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Environmental tobacco smoke exposure is associated with
increased levels of metals in children’s saliva
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BACKGROUND: Exposure to environmental tobacco smoke (ETS) has been associated with detectable levels of cotinine (a nicotine
metabolite) in children’s saliva. However, tobacco smoke also contains toxic and essential trace metals, including chromium (Cr),
copper (Cu), lead (Pb), manganese (Mn), nickel (Ni) and zinc (Zn).

OBJECTIVE: The current study examines whether there is a relationship between ETS exposure, as gauged by salivary cotinine, and
salivary levels of these metals in a subset (n =238) of children from the Family Life Project.

METHODS: Using inductively-coupled-plasma optical emission spectrophotometry, we measured levels of metals in saliva from
children at ~90 months of age. Salivary cotinine was measured using a commercial immunoassay.

RESULTS: We found that Cr, Cu, Mn, and Zn were detected in most samples (85-99%) with lower levels of detection for Pb and Ni
(9.3% and 13.9% respectively). There were no significant differences in any of the metal concentrations between males and females,
nor were levels associated with body mass index, although significant differences in salivary Cr and Mn by race, state and income-
to-needs ratio were observed. Children with cotinine levels >1 ng/ml had higher levels of Zn (b= 0.401, 95% Cl: 0.183 to 0.619;
p =0.0003) and Cu (b=0.655, 95% Cl: 0.206 to 1.104; p = 0.004) compared to children with levels <1 ng/ml, after controlling for
multiple confounders, including sex, race, BMI and income-to-needs ratio. Further, we show that children whose cotinine levels
were >1 ug/L were more likely to have detectable levels of Pb in their saliva (b = 1.40, 95% Cl: 0.424 to 2.459; p = 0.006) compared
to children with cotinine levels <1 ng/ml, also considering confounders.

IMPACT STATEMENT: This is the first study to demonstrate significant associations between salivary cotinine and salivary levels of
Cu, Zn and Pb, suggesting that environmental tobacco smoke exposure my be one source of increased children’s exposure to
heavy metals. This study also demonstrates that saliva samples can be used to measure heavy metal exposure, and thus serve as a
non-invasive tool for assessing a broader range of risk indicators.

Keywords: Environmental tobacco smoke; trace metals; biomarker; saliva; cotinine

Journal of Exposure Science & Environmental Epidemiology (2023) 33:903-910; https://doi.org/10.1038/s41370-023-00554-w

INTRODUCTION

Environmental tobacco smoke (ETS) remains a major source of
indoor air pollution that can cause major health problems in
children, including lower respiratory tract infections, asthma,
childhood cancers, behavioral problems and decreased perfor-
mance in school [1-4]. Although decreases in tobacco smoking,
awareness of ETS hazards, and smokefree policies may have
contributed to a reduction in ETS exposure in the past few
decades, in recent years, the percentage of youth with ETS
exposure has remained steady [5]. Tobacco smoke contains
thousands of chemical compounds, most of which are harmful
to humans [6]. Further, tobacco, cigarette paper, filters, and
cigarette smoke are known to contain metals, including chromium
(Cr), copper (Cu), lead (Pb), manganese (Mn), nickel (Ni) and zinc

(Zn) [7-9]. Accordingly, cigarette smoking may be a substantial
source of intake of these metals, not only to the smoker but also
to nonsmokers in the form of secondhand smoke (i.e. airborne
smoke from burning cigarette and smoker exhalation), and
thirdhand smoke (i.e. physical residue that settles onto clothes,
furniture and flooring) [10]. Previous work from our laboratory has
demonstrated that young children (e.g. 6 to 48 months of age) are
capable of absorbing nicotine from environmental exposure at
levels commensurate to those seen in active smokers [11].

