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Abstract

Although growing evidence points to a pivotal role of perturbed metal homeo-

stasis in childhood obesity, sexual dimorphisms in this association have rarely

been investigated. In this study, we applied multi-elemental analysis to plasma

and erythrocyte samples from an observational cohort comprising children

with obesity, with and without insulin resistance, and healthy control children.

Furthermore, a wide number of variables related to carbohydrate and lipid

metabolism, inflammation, and sex hormones were also determined. Children

with obesity, regardless of sex and insulin resistance status, showed increased

plasma copper-to-zinc ratios. More interestingly, obesity-related erythroid

alterations were found to be sex-dependent, with increased contents of iron,

zinc, and copper being exclusively detected among female subjects. Our find-

ings suggest that a sexually dimorphic hormonal dysregulation in response to

a pathological cascade involving inflammatory processes and hyperinsulinemia

could be the main trigger of this female-specific intracellular sequestration of

trace elements. Therefore, the present study highlights the relevance of geno-

typic sex as a susceptibility factor influencing the pathogenic events behind

childhood obesity, thereby opening the door to develop sex-personalized

approaches in the context of precision medicine.
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1 | INTRODUCTION

The prevalence of overweight and obesity currently
accounts for approximately a 30% of the population
worldwide, reaching pandemic levels according to the
World Health Organization. Adverse health conse-
quences of excess body weight are particularly relevant at
pediatric age, being associated with higher predisposition
to develop a myriad of non-communicable diseases,
including metabolic and cardiovascular diseases, liver
complications, asthma, psychological comorbidities, and
many other disorders, which have become a major public
health problem.1 In this line, the “Global Burden of Dis-
ease Study” evaluated 84 behavioral, environmental,
occupational, and metabolic risks in 2017, and concluded
that high body mass index (BMI) is the risk factor that
has experienced the greatest increase in exposure since
1990, being among the top five risk factors in terms of
attributable deaths.2

Genotypic sex may influence the susceptibility of
developing a wide range of metabolic, autoimmune, neu-
rological, and cardiovascular diseases, leading to different
prevalence depending on sex. In particular, sexual dimor-
phisms have proven to affect many of the metabolic com-
plications behind obesity. On the one hand, men tend to
produce energy through free fatty acid oxidation at rest,
whereas women are prone to incorporate them into tria-
cylglycerols, thereby promoting fat storage.3 As a result,
obesity prevalence is higher among females, but male-sex
is paradoxically more susceptible to develop obesity-
related comorbidities. This is in great part due to sex dif-
ferences in fat accumulation, which in turn have large
metabolic repercussions. Men usually have higher con-
tent of visceral adipose tissue (VAT), whilst subcutaneous
adipose tissue (SAT) is the predominant fat depot in
women.4 Hormones are crucial in this sex-dependent sus-
ceptibility to obesity and related complications, since
estrogens are the main elicitors of this differential adi-
pose tissue distribution and exert a protective effect in
women.5 Furthermore, as VAT is known to have twice
the amount of pro-inflammatory macrophages than SAT,
healthy and metabolically ill male subjects are typically
characterized by higher levels of inflammatory markers
and lower capacity of inflammation resolution when
compared to female counterparts.6

Trace elements play a multitude of essential roles in
biological systems, participating in the antioxidant
defense, electron and oxygen transport, hormonal regula-
tion, immune response, or synthesis of DNA, RNA, pro-
teins, and fatty acids, among other processes.7–9

Considering their ubiquitous nature, adipose tissue-
driven metabolic perturbations occurring in obesity are
expected to be reflected in altered metal homeostasis. In

this respect, a few authors have previously investigated
the association between childhood obesity, metabolic risk
factors, and circulating blood concentrations of various
metal and metalloid elements.10–16 Recently, we
described metal disturbances to be closely inter-related
with the characteristic pathogenic events behind child-
hood obesity and insulin resistance (IR), namely chronic
low-grade inflammation, exacerbated oxidative stress,
impaired insulin-mediated carbohydrate metabolism, and
dyslipidemia.17 However, the potential involvement of
sex in this perturbed metal homeostasis remains largely
unexplored. Only a few observational studies have previ-
ously considered the potential impact of sex on childhood
obesity-related metal alterations, all of which reported
similar results within boys and girls (e.g., decreased blood
levels of Fe, Mg, Zn; increased blood levels of Cu).11,12

