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Cardiometabolic risk (CMR) factors increase the likelihood of developing cardiovascular diseases (CVD). In Qatar, 24% of

the total deaths are attributed to CVDs. Several nutritional disturbances have been linked to high risk of CVD. Many

studies have discussed the effects of zinc (Zn) and copper (Cu) on CMR factors; however, evidence has been

controversial. This investigated the association between CMR factors and the status of Zn and Cu, in addition to Zn/Cu

ratio. A total of 575 Qatari men and women aged 18 years and older were obtained from Qatar Biobank. Plasma levels of

Zn and Cu were determined using inductively coupled plasma mass spectrometry (ICP-MS). Anthropometric data and

CMR factors were determined using standard methods. Adjusted associations between trace minerals and CMR were

estimated by logistic regression. Partial correlation was performed to test the strength of the associations. Zn was not

strongly correlated (p-value ˃ 0.01) or significantly associated with CMR factors and metabolic syndrome (MetS). Cu

levels correlated positively with body mass index (BMI) (0.23; p ˂ 0.001), pulse rate (PR) (0.18; p ˂ 0.001), total

cholesterol (0.13; p = 0.01), and high-density lipoproteins (HDL) (0.27; p ˂ 0.001); and negatively with diastolic blood

pressure (DBP) (−0.13; p = 0.01). High plasma Cu significantly decreased the risk of metabolic syndrome (MetS) (0.121; p

˂ 0.001). Furthermore, Zn/Cu ratio positively correlated with waist circumference (0.13; p = 0.01), systolic blood pressure

(0.13; p ˂ 0.01), and DBP (0.14; p ˂ 0.01); and negatively with BMI (−0.19; p ˂ 0.001), PR (−0.17; p ˂ 0.001), and HDL

(−0.27; p ˂ 0.001). High Zn/Cu ratio increased the prevalence of low HDL (4.508; p ˂ 0.001) and MetS (5.570; p ˂ 0.01).

These findings suggest that high plasma Cu levels are associated with a protective effect on DBP, HDL and MetS and that

high plasma Zn/Cu ratio is associated with the risk of having low HDL and MetS.
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1. Introduction

Cardiometabolic risk (CMR) factors increase the likelihood of developing cardiovascular events. The most notable of

these factors include, dyslipidemia , hypertension (HTN) , central obesity , diabetes , and inflammation .

Cardiovascular diseases (CVD) are the number one cause of deaths with 17.9 million (31%) deaths in 2016 worldwide .

CVD are the cause for 34% of the MiddLe East population’s deaths. Moreover, CVD prevalence was found to be 13.7% in

the region . For instance, in 2016, 24% of the total deaths of all ages was attributed to CVD in Qatar .

Zinc (Zn) and copper (Cu) are important trace minerals in the body. Zn is a heavy metal known to suppress inflammation

by regulating cytokine expression , reducing oxidative stress by activating antioxidant enzymes, and catalyze lipid

metabolic enzymes . It is also used by muscle and fat cells to metabolize glucose where it acts as a cofactor

for many intracellular enzymes  and regulates insulin receptors’ synthesis and signal transduction mechanism . Zn

mediates its metabolic actions via the action of several Zn transporters that regulate Zn homeostasis and control its

cellular compartmentalization . For instance, hyperglycemia-mediated overexpression of Zrt/Irt-like protein-7 (ZIP7), a

Zn influx transporter, in cardiomyocytes drives the activation of the inflammatory pathway of endoplasmic reticulum (ER)

stress . ER stress has been closely associated with the development of insulin resistance and diabetes by impeding

insulin receptor signaling and dysregulating pancreatic beta cell survival that are critical factors in the pathogenesis of

diabetes . Furthermore, ZIP7 was shown to contribute to glucose homeostasis in skeletal muscle . Skeletal

muscle is an important storage site for Zn with around 60% of total body Zn content . Deletion of ZIP7 transporter in a

mouse myoblast cell line disturbed the expression of various genes involved in glucose metabolism and insulin receptor

signaling pathway . Additionally, ZIP6 and ZIP7 transporters play a key role in regulating the secretion of insulin through

the changes in the sub-cellular localization of Zn pools . Zn is critical for the insulin storage in granules inside beta cells

by forming inactive hexamers with insulin . When the Zn/insulin hexamers reach the systemic circulation, a pH-

dependent dissociation of this complex enables the liberation of active monomeric insulin . The Zn transporter ZnT8 is

responsible for translocating Zn to pancreatic insulin granules. Genomic studies have identified that single nucleotide

polymorphisms (SNP) in ZnT8 gene produce a variant protein that is associated with higher risk of type-2 diabetes

(T2DM) . Moreover, Zn plays a role in controlling blood pressure and vascular tone modulation through the inhibition of
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the transactivation ability of nuclear factor κ-light-chain-enhancer of the activated B cells (NF-κB) resulting in the

regulation of the inducible nitric oxide synthase (iNOS) activity and expression .

On the other hand, Cu is an essential cofactor for numerous antioxidant  and oxidoreductive enzymes  which reduce

atherosclerosis and inflammation, and improve cardiovascular function and fat metabolism . Cu deficiency can

contribute to oxidative damage because of the reduction in the enzymatic activity of various Cu-dependent antioxidant

enzymes such as Cu/Zn superoxide dismutase (SOD), ceruloplasmin and cytochrome c oxidase, which play a key role in

the removal of reactive oxygen species (ROS) . Hence, Cu reduces the adverse complications of oxidative stress which

play a major role in diabetes progression . Also, it contributes to the maintenance of vascular homeostasis and the

regulation of blood pressure by inhibiting angiotensin-converting enzyme (ACE) activity, which is involved in the

development of HTN . Previous animal studies have also reported that the restriction of Cu in the diet causes cardiac

disturbances and hypertension and dyslipidemias such as high cholesterol and triglycerides (TG) in addition to an

alteration in the composition of low-density lipoprotein (LDL) and very-low density lipoprotein (VLDL) .