Many metals that are found in tobacco and/or cigarette smoke
are essential trace metals that are typically present in the human
body in extremely small quantities (less than 0.01%). These metals
are essential for numerous biological and chemical processes,
including regulating cellular homeostasis, acting as cofactors for
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many enzymes and serving as antioxidant molecules [12]. Cu, Mn
and Zn are among the most widely studied essential trace metals,
while Cr has been questioned as an essential metal, given its
known toxic properties [13]. Although these elements play critical
biological roles in small amounts, they all can be toxic at
sufficiently high levels [14]. Excess amounts of these and other
metals in the brain are known to be associated with a variety of
neurological conditions, including cognitive impairment, beha-
vioral problems, psychiatric, and motor abnormalities in children
[15-22]. Elevated Mn has been associated with deficits in cognitive
behavior, motor function, memory and behavioral problems
[17, 18, 20, 21]. Levels of Cu and Cr have been found to be
significantly associated with verbal IQ scores and visuospatial
learning in children and adolescents [15, 19]. Pb is a nonessential,
highly neurotoxic heavy metal that is one of the most-widely
studied toxic metals. Several studies have demonstrated an
impact of Pb exposure on learning and behavioral disorders
during early adolescence [19, 23], and have shown direct relations
between Pb and psychiatric conditions, such as attention-deficit
disorder [24, 25]. Further, environmental co-exposure to Pb, Mn
and Cr have also been shown to be important in children, with
higher levels of Mn, Pb, and Cr found to be associated with lower
IQ scores [22].

Overall the relationships between smoking and metals levels in
biological fluids has not been widely investigated, although
previous studies have shown that levels of metals in blood and
urine are increased in smokers; these studies include findings that
adult smokers showed increased levels of Cr in urine [26], Cu levels
in serum [27], Zn levels in serum [28] and Pb levels in blood [29]
compared to non-smokers. Only two previous studies have reported
on measures of metals from saliva of adult smokers vs. non-
smokers; [7, 30] however, no studies have specifically examined
whether environmental exposure to tobacco smoke (inhalation and
ingestion) is associated with increased exposure to metals.

Cotinine, a metabolite of nicotine, is the biochemical marker of
choice for quantifying passive exposure to smoke. It is specific to
tobacco, with a half-life of about 20 h, and can be assayed by a
simple commercially available assay. Salivary levels of cotinine are
correlated to those found in blood [31, 32], and provide a non-
invasive method of quantifying passive smoke exposure. In this
study, we report on the feasibility of measuring essential and toxic
metals in saliva samples from a population of young children and
demonstrate positive associations between ETS exposure, mea-
sured using salivary cotinine, and salivary metal concentrations in
this sample.

MATERIALS AND METHODS

Participants

This study was reviewed and approved by the Office of Human Research
Ethics at the University of North Carolina (IRB #07-0646; #16-2751). Parents
provided consent for the collection and analyses of children’s saliva
samples. Subjects were recruited as part of the Family Life Project (FLP), a
prospective, population-based longitudinal study that recruited approxi-
mately 1300 families at the time of their child’s birth, between September
1st 2003 and August 31st 2004. Families were recruited from three non-
urban counties in Pennsylvania and three counties in North Carolina and
were oversampled for poverty. A detailed characterization of the sampling
plan and study has been published elsewhere [33]. This study uses data
and specimens collected from home visits when children were ~90 months
of age, with parents or primary caregivers providing consent. For the
current study, archived saliva samples with sufficient volume (see below)
were used, resulting in a subsample of the original cohort consisting of
n =238 child participants. Children in this subsample did not differ from
the non-included participants with respect to state of residence (36.5% vs.
41.4% from Pennsylvania (c (1, N=1238)=1.89, p =.16), child race (44.9%
vs. 39.9% African American ()(2 (1, N=238) =2.06; p=0.15) or child sex
(50.8% vs. 49.1% male x? (1, N = 238) = 0009, p = 0.97), but were less likely
to have been identified as low-income at the time of enrollment (34.4% vs.
76.6% poor (x> (1, N=238) = 161.1, p = <0.0001).
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Saliva sample collection

An infrared thermometer was used to verify that the child did not have a
fever prior to collecting saliva. Saliva was collected approximately 1 h into
the home visit protocol, ensuring that the child had not consumed any
food or drink in that interval. Unstimulated whole saliva samples were
collected from children using the passive drool method [34] during the
90 month visit to participants’ homes. At the time of collection, samples
were frozen at —20°C and then transferred to the Institute for
Interdisciplinary Salivary Bioscience Research at the University of California,
Irvine for archiving at —80 °C until used. At the time of use, saliva samples
were thawed and centrifuged (5000 g; 10 min; 4 °C) to remove insoluble
material and cellular debris. Supernatants were collected and used for
other assays separate from the current study. For the current study,
samples with at least 0.8 ml of saliva remaining were used, to allow for
enough volume to run the metals analysis.

