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Abstract

Despite a recent increase in e-cigarette use, the adverse human health effects of exposure to 

e-cigarette aerosol, especially on the central nervous system (CNS), remain unclear. Multiple 

neurotoxic metals have been identified in e-cigarette aerosol. However, it is unknown whether 

those metals accumulate in the CNS at biologically meaningful levels. To answer this question, 

two groups of mice were whole-body exposed twice a day, 5 days a week, for two months, 

to either a dose of e-cigarette aerosol equivalent to human secondhand exposure, or a 5-fold 

higher dose. After the last exposure, the olfactory bulb, anterior and posterior frontal cortex, 

striatum, ventral midbrain, cerebellum, brainstem, remaining brain tissue and spinal cord were 
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collected for metal quantification by inductively coupled plasma mass spectrometry and compared 

to tissues from unexposed control mice. The two-month exposure caused significant accumulation 

of several neurotoxic metals in various brain areas - for some metals even at the low exposure 

dose. The most striking increases were measured in the striatum. For several metals, including 

Cr, Cu, Fe, Mn, and Pb, similar accumulations are known to be neurotoxic in mice. Decreases in 

some essential metals were observed across the CNS. Our findings suggest that chronic exposure 

to e-cigarette aerosol could lead to CNS neurotoxic metal deposition and endogenous metal 

dyshomeostasis, including potential neurotoxicity. We conclude that e-cigarette-mediated metal 

neurotoxicity may pose long-term neurotoxic and neurodegenerative risks for e-cigarette users and 

bystanders.
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1. INTRODUCTION

Use of electronic cigarettes has increased over the past decade, particularly among youth 

(Pesko and Robarts, 2017), in part due to the perception that they are healthier and more 

“cool” than tobacco cigarettes (Brikmanis et al., 2017). However, much is unknown about 

the adverse human health effects of e-cigarette use (Kaisar et al., 2016). New data from 

our research group (Hess et al., 2017; Olmedo et al., 2018; Zhao et al., 2019) and others 

(Williams et al., 2017, 2013) raise concern that e-cigarette use may expose users and those 

in close proximity to toxic metals including nickel (Ni) and chromium (Cr), well-known 

inhalation carcinogens (Hess et al., 2017) and neurotoxicants (Nudler et al., 2009; Song et 

al., 2017). Other neurotoxic metals have been measured in e-cigarette aerosol at concerning 

levels. For example, we showed that levels of Ni, Cr, and lead (Pb) exceeded the U.S. 

Environmental Protection Agency national ambient air quality standards (NAAQS) or the 

Agency for Toxic Substances and Disease Registry minimum risk level (MRL) in >90% 

of our aerosol samples, and manganese (Mn) levels exceeded minimum risk levels in most 

aerosol samples (Zhao et al., 2019). Other metals of neurotoxic concern that have been 

found in e-cigarette aerosol by us and others in e-cigarette aerosols include selenium (Se), 

vanadium (V), copper (Cu), zinc (Zn), tungsten (W), uranium (U), tin (Sn), and recently, 

strontium (Sr) (Badea et al., 2018; Zhao et al., 2020).

Inhaled metals are known to be efficiently transferred into the brain via different routes 

including the nose-brain, the lung-brain and possibly the gut-brain pathways (Block et 

al., 2012; Lucchini et al., 2012; Sunderman, 2001). In the nasal cavity, metals can be 

deposited onto the neuroepithelium, to be transported along the olfactory nerves directly 

to the olfactory bulb, the most anterior part of the brain. The trigeminal nerve was also 

shown to directly transfer Mn via the nose-brain pathway in a rat model (Lewis et al., 

2005). Some metals (e.g., Mn, Ni, Zn) were further shown to cross synapses in the 

olfactory bulb and migrate via secondary olfactory neurons to diverse areas of the brain 

including the amygdala, hippocampus, hypothalamus, thalamus, olfactory tubercle, pyriform 

and others (Sunderman, 2001). Other metals (e.g. Hg, Cd), however, were not observed to 
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cross synapses in the olfactory bulb. Their detection in deeper areas of the brain following 

inhalation exposure suggests other routes of transport such as from the distal lung alveoli 

into the blood or lymph before penetrating the blood brain barrier via various mechanisms 

and transport systems (Lucchini et al., 2012). Although the exact mechanisms remain elusive 

for many metals, distribution is thought to mainly occur via protein-bound intracellular 

transport along axons and across synapses between interconnected structures as well as via 

extracellular carriers and/or cellular uptake and efflux (Campos-Escamilla, 2021; Lucchini et 

al., 2012; Sunderman, 2001). E-cigarette use has been reported to damage the integrity 

of the blood brain barrier (Heldt et al., 2020), potentially leading to increased metal 

accumulation in the central nervous system (CNS), when compared to other sources of 

metal exposure. Many metals found in e-cigarette aerosol, including Cu, iron (Fe), Pb, Mn, 

mercury (Hg), Se and Zn, are known to cause various motor and cognitive deficits and 

are linked to adult-onset neurodegenerative diseases such as Alzheimer disease, Parkinson’s 

disease, and amyotrophic lateral sclerosis (Cicero et al., 2017). Neurotoxic risks associated 

with inhalation exposure to e-cigarette aerosol are of particular concern for children and 

adolescents because of their developing brains (Giedd, 2008).

