Environmental Research 299 (2026) 124369

Contents lists available at ScienceDirect

B R R

ere pl Environmental Research

o ] journal homepage: www.elsevier.com/locate/envres

L))

Check for

Serum concentrations of selenium, selenium species and metals in children e
newly diagnosed with leukemia: a hospital-based case-control study

Marco Vinceti “” @, Teresa Urbano **, Bernhard Michalke ¢, Lauren A. Wise ",

Maria Caterina Putti , Eloise Pulvirenti “©*, Claudia Favara “, Silvia Di Federico?,

Federico Zagnoli ™', Giorgia Adani **¥, Annadiletta Dona ™', Roberta Patti ", Giada Biddeci‘,
Enrica Romano ¢, Giovanna Russo’", Marta Arabbito’, Gea Oliveri Conti ¢, Maria Fiore °,
Margherita Ferrante ©, Vincenzo Di Benedetto " Maria Grazia Scuderi”, Piergiorgio Gamba ke
Pier Luca Ceccarelli', Giovanni Palazzi™, Alessia Pancaldi ™, Silvia Fustinoni ™°,

Marcella Malavolti “**, Tommaso Filippini **

@ Environmental, Genetic and Nutritional Epidemiology Research Center (CREAGEN), University of Modena and Reggio Emilia, Modena, Italy

Y Department of Epidemiology, Boston University School of Public Health, Boston, MA, USA

¢ Research Unit Analytical BioGeoChemistry, Helmholtz Center Munich German Research Center for Environmental Health GmbH, Neuherberg, Germarny
9 Department of Women's and Children's Health, Pediatric Haemato-Oncology, University of Padua, Padua, Italy

€ Section of Public Health, Department of Medical Sciences, Surgical and Advanced Technologies "G.F. Ingrassia", University of Catania, Catania, Italy

f Health Directorate, Local Health Authority, Reggio Emilia, Ttaly

8 Head Office, Sassuolo Hospital, Modena, Italy

" Department of Pediatric Surgery, Azienda Policlinico Rodolico San Marco, Catania, Italy

! pediatric Surgery Unit, Department of Pediatrics, IRCCS-ISMETT, Palermo, Italy

J Pediatric Onco-hematology Unit, Azienda Policlinico Rodolico San Marco, Department of Clinical and Experimental Medicine, University of Catania, Catania, Italy
X Department of Women's and Children's Health, Pediatric Surgery, University of Padua, Padua, Italy

! Department of Pediatric Surgery, University of Modena and Reggio Emilia, Policlinico University Hospital, Modena, Ttaly

™ Pediatric Onco-Hematology Unit, Policlinico University Hospital, Modena, Italy

" Department of Clinical Sciences and Community Health, University of Milan, Milan, Italy

© IRCCS Ca’' Granda Foundation Maggiore Policlinico Hospital, Milan, Italy

P School of Public Health, University of California Berkeley, Berkeley, CA, USA

ARTICLE INFO ABSTRACT
Keywords: Exposure to metalloids and metals has been associated with childhood cancer, specifically acute leukemia,
Case-control study though studies are limited. During 2020-2023, we conducted a hospital-based case-control study in Italy to

Childhood leukemia
Metals
Selenium species

evaluate the association between trace element status and childhood leukemia. We enrolled 77 cases with newly-
diagnosed acute childhood leukemia and 74 controls referred to the hospital for minor medical procedures. In
blood samples collected at hospital admission, we used inductively-coupled plasma mass spectrometry to mea-
sure serum concentrations of selenium (and its species), copper, iron, manganese, and cadmium. We estimated
odds ratios and 95% confidence intervals using restricted cubic spline regression. Dose-response, confounder-
adjusted analyses showed positive monotonic associations of selenium, copper and iron, above a certain level of
exposure, with childhood leukemia. Two selenium species, selenoprotein P-bound selenium and selenomethio-
nine, showed similar results to total selenium. Zinc showed an inverse association with leukemia, while there was
no appreciable relation with manganese. Copper concentrations in the top tertile were associated with the
highest odds ratio of leukemia, though the association was imprecise. These findings indicate the need for further
investigation of the potential adverse role of some selenium species and copper in childhood leukemia. However,
reverse causation bias and residual confounding could not be ruled out as possible explanations for our findings.
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M. Vinceti et al.
1. Introduction