Salivary metals analysis

Levels of metals in saliva were measured using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) (Avio200; Perkin Elmer,
Waltham, MA, USA) using the radial viewing window [35]. All glassware
was treated with 10% (volume/volume; v/v) HNOs before use and then
rinsed with deionized water. Prior to analysis, the ICP-OES was aligned
with 0.1% manganese. Samples were diluted 1:7 in 2% HNO3. The ICP-
OES was operated with argon carrier flow rate of 0.5 L/min, plasma gas
flow rate of 15L/min, sample flow and elusion rate of 1.51 L/min, and
peristaltic pump speed of 100rpm. Optimal wavelengths for each
element were chosen by using software that enabled selection of peaks
that lack interference. The resulting suitable wavelengths were selected
for each element: Cr (267.716), Cu (327.393), Mn (257.610), Ni (231.604),
Pb (220.353), Zn (206.200). Metals output was normalized to the internal
standard, 0.1% Yttrium, and compared to standard curves generated for
each metal, which were prepared from stock solutions of 1000 ppm.
Yttrium recovery values for all samples fell between 89% and 106%.
Standard curves for each element showed linearities r*>0.99. Known
control samples were run once every 20 samples. The analytical detection
limits for all biomarkers were based on repeated measurements of
procedural blanks on four separate analysis days and these are provided
in Table 1.

Prior to the analysis of study samples, we first tested whether the levels
of a spiked-in, known amount of each metal (500 ug/L) varied according to
saliva collection method (passive drool vs. swab), saliva processing method
(centrifuged (as above) vs. uncentrifuged), storage conditions (—20 °C, 4 °C,
room temperature) over 24 h, or the number of freeze-thaw cycles (1-3).
This was carried out on a separate group of control adult subjects (n = 5).
Comparisons of metals levels were made between the given conditions
using Student’s t-tests (unpaired; two-tailed) (GraphPad Prism).

Salivary cotinine

Salivary cotinine has been shown to correlate well with levels found in
urine and blood [36, 37], promoting the use of saliva as a reliable fluid to
estimate ETS. Salivary cotinine was assayed in duplicate using a
commercially-available, ELISA kit (Salimetrics LLC, Carlsbad, CA) following
the manufacturer’s protocol. The assay has a test volume of 20 pL, range of
standards from 0.8 to 200 pg/L, and lower limit of detection of 0.15 pg/L.
The intra-assay precision was determined from the mean of 10 replicates
and resulted in acoefficients of variation (CV)=7.10%). Inter-assay
precision was determined from eight separate runs returned a CV of
9.1%). Cotinine high and low controls were run on every assay plate. Per
the manufacturer’s protocol, the recovery of spiked in cotinine in the saliva
matrix was 94.1 to 114% (Salimetrics LLC, Carlsbad, CA)

Salivary flow rate

Salivary flow rate (ml/min) was calculated for each subject using
researcher-reported saliva collection durations and estimated sample
volumes determined by weight.

Covariates

Child age, sex, body mass index (BMI) and race were reported by primary
caregivers. Race was dichotomized as African American vs. not African
American (Table 2). Family income-to-needs ratio was assessed at the
90 month visit using parent/caregiver report of total household income
and the number of adults and children in the household. State of the
participants’ residence was also recorded.

Journal of Exposure Science & Environmental Epidemiology (2023) 33:903-910



L.M. Gatzke-Kopp et al.

Table 1. Levels of metals and cotinine in saliva of child participants.

# detected LLoD (ug/L) # < LLoD n (%)
Chromium (Cr) 236 0.140 2 (0.8%)
Copper (Cu) 201 0.45 37 (15.5%)
Lead (Pb) 22 2.20 216 (90.7%)
Manganese (Mn) 213 0.073 25 (10.5%)
Nickel (Ni) 33 1.32 205 (86.1%)
Zinc (Zn) 237 0.18 1 (0.4%)
Cotinine 185 0.15 53 (22.2%)

Mean * S.D. (pg/L)

Median (pg/L)

Range (ug/L)

739+27 7.12 2.40-22.46

3437+71.7 15.66 2.31-844.17
18.12+6.5 17.66 4.50-33.68

9.81+15.2 448 0.59-122.53
26.32+31.6 16.20 9.39-186.23
61.11 +60.6 45.02 8.58-565.98
7.83+64.2 0.93 0.16-851.70

The numbers shown reflect the number of samples with concentrations of the analyte above the lower limit of detection (LLoD) of the assay. The total sample
number = 238. The ranges shown are those values that were detected above the LLoD. SD standard deviation. The mean and median levels of metals shown

do not include those values below LLoD.

