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Abstract

:

Metals are redox-active substances that participate in central biological processes and may be involved in a multitude of pathogenic events. However, considering the inconsistencies reported in the literature, further research is crucial to disentangle the role of metal homeostasis in childhood obesity and comorbidities using well-characterized cohorts and state-of-the-art analytical methods. To this end, we studied an observational population comprising children with obesity and insulin resistance, children with obesity without insulin resistance, and healthy control children. A multi-elemental approach based on the size-fractionation of metal species was applied to quantify the total content of various essential and toxic elements in plasma and erythrocyte samples, and to simultaneously investigate the metal fractions conforming the metalloproteome and the labile metal pool. The most important disturbances in childhood obesity were found to be related to elevated circulating copper levels, decreased content of plasmatic proteins containing chromium, cobalt, iron, manganese, molybdenum, selenium, and zinc, as well as the sequestration of copper, iron, and selenium within erythrocytes. Interestingly, these metal disturbances were normally exacerbated among children with concomitant insulin resistance, and in turn were associated to other characteristic pathogenic events, such as inflammation, oxidative stress, abnormal glucose metabolism, and dyslipidemia. Therefore, this study represents one-step further towards a better understanding of the involvement of metals in the crosstalk between childhood obesity and insulin resistance.
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1. Introduction


Childhood obesity is a multi-factorial disorder associating a myriad of complications, including abnormal carbohydrate metabolism, dyslipidemia, chronic low-grade inflammation, and oxidative stress [1]. In this respect, growing evidence points to metal and metalloid elements as potential regulators of these heterogeneous disturbances. Metals play pivotal roles in a wide range of essential biological processes, such as electron and oxygen transport, immune response, synthesis of fatty acids, proteins, RNA and DNA, cell division, antioxidant defense, hormonal regulation, and many others [2,3,4]. Accordingly, impaired metal homeostasis may considerably impact the proper functioning of central metabolic pathways and thus contribute to the development of a variety of diseases, including obesity and related comorbidities. To date, only a few authors have investigated the relationship between childhood obesity and alterations in levels of essential and toxic elements in different biological matrices, namely whole blood [5,6], serum/plasma [6,7,8,9,10], urine [6,11,12], hair [13], and teeth [5]. In general, excess body mass has been associated with deficiencies of magnesium, zinc, iron, and selenium, as well as with elevated copper levels, while contradictory results have been reported for other minor elements. However, it should be noted here that all these previously published studies relied on the measurement of total metal contents in the biological samples under investigation, without taking into consideration the chemical form in which trace elements are present in the organism. The main biological function of metals results from their incorporation as enzymatic cofactors into the structure of metalloproteins, although they can also be detected as free labile ions or in the form of metallometabolites. As this distinction between high molecular mass (HMM) and low molecular mass (LMM) species determines their biological activities, toxicological properties, and transport across biological compartments [14], characterizing the multi-elemental biodistribution is essential to better understand the role of metals in health status. On the other hand, another major limitation of the available literature on this topic is related to the study population. Despite that obesity can normally be accompanied by various comorbidities, such as insulin resistance (IR), dyslipidemia, or glucose intolerance, all the studies reviewed above considered it as a homogeneous disorder. However, part of the obese population (ca. 10–30%) is not affected by these metabolic disturbances and paradoxically presents low cardiometabolic risk, which constitutes the “metabolically healthy obesity” [15]. Altogether, further investigation of the multi-elemental status in well-characterized cohorts seems to be crucial to obtain new insights into the involvement of metals in childhood obesity and its metabolic complications.



Herein, we investigated the multi-elemental profiles in peripheral blood samples from a case-control study design comprising children with obesity and IR, children with obesity without IR, and healthy control children. To this end, a high-throughput metallomics method was employed for the first time for the size-fractionation of circulating metal species. The methodology was applied to plasma and erythrocyte samples to obtain a comprehensive and multi-compartmental overview of the characteristic alterations in metal homeostasis behind childhood obesity and IR, and to decipher their association with concomitant pathogenic events such as hyperglycemia, hyperinsulinemia, dyslipidemia, inflammatory processes, and exacerbated oxidative stress. In this vein, the study of the erythroid fraction could provide added value with respect to the available scientific evidence in serum/plasma, especially considering that erythrocytes are powerful systemic indicators of the metabolic and redox status of the organism [16].




2. Materials and Methods


2.1. Study Population and Sample Collection


The study population consisted of prepubertal children (Tanner Stage I) aged between 6 and 10 years, comprising children with obesity and IR (ObIR+, n = 31), children with obesity without IR (ObIR−, n = 15), and healthy control children (CNT, n = 26). Children with obesity were recruited among patients who attended the Pediatric Endocrinology Unit of “Hospital Universitario Puerta del Mar” (Cádiz, Spain) for routinary health assessment. These study participants did not receive any specific treatment (e.g., medication, lifestyle guidance) along the consecution of the research project. Children with a body mass index (BMI) over two standard deviations above the mean of the reference population, adjusted for sex and age, were diagnosed as obese [17]. When indicated by clinical findings, children with obesity underwent an oral glucose tolerance test (OGTT), and the measurement of blood insulin levels along the OGTT curve enabled us to diagnose concomitant IR when meeting at least one of the following criteria: (i) homeostasis model assessment of insulin resistance (HOMA-IR) score above 3.5, (ii) fasting insulin levels above 15 mU/L, (iii) insulin levels above 75 mU/L at 120 min of the OGTT, (iv) insulin levels above 150 mU/L at any time point of the OGTT [18]. On the other hand, healthy non-obese children who needed a blood test for other medical reasons (e.g., pre-anesthesia) were enrolled as control subjects. From all participants, venous blood samples were collected in the morning after overnight fasting. Blood tubes were centrifuged at 1500× g for 10 min at 4 °C to separate the plasma. The resulting pellets were then washed three times with cold saline solution (9 g/L NaCl, 4 °C) to obtain the erythrocyte fraction by centrifuging at 1500× g for 5 min at 4 °C. Plasma and erythrocyte samples were aliquoted and stored at −80 °C until analysis. The study was performed in accordance with the principles contained in the Declaration of Helsinki. The Ethical Committee of “Hospital Universitario Puerta del Mar” (Cádiz, Spain) approved the study protocol (Ref. PI22/01899), and all participants and/or legal guardians provided written informed consent.




2.2. Anthropometric and Biochemical Variables


Anthropometric variables, including weight, height, BMI, and waist circumference (WC), were evaluated by pediatric endocrinologists. Routine clinical assays were employed to determine fasting plasma levels of glucose, insulin, glycated hemoglobin (HbA1c), C-reactive protein (CRP), and lipid profile (i.e., total cholesterol, TC; high-density lipoprotein cholesterol, HDL-C; low-density lipoprotein cholesterol, LDL-C; triglycerides, TG). Additionally, glucose and insulin concentrations were also measured along the OGTT curve in the plasma of children with obesity (i.e., 0, 30, 60, 90, 120 min). The homeostasis model assessment of insulin resistance (HOMA-IR), the whole-body insulin sensitivity index (WBISI), the area under the curve for glucose (AUCGlc), the area under the curve for insulin (AUCIns), and the Castelli risk index-I (CRI-I) were calculated by applying the following formulas [19]:


HOMA-IR = (Glc0 × Ins0) × 0.055/22.5



(1)






WBISI = 10,000/(Glc0 × Ins0 × MeanGlc × MeanIns)1/2



(2)






AUCGlc = 0.25 × Glc0 + 0.5 × Glc30 + 0.75 × Glc60 + 0.5 × Glc120



(3)






AUCIns = 0.25 × Ins0 + 0.5 × Ins30 + 0.75×Ins60 + 0.5 × Ins120



(4)






CRI-I = TC/HDL-C



(5)




where Glc0 and Ins0 refer to the fasting plasma concentrations of glucose and insulin; Glc30, Glc60, and Glc120 to the plasma glucose concentrations measured at 30, 60, and 120 min along the OGTT; Ins30, Ins60, and Ins120 to the plasma insulin concentrations measured at 30, 60, and 120 min along the OGTT; MeanGlc and MeanIns to the mean glucose and insulin concentrations, respectively, measured in plasma along the OGTT. Glucose and insulin concentrations are expressed as mg/dL and µU/mL, respectively.



