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The ToxiLaus study aims at evaluating the impact of environmental toxic species on health and
diseases’ onset and development. Specifically, the ubiquitous presence of trace elements (TEs) in the
environment urges for a better characterization of their influence on human organism. In its primary
phase, the ToxiLaus study focused on measuring the urinary concentrations of 23 TEs in the baseline
samples from the CoLaus|PsyCoLaus population-based cohort, using inductively coupled plasma mass
spectrometry (ICP-MS). Statistical analyses were carried out on 5866 participants, investigating links
between TEs concentrations and smoking status, metabolic syndrome and body mass index (BMI).
Smoking status was associated with Cd, Zn, Pb, Mo and Hg (respectively OR =3.64, 1.42, 1.20, 0.69
and 0.58) while metabolic syndrome was associated with Zn and Cd (OR =1.81 and 1.24 respectively).
Concentrations of Zn, Hg, Co, Ni, Cu, Mo, As, Sn, Tl, Fe where significantly different (p <0.0001)
between BMI groups (Normal, Overweight, Obese). Finally, this study provides an overview of the
distribution of trace elements in a cohort large sample of the general population, as well as their main
associations with cardiovascular risk factors. Theses relations will be further analysed in subsequent
phases of the study.
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With the rise of public environmental awareness, trace elements and heavy metals pollution is becoming
a major and global concern. Natural phenomena like volcanic eruptions and mineral weathering but mostly
anthropogenic activities including mining, vehicle exhausts, use of agricultural fertilizer and pesticides induce
important releases of trace elements in the environment which end up contaminating soils, underground and
surface waters as well as the atmosphere!. Their resulting ubiquitous presence leads to contamination of the
food chain and ultimately accumulating in foodstuffs"2. With diet being one of the primary routes of human
trace element exposition, along with polluted air and direct skin contact®, accumulation and translocation
within the entire organism is almost inevitable. When reaching important concentrations, even essential trace
elements such as zinc (Zn), iron (Fe) and manganese (Mn) become toxic to the body>*. Other non-essential
trace elements such as heavy metals like arsenic (As), cadmium (Cd), lead (Pb) and mercury (Hg) are known to
have deleterious effects on the body even at a low concentration®. Therefore, it is of upmost importance to better
understand and characterize the impact of trace elements on the population health.

Accordingly, the ToxiLaus study is based on the measurement of multiple toxic substances present in the
environment to investigate the health effects of daily exposure. It is a sub-study of the CoLaus|PsyCoLaus
study®, a population-based prospective cohort in Lausanne, Switzerland. The ToxiLaus study is conducted by the
department of internal medicine of the University Hospital of Lausanne (CHUV) with the collaborations of the
Faculty Unit of Toxicology (UFT) and the Unit of Forensic Chemistry and Toxicology (UTCF) of the University
Center of Legal Medicine, Lausanne-Geneva (CURML).
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Using state of the art analytical methods, ToxiLaus assessed a wide range of toxic substances present in the
environment, including trace elements in plasma and urine samples. ToxiLaus leveraged the deep-phenotyping
data collected from over 6,500 individuals as part of the CoLaus|PsyColaus study and sub-studies. In the future,
this initiative will help enhance our comprehension of the connections between toxic agents and various risk
factors such as genetic data or cardiometabolic traits and disease outcomes.

Methodology

The ColLaus|PsyColLaus study

The CoLaus|PsyCoLaus study is a single-centre population-based prospective cohort in Lausanne, Switzerland®.
It aims at longitudinally evaluating cardiovascular risk factors prevalence in the population of Lausanne as well
as identifying new genetic traits associated with those risk factors and links with factors of psychiatric disorders.
Between 2003 and 2006, 6’734 inhabitants, aged 35-75 years and mainly from Caucasian origin, were recruited
from a random sample of the city population for an extensive phenotyping with clinical assessment.

Prior the interview, each participant had to fill a questionnaire about demographic data, socio-economic and
marital status, and several lifestyle factors namely tobacco, alcohol and caffeine consumption, physical activity
and mood. During the interview, a second questionnaire was conducted with a recruiter, focused on personal
and family history of disease and cardiovascular risk factors. List of personal medication was also recorded.
In women, further data regarding reproductive and obstetrical history, oral contraception and hormonal
replacement therapy were also collected. Clinical data including weight, height, body mass index (BMI), blood
pressure and heart rate were measured. Venous blood and urine were sampled. Periodic surveys of the cohort
have been carried out over the 20 years of follow-up to date, and the fourth follow-up is currently underway.
Detailed methodology for cohort construction, participants’ data collection and samples analysis is explained
elsewhere®.

The baseline CoLaus Study was approved by the Institutional Ethics Committee of the University of Lausanne
(reference 16/03), which afterwards became the Ethics Commission of Canton Vaud (www.cer-vd.ch). The
approval was renewed for the successive follow-ups and the approval for the entire CoLaus|PsyCoLaus study
was confirmed in 2021 (reference PB_2018-00038, 239/09). The study was performed in agreement with the
Helsinki Declaration and its former amendments, and in accordance with the Swiss legislation. All participants
provided their written informed consent before entering the study.

Primary phase of ToxiLaus

This study was initially focused on the analysis of 23 trace elements from the CoLaus baseline urine samples,
namely: silver (Ag), aluminium (Al), arsenic (As), beryllium (Be), bismuth (Bi), cadmium (Cd), cobalt (Co),
chromium (Cr), copper (Cu), iron (Fe), mercury (Hg), iodine (I), lithium (Li), manganese (Mn), molybdenum
(Mo), nickel (Ni), lead (Pb), antimony (Sb), selenium (Se), tin (Sn), thallium (TIl), vanadium (V) and zinc
(Zn). Inductively coupled plasma mass spectrometry (ICP-MS), a high-throughput approach allowing to
simultaneously measure the different trace element concentrations in biological matrices, was used. Samples
analysed were those collected during the CoLaus study recruitment; therefore, no additional sampling was
performed as part of this study. The implication of the measured trace elements was assessed using the collected
data from participants, in the cases of smoking habits, metabolic syndrome and BMI. Metabolic syndrome is a
combination of conditions (like abdominal obesity, hypertension, dyslipidaemia, high fasting glucose level) that
together raise the risk of serious health problems such as cardiovascular diseases and diabetes.

