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Abstract

:

Elevated circulating copper levels have been associated with chronic kidney disease (CKD), kidney damage, and decline in kidney function. Using a two sample Mendelian randomization approach where copper-associated genetic variants were used as instrumental variables, genetically predicted higher circulating copper levels were associated with higher CKD prevalence (odds ratio 1.17; 95% confidence interval 1.04, 1.32; p-value = 0.009). There was suggestive evidence that genetically predicted higher copper was associated with a lower estimated glomerular filtration rate and a more rapid kidney damage decline. In conclusion, we observed that elevated circulating copper levels may be a causal risk factor for CKD.
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1. Introduction


Copper is an essential trace element obtained mainly from foods, such as shellfish, organ meats, whole grain products, seeds, and nuts, but recent studies suggest that circulating copper concentrations are also to some extent genetically determined [1]. Alteration of circulating trace elements in many body organs including the brain, heart, kidney, and liver have been involved in trauma related deaths [2,3]. Excessive dietary copper intake can lead to deposition of copper in the kidney and cause nephrotoxicity characterized by proximal tube necrosis that results through oxidative stress, cellular injury, and leads to a decline in kidney function [4]. However, the interplay between copper and kidney disease is bi-directional as imbalances in the homeostasis of circulating copper levels may also occur as a result of impaired renal excretion and changes in protein metabolism in patients with chronic kidney disease (CKD) [5]. In fact, the regulation of copper levels in CKD patients is important to prevent complications. In previous observational studies, elevated circulating levels of copper have been associated with CKD [4,6]. Since traditional observational epidemiological studies are prone to confounding and reverse causality, it remains to be firmly established whether higher blood levels of copper cause kidney damage, a more rapid decline in kidney function and an increased risk of CKD.



One of the approaches to infer the causal links between lifestyle factors and disease outcomes is Mendelian randomization. Mendelian randomization (MR) is a framework to test the causal connections between modifiable exposures in relation to different phenotypes, where exposure-associated genetic variants are used as instrumental variables. Considering the random assortment of genetic variants during conception, genetic variants are not generally associated with potential confounders in the exposure-outcome association [7]. There are no previous studies that have examined the causal relationship between circulating copper levels in association with CKD.



We hypothesized that elevated circulating copper levels increase the risk of CKD. To test this hypothesis, we conducted a primary analysis of the association between genetically predicted circulating copper levels and CKD. In secondary analyses, we investigated whether genetically predicted high circulating copper levels associate with lower estimated glomerular filtration rate (eGFR), increased kidney rapid decline, and kidney damage.




2. Materials and Methods


2.1. Study Design


The current study is based on the MR design. The MR approach is based upon three assumptions. First, the genetic instrumental variable should be associated with the exposure. Second, the genetic instrumental variable should be associated with the potential confounders. Third, the genetic instrumental variable should effect the outcome variable through the exposure. The hypothesis was tested using copper-associated genetic variants as instrumental variables through a two sample MR approach [1]. In addition, MR studies are not vulnerable to reverse causation because genetic variants cannot be changed by disease status.




2.2. Genetic Instruments


Genetic association estimates for circulating copper were extracted from a genome-wide association meta-analysis of three population-based cohorts comprising 6937 individuals of European-descent [1]. In this meta-analysis study, circulating copper levels were measured in both plasma and serum. That study identified two genetic variants (rs17564336 in SELENBP1 and rs34951015 in CP) at genome-wide significance in positive association with circulating copper levels. Both of those variants were used as genetic instruments in this MR study.




2.3. Outcomes


To access the potential causal association between circulating copper levels and CKD risk, genetic association estimates for CKD were obtained from a meta-analysis of genome-wide association studies (GWAS) with a total of 12,385 CKD cases and 104,780 non-cases of European descent [8]. CKD in that GWAS was defined as eGFR based on serum creatinine <60 mL min−1 per 1.73 m2. Genetic association estimates for eGFR, as a continuous variable, were obtained from a GWAS of 312,468 individuals of multiple ancestry (discovery dataset) [9] as well as the CKDGEN consortium and the UK Biobank cohort (n = 1,004,040) (replication dataset) [10].



To assess the potential causal link between circulating copper levels and the risk of creatinine based rapid decline of glomerular filtration rate (eGFRcrea), genetic association estimates for eGFRcrea were obtained from Gorski et al. [11]. The assessment of eGFRcrea was based on the sample from the CKDGEN consortium and UK Biobank cohort. Rapid eGFRcrea cases (also called CKDi25 including Ncases = 19,901 and Ncontrols= 175,244) were defined as individuals who started with a baseline eGFR ≥ 60 mL/min per 1.73 m2 and decreased by >25% from this baseline to an eGFR < 60 mL/min per 1.73 m2, while the “CKDi25” controls were the individuals who started with a baseline eGFR > 60 mL/min per 1.73 m2 and did not meet these kidney function decline parameters (had not experienced 25% decline in eGFR) [11]. The mean eGFR decline follow-up time varies (from 1 to 15 years) in the participating study cohorts. Serum creatinine was measured using the enzymatic method as well as Jaffe reaction based method across the participating study cohorts. The estimation of eGFR was performed using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [11].