Acute leukemia is the most common childhood cancer, with an
incidence of 5 cases per 100,000 in Western countries (Hu et al., 2024;
Wang et al., 2025). Despite advancements in its therapy, a deeper un-
derstanding of the biochemical and toxicological mechanisms under-
pinning disease development and some promising indications from the
epidemiologic literature (Metayer et al., 2016), its causes are still largely
unknown. While some evidence indicates an etiologic role for environ-
mental factors such as ionizing radiation (Smith-Bindman et al., 2025),
non-ionizing radiation (Malagoli et al., 2023; Malavolti et al., 2024),
pesticides (Malagoli et al., 2016), air pollution (Filippini et al., 2019;
Heck et al., 2016; Vinceti et al., 2012), petroleum compounds (Soliman
et al., 2026), infections (He et al., 2020) and nutrition (Metayer et al.,
2014; Schraw et al., 2022), exposure to metals or metalloids is under-
studied. Some evidence of their association with leukemia has, however,
been provided in a study of atmospheric lead (Pb), chromium (Cr), and
selenium (Se) concentrations (Heck et al., 2014). Some though not all
studies have suggested an association between elevated cadmium (Cd)
concentrations and childhood leukemia (Asenjo et al., 2022; Demir
et al., 2011; Sherief et al., 2015; Whitehead et al., 2015), and a consis-
tent pattern of higher blood copper (Cu) concentrations among children
with leukemia compared with controls (Carpentieri et al., 1986; Demir
et al., 2011; Legutko, 1978; Mehdi et al., 2015; Sgarbieri et al., 2006).
Evidence for zinc (Zn) has been sparse and inconsistent (Demir et al.,
2011; Infante-Rivard et al., 2001; Ladas et al., 2016; Whitehead et al.,
2015).

Children are exposed to metals and metalloids via breastfeeding,
dermal absorption, drinking water, dietary ingestion, inhalation, and
non-dietary ingestion of soil or dust (Filippini et al., 2018; Glorennec
etal., 2016; Saez et al., 2025; Venturelli et al., 2025). While measures of
environmental and dietary factors can provide useful exposure infor-
mation, biological matrices such as blood, urine, and, in some cases,
nails or hair, may instead offer a more comprehensive and integrated
measure of internal dose, reflecting overall exposure from multiple
sources over time (Ashton et al., 2009; Gutiérrez-Gonzalez et al., 2019;
Martinez-Morata et al., 2023; Vinceti et al., 2018b). In addition, there is
strong evidence that for some metals and metalloids, especially Se, but
also Cu, iron (Fe) and manganese (Mn) (Mandrioli et al., 2017; Urbano
et al., 2025a, 2025b; Vinceti et al., 2025; Violi et al., 2020), exposure to
different chemical species may matter, given the marked differences of
nutritional and toxicological properties of various chemical forms of the
same element.

In the present study, we assessed associations of children's serum
concentrations of six heavy metals and metalloids, including selenium
species, with childhood leukemia in three Italian regions.

2. Methods
2.1. Study population

We carried out a hospital-based case-control study, approved by the
Ethics Committee of the Coordinating Center in Modena (approval no.
432/2019/0SS/AUSLMO) at three Italian university hospitals—Modena
(Emilia-Romagna), Catania (Sicily) and Padua (Veneto) during 2020-
2023. All cases of newly diagnosed childhood (<18 years) leukemia
identified at the pediatric hematology or oncology clinics of these three
hospitals were eligible for inclusion. Additional eligibility criteria were
having an Italian or English-speaking parent, and no previous cancer
diagnosis or ongoing pharmacological treatment. We selected sex-
matched controls (1:1) from pediatric surgical units of the same uni-
versity hospitals as the cases, applying the same eligibility criteria.
Among controls, reasons for hospital admission were check-up visits for
mild heterogeneous symptoms with no subsequent disease diagnosis (n
= 6, 8.1%) and minor surgical interventions (n = 68, 91.9%), mainly for
sebaceous cysts, benign dermal pigmented lesions, hypospadias,
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varicocele, hydrocele, inguinal hernia and phimosis. We did not include
children affected by gastrointestinal, thoracic or vascular malforma-
tions, lymph node masses, infectious disease, acute metabolic and in-
flammatory conditions, or acute emergencies.

2.2. Laboratory analyses

We collected blood samples from fasting children in the morning for
all participants, immediately after diagnosis for cases, within 2 days
after hospital admission and before the start of any therapy or surgical
intervention. We also collected a fasting urinary sample to estimate
environmental tobacco smoke exposure though cotinine determination.
Blood samples were centrifugated at 2500 x g to obtain serum and
aliquoted in 1.5 mL sterile polypropylene tubes, and eventually stored at
—80 °C within 30 min from collection. Samples were kept continuously
frozen and transported by air courier, deep frozen with dry ice, to the
Laboratory of Helmholtz Centrum in Munchen, Germany.