Many studies discussed the association between Zn, Cu and CVD risk factors such as lipid profile, diabetic parameters,

and HTN; however, conclusions are mixed. Regarding lipid profile, some studies found a negative association between Zn

and total cholesterol (TC) and LDL . While others reported no association between Zn and free fatty acids , lipid

status , and CVD risk . On the other hand, plasma Cu was positively associated with high plasma TC, high

density lipoproteins (HDL), and high risk of elevated TC and LDL dyslipidemia . Additionally, an inverse relationship was

observed between Cu/Zn and TC/HDL, LDL/HDL, and non-HDL/HDL ratios, respectively . Another study did not find

any differences in HbA1c levels and Homeostasis Model Assessment Insulin Resistance (HOMA-IR) scores across Zn

groups in patients with well-controlled diabetes . However, a study by Farooq et al.  showed that a low Zn level was

associated with poor glycemic control in T2DM (negative correlation with HbA1c and fasting blood glucose) . Levels of

HbA1c were found to be positively associated with plasma concentration of Cu and negatively with Zn/Cu ratio in T2DM

. The association between diabetes and Cu levels may be related to the polymorphism of Cu/Zn SOD (also known as

SOD1) . Furthermore, Cu and Zn intakes and Cu/Zn ratio had no association with HTN . However, a study

showed that Cu levels higher than 130 μg/dL may elevate the susceptibility of HTN by 1.99-fold .

Several studies have suggested that the ratio of Zn to Cu, which reflects the reciprocal interaction between these two

trace elements, would be a more powerful marker for the prediction and prognosis of multiple pathological states

compared to individual levels of Zn and Cu . For instance, high serum Cu/Zn ratio was found to be higher in patients

with diabetes  and to be associated with increased risk of mortality from CVD , certain forms of cancer , in

addition to all-cause mortality in an elderly population .

In the past years Qatar has gone through a major nutritional transition characterized by high levels of sedentary behavior

and unhealthy eating patterns. This situation has led to higher rates of obesity and non-communicable disease (NCD)

incidence. It is, therefore, important to understand factors associated with this increased CMR. In this context, no studies

have investigated the impact of low trace mineral levels (Zn and Cu) and CMR among an adult population in the country.

Furthermore, because of the mixed results observed in the literature, the current study was designed to evaluate the

association between Zn, Cu, Zn/Cu ratio and CMR factors in a large sample size of participants from Qatar Biobank with

well-characterized cardiometabolic parameters. It has been hypothesized that serum Zn and Cu levels are associated with

CVD biomarkers.

2. Development and Findings

Zn and Cu are two essential trace minerals that are important for metabolism. Zn plays a key role in inflammation ,

oxidation, and lipid  and glucose metabolism . Similarly, Cu also contributes to the control of inflammation

and fat metabolism, in addition to its critical actions in CVD .

Results of the current study indicate an increase in TG and TyG levels with the increase in Zn tertiles. Similar results have

been illustrated by a previous report . However, a study on elderly demonstrated opposite results with a significant

decrease in TG with the increase in Zn levels . The discrepancy between the findings of the current study and this

previous report may be explained by the higher average age of the study population by Sales et al.  (82.2-years-old)

compared to the current study where participants were younger (41 years-old). Another study on diabetic patients

reported significantly higher TG levels in low Zn intake group (among other nutrients) . Samadi et al.  indicated that

T2DM patients had 3-fold lower plasma Zn levels and significantly higher TG levels compared to controls . Serum Zn

levels were found to be significantly lower in T2DM patients compared with healthy controls . Moreover, the current

study demonstrated a significant positive correlation between serum Zn levels and TG and TyG. However, a study on
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elderly  and another on diabetic and healthy individuals  both reported a significant negative correlation between Zn

levels and TG. Differences with the current findings may be driven by the younger age of the current study’s population

and the absence of diabetes (mean HbA1C 5.7 ± 1.2 %).

The present study also revealed a weak positive correlation between Zn levels and WC while Zaky et al.  reported a

negative correlation in obese patients  although in the present study it has been observed a high prevalence of

overweight and obesity (79.6%) among participants with abdominal obesity affecting almost 35% of the participants. This

discrepancy may be driven by the small sample size in the study by Zaky et al.  (24 obese individuals and 14 healthy

controls) compared to the current study (437 participants). The current study also showed a tendency for increased WC

with increased Zn tertiles while a previous study reported low serum Zn levels in the high WC group . This study did not

find a significant association between CMR factors and Zn levels in the multivariable adjusted model. Differences are

possibly a reflection of the small sample size in this previous report . Previous animal studies have suggested that low

serum Zn levels increases cholesterol concentration by increasing the production of phospholipids  because Zn has an

essential role in expressing lipid metabolism-related regulatory enzymes . Moreover, Zn deficiency increases acetyl co-

enzyme A (CoA) carboxylase and fatty acid synthase and decreases lipoprotein lipase . Furthermore, animal studies on

Zn-deficient diabetic mice demonstrated a reduction in peroxisome proliferator-activated receptor (PPAR) family activity

that is involved in the regulation of fatty acids and glucose metabolism . In addition, Zn can mimic the effects of

insulin and inhibit the release of free fatty acids .

Furthermore, the current study reported an increase in BMI, PR, TC, HDL, and HbA1c with the increase in Cu circulating

levels. Similar results were indicated for age, BMI, TC, and HDL in another study . Cu level was reported to be

significantly higher in hypertensive patients . Moreover, the current study found a negative correlation between Cu

levels and DBP. The opposite was, however, seen in another study which compared Cu levels in non-hypertensive

individuals to hypertensive patients ; however, in the current study individuals with established hypertension were not

included. A non-significant positive association between Cu levels and DBP was also found in a study done on

adolescents . The results of this study indicated that an increase in Cu levels was significantly associated with

decreased rate of high DBP. A previous study found that, when adjusting for sex and age, high serum Cu levels was

significantly associated with HTN . In addition, another study indicated that both high and low serum Cu levels were not

significantly associated with HTN . Yao et al.  did not reveal an association between high Cu intake and high BP in

children and adolescents . These discrepancies with the current study may be driven by the exclusion of individuals

with established hypertension. The link between serum Cu levels and HTN is controversial , however, increased

cardiac output and BP might be explained by the reduction in hemoglobin and the consequential anemia that result due to

Cu deficiency . Cu protects against the buildup of islet amyloid peptide which is a major amyloid deposit in the β-cells

of T2DM patients .