While a growing number of toxicological studies have examined potential e-cigarette 

adverse health effects such as cancer (Lee et al., 2018; Rowell et al., 2017), respiratory 

(Glynos et al., 2018; Larcombe et al., 2017) and cardiovascular (Farsalinos et al., 2013; 

Qasim et al., 2018) disease, few studies have examined neurotoxic effects, especially in 

controlled animal models. To date, most animal studies have focused on neurodevelopmental 

effects during early pregnancy or early-life exposure (Chen et al., 2018; Lauterstein et al., 

2016; Nguyen et al., 2018; Zelikoff et al., 2018). In a small number of studies, adult mice 

exposed to e-cigarette aerosols showed adverse effects possibly related to metal overload 

and dyshomeostasis, such as oxidative stress in the frontal cortex (Kuntic et al., 2020), 

decreased dopamine levels in the striatum and frontal cortex (Alasmari et al., 2017), overall 

decreased brain glucose uptake and glucose transporters (Sifat et al., 2018), loss of blood 

brain barrier integrity and neurovascular inflammation (Kaisar et al., 2017), and brain lipid 

dyshomeostasis (Cardenia et al., 2018). However, the potential accumulation of e-cigarette 

aerosol-derived metals in the CNS and any potential associated dyshomeostasis in essential 

metals have not been investigated in rodent animal models. The present study fills this 

important knowledge gap. The findings are directly related to adult-onset neurodegenerative 

diseases like Alzheimer’s and Parkinson’s diseases, both of which are associated with 

profound metal dyshomeostasis (Chen et al., 2016; Cicero et al., 2017; Sussulini and 

Hauser-Davis, 2018) and whose development may be accelerated by chronic exposure to 

e-cigarette-derived neurotoxic metals.

In this paper, we report that e-cigarette aerosol exposure in an animal model results in 

neurotoxic metal accumulation as well as dysregulation of some endogenous metals in the 

CNS. Of the 15 metals/metalloids analyzed, six are essential elements necessary to vital 

physiological processes. Therefore, there is a biologically plausible pathway for CNS metal 

dyshomeostasis after chronic e-cigarette aerosol exposure that might increase neurotoxic and 

neurodegenerative risks. The findings of our study suggest an urgent need for additional 

investigations into the potential neurotoxic health effects of exposure to e-cigarette aerosol 

and will likely inform public health authorities, policy makers, and consumers about 
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additional neurotoxic health risks associated with e-cigarette use (Ferrea and Winterer, 2009; 

Ruszkiewicz et al., 2020).

2. METHODS

2.1. Animals

This study followed the National Institutes of Health “Guide for the Care and Use 

of Laboratory Animals” (8th ed., 2011), and the work was reviewed and approved 

by the Columbia University Institutional Animal Care and Use Committee (IACUC). 

Three randomized groups of five each, two-month old CD-1® IGS mice (Charles River 

Laboratories, MA, strain 022) were housed in micro-isolator cages in a temperature

controlled room (22–24°C) on a 12-hr light/dark cycle with ad libitum access to standard 

chow (PicoLab Rodent diet 20, LabDiet cat no 5053) and reverse osmosis filtered water. 

We elected to work on the outbred CD-1 mouse strain because it is genetically diverse 

and thus has a higher likelihood of results being translatable to humans when compared to 

inbred strains, as suggested by a previous study which examined systemic toxicity of chronic 

e-cigarette exposure (Crotty Alexander et al., 2018). Mice were acclimated for two weeks 

before e-cigarette aerosol exposure.

2.2. Mouse exposure and exposure system

Two groups of five each “low dose” and “high dose” mice were whole-body exposed twice 

a day, five days/week for two months to e-cigarette aerosol in a custom-built exposure 

chamber system we developed and described in previous work (Hilpert et al., 2019). Another 

group of five “controls” mice was exposed to HEPA filtered air. Our exposure system 

allows automatically puffing an e-cigarette at a programmable arbitrary puff topography, 

controlling the air exchange rate Qex in the chamber, and measuring aerosol concentrations 

cm to which mice are exposed. In each exposure session, the low- and high-dose groups 

of 5 mice each were put into the exposure chamber at the same time. The low-dose cohort 

was removed from the chamber earlier than the high dose group to achieve the two doses 

described below. After 60 days, mice were euthanized for CNS tissue collection as described 

below.

We generated aerosol from a popular open-system e-cigarette (iStick Pico 25, Eleaf, 

Shenzhen, China). The e-cigarette was operated with a manufacturer-supplied “atomizer” 

head (part number HW2, with two heating coils), operated at an electrical power P = 40 W, 

within the manufacturer-recommended power range of 30 to 70 W. The puff time was Tpuff 

= 2 s, and the puff period was 60 s. For the e-liquid, we used “Vixen’s Kiss” e-liquid (Pale 

Whale, Baldwin Park, CA) with a labeled 0% nicotine content. Eleaf reports the HW2 coil is 

composed of a proprietary Kanthal™ alloy with Japanese organic cotton wicking surrounded 

by an aluminum (Al)-Zn alloy casing. Kanthal™ typically consists of Fe with substantial 

amounts of Al (5.8%) and Cr (20.5–23.5%), some Mn (0.4%), as well as carbon (C) and 

silicon (Si) (https://www.kanthal.com/en/products/).

We measured administered aerosol doses using real-time gravimetric analysis (Noël et al., 

2018), because aerosol concentrations were too high to be measured with a previously used 
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real-time aerosol monitor (Hilpert et al., 2019). Air exchange was established by a stand

alone vacuum pump (JH12-65, 5L/min, DC 12V, −65kpa) powered by a variable voltage 

power supply (KORAD, KD3005D digital control, power 0–30 V, 0–5 A, Shenzhen Korad 

Technology, Shenzhen, China). Using a flow meter (TSI, 4100 Series, TSI, Shoreview, MN), 

the flow rate of the vacuum pump was set to Qex = 0.5 L/min. Flow rate was measured 

and logged periodically during each exposure session and, if needed, slightly adjusted to 

ascertain that gradual filter clogging did not substantially lower Qex.