We used inductively-coupled plasma atomic emission spectrometry
(ICP-AES; Optima 7300 DV, PerkinElmer, Rodgau-Jiigesheim, Germany)
(Schramel et al., 1982) to measure serum concentrations of Cu, Fe, Mn,
and Zn. Sample introduction was performed via a peristaltic pump
connected to a Seaspray nebulizer and a cyclonic spray chamber. The
emission lines used for quantification were: Cu: 324.754 nm, Fe:
259.941 nm, Mn: 257.611 nm, and Zn: 213.857 nm. Instrumental set-
tings were as follows: RF power, 1400 W; plasma gas flow, 13 L Ar/min;
and nebulizer gas flow, ~0.6 L Ar/min (optimized daily). The limits of
quantification (LOQs) were 0.8 pg/L for Cu, 0.9 pg/L for Fe, 0.5 pg/L for
Mn, and 1.5 pg/L for Zn. As cadmium (Cd) and total selenium (Se)
concentrations were below the detection limits of ICP-AES, these ele-
ments were analyzed using inductively coupled plasma sector field mass
spectrometry (ICP-sf-MS; Element 2, Thermo Scientific, Bremen, Ger-
many). For Cd, we measured 111¢q in low-resolution (LR) mode; for Se,
77Se and 78Se were measured in high-resolution (HR) mode. Instru-
mental parameters were: RF power, 1260 W; plasma gas flow, 16 L
Ar/min; auxiliary gas flow, 0.85 L Ar/min; and nebulizer gas flow,
1.085 L Ar/min (optimized daily). The dwell time was set to 300 ms. The
LOQs were 0.05 pg/L for 7’Se and 0.07 pg/L for 78Se. We generated
five-point calibration curves for each element, demonstrating excellent
linearity (R? better than 0.99968 for all elements). Quality control
measures included the analysis of three blanks and a certified reference
standard for each analyzed element (CPI International, Santa Rosa, CA,
USA) after every ten samples. We calculated final concentrations using a
laboratory information management system (LIMS), integrating cali-
bration data, blanks, and control standards to ensure accuracy and
reproducibility.

We performed Se speciation using a hyphenated system consisting of
a NexSAR gradient HPLC pump, autosampler, and a NexION 300D ICP-
DRC-MS (PerkinElmer, Rodgau, Germany), operated via Clarity soft-
ware. Se species were separated using an anion-exchange column (AG-
11 pre-column combined with AS-11 analytical column, Thermo Dionex,
Idstein, Germany) with a 50 pL sample injection volume. Chromato-
graphic separation employed a gradient elution with two eluents: Eluent
A — 10 mM Tris-HAc with 5% methanol (MeOH), pH 8.0; Eluent B — 50
mM sodium carbonate (Na;CO3), 20 mM ammonium acetate (NH4Ac),
and 5% MeOH, pH 8.0. We applied the gradient profile as recently
described (Urbano et al., 2025a; Vinceti et al., 2025). A constant flow
rate of 0.80 mL/min was maintained throughout the run. ICP-DRC-MS
operational settings were: RF power, 1250 W; plasma gas flow, 15 L
Ar/min; auxiliary gas flow, 1.05 L/min; and nebulizer gas flow, 0.92
L/min (optimized daily). Se was detected via the 773e, 78Se, and 8°Se
isotopes. The dynamic reaction cell (DRC) was operated with methane
(CHy) as the reaction gas at a flow rate of 0.58 mL/min, with a DRC
rejection parameter (q) of 0.6. We quantified the following Se species:
selenite (Se IV), selenate (Se VI), selenomethionine (Se-Met), seleno-
cystine (Se-Cysy), thioredoxin reductase-bound selenium (Se-TXNRD),
glutathione peroxidase-bound selenium (Se-GPX), selenoprotein P
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Table 1
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Characteristics of the study population (urinary cotinine and trace elements as pg/L). *Calculated on samples with serum metal determinations.