However, Błażewicz et al. interestingly found that the sex
criterion may influence the association between metal
contents and the BMI of children (e.g., negative correla-
tion between BMI and blood Zn, plasma Cu, and urinary
Fe among girls; positive correlation between BMI and
plasma Co among boys).11 Other authors have demon-
strated that diet-induced obesity disrupts trace element
homeostasis in various brain regions of mice in a sex-
specific manner.18,19 Furthermore, there is increasing evi-
dence suggesting that adverse health effects triggered by
the exposure to toxic heavy metals (e.g., cadmium, lead)
may differ depending on sex, which could be attributed
to differences in kinetics, mode of action, or
susceptibility.20

In this work, we studied the influence of sex in modu-
lating metal metabolism in childhood obesity and IR. To
this end, multi-elemental analysis was applied to plasma
and erythrocyte samples from a sex-stratified observa-
tional cohort comprising children with obesity and IR
(ObIR+), children with obesity without IR (ObIR-), and
healthy control children (CNT).

2 | EXPERIMENTAL PROCEDURES

2.1 | Study population and sample
collection

Prepubertal children (Tanner Stage I) of both sexes,
aged between 6 and 10 years, were recruited at “Hospi-
tal Universitario Puerta del Mar” (C�adiz, Spain),
including children with obesity and IR (ObIR+), chil-
dren with obesity without IR (ObIR-), and healthy
control children (CNT), as described elsewhere.21

Briefly, obesity was diagnosed when children pre-
sented a BMI over two standard deviations above the
mean of the reference population, adjusted for sex and
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age.22 Furthermore, children with obesity underwent
an oral glucose tolerance test (OGTT) to diagnose con-
comitant 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.23 For
the control group, healthy non-obese children needing
a blood test for other medical reasons (e.g., routine
health monitoring) were also enrolled. Subjects with
other known chronic systemic diseases or suffering of
acute infectious processes were not eligible for the
study.

Venous blood samples were collected after overnight
fasting in the morning using BD Vacutainer tubes and
Advance vacuum system. Tubes were centrifuged at 1500g
for 10 min at 4�C to obtain the plasma, and the resulting
pellets were then washed three times with cold saline solu-
tion (9 g/L NaCl, 4�C) to obtain the erythrocyte fraction by
centrifuging at 1500g for 5 min at 4�C. Plasma and erythro-
cyte 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” (C�adiz, 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 height, weight,
waist circumference (WC), and BMI were evaluated by
pediatric endocrinologists. Blood levels of glucose (Glc),
insulin (Ins), lipids (i.e., total cholesterol, TC; high-
density lipoprotein cholesterol, HDL-C; low-density lipo-
protein cholesterol, LDL-C; triglycerides, TG), C-reactive
protein (CRP), and sex hormones (i.e., luteinizing hor-
mone, LH; follicle-stimulating hormone, FSH; 17β-estra-
diol, E2; testosterone, T; androstenedione, A4;
dehydroepiandrosterone sulfate, DHEAS; progesterone,
P; cortisol, CORT) were determined using an Alinity
automatic analyzer (Abbot, Spain). White blood cell
count measurements were performed in an automated
hematology analyzer and subsequently employed to com-
pute various inflammatory indices, namely the systemic
immune inflammation index (SII), the systemic inflam-
mation response index (SIRI), the aggregate index of sys-
temic inflammation (AISI), the platelet-to-lymphocyte
ratio (PLR), the monocyte-to-lymphocyte ratio (MLR),
and the neutrophil-to-lymphocyte ratio (NLR). The
homeostasis model assessment of insulin resistance

(HOMA-IR) was calculated by applying the following for-
mula: HOMA-IR = (Glc � Ins) � 0.055/22.5.

