.

recombinant oANG was obtained from 0.5 L of E. coli cell culture, with a yield of about 

9 mg per liter of culture. About four days were required from starting the cell culture to

obtaining the final preparation.

To examine the quality of the protein, the absorbance of recombinant oANG (1:20 
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diluted) was measured with a scan range of 240 340 nm. The absorbance at 340 nm was 

almost zero (Fig. 2.1B), indicating that there was no aggregation in the protein 

preparation. The maximum absorbance was 0.562 at 279 nm, and the minimum 

absorbance was 0.015 at 340 nm. 

 
Fig.2.1. Production of recombinant oANG. (A) SDS-PAGE analysis of recombinant 
oANG. The stages of oANG production were separated by SDS-PAGE and stained with 
CBB. Lane 1, 6: molecular weight markers; Lane 2: cell supernatant after sonication; 
Lane 3: after affinity column chromatography; Lane 4: after ion-exchange column 
chromatography;
Spectroscopic analysis of oANG. The absorbance was measured with a scan range of 
240 to 340 nm (10 mm path-length). Intervals at X- axis are 50 nm. The result was 
recorded with a thermal paper.
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2.3.2. Protein stability analysis of recombinant oANG

DSF was used to examine the stability of recombinant oANG. This method 

monitors the thermal unfolding of proteins in the presence of a hydrophobic fluorescent 

dye and then the fluorescence intensity is plotted as a function of temperature (142).

The DSF results (Fig. 2.2) showed that oANG undergoes a two-state transition during 

the course of thermal denaturation. The Tm of recombinant oANG was 52.96 ± 0.22°C. 

Fig.2.2. Stability analysis of recombinant oANG. Recombinant oANG was analyzed 
by DSF. DSF data (n = 14) were measured with 10 µM oANG in 5× SYPRO Orange 
solution containing HEPES, Na2HPO4, KH2PO4 and NaCl (pH 7.5). One representative 
DSF plot is shown here, which was generated using GraphPad Prism software.
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2.3.3. Preparation of recombinant human renin standard

Recombinant human prorenin was expressed in CHO cells and purified to 

homogeneity (Fig. 2.3). Prorenin is the inactive precursor of renin and contains a 

prosegment that masks the active site of renin (30, 133). Proteolytic cleavage of the 

prosegment converts prorenin into renin (30), and thus, the conversion ratio of prorenin 

into renin is 1:1. Time course analysis of trypsin treatment showed that 

Ang-I-generating activity reached a plateau 7 min after the addition of trypsin (Fig. 2.4),

indicating that all the prorenin was converted into renin. The resulting renin preparation 

(2.7 µM) was used as a recombinant human renin standard and further diluted for 

measuring renin activity.

Fig.2.3. SDS-PAGE analysis of recombinant human prorenin. The fractions obtained 
after Resource S column chromatography were subjected to SDS-PAGE followed by 
CBB staining. The migration distances of the marker proteins as well as their molecular 
weights are shown on the left. The arrowhead shown on the right indicates the size of 
the recombinant human prorenin.
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Fig.2.4. Conversion of prorenin into renin by trypsin treatment (n = 3). Stable renin 
activity was obtained after 7 min of trypsin treatment. Renin activity decreased after 15 
min. Error bars show the SD values ranging from 0.007-0.06.
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2.3.4. Enzymatic analysis of recombinant oANG

A steady-state kinetic analysis was performed using recombinant oANG. As shown 

previously (233), recombinant oANG expressed in E. coli cells showed a typical 

substrate saturation curve (Fig. 2.5A). A plateau was obtained with 1.5 µM of 

recombinant oANG (Fig. 2.5A). A Km value of 0.16 µM, Vmax value of 0.76 nM min-1,

and kcat value of 0.51 s-1 were obtained from the Hanes-Woolf plot (Fig. 2.5B). 

Fig.2.5. Determination of Km and Vmax. (A) [S]-V plot. Saturation of the reaction rate 
was indicated by the plateau at 1.5 of substrate concentration. Error bars show the 
SD values ranging from 0.005-0.025. GraphPad Prism software was used to plot the 
graph. (B) Hanes-Woolf plot. 
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2.3.5. Establishing the calibration curve of renin concentration using recombinant 

oANG

There are two approaches to define PRC (30). One is PRC measured by 

immunoassay (ir-PRC), which is expressed as mass concentration. The other is ac-PRC, 

which is determined by measuring the enzymatic activity of renin with an excess 

amount of renin substrate to avoid the influence of variation in plasma ANG 

concentration (30). In this study, we aimed to establish a novel assay system for ac-PRC 

using our recombinant oANG.

Various concentrations of renin in the pM range were prepared using recombinant 

human renin standard. Renin activities were measured at 0.8 µM of oANG (5 times 

higher than Km value), which is comparable with saturating amounts of exogenous ANG. 

In each condition, less than 1% of oANG was consumed, which indicates that the initial 

velocities of the renin-ANG reaction were estimated properly. Using the data (Table.2.1),

a linear calibration curve was generated by plotting the renin activity versus renin 

concentration (0.2 1.5 pM), and the value of determination coefficient (R2) was 

calculated to be 0.99 (Fig. 2.6). This result suggests a strong linear relationship between 

renin activity and renin concentration. An intra-assay coefficient of variation (CV) of 

<20% was found in the six repeated experiments (Table.2.1), which is comparable with 

the reported data of functional sensitivity for the ir-PRC assay (47, 48).
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Table.2.1. Determination of renin activity (ng Ang-I/mL/h) with varying renin 
concentration.