Variable N Controls Median (IQR) Controls Min - Max Controls N Cases Median (IQR) Cases Min - Max Cases
Age 74 7.00 (4.00 - 11.00) 0.00 - 18.00 77 4.00 (3.00 - 9.00) 0.00 - 16.00
Urinary cotinine 68 0.05 (0.05 - 0.50) 0.05-17.84 72 0.52 (0.05 - 1.38) 0.05 - 488.06
Total Se 74 106.42 (79.74 - 145.00) 18.28 - 221.00 77 113.00 (80.90 - 154.00) 31.10 - 310.00
Se-SELENOP 74 64.33 (33.12 - 80.88) 1.77 - 153.85 77 64.71 (46.69 - 103.95) 4.18 - 292.10
Se-Met 74 1.79 (0.52 - 4.04) 0.01 - 10.07 77 2.09 (1.09 - 4.18) 0.01 - 48.22
Se-Cys 74 2.06 (0.74 - 4.71) 0.01 - 24.57 77 1.80 (0.42 - 3.68) 0.01 - 35.94
Se-GPX 74 5.69 (2.15 - 22.05) 0.34 - 106.49 77 5.70 (2.86 - 16.30) 0.19 - 95.29
Se-TXNRD 74 0.65 (0.34 - 1.60) 0.00 - 18.77 77 1.96 (0.78 - 3.73) 0.12-17.53
Se IV 74 11.02 (2.40 - 21.21) 0.01 - 70.56 77 6.34 (3.33-12.83) 0.58 - 41.19
Se VI 74 3.47 (1.22 - 15.69) 0.01 - 63.11 77 3.63 (1.64 - 7.61) 0.01 - 102.88
Se-HSA 74 0.58 (0.31 - 2.23) 0.01 - 18.84 77 1.74 (0.63 - 4.00) 0.01 - 36.14
Age* 17 6.00 (5.00 - 9.00) 1.00 - 12.00 58 5.00 (3.00 - 9.00) 0.00 - 16.00
Urinary Cotinine* 17 0.28 (0.05 - 0.99) 0.04 - 17.84 55 0.62 (0.16 - 1.62) 0.05 - 488.06
Cd 17 0.02 (0.01 - 0.03) 0.01-0.31 58 0.02 (0.02 - 0.03) 0.01-0.28
Cu 17 953 (874 - 1010) 100 - 1800 58 1620 (1310 - 2310) 339 - 3270
Fe 17 1920 (1050 - 2630) 543 - 6610 58 1900 (1210 - 2980) 511- 19300
Mn 17 0.68 (0.61 - 1.22) 0.46 - 2.53 58 0.99 (0.70 - 1.45) 0.07 - 2.44
Zn 17 949 (812 - 1090) 741 - 1660 58 824 (706 - 990) 445 - 1880
(Se-SELENOP), and human serum albumin-bound selenium (Se-HSA). 3. Results

Species were identified by retention time matching with respective
standard compounds. We determined the oxidized Se species seleno-
cystine (a dimer, (R-CH;-Se)2) instead of the physiological form of the
element, the monomer selenocysteine (R-CHy-SeH), being the latter
unstable and therefore not suitable to be determined as such.

Due to the unavailability of commercial SELENOP, we isolated the
protein from human serum using a modified protocol based on previ-
ously published methods (Jitaru et al., 2008; Shigeta et al., 2007;
Solovyev et al, 2013). Purification was conducted using a
heparin-affinity column (Amersham, GE Healthcare Europe GmbH,
Munich, Germany). Human serum albumin (HSA) was prepared at a
concentration of 1000 mg/L. For preparation of Se-HSA, we added
selenite to the HSA stock solution to reach a final Se concentration of 10
mg/L, followed by incubation for a minimum of 14 days. Identification
of Se-HSA in sample chromatograms was based on comparisons with
both Se-HSA and unmodified HSA standards, using selenium-specific
mass signals and UV absorbance profiles. We processed chromato-
graphic data using Clarity software for peak area integration of
Se-specific chromatograms. We determined limits of quantification
(LOQs) for individual Se species using a 106 noise criterion near each
respective peak. LOQs were consistently set at 0.025 pg/L (as Se) for all
quantified species. For Cu, Fe, Mn, and Zn and Se species the limit of
detection (LOD) was 0.02 pg/L, while for Cd it was 0.007 pg/L, with a
LOQ of 0.025 pg/L. Urinary cotinine concentrations (pg/L) were
measured using a validated LC-MS/MS method (Campo et al., 2016;
Fustinoni et al., 2013), with a LOQ of 0.1 pg/L. Details about the sample
distribution with respect to LOQ are reported in Supplementary
Table S1.

2.3. Data analysis

We replaced values below the LOD with LOD/2 and values below the
LOQ with LOQ/2 (Finkelstein and Verma, 2001). We used crude and
multivariable unconditional logistic regression models, to calculate the
odds ratio (OR) of leukemia according to Se, Se species and metal serum
concentration categories as computed in controls, alongside 95% con-
fidence interval (CI). We adjusted for sex and age in all analyses, and for
urinary cotinine in an additional model. ORs were assessed across the
entire range of exposure by using a restricted cubic spline model, placing
knots at the 10th, 50th and 90th percentiles, and also tertiles, for each
exposure variable.