Dataset construction
Clinical, biological, and historical data on participants were collected from the baseline CoLaus|PsyCoLaus
population study database. In addition, participants’ urine samples were batch analysed for 23 different trace
elements using ICP-MS. To address potential batch effects, the batch number was recorded for each observation
and dataset adjustments using ComBat method were applied. To construct the dataset, participants’ information
including age, gender, BMI and creatinine urinary level were retrieved from the CoLaus|PsyCoLaus database,
compiling 6405 participants. Recorded medical conditions such as metabolic syndrome and diabetes status were
also incorporated, in addition to the smoking status. A flowchart of participants’ selection is available in Fig. 1.
The concentrations of trace elements were measured in pg/L, while creatinine levels were measured in g/L.
Consequently, the adjusted trace element concentrations, considering creatinine, were expressed as ug of trace
elements per g of creatinine. BMI was defined as weight (kg) / height (m)% For categorization, obesity was
defined as BMI > 30 kg/m?, overweight as BMI> 25 kg/m? and <30 kg/m? and normal with BMI <25 kg/m?.
The dataset contains both categorized and continuous version of the BMI. Smoking habits were classified into
two categories: smoker and non-smoker. Similarly, diabetes and metabolic syndrome were binary categorized
based on whether participants had the condition or not. Definition of metabolic syndrome was based on the
Adult Treatment Panel IIT (ATP-III) criteria’.

ICP-MS analysis
An Agilent 7800 instrument (Agilent Technologies, USA) equipped with an integrated auto sampler and a
quadrupole detector was used to determine trace element concentrations. Isotopes measured through a certified
method were “Li, °Be, 2 Al, >V, 33Cr, >*Mn, *Fe, *Co, N, ®*Cu, ®Zn, 7°As, 78Se, > Mo, 177 Ag, 11!Cd, 118Sn, 121Sb,
1271, 201Hg, 205T], 298P and 20%Bi. Limits of detection and quantification, along with coefficients of variability for
inter and intra assay are indicated in Supplementary Table S1. Sample preparation and ICP-MS acquisition were
carried out by the same person.

Each batch (= 100 urine samples) was processed with a 6-point calibration curve (LabKings, The Netherlands)
and certified reference materials (ClinChek” Urine Controls, RECIPE, Germany)®. Urine samples, kept at -80 °C
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’Complete cohort
* 6734 participants W

| TEs concentrations measured
* 6447 participants M

’Complete phenotypic data (age, sex, BMI)
* 6434 participants o

’Urinary creatinine level available
* 6405 participants m

Known medical conditions and smoking status
» 5866 participants

Fig. 1. Flowchart of participants’ selection.

prior to analysis, were prepared by dilution 1/10 (v/v) with a solution containing HNO, (1%), N-butanol (0.5%),
Triton X-100 (0.1%) as well as rhodium (Rh) and indium (In) (10ng/mL each). To prepare this solution, 18.2
mQ ultrapure Milli-Q" water was used along with nitric acid Suprapur 65% and Triton™ X-100 purchased from
Merck (Germany), N-butanol GPR Rectapur’ from VWR Chemicals (France) and internal standards (Rh and
In) bought from LabKings (The Netherlands).

Statistical analysis

Participants that had missing data regarding diabetes status, metabolic syndrome and recorded BMI were
excluded from the statistical analysis. For each participant, trace element concentrations were divided by the
measured urinary creatinine level to avoid the effect of urine concentration.

Participants’ characteristics were expressed as median with 5th and 95th percentiles or as number of subjects
/ total subjects and (percentage) for continuous and categorical variables respectively. Comparisons were
assessed using Wilcoxon rank test for continuous variables and Pearson’s chi-square test for categorical variables.
Statistical significance was assessed for p < 0.05.

To further evaluate differences in trace element distribution between cohort subgroups like smoking status,
metabolic syndrome and BMI categories, Kruskal-Wallis tests were conducted. In the case where more than two
groups were compared, post hoc Dunn’s test was performed to assess each pair’s comparison.

Logistic regression models were performed to evaluate how well smoking status and metabolic syndrome
can be predicted by the different trace element concentrations. To mitigate the impact of the differences in
order of magnitude among trace element concentrations, standardization was applied by dividing each value
by its respective standard deviation. Regression models for both smoking status and metabolic syndrome
were constructed with the same predictors, namely age, gender, BMI (continuous) and all 23 trace element
concentrations. Produced regression tables contain odds ratio (OR), 95% confidence intervals (CI), p-values
and g-values. These g-values were calculated using Bonferroni’s method, to account for false discovery rates. All
statistical analyses and table construction were performed using RStudio (version 2023.06.1 4+ 524).

Results

The resulting dataset for the primary phase of the ToxiLaus study included 5866 participants with complete
information for each variable of interest. Links between trace element concentrations and smoking status,
metabolic syndrome or BMI were investigated.