Table 2. Sociodemographic characteristics of study participants
(N =238).
Characteristic Mean + SD or n (%)
Age (months) 86.98 +/— 3.32
Sex
Male 121 (50.8%)
Female 117 (49.2%)

Race (African American) 107 (44.9%)
BMI 18.00 +/— 4.39
Family INR 1.83 +/—1.62
State of residence (NC) 151 (63.4%)

BMI Body mass index. INR income-to-needs ratio. Subjects not from North
Carolina (NC) were from Pennsylvania.

Statistical analysis

All statistical tests were carried out using GraphPad Prism, version 9.5. Prior
to conducting analyses, measures of analytes that were below the limit of
the instrument detection were replaced with detection thresholds for that
analyte, except for Pb and Ni, both of which had >80% of observations
below the detection threshold. (See Table 1 for detection thresholds and
the numbers of determinations detected). Kolmogorov-Smirnov and
Shapiro-Wilk normality tests revealed that all analytes were not normally
distributed. For cotinine, samples were then categorized as those subjects
with low ETS exposure (<1 ng/ml), coded as “0”, or those with high ETS
exposure (>1ng/ml), coded as “1” (http://www.cdc.gov/exposurereport/).
Differences in metal concentrations by sex, race, and state were examined
using the Mann-Whitney U test. Associations between salivary metal
concentrations and flow rate, BMI, and income-to-needs ratios were
assessed using Spearman correlations. Intercorrelations among salivary
metal concentrations were examined using Spearman correlations.

The associations between cotinine and salivary levels of Cu, Cr, Mn and
Zn were analyzed using multiple linear regression with each salivary metal
as the dependent variable and cotinine as the independent variable, while
controlling for the above-mentioned covariates, sex, race, BMI and
income-to-needs ratio. To improve normality, salivary metals levels were
In-transformed before regression analyses. Due to the low detection rates
for Ni and Pb, these two metals were dichotomized based on the
detection rate (“0” for not detected and “1” for a detected value) and
analyzed using logistic regression. Inspection of standardized residuals,
QQ plots and homoscedasticity plots was used to ensure no violation of
the test assumptions. For all analyses, an alpha level of .05 was used to
establish statistical significance and Bonferroni corrected alpha levels
(0.05/the number of tests conducted) were applied to account for multiple
testing.

RESULTS

Participant demographics

The characteristics of study participants are summarized in Table 2.
The average age + SD of children in this study was 86.98 +/— 3.32
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months, or approximately 7 years of age. Approximately half of
the sample was male and half were parent-identified as African
American. More than half of the participants (63.4%) were from
North Carolina, with the remainder from Pennsylvania (Table 2).
34.4% of the subjects were from families below the poverty line,
defined by an income-to-needs ratio of <1.

Salivary metals characteristics

Assay specifics. We measured levels of metals previously
associated with tobacco smoke, including Cr, Cu, Mn, Ni, Zn and
Pb, in saliva specimens from this subsample of children using ICP-
OES. To establish the validity and reliability of the salivary metal
measurements, we first tested whether the levels of a known
amount of each metal varied according to saliva collection
method (passive drool vs. swab), saliva processing method
(centrifuged vs. uncentrifuged), storage conditions (—20°C, 4°C,
room temperature), or the number of freeze-thaw cycles using
separate saliva samples collected from adult controls. We found
no evidence that the levels of the salivary metals varied
significantly by any of these factors, with the exception of Zinc
which showed higher recovery in saliva samples obtained via
swab collection (Supplimentary Fig. 1).

Metals levels in FLP children. The mean and median salivary levels
of each metal are shown in Table 1. Essential trace metals, Cu, Mn
and Zn, as well as Cr, were detected in almost all participants
(89.5-99.2%) (Table 1). Toxic metals, Pb and Ni were detected in
only 93 and 13.9% of our samples, respectively, with the
remaining samples being below the detection limit of the
instrument. Many of the metals were highly positively intercorre-
lated, with the divalent cations (Cu, Mn and Zn) showing the
strongest correlations with one another (Supplimentary Table 1).
There was no effect of salivary flow rate on any of the metals or
cotinine levels (Spearman correlation: rho value range 0.19-0.59;
p-value range = 0.245 to 0.715) (data not shown).