The present study also reported a positive correlation between serum Cu levels and HbA1c. Other studies have revealed

either a non-significant negative  or a positive  correlation. Consistent with the current observations, a significant

positive correlation was found in diabetic patients  and obese people . Furthermore, a positive correlation was found

between Cu levels and BMI in the current study. Yang et al. demonstrated a similar result among obese people  while

Samadi et al.  reported a non-significant correlation in diabetic patients .

Cu level was also positively correlated with TC and HDL in this Qatari study. Previous studies did not find a significant

correlation between serum Cu levels and TC and HDL ; however, the sample size in these previous studies was

smaller to the current study. In adolescents, TC showed a significant positive correlation with serum Cu . The current

study also reported that the increase in Cu level was significantly associated with a decrease in the prevalence of low

HDL. A cohort study found no association between low and high HDL and Cu when adjusted for sex and BMI . Also, no

association was found between low HDL and serum Cu levels after adjustment for multiple variables in another study .

Cu deficiency can cause damage to cardiovascular morphology and physiology due to Cu-dependent enzyme variation,

peroxidation as a result of free radical accumulation due to distress to the Cu antioxidant effect, protein glycation due to

glucose accumulation and abnormal carbohydrate metabolism, and impaired protein structure and function . The

relationship between Cu levels and lipid profile could be because of Cu on catalase and glutathione peroxidase, two

enzymes that reduce hydrogen peroxidase and modulate oxidative stress and redox-mediated responses . High serum

Cu level inhibits glutathione reductase and reduces glutathione production, thus, altering lipid metabolism .

Furthermore, SOD activity is decreased with Cu deficiency which consequently increases the synthesis of hydroxyl free

radicals that have a central link to atherosclerosis . DiSilvestro et al.  have demonstrated that high blood cholesterol,

BP, and blood homocysteine; elevated arterial damage, glucose intolerance, oxidative damage, and thrombosis can be

caused by Cu deficiency which results in decreased synthesis of dehydroepiandrosterone . An animal study has
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demonstrated the increase in the activity of 3-hydroxy-3-methyl-glutaryl (HMG) CoA reductase with Cu deficiency, which in

that study, had resulted in hypercholesterolemia .

Previous epidemiological studies have reported an association between serum Cu and Zn level imbalances and the risk of

diabetes and CVD . However, there is an insufficient amount of information and evidence linking

Zn/Cu ratio with CMR factors. Therefore, in this study, it has been focused on this important variable which reflects the

reciprocal interaction between these two trace elements. The average Zn/Cu reported in the present study was similar to

that reported by Hamasaki et al. (0.69 ± 0.23)  and lower than that of Samadi et al. (4.59 ± 1.11) . Results of the

current study demonstrated a significant increase in Zn/Cu ratio with lower age, BMI, TC, and HDL. Although significant,

TG levels did not change between the first and third tertiles (T3) but increased in the second (T2). A previous study

indicated lower Zn/Cu ratio in diabetic patients when compared to healthy controls . In the same study, age, BMI, TC,

and TG were significantly higher in diabetic individuals . Recently, Cabral et al. reported that higher serum Zn levels

were associated with an increased risk of incident T2DM . In the present Qatari study, TC and HDL were negatively

correlated with Zn/Cu ratio. These results are in line with the results of a previous study . However, a Japanese study

did not report this correlation . Furthermore, we found that the second Zn/Cu ratio tertile was associated with a

decrease in the prevalence of high SBP and the third tertile was associated with an increased risk of having low HDL.

Previously, other studies have assessed Cu/Zn ratio which was found to be significantly higher in hypertensive people

compared to controls . In addition, no significant association was reported between the highest serum Cu/Zn ratio and

HTN  or the highest intake of Cu/Zn ratio and high BP . Recently, it has also been observed that higher serum levels

of Cu and Cu/Zn ratio were associated with a heightened risk of CVD .

MetS is a multifactorial disease characterized by glucose intolerance, HTN, android obesity, atherogenic dyslipidemia, and

consequently, pro-inflammation . In line with a previous report , the current results also indicated no association

between serum Zn levels and MetS. However, previous studies reported lower Zn levels in patients with MetS  (males

only ) while other studies revealed no association . High serum Cu levels was found to significantly associate with

lower risk of MetS in the current study. Previous studies have revealed no association between serum Cu and risk of MetS

. In line with the current study, Wen et al. , found a strong association between urinary Cu and MetS (OR: 17;

95% CI: 2.254–4.833) . Another study conducted in China among adults reported an association between elevated

urinary Cu and Zn and an increased rate of MetS. The same study reported an increase in CRP levels with an increase in

urinary Cu and Zn, and plasma CRP was positively associated with MetS prevalence. The study concluded that systemic

inflammation may be one of the possible mechanisms behind the association between Zn and Cu and MetS . The

relationship between Zn and Cu levels and the inflammatory markers in the pathophysiologic mechanisms associated with

MetS was reported by other studies . It has been observed here that high Zn/Cu ratio significantly increased the

risk for MetS. Increased Zn/Cu ratio was associated with decreased risk of poor glycemic control in diabetic patients in the

Japanese study .

This study should, however, be considered in light of some limitations. First and most importantly, the study design, which

is cross-sectional, cannot establish a causation between the minerals and cardiometabolic markers. Second, the sample

size might be too small to represent the population being studied. On the other hand, a major strength of the current study

is the inclusion of multiple CMR indicators which allowed a comprehensive analysis of the association with Zn and Cu

levels.

3. Conclusions

In the present study, no association was found between serum Zn levels and CMR factors or MetS. Furthermore, high

serum Cu ˃ 15.8 µmol/L, was associated with a protective effect on DBP, HDL and MetS. Serum Zn/Cu ratio was found to

be associated with lower risk of high SBP only in the medium serum levels (0.63–0.79 µmol/L); however, serum Zn/Cu

ratio > 0.79 µmol/L was associated with the risk of having low HDL. Also, Zn/Cu ratio > 0.63 µmol/L was associated with

an increased risk of MetS. This study is the first of its kind in Qatar and the region and it underscores the association

between trace element status, particularly Zn and Cu, and the risk of CVD and MetS. Future studies are recommended to

focus on minerals status among obese, abdominally obese, and prediabetic subjects because of the probable link

between low serum Zn and Cu levels and insulin resistance and CVD.