Renin 
concentration 
(pM)

Renin activity (ng Ang-I/mL/h)
Experiments (n = 6)

Mean SD SEM CV 
(%)

0 0 0 0 0 0 0 0 0 0 0

0.20 0.414 0.433 0.417 0.271 0.321 0.411 0.38 0.07 0.03 17.44

0.40 0.897 0.847 0.863 0.908 0.956 0.884 0.89 0.04 0.02 4.28

0.60 1.271 1.239 1.336 1.201 1.310 1.323 1.28 0.05 0.02 4.13

0.80 1.685 1.533 1.595 1.848 1.997 1.888 1.76 0.18 0.07 10.31

1.0 2.317 2.239 2.285 2.010 2.203 2.317 2.23 0.12 0.05 5.21

1.5 3.179 3.079 3.098 3.059 2.933 3.118 3.08 0.08 0.03 2.66

SD, standard deviation; SEM, standard error of mean; CV, coefficient of variation

Fig.2.6. Linear calibration curve plotting renin activity versus renin concentration.
Calibration curve for measuring renin activity was plotted using mean ± SD values of 
six independent experiments (n = 6). Each experiment was performed in triplicates. 
Linear regression analysis produced a slope of 2.10, a y-intercept of 0.02, and a R2 of 
0.99 (n = 6) suggesting a linear relationship between renin concentration and renin 
activity. Error bars show the SD values ranging from 0.04-0.18. GraphPad Prism 
software was used to generate the graph.

1      2       3       4       5      6
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Unknown renin concentration can be determined from known renin activity for any 

point on a linear calibration curve plotting renin activity versus renin concentration. Fig.

2.6 shows that our method can estimate renin concentrations ranging from 0.2 pM and 

above by selecting an appropriate dilution. Given that the molecular weight calculated 

from the amino acid sequence of renin is 37 k (64), the measurable range is 7.4 ng/L or 

above. The mean value of ir-PRC in healthy individuals is 13.8 ng/L, whereas that in 

healthy individuals administrated with aliskiren is 629 ng/L (30). Unger et al. (212)

reported that ir-PRC values (mean ± SD) in cases of essential hypertensives and healthy 

volunteers were 18.5 ± 36.5 ng/L and 12.7 ± 10.4 ng/L, respectively. Our method with 

recombinant oANG as a human renin substrate is applicable for measuring active renin 

concentration in human plasma.

2.3.6. Comparative studies on enzymatic properties of oANG

Skinner (194) prepared native oANG from nephrectomized sheep plasma, and 

reported that the rate of reaction of human renin with oANG is approximately five-times 

as fast as with human ANG at the same substrate concentration. This research also 

showed that the linear relationship between PRC and reaction rate is observed with 

oANG as the renin substrate, and proposed that renin assay systems with the addition of 

oANG is useful for routine determination of ac-PRC (194)

many researchers have used oANG for measuring ac-PRC (48, 75, 83, 106, 138, 139, 

154).

The rationale for using oANG as human renin substrate is its higher rate of reaction 

with human renin. As a result of enzymatic investigations using native oANG and 

native human ANG, the Km value of human renin-oANG reaction was reported to be 0.3 

(50, 79) (69) whereas that of human renin-human ANG reaction was 1 
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(50, 79) (69). When an excess amount of oANG is present, endogenous 

human ANG does not significantly affect the measured reaction rate of plasma renin (69,

195). These enzymatic properties of oANG account for its advantage of measuring 

ac-PRC.

As part of understanding how oANG reacts with human renin, Nagase et al. (136)

cloned cDNA of oANG and deduced the amino acid sequence. Milligram amounts of 

recombinant oANG were prepared using a CHO cell line (137). Assayed with human 

renin, the Km and kcat

s-1, respectively (139). oANG shows a 4.4× lower Km and a 2.1× higher kcat than human 

ANG, thereby resulting in a 9× higher catalytic efficiency. Recombinant oANG 

expressed in CHO cells exhibits the differences in isoelectric points, and the differences 

are due to sialic acids attached to recombinant oANG (54). Among the two potential 

N-linked glycosylation sites (136), amino acid residue at position 271 is the most 

potential site in oANG (53). Desialyated and deglycosylated oANG retain similar 

properties while reacting with renin as it was observed using intact recombinant oANG 

(53, 54). These studies (53, 54, 136) indicate that fundamental properties of oANG are 

conferred by a polypeptide chain, and suggest the possibility that a polypeptide chain of 

oANG can be folded properly even in prokaryotic cells, where an oligosaccharide is not 

attached on proteins synthesized. 

Recently, we established E. coli-based production of recombinant oANG, which

allows us to prepare milligram amounts of the protein and is more time-effective than 

CHO cells-based one (233). We carried out enzymatic analysis with recombinant human 

renin (25 pM) to show that oANG produced in E. coli cells is functionally comparable

to oANG produced in CHO cells (233). With the enhanced availability of recombinant 

oANG, achieved by the previous work (233), we carried out current study and 
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established a linear relationship between renin activity and renin concentration (Fig. 

2.6). The relationship is valid in the range of renin concentration from sub-picomolar to 

picomolar level (0.2-1.5 pM), which covers the concentration levels observed in human 

plasma. In this study, we succeeded in enzymatic analysis for renin at a lower 

concentration than the previous study (233), and propose a new assay system amenable 

for estimating ac-PRC with recombinant oANG produced in E. coli cells. Fig. 2.7

demonstrates comparison of the properties of renin-ANG reaction between previous 

studies and current study along with their sources.

Fig.2.7. Establishing a novel assay system for measuring renin concentration using 
cost effective recombinant oANG. Yamashita et al. (2016) characterized renin at the 
level of 25 pM while the current study carried out enzymatic analysis of renin at 
sub-picomolar to picomolar (0.2-1.5 pM) ranges.
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Native oANG prepared from sheep plasma have been utilized for measuring 

ac-PRC using human plasma (154, 194) and mouse plasma (107). The previous study 

showed that oANG can work as a substrate for rat renin (137). These findings indicate 

that oANG can be used as a universal renin substrate. The new assay system established 

in this study can be applicable not only for human plasma but also for mouse and rat 

plasma. 