White blood cell count measurements were performed using an automated hematology analyzer and subsequently employed to compute different inflammatory indices, namely the systemic immune inflammation index (SII), the systemic inflammation response index (SIRI), the aggregate index of systemic inflammation (AISI), the platelet-to-lymphocyte ratio (PLR), and the neutrophil-to-lymphocyte ratio (NLR), using the following formulas:


SII = N × P/L



(6)






SIRI = N × M/L



(7)






AISI = N × P × M/L



(8)






NLR = N/L



(9)






PLR = P/L



(10)




where, N, P, L, and M represent neutrophil counts, platelet counts, lymphocyte counts, and monocyte counts, respectively.



Finally, various oxidative stress markers were assessed in erythrocyte samples using the spectrophotometric methods described elsewhere for determining the contents of thiobarbituric acid reactive substances (TBARS) and protein carbonyls (PC), as well as the catalase (CAT) activity [19].




2.3. Multi-Elemental Analysis of Plasma and Erythrocyte Samples


For the analysis of the total metal contents, aliquots of plasma (150 µL) and erythrocyte (50 µL) samples were diluted to a final volume of 3 mL using an alkaline solution containing 2% 1-butanol (w/v), 0.05% EDTA (w/v), 0.05% Triton X-100 (w/v), and 1% NH4OH (w/v) [20]. Complementarily, samples were also subjected to protein precipitation under non-denaturing conditions for size-fractionation of metal species following the methodology optimized by González-Domínguez et al. [21,22]. Briefly, 300 µL of cold acetone (−20 °C) was added dropwise to 150 µL of plasma, or 50 µL in the case of erythrocytes. The samples were vortexed for 10 min at 4 °C using an orbital rotator mixer, and subsequently centrifuged at 10,000× g for 10 min at 4 °C. Then, the supernatant was transferred to a new tube and taken to dryness using a SpeedVac system (Cole-Parmer, Vernon Hills, IL, USA). Finally, the dried supernatants (i.e., LMM metal species) and the protein pellets (i.e., HMM metal species) were reconstituted in 3 mL of the alkaline solution described above by sonicating for 10 min. Quality control (QC) samples were prepared by pooling equal volumes of each sample under study and treated as the rest of the samples. Rhodium (internal standard) was added to all the sample extracts (i.e., Total, HMM, LMM) to reach a final concentration of 1 µg/L. Before analysis, samples were filtered through 0.45 µm pore size hydrophilic PTFE filters.



Multi-elemental analyses were performed in an Agilent 7900 inductively-coupled plasma mass spectrometer (ICP-MS) equipped with collision/reaction cell system and with nickel sampling and skimmer cones (Agilent Technologies, Tokyo, Japan). High-purity grade helium (>99.999%) was employed as the collision gas. Instrumental conditions were optimized using a tuning solution containing 1 μg/L lithium, cobalt, yttrium, and thallium. The ICP-MS operating conditions were set as follows [22]: sampling depth, 7 mm; forward power, 1550 W; plasma gas, 15 L/min; auxiliary gas, 1 L/min; carrier gas, 1 L/min; make-up gas, 0.10 L/min; helium, 5 mL/min. The isotopes monitored were 51V, 52Cr, 53Cr, 55Mn, 56Fe, 57Fe, 59Co, 63Cu, 66Zn, 77Se, 78Se, 82Se, 95Mo, 98Mo, 103Rh, 111Cd, and 208Pb, using a dwell time of 0.3 s per isotope. For quantification purposes, multi-elemental calibration curves were prepared in alkaline solution within the concentration range 0.5–2500 µg/L, containing 1 µg/L rhodium as the internal standard. Within each batch (i.e., plasma-Total, plasma-HMM, plasma-LMM, erythrocytes-Total, erythrocytes-HMM, erythrocytes-LMM), samples were analyzed in random order and one QC sample was intercalated every 10 samples. Blank samples were analyzed at the beginning and at the end of each sequence run.




2.4. Statistical Analysis


Clinical and biochemical characteristics were compared by analysis of variance (ANOVA) followed by the Fisher LSD post-hoc test. Metallomics data pre-processing and analysis were performed with the MetaboAnalyst 5.0 web tool (https://www.metaboanalyst.ca/, accessed on 28 October 2022), as follows. First, variables with more than 20% missing values were removed, and the remaining missing values were imputed using the kNN algorithm. Then, the data were log transformed and Pareto scaled. To look for differences between the study groups, data were subjected to ANOVA with Fisher LSD post hoc test, adjusted for multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR). FDR-corrected p-values below 0.05 were considered statistically significant. Furthermore, Pearson’s correlations were computed between metal levels and other anthropometric and biochemical variables, including parameters related to obesity, glucose and lipid metabolism, inflammation, and oxidative stress.





3. Results


3.1. Clinical and Biochemical Characterization of the Study Population


The study groups were similar in age and sex distribution, whereas obesity-related clinical parameters (i.e., weight, BMI, WC) were evidently higher in children with obesity, regardless the concomitant presence or absence of IR (Table 1). Children with obesity also showed elevated plasma levels of fasting insulin, with increased HOMA-IR scores among IR subjects. As expected, OGTT-related variables were different between the two obesity sub-samples, being the ObIR+ study group characterized by higher area under the curve for insulin and mean concentrations of glucose and insulin, as well as by decreased WBISI scores. In turn, this hyperglycemic status was reflected in increased content of glycated hemoglobin in the plasma of children with obesity, as reported elsewhere [23]. Regarding lipid metabolism, cases presented lower HDL-C content, and increased triglyceride levels and Castelli risk index-I scores. Childhood obesity, especially when accompanied by IR, was also characterized by raised inflammatory (i.e., CRP, SII, SIRI, AISI, NLR) and oxidative stress (i.e., TBARS, PC) markers, as well as by impaired antioxidant defense (i.e., reduced catalase activity), in line with previous data [19,23].




3.2. Alterations in Plasmatic and Erythroid Multi-Elemental Profiles


The total metal contents measured in the study samples (Table 2) were within the normal concentration ranges previously reported for human plasma and erythrocytes [24], and particularly within those found in other childhood obesity cohorts [6,7,8,9,10]. The application of the size-fractionation method showed that trace elements present in blood were majorly distributed within the HMM fraction, whereas LMM species normally accounted for less than 10% of the total. This is in line with previous studies based on the same analytical methodology conducted in blood samples from patients with Alzheimer’s disease [25,26]. When considering total metal contents, only plasma copper was found to be significantly different between the study groups, displaying higher concentrations in children with obesity, regardless the IR status, compared to controls (Table 2). In contrast, the analysis of the plasmatic metalloproteome (i.e., HMM fraction) corroborated the increase in copper levels in children with obesity, but also a substantial decline in the contents of chromium, cobalt, iron, manganese, molybdenum, selenium, and zinc in ObIR+ individuals and, to a lesser extent, in the ObIR− group. Otherwise, an accumulation of copper, iron, and selenium was observed in the erythroid HMM fraction of children with obesity, especially in those presenting concomitant IR. No significant differences were found in LMM metal species in either plasma or erythrocytes.