Salivary metals and children/family factors. Comparisons of metal
concentrations across demographic characteristics are reported in
Table 3. There were no differences in concentrations of any of the
metals between males and females, nor were levels of any metal
associated with BMI. Cr levels were higher among African-
American children compared to non-African-American children
and among those living in North Carolina compared to
Pennsylvania. It is important to note, however, that there is a
statistically significant association between race and state in this
sample, with the majority of African American participants
residing in North Carolina (Chi square test, p<0.0001). The
median levels of Mn and Pb were lower among African-American
children compared to non African-American children, and these
differences were not associated with state of residence. Negative
associations were observed between family income-to-needs ratio
and both Cr and Zn levels (Table 3).
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Table 3. Associations between salivary metal concentrations and child and family characteristics.
Child Sex State
MD MD
p-value p-value

Cr MDg=7.18 MDyc =7.68
MDy = 6.99 MDgp = 5.76
0.396 0.017

Cu MDg = 11.4 MDyc = 12.6
MDpy = 12.7 MDpa = 9.40
0.373 0.482

Mn MD; = 3.44 MDyc = 4.28
MDy = 3.29 MDpp = 3.26
0.774 0.189

Zn MDg =474 MDyc =46.7
MDy = 40.9 MDgp = 38.7
0.512 0.165

Pb MD¢ = 18.6 MDyc = 153
MDy = 17.7 MDpp = 8.7
0.791 0.869

Ni MDg = 15.2 MDnc =154
MDy =178 MDpp = 21.2
0.539 0.366

Child race Child BMI Family INR:
MD

p-value rho, p-value rho, p-value
MDyg = 6.04

MDg,_ = 7.86

<0.0001 0.117, 0.074 —0.16, 0.015
MDpg =134

MDg, = 11.5

0.111 —0.011, 0.868 —0.089, 0.168
MDyg = 5.34

MDg_ = 3.07

0.007 —0.12, 0.065 0.081, 0.213
MDyg = 40.8

MDg_ = 46.7

0.171 0.033, 0.607 —0.299, 0.0004
MDyg =20.3

MDg, = 14.7

0.038 0.181, 0.387 0.162, 0.438
MDpg = 18.8

MDg_ = 15.0

0.645 —0.192, 0.262 0.039, 0.821

BMI body mass index; In/Ratio, family income-to-needs ratio. State refers to the child state of residence. Correlations to BMI and income-to-needs ration (INR)
were determined by Spearman correlation. Differences in median (MD) levels by sex, state and race were determined using the Mann-Whitney test. BL Black/
African American; NB not Black/African American. For these associations, values that were below the LLoD were substituted with the LLoD values (Table 2)
prior to the calculations, except for Pb and Ni, which were present at undetectable levels in >80% of children’s samples. The unit for each metal was in pg/L.

Statistically significant values are in bold.

Table 4. Associations between salivary cotinine and salivary metals.

Ln Zn Ln Cu Ln Cr Ln Mn

b, 95% ClI b, 95% ClI b, 95% ClI b, 95% CI
Cotinine* 0.401, (0.183 to 0.619) 0.655, (0.206 to 1.104) 0.093, (—0.0015 to 0.187) 0.367, (—0.0933 to 0.826)
Sex 0.022, (—0.182 to 0.225) (—)0.139, (—0.559 to 0.281) 0.032, (—0.056 to 0.121) 0.218, (—0.537 to 0.322)
BMI (—)0.0035, (—0.032 to 0.025) (—)0.02, (—0.079 to 0.038) 0.004, (—0.008 to 0.016) 0.030, (—0.107 to 0.014)
Race 0.28, (—0.194 to 0.251) 0.433, (—0.025 to 0.892) 0.236, (0.139 to 0.333) 0.238, (—0.101 to 0.838)
INR (—)0.039, (—0.139 to 9.6e-005) 0.0072, (—0.213 to 0.073) 0.011, (—0.018 to 0.041) 0.074, (—0.073 to 0.221)

Associations were determined by multiple linear regression. Statistically significant findings are shown in bold font. Metals outcome values were In-
transformed prior to analysis. *cotinine was coded 0 for values less than 1 ng/ml and 1 for >1 ng/ml. BM/ body mass index.

INR income-to-needs ratio.