To perform real-time gravimetric analysis, a filter holder containing a hydrophilic, mixed 

cellulose ester filter membrane (HAWP, 0.45 μm pore size, 37 mm diameter, Millipore

EMD, Danvers, MA) was inserted into the tubing line through which the vacuum pump 

withdrew aerosol-laden air from the chamber for air exchange. In previous research, we 

established that a membrane of this pore size retained the vast majority of aerosol (a 

membrane with half that pore size did not retain measurably more aerosol) (Hilpert et al., 

2019). At pre-determined timepoints, we swapped the pre-weighed filter holder to measure 

the collected aerosol mass by weighing the filter holder containing the membrane on a 

micro-balance (XS105 DualRange, Mettler Toledo, Columbus, OH). From the time series of 

collected aerosol mass and the only slightly varying flow rate, we calculated the exposure 

time needed to achieve each dose, at which time mice were removed from the chamber.

To specifically characterize the metal concentrations in the aerosol administered to the 

animals, we collected e-cigarette aerosol in triplicate using a direct aerosol collection 

method (Hilpert et al., 2021; Olmedo et al., 2016) operating the e-cigarette device under 

identical conditions as those used for mouse exposure experiments.

2.3. Applied dose

Mice were exposed to two different aerosol doses D (mg/m−3·min) which we defined as 

the time-integrated aerosol concentration in the exposure chamber: D = ∫0
tcm t′ dt′ where 

cm (mg/m3) is the aerosol concentration to which the mice were exposed in the exposure 

chamber, and t (min) is the duration of exposure.

Doses were chosen based on measured environmental (second-hand) e-cigarette aerosol 

concentrations. There is significant variability in reported environmental aerosol 

concentrations with levels ranging from 30 to 800 μg/m3 (Czogala et al., 2014; Jamal et 

al., 2017; Saffari et al., 2014; Soule et al., 2017) due to many influencing factors including 

device type, number of e-cigarette users and room size and ventilation. The two doses we 

administered to the mice were based on the median environmental PM2.5 level measured at 

an e-cigarette event, cenv = 0.819 mg/m3 (Soule et al., 2017). To account for the different 

physiologies of humans and mice, we sought to match the daily inhaled aerosol dose 

normalized by body weight, mdaily/mbody. For an adult human, we assumed 24 hours of 

daily exposure, a minute ventilation MVh = 6 L/min, and a body weight mh = 70 kg. Thus, 
mdaily
mbody

= MVℎ × cenv × 1, 440   min/mℎ = 0.101mg/kg. We chose to expose mice two times per 

day and five days per week. Matching mdaily/mbody between humans and mice now yields 

the following constraint for the dose D that was administered to the mice in each session:
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D = 1
2

7
5

mdaily
mbody

mm
MVm

(1)

where the factor of 1/2 accounts for the two exposure sessions per day, the factor of 7/5 

accounts for five days of exposure per week, mm is the body weight of the mouse, and MVm 

is the minute ventilation rate of the mouse.

Assuming a minute ventilation per mouse body weight of MVm/mm = 1.1 mL·min−1·g−1 

(Tankersley et al., 1994), this dose is D = 64 mg/m−3·min. However, we used a “low” 

dose that was about 150 times higher, i.e., Dlow = 10,000 mg/m−3·min to account for an 

animal-to-human uncertainty factor of 100 (Dankovic et al., 2015; Dorne and Renwick, 

2005) used, e.g., for Mn (ATSDR, 2012). To improve statistical power, a second cohort of 

mice was exposed to a dose five times higher, i.e., Dhigh = 50,000 mg/m−3·min.

For the high dose, exposure sessions lasted typically about 45 min, which corresponds to 

an average aerosol concentration of ~1,000 mg/m3, a value much higher than the measured 

environmental aerosol concentration of 0.819 mg/m3 on which we based our administered 

doses. As described above, the three orders magnitude in difference can be attributed to the 

animal-to-human uncertainty factor and the shorter exposure time for the mice.

2.4. Blood, brain and spinal cord collection and dissection

After two months of exposure, mice in all three groups (low and high dose, as well 

as unexposed controls) were deeply anesthetized with ketamine/xylazine, and blood was 

collected by cardiac puncture followed by immediate euthanasia by decapitation. Based 

on precise mouse cortical anatomy (Bizon et al., 2012; Ebbesen et al., 2018) and using 

published methodology (Jackson-Lewis and Przedborski, 2007), the following brain areas 

were identified and dissected: olfactory bulb; anterior frontal cortex (including prefrontal 

cortex and facial motor areas); motor-somatosensory cortex (including trunk and limb motor 

areas and frontolateral somatosensory areas); striatum; ventral midbrain (containing mainly 

substantia nigra and ventral tegmental area); brainstem and cerebellum. The remainder of 

the brain was pooled and labeled as remaining brain tissues. To collect the spinal cord the 

spinal column was isolated after decapitation and removed from the body. The spinal cord 

was then flushed using published methods (Richner et al., 2017). All tissue samples were 

weighed before being placed in barcode-labeled 15 mL metal-free centrifuge tubes (Labcon, 

Petaluma, CA). Tubes were frozen and stored at −80°C until assayed for metal content.