2.3 | Multi-elemental analysis of plasma
and erythrocyte samples

Trace elements were determined by diluting aliquots of
150 μL of plasma, or 50 μL of the erythrocyte fraction, to
a final volume of 3 mL using an alkaline solution con-
taining 2% 1-butanol (w/v), 0.05% EDTA (w/v), 0.05% Tri-
ton X-100 (w/v), 1% NH4OH (w/v), and 1 μg/L rhodium
(internal standard).24 Samples were filtered through
0.45 μm pore size hydrophilic PTFE filters before analy-
sis. Then, multi-elemental analysis was performed in an
Agilent 7900 inductively coupled plasma mass spectrom-
eter (ICP-MS) equipped with collision/reaction cell sys-
tem and with nickel sampling and skimmer cones
(Agilent Technologies). High-purity grade helium
(>99.999%) was employed as the collision gas, and the
ICP-MS working conditions were set as follows25: sam-
pling 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; collision gas, 5 mL/min. The
isotopes monitored were 52Cr, 53Cr, 55Mn, 56Fe, 57Fe,
59Co, 63Cu, 66Zn, 77Se, 78Se, 82Se, 95Mo, 98Mo, and 103Rh,
using a dwell time of 0.3 s per isotope. Multi-elemental
calibration curves were prepared within the concentra-
tion range 0.5–2500 μg/L, containing 1 μg/L rhodium as
the internal standard.

2.4 | Statistical analysis

Multi-elemental data pre-processing and statistical analy-
sis were performed in the MetaboAnalyst 5.0 web tool
(https://www.metaboanalyst.ca/), as follows. After
removing variables with more than 20% missing values,
the kNN algorithm was applied to impute the remaining
missing values. Then, the data were log transformed and
Pareto scaled. Analysis of variance (ANOVA) with Fisher
LSD post hoc test and Student's t-test were employed to
look for within-sex and between-sex differences, respec-
tively. Furthermore, Pearson's correlations were com-
puted between metal levels and biochemical variables,
including parameters related to glucose and lipid metabo-
lism, inflammation, and sex hormones. p-Values below
0.05 were considered as statistically significant.

3 | RESULTS

The study participants (N = 74) were on average
9.0 years-old and 56.8% were male (Table 1). Evidently,
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obesity-related anthropometric variables (i.e., BMI,
weight, WC) were higher in children with obesity com-
pared to healthy controls, regardless of sex and the IR sta-
tus, and this increase was sharpened among ObIR+ boys
with respect to their female counterparts. Male and
female children with obesity also showed elevated fasting
plasma levels of insulin and HOMA-IR scores, especially
whom presenting concomitant IR. Additionally, obesity
was associated with lower HDL-C and increased TG con-
tents within both sex groups, but IR did not influence
these dyslipidemia factors. As expected, a pro-
inflammatory status was observed in children with obe-
sity, with raised white blood cell-based inflammatory
indices (i.e., SII, SIRI, ASIS, NLR) and CRP levels (this
latter without reaching statistical significance) in the
ObIR- and ObIR+ groups. This obesity-related increase
of inflammatory markers was more pronounced among
males (statistically significant for ObIR+ subjects), as
previously reported.6 Similarly, hormones also experi-
enced sex-dependent perturbations in our study popula-
tion. Girls with obesity had elevated levels of luteinizing
hormone, testosterone, androstenedione, dehydroepian-
drosterone sulfate, and cortisol, regardless of the concom-
itant presence or absence of IR. In contrast, this
increment of circulating sex hormones was attenuated
among boys with obesity, who only showed greater levels
of testosterone and cortisol. 17β-Estradiol and progester-
one were undetectable in our study participants, in line
with previous evidence suggesting that conventional clin-
ical assays lack the required sensitivity to detect the low
concentrations typically found in prepubertal children
blood.26 Finally, multi-elemental analysis of plasma and
erythrocyte samples revealed an altered biodistribution of
various essential trace elements in childhood obesity. In
plasma, increased copper and decreased zinc levels were
found among male and female children with obesity,

with and without IR, compared to controls (Table 2). On
the other hand, we observed a female-specific raise of the
erythroid contents of iron, copper, and zinc, but no sig-
nificant elemental differences were detected within the
male group (Table 3).