3.3. Association of Metal Levels with Anthropometric and Biochemical Variables


Correlation analyses were performed to investigate the connection between the alterations found in multi-elemental profiles and other pathogenic hallmarks underlying childhood obesity, including inflammatory processes, oxidative stress, impaired carbohydrate metabolism, and dyslipidemia. As shown in Figure 1 and Figure 2, obesity-related parameters (i.e., weight, BMI, WC) were positively correlated with total and HMM copper contents in both plasma and erythrocytes, whereas negative associations were found with plasma levels of total and HMM-bound zinc and selenium, LMM chromium species, and molybdenum-containing proteins. A positive correlation was found between inflammatory markers (i.e., white blood cell-based inflammatory indices), plasma levels of copper, and erythroid levels of copper, zinc iron, selenium, and manganese (total and HMM fractions). Conversely, the correlation was inverse for total plasma iron, selenium, and manganese, as well as for plasmatic chromium and molybdenum metalloproteins. In the LMM fraction, plasma selenium was positively correlated with CRP. Similarly, oxidative stress markers (i.e., TBARS, PC) were positively associated with cuproproteins and labile pools of copper, iron, selenium, and zinc in plasma, but negatively with Mn-containing proteins. In erythrocytes, the total and HMM fractions of copper, zinc, and iron correlated positively with PC and negatively with TBARS, whereas selenium was positively associated with catalase activity. Regarding carbohydrate metabolism, most of the trace elements measured in plasma showed a protective association against hyperglycemia and hyperinsulinemia, but the correlation was positive for erythroid metals, except for molybdenum. In contrast, HMM chromium and cobalt plasma species were positively associated with glycated hemoglobin. Finally, dyslipidemia-related variables were associated with plasma metal levels as follows: (i) positive correlation with total copper, (ii) negative correlation with HMM species of chromium, cobalt, and molybdenum, and (iii) negative correlation with labile iron and chromium. Plasma selenium showed a positive correlation with cholesterol but negative with triglyceride levels, whereas the opposite trend of association was observed for manganese, in both plasma and erythrocytes.





4. Discussion


Although only slight differences were found between the three study groups regarding total metal contents, a deeper investigation of the multi-elemental biodistribution across HMM and LMM fractions illuminated the complex metal dyshomeostasis behind childhood obesity and IR. The application of the size-fractionation methodology evidenced relevant disturbances at the metalloproteome level in children with obesity, whereas other LMM metal species remained unaltered. Further correlation analysis reinforced the central role that trace elements may have in the characteristic metabolic complications and pathological dysfunctions that frequently accompany childhood obesity, as discussed below.



4.1. Antagonism between Copper and Zinc


Total and protein-bound copper plasma levels were found to be increased in children with obesity, together with a lower content of zinc-containing HMM species, especially in the ObIR+ group (Table 2). Furthermore, these metals were strongly correlated with obesity parameters (Figure 1A,B, positive correlation for total/HMM copper, negative correlation for total/HMM zinc), suggesting a pivotal role of their homeostasis in childhood obesity and related comorbidities. In this vein, the mechanisms underlying the association between obesity, copper, and zinc could be allocated to the antagonistic interactions between these two essential elements. On the one hand, the characteristic chronic low-grade inflammation observed in obesity, and particularly the secretion of pro-inflammatory cytokines by adipose tissue, is known to induce the expression of zinc transporters [27], which may alter the distribution of zinc in the body and, consequently, reduce the circulating concentrations [6,8,9]. In turn, this pro-inflammatory status has also been associated with intracellular copper efflux, mainly in the form of ceruloplasmin [28]. Hence, this is finally mirrored in increased blood content of total copper [7,8,9], and especially of cuproproteins [29,30], in agreement with our size-fractionation findings. This hypothesis linking inflammation with alterations in the copper-zinc ratio was corroborated by correlation analysis (Figure 1A,B), as reflected by the positive association found between plasma copper, in both total and HMM fractions, and multiple inflammatory markers (e.g., white blood cell-based inflammatory indices). Correlation analyses also supported close inter-relationships between copper and other markers of oxidative stress and dyslipidemia. As a redox-active metal, elevated copper in circulation may contribute to exacerbate oxidative stress by generating free radical species [28], thereby inducing lipid peroxidation (i.e., TBARS production) and impairing the proper functioning of antioxidant defenses (i.e., reduced catalase activity). In this context, previous studies also suggest that systemic inflammation and oxidative stress serve as pathophysiological mediators in the abnormal lipid profiles associated with copper overload [31]. In contrast, plasma zinc metalloproteins were negatively correlated with mean glucose levels along the OGTT and positively with the WBISI score (Figure 1B), probably as a reflection of the crucial involvement of this trace element in proper insulin production, storage, and action [32].



Nevertheless, it should be noted here that controversial findings have previously been published regarding the link between copper status and metabolic disorders, with some studies reporting lower levels of this metal in subjects with obesity [33] and related comorbidities, such as non-alcoholic fatty liver disease [34,35]. In this respect, is has been described that copper bioavailability is age-dependent [36], so differences in demographic characteristics might account in a large extent for the inconsistencies found in the literature. This further reinforce the need of using well-characterized cohorts and properly addressing inter-individual variability factors.




4.2. Circulating Iron Deficiency


Children with obesity had lower ferroprotein levels, and the same trend was observed for the total iron content without reaching statistical significance, as described by other authors [6,7,9]. Interestingly, these alterations were only detected among IR subjects, whereas children with metabolically healthy obesity showed similar iron status than controls. Although there are various hypotheses regarding the origin of iron deficiency in obesity (e.g., inadequate iron intake, raised iron requirements due to higher body mass, decreased muscle myoglobin due to low physical activity), the most likely explanation revolves around the involvement of hepcidin, an important regulator of iron metabolism [37]. Under chronic inflammation, cytokines promote the release of hepcidin from adipose tissue and liver, which inhibits intestinal iron absorption and its efflux from the major iron-transporting tissues. This results in iron sequestration as cytoplasmatic ferritin, thereby reducing circulating concentrations. In agreement with this, we found that plasma iron negatively correlated with several inflammatory markers, but also with hyperglycemia and hyperinsulinemia-related variables (Figure 1A,B). In this respect, it has been reported that hyperinsulinemia provokes the accumulation of iron into pancreatic β cells, which triggers the formation of radical oxygen species, causes mitochondrial dysfunction, and subsequently impairs insulin secretion [38]. In addition to β cells, iron overload in adipocytes also disrupts insulin signaling, leading to decreased insulin sensitivity [39]. This could explain our observation that circulating iron levels were only altered among ObIR+ individuals.




4.3. The Role of Selenium and Manganese in Disturbances of the Antioxidant Defense


The decreases observed in the plasma levels of selenium and manganese in the HMM fraction (Table 2), but not in their total contents nor within LMM species, pinpoint the involvement of Se/Mn-dependent proteins in childhood obesity. As previously reported, children with obesity are characterized by lower concentrations of selenium in blood [6,9], manganese in hair [13] and teeth [5], and reduced activity of related antioxidant enzymes, such as glutathione peroxidase [19,40] and manganese superoxide dismutase [41]. These disturbances have been attributed to the characteristic pro-oxidant status underlying obesity, which increases the demand for endogenous antioxidants. In turn, this exacerbated oxidative stress is known to be closely inter-related to other pathogenic hallmarks behind childhood obesity, as evidenced by the negative associations computed between these elements and other variables related to glucose control and inflammation (Figure 1A,B). Regarding carbohydrate metabolism, the proper homeostasis of selenium and manganese has been proved to be essential for mitigating oxidative damage processes that perturb insulin secretion in pancreatic β cells [32]. Moreover, both essential elements have also been found to alleviate inflammatory signaling pathways [40,42]. To conclude, it should be noted that selenium showed a consistent positive correlation with all cholesterol fractions (i.e., TC, LDL-C, HDL-C), plausibly because of the central role that isopentenyl pyrophosphate, an intermediate in the cholesterol biosynthetic pathway, plays in the synthesis of selenoproteins [43].