Associations between salivary cotinine and metal levels

The median salivary cotinine level in this subsample was 0.93 ng/ml
(range 0.16-851.7 ng/ml), with a mean level of 7.83 ug/L 4+/— 64.2
(S.D) (Table 1). As presented in Table 4, children with salivary levels
of cotinine >1ng/ml had higher salivary levels of Zn (b=0.401,
95% Cl: 0.183 to 0.619; p = 0.0003) and Cu (b = 0.655, 95% Cl:0.206
to 1.104; p=0.0044), compared to children with cotinine levels
<1 ng/ml, after controlling for multiple confounders, including sex,
race, BMI and income-to-needs ratio. Cotinine levels were not
strongly associated with salivary levels of Cr (b=0.093, 95% Cl:
—0.0015 to 0.187; p = 0.054) and Mn (b =0.367, 95% Cl: —0.093 to
0.826; p = 0.117), with 95% Cl that included 0 (Table 4). For salivary
Pb and Ni, values were categorized according to detection rate,
and accordingly, we used multiple logistic regression to test for
associations with cotinine. From these analyses, we found that
children with cotinine levels >1 ng/ml were more likely to have
detectable levels of Pb (b =1.40, 95% Cl: 0.424 to 2.459; p = 0.006)
compared to children with cotinine levels <1ng/ml, also

SPRINGER NATURE

considering confounders, sex, race, BMI and income-to-needs ratio
(Table 5). The relationship between salivary cotinine and Ni was
less striking (b=0.288, 95% Cl: —0.543 to 1.103; p=0.488)
(Table 5).

DISCUSSION

In this study, we demonstrated that essential trace elements (Cu,
Cr, Mn and Zn) were readily detected in saliva samples from
healthy young children from the FLP cohort, while toxic metals (Pb
and Ni) were present in fewer than 15% of children. Notably, Cr,
which can be considered both an essential and toxic metal, was
detected in nearly all samples. Although studies have documented
the presence of each of these metals in tobacco products
including cigarettes, less research has examined whether they
are transmitted through second- and third-hand exposure. Our
findings demonstrate that levels of cotinine, a measure of ETS,
were positively associated with salivary levels of Zn, Cu and Pb,
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Table 5. Associations between salivary cotinine and detection rates for salivary Pb and Ni.

Pb

b, 95% CI
Cotinine* 1.40, (0.424 to 2.459)
Sex (—)0.302, (—1.254 to 0.623)
BMI (=)0.107, (—0.285 to 0.037)
Race (—)0.761, (—1.764 to 0.201)
INR (—)0.044, (—0.421 to 0.237)

Ni

b, 95% CI

0.288, (-0.5431 to 1.103)
(—)0.309, (—1.091 to 0.4506)
(—)0.035, (—0.1618 to 0.07423)
(—)0.886, (—1.738 to —0.07189)
(—)0.027, (—0.3000 to 0.2014)

Associations were determined by multiple logistic regression. Statistically significant findings are shown in bold font. Metals outcome values were
dichotomized by detection limit. *cotinine was coded 0 for values less than 1 ng/ml and 1 for >1 ng/ml. BMI body mass index. INR income-to-needs ratio.

supporting the supposition that ETS exposes children to the full
range of associated toxins in addition to nicotine. Notably, these
studies are the first to exclusively use saliva samples to
demonstrate these effects.

While most previous studies measuring levels of toxic and
essential trace elements have been carried out in blood, an
increasing number of studies have demonstrated that saliva may
be a reliable indicator of environmental and occupational
exposures to trace metals [38-41]. Although some studies have
revealed significant correlations between serum and saliva for
certain metals, such as Mn and Cu [41, 42], levels of other metals,
such as Zn, Cd or Pb, in saliva were not significantly correlated
with blood counterparts [39, 41, 42], however one study
demonstrated significant associations between salivary and
whole blood Pb in an exposed population [43]. Thus, variations
in saliva metal levels may mirror, only partly, the changes of the
concentrations of these metals in blood. Due to their electric
charge, metal ions cannot enter cells by simple diffusion, and
instead necessitate a dedicated transport system to cross cell
membranes [44], hence, this is thought to be one reason why
some metals are not correlated between saliva and blood [45].
Therefore, saliva is not a simple surrogate for blood or other
body fluids, but rather it has its own distribution of trace metals.
While there are guidelines for acceptable levels of most metals
measured in blood (https://www.atsdr.cdc.gov/), there are
currently no official guidelines for salivary metal levels in
humans [46]. Nonetheless, measurements of trace metals in
saliva are thought to provide a non-invasive alternative to blood
sampling, that can reflect environmental exposures, as previously
suggested [7].