2.4. Conclusions

Renin concentration in plasma has significant prognostic value in patients with 

cardiovascular and renal diseases. This study proposes a novel assay system for 

measuring renin concentration using cost-effective recombinant oANG, which is 

produced in E. coli cells. Picomolar amounts of renin can be measured using this 

proposed assay, which can then be utilized in clinical assays and research purposes.
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Chapter-3
Abstract

Cardiovascular diseases (CVDs) are a group of disorders of the heart and blood 

vessels. CVDs were responsible for approximately 31% of all global deaths in 2016, 

and 85% of all CVD deaths are due to heart attack and stroke. The underlying process in 

the blood vessels that results in heart attack and stroke is atherosclerosis. A recent study 

indicated that exposure to environmental toxic heavy metals is associated with an 

increased risk of CVDs. In this review, we focus on several heavy metals as 

environmental risk factors for CVDs: arsenic, lead, cadmium, mercury, chromium and 

iron. The pathological contribution of these heavy metals to the alteration of two 

molecular mechanisms: the renin angiotensin system (RAS) and oxidative stress has 

been discussed. The etiology of heavy metal-induced CVDs is viewed from the 

perspective of RAS and oxidative stress. The significance of environmental 

improvement for better health will also be considered.

3.1. Introduction

CVDs are a group of disorders of the heart and blood vessels (123). An estimated

17.9 million people died from CVDs in 2016, representing 31% of all global deaths 

(167). Despite considerable advances in diagnosis, prevention and treatment, CVDs 

remain the leading causes of death globally (46). Of all deaths related to CVDs, 85% are 

due to heart attack and stroke (167). These two types of CVDs are caused by 

atherosclerosis, where fatty deposits (plaques) are formed on the inner walls of the 

blood vessels that supply blood to the heart or brain (123, 167). To prevent CVDs, 

researchers need to understand not only the mechanism underlying CVDs but also the 
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contribution of risk factors to the development of CVDs.

The cardiovascular system is highly vulnerable to various environmental risk 

factors, including air pollution, tobacco smoke, chemicals and heavy metals (46). The 

risks from exposure to environmental agents are increasingly recognized (46, 167, 198).

A recently published systematic review and meta-analysis by Chowdhury et al. (43)

revealed the importance of environmental toxic heavy metals in cardiovascular risk. 

In this review, we focus on heavy metals, namely- As, Pb, Cd, mercury (Hg), 

chromium (Cr) and iron (Fe) - as environmental risk factors involved in CVDs. Their 

pathological contribution to the alteration of two molecular mechanisms, the RAS and 

oxidative stress, is discussed here. RAS plays an important role in maintaining blood 

pressure and body fluid (148). Inappropriate activation of RAS will increase blood 

pressure (i.e. hypertension) (148), which may lead to CVDs (46, 123, 167). Oxidative 

stress produces molecular damage, causes formation of atherosclerotic plaques (37), and 

has been implicated in the pathology of atherosclerosis (8, 46). The etiology of CVDs 

induced by heavy metals is viewed from the perspective of RAS and oxidative stress. 

3.2. CVDs and their risk factors

CVDs include diseases of the heart, the brain, and blood vessels (123). The 

different types of CVD are listed below (123, 167):

I. CVDs due to atherosclerosis

(a) coronary artery disease (e.g. heart attack) caused by the narrow and hardened 

arteries that supply blood to the heart muscle;

(b) cerebrovascular disease (e.g. stroke) caused by impaired blood flow to the brain 

due to narrowed cerebral arteries;

(c) peripheral vascular disease disease of the blood vessels supplying blood outside 
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the heart and brain (e.g. to the arms and legs);

II. Other CVDs

(a) rheumatic heart disease damage to the heart muscle and heart valves from 

rheumatic fever caused by streptococcal bacteria;

(b) congenital heart disease malformation of heart structure existing at birth;

(c) cardiomyopathy disorder of the heart muscle;

(d) cardiac arrhythmias disorder of the electrical conduction system of the heart;

Heart attack and stroke are two major causes of CVD deaths (167). The underlying 

process that results in coronary artery disease (heart attack), cerebrovascular disease 

(stroke) and peripheral vascular disease is atherosclerosis (123). In this process, fatty 

substances and cholesterol are deposited inside the lumen of medium- and large-sized 

blood vessels (arteries). As the deposits (plaques) build up, the inner surface of the 

blood vessels becomes irregular and the lumen becomes narrow, thereby blocking the 

blood flow. Eventually, the plaques can rupture, triggering the formation of a blood clot 

(thrombosis). When a blood clot develops in a coronary artery or a cerebral blood vessel, 

it causes heart attack and stroke, respectively (123, 167).

The behavioral risk factors for atherosclerosis are unhealthy diet (rich in salt, fat 

and energy intake), physical inactivity, tobacco use, and harmful use of alcohol (123).

The effects of behavioral risk factors are raised blood pressure (hypertension), raised 

blood sugar (diabetes), raised blood lipids, and obesity (123). These risk factors can be 

attributed to the modifiable behaviors of individuals (46).

On the other hand, exposure to environmental pollutants or agents, which cannot be 

controlled by individuals, can also contribute to the development of CVDs. 

Environmental risk factors need to be recognized (46, 167, 198). These environmental 

agents enter the body through dermal absorption, inhalation, or ingestion; and may elicit 
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cardiovascular dysfunction via augmentation or perturbation of CVD pathways (46).

Globally, about one third of CVD is attributable to ambient and household air 

pollution (13% and 17% respectively), second-hand tobacco smoke (3%), and exposure 

to Pb (2%) (161, 167). Various other environmental and workplace exposures increase 

the risk of CVDs, including As in drinking-water and high noise levels (167). Therefore, 

the contributions of both behavioral and environmental risk factors should be 

understood in order to cope with and reduce the risks for CVDs (42, 46).

3.3. Heavy metals as risk factors for CVDs

Heavy metals are commonly defined as naturally occurring elements with high 

3 (8, 158). Heavy metals are 

(8). Some heavy metals such as copper (Cu), Fe, 

manganese and zinc are essential in trace amounts to maintain human metabolism (112).

The toxicity of heavy metals at high levels of exposure is well known (8).

Contamination caused by such metals is still a global concern. For example, Cd causes 

skeletal damage and its effect is manifested in the itai-itai (ouch-ouch) disease, which 

was reported in the 1950s in Japan and is caused by Cd-containing industrial waste 

water (8). Skin lesions and cancers in the lung, bladder and skin are caused by As (147).