References

1. Nayak, S.B.; Rahming, V.; Raghunanan, Y.; Raghoonath, C.; Rahman, A.; Rajh, D.; Rambadan, S.; Ramdass, N.
Prevalence of Diabetes, Obesity and Dyslipidaemia in Persons within High and Low Income Groups Living in North and

[87]

[88][89][90][91][92][93][94]

[95] [61]

[61]

[61]

[96]

[61]

[95]

[50]

[50] [73]

[96]

[97] [44]

[98]

[99] [100]

[98][99][100] [101]

[101]

[102]

[98][103][104]

[95]



South Trinidad. J. Clin. Diagn. Res. 2016, 10, IC08–IC13.

2. Leiter, L.A.; Fitchett, D.H.; Gilbert, R.E.; Gupta, M.; Mancini, G.B.; McFarlane, P.A.; Ross, R.; Teoh, H.; Verma, S.;
Anand, S.; et al. Cardiometabolic risk in Canada: A detailed analysis and position paper by the cardiometabolic risk
working group. Can. J. Cardiol. 2011, 27, e1–e33.

3. Obirikorang, C.; Osakunor, D.N.; Anto, E.O.; Amponsah, S.O.; Adarkwa, O.K. Obesity and Cardio-Metabolic Risk
Factors in an Urban and Rural Population in the Ashanti Region-Ghana: A Comparative Cross-Sectional Study. PLoS
ONE 2015, 10, e0129494.

4. Carrère, P.; Fagour, C.; Sportouch, D.; Gane-Troplent, F.; Hélène-Pelage, J.; Lang, T.; Inamo, J. Diabetes mellitus and
obesity in the French Caribbean: A special vulnerability for women? Women Health 2018, 58, 145–159.

5. World Health Organization. Cardiovascular Diseases (CVDs). Available online: https://www.who.int/news-room/fact-
sheets/detail/cardiovascular-diseases-(cvds) (accessed on 3 March 2021).

6. Shehab, A.; Bhagavathula, A.S. P5317Prevalence of cardiovascular diseases in the Middle-East: Systemic review and
meta-analysis. Eur. Heart J. 2019, 40.

7. World Health Organization. NCD Deaths by Cause and Sex Data by Country. Available online:
http://apps.who.int/gho/data/view.main.NCDDEATHCAUSESNUMBERv?lang=en (accessed on 3 March 2021).

8. Maywald, M.; Rink, L. Zinc homeostasis and immunosenescence. J. Trace Elem. Med. Biol. 2015, 29, 24–30.

9. Xia, S.; Zhang, X.; Zheng, S.; Khanabdali, R.; Kalionis, B.; Wu, J.; Wan, W.; Tai, X. An Update on Inflamm-Aging:
Mechanisms, Prevention, and Treatment. J. Immunol. Res. 2016, 2016, 8426874.

10. Ahn, B.I.; Kim, M.J.; Koo, H.S.; Seo, N.; Joo, N.S.; Kim, Y.S. Serum zinc concentration is inversely associated with
insulin resistance but not related with metabolic syndrome in nondiabetic Korean adults. Biol. Trace Elem. Res. 2014,
160, 169–175.

11. de Oliveira Otto, M.C.; Alonso, A.; Lee, D.H.; Delclos, G.L.; Jenny, N.S.; Jiang, R.; Lima, J.A.; Symanski, E.; Jacobs,
D.R., Jr.; Nettleton, J.A. Dietary micronutrient intakes are associated with markers of inflammation but not with markers
of subclinical atherosclerosis. J. Nutr. 2011, 141, 1508–1515.

12. Motamed, S.; Ebrahimi, M.; Safarian, M.; Ghayour-Mobarhan, M.; Mouhebati, M.; Azarpazhouh, M.; Esmailie, H.;
Norouzi, A.; Ferns, G.A. Micronutrient intake and the presence of the metabolic syndrome. N. Am. J. Med. Sci. 2013, 5,
377–385.

13. Seo, J.A.; Song, S.W.; Han, K.; Lee, K.J.; Kim, H.N. The associations between serum zinc levels and metabolic
syndrome in the Korean population: Findings from the 2010 Korean National Health and Nutrition Examination Survey.
PLoS ONE 2014, 9, e105990.

14. Salgueiro, M.J.; Krebs, N.; Zubillaga, M.B.; Weill, R.; Postaire, E.; Lysionek, A.E.; Caro, R.A.; De Paoli, T.; Hager, A.;
Boccio, J. Zinc and diabetes mellitus: Is there a need of zinc supplementation in diabetes mellitus patients? Biol. Trace
Elem. Res. 2001, 81, 215–228.

15. Tang, X.; Shay, N.F. Zinc has an insulin-like effect on glucose transport mediated by phosphoinositol-3-kinase and Akt
in 3T3-L1 fibroblasts and adipocytes. J. Nutr. 2001, 131, 1414–1420.

16. Norouzi, S.; Adulcikas, J.; Sohal, S.S.; Myers, S. Zinc transporters and insulin resistance: Therapeutic implications for
type 2 diabetes and metabolic disease. J. Biomed. Sci. 2017, 24, 87.

17. Tuncay, E.; Bitirim, V.C.; Durak, A.; Carrat, G.R.J.; Taylor, K.M.; Rutter, G.A.; Turan, B. Hyperglycemia-Induced
Changes in ZIP7 and ZnT7 Expression Cause Zn2+ Release from the Sarco(endo)plasmic Reticulum and Mediate ER
Stress in the Heart. Diabetes 2017, 66, 1346–1358.

18. Abdelsalam, S.S.; Korashy, H.M.; Zeidan, A.; Agouni, A. The Role of Protein Tyrosine Phosphatase (PTP)-1B in
Cardiovascular Disease and Its Interplay with Insulin Resistance. Biomolecules 2019, 9, 286.