Levels of metals measured in this study were comparable to
previous studies measuring salivary metals in healthy adult and
child populations. A previous study carried out in children
reported a median salivary Mn level of 4.91 pg/L [38], which is
highly consistent with our median Mn level of 4.48 pg/L. The mean
salivary Mn concentration detected in our study was 9.81 pg/L,
which is similar to previous reports in adults [45, 47] and in
children [41, 48]. These findings suggest that our sample is likely
comparable with regard to dietary and environmental sources of
Mn. In contrast, the mean (61.1 pg/L) and median (45.02 pg/L) Zn
levels observed were slightly lower than levels previously reported
in a sample of 29 healthy non-smoking adults (mean 75.3 pg/L,
median 57.3 pg/L) [47]. However, the range of Zn observed in that
study was 0.3 to 124.3, whereas the range observed in our study
was much larger (8.58-565.98) possibly suggesting that a higher
magnitude of exposure observed for some children might be
related to their ETS exposure. Cu also showed a wide range in
observed levels (2.31-844.17) in our sample. Past studies
measuring salivary Cu have been inconsistent, with some only
reporting the means and others reporting only the medians,
making studies difficult to compare. One study reported a median
Cu level of 21.6 pg/L [38], which is only slightly higher than the
levels measured in the current study (15.7 ug/L). However, our
mean level for Cu (344 ug/L) is markedly higher than that
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reported in other studies on adults (8.2 ug/L [47]) and children
(2.05 pg/L [48]). Previous studies of Cr have reported a mean range
of Cr=10.327 to 1.13 pg/L) [45, 49, 50], much lower than the values
identified in our study (mean range 2.40-22.46 ug/L).

Among these essential metals, levels of salivary cotinine were
significantly associated with salivary levels of Zn and Cul The
exponentiated parameter coefficients for Zn and Cu were 1.49
and 1.93, respectively, indicating an 49% and 93% increase in
metals levels with respect to a one unit increase in exposure to
cotinine. Table 4 shows that covariables, including sex, race, BMI
and income-to-needs ratio, did not appear to contribute to these
associations. Cotinine did not appear to be related to substantial
changes in the levels of salivary Cr and Mn, (95% Cl: —0.0015 to
0.187 and 95% Cl: —0.093 to 0.826, for Cr and Mn, respectively),
and with only borderline statistical significance. However, it is
important to remember that statistical significance does not
imply biologically nor clinically significant associations, and that
more research is needed to know what levels of exposure relate
to meaningful changes in health outcomes. Future research could
examine whether changes in cotinine across time are associated
with correlated changes in metals concentration, for instance
following successful smoking cessation. It is important to note,
however, that cotinine and heavy metals differ with regard to the
half-life in the body. Cotinine is metabolized relatively quickly,
and thus salivary values reflect very recent, acute exposure. In
contrast, heavy metals may be excreted much more slowly. Blood
levels may reflect exposure over several months, and many heavy
metals are known to accumulate in various organ tissues [51] As
such, examining temporal covariation between cotinine and
heavy metals requires careful consideration of the sampling
frequency.

In contrast to the essential metals, Pb was only detected in
<10% of the samples. The prevalence of Pb exposure, as well as
the range of concentrations (4.50-33.68 ug/L) was similar to a
study of salivary Pb levels from another study on healthy children
from an industrialized region in Germany (range <1.5-47.0 ug/L)
[52]. Several studies have suggested that ETS might be associated
with increased levels of Pb in the blood of children [53-55]. In one
study, participants in the highest quartile of serum cotinine
(=0.44 pg/L) had 28% higher blood lead levels than had those in
the lowest quartile (<0.03 pg/L). Similarly, blood lead levels were
14% and 24% higher in children who lived with 1 or with 2 or
more smokers, respectively, than they were in children living with
no smokers [53]. In another study, the geometric mean blood lead
levels were 38% higher in children with high cotinine levels
(>0.563 pg/L) compared with children who had low cotinine levels
(<0.104 pg/L) [55]. In accordance with these reports, we found that
children with cotinine levels, indicative of ETS exposure (>1 ng/ml)
had higher odds of detecting Pb in saliva compared to children
with cotinine levels below 1ng/ml (i.e. non-ETS exposed), with
exponentiated parameter coefficient of 4.05, indicating a four-fold
increase in Pb levels per one-unit increase in cotinine. These
findings might suggest that Pb exposure accompanies more
substantial levels of ETS exposure.
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Besides ETS, other potential environmental exposures to these
metals could include environmental contamination, air pollution
due to traffic or industrial emissions, metal contaminants from
homes, diet and poor oral health. It is possible that the
associations between Cr, Mn, and Pb with child race reflects
health disparities in environmental exposures. In particular, Cr, Ni
and Mn exposures are known to be widespread in contaminated
air, soil and water [38, 40, 56]. For example, studies have shown
that Mn concentration in water and soil were significantly
associated with Mn in saliva [38, 40], however similar findings
were not found with Cr and Cu [38]. Another study specifically
demonstrated higher salivary concentrations of Mn in adult
welders compared to controls, an association attributed to
airborne Mn levels among study populations [41]. In addition,
oral health issue, including dental cavities, could possibly affect
salivary metals levels in these children. Previous reports have
demonstrated some links between salivary metals and dental
caries in children [48, 57-59], although findings were not
consistent. One study reported positive correlations between
dental caries and salivary Cu and Zn [59], although another study
observed a negative relationship between dental caries and
salivary Cu [58]. Several other studies showed no associations with
dental caries and salivary Zn, Fe or Mn [48, 57, 58].