Drinking water contamination caused by As is a public health problem in several 

countries such as Bangladesh, Vietnam and Chile (145, 197). Recent investigations 

reported the presence of As in rice grains grown in As prone areas (110, 175), heavy 

metal contamination in fruits and vegetables (113, 185) and in soils near an electronics 

manufacturing facility (232).

Heavy metals can enter the human body by various routes: food intake, cosmetics, 

environmental contamination, and occupational exposure (8, 198). The concentration of 
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heavy metals in human blood is summarized in Table-3.1.

Table-3.1. Concentrations of heavy metals in human blood found in different 

studies. 

Heavy

metal

Permissible 

limit ( )

Concentra-tion 

( )

Study 

location 

(city, 

country)

No. of

samples

Measurement 

method

Study

As < 1

(15)

10.8* Araihazar, 

Bangladesh

849a Inductively 

coupled plasma 

mass spectrometry 

(71)

1.0 80.2 (8.8*) Araihazar, 

Bangladesh

317 a Inductively 

coupled plasma 

mass spectrometry 

(78)

Pb < 100

(9)

43.39* ± 52.65 Granada, 

Spain

162a Atomic absorption  

spectrophotometry

(65)

35.59* ± 17.72 Central 

Anatolia, 

Turkey

486b Atomic absorption  

spectrophotometry

(92)

26 443 # # # (43)

Cd 0.3 1.2

(227)

0.49* ± 0.61 Granada, 

Spain

162a Atomic absorption   

spectrophotometry

(65)

1.25* ± 0.87 Central 

Anatolia, 

486b Atomic absorption   

spectrophotometry

(92)
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Abbreviations: a, individuals exposed to heavy metal; b, healthy individuals; *, mean; , 

standard deviation; #, refer to the study for details

Chronic exposure to high levels of heavy metals has been associated with harmful 

effects, but it is suggested that continual exposure to relatively low levels of heavy 

metals may also lead to adverse health effects (8). Recently, Chowdhury et al. (43)

conducted a systematic review and meta-analysis of epidemiological studies that 

investigated the association of five metals (As, Pb, Cd, Hg and Cu) with the risk of 

Turkey

0.44 1.3 # # # (43)

Hg 5.8

(166)

4.90* Augusta Bay, 

Italy

224a Atomic absorption  

spectrophotometry

(25)

0.004 3.5 # # # (43)

Cr 0.10 0.16

(16)

1.31* ± 3.01 Granada, 

Spain

178a Atomic absorption  

spectrophotometry

(65)

12.45* ± 20.28 Jinan, China 115a Inductively 

coupled plasma 

mass spectrometry

(222)

Fe 500 1500

(236)

473.00* ± 88.0

× 103

Taiwan 50b Atomic absorption 

spectrophotometry

(41)

446.01* ± 

81.87  × 103

Central 

Anatolia, 

Turkey

486b Atomic absorption 

spectrophotometry

(92)
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CVDs. The authors identified 37 unique studies comprising 348,259 non-overlapping 

participants, with 13,033 cases of coronary heart disease (heart attack), 4,205 cases of 

stroke, and 15,274 cases of composite CVDs (comprising heart attack and stroke). This 

study indicates that exposure to As, Pb, Cd and Cu is associated with an increased risk 

of coronary heart disease (heart attack) and overall CVDs, but Hg is not associated with 

cardiovascular risk. In addition, the authors carried out a dose-response meta-analysis 

and observed a linear association (a) between As level in well water and the risk for 

overall CVDs, (b) between blood Pb level and the risk of heart attack, (c) between urine 

Cd level and the risk for overall CVDs, and (d) between urine Cd level and the risk of 

heart attack. This analysis indicates that there is a link between exposure to these metals 

and risk of CVDs even at low concentrations highlighting the importance of 

environmental toxic metals in enhancing cardiovascular risks.

3.4. Renin angiotensin system (RAS)

The RAS is a key component of blood pressure homeostasis and plays a central role 

in regulating cardiovascular and renal function (133). Renin specifically cleaves ANG to 

produce the decapeptide Ang-I, which is the rate-limiting step of the RAS cascade (196).

Next, the dipeptidyl-carboxyl peptidase, ACE, cleaves decapeptide Ang-I into an 

octapeptide Ang-II (135, 168, 177, 234) (Fig. 1.1). The principal effector molecule, 

Ang-II, initiates various intracellular signal transduction cascades after binding to its 

receptors: the angiotensin II type 1 receptor (AT1R) and the angiotensin II type 2 

receptor (AT2R) (59).

Interaction with AT1R results in an increase of blood pressure by facilitating vascular 

constriction and by increasing sodium reabsorption in the kidney (Fig. 3.1) (68, 131, 

169). On the other hand, binding of Ang-II to the AT2R causes vasodilation and 
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excretion of sodium in the urine by the kidney, and protects against hypertensive 

target-organ damage (Fig. 3.1) (201). Ang-II also stimulates the production of the 

steroid hormone, aldosterone, which is the final product of the RAS cascade (204, 205).

Aldosterone binds to the mineralocorticoid receptor and regulates the transcription of 

target genes, resulting in the upregulation of electrolyte flux pathways in the kidney 

(191). Disruption in the orchestration process of RAS can lead to adverse effects on 

fluid homeostasis, which in turn may lead to organ damage followed by CVDs. 

Fig.3.1. Basic functions of RAS. Interaction of Ang-II with AT1R results in 
vasoconstriction, retention of sodium as well as water and aldosterone production. On 
the other hand, binding of Ang-II to AT2R causes vasodilation, sodium excretion and 
anti-inflammation. 