To better understand the plausible inter-relationships
between the above-mentioned multi-elemental alter-
ations and other obesity-related biochemical parameters,
data were subjected to correlation analysis. We observed
a strong positive association between multiple markers
related to hyperinsulinemia, dyslipidemia, inflammation,
and abnormal hormonal regulation within both female
(Figure 1A) and male (Figure 1B) subjects, which could
suggest the existence of shared molecular mechanisms
behind these pathogenic events occurring in childhood
obesity. Furthermore, these biochemical variables were
found to correlate with metal contents in a sex- and
tissue-dependent manner. In plasma, copper was posi-
tively associated with several inflammatory markers
regardless of sex, whereas zinc levels showed a consistent
negative correlation with inflammatory and insulinemia-
related variables (Figure 1C,D). Furthermore, a female-
specific negative association was observed between plas-
matic zinc and sex hormones (LH, T). On the other hand,
we interestingly found that most of these variables were
consistently and positively associated with erythroid
metal contents exclusively among female subjects
(Figure 1E), whereas only a few inflammatory markers
were significantly correlated with metal levels within the
male group (Figure 1F).

4 | DISCUSSION

Although sex is known to influence the susceptibility of
developing childhood obesity, sex-specific heterogeneities

TABLE 2 Plasma concentrations of trace elements in the three study groups (i.e., CNT, ObIR-, ObIR+) stratified according to sex.

Male subjects Female subjects

CNT ObRI- ObIR+ p-value CNT ObRI- ObIR+ p-value

Copper 1297.2 ± 176.3a 1588.3 ± 202.4b 1477.9 ± 191.4b 1.8�10�3 1292.4 ± 178.2a 1454.5 ± 56.8b 1484.5 ± 138.3 b 9.4�10�3

Zinc 853.4 ± 210.2a 725.1 ± 64.1b 681.8 ± 125.8b 1.2�10�2 792.8 ± 93.1a 725.3 ± 78.2b 711.8 ± 63.3b 4.6�10�2

Iron 695.5 ± 227.6 745.5 ± 211.3 720.0 ± 325.3 NS 780.0 ± 224.0 795.5 ± 236.3 649.7 ± 177.6 NS

Selenium 134.8 ± 17.3 123.1 ± 12.1 123.4 ± 14.9 NS 132.1 ± 14.1 122.9 ± 21 129.4 ± 25.6 NS

Manganese 3.8 ± 0.9 4.0 ± 0.9 3.5 ± 0.6 NS 4.6 ± 1.1 4.2 ± 1.1 3.7 ± 1.7 NS

Molybdenum 2.7 ± 0.7 2.7 ± 0.6 2.6 ± 1.0 NS 2.8 ± 0.6 3.0 ± 0.9 3.0 ± 1.0 NS

Chromium 7.9 ± 5.7 7.6 ± 4.7 5.9 ± 4.3 NS 6.1 ± 3.2 6.2 ± 2.5 4.8 ± 3.4 NS

Cobalt 1.9 ± 1.6 1.6 ± 0.3 1.9 ± 1.7 NS 1.5 ± 0.3 1.5 ± 0.4 1.6 ± 0.2 NS

Note: Results are expressed as mean ± standard deviation (μg/L). Superscript letters within each row indicate within-sex significant differences between groups
that are marked with different letters, according to ANOVA and subsequent post hoc Fisher LSD test.
Abbreviation: NS, non-significant.
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in the association between excess body weight and metal
homeostasis have rarely been investigated. Thus, further
research is crucial to better understand the involvement
of sex-dependent factors in the characteristic metal alter-
ations behind childhood obesity and its comorbidities.

Herein, we observed increased plasma copper levels,
along with decreased zinc, among children with obesity
compared to non-obese controls, regardless of sex and IR
status of the subjects (Table 2). These findings concur
with previous studies reporting raised copper-to-zinc
ratios in childhood obesity,13,14,17 which could be
explained by the mutual antagonism between these two
trace elements within a complex crosstalk involving
inflammatory processes, exacerbated oxidative stress, and
leptin resistance.27,28 On the one hand, the characteristic
chronic low-grade inflammation state that occurs in
childhood obesity could be the most likely driver of these
metal perturbations, since the secretion of pro-
inflammatory cytokines by adipocytes is known to alter
the expression of metal transporters, thereby inducing
intracellular copper efflux and zinc uptake, and conse-
quently altering their biodistribution within the organ-
ism. This increment of circulating copper (a redox-active
metal that may generate free radical species) and
decreased zinc levels (a component of many antioxidant
enzymes) may in turn provoke oxidative stress. Finally,
low blood zinc increases leptin concentrations by down-
regulating zinc alpha-2 glycoprotein expression, thereby
exacerbating inflammation in a vicious circle. This
hypothesis linking higher Cu/Zn with inflammation was
further corroborated by correlation analysis, with several
inflammatory markers (i.e., CRP, white blood cell-based
inflammatory indices) being consistently associated with
the levels of plasmatic copper (positive correlation) and
zinc (negative correlation) within both sex groups