19. Maamoun, H.; Abdelsalam, S.S.; Zeidan, A.; Korashy, H.M.; Agouni, A. Endoplasmic Reticulum Stress: A Critical
Molecular Driver of Endothelial Dysfunction and Cardiovascular Disturbances Associated with Diabetes. Int. J. Mol. Sci.
2019, 20, 1658.

20. Maamoun, H.; Benameur, T.; Pintus, G.; Munusamy, S.; Agouni, A. Crosstalk Between Oxidative Stress and
Endoplasmic Reticulum (ER) Stress in Endothelial Dysfunction and Aberrant Angiogenesis Associated with Diabetes: A
Focus on the Protective Roles of Heme Oxygenase (HO)-1. Front. Physiol. 2019, 10, 70.

21. Myers, S.A.; Nield, A.; Chew, G.S.; Myers, M.A. The zinc transporter, Slc39a7 (Zip7) is implicated in glycaemic control
in skeletal muscle cells. PLoS ONE 2013, 8, e79316.

22. Hara, T.; Takeda, T.A.; Takagishi, T.; Fukue, K.; Kambe, T.; Fukada, T. Physiological roles of zinc transporters:
Molecular and genetic importance in zinc homeostasis. J. Physiol. Sci. 2017, 67, 283–301.



23. Malavolta, M.; Piacenza, F.; Basso, A.; Giacconi, R.; Costarelli, L.; Mocchegiani, E. Serum copper to zinc ratio:
Relationship with aging and health status. Mech. Ageing Dev. 2015, 151, 93–100.

24. Liu, Y.; Batchuluun, B.; Ho, L.; Zhu, D.; Prentice, K.J.; Bhattacharjee, A.; Zhang, M.; Pourasgari, F.; Hardy, A.B.; Taylor,
K.M.; et al. Characterization of Zinc Influx Transporters (ZIPs) in Pancreatic beta Cells: Roles in regulating cytosolic
zinc homeostasis and insulin secretion. J. Biol. Chem. 2015, 290, 18757–18769.

25. Chimienti, F.; Favier, A.; Seve, M. ZnT-8, a pancreatic beta-cell-specific zinc transporter. Biometals 2005, 18, 313–317.

26. Xu, Y.; Yan, Y.; Seeman, D.; Sun, L.; Dubin, P.L. Multimerization and aggregation of native-state insulin: Effect of zinc.
Langmuir 2012, 28, 579–586.

27. Sladek, R.; Rocheleau, G.; Rung, J.; Dina, C.; Shen, L.; Serre, D.; Boutin, P.; Vincent, D.; Belisle, A.; Hadjadj, S.; et al.
A genome-wide association study identifies novel risk loci for type 2 diabetes. Nature 2007, 445, 881–885.

28. Cortese-Krott, M.M.; Kulakov, L.; Opländer, C.; Kolb-Bachofen, V.; Kröncke, K.D.; Suschek, C.V. Zinc regulates iNOS-
derived nitric oxide formation in endothelial cells. Redox Biol. 2014, 2, 945–954.

29. Klevay, L.M. Cardiovascular disease from copper deficiency—A history. J. Nutr. 2000, 130, 489s–492s.

30. Medeiros, D.M. Perspectives on the Role and Relevance of Copper in Cardiac Disease. Biol. Trace Elem. Res. 2017,
176, 10–19.

31. Fukai, T.; Ushio-Fukai, M.; Kaplan, J.H. Copper transporters and copper chaperones: Roles in cardiovascular
physiology and disease. Am. J. Physiol. Cell Physiol. 2018, 315, C186–C201.

32. Morrell, A.; Tallino, S.; Yu, L.; Burkhead, J.L. The role of insufficient copper in lipid synthesis and fatty-liver disease.
IUBMB Life 2017, 69, 263–270.

33. Song, M.; Schuschke, D.A.; Zhou, Z.; Chen, T.; Shi, X.; Zhang, J.; Zhang, X.; Pierce, W.M., Jr.; Johnson, W.T.; Vos,
M.B.; et al. Modest fructose beverage intake causes liver injury and fat accumulation in marginal copper deficient rats.
Obesity 2013, 21, 1669–1675.

34. Urso, E.; Maffia, M. Behind the Link between Copper and Angiogenesis: Established Mechanisms and an Overview on
the Role of Vascular Copper Transport Systems. J. Vasc. Res. 2015, 52, 172–196.

35. Aigner, E.; Weiss, G.; Datz, C. Dysregulation of iron and copper homeostasis in nonalcoholic fatty liver. World J.
Hepatol. 2015, 7, 177–188.

36. Maritim, A.C.; Sanders, R.A.; Watkins, J.B., 3rd. Diabetes, oxidative stress, and antioxidants: A review. J. Biochem.
Mol. Toxicol. 2003, 17, 24–38.

37. Loyke, H.F. Copper and zinc in experimental hypertension. Biol. Trace Elem. Res. 1991, 29, 45–49.

38. al-Othman, A.A.; Rosenstein, F.; Lei, K.Y. Copper deficiency alters plasma pool size, percent composition and
concentration of lipoprotein components in rats. J. Nutr. 1992, 122, 1199–1204.

39. al-Othman, A.A.; Rosenstein, F.; Lei, K.Y. Copper deficiency increases in vivo hepatic synthesis of fatty acids,
triacylglycerols, and phospholipids in rats. Proc. Soc. Exp. Biol. Med. 1993, 204, 97–103.

40. Sales, M.C.; de Oliveira, L.P.; de Araujo Cabral, N.L.; de Sousa, S.E.S.; das Gracas Almeida, M.; Lemos, T.; de Oliveira
Lyra, C.; de Lima, K.C.; Sena-Evangelista, K.C.M.; de Fatima Campos Pedrosa, L. Plasma zinc in institutionalized
elderly individuals: Relation with immune and cardiometabolic biomarkers. J. Trace Elem. Med. Biol. 2018, 50, 615–
621.

41. Knez, M.; Pantovic, A.; Zekovic, M.; Pavlovic, Z.; Glibetic, M.; Zec, M. Is There a Link between Zinc Intake and Status
with Plasma Fatty Acid Profile and Desaturase Activities in Dyslipidemic Subjects? Nutrients 2019, 12, 93.