Smoking status

Significant statistical differences between smokers and non-smokers were observed in all trace element levels
(Table 1). Concentrations of Li, Be, Al, Cr, Mn, Ni, Cu, As, Se, Mo, Ag, Sn, I, Ag, Tl and Bi were higher in non-
smoking participants, while concentrations of V, Fe, Co, Zn, Cd, Sb and Pb were statistically higher in smoking
participants. Results of Kruskal-Wallis test (Supplementary Table S2) highlighted a preponderant difference

Scientific Reports |

(2024) 14:29725 | https://doi.org/10.1038/s41598-024-81544-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Overall, Nonsmoker, Smoker,
Characteristic N=5866" N=4277! N=1589! p-value
Age (Years) 52.4(37.1,72.0) | 53.4 (37.2,72.3) | 49.7 (37.0,69.7) | <0.001%
Sex <0.0013
‘Women 3,091 (53%) 2,310 (54%) 781 (49%)
Men 2,775 (47%) 1,967 (46%) 808 (51%)
Diabetes 0.2}
No 5,476 (93%) 3,981 (93%) 1,495 (94%)
Yes 390 (7%) 296 (7%) 94 (6%)
Metabolic syndrome 0.038%
No 4,493 (77%) 3,246 (76%) 1,247 (78%)
Yes 1,373 (23%) 1,031 (24%) 342 (22%)
BMI, (kg/m2) 25.2(19.6,34.2) | 25.5(19.8,34.7) | 24.6 (19.2,32.6) | <0.0012
BMI categories <0.0013
Normal 2,811 (48%) 1,954 (46%) 857 (54%)
Overweight 2,135 (36%) 1,588 (37%) 547 (34%)
Obese 920 (16%) 735 (17%) 185 (12%)
Creatinine, (ug/L) 1.41 (0.43,2.86) | 1.36 (0.43,2.73) | 1.55 (0.46, 3.13) | <0.001*
TE concentrations
Li, (ug/g) 17.4 (6.97,103) | 17.7 (7.19,99.7) | 165 (6.35, 131) | <0.0012
Be, (ng/g) 1.0 (0.4,4.7) 1.1 (0.4, 4.6) 1.0 (0.4,5.1) 0.030?
Al, (ug/g) 4.18 (0.95,20.6) | 4.30 (0.96,21.1) | 3.84 (0.91, 19.6) | 0.0022
V, (ug/g) 0.12 (0.06, 0.41) | 0.12 (0.06, 0.38) | 0.13 (0.06, 0.47) | <0.001
Cr, (ug/g) 0.20 (0.06, 0.89) | 0.20 (0.06, 0.88) | 0.19 (0.06,0.97) | 0.0102
Mn, (ug/g) 0.22 (0.10, 0.95) | 0.23 (0.11, 0.95) | 0.20 (0.09, 0.95) | <0.0012
Fe, (pg/g) 4.59(1.78,20.2) | 4.41 (1.71,19.1) | 5.10 (1.95,22.6) | <0.001
Co, (ug/g) 0.16 (0.08, 0.97) | 0.16 (0.07, 1.01) | 0.17 (0.08, 0.92) | 0.016?
Ni, (ug/g) 0.98 (0.36, 3.26) | 1.00 (0.36, 3.26) | 0.94 (0.36, 3.30) | 0.0042
Cu, (ug/g) 9.04 (5.66, 18.8) | 9.13 (5.67, 18.7) | 8.80 (5.63, 19.0) | <0.0012
Zn, (ug/g) 300 (96.3,735) | 289 (92.7,721) | 328(104,782) | <0.0012
As, (ug/g) 15.3 (3.68, 148) | 15.9 (3.73,158) | 14.0 (3.55,140) | 0.028>
Se, (ug/g) 20.7 (13.3,36.2) | 20.9 (13.6,36.3) | 19.7 (124, 35.5) | <0.0012
Mo, (ug/g) 29.6 (9.67,67.7) | 30.4 (10.2,67.6) | 27.1 (8.29,68.2) | <0.0012
Ag, (ug/g) 0.03 (0.01, 0.10) | 0.03 (0.01, 0.10) | 0.02 (0.01,0.11) | <0.0012
Cd, (ug/g) 0.43 (0.15, 1.43) | 0.39 (0.14, 1.19) | 0.60 (0.19, 1.82) | <0.0012
Sn, (ug/g) 0.54 (0.18,2.53) | 0.55(0.18,2.58) | 0.51 (0.17, 2.43) | <0.001
Sb, (ug/g) 0.04 (0.02, 0.18) | 0.04 (0.02, 0.16) | 0.05 (0.02,0.24) | <0.0012
L (ug/g) 93.3(49.2,208) | 95.1(50.9,213) | 88.5 (45.6,193) | <0.0012
Hg, (ng/g) 0.98 (0.24, 3.50) | 1.04 (0.26, 3.61) | 0.86 (0.20, 3.04) | <0.001
Tl (ug/g) 0.18 (0.09, 0.44) | 0.18 (0.09, 0.44) | 0.17 (0.08, 0.42) | <0.0012
Pb, (ug/g) 1.31(0.50, 4.12) | 1.25(0.47, 3.84) | 1.48 (0.59, 4.85) | <0.001*
Bi, (ng/g) 5(2,36) 5(2,33) 4(2,42) <0.001%

Table 1. Participants’ characteristics, by smoking status. P values < 0.05 are indicated in bold, highlighting a
statistical difference between groups 'Median (P5, P95); n (%) 2Wilcoxon rank sum test *Pearson’s Chi-squared
test

for Cd concentrations (p~ 10~%7), followed by Pb (p~10~2), Sb (p~10~*°) and Hg (p ~ 10716) concentrations.
Results of the regression model (Table 2) showed that smoking status was associated with higher Cd, Zn and Pb
concentrations (respectively OR =3.64, OR=1.42, OR=1.20) and lower Mo and Hg concentrations (OR=0.69
and OR=0.58 respectively).

Metabolic syndrome

Significant statistical differences between participants with or without metabolic syndrome were observed for V,
Fe, Co, Ni, Cu, Zn, As, Mo, Cd, Sb, I, Hg, T1, and Pb levels (Table 3). Concentrations of Co, Ni, As, Mo, Hg and Tl
were statistically higher in participants without metabolic syndrome, while concentrations of V, Fe, Cu, Zn, Cd,
Sb, I, Pb were statistically higher in participants with metabolic syndrome. Kruskal Wallis test revealed a major
difference between participants with and without metabolic syndrome regarding Zn concentrations (p ~ 10~%),
followed by Hg (p~1072!) and Cu (p~10~'¢) concentrations (Supplementary Table S3). Metabolic syndrome
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Characteristic | OR! | 95% CI?> | p-value | g-value®
Age (Years) 0.95 | 0.94,0.96 | <0.001 | <0.001
Sex