2.5. Metal analyses

Tissue samples were analyzed for 15 different metals/metalloids in the Columbia University 

Trace Metals Laboratory using a Perkin-Elmer NexION 350S with Elemental Scientific 

Autosampler 4DX. Inductively coupled plasma mass spectrometry (ICP-MS) dynamic 

reaction cell methodology was developed from published methods (Cesbron et al., 2013; 

Nixon and Moyer, 1996; Stroh, 1993) and modified as per Perkin-Elmer’s suggestions. 

Although considered essential, 6 of the metals analyzed (bolded) pose neurotoxic potential 

at high concentrations (Mehri, 2020). The other 9 metals/metalloids are considered 

neurotoxic at lower levels (Chen et al., 2016): arsenic (As), Cr, Cu, Fe, Mn, Ni, Pb, Sb, 
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Se, Sn, Sr, Thallium (Tl), V, W and Zn. E-cigarette aerosol concentrations for some of these 

metals were previously reported by us using the same e-cigarette but a different coil (open 

device 1; iStick Pico 25 in (Zhao et al., 2019)). In the present study, we added Tl, Se and 

V due to their neurotoxic potential (Chen et al., 2016; Ngwa et al., 2017; Vinceti et al., 

2014) and presence in tobacco cigarette smoke or e-cigarette aerosol (Ghaderi et al., 2018; 

Williams et al., 2017). We also added Sr as it was recently detected in e-cigarette aerosol 

(Badea et al., 2018).

Tissue samples were digested in 1 mL of HNO3 (Fisher OPTIMA Grade) before addition of 

100 μL of internal standards and dilution with distilled water to 10 mL. After centrifugation 

for 10 min at 3,500 rpm (2,450 × g), an aliquot of the supernatant was analyzed. A standard 

solution chosen to cover the expected range of metal concentrations in the samples was 

used for instrument calibration. Matrix-induced interference was corrected by selecting 

appropriate internal standards to match the mass and ionization potential of the chosen 

analytes. We added rhodium (Rh), lutetium (Lu), gallium (Ga), and iridium (Ir) to all 

calibrators and samples at the same concentration, about 10 ng per tube. Polyatomic 

interference was suppressed with the instrument’s dynamic reaction cell technology, which 

utilizes oxygen or ammonia as a second gas.

Blood measurement of toxic metals was done following the method developed in our 

laboratory based on published methods (Chen et al., 1999) modified and adjusted in 

collaboration with Perkin Elmer application specialists. Simultaneous determination of all 

metal concentrations was done by diluting blood samples, calibration standards, and quality 

control (QC) samples with diluent (2% HNO3 + 1% Ethanol + 0.02% Triton X-100), adding 

internal standards (Ga, Rh, Ir), and centrifuging the blood samples and QCs before runs. 

Samples were run in two modes, standard and dynamic reaction cell (DRC). Standard mode 

was used for Sb, Cu, Pb, Ni, Sn, W, and Zn, while DRC mode for Cr, Fe, Mn, and As. 

The second gas used in DRC mode was oxygen for As, and ammonia for Cr, Fe, and Mn 

(Chowdhury et al., 1997; Pruszkowski et al., 1998).

After instrument calibration and throughout the day, QC samples were run, and the 

instrument was recalibrated based on those runs. QC samples are blood samples with known 

analyte concentrations obtained from the Laboratory for ICP-MS Comparison Program run 

by the Institut de Santé Publique du Quebec. Method detection limits (MDL), Method 

Quantitation Limits (MQL) as well as the numbers of MDL and MQL deceedances are listed 

in Table S1 for tissues and human blood.

2.6. Statistical analyses

For descriptive statistics, box plots were generated for metal concentrations measured in the 

five mice for each of the three exposure groups (control, low dose, high dose) stratified by 

metal and tissue type. In box plots, squares and circles indicate values below and above 

MDL, respectively. Significance of the differences between the three unmatched exposure 

groups was assessed based on the Kruskal-Wallis test followed by a Dunn test and a p=0.05 

significance level. In all analyses, samples below the MDL were not imputed by replacing 

them by a fixed threshold (e.g., MDL/ 2) (Whitcomb and Schisterman, 2008). For each 
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metal, extreme outliers were identified for concentrations of all 15 mice combined according 

to the 3 × inter quartile range (IQR) rule and removed (Beyer, 1981).

Statistical analyses were performed with R version 4.03.

3. RESULTS

In the following subsections, we report metal concentrations measured in e-cigarette aerosol 

and mouse tissues after 2-month exposure to e-cigarette aerosol. For the aerosol, we present 

data for all the 15 metals/metalloids we measured. For four out of the nine CNS areas 

examined and for blood, we depict concentrations of only 10 elements (As, Cr, Cu, Fe, Mn, 

Ni, Pb, Se, Sr, and Zn) in subsequent figures and tables. We do not report levels of Sb, Sn, 

Tl, V and W, because a high proportion of samples (≥ 29%) were below their respective 

MQLs (Table S1). We also do not report Tl because it was not detected above its MDL in 

e-cigarette aerosol (Figure 1) or e-liquid (data not shown).

For reference, the data for the remaining five CNS areas are shown in Figures S1–S5, and 

the raw data for Sb, Sn, Tl, V and W in blood are provided in Table S2. Finally, Figures 

S6–13 present across all nine CNS areas examined for each of the 15 metal/metalloids 

individually measured concentrations and stratified by exposure group.