4.4. Chromium, Cobalt, and Molybdenum Regulate Glucose and Lipid Metabolism


A substantial reduction in the contents of metalloproteins containing chromium, cobalt, and molybdenum was observed in the plasma from children with metabolically unhealthy obesity, and to a lesser extent in the ObIR- group, compared to controls (Table 2). Similarly, LMM chromium species showed the same downward trend among children with obesity without reaching statistical significance. This is in accordance with studies reporting lower cobalt blood levels in children with obesity [6,10], whereas the available literature describes negative associations between obesity and circulating chromium [44,45] and molybdenum [46,47] only within adult populations. The main biological functions of chromium, cobalt, and molybdenum revolve around their participation in the regulation of glucose and lipid metabolism. Chromium has a positive effect on blood glucose control by improving insulin signaling through the activation of the tyrosine kinase receptor and by stimulating the translocation of the protein glucose transporter 4 in adipocytes, whereas its supplementation has been demonstrated to prevent atherogenic dyslipidemia through a myriad of mechanisms that remain unclear (e.g., enhanced β-oxidation, cholesterol synthesis inhibition, expression of peroxisome proliferator-activated receptors) [48]. Molybdenum, as a cofactor of several enzymes involved in central metabolic pathways, may also enhance glucose-induced insulin secretion, upregulate insulin signal transduction, inactivate glycogen synthase, and alleviate lipid peroxidation and lipid accumulation [32]. Likewise, cobalt also plays essential roles in glucose and lipid metabolisms by improving tolerance to glucose, regulating glycogen depots via suppressing glucagon signaling, and ameliorating dyslipidemia [49,50]. Altogether, this is in line with the results from our correlation analyses that showed negative associations with markers of hyperglycemia (i.e., mean and AUC values for glucose), hyperinsulinemia (i.e., fasting insulin, HOMA-IR), and dyslipidemia (i.e., CRI-I, LDL-C, TC), and positive correlations with variables related to healthy insulin sensitivity (i.e., WBISI) and lipid profile (i.e., HDL-C) (Figure 1A,B). In particular, it should be noted here that the major active form of chromium in the organism is the low-molecular-weight chromium-binding substance, which explains the strong negative correlation found between LMM-Cr species, AUCGlc, CRI-I, and obesity parameters (Figure 1C). Furthermore, because of their protective role against dyslipidemia, the three metals were also negatively correlated with plasma CRP levels, a classical cardiovascular risk factor that may play a direct role in atherogenesis. However, HMM chromium and cobalt species were curiously associated with glycated hemoglobin in a positive fashion, which deserves further investigation.




4.5. Accumulation of Metalloproteins in Erythrocytes


Unlike the results reported for plasma, the analysis of erythrocyte samples revealed significant increases in HMM species of different elements, namely iron, copper, selenium, and to a lesser extent zinc and manganese, in the erythroid cytosolic fraction of children with obesity (Table 2). The most plausible explanation for these findings could be attributed to perturbations in metal transport across biological compartments. As described under Section 4.2, inflammation may inhibit cell iron efflux via hepcidin induction, but also promotes its uptake through the expression of different transporters, including transferrin receptors and the divalent metal transporter 1 [37]. Because of their non-specific nature, the upregulation of these metal transporters could be responsible not only for the erythroid sequestration of iron, but also of other metals such as copper, zinc, and manganese. As a reflection of the mediation of inflammation in these multi-elemental alterations, erythrocyte HMM metal species showed consistent positive correlations with multiple inflammatory markers (Figure 2A,B). Correlation analyses also suggested that the accumulation of redox-active metals could be related to oxidative stress mechanisms and impaired glucose metabolism. Surprisingly, however, we found that total and HMM-bound erythrocyte levels of iron, copper, and zinc negatively correlated with the TBARS content, whereas the association was positive with protein carbonyls. In this vein, it is unclear if erythroid HMM metals species directly participate in the induction of oxidative stress, or whether their accumulation within erythrocytes is part of a defensive mechanism aimed to buffer circulating metal levels for minimizing oxidative damage. In addition to the above-mentioned elements, erythrocytes from children with obesity also had elevated concentrations of selenoproteins, probably as a compensatory mechanism to balance the pro-oxidant status provoked by intracellular metal overload. This hypothesis was supported by the positive correlation found between erythroid selenium, in both total and HMM fractions, and catalase activity, a protective enzyme involved in the antioxidant defense (Figure 2A,B).




4.6. The Importance of the Labile Metal Pool


Although elements conforming the LMM fraction were not significantly different between the study groups, the results from correlation analyses emphasized the importance that labile metals may have in the pathogenic events underlying childhood obesity. Under normal conditions, circulating metals are predominantly coordinated with proteins, but aberrant failures in their homeostasis may provoke the release of free species. This pathological condition has not been described to date in obesity, but it has been extensively investigated in Alzheimer’s disease, where increased content of labile iron and copper has been associated with profound impairments in the proteins that regulate their trafficking, including decreased ability of ferritin to retain iron, disturbed transferrin-mediated transport, and ceruloplasmin fragmentation [25]. In this respect, we found in the present study that many of the LMM metal species detected in plasma positively correlated with transferrin saturation (Fe, r = 0.53; Zn, r = 0.36; Mn, r = 0.32), which point to transferrin-mediated metal transport as a plausible source of circulating free species in childhood obesity. This labile pool of redox-active metals may in turn have toxic repercussions on health, particularly by inducing oxidative stress (Figure 1C). However, contrary to the results observed for the total and HMM fractions, labile metal species showed a consistent negative association with deregulations in glucose and lipid metabolism, thereby highlighting the utmost importance of the chemical form in which metals are present in their final biological activity.





5. Conclusions


The present study represents the first comprehensive investigation of the plasmatic and erythroid multi-elemental biodistribution in childhood obesity. The main strength of our work lies in the use of a well-characterized cohort to assess the role of metal homeostasis in the crosstalk between childhood obesity and IR, as well as to associate circulating metal alterations with other pathogenic hallmarks, such as inflammation, oxidative stress, impaired glucose metabolism, and dyslipidemia. In this respect, we found that metal-related abnormalities were sharpened in subjects presenting IR compared to children with metabolically healthy obesity, thereby emphasizing the importance of addressing within-group differences driven by the presence of concomitant comorbidities. Furthermore, the application of a high-throughput method for size-fractionation of metal species enabled us to obtain a deeper understanding of the mechanisms that may underlie metal disturbances in childhood obesity. In this respect, our results revealed that major perturbances are observed at the metalloproteome level, although labile metals could also play a pivotal role, which deserves further investigation. These discrepancies depending on the fraction under investigation highlight the crucial importance of characterizing metal species instead of only determining total metal contents, and could explain, at least in part, the inconsistencies repeatedly reported in the literature, especially for minor elements. Another strength of this work is the study, for the first time, of the multi-elemental alterations occurring in the erythrocyte, which is of great interest considering the potential of these blood cells as systemic indicators of the metabolic and redox status of the organism. Interestingly, we found that children with obesity tended to accumulate a wide range of metalloproteins in the erythroid cytoplasmatic fraction, which could be indicative of abnormal metal transport across biological compartments. However, some limitations deserve to be mentioned as well, such as the relatively small sample size of the study population and the lack of an independent cohort for validation purposes. Accordingly, future studies in larger populations are needed to further validate our findings and better characterize the involvement metals in obesity. In particular, the stratified characterization of obesity according to the presence or absence of comorbidities seems to be crucial to facilitate the development of more effective diagnostic, preventive, and intervention approaches in the context of precision medicine.







Author Contributions


Conceptualization, R.G.-D.; data curation, Á.G.-D. and R.G.-D.; formal analysis, Á.G.-D., M.M.-M. and R.G.-D.; funding acquisition, R.G.-D., R.M.M. and A.M.L.-S.; investigation, Á.G.-D., M.M.-M., J.D.-R., A.M.L.-S. and R.G.-D.; methodology; M.M.-M. and R.G.-D.; project administration, R.G.-D.; resources, R.G.-D. and A.M.L.-S.; supervision, R.G.-D.; roles/writing—original draft, Á.G.-D. and R.G.-D.; writing—review and editing, Á.G.-D., M.M.-M., J.D.-R., R.M.M., A.M.L.-S. and R.G.-D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by the Spanish Government through Instituto de Salud Carlos III (CP21/00120, PI18/01316). Á.G.-D. is supported by an intramural grant from the Biomedical Research and Innovation Institute of Cádiz (LII19/16IN-CO24), and R.G.-D. is recipient of a “Miguel Servet” fellowship (CP21/00120) funded by Instituto de Salud Carlos III.