Men vs. women | 1.59 | 1.39,1.82 | <0.001 | <0.001
BMI, (kg/m2) | 0.95 |0.93,0.96 | <0.001 | <0.001
Li, (pg/L) 1.02 |0.97,1.09 | 0.4 >0.9
Be, (ng/L) 1.00 |0.93,1.07 | >0.9 >0.9
Al (ug/L) 1.03 |0.97,1.12 | 0.3 >0.9
V, (ug/L) 1.02 |0.92,1.12 | 0.7 >0.9
Cr, (ug/L) 0.98 | 0.89,1.08 | 0.7 >0.9
Mn, (ug/L) 0.99 | 0.92,1.06 | 0.8 >0.9
Fe, (ug/L) 1.05 | 0.99,1.11 | 0.11 >0.9
Co, (ug/L) 0.91 |0.82,1.00 | 0.078 |>0.9
Ni, (ug/L) 1.02 |0.94,1.08 | 0.6 >0.9
Cu, (pg/L) 0.99 | 0.90,1.08 | 0.9 >0.9
Zn, (pg/L) 1.42 |1.20,1.71 | <0.001 | 0.002
As, (ug/L) 0.99 | 0.92,1.06 | 0.8 >0.9
Se, (ng/L) 0.81 | 0.66,0.98 | 0.046 | >0.9
Mo, (pg/L) 0.69 |0.59,0.79 | <0.001 | <0.001
Ag, (ug/L) 0.99 | 0.91,1.07 | 0.9 >0.9
Cd, (pg/L) 3.64 |3.22,4.13 | <0.001 | <0.001
Sn, (ug/L) 0.98 |0.90,1.04 | 0.5 >0.9
Sb, (pg/L) 1.04 | 0.97,1.12 | 0.2 >0.9

L, (ug/L) 0.97 |0.88,1.04 | 0.4 >0.9
Hg, (ug/L) 0.58 | 0.49,0.69 | <0.001 | <0.001
1, (pg/L) 0.72 | 0.58,0.89 | 0.002 | 0.050
Pb, (ug/L) 1.20 | 1.11,1.31 | <0.001 |<0.001
Bi, (ug/L) 1.02 | 0.96,1.10 | 0.5 >0.9

Table 2. Association tests with smoking status, using multiple logistic regression. Q-values < 0.05 are
indicated in bold, highlighting a statistical difference between groups 'Odds Ratios indicating the chance
increase of being a smoker for an increase of 1 standard deviation, except for sex 2959% Confidence Interval
3Bonferroni correction for multiple testing

was associated with higher Zn and Cd concentrations (respectively OR=1.81 and OR=1.24) according to
results of the regression model (Table 4).

Body-mass index

Significant statistical differences between BMI groups (normal, overweight, obese) were observed for most TEs,
above all when comparing normal subjects to overweight or obese ones (Table 5). Results of Kruskal Wallis
and Dunn’s tests showed strong associations of BMI with Zn (p~1073%) and Hg (p~10~?") concentrations
(Supplementary Tables S4, S5). In particular, urinary Zn levels were statistically higher in individuals who are
obese compared to those who are overweight and normal weight while urinary Hg demonstrated a reversed
trend, with higher concentrations in the normal group compared to the overweight and obese groups (Table 5).

Combination of factors

After categorizing the samples into four groups presenting 0 to 3 of the conditions previously described
(smoking, metabolic syndrome, overweight/obesity), results of Kruskal-Wallis test highlighted differences of TE
concentrations between groups, especially for Cu, Zn, Cd, Hg and Pb (Table 6). An increase in Cu, Zn, Cd and
Pb excretion and a decrease in Hg excretion were reported with accumulation of conditions.

Discussion

Thanks to the large population-based CoLaus|PsyCoLaus cohort, the primary phase of the ToxiLaus study
was conducted on 5866 individuals. Smoking was particularly associated with urinary Cd, Pb, Zn, Mo, Sb and
Hg concentrations whereas Zn, Cd, Hg and Cu were associated with metabolic syndrome. Urinary Zn and
Hg concentrations were associated with BMI, obese participants showing higher Zn and lower Hg levels than
normal weight participants.