3.5. Oxidative stress

Oxidative stress has been defined as an imbalance between the production of free 
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radicals or reactive oxygen species (ROS) and antioxidant defenses (190). Free radicals 

such as the hydroxyl radical (·OH), superoxide anion (O2

peroxynitrite (ONOO-) are molecules with increased chemical reactivity that contain 

unpaired electrons (235). Free radicals can be generated endogenously as the 

by-products of many biochemical processes within the body including reduction of 

molecular oxygen during aerobic respiration (22) and/or through exogenous factors e.g.

food agents, xenobiotics, smoking, gamma rays, heavy metals etc. (22, 60, 94). Excess 

production of ROS disrupts cell membranes, alters protein expression and damages 

DNA (72). ROS molecules also interact with polyunsaturated fatty acids and induce 

lipid peroxidation (19). Thiobarbituric acid reactive substances (TBARS) are the most 

studied biomarkers of lipid peroxidation, of which malondialdehyde is the best known. 

Serum TBARS level is a major predictor of cardiovascular events (220), and elevated 

TBARS levels also predict carotid atherosclerotic plaque progression (174).

There are non-enzymatic and enzymatic antioxidant defense mechanisms. Some of 

the non-enzymatic antioxidants are ascorbic acid, vitamin E, glutathione, lipoic acid, 

carotenoids and iron chelators (72). The enzymatic group includes catalase, the enzymes 

of the glutathione thioredoxin system and superoxide dismutases (144). Catalase 

decomposes harmful hydrogen peroxide (H2O2) into molecular oxygen and water in 

both plants and animals (141). The glutathione system comprises three enzymes-

glutathione reductase, glutathione peroxidase and glutathione-S-transferase (GST) that 

protect cells against oxidative damage (28, 120). The thioredoxin system comprises 

thioredoxin protein and thioredoxin reductase which act as scavenging factors for ROS 

(13). Superoxide dismutases are also antioxidant enzymes that catalyze the dismutation 

of free radical O2

or glutathione peroxidases (111).
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3.6. Alteration of RAS by heavy metals

According to the WHO and International Agency for Research on Cancer (IARC), 

As and Cd have been recognized as group I human carcinogens (82, 226). Previous 

studies demonstrated that As contamination in drinking water modulates biochemical 

(134) as well as immunological and nutritional parameters (84 86) in the Bangladeshi 

population. Hossain et al. (77) reported that As upregulates AT1R expression through 

ROS-mediated activation of the c-Jun N-terminal kinase signaling pathway in mouse 

aortic vascular endothelial cells (Table-3.2). Studies have documented the involvement 

of AT1R-mediated signaling in endothelial dysfunction, leading to hypertension (81).

Chronic low-level exposure to Pb results in increased activity of ACE in rats and 

elevated levels of plasma renin, Ang-II, and aldosterone in both animals and humans 

(Table-3.2) (192, 215). It has been reported that exposure to Cd results in CVDs in

humans (140, 208). Acute Cd exposure probably induces endothelial dysfunction by a

mechanism involving the increased local production of Ang-II by stimulating ACE 

activity, which could contribute to the establishment of hypertension (Table-3.2) (11, 

162). High levels of Hg present in hair and blood were found to increase the risk of 

hypertension (20). Wildemann et al. (228) reported that only methyl Hg(I) has an effect 

on the RAS. A much longer oral exposure to Hg(II) in male Wistar rats was shown to 

produce a significant increase in plasma renin and ACE levels (Table-3.2) (33). Cr has

been reported to lessen the activity of the RAS (152, 206). ACE activity was 

significantly lower or tended to be lower in male and female Sprague-Dawley rats 

consuming greater concentrations of niacin-bound Cr, resulting in reduced circulating 

Ang-II levels (Table-3.2) (153). Chaudhary et al. (39) reported that Fe overload 

significantly increased retinal renin expression in mice through succinate receptor 

signaling, which caused neurodegeneration and vascular abnormalities (Table-3.2).
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Table-3.2. Heavy metals affecting RAS.

3.7. Modulation of oxidative stress by heavy metals 

Toxicity of As causes increased production of ROS such as H2O2 as well as reactive 

nitrogen species, the dimethylarsenic radical, blood nonprotein sulfydryls and/or 

oxidant induced DNA damage in humans and animals (Table-3.3) (57, 187). Pb is 

reported to inhibit functional sulfhydryl groups in several oxidative stress scavenging 

enzymes, thus altering their antioxidant activities (Table-3.3) (40). Pb exposure also 

causes an imbalance between generation and removal of ROS in tissues and cellular 

components, and increased ·OH activity in rats resulting in oxidative stress (Table-3.3)

(151, 215). Kasperczyk et al. (91) showed that occupational exposure to Pb induces 

oxidative stress in erythrocytes leading to elevated blood viscosity. Cd replaces Fe and 

Cu in a number of cytoplasmic and membrane proteins and induces oxidative stress via

the Fenton reactions (35). Lipid peroxidation and intracellular glutathione levels are 

altered in Cd toxicity, which causes oxidative stress (Table-3.3) (104). In addition, Cd 

Heavy
metal

Effect on RAS References

As Increases expression of AT1R (in mouse) (77)

Pb Chronic exposure increases ACE activity (in 
rat), PRA, renin and aldosterone concentration 
(in both human and animals)

(192, 215)

Cd Increases local production of Ang-II via
stimulation of ACE (in rat)

(11)

Hg Increases plasma renin and ACE levels (in rat) (33, 228)

Cr Decreases ACE activity and Ang-II 
concentration (in rat)

(153)

Fe Increases renin expression (in mouse) (39)
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exposure suppresses the ROS scavenging activity of antioxidant enzymes (Table-3.3) 

(156). Colacino et al. (44) found elevated oxidative stress markers after Cd exposure. 

An acute rise in concentration (0.3 mg/L) of Hg has been linked to inhibition of 

antioxidant enzyme activity and regulation of a series of gene expressions resulting in 

the accumulation of oxidative stress (101). Teixeira et al. (207) demonstrated that 

chronic exposure to low doses of inorganic Hg in adult rats led to Hg deposition in the 

brain parenchyma associated with oxidative stress and deterioration of motor function 

(Table-3.3). Toxicity caused by hexavalent Cr was found to be associated with oxidative 

stress (216). Reduced Cr reacts with H2O2 to produce ·OH (Table-3.3) (183), which is 

capable of attacking DNA bases such as guanine and producing different DNA adducts 

such as 8-hydroxydeoxyguanosine (8-OH-dG), a reliable biomarker of oxidative stress

(199). Previously, Shi et al. (188) also proved that Cr exposure significantly reduces 

cellular glutathione and NADPH levels (Table-3.3). Both in vitro and in vivo studies 

showed that Fe overload causes formation of free radicals that damage cell components 

(Table-3.3) (213). Sengsuk et al. (181) found a significant correlation between Fe 

overload and oxidative stress markers. The O2

ferritin which later reacts with more O2 2O2, forming highly toxic free radicals 

such as ·OH (Fig. 3.2) (118).
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Table-3.3. Heavy metals causing oxidative stress.