3.1. E-cigarette aerosol metal content

Figure 1 shows metal levels measured in aerosol generated by the e-cigarette used in the 

animal exposure experiments and operated under identical conditions of power and puff/

interpuff time. Metals that are part of the heating coil alloy, namely Cr, Fe and Mn, were 

found at significant levels above their respective MDLs. Fe levels were about two orders 

of magnitude higher than Mn levels, mirroring the ratio in typical Kanthal™ coil alloys. Fe 

levels were also about two orders of magnitudes higher than Cr levels but did not mirror 

the ratio of 3 in the coil. Zn levels were second-highest, even though Zn is not a known 

component of Kanthal™. Overall, aerosol metal levels were either similar (As, Fe, W) or 

lower (Cr, Cu, Mn, Ni, Pb, Sn, Zn) when compared to a previous study of the same device 

operated with a different coil and different e-liquids (Zhao et al., 2019).

3.2. Blood metal levels

After the 2-month exposure, levels of some metals were significantly increased in the mouse 

blood in the e-cigarette aerosol exposed groups compared to controls (Table 1). Levels 

of metals known to be present in the Kanthal™ heating coil alloy (Cr, Fe and Mn) were 

significantly increased in blood from e-cigarette exposed animals when compared to the 

control group. For Cr, blood levels were 41% higher in the low-dose and 31% in the 

high-dose group (Table 1; p=0.01 for both). For Fe, blood levels were significantly higher 

only in the high-dose group by 7% (p=0.03). Although Mn and Se blood levels increased 

in both exposed groups, statistically significant increases were only found in the low-dose 

group: 28% for Mn (p=0.01) and 10% for Se (p=0.05). The only metal that was found to be 

significantly decreased in blood was Pb in the high dose group (p=0.02).
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3.3. Olfactory bulb metal levels

Inhaled metals can find their way to the brain either by passage through the lung and blood 

brain barrier or via the nasal passages into the olfactory bulb (Gardner et al., 2017). At the 

end of the 2-month exposure, we found that Cu (+23%) levels in the olfactory bulb were 

significantly higher in the high-dose than the control group (Figure 2; p=0.004).

Zn (−26%) and Se (−27%) levels were significantly lower in the low-dose than in the control 

group (p=0.01 and p=0.04, respectively; Figure 2).

3.4. Anterior frontal cortex metal levels

In rodents, the anterior frontal cortex includes the prefrontal cortex, which, while less 

developed than in the human brain, is implicated in complex cognitive tasks and executive 

function (Bizon et al., 2012). Moreover, this region is involved in the control of the muscles 

of the jaw, lips, tongue, rhinarium and vibrissa (Ebbesen et al., 2018). As illustrated in 

Figure 3, we found a significant accumulation of Cu (+14%; p=0.03) and Zn (+14%; 

p=0.01) in the anterior frontal cortex of the high-dose group, while Sr was increased in both 

exposure groups (+39%; p=0.01; and +38%; p=0.02, respectively). In contrast, Se (−14%) 

and Mn (−9%) were both significantly decreased in the low-dose group (p=0.03 for both) as 

compared to the controls. In agreement with the data found in the olfactory bulb (Figure 2), 

this indicates that while accumulation of metals in the low-dose group was not significant 

(except for Sr), clear signs of metal dyshomeostasis are observed for some essential metals 

with some degree of tissue-specificity, as Zn and Se were also depleted in the olfactory 

bulb while Mn was depleted in the anterior frontal cortex (Figure 3). In contrast, Pb (−24%; 

p=0.04) levels were significantly decreased in the high-dose group as compared to controls.

3.5. Striatum metal levels

The striatum exhibited the most widespread and striking changes in metal levels following 

e-cigarette aerosol exposure. This brain area, which is critical to movement control, action 

selection and reward learning (Prager and Plotkin, 2019), demonstrated significant increases 

in both the low- and high-dose groups for several metals as well as increases in the high

dose group alone for others (Figure 4). Dose-dependent increases occurred for Cu (+16 and 

42%; p=0.02 and 0.001, respectively for low- and high-dose), and Sr (+83 and 99%; p=0.01 

and 0.003, respectively. As (+43 and 36%, in the low- and high-dose group, respectively; 

p=0.01 for both) was increased in both dose groups. Metals which exhibited increased levels 

in the high-dose group alone include Fe (+26%; p=0.01), Mn (+18%; p=0.05), Pb (+185%; 

p=0.01), and Se (+31%; p=0.02). With the exception of Se, for which levels of the low-dose 

group were lower than those of the control (though not significantly), all median metal levels 

were higher in the low- and high-dose groups than in the control group indicating metal 

accumulation in the striatum.

3.6. Ventral midbrain metal levels

The ventral midbrain contains almost 75% of all dopaminergic neurons in the adult CNS in 

two main dopaminergic structures, the substantia nigra and the ventral tegmental area, which 

are, respectively, crucial for movement control and reward cognition (Hegarty et al., 2013). 

The substantia nigra is known to accumulate metals with age and to have increased metal 
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levels in neurodegenerative disease conditions such as Parkinson’s disease (Bjørklund et al., 

2020; Jiang et al., 2019). A significant accumulation in the low-dose group was found for Ni 

(+39%; p=0.04) and Sr (+87%; p=0.01) (Figure 5).

We also observed a depletion of two metals essential for physiological antioxidant enzyme 

function: Se (−14% in both dose groups; p=0.04 and p=0.03, in the low- and high-dose 

group, respectively) and Zn (−7% in the high-dose group; p=0.04).