Of 178 eligible study participants, 151 (77 cases of which 70 acute
lymphoblastic leukemia and 7 acute myeloid leukemia, and 74 controls)
had sufficient blood collected to allow determinations of overall Se
levels and single Se species (Table 1). For 75 participants (58 cases and
17 controls), the amount of blood also allowed for determination of
metals (Cd, Cu, Fe, Mn and Zn). Among participants, 64.9% were males,
and median age was 6 years. Distribution of selenium species and metals
by type of leukemia is reported in Supplementary Table S2. Median
cotinine concentrations were higher among cases (0.52 pg/L, inter-
quartile range 0.05 — 1.38) than controls (0.05 pg/L, interquartile range
0.05 - 17.84).

Table 2 shows the ORs for leukemia associated with tertiles of serum
selenium concentrations, in both crude analysis and after adjustment for
age and sex, and for these factors and urinary cotinine. Total selenium
showed a slightly and imprecise increase in odds of leukemia only in the
upper category (OR 1.09, 95% CI 0.47-2.52). Concerning selenium
species, there was a dose-response positive association between Se-
SELENOP, Se-TXNRD, and the odds of leukemia, while other species
exhibited high ORs in the middle and upper tertiles but no indication of
dose-response. Spline regression analyses generally indicated non-linear
patterns of association (Fig. 1), with a clear positive association above
150 pg/L for total Se, as also observed for Se-SELENOP, whose increase
was steeper and more linear. We also observed a monotonic linear
positive pattern of association for Se-Met. Conversely, four other Se
species — namely, Se-Cys, Se-GPX, Se IV and Se VI — showed inverse
associations with leukemia, consistent with categorical analyses, indi-
cating a non-linear pattern for Se-GPX, Se IV. Finally, both Se-TXNRD
and Se-HSA showed an inverted U-shaped pattern with a positive asso-
ciation at relatively low exposure levels, a feature not observed in cat-
egorical analyses.

In categorical analyses (Table 3) based on a smaller sample size, we
observed positive associations with Cd and Fe, but with highest odds in
the middle tertile. Cu was associated with higher odds only in the upper
category (OR 5.33, 95% CI 1.23-23.19), as was Mn (OR 3.38, 95% CI
0.82-13.89), while Zn was inversely associated with leukemia. Spline
regression analysis showed a more comprehensive pattern of association
between metals and leukemia (Fig. 2), demonstrating a positive asso-
ciation above a certain threshold only for Fe and Cu, i.e., above 5000 pg/
L and 2000 pg/L, respectively. The pattern of association with Cd, Mn
and Zn did not indicate any positive association with the odds of
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Table 2
Risk of childhood leukemia according to tertiles of Se and Se species distribution.
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Variable Min and max in the exposure Median in the exposure N Cases/ Adjusted for age and sex OR Adjusted for age, sex, and urinary cotinine
tertiles (pg/L) tertile (pg/L) Controls (95% CI) OR (95% CI)

Total Se
Ref <85.85 69.37 24/24 Ref Ref
2nd tertile 85.85 - 129.99 107.21 23/25 0.94 (0.41 - 2.14) 0.95 (0.39 - 2.27)
3rd tertile >129.99 167.00 30/25 1.15 (0.52 - 2.56) 1.09 (0.47 - 2.52)
Se-