Smoking status and trace elements
Association of tobacco consumption with higher Cd blood and urine concentrations in smokers had been
extensively described in the literature®. In addition, we reported an association of smoking with higher Zn and
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Overall, No MetS, MetS,
Characteristic N=5,866' N=4,493! N=1,373! p-value
Age (Years) 52.4(37.1,72.0) | 50.1 (36.8,71.2) |58.9(40.3,73.2) |<0.0012
Smoking 0.038%
Non smoker | 4,277 (73%) 3,246 (72%) 1,031 (75%)
Smoker 1,589 (27%) 1,247 (28%) 342 (25%)
Sex <0.0013
Women 3,091 (53%) 2,530 (56%) 561 (41%)
Men 2,775 (47%) 1,963 (44%) 812 (59%)
Diabetes <0.0013
No 5,476 (93%) 4,402 (98%) 1,074 (78%)
Yes 390 (7%) 91 (2%) 299 (22%)
BMI, (kg/m2) 25.2(19.6,34.2) | 24.2 (19.4,30.7) | 29.5(24.0,38.4) | <0.001%
BMI categories <0.0013
Normal 2,811 (48%) 2,676 (59%) 135 (10%)
Overweight 2,135 (36%) 1,517 (34%) 618 (45%)
Obese 920 (16%) 300 (7%) 620 (45%)
Creatinine, (ug/L) | 1.41 (0.43,2.86) | 1.42(0.42,2.88) | 1.37(0.46,2.82) | 0.080°
TE concentrations
Li, (ug/g) 17.4 (6.97,104) | 17.5(7.06,104) | 17.2(6.72,102) |0.122
Be, (ng/g) 1.0 (0.4,4.7) 1.0 (0.4, 4.6) 1.1(0.4,5.2) 0.058?
Al, (ug/g) 4.18 (0.95,20.6) | 4.12(0.95,19.9) |4.33(0.94,23.7) | 0.066
V, (ug/g) 0.12 (0.06, 0.41) | 0.12 (0.06,0.41) | 0.13 (0.06, 0.40) | <0.0012
Cr, (ug/g) 0.20 (0.06, 0.89) | 0.20 (0.06, 0.88) | 0.20 (0.06,0.95) | 0.077>
Mn, (ug/g) 0.22 (0.10, 0.95) | 0.22(0.10,0.96) | 0.23 (0.11,0.92) | 0.066>
Fe, (ug/g) 4.59 (1.78,20.2) | 4.48 (1.75,20.2) | 4.94(1.94,20.2) | <0.001%
Co, (ug/g) 0.16 (0.08, 0.97) | 0.16 (0.08,1.01) | 0.16 (0.08, 0.87) | 0.0222
Ni, (ug/g) 0.98 (0.36, 3.26) | 1.00 (0.37,3.27) |0.95(0.33,3.17) | 0.035%
Cu, (ug/g) 9.04 (5.66, 18.8) | 8.88 (5.65,17.7) |9.63(5.82,22.2) | <0.001%
Zn, (ug/g) 300 (96.3,735) | 281 (88.6,669) | 373 (127, 935) <0.0012
As, (ug/g) 15.3 (3.68, 148) | 16.0 (3.74, 159) 13.5(3.49, 128) <0.001%
Se, (ug/g) 20.7 (13.3,36.2) | 20.75 (13.4, 36.0) | 20.34 (12.6, 36.5) | 0.057>
Mo, (ug/g) 29.6 (9.67,67.7) |30.2(10.2,68.1) |27.5(7.96,67.0) |<0.0012
Ag, (ug/g) 0.03 (0.01, 0.10) | 0.03 (0.01,0.10) |0.03 (0.01,0.11) | 0.22
Cd, (ug/g) 0.43 (0.15, 1.43) | 0.42(0.15,1.36) | 0.46 (0.15,1.56) | <0.001%
Sn, (ug/g) 0.54 (0.18,2.53) | 0.54 (0.18,2.37) | 0.54(0.17,3.01) | 0.6?
Sb, (ug/g) 0.04 (0.02, 0.18) | 0.04 (0.02,0.17) | 0.05(0.02,0.22) | <0.001?
L, (ug/g) 93.3 (49.2,208) | 92.6 (48.9, 203) 96.1 (50.4, 226) 0.0022
Hg, (ng/g) 0.98 (0.24, 3.50) | 1.04 (0.26,3.61) | 0.81 (0.20,2.86) | <0.0012
T1, (ug/g) 0.18 (0.09, 0.44) | 0.18 (0.09, 0.44) | 0.16 (0.08,0.42) | <0.001%
Pb, (ug/g) 1.31 (0.50, 4.12) | 1.29 (0.49, 4.08) | 1.36 (0.52,4.16) | 0.014%
Bi, (ng/g) 5(2,36) 5(2,38) 5(2,31) >0.9?

Table 3. Participants’ characteristics, by metabolic syndrome (MetS) status. P values < 0.05 are indicated in
bold, highlighting a statistical difference between groups !Median (P5, P95); n (%) 'Median (P5, P95); n (%)
3Pearson’s Chi-squared test

Pb urinary levels, which had also been mentioned in other studies'’-'2 and can be explained by their concomitant

presence in cigarettes, both in filters and tobacco!®. Higher excretion of Zn could also be explained by zinc
transporters upregulation, induced by higher Cd levels, resulting in homeostasis dysregulation'*

Metabolic syndrome and trace elements

Metabolic syndrome appeared to be associated with higher Zn and Cd excretion. Indeed, zinc has a key role in
insulin secretion as well as a coeffect with insulin on glucose metabolism regulation and lipogenesis. Observations
in diabetic patients revealed lower Zn plasma and higher Zn urinary levels, suggesting a link between diabetes and
disrupted Zn homeostasis'®. Although the direction of influence is not completely understood, hyperglycaemia
is likely to influence Zn urinary loss more than other primary lesions associated with diabetes'. Regarding
cadmium, multiple studies linked higher Cd urine and blood levels in smokers to cardiovascular disease such
as peripheral artery disease and hypertension®. Altogether, these results help linking clinical conditions related
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Characteristic | OR! | 95% CI?> | p-value | g-value®
Age (Years) 1.05 | 1.04,1.06 | <0.001 | <0.001
Sex

Men vs. women | 1.66 | 1.42,1.96 | <0.001 | <0.001
BMI, (kg/m2) | 1.40 |1.37,143 | <0.001 | <0.001
Li, (ug/L) 1.00 [0.92,1.06 [>0.9 |>09
Be, (ng/L) 1.05 | 0.96,1.14 | 0.2 >0.9
Al (ug/L) 1.09 | 1.00,1.25 | 0.2 >0.9
V, (ug/L) 0.95 | 0.83,1.08 | 0.5 >0.9
Cr, (pg/L) 1.00 | 0.88,1.11 [ >09 |>0.9
Mn, (ug/L) 1.03 |0.94,1.11 | 0.5 >0.9
Fe, (ug/L) 0.90 |0.80,0.99 | 0.038 |>0.9
Co, (ug/L) 0.95 | 0.87,1.03 | 0.2 >0.9
Ni, (ug/L) 0.96 | 0.82,1.05 | 0.5 >0.9
Cu, (pg/L) 1.06 |0.95,1.23 | 0.4 >0.9
Zn, (pg/L) 1.81 |1.50,2.22 | <0.001 | <0.001
As, (ug/L) 1.01 |0.92,1.09 | 0.9 >0.9
Se, (ug/L) 0.74 | 0.58,0.93 | 0.015 |04
Mo, (ug/L) 0.84 | 0.71,1.00 | 0.061 | >0.9
Ag, (ug/L) 0.98 | 0.90,1.05 | 0.6 >0.9
Cd, (ug/L) 1.24 | 1.11,1.39 | <0.001 | 0.005
Sn, (pg/L) 0.99 | 0.87,1.08 | 0.8 >0.9
Sb, (ug/L) 1.04 | 0.96,1.13 | 0.3 >0.9