3.7. Metal levels in other mouse CNS areas

Metals with neurotoxic potential also significantly accumulated in other CNS areas. In the 

motor-somatosensory cortex, we observed increases in Cr (+61% in the low-dose group, 

+112% in the high-dose group; but increases were significant only in the low-dose group 

with p=0.04 and p=0.07, respectively) and Pb (+259% in the low-dose group; p=0.01) levels 

(Figure S1). In the Cb, we observed increases in Zn (+8%; p=0.05) levels for the high-dose 

group (Figure S2). In the brain stem, we observed increases in Fe (+20%; p=0.003) and Pb 

(+126%; p=0.04) levels for the high-dose group (Figure S3). In the spinal cord, we observed 

increases in Ni (+28%; p=0.05) levels in the low-dose group (Figure S4).

We also measured metal levels in the pooled remaining brain (Figure S5), which notably 

includes the rest of the parietal and occipital cortex, the hippocampus, the thalamus, 

hypothalamus and basal forebrain. We found significant increases in both dose groups for Fe 

(+17% and +10%; p=0.004 and 0.04, for low- and high-dose groups, respectively), Mn (+9% 

and +14%; p=0.04 and 0.02 for low- and high-dose groups, respectively) and Zn (+11% and 

+13%; p=0.01 and 0.003). The pooled remaining brain also revealed significant increases for 

the high-dose group for As (+15%; p=0.03), Cu (+13%; p=0.03) and Se (+17%; p=0.001). 

This suggests that these brain areas exhibit significant metal level increases after only 2 

months of exposure that deserve to be studied separately in future investigations.

Significant decreases in various metals (essential or not) were observed in the spinal cord: 

As (−19% and −15%; p=0.01 and 0.04 in the low- and high-dose group, respectively), Cu 

(−14% and −11%; p=0.02 and 0.04), and Se (−16% and −12%; p=0.01 and 0.02) (Figures 

S4).

3.8. Distribution and bioaccumulation of metals

The concentrations of the different metals measured in this study vary substantially (up 

to 6 orders of magnitude) within given tissue samples and to a lesser but still remarkable 

extent (up to 1 order of magnitude) for the same metal across CNS areas (see range of 

detection for each metal across treatment groups given in Table 2). The high variability in 

concentration between different metals can primarily be attributed to whether the metals are 

essential elements, which have important biological roles and are typically present at high 

endogenous levels, like Zn or Cu, or xenobiotic metals, which do not have a biological role 

and are typically present at trace levels, like As or Pb. For the same metal the variability 

between CNS areas and treatment groups, can be extensive e.g., 8–24 μg/g (range of values 

reported for Zn in Table 2; see also Figure S13). If we take the example of Zn in controls, 

levels are much lower in the ventral midbrain, brain stem and spinal cord (~10 μg/g) as 

compared with the upper and more anterior areas of the brain like the olfactory bulb, 
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striatum, cortex (~16 μg/g). Others have previously reported an important variability of Zn 

levels in mouse brains (Tonge, 2017). The origin of Zn level variability between CNS areas 

remains elusive. However, we can hypothesize that it is driven by variable levels in Zn 

binding proteins between these diverse areas, knowing that most Zn is protein-bound in the 

brain (Portbury and Adlard, 2017).

To characterize better how the various metals partition and accumulate differently in the 

same tissue and how the same metal partitions and accumulates differently across the CNS, 

we calculated for each metal-tissue combination the following “partitioning ratio:”

R = cℎigℎ − ccontrol
caerosol

(2)

where chigh and ccontrol are the mean metal concentrations of the high-dose and control 

group, respectively, and caerosol is the metal aerosol concentration.

For xenobiotic metals with no biological roles, we would typically expect R to be smaller 

than one, because only a fraction of the inhaled aerosol is absorbed by the body and the 

complex pharmacokinetic processes within the mouse body can be expected to lower the 

levels of metals that reach the brain even further. However, if a metal is not eliminated 

efficiently upon absorption, it will, upon repeated exposure, bioaccumulate, and the ratio 

may become higher than one. For most endogenous essential metals that are not particularly 

concentrated in e-cigarette aerosol, we would expect the ratio to be greater than 1 and 

to potentially increase upon repeated exposure. Metal-tissue combinations for which the 

ratio according to Equation (1) is high and positive will be indicative of enhanced 

bioaccumulation of the metal in the tissue. A negative ratio means that the tissues exposed to 

e-cigarette aerosol have lower metal levels than the controls indicating that higher exposure 

levels trigger extrusion of specific metals probably due to compensatory mechanisms linked 

to increase in other metal levels.

Figure 6 shows the ratio according to Equation (1) for all metal-tissue combinations 

for which the ratio is significantly positive (confidence intervals do not include 0). As 

illustrated, Cu shows the highest potential for bioaccumulation (~1,000 fold) in the striatum 

and the anterior frontal cortex, followed by Fe (~100 fold) in the striatum and the brain 

stem. In the same range, Se and Zn bioaccumulate (~50–100 fold) in the anterior frontal 

cortex, and Se in the striatum (~100 fold). Sr bioaccumulates (~5–10 fold) in the anterior 

frontal cortex and striatum, suggesting that these two brain structures important in executive 

functions and connected by frontostriatal circuits (Alexander et al., 1986) are metal sinks 

following e-cigarette aerosol exposure. Finally, As levels in the striatum and brain stem, 

respectively, were similar to those in the aerosol (R=1).