SELENOP
Ref <40.30 25.83 14/24 Ref Ref
2nd tertile 40.30 - 76.38 59.02 26/25 2.16 (0.91 - 5.15) 2.07 (0.83 - 5.16)
3rd tertile >76.38 105.46 30/25 2.14 (0.91 - 5.03) 1.82(0.74 - 4.47)
Se-Met
Ref <0.88 0.40 16/24 Ref Ref
2nd tertile 0.88 - 3.55 1.91 37/25 2.17 (0.95 - 4.97) 2.68 (1.10 - 6.51)
3rd tertile >3.55 5.52 24/25 1.40 (0.59 - 3.33) 1.57 (0.64 - 3.89)
Se-Cys
Ref <1.09 0.29 31/24 Ref Ref
2nd tertile 1.09 - 4.08 2.13 29/25 0.95 (0.43 - 2.09) 0.86 (0.37 - 2.00)
3rd tertile >4.08 5.58 17/25 0.56 (0.24 - 1.29) 0.50 (0.21 - 1.20)
Se-GPX
Ref <2.90 1.54 20/24 Ref Ref
2nd tertile 2.90 - 16.19 5.54 37/25 1.66 (0.75 - 3.69) 1.47 (0.63 - 3.43)
3rd tertile >16.19 30.49 20/25 1.00 (0.42 - 2.35) 0.89 (0.37 - 2.16)
Se-TXNRD
Ref <0.39 0.22 8/24 Ref Ref
2nd tertile 0.39-1.12 0.68 16/25 2.07 (0.74 - 5.81) 3.22 (1.03 - 10.05)
3rd tertile >1.12 2.77 53/25 5.75 (2.24 - 14.77) 7.34 (2.58 - 20.88)
Se IV
Ref <4.61 2.30 30/24 Ref Ref
2nd tertile 4.61 - 15.63 8.11 34/25 1.17 (0.54 - 2.53) 1.52 (0.67 - 3.46)
3rd tertile >15.63 24.78 13/25 0.41 (0.17 - 0.99) 0.52 (0.21 - 1.32)
Se VI
Ref <1.83 0.74 22/24 Ref Ref
2nd tertile 1.83-7.37 3.56 35/25 1.12 (0.49 - 2.54) 0.89 (0.37 - 2.12)
3rd tertile >7.37 15.76 20/25 0.67 (0.28 - 1.59) 0.68 (0.27 - 1.70)
Se-HSA
Ref <0.36 0.21 10/24 Ref Ref
2nd tertile 0.36 - 1.15 0.60 15/25 1.54 (0.57 - 4.15) 1.90 (0.66 - 5.48)
3rd tertile >1.15 3.00 52/25 4.62 (1.90 - 11.28) 4.55 (1.77 - 11.71)

leukemia, consistent with the categorical analysis, also suggesting for Zn
an inverse association with the disease at the lowest levels of exposure.

Analyses further adjusted for urinary cotinine yielded comparable
results (Tables 2-3, and Supplementary Figs. S1-S2), as did analyses
limited to the 70 cases with lymphoblastic leukemia (Supplementary
Tables S3-S4, and Supplementary Figs. S3-S4).

4. Discussion

In this Italian hospital-based case-control study, higher concentra-
tions of total Se and some Se species, and of Cu and to a lesser extent Fe,
were associated with childhood leukemia at diagnosis, either suggesting
an etiologic role of these trace elements or that disease progression in-
duces derangements in their metabolism.

With reference to Se and Se species, we found complex patterns,
since total Se and two Se species showed positive associations with the
disease, but this was not observed for other forms of the element. Total
Se showed a monotonic positive association at concentrations above
120 pg/L, i.e. about an approximate intake of 80 pg/day (Haldimann
etal., 1996), slightly higher than the recommended dietary intake by the
European Food Safety Authority (EFSA Panel on Nutrition Novel Foods
Food Allergens et al., 2023a). Given the strong toxicity of Se above the
dietary recommendations (EFSA Panel on Nutrition Novel Foods Food
Allergens et al., 2023a; Vinceti et al., 2017b), some epidemiologic evi-
dence linking increased Se intake to hematological malignancies
(Duffield-Lillico et al., 2002; Heck et al., 2014; Vinceti et al., 2016,
2018c), and the capacity of Se to promote oxidative stress and DNA
damage (Vinceti et al., 2022), it is biologically plausible that excess
intake of Se could be associated with increased leukemia risk in children.

In the present study, very low Se concentrations were positively asso-
ciated with childhood leukemia, framing a U-shaped relation between Se
exposure and odds that has been frequently described with other end-
points, as well as other essential but also toxic elements, depending on
amount of exposure and its chemical form (Vinceti et al., 2018b).
Accordingly, the specific Se species that showed positive (stronger and
monotonic) associations with leukemia were Se-SELENOP and Se-Met,
both being species of strong toxicological interest (Urbano et al.,
2021, 2023; Vinceti et al., 2018b). Se-SELENOP is a protein
Se-transporter whose excess has been associated with a broad spectrum
of adverse effects, mainly altered glucose metabolism and type 2 dia-
betes (Ishikura et al., 2014; Misu et al., 2010; Mita et al., 2017; Oo et al.,
2018, 2022), in line with the results of randomized controlled trials
(Vinceti et al., 2018a, 2021) and Mendelian randomization studies
(Cheng et al., 2025), cognitive impairment and pulmonary arterial hy-
pertension (Kikuchi et al., 2019; Saito, 2020; Vinceti et al., 2017a,
2023). Se-Met, in turn, has been shown to be a pro-oxidant and toxic,
non-physiological Se species (Vinceti et al., 2018b, 2022).