To examine the potential causal link between circulating copper levels and kidney damage, genetic association estimates for markers of kidney damage were obtained from a GWAS meta-analysis by Teumer et al. [12]. Kidney damage was reflected by urinary albumin-to-creatinine ratio (n = 48,589) and normo-albuminuria vs. micro-/macro-albuminuria (n = 48,255) [12].



All the included study samples were based on participants of European ancestry, of age > 18 years, and contain both men and women. All the included studies were conducted following the standards of the Declaration of Helsinki.




2.4. Statistical Analysis


We used the inverse-variance weighted (IVW) method to estimate the causal estimates for the associations of genetically predicted copper with the kidney outcomes. We were unable to rule out potential pleiotropic effects by applying other MR methods, such as the weighted median and MR-Egger regression methods, as the minimum required number of genetic variants for these MR methods should be at least three, and we only had two copper-associated genetic variants. Analyses were conducted using MR base (https://www.mrbase.org/) (accession date: 26 December 2021) [13] and R-studio. p-value < 0.05 was considered to be statistically significant.





3. Results


Genetically predicted higher circulating copper levels were significantly associated with an increased CKD prevalence (odds ratio 1.17; 95% confidence interval [CI] 1.04, 1.32; p-value = 0.009) (Figure 1).



Genetically predicted higher circulating copper levels were significantly associated with lower eGFR in the discovery study (beta −0.88 mL min−1 per 1.73 m2; 95% CI −1.72, −0.03; p-value = 0.043) [9] but were not significantly associated in the replication study (beta −0.0001 mL min−1 per 1.73 m2; 95% CI −0.0023, 0.0023; p-value = 0.91).



Our MR analysis provided evidence that genetically predicted higher circulating copper levels were marginally associated with increased decline of the glomerular function rate (odds ratio 1.10; 95% CI 0.99,1.23; p-value = 0.076).



Genetically predicted copper levels were not significantly associated with kidney damage when modelling urinary albumin-to-creatinine ratio as a continuous variable (beta 0.03; 95% CI −0.03, 0.06; p-value = 0.36), nor when comparing normo-albuminuria vs. micro-/macro-albuminuria (beta 0.05; 95% CI −0.34, 0.44; p-value = 0.80) [12].




4. Discussion


In the current study, we investigated the causal relationship between genetically predicted circulating copper and the risk of CKD, eGFR, kidney decline function, and urinary albumin-to-creatinine ratio and microalbuminuria. To the best our knowledge, this is the first study using the MR method to explore the causal connections between circulating copper intake and the CKD related outcomes. Our two-sample MR analysis confirms the observational association between high circulating copper levels and increased risk of CKD [4,6]. High circulating copper levels have also been associated with reduced eGFR, rapid kidney function decline, and higher levels of urinary albumin-to-creatinine ratio and microalbuminuria [14,15,16,17]. However, through MR analysis, we observed a nominally significant association of genetically predicted copper levels with reduced eGFR and rapid kidney function decline, but no association was observed with albuminuria.



Our important finding is that circulating copper was causally associated with higher risk of CKD prevalence and reduced eGFR. Copper is the important transition metal in humans and is a cofactor of several enzymes that are involved in many physiological pathways. Circulating copper is somewhat genetically controlled [1], but humans are also exposed to copper through dietary intake and it reaches the kidney through blood circulation [18]. In the kidneys, copper catalyzes the production of highly reactive hydroxyl radical species, so this oxidative stress can cause proximal tube necrosis [5,18]. Previously, through observational epidemiological studies, it has been reported that higher copper intake has been associated with abnormal eGFR [16] and end stage CKD [19]. Our study also proposed that circulating copper is causally associated with higher CKD prevalence as well as reduced eGFR. In the replication study (Stanzick et al.) [10], the eGFR-GWAS analysis was additionally adjusted for confounding factors, including interaction terms for sex*age, age2*sex. This might explain why the single nucleotide polymorphism-eGFR estimates in the analysis based on the replication study were very small in magnitude and not comparable with the estimates obtained based upon the GWAS by Morris et al. [9], where the regression estimates were not adjusted for any interaction terms.