We also performed principal component analysis (PCA) with results shown in Section A 

in the Supplementary Material. Overall, PCA of the distributions of metals in the 15 mice 

confirmed the dose responses observed in the box plots for certain metals individually.
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4. DISCUSSION

4.1. Metal accumulation in CNS

We provide the first experimental evidence that a relatively short sub-chronic exposure (2 

months, twice a day, 5 days a week) to e-cigarette aerosol causes significant accumulation 

of various neurotoxic metals in several areas of the mouse CNS, most notably the striatum 

and anterior frontal cortex. The metals showing accumulation in at least one part of the brain 

included As, Cr, Cu, Fe, Mn, Ni, Pb, Se, Sr and Zn (Table 2).

It remains unclear whether the metal- and region-specific accumulations that we observed in 

the brain of mice exposed to e-cigarette aerosol are only due to increased entry or also to 

impaired elimination. Most metals (like Mn and Fe) are known to accumulate in the brain 

due to their slow excretion in this organ, a key determinant in their preferential neurotoxicity 

(Fernsebner et al., 2014). Metals are slowly eliminated from the brain because, in contrast 

to their entry, facilitated by specific transporters, metal efflux is not mediated by carriers 

but rather dependent on slow diffusion process controlled by bulk cerebrospinal fluid flow 

(Yokel et al., 2003; Zheng et al., 2003). One exception is Pb which was proposed to be 

pumped out of the brain back to the circulation via a Ca2+ -ATPase (Deane and Bradbury, 

1990).

Overall, the metals we found to be significantly increased in blood from exposed mice 

(Table 1) (Cr, Fe, Mn, and Se) were different from those increased) in olfactory bulb 

(Figure 2) (Cu only). Remarkably, metal concentrations in blood and olfactory bulb were 

not predictive of these metal levels in other CNS structures. In our metal bioaccumulation 

analysis (Figure 6), we observed that some metals accumulated to comparable extent in 

brain areas interconnected by axonal projections (e.g., Cu in olfactory bulb and striatum 

(Hintiryan et al., 2012) and Se and Sr in striatum and anterior frontal cortex (Alexander et 

al., 1986). However, this was not the case for most metals, whose levels were dissimilar 

and not predicted either by anatomical or functional connections. We conclude, therefore, 

that upon exposure to e-cigarette aerosol metal mixtures, CNS area-specific metal content 

is likely determined by a complex interplay between several routes of metal entry, local 

mechanisms of metal retention and elimination, as well as potential positive and negative 

interaction between metals sharing common or interrelated metabolic pathways, for example 

those reported for Mn and Fe, Mn and Pb, As and Pb, or As, Mn and Pb (Chen et al., 2016; 

Fitsanakis et al., 2010). These interactions potentiate synergistic neurotoxic effects in rodent 

models (Chen et al., 2016) that may be particularly relevant to brains exposed to e-cigarette 

aerosol especially those striatal area where these 4 metals (As, Fe, Mn and Pb) were all 

found to be significantly increased (Figure 4). In future studies, it is important to determine 

the potential deleterious effect(s) of chronic e-cigarette on the blood brain barrier (Heldt et 

al., 2020) and nasal epithelium integrity (Sunderman, 2001) and how this many influence the 

balance between metal CNS entry and elimination.

Toxic metals accumulation in tissues can also be modified by essential element abundance in 

the diet. Such interactions were found to occur between Ni and Cu, As and Cu, and As and 

Mn in rats exposed to toxic and essential dietary metal excess (Elsenhans et al., 1987). As 

e-cigarette aerosol contains elevated levels of both toxic and essential metals, competition 
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between them may have occurred in our experimental paradigm and this may account for 

some of the variability in metal accumulation across the various CNS areas investigated.

Many of the metals we found to accumulate in e-cigarette aerosol-exposed mouse CNS are 

well known for their neurotoxicity. For instance, chromium overexposure causes dizziness, 

headaches and weakness in humans (Lieberman, 1941) and decreased locomotor activity 

in rodents (Salama et al., 2016), although the long-term neurotoxic effects of chronic 

moderate exposures in humans and animal models are not well characterized. Cr levels 

were significantly increased in the motor-somatosensory cortex and almost significantly 

increased in the ventral midbrain and brain stem (Figure S6b). In the present study, we 

measured total Cr, but this metal mainly occurs in two stable forms: Cr(III) and the more 

toxic Cr(VI) (Outridge and Scheuhammer, 1993). In future work, it will be important to 

perform Cr speciation analysis on e-cigarette aerosol to untangle the effects of Cr valencies. 

Such work is challenging, however, as after crossing biological membranes and entering 

cells, Cr(VI) is rapidly reduced to Cr(III) with corresponding generation of reactive oxygen 

species (Petrilli et al., 1986). Inhaled Cr can be transported directly to the brain via the 

olfactory and trigeminal nerve pathway, and studies in mice and rats have demonstrated that 

60% increases in brain Cr at levels similar to those we measured (0.1 μg/g) were associated 

with oxidative stress, gliosis and neurodegeneration (Salama et al., 2016; Travacio et al., 

2001).