Institutional Review Board Statement


The study was performed in accordance with the principles contained in the Declaration of Helsinki. The Ethical Committee of “Hospital Universitario Puerta del Mar” (Cádiz, Spain) approved the study protocol (Ref. PI22/01899), and all participants and/or legal guardians provided written informed consent.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Goran, M.I. Childhood Obesity: Causes, Consequences and Intervention Approaches; CRC Press: Boca Raton, FL, USA, 2016. [Google Scholar]

	



Zoroddu, M.A.; Aaseth, J.; Crisponi, G.; Medici, S.; Peana, M.; Nurchi, V.M. The essential metals for humans: A brief overview. J. Inorg. Biochem. 2019, 195, 120–129. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Zhang, R.; Wei, X.; Lv, M.; Jiang, Z. Metalloimmunology: The metal ion-controlled immunity. Adv. Immunol. 2020, 145, 187–241. [Google Scholar] [CrossRef] [PubMed]

	



Stevenson, M.J.; Uyeda, K.S.; Harder, N.H.O.; Heffern, M.C. Metal-dependent hormone function: The emerging interdisciplinary field of metalloendocrinology. Metallomics 2019, 11, 85–110. [Google Scholar] [CrossRef] [PubMed]

	



Yalçın, S.S.; Fırat, M.Ç.; Tosun, E.; Yalçın, S. A possible etiological factor in obesity: Element status in blood and tooth of overweight versus normal-weight children. Int. J. Environ. Health Res. 2018, 29, 181–193. [Google Scholar] [CrossRef]

	



Błażewicz, A.; Klatka, M.; Astel, A.; Partyka, M.; Kocjan, R. Differences in Trace Metal Concentrations (Co, Cu, Fe, Mn, Zn, Cd, and Ni) in Whole Blood, Plasma, and Urine of Obese and Nonobese Children. Biol. Trace Element Res. 2013, 155, 190–200. [Google Scholar] [CrossRef]

	



Thillan, K.; Lanerolle, P.; Thoradeniya, T.; Samaranayake, D.; Chandrajith, R.; Wickramasinghe, P. Micronutrient status and associated factors of adiposity in primary school children with normal and high body fat in Colombo municipal area, Sri Lanka. BMC Pediatr. 2021, 21, 14. [Google Scholar] [CrossRef]

	



Fan, Y.; Zhang, C.; Bu, J. Relationship between Selected Serum Metallic Elements and Obesity in Children and Adolescent in the U.S.  Nutrients 2017, 9, 104. [Google Scholar] [CrossRef]

	



Azab, S.F.A.; Saleh, S.H.; Elsaeed, W.F.; Elshafie, M.A.; Sherief, L.M.; Esh, A.M.H. Serum trace elements in obese Egyptian children: A case–control study. Ital. J. Pediatr. 2014, 40, 20. [Google Scholar] [CrossRef]

	



Tascilar, M.E.; Ozgen, I.T.; Abaci, A.; Serdar, M.; Aykut, O. Trace Elements in Obese Turkish Children. Biol. Trace Elem. Res. 2010, 143, 188–195. [Google Scholar] [CrossRef]

	



Nasab, H.; Rajabi, S.; Eghbalian, M.; Malakootian, M.; Hashemi, M.; Mahmoudi-Moghaddam, H. Association of As, Pb, Cr, and Zn urinary heavy metals levels with predictive indicators of cardiovascular disease and obesity in children and adolescents. Chemosphere 2022, 294, 133664. [Google Scholar] [CrossRef]

	



Shao, W.; Liu, Q.; He, X.; Liu, H.; Gu, A.; Jiang, Z. Association between level of urinary trace heavy metals and obesity among children aged 6–19 years: NHANES 1999–2011. Environ. Sci. Pollut. Res. Int. 2017, 24, 11573–11581. [Google Scholar] [CrossRef] [PubMed]

	



Grabeklis, A.R.; Skalny, A.V.; Ajsuvakova, O.P.; Skalnaya, A.A.; Mazaletskaya, A.L.; Klochkova, S.V.; Chang, S.J.S.; Nikitjuk, D.B.; Skalnaya, M.G.; Tinkov, A.A. A search for similar patterns in hair trace element and mineral content in children with Down’s syndrome, obesity, and growth delay. Biol. Trace Elem. Res. 2020, 196, 607–617. [Google Scholar] [CrossRef] [PubMed]

	



Templeton, D.M.; Ariese, F.; Cornelis, R.; Danielsson, L.-G.; Muntau, H.; van Leeuwen, H.P.; Lobinski, R. Guidelines for terms related to chemical speciation and fractionation of elements. Definitions, structural aspects, and methodological approaches (IUPAC Recommendations 2000). Pure Appl. Chem. 2000, 72, 1453–1470. [Google Scholar] [CrossRef]

	



Ahmad, M.N.; Zawatia, A.A. Current prospects of metabolically healthy obesity. Obes. Med. 2021, 25, 100361. [Google Scholar] [CrossRef]

	



Cortese-Krott, M.M.; Shiva, S. The redox physiology of red blood cells and platelets: Implications for their interactions and potential use as systemic biomarkers. Curr. Opin. Physiol. 2019, 9, 56–66. [Google Scholar] [CrossRef]

	



Hernández, M.; Castellet, J.; Narvaiza, J.L.; Rincón, J.M.; Ruiz, I.; Sánchez, E.; Sobradillo, B.; Zurimendi, A. Curvas y Tablas de Crecimiento. Instituto de Investigación sobre Crecimiento y Desarrollo, Fundación Faustino Orbegozo; Editorial Garsi: Madrid, Spain, 2018. [Google Scholar]

	



Eyzaguirre, F.; Mericq, V. Insulin Resistance Markers in Children. Horm. Res. Paediatr. 2009, 71, 65–74. [Google Scholar] [CrossRef]

	



González-Domínguez, A.; Visiedo, F.; Domínguez-Riscart, J.; Ruiz-Mateos, B.; Saez-Benito, A.; Lechuga-Sancho, A.; Mateos, R. Blunted Reducing Power Generation in Erythrocytes Contributes to Oxidative Stress in Prepubertal Obese Children with Insulin Resistance. Antioxidants 2021, 10, 244. [Google Scholar] [CrossRef]

	



Lu, Y.; Kippler, M.; Harari, F.; Grandér, M.; Palm, B.; Nordqvist, H.; Vahter, M. Alkali dilution of blood samples for high throughput ICP-MS analysis—Comparison with acid digestion. Clin. Biochem. 2015, 48, 140–147. [Google Scholar] [CrossRef]

	



González-Domínguez, R. Size fractionation of metal species from serum samples for studying element biodistribution in Alz-heimer’s disease. In Metals in the Brain (Neuromethods); White, A., Ed.; Humana Press: New York, NY, USA, 2017; Volume 124, pp. 127–149. [Google Scholar]

	



González-Domínguez, A.; Millán-Martínez, M.; Sánchez-Rodas, D.; Lechuga-Sancho, A.M.; González-Domínguez, R. Characterization of the Plasmatic and Erythroid Multi-Elemental Biodistribution in Childhood Obesity Using a High-Throughput Method for Size-Fractionation of Metal Species. In Mass Spectrometry for Metabolomics (Methods in Molecular Biology); González-Domínguez, R., Ed.; Humana: New York, NY, USA, 2023; Volume 2571, pp. 123–132. [Google Scholar]

	



Lechuga-Sancho, A.; Gallego-Andujar, D.; Ruiz-Ocaña, P.; Visiedo, F.M.; Saez-Benito, A.; Schwarz, M.; Segundo, C.; Mateos, R.M. Obesity induced alterations in redox homeostasis and oxidative stress are present from an early age. PLoS ONE 2018, 13, e0191547. [Google Scholar] [CrossRef]

	