The associations of total Se, Se-SELENOP, and Se-Met with leukemia
could result from reverse causation bias, which is when exposure is a
downstream effect of the disease and not a factor of etiologic relevance.
The altered redox status and increased oxidative stress characterizing
childhood leukemia onset could elicit a compensatory response, upre-
gulating antioxidant enzymes, some of which contain Se atoms (Vinceti
et al., 2022). In fact, some studies investigating conditions associated
with free radical damage in humans and in laboratory settings have
shown the potential for reactive increase of antioxidant enzymes,
including selenoproteins, following the induction of oxidative stress
(EFSA Panel on Nutrition Novel Foods Food Allergens et al., 2023a;
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Fig. 1. Dose-response odds ratio of childhood leukemia according to serum selenium and selenium species metal concentrations (solid black line OR curve, gray area

95% confidence interval), adjusting for age and sex.

Vinceti et al., 2022). Thus, we urge caution in the interpretation of
findings from cross-sectional and case-control studies, including ours.
Longitudinal studies are needed to better understand if differences in Se
status precede or accompany leukemia onset in children and, in the
former case, whether they are of independent etiologic relevance or
simply a marker of disease occurrence.

In this study, results for the other Se species were either inconsistent
or unclear. The organic ‘physiological’ forms of Se, Se-cystine and Se-
containing glutathione peroxidase, and two potentially toxic inorganic
Se species, selenite and selenate, showed an inverse association with
leukemia. Conversely, Se-TXNRD- and Se-HSA showed more inconsis-
tent pattern, with an indication of inverted U-shaped association in non-
linear analyses, and with heterogenous results compared with analyses
based on exposure categories (documenting positive monotonic associ-
ations), thus providing limited and unclear evidence of involvement in
disease etiology.

We found a strong though imprecise association between high Cu
concentrations, an element with both nutritional and toxicological
properties, and leukemia. Though high blood Cu concentrations have

been already described in some studies of children affected by leukemia
(Asenjo et al., 2022; Carpentieri et al., 1986; Demir et al., 2011; Kim
etal., 2019; Legutko, 1978; Sgarbieri et al., 1999; Wang et al., 2010), no
dose-response assessment has been performed to date. It remains to be
ascertained if elevated Cu is a determinant of childhood leukemia, a
biomarker of diagnostic interest, a potential target to counteract disease
progression, or simply an effect induced by disease onset and progres-
sion. Cu has a high potential for inducing free radical damage and
promoting cell proliferation, tumor growth and inflammation, and
eventually inducing other effects involved in cancer initiation and pro-
motion (Gupte and Mumper, 2009; Liao et al., 2020). Conversely, the
immunological, metabolic, inflammatory and redox processes associ-
ated with childhood leukemia could increase circulating levels of the
primary copper-carrying protein in human blood, ceruloplasmin oxidase
(Ma et al., 2020; Mehdi et al., 2015; Rodriguez-Gonzalez et al., 2026),
and this mechanism could partly or wholly explain our findings.

The positive and non-linear association between serum Fe concen-
trations and leukemia resembles the pattern detected for Cu, despite a
much lower odds in the intermediate and high ranges of exposure, and
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Table 3

Risk of childhood leukemia according to tertiles of metal distribution.
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Variable (ug/  Min and max in the exposure Median in the exposure N Cases/ Adjusted for age and sex OR Adjusted for age, sex, and urinary
L) tertiles (pg/L) tertile (pg/L) Controls (95% CI) cotinine OR (95% CI)
cd

Ref <0.0153 0.0114 12/5 Ref Ref

2nd tertile 0.0153 - 0.0252 0.02075 26/6 1.39(0.33 - 5.87) 1.67 (0.39 - 7.20)
3rd tertile >0.0252 0.04205 20/6 1.24 (0.30 - 5.10) 1.47 (0.34 - 6.27)
Cu

Ref <882.00 546.5 7/5 Ref Ref

2nd tertile 882.00 - 1009.97 927.5 2/6 0.27 (0.03 - 2.03) 0.27 (0.03 - 2.04)
3rd tertile >1009.97 1690 49/6 5.72 (1.32 - 24.77) 5.33(1.23-23.19)
Fe

Ref >1069.99 870 11/5 Ref Ref

2nd tertile 1069.99 - 2349.78 1770 26/6 2.07 (0.51 - 8.43) 2.18 (0.52-9.11)
3rd tertile >2349.78 3840 21/6 1.52 (0.37 - 6.29) 1.67 (0.40 - 7.02)
Mn