(Figure 1C,D). Moreover, decreased plasma zinc levels
were also found to be negatively correlated with
increased fasting plasma insulin and/or increased
HOMA-IR scores among male and female subjects. This
points to the important repercussions that inflammatory-
mediated depletion of circulating zinc levels may have in
the development of IR and compensatory hyperinsuline-
mia, as this micronutrient plays essential roles in the pro-
duction, storage, and action of insulin.29

More interestingly, and unlike the results reported for
plasma, multi-elemental analysis of erythrocyte samples
revealed sex-dimorphic metal alterations, with increased
erythroid content of iron, zinc, and copper among female
subjects with obesity, whereas no differences were found
for any of the trace elements under investigation within
the male group (Table 3). This sequestration of metals
inside the erythroid cytosolic fraction could be majorly
provoked by the above-mentioned altered expression of
metal transporters that is triggered by inflammation.
However, we observed here that boys have a sharpened
obesity-related raise of inflammatory markers compared
to girls (Table 1), which apparently contradicts this ratio-
nale. As explained above, sex-dependent inflammatory
response has been attributed to differential adipose tissue
distribution (i.e., macrophage-rich VAT in males vs. SAT
in females).4 In contrast, different investigations have
indicated that IR is more prevalent in prepubertal girls,
but switches to become higher in boys along sexual matu-
ration.30 This close inter-relationship between adiposity,
inflammation, insulin action, and sex hormones was cor-
roborated in our correlation analyses (Figure 1A,B). Nev-
ertheless, we interestingly found that all these variables
were consistently associated with erythroid metal con-
tents exclusively among female subjects (Figure 1E),
whereas only a few inflammatory markers were

TABLE 3 Erythroid concentrations of trace elements in the three study groups (i.e., CNT, ObIR-, ObIR+) stratified according to sex.

Male subjects Female subjects

CNT ObRI- ObIR+
p-
value CNT ObRI- ObIR+ p-value

Copper 582.9 ± 101.4 584.5 ± 103.7 602.5 ± 114.1 NS 523.0 ± 68.0a 582.5 ± 101.2b 611.4 ± 62.9b 4.1�10�2

Zinc 9856.1 ± 1926.0 9478.6 ± 1792.6 9426.2
± 2109.4

NS 8558.9
± 1702.1a

10082.7
± 626.6b

9727.7 ± 586.9b 4.5�10�2

Iron 760885.7
± 6,523,804

778078.9
± 104156.6

723643.1
± 75174.8

NS 722598.9
± 63720.4a

821810.6
± 33169.7b

824075.4
± 39473.4b

3.8�10�4

Selenium 153.5 ± 28.7 140.6 ± 33.1 155.9 ± 58.8 NS 153.7 ± 28.3 153.3 ± 26.5 166.5 ± 37.3 NS

Manganese 16.4 ± 11.9 13.8 ± 5.7 16.5 ± 10.9 NS 20.1 ± 18.7 25.6 ± 15.0 18.6 ± 20.0 NS

Molybdenum 23.1 ± 3.9 26.3 ± 5.4 19.8 ± 4.8 NS 23.9 ± 6.5 27.9 ± 6.1 22.5 ± 3.7 NS

Note: Results are expressed as mean ± standard deviation (μg/L). Superscript letters within each row indicate within-sex significant differences between groups
that are marked with different letters, according to ANOVA and subsequent post hoc Fisher LSD test.