L, (ug/L) 1.04 | 0.96,1.12 | 0.3 >0.9
Hg, (ug/L) 0.87 | 0.74,0.98 | 0.056 | >0.9
T1, (pg/L) 0.78 | 0.63,0.97 | 0.026 | 0.7

Pb, (pg/L) 0.93 | 0.84,1.02 | 0.12 >0.9
Bi, (ug/L) 0.85 | 0.71,0.97 | 0.040 | >0.9

Table 4. Association tests with metabolic syndrome, using multiple logistic regression. Q-values < 0.05 are
indicated in bold, highlighting a statistical difference between groups 'Odds Ratios indicating the chance
increase of having metabolic syndrome for an increase of 1 standard deviation, except for sex 295% Confidence
Interval *Bonferroni correction for multiple testing

to metabolic syndrome with the observed trace element levels. In addition, a recent study carried out on 3748
Chinese adults and focused on the effects -both individually and as a mixture - of 21 trace element urinary
concentrations on metabolic syndrome also concluded on the positive association between Zn urinary levels and
metabolic syndrome!®. Moreover, consistent with our results, they reported higher Cd and Cu concentrations in
participants with metabolic syndrome compared to those without.

Obesity and trace elements

Alteration of trace element levels in obese subjects compared to normal weight ones had already been mentioned
in other studies!”!. In particular, higher urinary Zn concentrations were reported in groups of obese children
and adolescents compared to controls'®?°. Zinc is known to be implicated in regulation of adipogenesis?!, a
perturbed mechanism in case of obesity. Therefore, its association with BMI in this study is not surprising.
Mercury is also thought to be linked with obesity pathogenesis as it is an important endocrine disruptor, inducer
of oxidative stress and endoplasmic reticulum stress?2. In a study evaluating the risk of cumulative exposure to
multiple correlated trace elements with obesity, Hg urinary levels were negatively linked with environmental risk
score”®. The latter was associated with higher waist circumference, higher prevalence of obesity and an increase of
related comorbidities like elevated systolic blood pressure, hypertension and type 2 diabetes mellitus. Therefore,
our results of statistically lower Hg urinary concentrations in overweight and obese people are consistent with
these conclusions. In addition, in another study focusing on metabolic syndrome, obese individuals also showed
lower mercury excretion rates than overweight and normal participants, without substantial differences between
the overweight and normal groups?. Interestingly, more studies focused on the relationship with Hg levels in
blood rather than those in urine. However, results were rather inconsistent showing positive?> and negative?
associations with obesity and BMI.

Trace elements multicollinearity

Within a broader scope, inconsistencies regarding associations between heavy metals and obesity or related
outcomes were reported for different elements?’. In addition, within constructed models, slight multicollinearity
was observed for certain trace elements - namely Zn, Mo, Se, Hg, T1, and Cd - with VIFs ranging up to 6.8 as well
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Normal, Overweight, Obese,
Characteristic N=2811! N=2135! N=920! p-value
Age (Years) 49.6 (36.8,70.7) | 54.3(37.3,73.0) 57.0 (38.5,71.9) | <0.0012
Smoking <0.0013
Non smoker 1,954 (70%) 1,588 (74%) 735 (80%)
Smoker 857 (30%) 547 (26%) 185 (20%)
Sex <0.0013
Women 1,778 (63%) 872 (41%) 441 (48%)
Men 1,033 (37%) 1,263 (59%) 479 (52%)
Diabetes <0.0013
No 2,746 (98%) 2,006 (94%) 724 (79%)
Yes 65 (2%) 129 (6%) 196 (21%)
Metabolic syndrome <0.0013
No 2,676 (95%) 1,517 (71%) 300 (33%)
Yes 135 (5%) 618 (29%) 620 (67%)
BMI, (kg/m2) 22.5(18.9,24.8) | 27.1(25.2,29.6) 32.6 (30.2,40.4) | <0.0012
Creatinine, (ug/L) | 1.39 (0.40,2.85) | 1.45 (0.46, 2.91) 1.36 (0.50,2.81) | 0.0032
TE concentrations
Li, (ug/L) 17.5*(7.21,110) | 17.3(6.93,98.8) 17.1* (6.38,108) | 0.0252
Be, (ng/L) 1.1 (0.4, 4.9) 1.0 (0.4, 4.6) 1.1 (0.4, 4.5) 0.112
Al (pg/L) 4.15(0.95,20.3) | 4.12%(0.94,20.3) 4.42(1.08,22.1) | 0.018?
V. (ug/L) 0.12 (0.06,0.42) | 0.12 (0.06, 0.39) 0.13 (0.06,0.38) | 0.3
Cr, (ug/L) 0.20 (0.06, 0.89) | 0.19 (0.06, 0.88) 0.21 (0.06,0.96) | 0.22
Mn, (ug/L) 0.22*(0.11,0.99) | 0.22%(0.10, 0.87) 0.23 (0.11,0.95) | 0.009?
Fe, (pg/L) 4.56 (1.83,21.9) | 4.47° (1.74,18.2) 5.08*(1.73,19.1) | <0.0012
Co, (pg/L) 0.17%%(0.08, 1.05) | 0.15" (0.07, 0.85) 0.16% (0.08, 0.96) | <0.0012
Ni, (ug/L) 1.06° (0.39, 3.45) | 0.93"(0.34, 3.23) 0.93%(0.35,3.05) | <0.0012
Cu, (pg/L) 8.93%(5.73,17.8) | 8.92°(5.50,18.9) 9.80%" (5.81,21.9) | <0.0012
Zn, (pg/L) 277% (84.9, 675) 314 (106, 758) 354¢ (117, 875) <0.0012
As, (ug/L) 16.4* (3.91,157) | 15.0° (3.65, 146) 13.2%%(3.23,139) | <0.0012
Se, (ug/L) 20.7(13.5,35.5) | 20.32°(13.2,36.3) 21.2%%(13.1,37.7) | 0.0032
Mo, (pg/L) 30.8% (11.0,68.0) | 27.6" (8.62, 66.9) 29.5°(10.6,70.3) | <0.0012
Ag, (ug/L) 0.03%(0.01,0.11) | 0.03*(0.01, 0.10) 0.03 (0.01,0.11) | 0.020?
Cd, (ug/L) 0.44% (0.15,1.49) | 0.41% (0.15, 1.40) 0.43 (0.16,1.32) | 0.0122
Sn, (ug/L) 0.57%(0.19,2.31) | 0.51%(0.17,2.73) 0.55(0.17,2.77) | <0.0012
Sb, (ug/L) 0.04* (0.02,0.16) | 0.04 (0.02, 0.20) 0.05% (0.02,0.18) | 0.0242
L, (pg/L) 92.7% (48.9,206) | 93.2 (49.6, 205) 95.7*(51.5,216.5) | 0.030?
Hg, (ug/L) 1.11° (0.28,3.83) | 0.90" (0.23, 3.09) 0.83¢(0.20,2.87) | <0.0012
T1, (ug/L) 0.18%% (0.09, 0.45) | 0.17° (0.09, 0.42) 0.17%(0.08,0.41) | <0.0012
Pb, (ug/L) 130 (0.51,4.26) | 1.33 (0.49, 4.00) 1.29 (0.49,3.86) | 0.11?
Bi, (ng/L) 5% (2, 36) 5% (2, 40) 5(2,26) 0.0152
! Median (5%, 95%) | 2 Kruskal-Wallis rank sum test 3 Pearson’s Chi-squared test