Heitland, P.; Köster, H.D. Human biomonitoring of 73 elements in blood, serum, erythrocytes and urine. J. Trace Elem. Med. Biol. 2021, 64, 126706. [Google Scholar] [CrossRef]

	



González-Domínguez, R.; García-Barrera, T.; Gómez-Ariza, J.L. Characterization of metal profiles in serum during the pro-gression of Alzheimer’s disease. Metallomics 2014, 6, 292–300. [Google Scholar] [CrossRef] [PubMed]

	



González-Domínguez, R.; García-Barrera, T.; Gómez-Ariza, J.L. Homeostasis of metals in the progression of Alzheimer’s dis-ease. Biometals 2014, 27, 539–549. [Google Scholar] [CrossRef] [PubMed]

	



Gu, K.; Xiang, W.; Zhang, Y.; Sun, K.; Jiang, X. The association between serum zinc level and overweight/obesity: A me-ta-analysis. Eur. J. Nutr. 2019, 58, 2971–2982. [Google Scholar] [CrossRef] [PubMed]

	



Gu, K.; Li, X.; Xiang, W.; Jiang, X. The Relationship between Serum Copper and Overweight/Obesity: A Meta-analysis. Biol. Trace Elem. Res. 2020, 194, 336–347. [Google Scholar] [CrossRef]

	



Sorokman, T.V.; Sokolnyk, S.V.; Popelyuk, A.-M.V.; Sokolnyk, S.O.; Makarova, O.V.; Bezruk, V.V. Indices of metal proteins (transferrin ceruloplasmin) in overweight and obese children. Arch. Balk. Med. Union 2019, 54, 300–306. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Ma, J.; Xie, Y.; Zhou, Y.; Wang, D.; Cao, L.; Zhou, M.; Wang, X.; Wang, B.; Chen, W. Urinary copper, systemic inflammation, and blood lipid profiles: Wuhan-Zhuhai cohort study. Environ. Pollut. 2020, 267, 115647. [Google Scholar] [CrossRef]

	



Barra, N.G.; Anhê, F.F.; Cavallari, J.F.; Singh, A.M.; Chan, D.Y.; Schertzer, J.D. Micronutrients impact the gut microbiota and blood glucose. J. Endocrinol. 2021, 250, R1–R21. [Google Scholar] [CrossRef]

	



Vivek, S.M.; Dayal, D.; Khaiwal, R.; Bharti, B.; Bhalla, A.; Singh, S.; Kaur, H.; Attri, S.V. Low serum copper and zinc con-centrations in North Indian children with overweight and obesity. Pediatr. Endocrinol. Diabetes Metab. 2020, 26, 79–83. [Google Scholar]

	



Lan, Y.; Wu, S.; Wang, Y.; Chen, S.; Liao, W.; Zhang, X.; Pan, L.; Jiang, X.; Zhang, Y.; Wang, L. Association between blood copper and nonalcoholic fatty liver disease according to sex. Clin. Nutr. 2020, 40, 2045–2052. [Google Scholar] [CrossRef]

	



Aigner, E.; Strasser, M.; Haufe, H.; Sonnweber, T.; Hohla, F.; Stadlmayr, A.; Solioz, M.; Tilg, H.; Patsch, W.; Weiss, G.; et al. A Role for Low Hepatic Copper Concentrations in Nonalcoholic Fatty Liver Disease. Am. J. Gastroenterol. 2010, 105, 1978–1985. [Google Scholar] [CrossRef] [PubMed]

	



Tarantino, G.; Porcu, C.; Arciello, M.; Andreozzi, P.; Balsano, C. Prediction of carotid intima-media thickness in obese patients with low prevalence of comorbidities by serum copper bioavailability. J. Gastroenterol. Hepatol. 2018, 33, 1511–1517. [Google Scholar] [CrossRef] [PubMed]

	



González-Domínguez, A.; Visiedo-García, F.M.; Domínguez-Riscart, J.; González-Domínguez, R.; Mateos, R.M.; Lechuga-Sancho, A.M. Iron Metabolism in Obesity and Metabolic Syndrome. Int. J. Mol. Sci. 2020, 21, 5529. [Google Scholar] [CrossRef] [PubMed]

	



Backe, M.B.; Moen, I.W.; Ellervik, C.; Hansen, J.B.; Mandrup-Poulsen, T. Iron Regulation of Pancreatic Beta-Cell Functions and Oxidative Stress. Annu. Rev. Nutr. 2016, 36, 241–273. [Google Scholar] [CrossRef]

	



Ma, W.; Jia, L.; Xiong, Q.; Feng, Y.; Du, H. The role of iron homeostasis in adipocyte metabolism. Food Funct. 2021, 12, 4246–4253. [Google Scholar] [CrossRef]

	



Fontenelle, L.C.; Cardoso de Araújo, D.S.; da Cunha Soares, T.; Clímaco Cruz, K.J.; Henriques, G.S.; Marreiro, D.D.N. Nutri-tional status of selenium in overweight and obesity: A systematic review and meta-analysis. Clin. Nutr. 2022, 41, 862–884. [Google Scholar] [CrossRef]

	



Mohseni, R.; Sadeghabadi, Z.A.; Goodarzi, M.T.; Teimouri, M.; Nourbakhsh, M.; Azar, M.R. Evaluation of Mn-superoxide dismutase and catalase gene expression in childhood obesity: Its association with insulin resistance. J. Pediatr. Endocrinol. Metab. 2018, 31, 727–732. [Google Scholar] [CrossRef]

	



Li, L.; Yang, X. The Essential Element Manganese, Oxidative Stress, and Metabolic Diseases: Links and Interactions. Oxidative Med. Cell. Longev. 2018, 2018, 7580707. [Google Scholar] [CrossRef]

	



Kieliszek, M. Selenium–Fascinating microelement, properties and sources in food. Molecules 2019, 24, 1298. [Google Scholar] [CrossRef]

	



Tinkov, A.A.; Skalnaya, M.G.; Ajsuvakova, O.P.; Serebryansky, E.P.; Chao, J.C.-J.; Aschner, M.; Skalny, A.V. Selenium, Zinc, Chromium, and Vanadium Levels in Serum, Hair, and Urine Samples of Obese Adults Assessed by Inductively Coupled Plasma Mass Spectrometry. Biol. Trace Elem. Res. 2021, 199, 490–499. [Google Scholar] [CrossRef]

	



Lima, K.V.; Lima, R.P.; Gonçalves, M.C.; Faintuch, J.; Morais, L.C.; Asciutti, L.S.; Costa, M.J. High frequency of serum chro-mium deficiency and association of chromium with triglyceride and cholesterol concentrations in patients awaiting bariatric surgery. Obes. Surg. 2014, 24, 771–776. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Karvonen-Gutierrez, C.A.; Herman, W.H.; Mukherjee, B.; Park, S.K. Metals and risk of incident metabolic syndrome in a prospective cohort of midlife women in the United States. Environ. Res. 2022, 210, 112976. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Huang, Y.; Luo, C.; Peng, X.; Jiao, Y.; Zhou, L.; Yin, J.; Liu, L. Inverse Association of Plasma Molybdenum with Metabolic Syndrome in a Chinese Adult Population: A Case-Control Study. Nutrients 2021, 13, 4544. [Google Scholar] [CrossRef]

	



Genchi, G.; Lauria, G.; Catalano, A.; Carocci, A.; Sinicropi, M.S. The Double Face of Metals: The Intriguing Case of Chromium. Appl. Sci. 2021, 11, 638. [Google Scholar] [CrossRef]

	



Vasudevan, H.; McNeill, J.H. Chronic Cobalt Treatment Decreases Hyperglycemia in Streptozotocin-Diabetic Rats. BioMetals 2007, 20, 129–134. [Google Scholar] [CrossRef] [PubMed]

	



Kawakami, T.; Hanao, N.; Nishiyama, K.; Kadota, Y.; Inoue, M.; Sato, M.; Suzuki, S. Differential effects of cobalt and mercury on lipid metabolism in the white adipose tissue of high-fat diet-induced obesity mice. Toxicol. Appl. Pharmacol. 2012, 258, 32–42. [Google Scholar] [CrossRef]