Abbreviation: NS, non-significant.
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FIGURE 1 Results from Pearson's correlation analyses. Correlation matrices between different obesity-related biochemical variables

(i.e., carbohydrate and lipid metabolism, inflammation, sex hormones) within females (A) and males (B); network representation of the

correlations between biochemical variables and plasma metal levels within females (C) and males (D); network representation of the

correlations between biochemical variables and erythroid metal levels within females (E) and males (F). In network representations, positive

and negative correlations are represented as red and blue lines, respectively (the thicker the line, the stronger the correlation).
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significantly correlated with metal levels within the male
group (Figure 1F). Accordingly, this could point to a cen-
tral role of the interplay between inflammation, insulin,
and sex hormones in the female-specific metal alterations
that we observed in erythrocytes.

In this respect, it is worth mentioning that inflamma-
tion and hyperinsulinemia in girls can boost the produc-
tion of sex hormones through different mechanisms, as
schematized in Figure 2.31,32 On the one hand, insulin
promotes the secretion of the gonadotropin-releasing hor-
mone (GnRH), which subsequently stimulates the release
of LH and FSH in the hypothalamic–pituitary-gonadal
(HPG) axis, and finally triggers estrogen biosynthesis in
ovaries. Alternatively, insulin is also known to enhance
the metabolism of androgens and glucocorticoids that is
mediated by the adrenocorticotropic hormone (ACTH) in
adrenal glands. Another mechanism contributing to
release circulating hormones in obesity is associated with
the reduction of sex hormone-binding globulin (SHBG)
levels, which consequently increases the bioavailability of
testosterone and other sex steroids. Within this complex

meshwork of regulation processes, it should also be noted
that aromatase, which enzymatically converts androgens
into estrogens, is highly expressed in adipose tissue. Con-
versely, data on sex hormone levels in male obesity are
scarce and more confusing. In pubertal adolescents and
adults, the above-mentioned over-expression of aroma-
tase has been associated with decreased testosterone-to-
estradiol ratios in obese subjects, which may suppress
GnRH and ultimately inhibit gonadal testosterone
release.33 However, few specific data regarding gonado-
tropins and sex steroids are available for pre-pubertal
boys, although growing evidence suggests that, similarly
to girls, they also show increased androgen production,
probably due to enhanced adrenal activity.31,34 In this
framework, the exacerbated release of sex hormones
occurring in obesity may in turn bidirectionally modulate
lipid metabolism, inflammation, and insulin secretion in
a sexually dimorphic manner,4,35 since estrogens are
more biologically active than androgens, thereby creating
a vicious cycle (Figure 2). Thus, this is finally reflected in
a sex-dependent increase of circulating blood

FIGURE 2 Schematic representation of the plausible sex-dependent mechanisms behind childhood obesity-related alterations in

adiposity, inflammation, insulin metabolism, sex hormone regulation, and metal homeostasis.
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concentrations of a myriad of sex hormones
(i.e., estrogens, androgens, glucocorticoids), which is
expected to be much more pronounced among girls, in
line with our results (Table 1).

Within this cascade of pathogenic events, we hypoth-
esize that the sexually dimorphic over-production of
inflammatory mediators and hormones could be, at least
in part, responsible for the female-specific metal seques-
tration observed in erythrocytes from obese subjects
(Table 3), especially taking into consideration that sex
steroids and cytokines are known to influence intracellu-
lar metal transport in different ways (Figure 2). A wide
number of studies have demonstrated that sex hormones
can regulate iron metabolism by altering the expression
of related proteins, such as hepcidin, ferroportin 1, ferri-
tin, and transferrin, in a variety of cells.36–40 Indeed, their
administration has been associated with increased intra-
cellular iron incorporation into MCF-7 cells39 and
erythrocytes,40 in line with our findings. Other authors
have reported that sex hormones can also induce an
altered modulation of zinc (e.g., zinc transporter ZIP8)
and copper (e.g., human copper transporter 1 hCTR1)
transporters.41,42 Similarly, 17β-estradiol treatment has
been proven to up-regulate the expression of the divalent
metal transporter 1 (DMT1),36,42 which participates in
the cellular uptake of iron and other divalent trace ele-
ments, including zinc and copper. In this respect, Rytz
et al. reported that women with metabolic syndrome
have higher ferric-reducing ability than healthy subjects,
which would facilitate DMT1-mediated assimilation of
iron.43 Complementarily to this enhanced metal trans-
port, some studies have demonstrated that sex steroids
can also induce the synthesis and increase the activity of
proteins that participate in handling intracellular metals
to avoid cytotoxicity, such as metallothioneins44 and
superoxide dismutases.45 On the other hand, the secre-
tion of pro-inflammatory cytokines by adipocytes in obe-
sity is also known to alter the expression of multiple
protein transporters of zinc,27 copper,28 and iron.46 Alto-
gether, this existing molecular evidence supports our
rationale that sex hormones and inflammation could act
as pivotal elicitors of the female-specific erythroid accu-
mulation of trace elements occurring in childhood obe-
sity, thereby suggesting that girls might possess specific
cellular mechanisms to control metal homeostasis. As a
clarifying example of sex-driven differences in metal
metabolism, it is well-known that females have a much
higher capacity to extrude potentially toxic calcium from
their body than males.47 This could in turn explain why
metal contents in hair samples are usually higher in
female subjects, plausibly as a protective mechanism to
remove metal species from the circulation with the aim
of avoiding pathological consequences.48 Therefore, we