Heavy
metal

Effect on oxidative stress References

As Increases formation of ROS and blood non-protein 
sulfhydryl (in human and animals)

(57, 187)

Pb Catalyzes the production of ROS, increases ·OH 
activity and also weakens the antioxidant defense 
system (in human and animals)

(40, 215)

Cd Alters lipid peroxidation, intracellular glutathione 
levels and antioxidant enzyme activity (in cell culture 
systems, intact animals and human)

(104, 156)

Hg Increases lipid peroxidation and nitrite concentration 
and decreases total antioxidant capacity (in rat)

(207)

Cr Produces reactive ·OH, reduces cellular glutathione 
and NADPH level (in vitro and in human)

(183, 188)

Fe Augments free radical formation and lipid 
peroxidation (both in vitro and in vivo)

(213)

3.8. RAS induces oxidative stress 

In addition to the regulation of blood pressure and electrolyte balance, RAS has 

been found to be involved in ROS generation (Fig. 3.2) (45, 59, 76, 224). It has been 

reported that specific binding of Ang-II to AT1R is a possible free radical production 

initiating process in vascular smooth muscle cells, endothelial cells and cardiomyocytes 

via NADPH oxidase (Fig. 3.2) (70, 76, 130, 163). In general, binding of Ang-II to AT1R

activates the phospholipase A2, phospholipase D and protein kinase C phosphorylation 

pathways followed by the generation of O2 3.2) (76). O2

then converted into H2O2 by the action of superoxide dismutase (Fig. 3.2) (62). Ferrous 

iron catalyzes formation of the hydroxyl free radical from H2O2 (58), which causes DNA 
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damage and lipid oxidation resulting in oxidative stress (Fig. 3.2) (157). In addition, 

Ang-II can inhibit anti-oxidant enzymes such as, peroxiredoxin-3, superoxide dismutase 

and catalase, which are involved in the breakdown of ROS (102, 103, 132).

Fig.3.2. Role of RAS in causing oxidative stress. The binding of Ang-II to the AT1R
causes ROS formation via NADPH oxidase dependent pathway involving 
phosphorylation of the phospholipase A2 (PLA2), phospholipase D (PLD) and protein 
kinase C (PKC). Among the ROS, hydroxyl radical (·OH) directly causes impairments 
of biomolecules (i.e. lipid oxidation, DNA damage) to bring about cellular oxidative 
stress. SOD: superoxide dismutase. 

Oxidative stress can be one of the primary or secondary causes for many CVDs (37, 

149, 150). Oxidative stress can initiate atherosclerosis, the main leading cause of CVDs. 

After endothelial inflammation, circulating low-density lipoprotein cholesterols are 

oxidized by cellular ROS (119). The oxidized low-density lipoproteins, cellular waste, 

and surrounding materials accumulate in the innermost layer of the arteries, leading to 
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the formation of atherosclerotic plaque (237). Additionally, involvement of ROS was 

reported in the progression of other types of CVD such as rheumatic heart disease, 

congenital heart disease, cardiomyopathy and cardiac arrhythmias (59, 88, 109).

3.9. Status of oxidative stress and oxidative stress reducing enzyme in Bangladeshi 

tannery workers

The wastewater of tanneries contains heavy metals such as Cr and Pb which are 

disposed untreated into rivers or other places near the tannery factories, polluting the 

environment and affecting the health of both tannery workers and neighborhoods (24, 

164). Tannery workers are thus potentially exposed to harmful agents, especially Cr, 

rendering them vulnerable to several health problems along with DNA damage (7, 10, 

164).

We reported that individuals who are exposed to occupational health hazards are 

under oxidative stress. Their plasma level of TBARS was significantly increased 

compared with that in healthy individuals (4). The activity of GST, an oxidative stress 

scavenging enzyme, was also measured in the plasma of study participants. Using the 

raw data of that study (4), Pearson bivariate correlation analysis demonstrated a 

tendency of positive relationship between the duration of work of the tannery workers 

and their plasma TBARS levels (Fig. 3.3) but the relationship was weak as it was not 

statistically significant. Similarly, a statistically insignificant trend of positive 

correlation was observed between the work period and GST activity (Fig. 3.4). These 

results suggest that the more the tannery workers spend time in their working 

environment, the more they are at risk of oxidative stress and the more their scavenging 

enzymes try to maintain homeostasis.
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Fig.3.3. Correlation between the duration of work and production of TBARS in
tannery workers of Bangladesh. A positive correlation (r= 0.182, p> 0.05) was 
observed between duration of work and levels of TBARS in tannery workers. Here, the
positive correlation means that there is a positive relationship between the variables; as 
one variable increases, the other tends to increase with it. The mean level of TBARS in
these participants was 1.80 ± 0.82 nmol/mL while their mean duration of work was 
13.65 ± 8.16 years (4). The graph indicates that the level of TBARS increases in the 
tannery workers with the time of exposure in the working environment. Unused data 
from the study of Akther et al. (4) were analyzed using GraphPad Prism 7.0 software to
obtain Pearson bivariate correlation. 

Tannery Workers 
Correlation coefficient = 0.182 

p> 0.05 
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Fig.3.4. Correlation between the duration of work and GST activity in tannery 
workers of Bangladesh. The duration of work of the participants working in the 
tannery and their GST activity showed positive correlation (r= 0.08892, p> 0.05). The 
mean level of GST activity in these participants was 1.88 ± 0.59 U/L, while their mean 
duration of work was 13.65 ± 8.16 years (4). The graph indicates that the level of GST 
activity increases in the tannery workers with the time of exposure in the working 
environment. Unused data from the study of Akther et al. (4) were analyzed using 
GraphPad Prism 7.0 software to obtain Pearson bivariate correlation. 