[image: Antioxidants 11 02439 g001 550] 





Figure 1. Network representations of Pearson’s correlations between anthropometric and biochemical variables, including parameters related to obesity, inflammation, oxidative stress, glucose and lipid metabolism, and total metal levels in plasma (A), HMM metal species in plasma (B), and LMM metal species in plasma (C). Positive and negative correlations are represented as red and blue lines, respectively (the thicker the line, the stronger the correlation). Abbreviations: AISI, aggregate index of systemic inflammation; AUCGlc, area under the curve for glucose; AUCIns, area under the curve for insulin; BMI, body mass index; CAT, catalase; Co, cobalt; Cr, chromium; CRI-I, Castelli risk index-I; CRP, C-reactive protein; Cu, copper; Fe, iron; Glc0, fasting plasma concentration of glucose; HbA1c, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; Ins0, fasting plasma concentration of insulin; LDL-C, low-density lipoprotein cholesterol; MeanGlc, mean glucose concentration along the oral glucose tolerance test; MeanIns, mean insulin concentration along the oral glucose tolerance test; Mn, manganese; Mo, molybdenum; NLR, neutrophil-to-lymphocyte ratio; PC, protein carbonyl; Se, selenium; SII, systemic immune inflammation index; SIRI, systemic inflammation response index; TBARS, thiobarbituric acid reactive substances; TC, total cholesterol; TG, triglycerides; WBISI, whole-body insulin sensitivity index; WC, waist circumference; Zn, zinc. 
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Figure 2. Network representations of Pearson’s correlations between anthropometric and biochemical variables, including parameters related to obesity, inflammation, oxidative stress, glucose and lipid metabolism, and total metal levels in erythrocytes (A) and HMM metal species in erythrocytes (B). Positive and negative correlations are represented as red and blue lines, respectively (the thicker the line, the stronger the correlation). Abbreviations: AISI, aggregate index of systemic inflammation; AUCIns, area under the curve for insulin; BMI, body mass index; CAT, catalase; Cu, copper; Fe, iron; HbA1c, glycated hemoglobin; HOMA-IR, homeostasis model assessment of insulin resistance; Ins0, fasting plasma concentration of insulin; LDL-C, low-density lipoprotein cholesterol; MeanGlc, mean glucose concentration along the oral glucose tolerance test; MeanIns, mean insulin concentration along the oral glucose tolerance test; Mn, manganese; Mo, molybdenum; NLR, neutrophil-to-lymphocyte ratio; PC, protein carbonyl; PLR, platelet-to-lymphocyte ratio; Se, selenium; SII, systemic immune inflammation index; SIRI, systemic inflammation response index; TBARS, thiobarbituric acid reactive substances; TG, triglycerides; WBISI, whole-body insulin sensitivity index; Zn, zinc. 
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Table 1. Demographic, anthropometric, and biochemical characteristics of the study population. Results are expressed as mean ± standard deviation (except for sex, expressed as percentage). NS, non-significant.
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CNT

	
ObIR−

	
ObIR+

	
p-Value






	
Demographics and anthropometry




	
n

	
26

	
15

	
31

	
NS




	
Age (years)

	
8.6 ± 1.6

	
9.3 ± 1.6

	
9.5 ± 1.4

	
NS




	
Sex (% male)

	
61.5

	
60.0

	
54.8

	
NS




	
Weight (kg)

	
27.6 ± 5.1 a

	
57.5 ± 13.4 b

	
59.7 ± 10.4 b

	
7.0 × 10−24




	
Body mass index (BMI, kg/m2)

	
16.5 ± 1.5 a

	
28.7 ± 3.5 b

	
29.4 ± 4.3 b

	
2.0 × 10−24




	
Waist circumference (WC, cm)

	
58.4 ± 5.8 a

	
94.5 ± 13.2 b

	
94.1 ± 10.4 b

	
1.1 × 10−14




	
Carbohydrate metabolism




	
Fasting glucose (Glc0, mg/dL)

	
83.9 ± 4.4

	
84.3 ± 4.3

	
86.8 ± 8.4

	
NS




	
Mean glucose (MeanGlc, mg/dL)

	
-

	
104.9 ± 8.1 a

	
129.1 ± 27.6 b

	
4.9 × 10−2




	
Area under the curve for glucose (AUCGlc, mg·h/dL)

	
-

	
182.6 ± 38.5

	
215.3 ± 61.9

	
NS




	
Fasting insulin (Ins0, µU/mL)

	
4.6 ± 2.1 a

	
12.6 ± 3.4 b

	
19.9 ± 10.0 b

	
2.1 × 10−8




	
Mean insulin (MeanIns, µU/mL)

	
-

	
53.9 ± 20.4 a

	
126.7 ± 57.2 b

	
3.6 × 10−3




	
Area under the curve for insulin (AUCIns, µU·h/mL)

	
-

	
125.2 ± 49.7 a

	
266.0 ± 138.6 b

	
1.2 × 10−2




	
HOMA-IR

	
1.0 ± 0.4 a

	
2.6 ± 0.7 ab

	
4.4 ± 2.6 b

	
1.6 × 10−3




	
WBISI

	
-

	
0.5 ± 0.2 a

	
0.3 ± 0.2 b

	
1.3 × 10−2




	
Glycated hemoglobin (HbA1c, %)

	
5.2 ± 0.2 a

	
5.3 ± 0.3 b

	
5.3 ± 0.3 b

	
7.5 × 10−3




	
Lipid metabolism




	
Total cholesterol (TC, mg/dL)

	
165.8 ± 27.0

	
160.0 ± 29.5

	
160.5 ± 35.4

	
NS




	
Low-density lipoprotein cholesterol (LDL-C, mg/dL)

	
92.1 ± 23.2

	
96.0 ± 25.6

	
99.4 ± 32.3

	
NS




	
High-density lipoprotein cholesterol (HDL-C, mg/dL)

	
66.0 ± 13.7 a

	
47.2 ± 9.4 b

	
43.8 ± 7.9 b

	
4.0 × 10−8




	
Castelli risk index-I (CRI-I)

	
2.6 ± 0.5 a

	
3.4 ± 0.8 b

	
3.8 ± 0.9 c

	
9.4 × 10−8




	
Triglycerides (TG, mg/dL)

	
48.2 ± 19.6 a

	
79.6 ± 34.1 b

	
91.0 ± 46.1 b

	
4.0 × 10−6




	
Inflammatory markers




	
C-reactive protein (CRP, mg/L)

	
0.6 ± 0.4 a

	
3.8 ± 0.1 b

	
5.1 ± 7.0 b

	
1.3 × 10−6




	
Systemic immune inflammation index (SII)

	
314.6 ± 182.6 a

	
453.9 ± 198.8 b

	
512.5 ± 297.8 b

	
6.0 × 10−3




	
Systemic inflammation response index (SIRI)

	
0.6 ± 0.3 a

	
0.8 ± 0.3 ab

	
1.1 ± 0.9 b

	
5.2 × 10−3




	
Aggregate index of systemic inflammation (AISI)

	
172.9 ± 103.7 a

	
269.4 ± 124.1 b

	
357.2 ± 312.9 b

	
1.5 × 10−3




	
Platelet-to-lymphocyte ratio (PLR)

	
123.5 ± 52.7

	
126.2 ± 39.3

	
125.2 ± 50.3

	
NS




	
Neutrophil-to-lymphocyte ratio (NLR)

	
1.0 ± 0.5 a

	
1.3 ± 0.5 b

	
1.6 ± 0.8 b

	
1.3 × 10−3




	
Oxidative stress markers




	
Thiobarbituric acid reactive substances (TBARS, nmol/mg protein)

	
2.8 ± 0.7 a

	
3.6 ± 2.1 b

	
3.6 ± 1.5 b

	
4.9 × 10−2




	
Protein carbonyls (PC, nmol/mg protein)