42. Ho, M.; Baur, L.A.; Cowell, C.T.; Samman, S.; Garnett, S.P. Zinc status, dietary zinc intake and metabolic risk in
Australian children and adolescents; Nepean Longitudinal Study. Eur. J. Nutr. 2017, 56, 2407–2414.

43. Gonoodi, K.; Moslem, A.; Darroudi, S.; Ahmadnezhad, M.; Mazloum, Z.; Tayefi, M.; Zadeh, S.A.T.; Eslami, S.; Shafiee,
M.; Khashayarmanesh, Z.; et al. Serum and dietary zinc and copper in Iranian girls. Clin. Biochem. 2018, 54, 25–31.

44. Freitas, E.P.; Cunha, A.T.; Aquino, S.L.; Pedrosa, L.F.; Lima, S.C.; Lima, J.G.; Almeida, M.G.; Sena-Evangelista, K.C.
Zinc Status Biomarkers and Cardiometabolic Risk Factors in Metabolic Syndrome: A Case Control Study. Nutrients
2017, 9, 175.

45. Song, X.; Wang, W.; Li, Z.; Zhang, D. Association between Serum Copper and Serum Lipids in Adults. Ann. Nutr.
Metab. 2018, 73, 282–289.

46. Perez, A.; Rojas, P.; Carrasco, F.; Basfi-Fer, K.; Perez-Bravo, F.; Codoceo, J.; Inostroza, J.; Galgani, J.E.; Gilmore,
L.A.; Ruz, M. Association between zinc nutritional status and glycemic control in individuals with well-controlled type-2
diabetes. J. Trace Elem. Med. Biol. 2018, 50, 560–565.



47. Farooq, D.M.; Alamri, A.F.; Alwhahabi, B.K.; Metwally, A.M.; Kareem, K.A. The status of zinc in type 2 diabetic patients
and its association with glycemic control. J. Fam. Community Med. 2020, 27, 29–36.

48. Sobczak, A.I.S.; Stefanowicz, F.; Pitt, S.J.; Ajjan, R.A.; Stewart, A.J. Total plasma magnesium, zinc, copper and
selenium concentrations in type-I and type-II diabetes. Biometals 2019, 32, 123–138.

49. Yin, J.; Wang, X.; Li, S.; Zhu, Y.; Chen, S.; Li, P.; Luo, C.; Huang, Y.; Li, X.; Hu, X.; et al. Interactions between plasma
copper concentrations and SOD1 gene polymorphism for impaired glucose regulation and type 2 diabetes. Redox Biol.
2019, 24, 101172.

50. Yao, J.; Hu, P.; Zhang, D. Associations Between Copper and Zinc and Risk of Hypertension in US Adults. Biol. Trace
Elem. Res. 2018, 186, 346–353.

51. Bastola, M.M.; Locatis, C.; Maisiak, R.; Fontelo, P. Selenium, copper, zinc and hypertension: An analysis of the
National Health and Nutrition Examination Survey (2011–2016). BMC Cardiovasc. Disord. 2020, 20, 45.

52. Darroudi, S.; Saberi-Karimian, M.; Tayefi, M.; Tayefi, B.; Khashyarmanesh, Z.; Fereydouni, N.; Haghighi, H.M.;
Mahmoudi, A.A.; Kharazmi-Khorassani, J.; Gonoodi, K.; et al. Association Between Hypertension in Healthy
Participants and Zinc and Copper Status: A Population-Based Study. Biol. Trace Elem. Res. 2019, 190, 38–44.

53. Viktorinova, A.; Toserova, E.; Krizko, M.; Durackova, Z. Altered metabolism of copper, zinc, and magnesium is
associated with increased levels of glycated hemoglobin in patients with diabetes mellitus. Metabolism 2009, 58, 1477–
1482.

54. Leone, N.; Courbon, D.; Ducimetiere, P.; Zureik, M. Zinc, copper, and magnesium and risks for all-cause, cancer, and
cardiovascular mortality. Epidemiology 2006, 17, 308–314.

55. Reunanen, A.; Knekt, P.; Marniemi, J.; Maki, J.; Maatela, J.; Aromaa, A. Serum calcium, magnesium, copper and zinc
and risk of cardiovascular death. Eur. J. Clin. Nutr. 1996, 50, 431–437.

56. Mazdak, H.; Yazdekhasti, F.; Movahedian, A.; Mirkheshti, N.; Shafieian, M. The comparative study of serum iron,
copper, and zinc levels between bladder cancer patients and a control group. Int. Urol. Nephrol. 2010, 42, 89–93.

57. Diez, M.; Cerdan, F.J.; Arroyo, M.; Balibrea, J.L. Use of the copper/zinc ratio in the diagnosis of lung cancer. Cancer
1989, 63, 726–730.

58. Malavolta, M.; Giacconi, R.; Piacenza, F.; Santarelli, L.; Cipriano, C.; Costarelli, L.; Tesei, S.; Pierpaoli, S.; Basso, A.;
Galeazzi, R.; et al. Plasma copper/zinc ratio: An inflammatory/nutritional biomarker as predictor of all-cause mortality in
elderly population. Biogerontology 2010, 11, 309–319.

59. Qu, X.; Yang, H.; Yu, Z.; Jia, B.; Qiao, H.; Zheng, Y.; Dai, K. Serum zinc levels and multiple health outcomes:
Implications for zinc-based biomaterials. Bioact. Mater. 2020, 5, 410–422.

60. Brandão-Lima, P.N.; Carvalho, G.B.; Santos, R.K.F.; Santos, B.D.C.; Dias-Vasconcelos, N.L.; Rocha, V.S.; Barbosa,
K.B.F.; Pires, L.V. Intakes of Zinc, Potassium, Calcium, and Magnesium of Individuals with Type 2 Diabetes Mellitus
and the Relationship with Glycemic Control. Nutrients 2018, 10, 1948.

61. Samadi, A.; Isikhan, S.Y.; Tinkov, A.A.; Lay, I.; Doşa, M.D.; Skalny, A.V.; Skalnaya, M.G.; Chirumbolo, S.; Bjørklund, G.
Zinc, copper, and oxysterol levels in patients with type 1 and type 2 diabetes mellitus. Clin. Nutr. 2020, 39, 1849–1856.