In addition, GST activity among healthy individuals was found to be positively 

correlated with the generation of TBARS (Fig. 3.5.A). On the other hand, in the case of 

tannery workers, no such correlation was observed (Fig. 3.5.B). These findings lead us 

to hypothesize that GST activity was not able to cope with the production rate of 

TBARS in the tannery workers i.e. because of excess oxidative damage caused by the 

working environment, their GST became exhausted. However, in healthy individuals, 

such exhaustion was not observed; as increasing GST activity was found with 

increasing levels of TBARS (Fig. 3.5A). 

Tannery Workers 
Correlation coefficient = 0.08892 

p> 0.05 
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Fig.3.5. Correlation between production of TBARS and the GST activity (A) in 
healthy individuals and (B) in tannery workers of Bangladesh. The figure shows the 
comparison between the level of TBARS and GST activity in the study participants. 
Tendency of statistically significant positive correlation (r= 0.3418, p< 0.001) was 
found between the levels of TBARS (mean = 0.66 ± 0.63 nmol/mL) (4) and GST 
activity (mean = 1.73 ± 0.35 U/L) (4) in the healthy individuals. However, a negative 
correlation (r= -0.06151, p> 0.05) between these two parameters was observed in the 
tannery workers though statistically not significant. Here, the negative correlation 
means that as one of the variables increases, the other tends to decrease. The data were 

Healthy individuals 
Correlation coefficient = 0.3418 

p< 0.001 

A

B
Tannery Workers 

Correlation coefficient = -0.06151
p> 0.05 
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obtained from the study of Akther et al. (4) and analyzed by GraphPad Prism 7.0 
software.

3.10. Heavy metal-induced synergistic effect on RAS and oxidative stress

It is clear from the above discussions that heavy metals and RAS components lead 

to oxidative stress. Over production of ROS has been observed in a wide variety of 

experimental and clinical conditions related to CVDs (37, 150). Moreover, antioxidant 

therapy has been shown to improve disease conditions in hypertension, atherosclerosis, 

ischemic heart disease, cardiomyopathies and congestive heart failure (49). Oxidative 

stress damages the endothelium leading to apoptosis, death of living cells or tissues and 

formation of thrombosis resulting in atherosclerosis which is the leading cause of CVDs 

(37, 179). Our experimental data showed decreasing GST activity leading to an 

increased level of TBARS in plasma (Fig. 3.5B). Studies have demonstrated an 

association between increased prevalence of CVDs and elevated levels of TBARS in 

humans (100, 176). Thus, individuals exposed to heavy metals have increased oxidative 

stress and decreased activity of scavenging enzymes. As a result, oxidative stress

induced by heavy metals through activation of RAS and independent generation of ROS 

through Ang-II may have a synergistically deleterious effect on the cardiovascular 

system which may precipitate CVDs (Fig. 3.6).
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Fig.3.6. Heavy metal-induced synergistic effect on RAS and oxidative stress, 
leading to CVDs in humans. Heavy metals modulate RAS and induce oxidative stress 
through excess generation of reactive oxygen species. Additionally, these metals and 
RAS can also directly cause oxidative stress independently. As a result, these incidents 
all together may exaggerate the oxidative stress condition leading to increased 
prevalence of morbidity and mortality rates caused by CVDs.

Angiotensin receptor blockers are known to decrease cardiac damage and lessen the 

risk of nephropathy (116). These blockers can competitively bind with AT1R, which is 

responsible for vasoconstriction (Fig. 3.1) and generation of ROS (Fig. 3.2). Controlled 

treatment with angiotensin receptor blockers may reduce the heavy metal-induced 
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activation of RAS.

3.11. Conclusion 

In this review paper, we propose that heavy metal-induced synergistic effects on 

RAS and oxidative stress lead to CVDs (Fig. 3.6). If environmental risk factors 

synergistically increase damage to the cardiovascular system and contribute to the 

development of CVDs, there should be proper medical attention and guidelines for 

people working in such an environment. Hence, special attention should be paid to the 

management of environmental risk factors including heavy metals. 

nable Development Goals (SDGs), which 

includes a comprehensive health goal, was adopted in 2015 (146). The health goal 

(SDG3) is to ensure healthy lives and promote well-being at all ages. Health target 3.4, 

related to SDG3, aims to reduce premature mortality from noncommunicable diseases, 

through prevention and treatment, by one third by 2030. CVDs are noncommunicable. 

To accomplish health goal SDG3, people should further improve the environment by 

understanding what environmental factors contribute to the development of CVDs.
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Chapter-4
4.1. General discussion

CVDs are major reason of human death, causing about 17.9 million deaths 

throughout the world in 2016 (167). To prevent CVDs, researchers need to understand 

not only the mechanism underlying CVDs but also the contribution of risk factors to the 

development of CVDs. Novel assay method to measure PRC, mentioned in the first part 

of the dissertation, can help to predict future CVD risks along with evaluating the RAS 

activity. In the second part, it has been proposed that heavy metals, among other 

environmental risk factors, induce synergistic effects on RAS and oxidative stress 

leading to CVDs (Fig. 3.6). Therefore, it is necessary to implement more integrated 

approach to the prevention of CVDs and management of the risk factors based on the 

molecular mechanisms.

4.2. Improved approach to evaluate RAS activity

Pathological activation of the RAS results in excessive vasoconstriction, sodium 

retention, abnormal vascular smooth muscle and cardiac hypertrophy and fibrosis (108, 

219), leading to subsequent CVDs and renal complications (209). Activity of this 

system can be assessed by measuring renin activity from plasma samples (98).

Published literature suggests that PRA could be used as a predictive biomarker of blood 

pressure response, that can differentiate between patients with predominantly 

volume-mediated hypertension (PRA<0.65 ng/ml/hr) and those with predominantly 

vasoconstriction- thus inform 

antihypertensive treatment selection to optimize blood pressure response (97, 99, 214).