	
0.3 ± 0.3 a

	
0.6 ± 0.9 b

	
0.7 ± 0.6 b

	
3.5 × 10−2




	
Catalase activity, (CAT, µmol H2O2/ min·mg protein)

	
4.2 ± 2.6 a

	
2.5 ± 1.6 b

	
2.3 ± 0.8 b

	
6.4 × 10−3








Superscript letters within each row indicate significant differences between groups that are marked with different letters, according to the post-hoc Fisher LSD test (p < 0.05).
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Table 2. Concentrations of metal and metalloid elements in the total, high molecular mass (HMM), and low molecular mass (LMM) fractions from plasma and erythrocyte samples. Results are expressed as mean ± standard deviation (µg/L). ND, non-detected; NS, non-significant.
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Plasma

	
Erythrocytes




	

	

	
CNT

	
ObIR−

	
ObIR+

	
p-Value

	
CNT

	
ObIR−

	
ObIR+

	
p-Value






	
Cadmium

	
Total

	
0.0024 ± 0.0021

	
0.0021 ± 0.0015

	
0.0031 ± 0.0034

	
NS

	
1.8 ± 0.8

	
1.7 ± 0.7

	
1.8 ± 0.5

	
NS




	
HMM

	
0.0022 ± 0.0022

	
0.0024 ± 0.0020

	
0.0029 ± 0.0033

	
NS

	
1.6 ± 0.6

	
1.7 ± 0.2

	
1.7 ± 0.3

	
NS




	
LMM

	
ND

	
ND

	
ND

	
-

	
ND

	
ND

	
ND

	
-




	
Chromium

	
Total

	
10.8 ± 11.5

	
9.1 ± 9.6

	
8.5 ± 7.9

	
NS

	
ND

	
ND

	
ND

	
-




	
HMM

	
9.4 ± 9.0 a

	
7.1 ± 4.0 ab

	
5.4 ± 3.9 b

	
0.026

	
ND

	
ND

	
ND

	
-




	
LMM

	
1.6 ± 1.5

	
0.8 ± 0.8

	
1.1 ± 1.5

	
NS

	
ND

	
ND

	
ND

	
-




	
Cobalt

	
Total

	
1.5 ± 0.4

	
1.5 ± 0.3

	
1.6 ± 0.6

	
NS

	
ND

	
ND

	
ND

	
-




	
HMM

	
0.9 ± 0.5 a

	
0.7 ± 0.2 b

	
0.7 ± 0.2 b

	
0.031

	
ND

	
ND

	
ND

	
-




	
LMM

	
0.3 ± 0.1

	
0.3 ± 0.1

	
0.3 ± 0.2

	
NS

	
ND

	
ND

	
ND

	
-




	
Copper

	
Total

	
1295.4 ± 173.5 a

	
1523.9 ± 252.3 b

	
1416.2 ± 221.5 b

	
0.049

	
557.2 ± 91.8

	
583.7 ± 97.9

	
594.1 ± 102.5

	
NS




	
HMM

	
1155.2 ± 136.5 a

	
1349.9 ± 178.7 b

	
1266.4 ± 179.3 b

	
0.013

	
588.5 ± 112.5 a

	
667.8 ± 53.0 b

	
703.4 ± 49.9 b

	
0.031




	
LMM

	
25.5 ± 28.1

	
24.0 ± 19.7

	
27.4 ± 39.5

	
NS

	
1.6 ± 0.4

	
1.5 ± 0.3

	
1.7 ± 0.7

	
NS




	
Iron

	
Total

	
830.3 ± 284.1

	
835.4 ± 196.9

	
769.5 ± 252.2

	
NS

	
744,477.1 ± 658,92.9

	
778,357.1 ± 98,434.9

	
765,489.9 ± 79,762.8

	
NS




	
HMM

	
720.6 ± 175.1 a

	
708.3 ± 137.5 a

	
670.5 ± 196.9 b

	
0.013

	
655,373.1 ± 146,698.9 a

	
715,995.0 ± 13,934.0 ab

	
813,085.7 ± 67,382.5 b

	
0.042




	
LMM

	
36.6 ± 19.2

	
31.0 ± 16.4

	
27.3 ± 13.2

	
NS

	
24.5 ± 12.0

	
20.1 ± 7.9

	
20.1 ± 8.9

	
NS




	
Lead

	
Total

	
0.025 ± 0.0054

	
0.025 ± 0.0038

	
0.024 ± 0.0039

	
NS

	
61.5 ± 5.4

	
63.9 ± 5.4

	
62.4 ± 8.3

	
NS




	
HMM

	
0.025 ± 0.0065

	
0.022 ± 0.0031

	
0.023 ± 0.0048

	
NS

	
57.6 ± 15.1

	
58.8 ± 6.0

	
60.4 ± 13.2

	
NS




	
LMM

	
ND

	
ND

	
ND

	
-

	
1.3 ± 0.3

	
1.2 ± 0.2

	
1.3 ± 0.2

	
NS




	
Manganese

	
Total

	
4.7 ± 5.6

	
4.6 ± 7.0

	
4.8 ± 4.6

	
NS

	
18.0 ± 14.9

	
18.7 ± 11.7

	
17.4 ± 15.0

	
NS




	
HMM

	
4.4 ± 1.3 a

	
4.1 ± 0.9 a

	
3.6 ± 1.0 b

	
0.031

	
17.5 ± 15.8

	
18.0 ± 16.4

	
18.2 ± 12.6

	
NS




	
LMM

	
0.3 ± 0.5

	
0.6 ± 0.6

	
0.5 ± 0.6

	
NS

	
0.7 ± 0.2

	
0.6 ± 0.2

	
0.7 ± 0.1

	
NS




	
Molybdenum

	
Total

	
2.7 ± 0.7

	
2.9 ± 0.7

	
2.8 ± 1.0

	
NS

	
23.4 ± 5.1

	
25.9 ± 5.1

	
20.9 ± 4.5

	
NS




	
HMM

	
2.9 ± 2.1 a

	
2.2 ± 0.6 ab

	
1.9 ± 0.6 b

	
0.013

	
18.5 ± 4.9

	
17.5 ± 6.9

	
16.2 ± 3.7

	
NS




	
LMM

	
ND

	
ND

	
ND

	
-

	
0.2 ± 0.1

	
0.2 ± 0.1

	
0.2 ± 0.1

	
ND




	
Selenium

	
Total

	
133.8 ± 15.9

	
123.0 ± 15.6

	
126.1 ± 20.3

	
NS

	
153.6 ± 27.8

	
145.9 ± 29.9

	
160.3 ± 50.3

	
NS




	
HMM

	
143.2 ± 23.4 a

	
130.4 ± 17.1 ab

	
125.1 ± 19.6 b

	
0.013

	
122.0 ± 92.8 a

	
131.3 ± 98.1 a

	
167.2 ± 86.3 b

	
0.047




	
LMM

	
2.4 ± 2.0

	
2.1 ± 1.1

	
2.1 ± 1.7

	
NS

	
0.2 ± 0.1

	
0.2 ± 0.1

	
0.2 ± 0.1

	
NS




	
Zinc

	
Total

	
830.1 ± 174.8

	
744.2 ± 102.5

	
733.4 ± 182.4

	
NS

	
9300.1 ± 1905.7

	
9401.6 ± 1742.4

	
9423.1 ± 1738.8

	
NS




	
HMM

	
942.6 ± 489.4 a

	
711.1 ± 213.9 ab

	
641.9 ± 231.3 b

	
0.013

	
9114.1 ± 1692.1

	
8950.9 ± 2024.0

	
10176.9 ± 1418.2

	
NS




	
LMM

	
32.2 ± 15.3

	
30.8 ± 13.4

	
29.5 ± 13.3

	
NS

	
63.6 ± 9.2

	
58.8 ± 5.1

	
62.4 ± 7.4

	
NS








Superscript letters within each row indicate significant differences between groups that are marked with different letters, according to the post-hoc Fisher LSD test (p < 0.05).
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