Overall, these findings support the reliable measurements of
toxic and essential metals in salivary samples from children, which
could provide the basis for further comparisons between salivary
metals and behavioral, cognitive or other clinical measures. Our
results also suggest that second- and third-hand exposure to
cigarette smoking could contribute as one source of exposure to
Cr, Cu, Zn, and Pb. The recent rise in electronic cigarette use (e.g.
vaping) has been cast as a healthier alternative to tobacco-based
products. Studies of common products used for vaping report
varying levels of toxic metals in the liquids, with some indication
that the metals present in the aerosolized smoke are a function of
the device itself (e.g. the metal composition of the vaping device
or heating coils) [60, 61]. Importantly, in these instances the metals
were detected in the aerosolized vapors, indicating that any
substance contained within the product is just as capable of being
transmitted second- (through airborne routes) and third-hand
(surface residue contamination) including the nicotine itself [60].
As such, public health messaging should continue to advance the
information that no form of smoking is safe in areas where young
children could be exposed.

Although salivary levels of cotinine are correlated to those
found in blood [31, 32, 37] and urine [36], measures of bodily
fluids are subject to shorter half-life window for detection relative
to hair or nails that would capture the magnitude of sustained
exposure [62]. Levels of cotinine in urine are more sensitive, being
4-6 times higher than salivary cotinine levels [63], nonetheless,
salivary saliva cotinine is considered to be an excellent exposure
marker of cigarette smoke without invasive methods for collecting
body fluids. We have previously shown a high level of stability in
the severity of ETS exposure in a different, but overlapping,
subsample of FLP children across four timepoints between 6 and
48 months of age [11]. As such, saliva could be an effective, and
non-invasive way to screen children for exposure. Research has
demonstrated that policies enacted to reduce smoking in publicly
occupied spaces results in significantly lower levels of cotinine
detected in children [5].

The findings reported here must be considered in light of the
broader sample characteristics. The FLP sample was originally
oversampled for poverty (76.6% of the full sample). However, the
subsample with sufficient remaining saliva volumes was less
reflective of poverty, with only 34.4% of the current subsample
characterized by low income. While we found statistically
significant negative correlations between salivary Cr and Zn levels
with income-to-needs ratio in this subsample, this relationship
might be different if applied to the entire FLP cohort of nearly
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1300 children. Additionally, we have previously shown that the
prevalence and magnitude of ETS exposure in this sample is
higher than the national average [11], which may have facilitated
the detection of associations that may only emerge at higher
levels of exposure. Ultimately it will be important to consider the
range of environmental sources that could contribute to this
exposure, and more research is needed to determine the clinical
implications of salivary levels of these metals to better guide
screening and prevention practices.

This is the first study to demonstrate significant associations
between salivary cotinine and salivary levels of Cu, Zn and Pb,
providing support for ETS as a modifiable source of metals exposure
in children. Further, we suggest that saliva sampling represents a
major advance in methodology for monitoring ETS exposures in
young children. Saliva has been increasingly utilized in adults to
assess a broad array of environmental exposures and biomarkers,
providing a relatively simple tool for comprehensive assessments of
the human exposome [64-66]. Our current studies specifically
extend these arguments to ETS and exposures to children.

DATA AVAILABILITY
The datasets generated and analyzed during the current study are available from the
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