62. Modi, G.; Parmar, J. Trace elements (Copper and Zinc) in type 2 DM patients. Int. J. Clin. Biochem. Res. 2020, 7, 36–
39.

63. Zaky, D.; Sultan, E.; Salim, M.; Dawod, R. Zinc level and obesity. Egypt. J. Intern. Med. 2013, 25.

64. Zohal, M.; Jam-Ashkezari, S.; Namiranian, N.; Moosavi, A.; Ghadiri-Anari, A. Association between selected trace
elements and body mass index and waist circumference: A cross sectional study. Diabetes Metab. Syndr. Clin. Res.
Rev. 2019, 13, 1293–1297.

65. Gomez, N.N.; Ojeda, M.S.; Gimenez, M.S. Lung lipid composition in zinc-deficient rats. Lipids 2002, 37, 291–296.

66. Sun, W.; Yang, J.; Wang, W.; Hou, J.; Cheng, Y.; Fu, Y.; Xu, Z.; Cai, L. The beneficial effects of Zn on Akt-mediated
insulin and cell survival signaling pathways in diabetes. J. Trace Elem. Med. Biol. 2018, 46, 117–127.

67. Gomez, N.N.; Biaggio, V.S.; Rozzen, E.J.; Alvarez, S.M.; Gimenez, M.S. Zn-limited diet modifies the expression of the
rate-regulatory enzymes involved in phosphatidylcholine and cholesterol synthesis. Br. J. Nutr. 2006, 96, 1038–1046.

68. Feige, J.N.; Gelman, L.; Michalik, L.; Desvergne, B.; Wahli, W. From molecular action to physiological outputs:
Peroxisome proliferator-activated receptors are nuclear receptors at the crossroads of key cellular functions. Prog.
Lipid Res. 2006, 45, 120–159.

69. Zhao, Y.; Tan, Y.; Dai, J.; Wang, B.; Li, B.; Guo, L.; Cui, J.; Wang, G.; Li, W.; Cai, L. Zinc deficiency exacerbates
diabetic down-regulation of Akt expression and function in the testis: Essential roles of PTEN, PTP1B and TRB3. J.
Nutr. Biochem. 2012, 23, 1018–1026.



70. Murakami, H.; Yasui, H.; Yoshikawa, Y. Pharmacological and pharmacokinetic studies of anti-diabetic tropolonato-Zn(II)
complexes with Zn(S2O2) coordination mode. Chem. Pharm. Bull. 2012, 60, 1096–1104.

71. Nishide, M.; Yoshikawa, Y.; Yoshikawa, E.U.; Matsumoto, K.; Sakurai, H.; Kajiwara, N.M. Insulinomimetic Zn(II)
complexes as evaluated by both glucose-uptake activity and inhibition of free fatty acids release in isolated rat
adipocytes. Chem. Pharm. Bull. 2008, 56, 1181–1183.

72. Zang, X.; Huang, H.; Zhuang, Z.; Chen, R.; Xie, Z.; Xu, C.; Mo, X. The association between serum copper
concentrations and cardiovascular disease risk factors in children and adolescents in NHANES. Environ. Sci. Pollut.
Res. Int. 2018, 25, 16951–16958.

73. Yao, B.; Wang, Y.; Xu, L.; Lu, X.; Qu, H.; Zhou, H. Associations Between Copper and Zinc and High Blood Pressure in
Children and Adolescents Aged 8–17 Years: An Exposure-Response Analysis of NHANES 2007–2016. Biol. Trace
Elem. Res. 2020, 198.

74. Mohammadifard, N.; Humphries, K.H.; Gotay, C.; Mena-Sánchez, G.; Salas-Salvadó, J.; Esmaillzadeh, A.;
Ignaszewski, A.; Sarrafzadegan, N. Trace minerals intake: Risks and benefits for cardiovascular health. Crit. Rev. Food
Sci. Nutr. 2019, 59, 1334–1346.

75. Saltman, P. Trace elements and blood pressure. Ann. Intern. Med. 1983, 98, 823–827.

76. Magrì, A.; La Mendola, D.; Nicoletti, V.G.; Pappalardo, G.; Rizzarelli, E. New Insight in Copper-Ion Binding to Human
Islet Amyloid: The Contribution of Metal-Complex Speciation to Reveal the Polypeptide Toxicity. Chemistry 2016, 22,
13287–13300.

77. Sánchez-López, C.; Cortés-Mejía, R.; Miotto, M.C.; Binolfi, A.; Fernández, C.O.; del Campo, J.M.; Quintanar, L. Copper
Coordination Features of Human Islet Amyloid Polypeptide: The Type 2 Diabetes Peptide. Inorg. Chem. 2016, 55,
10727–10740.

78. Özenç, S.; Saldir, M.; Sarı, E.; Çetinkaya, S.; Yeşilkaya, Ş.; Babacan, O.; Fidancı, K.; Sayal, A.; Balamtekin, N.;
Yesilkaya, E. Selenium, zinc, and copper levels and their relation with HbA1c status in children with type 1 diabetes
mellitus. Int. J. Diabetes Dev. Ctries. 2015, 35, 514–518.

79. Yang, H.; Liu, C.N.; Wolf, R.M.; Ralle, M.; Dev, S.; Pierson, H.; Askin, F.; Steele, K.E.; Magnuson, T.H.; Schweitzer,
M.A.; et al. Obesity is associated with copper elevation in serum and tissues. Metallomics 2019, 11, 1363–1371.

80. Palaniswamy, S.; Piltonen, T.; Koiranen, M.; Mazej, D.; Järvelin, M.R.; Abass, K.; Rautio, A.; Sebert, S. The association
between blood copper concentration and biomarkers related to cardiovascular disease risk—Analysis of 206
individuals in the Northern Finland Birth Cohort 1966. J. Trace Elem. Med. Biol. 2019, 51, 12–18.

81. Saari, J.T. Copper deficiency and cardiovascular disease: Role of peroxidation, glycation, and nitration. Can. J. Physiol.
Pharmacol. 2000, 78, 848–855.