Ref <0.618 0.489 9/5 Ref Ref

2nd tertile 0.618 - 0.770 0.682 9/6 0.82 (0.17 - 3.85) 0.76 (0.16 - 3.60)
3rd tertile >0.770 1.27 40/6 3.68 (0.90 - 15.10) 3.38 (0.82-13.89)
Zn

Ref <867.97 747 34/5 Ref Ref

2nd tertile 867.97 - 1079.90 958 15/6 0.41 (0.10 - 1.61) 0.46 (0.12 - 1.82)
3rd tertile >1079.90 1260 9/6 0.22 (0.05 - 0.90) 0.21 (0.05 - 0.92)

the imprecision of associations at the highest levels of exposure due to
small numbers of participants. Altered Fe metabolism and overload have
been documented during and after the treatment of childhood leukemia,
but little is known about their levels at or before disease onset, and
therefore our findings require confirmation. Reverse causation bias may
also affect the results for Fe, though a potential (though weaker) role of
Fe in both childhood leukemia etiology and pathogenesis could exist,
also taking into account the potential relation between Fe availability
and altered metabolism on the induction of cancer (Salnikow, 2021;
Torti et al., 2025), including specifically leukemia (Brissot et al., 2020;
Lan et al., 2022; Wang et al., 2019), and the capacity of Fe to induce
oxidative stress and DNA damage, for instance through ferroptosis
(Garcia-Gimenez et al., 2025).

For Zn, we found an inverse dose-response non-linear association
between circulating concentrations and leukemia, in the lowest range of
exposure. A decrease in Zn concentrations in adult and childhood leu-
kemia has been reported, a finding of interest also considering the bio-
logical functions of Zn related to redox status and antioxidant properties
and immune response (Consolo et al., 2013; Kim et al., 2019; Mocche-
giani et al., 1994; Ullah et al., 2025; Yao et al., 2024), that point to a
potential deleterious effect of Zn deficiency in leukemogenesis, consis-
tently with what has been suggested for other cancers (Chen et al.,
2024). As for the other elements, however, we cannot rule out reverse
causation as an explanation of these findings, including a role of
inflammation or cancer itself in intracellular-extracellular Zn redistri-
bution (Chen et al., 2024; Gammoh and Rink, 2017; McDonald et al.,
2020).

Cd is a toxic heavy metal (Rasin et al., 2025) with weak ecologic
evidence linking it to with childhood leukemia (Asenjo et al., 2022),
while Mn is an essential element characterized however by severe
neurotoxicity at high levels (EFSA Panel on Nutrition Novel Foods Food
Allergens et al., 2023b; Filippini et al., 2017; Violi et al., 2020). These
two elements showed little association with leukemia when investigated
in their entire range of exposure, despite a suggestive positive associa-
tion in categorical analyses, with a dose-response trend for Cd. While a
positive association of Cd and Mn with disease at low levels cannot be
entirely ruled out, the lack of association at high exposure levels
considerably weakens the plausibility for a causal association.

We adjusted our analyses for urinary cotinine concentrations as an
indicator of potential (passive) smoking, and levels were considerably
higher in cases compared with controls. Parental or more generally
environmental smoking could have played a key role in triggering

leukemia onset, but is also able to influence trace element status by
affecting both their intake and metabolism, as shown for Se and Cd
(Nakayama et al., 2019; Snoj Tratnik et al., 2022; Vacchi-Suzzi et al.,
2016; Vinceti et al., 2015), and suggested for Zn and Cu (Di Gioacchino
et al., 2000; Nwogueze et al., 2024).

A study limitation was the case-control study design, making us
unable to establish temporality between trace element status and leu-
kemia. This limitation applies to all trace elements and Se species
investigated in the present study, calling for the implementation of
longitudinal studies to overcome it, and for caution in inferring causality
from our findings. In addition, hospital controls were selected to
represent the exposure distribution in the source population from which
the cases arose. Specifically, their medical conditions were likely unre-
lated to exposure (i.e., trace element status) and to metabolic and in-
flammatory alterations, thereby reducing potential for selection bias,
though this possibility could not be entirely ruled out. Furthermore, the
number of study participants was not sufficient to allow for subgroup
analyses according to sex, age, and other factors, or to generate precise
OR estimates apart for Se, given the much larger sample size for that
element. Finally, the observational study design leaves room for con-
founding, since unmeasured environmental and lifestyle variables could
have biased our results. However, the positive associations detected for
total Se and Fe, Se-SELENOP and Se-Met, including the strong but
imprecise association with Cu, warrant further investigation.
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