Table 5. Participants’ characteristics, by BMI status. P values < 0.05 are indicated in bold, highlighting a
statistical difference between groups ® > Post-hoc Dunn’s test. Results are shown with superscript letters
indicating statistical differences between groups. If only two groups are statistically different, the same letter
is assigned to both. If all three groups are statistically different from one another, letter “a”, “b” and “c” will be
assigned. Detailed Dunn’s test results are shown in Supplementary Table S5.

as correlation between them (Data not shown). However, since the VIF values are below 8, it is not impacting
the reliability of the models. These observations might be explained, as heavy metals are known to interact
with essentials trace elements through multiple pathways and cellular transporters. Rahman et al.?® reviewed
the role of Se and Zn homeostasis in heavy metals detoxification. Described mechanisms included activation
metallothionein synthesis, interactions with metal binding proteins and chelation preventing metal dispersion
in the organism and facilitating excretion®’. Solute Carrier Family transporters (SLC) are also known to play a
role in trace element and heavy metal homeostasis. Zn efflux and influx transporter SLC30A and SLC39A have
been shown to be upregulated in presence of Cd as well as having a particular affinity with Cd ions!*. Hence,
additional studies are required to gain a deeper understanding of their underlying relationships. Leveraging the
extensive ToxiLaus data could considerably contribute to addressing this matter.
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Number of conditions
Characteristic 0, (N=1871") | 1, (N=2263") | 2, (N=1442") 3, (N=290") | p-value
50.0 50.8 57.3 56.6 )
Age (Years) (36.8, 70.9) (36.8,72.1) (38.7,72.6) | (37.9,72.8) <0.0001
Sex
Women 1,217 (65%) | 1,194 (53%) | 579 (40%) | 101 (35%)
Men 654 (35%) 1,069 (47%) | 863 (60%) | 189 (65%)
Smoking
No 1,871 (100%) | 1,458 (64%) | 948 (66%) | 0 (0%)
Yes 0 (0%) 805 (36%) 494 (34%) | 290 (100%)
Metabolic syndrome
No 1,871 (100%) | 2,180 (96%) | 442 (31%) | 0 (0%)
Yes 0 (0%) 83 (4%) 1,000 (69%) | 290 (100%)
225 25.7 28.7 29.5 ,
BMI, (kg/m2) (19.0,248) | (19.7,321) | (25.1,37.7) | (26.0,38.0) <0.0001
BMI categories
Normal 1,871 (100%) | 888 (36%) 52 (0%) 0 (0%)
Overweight 0 (0%) 1,131 (54%) 843 (62%) 161 (56%)
Obese 0 (0%) 244 (11%) 547 (38%) | 129 (44%)

. 1.33 1.45 1.44 143 )
Creatinine, (Wg/L) | (038 2.67) | (0.44,2.94) | (0.52,2.85) | (0.42,3.21) <0.0001
TE concentrations