82. Lubos, E.; Loscalzo, J.; Handy, D.E. Glutathione peroxidase-1 in health and disease: From molecular mechanisms to
therapeutic opportunities. Antioxid. Redox Signal. 2011, 15, 1957–1997.

83. Filipe, P.; Haigle, J.; Freitas, J.; Fernandes, A.; Mazière, J.C.; Mazière, C.; Santus, R.; Morlière, P. Anti- and pro-oxidant
effects of urate in copper-induced low-density lipoprotein oxidation. Eur. J. Biochem. 2002, 269, 5474–5483.

84. Kwon, O.B.; Kang, J.H. Lipid peroxidation induced by the Cu,Zn-superoxide dismutase and hydrogen peroxide system.
Biochem. Mol. Biol. Int. 1999, 47, 645–653.

85. Aliabadi, H. A deleterious interaction between copper deficiency and sugar ingestion may be the missing link in heart
disease. Med. Hypotheses 2008, 70, 1163–1166.

86. DiSilvestro, R.A.; Joseph, E.L.; Zhang, W.; Raimo, A.E.; Kim, Y.M. A randomized trial of copper supplementation effects
on blood copper enzyme activities and parameters related to cardiovascular health. Metabolism 2012, 61, 1242–1246.

87. Valsala, P.; Kurup, P.A. Investigations on the mechanism of hypercholesterolemia observed in copper deficiency in rats.
J. Biosci. 1987, 12, 137–142.

88. Soinio, M.; Marniemi, J.; Laakso, M.; Pyörälä, K.; Lehto, S.; Rönnemaa, T. Serum zinc level and coronary heart disease
events in patients with type 2 diabetes. Diabetes Care 2007, 30, 523–528.

89. Tanaka, A.; Kaneto, H.; Miyatsuka, T.; Yamamoto, K.; Yoshiuchi, K.; Yamasaki, Y.; Shimomura, I.; Matsuoka, T.A.;
Matsuhisa, M. Role of copper ion in the pathogenesis of type 2 diabetes. Endocr. J. 2009, 56, 699–706.

90. Białkowska, M.; Hoser, A.; Szostak, W.B.; Dybczyński, R.; Sterliński, S.; Nowicka, G.; Majchrzak, J.; Kaczorowski, J.;
Danko, B. Hair zinc and copper concentration in survivors of myocardial infarction. Ann. Nutr. Metab. 1987, 31, 327–
332.

91. Kok, F.J.; Van Duijn, C.M.; Hofman, A.; Van der Voet, G.B.; De Wolff, F.A.; Paays, C.H.; Valkenburg, H.A. Serum
copper and zinc and the risk of death from cancer and cardiovascular disease. Am. J. Epidemiol. 1988, 128, 352–359.



92. Ford, E.S. Serum copper concentration and coronary heart disease among US adults. Am. J. Epidemiol. 2000, 151,
1182–1188.

93. Little, P.J.; Bhattacharya, R.; Moreyra, A.E.; Korichneva, I.L. Zinc and cardiovascular disease. Nutrition 2010, 26, 1050–
1057.

94. Yary, T.; Virtanen, J.K.; Ruusunen, A.; Tuomainen, T.P.; Voutilainen, S. Serum zinc and risk of type 2 diabetes incidence
in men: The Kuopio Ischaemic Heart Disease Risk Factor Study. J. Trace Elem. Med. Biol. 2016, 33, 120–124.

95. Hamasaki, H.; Kawashima, Y.; Yanai, H. Serum Zn/Cu Ratio Is Associated with Renal Function, Glycemic Control, and
Metabolic Parameters in Japanese Patients with and without Type 2 Diabetes: A Cross-sectional Study. Front.
Endocrinol. 2016, 7, 147.

96. Cabral, M.; Kuxhaus, O.; Eichelmann, F.; Kopp, J.F.; Alker, W.; Hackler, J.; Kipp, A.P.; Schwerdtle, T.; Haase, H.;
Schomburg, L.; et al. Trace element profile and incidence of type 2 diabetes, cardiovascular disease and colorectal
cancer: Results from the EPIC-Potsdam cohort study. Eur. J. Nutr. 2021.

97. Samson, S.L.; Garber, A.J. Metabolic syndrome. Endocrinol. Metab. Clin. N. Am. 2014, 43, 1–23.

98. Akdas, S.; Turan, B.; Durak, A.; Aribal Ayral, P.; Yazihan, N. The Relationship Between Metabolic Syndrome
Development and Tissue Trace Elements Status and Inflammatory Markers. Biol. Trace Elem. Res. 2020, 198, 16–24.

99. Fang, C.; Wu, W.; Gu, X.; Dai, S.; Zhou, Q.; Deng, H.; Shen, F.; Chen, J. Association of serum copper, zinc and
selenium levels with risk of metabolic syndrome: A nested case-control study of middle-aged and older Chinese adults.
J. Trace Elem. Med. Biol. 2019, 52, 209–215.

100. Marjani, A.; Akbari, F.A.; Eshghinia, S. Association between trace elements and metabolic syndrome among type 2
diabetes mellitus patients in gorgan. Asian J. Pharm. Clin. Res. 2015, 8, 358–362.

101. Ma, J.; Zhou, Y.; Wang, D.; Guo, Y.; Wang, B.; Xu, Y.; Chen, W. Associations between essential metals exposure and
metabolic syndrome (MetS): Exploring the mediating role of systemic inflammation in a general Chinese population.
Environ. Int. 2020, 140, 105802.

102. Wen, W.L.; Wang, C.W.; Wu, D.W.; Chen, S.C.; Hung, C.H.; Kuo, C.H. Associations of Heavy Metals with Metabolic
Syndrome and Anthropometric Indices. Nutrients 2020, 12, 2666.

103. Choi, S.; Liu, X.; Pan, Z. Zinc deficiency and cellular oxidative stress: Prognostic implications in cardiovascular
diseases. Acta Pharmacol. Sin. 2018, 39, 1120–1132.

104. Olechnowicz, J.; Tinkov, A.; Skalny, A.; Suliburska, J. Zinc status is associated with inflammation, oxidative stress, lipid,
and glucose metabolism. J. Physiol. Sci. 2018, 68, 19–31.

Retrieved from https://encyclopedia.pub/entry/history/show/33325