Strengths of the current MR study are that circulating copper levels were measured through plasma and serum and that the genetic association estimates for copper and CKD were measured in independent samples, thereby avoiding bias in the direction of the observational association. The limitation of the current study is that only two genetic variants were used as instrumental variables. It was thus not possible to rule out potential pleiotropic effects using other MR methods that are more robust for such effects. Circulating copper levels were estimated through whole blood, serum, and erythrocytes with different transformation of copper values including varying model adjustment in the different cohorts of copper genome-wide association studies. Our study might be underpowered to detect weak causal connections between copper and renal biomarkers. Furthermore, we tested many outcome traits in MR analysis. However, even if we apply multiple correction, our results for genetically predicted circulating copper levels in association with CKD risk are statistically significant. In the replication sample of CKDGEN and UK Biobank, we observed directionally similar circulating copper-CKD estimates. We only use GWAS summary data and we are not able to define CKD using both GFR and albuminuria. Finally, our studies sample was based upon individuals of European ancestry, which limited generalizability to other ancestries.




5. Conclusions


In conclusion, findings of this MR study suggest that genetically predicted elevated circulating copper levels may be a causal risk factor for CKD and possibly reduced eGFR and rapid kidney decline function. Additional studies are needed to assess the clarification of potential underlying mechanisms and clinical relevance of these findings.







Author Contributions


Conceptualization, S.A. and S.C.L.; methodology, S.A. and S.C.L.; software, S.A. and S.C.L.; formal analysis, S.A. and S.C.L.; writing—S.A. and S.C.L.; writing—review and editing, S.A., S.C.L. and J.Ä.; supervision, S.C.L.; funding acquisition, S.C.L. All authors have read and agreed to the published version of the manuscript.




Funding


Ahmad was supported from the research grant from FORMAS—Early Career Grant (2020-00989). Larsson acknowledges research support from the Swedish Research Council (Vetenskapsrådet, 2019-00977), the Swedish Research Council for Health, Working Life and Welfare (Forte, 2018-00123), and the Swedish Heart Lung Foundation (Hjärt-Lungfonden, 20210351). Ärnlöv acknowledges research support from the Swedish research council (2019-01015 and 2020-00243) and the Swedish Heart Lung foundation (20180343).




Institutional Review Board Statement


The current study is based on the summary results from the published studies. Ethical approval for each of the included study can be found in the original publication.




Informed Consent Statement


Informed consent was obtained from all study participants.




Data Availability Statement


As the current study used published GWAS summary data, so, the relevant data is publically available.




Acknowledgments


The authors acknowledge the participants and investigators of the FinnGen study.




Conflicts of Interest


J.Ä. has served on advisory boards for AstraZeneca and Boehringer Ingelheim and have received lecturing fees from AstraZeneca and Novartis, all unrelated to the present project. No other potential conflicts of interest relevant to this article were reported.




References


	



Jager, S.; Cabral, M.; Kopp, J.F.; Hoffmann, P.; Ng, E.; Whitfield, J.B.; Morris, A.P.; Lind, L.; Schwerdtle, T.; Schulze, M.B. Blood copper and risk of cardiometabolic diseases-A Mendelian randomization study. Hum. Mol. Genet. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Xu, G.; Su, R.; Li, B.; Lv, J.; Sun, W.; Hu, B.; Li, X.; Gu, J.; Yu, X. Trace Element Concentrations in Human Tissues of Death Cases Associated With Secondary Infection and MOF After Severe Trauma. Biol. Trace Elem. Res. 2015, 168, 335–339. [Google Scholar] [CrossRef] [PubMed]

	



Xu, G.; Hu, B.; Chen, G.; Yu, X.; Luo, J.; Lv, J.; Gu, J. Analysis of blood trace elements and biochemical indexes levels in severe craniocerebral trauma adults with Glasgow Coma Scale and injury severity score. Biol. Trace Elem. Res. 2015, 164, 192–197. [Google Scholar] [CrossRef] [PubMed]

	



Ay, A.; Alkanli, N.; Ustundag, S. Investigation of the Relationship Between IL-18 (-607 C/A), IL-18 (-137 G/C), and MMP-2 (-1306 C/T) Gene Variations and Serum Copper and Zinc Levels in Patients Diagnosed with Chronic Renal Failure. Biol. Trace Elem. Res. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Niu, Y.Y.; Zhang, Y.Y.; Zhu, Z.; Zhang, X.Q.; Liu, X.; Zhu, S.Y.; Song, Y.; Jin, X.; Lindholm, B.; Yu, C. Elevated intracellular copper contributes a unique role to kidney fibrosis by lysyl oxidase mediated matrix crosslinking. Cell Death Dis. 2020, 11, 211. [Google Scholar] [CrossRef] [PubMed]

	



Sondheimer, J.H.; Mahajan, S.K.; Rye, D.L.; Abu-Hamdan, D.K.; Migdal, S.D.; Prasad, A.S.; McDonald, F.D. Elevated plasma copper in chronic renal failure. Am. J. Clin. Nutr. 1988, 47, 896–899. [Google Scholar] [CrossRef] [PubMed]