In the context of clinical trials in patients with coronary heart disease and in patients 
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with heart failure, there have been reports that PRA levels predict CVDs and all-cause 

mortality (114, 129, 218). In addition, there are reports that PRA may be a predictor of 

renal outcomes in patients with coronary heart disease (128).

PRA is determined by radio immunological measurement of Ang-I production by 

plasma renin enzymatic activity (both renin and prorenin with open conformation) 

acting on endogenous plasma ANG (30). However, this method is limited to 

physiological ANG levels. Conditions with decreased ANG levels (e.g. liver cirrhosis, 

severe cardiac failure) result in the underestimation of renin (8, 10). In contrast, 

estrogen treatment increases ANG levels, resulting in an overestimation of renin (11, 

12). The lack of standardization is another methodical disadvantage. Processing of 

plasma samples, especially in regard to incubation time, pH and dilution varies among 

different laboratories. These disadvantages can be avoided by measurement of PRC 

which is independent from endogenous ANG levels. Activity assays of PRC is defined 

as Ang-I production by plasma renin enzymatic activity (both renin and prorenin with 

open conformation) acting on exogenous ANG (30).

An inexpensive and available exogenous source of ANG will certainly facilitate 

PRC measurement. Studies have shown that the rate of reaction of human renin with 

oANG is approximately five-times as fast as with human ANG at the same substrate 

concentration (5). A new assay system amenable for estimating activity assays of PRC 

with recombinant oANG produced in E. coli cells (Fig. 2.7) has been reported in the 

first part of this dissertation.

4.3. Prevention of CVDs induced by heavy metals

The WHO provides the advice and evidence needed for people to lead healthy lives. 

Good health requires the commitment of many, from lawmakers to lunch makers. The 



50

environment plays a crucial role in people s physical, mental and social well-being. 

However, the degradation of the environment, through air pollution, noise, chemicals, 

poor quality water and loss of natural areas, combined with lifestyle changes, may be 

contributing to substantial increases in rates of obesity, diabetes, CVDs and diseases of 

nervous systems and cancer all of which are fatal diseases. 

Among other factors of the environment, heavy metals are posing major threat to 

human health. Ingestion and inhalation are two major routes along with dermal contact 

for exposure to heavy metals (165). Individuals with high concentration of heavy metals 

in body have potential threats for major diseases such as risk of CVDs, neurotoxicity, 

renal damage, risk of diabetes, and infertility (165). Metals induce a broad range of 

physiological, biochemical, and behavioral dysfunctions via induction of oxidative 

stress in humans. Despite the protection afforded by the cellular redox environment in 

biological systems, its disruption due to exogenous stimuli like heavy metals or 

endogenous metabolic alteration (e.g. alteration of RAS by heavy metals) leads to 

increased intracellular ROS or reactive nitrogen species levels (Fig. 3.6). Depletion of 

the cellular antioxidant pool characterized by (a) increased ROS and reactive nitrogen 

species production; (b) depletion of free-radical scavengers (Vitamins E and C) and 

cellular antioxidants (largely GSH); and (c) inhibition of the activity of antioxidant 

enzymes contribute significantly to oxidative stress. Research data have pointed out that 

oxidative stress should be considered either a primary or a secondary cause for many 

CVDs (149). Both in vivo and ex vivo studies provided evidences supporting the role of 

oxidative stress in atherosclerosis, ischemia, hypertension, cardiomyopathy, cardiac 

hypertrophy, and congestive heart failure (12, 17, 38, 51).

Having grave consequences within the bodies of living organisms, maintaining the 

availability of essential and controlled distribution of toxic metal ions is an efficient 
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means of protection against the deleterious effects of heavy metals. Accordingly, an 

improved understanding of the counter-productive and beneficial defensive mechanisms 

of dietary antioxidants support their role in therapeutics for metal induced oxidative 

stress. To bridge this knowledge gap, studies pertaining to elucidation of molecular 

mechanisms involved in imparting toxicity imposed by heavy metals are essential. In 

addition, detailed mechanistic studies underlying the beneficial effects of dietary 

antioxidants for their optimum dosage and duration of treatment will be helpful in the 

development of combinatorial strategies as part of effective treatment regimes for better 

clinical recovery in metal intoxication cases. In our previous study (4), high level of 

oxidative stress marker was found in the workers exposed to heavy metals. From the 

unpublished data of that study (4), it is found that most of the workers were 

undereducated. Lack of knowledge may be one of the reasons of several health issues 

along with oxidative stress in them. Hence, education can also help to fight against 

oxidative stress.

4.4. Initiatives taken by the international organizations towards better health 

n

September 2015. The goals include world s urgent issues that should be solved over the 

next 15 years by the all countries - developed and developing - in a global partnership 

(146). SDGs are the blueprint to achieve a better and more sustainable future for all. 

They address the global challenges we face, including those related to ending poverty, 

reducing inequality, improving health and education. The WHO also gave commitment 

to help the world meet the SDGs by championing health across all the goals. WHO

core mission is to promote health, alongside keeping the world safe and serving the 

vulnerable. Beyond fighting disease, they will work to ensure healthy lives and promote 
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wellbeing for all at all ages, leaving no-one behind. WHO has targeted 1 billion more 

people to enjoy better health and well-being by 2023.

Tackling noncommunicable diseases like CVDs, cancer, chronic respiratory 

diseases, diabetes (124), through the reduction of exposure to hazardous environmental 

and occupational risks is essential in achieving the SDGs, notably, SDG3. The health 

goal, SDG3 is to ensure healthy lives and promote well-being at all ages. Health target 

3.4, related to SDG3, aims to reduce premature mortality from noncommunicable 

diseases, through prevention and treatment, by one third by 2030. 

Effective strategies can be undertaken by the policy makers and associated bodies 

only when they are able to recognize the effects of environmental factors, e.g. heavy 

metals, at molecular level (Fig. 3.6). I hope that the review topic discussed in the later 

part of this thesis will get people to reconsider the strategy to prevent CVDs by 

improving the environment. As we all know prevention is better than cure.
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