) 229 24.0 228 24.7 )
Li, (ug/g) (7.70,128) | (857,157) | (8.21,138) | (6.47,123) 0.0077
1.15 119 1.14 111 )
Be, (ng/g) (0.7, 4.8) (0.8,5.1) (0.8,55) [ (0.8,6.0) 0.0006
558 6.17 571 6.61 ,
Al (ug/g) (1.08,228) | (118,23.9) | (1.19,24.7) |(1.27,356) 0.0015
0.15 0.18 0.18 0.18 )
V. (ug/e) (0.05,047) | (0.07,0.63) | (0.07,0.57) |(0.06,0.78) <0.0001
0.25 0.27 0.28 029 )
Cr (kgle) (0.07,099) | (0.08,1.11) | (0.09,1.07) | (0.09,1.26) 0.0003
0.30 0.30 0.30 029 )
M, (ug/g) (0.25, 0.86) (0.25, 0.85) (0.24,0.90) | (0.24, 0.82) 0.002
632 638 638 638 ,
Fe, (ug/g) (1.34,22.7) (1.53, 30.5) (1.76,28.6) | (2.08,36.0) <0.0001
0.22 023 022 023 )
Co. (ng/e) (0.07,1.42) | (0.07,1.36) | (0.08,1.11) |(0.08, 1.24) 0.1228
) 1.37 1.34 127 1.28 5
Ni, (ug/g) (039,467) | (038,494) | (0.39,5.35) | (0.38,5.46) 0.2378
11.9 13.0 13.4 14.1 )
Cu, (ng/g) (400,27.3) | (455,290) | (5.19,32.6) | (4.24,38.9) <0.0001
328 416 486 585 )
Zn, (uglg) (64.6,983) | (959,1295) | (112,1512) | (108,1827) <0.0001
216 217 19.7 17.0 )
As (ug/e) (3.35,202) | (421,230) | (3.80,188) |(3.43,193) 0.0038
27.9 29.9 29.4 28.2 N
Se. (ng/g) (7.72,65.0) | (9.03,69.5) | (10.1,66.2) |(7.99,72.9) <0.0001
405 402 383 36.2 R
Mo, (ug/g) (9.78,109) | (102,115) | (9.09,107) |(6.37,122) 0.1351
0.03 0.03 0.03 0.03 5
Ag (ugle) (0.02,0.08) | (0.02,009 | (0.02,0.10) |(0.02,0.08) 0.0545
0.48 0.61 0.64 0.88 ,
Cd, (uglg) (0.13,1.57) (0.16, 2.34) (0.17,2.49) | (0.19,2.95) <0.0001
0.73 0.76 0.71 0.67 N
Sn, (ug/g) 0.16,351) | (0.17,3.99) | (0.19,4.12) | (0.12,3.81) 0.407
0.05 0.06 0.07 0.08 )
Sb, (ug/g) (0.02,0.21) (0.02,0.31) (0.02,0.32) | (0.02,0.47) <0.0001
126 133 135 125 )
L (ug/g) (39.3,281) | (48.5,286) | (50.3,299) | (46.4,398) <0.0001
1.51 1.36 1.13 0.96 N
Hg, (hg/g) (029,6.05) | (026,522) | (0.22,5.17) | (0.20,4.07) <0.0001
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Number of conditions
Characteristic 0, (N=1871") | 1, (N=2263") | 2, (N=1442") 3, (N=290") | p-value
0.24 0.25 0.24 0.24 5
1L (ng/g) (0.08, 0.56) (0.08, 0.59) (0.09,0.57) | (0.07, 0.54) 0.0043
1.55 1.95 1.90 2.11 ,
Pb. (ug/e) (040,508) | (048,656) | (050,597) |(047,7.21) <0001
Bi, (ng/g) 6 (5, 26) 6 (5, 53) 6 (5, 38) 6 (5,23) 0.00542

Table 6. Participants’ characteristics, by number of conditions (smoking, metabolic syndrome, overweight/
obesity). P values < 0.05 are indicated in bold, highlighting a statistical difference between groups 'Median
(P5, P95); n/ N (%) 2 Kruskal-Wallis rank sum test

Limitations

ToxiLaus has some limitations. First, being a geographically limited, monocentric study focused on people aged
35 to 75 from Caucasian origins principally could limit the application of results to other populations. Moreover,
due to missing values for certain variables of interest, 539 (8.4%) participants were excluded from the analysis.
However, the large cohort number and its construction method allowed producing results similar with previous
studies. In addition, when conducted with the entire dataset, descriptive analyses showed marginal differences in
trace element distributions among assessed stratifications. Finally, it would also have been interesting to carry out
speciation analysis of arsenic and mercury, to differentiate inorganic concentrations from organic compounds
- mostly due to seafood consumption. Nevertheless, this type of analysis is considerably longer than common
ICP-MS quantification because of previous chromatographic separation and, therefore, more complicated and
more expensive to implement for a cohort of this proportion.

Strengths

To our knowledge, this is the largest and most comprehensive study on urinary trace elements worldwide, bigger
than studies conducted in the USA®® or China?!. This allows a higher statistical power, enabling the assessment
of newer associations or the confirmation of previous ones.

With the extensive analysis of toxic species and trace elements measured, the ToxiLaus study enables to
broaden the scope of prospective research already possible due to the range of data collected in CoLaus|PsyCoLaus
and its sub-studies. The utilization of ICP-MS for analysis allows to accurately and sensitively measuring trace
element concentrations not only in urine but also in other biological matrices such as blood. This would
also allow us studying the collected blood samples available from CoLaus|PsyCoLaus in future phases of the
study. Additionally, the cohort’s longitudinal follow-up enables tracking changes in trace element levels over
time within the population and exploring potential associations with health outcomes. Overall, it will allow
establishing new links with potential risk factors of cardiovascular diseases as well as better understanding the
extent of the exposure impact to toxic species, such as trace elements.

Conclusion

This study highlighted associations between trace elements — especially Zn, Cd and Hg — and BMI, metabolic
syndrome and smoking status. These results were consistent with existing literature. In addition, this study
allowed to gain insight into the distribution of trace element concentrations in large sample of the general
population. Deeper analyses, considering factors like medical treatments, diet and lifestyle will be explored in
future phases of the study and may provide a better understanding of the data. Ultimately, it will pave the way for
establishing potential prevention strategies and for better assessing diseases concerning toxic species exposition.

Data availability

The data of CoLaus|PsyCoLaus study used in this article cannot be fully shared as they contain potentially
sensitive personal information on participants. According to the Ethics Committee for Research of the Canton
of Vaud, sharing these data would be a violation of the Swiss legislation with respect to privacy protection.
However, coded individual-level data that do not allow researchers to identify participants are available upon
request to researchers who meet the criteria for data sharing of the CoLaus|PsyCoLaus Datacenter (CHUYV,
Lausanne, Switzerland). Any researcher affiliated to a public or private research institution who complies with
the CoLaus|PsyCoLaus standards can submit a research application to research.colaus@chuv.ch or research.psy-
colaus@chuv.ch. Proposals will be evaluated by the Scientific Committee (SC) of the CoLaus|PsyCoLaus study.
Detailed instructions for gaining access to the CoLaus|PsyCoLaus data used in this study are available at www.
colaus-psycolaus.ch/professionals/how-to-collaborate/. If necessary, please contact Pr Pedro Marques-Vidal
(Pedro-Manuel. Marques-Vidal@chuv.ch), data manager of the CoLaus study and supervisor of the ToxiLaus
data analysis.
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