propose that sex-specific hormonal regulation in response
to inflammation and hyperinsulinemia could confer
female children with obesity a specific defensive mecha-
nism against the harmful effects that circulant metals
may have. Although not supported with experimental
data, as we solely analyzed blood samples, we hypothe-
size that this altered metal transport might affect other
cellular compartments besides erythrocytes, since distur-
bances related to inflammation and sex hormones in
childhood obesity have a systemic nature.

The main strengths of our study lie in the use of a
well-characterized cohort, comprising children with obe-
sity and IR (ObIR+), children with obesity without IR
(ObIR-), and healthy control children (CNT). Unlike
other previously published works on the role of metals in
childhood obesity,10–15 we here considered the concomi-
tant presence or absence of IR to differentiate between
metabolically healthy (ObIR-) and unhealthy (ObIR+)
subjects. Furthermore, the population exclusively con-
sisted of prepubertal children (Tanner Stage I), which
considerably minimizes inter-individual variability fac-
tors (e.g., hormonal regulation) and thereby facilitates
the identification of robust associations between child-
hood obesity and metal alterations. The comprehensive
biochemical characterization of the study participants,
including multi-elemental analysis, assessment of carbo-
hydrate and lipid metabolism, and determination of sex
hormones and inflammatory markers, enabled us to
holistically decipher the plausible mechanisms behind
our results. However, it is also worth mentioning that the
stratification of the study population according to sex
inherently limited the statistical power of the stratified
analyses, which makes necessary future studies in larger
and independent cohorts to validate our findings.
Another important limitation was the impossibility of
detecting some sex hormones (e.g., 17β-estradiol) because
of sensitivity issues. Because of the observational nature
of the study design, further research is needed to better
understand this interplay between metals, inflammation,
insulin, and sex hormones, as well as to elucidate the
molecular mechanisms underlying these observations.
The study of other tissues would enable corroborating
the systemic nature of this altered metal biodistribution.

5 | CONCLUSIONS

In summary, we describe here for the first time the exis-
tence of sexually dimorphic erythroid multi-elemental
alterations in childhood obesity. Our findings suggest
that genotypic sex may influence the susceptibility to
develop obesity at very early ages, before the puberty-
induced raise of hormones, which have been proposed
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before as the major contributors to sexual dimorphisms.
This indeed reinforces that sex hormones could not be
the unique drivers of these sex-dependent disturbances,
but rather a gear participating in complex molecular
mechanisms that already begin in the genesis of the dis-
ease. In particular, we found elevated plasma copper-to-
zinc ratios in male and female children with obesity, but
a female-specific sequestration of iron, zinc, and copper
was observed within the erythroid cytosolic fraction. Our
results point to sex-dependent inter-relationships
between metal homeostasis, inflammatory processes,
hyperinsulinemia, and enhanced production of sex hor-
mones as pivotal elicitors of these pathological perturba-
tions. Therefore, these findings highlight the importance
of addressing inter-individual variabilities as potential
risk factors contributing to the susceptibility of develop-
ing obesity at pediatric age.
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