	



Smith, G.D.; Ebrahim, S. ‘Mendelian randomization’: Can genetic epidemiology contribute to understanding environmental determinants of disease? Int. J. Epidemiol. 2003, 32, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Pattaro, C.; Teumer, A.; Gorski, M.; Chu, A.Y.; Li, M.; Mijatovic, V.; Garnaas, M.; Tin, A.; Sorice, R.; Li, Y.; et al. Genetic associations at 53 loci highlight cell types and biological pathways relevant for kidney function. Nat. Commun. 2016, 7, 10023. [Google Scholar] [CrossRef] [PubMed]

	



Morris, A.P.; Le, T.H.; Wu, H.; Akbarov, A.; van der Most, P.J.; Hemani, G.; Smith, G.D.; Mahajan, A.; Gaulton, K.J.; Nadkarni, G.N.; et al. Trans-ethnic kidney function association study reveals putative causal genes and effects on kidney-specific disease aetiologies. Nat. Commun. 2019, 10, 29. [Google Scholar] [CrossRef] [PubMed]

	



Stanzick, K.J.; Li, Y.; Schlosser, P.; Gorski, M.; Wuttke, M.; Thomas, L.F.; Rasheed, H.; Rowan, B.X.; Graham, S.E.; Vanderweff, B.R.; et al. Discovery and prioritization of variants and genes for kidney function in >1.2 million individuals. Nat. Commun. 2021, 12, 4350. [Google Scholar] [CrossRef] [PubMed]

	



Gorski, M.; Jung, B.; Li, Y.; Matias-Garcia, P.R.; Wuttke, M.; Coassin, S.; Thio, C.H.L.; Kleber, M.E.; Winkler, T.W.; Wanner, V.; et al. Meta-analysis uncovers genome-wide significant variants for rapid kidney function decline. Kidney Int. 2021, 99, 926–939. [Google Scholar] [CrossRef]

	



Teumer, A.; Tin, A.; Sorice, R.; Gorski, M.; Yeo, N.C.; Chu, A.Y.; Li, M.; Li, Y.; Mijatovic, V.; Ko, Y.A.; et al. Genome-wide Association Studies Identify Genetic Loci Associated With Albuminuria in Diabetes. Diabetes 2016, 65, 803–817. [Google Scholar] [CrossRef]

	



Hemani, G.; Zheng, J.; Elsworth, B.; Wade, K.H.; Haberland, V.; Baird, D.; Laurin, C.; Burgess, S.; Bowden, J.; Langdon, R.; et al. The MR-Base platform supports systematic causal inference across the human phenome. Elife 2018, 7, e34408. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, H.J.; Hung, C.H.; Wang, C.W.; Tu, H.P.; Li, C.H.; Tsai, C.C.; Lin, W.Y.; Chen, S.C.; Kuo, C.H. Associations among Heavy Metals and Proteinuria and Chronic Kidney Disease. Diagnostics 2021, 11, 282. [Google Scholar] [CrossRef] [PubMed]

	



Iyanda, A.A.; Anetor, J.; Adeniyi, F.A. Altered copper level and renal dysfunction in Nigerian women using skin-whitening agents. Biol. Trace Elem. Res. 2011, 143, 1264–1270. [Google Scholar] [CrossRef] [PubMed]

	



Yang, F.; Yi, X.; Guo, J.; Xu, S.; Xiao, Y.; Huang, X.; Duan, Y.; Luo, D.; Xiao, S.; Huang, Z.; et al. Association of plasma and urine metals levels with kidney function: A population-based cross-sectional study in China. Chemosphere 2019, 226, 321–328. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, V.; Kalita, J.; Misra, U.K.; Bora, H.K. A study of dose response and organ susceptibility of copper toxicity in a rat model. J. Trace Elem. Med. Biol. 2015, 29, 269–274. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Nie, S.; Ding, H.; Hou, F.F. Environmental pollution and kidney diseases. Nat. Rev. Nephrol. 2018, 14, 313–324. [Google Scholar] [CrossRef] [PubMed]

	



Jung, J.; Park, J.Y.; Kim, Y.C.; Lee, H.; Kim, E.; Kim, Y.L.; Kim, Y.S.; Lee, J.P.; Kim, H.; Clinical Research Center For End-Stage Renal Disease (CRC For ESRD) Investigators. Long-Term Effects of Air Pollutants on Mortality Risk in Patients with End-Stage Renal Disease. Int. J. Environ. Res. Public Health 2020, 17, 546. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 14 00509 g001 550] 





Figure 1. Associations of genetically predicted circulating copper with chronic kidney disease. CI, confidence interval; IVW, inverse variance weighted; OR, odds ratio; SNP, single-nucleotide polymorphism. 
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