Copper is an essential element with neurotoxic oxidative potential at both high and low 

levels (Bulcke et al., 2017). Cu levels were increased in the olfactory bulb, anterior frontal 

cortex, striatum and remaining brain (Figure S7a). Among those, the 42% Cu increase in 

the striatum at high dose is particularly worrisome, because smaller increases (~+29%) had 

profound deleterious effects on mood-related and movement behaviors in a mouse model of 

Wilson’s disease (Han et al., 2020), a genetic disorder leading to Cu deposition in multiple 

brain regions including the dorsal striatum, thalamus, brain stem, and frontal cortex (Brewer 

and Yuzbasiyan-Gurkan, 1992; Meenakshi-Sundaram et al., 2008). Although the maximal 

increase that we measured in Zn levels in the anterior frontal cortex (+14.5%) of mice 

exposed to e-cigarette aerosol is not predicted to be neurotoxic based on previously studies 

(Luo et al., 2009), Cu was also found to accumulate in the anterior frontal cortex. This 

co-occurrence of Zn and Cu in the anterior frontal cortex could be relevant since some 

calcium channels involved in epilepsy (Cav2.3) are tightly controlled by endogenous trace 

metal cations like Cu2+ and Zn2 (Alpdogan et al., 2020), and the progressive accumulation 

of these 2 essential metals in vulnerable regions of the brain could potentially explain the 

increased frequency of epileptic seizures reported among some e-cigarette users (Wharton et 

al., 2020).

Iron is highly redox active essential metal that, via the Fenton and Haber Weiss reaction, 

can generate damaging free radicals (Kanti Das et al., 2014). Thus, Fe levels are highly 

regulated physiologically (Kozlowski et al., 2014). In the high-dose group, Fe showed 

the greatest increase in the striatum (+27%) followed by the brain stem (+20%). Fe also 

increased in both dose groups in the remaining brain (+17 and +10%). Consistent with the 

highest increase in the striatum observed in this study (Table 2), others reported iron oxide 

nanoparticle accumulation in the striatum following experimental inhalation exposure (Imam 
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et al., 2015; Wu et al., 2013). This is plausible since some of the Fe in the e-cigarette aerosol 

might have been present as nanoparticles, a conclusion supported by a microscopic analysis 

of e-cigarette aerosol (Williams et al., 2013). The Fe increases we observed are of concern 

since two studies that exposed rodents orally to 2.5 mg/kg Fe-succinate demonstrated that 

a reported 16% increased Fe accumulation in the CNS resulted in long-lasting learning 

memory deficit in rats (Schröder et al., 2001) and a locomotion deficit in mice (Fredriksson 

and Archer, 2003).

Manganese is an essential element that at high levels can cause “manganism”, a disorder 

resembling Parkinson’s disease, and is suspected to be implicated in the etiology of several 

neurodegenerative diseases (Bowman et al., 2011). Similar to our findings for Cu and Fe, the 

highest increase of Mn occurred in the striatum (+18%) which is known to be particularly 

rich in divalent metal transporter 1 (DMT-1), explaining why divalent metals (e.g. Cu2+, 

Fe2+, Mn2+, Pb2+) tend to accumulate in this structure (Burdo et al., 1999). Consistent with 

our findings, Mn is known to reach primarily the striatum and the prefrontal cortex upon 

inhalation (Antonini et al., 2010; Elder et al., 2006; Ye and Kim, 2016). Of concern, similar 

accumulation of Mn in the CNS (+19%) resulted in significant locomotor and emotional 

deficits, as well as glial activation in mice chronically exposed to Mn via drinking water 

(Krishna et al., 2014). Several studies in wild-type, Alzheimer’s model and aging mice 

reported that increased DMT1 expression could also explain the accumulation of Fe in the 

mouse pre(anterior) frontal cortex; for review see (Ingrassia et al., 2019).

Lead is especially neurotoxic in the developing brain. Numerous human studies report 

adverse effects of childhood Pb exposure on IQ and cognition, and experimental studies in 

rodents and nonhuman primates demonstrated that developmental Pb exposure is linked to 

the development of Alzheimer disease later in life (Caito and Aschner, 2017). We found the 

highest increase in Pb levels in the striatum (+185%), followed by the brain stem (+126%). 

Comparable percentage increases of Pb in the CNS (+200%) were reported to cause glial 

inflammation in the brain of developmentally-exposed mice (Li et al., 2015).

Levels of other metals including Ni (+39%) and Sr (+99%) were significantly increased 

in the CNS of e-cigarette aerosol-exposed mice (Table 3). However, these data are more 

difficult to interpret due to the limited literature. For instance, intraperitoneally injected 

Ni(II) oxide nanoparticles triggered signs of neuronal injury at levels at which there were 

no significant increases in brain Ni levels (Minigalieva et al., 2015). Even though another 

study identified Ni nano-particles in e-cigarette aerosol (Williams et al., 2013), it is unclear 

whether e-cigarette aerosol-borne Ni was present in the Ni(II) oxidation state. Experimental 

studies in mice that investigated Ni neurotoxicity utilized high exposure levels, leading to 

massive increase of brain Ni (+102%) (He et al., 2013); we observed some more modest 

increases in the present study (maximum of +39%; Table 2). For Sr, while its role in 

synaptic release and neurotransmission has extensively been studied (Zhang et al., 2017) and 

subchronic Sr exposure was reported to cause paralysis of the hindlimbs in weanling male 

rats (Johnson et al., 1968), we found no measurement of Sr levels in mouse CNS wet weight 

tissue or any report of quantitative Sr changes associated with adverse effects that might 

help valiancy the potential neurotoxicity of the increased Sr levels observed (+99% in the 

striatum; Table 2). In mouse brain, dry weight tissue Sr was reported to average 0.37 μg/g 
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dry and rat brain about 0.30 μg/g dry (Takahashi et al., 2001). The only direct comparison 

we can make is that the levels of Sr we measured here in the CNS (0.09–0.6 μg/g wet) 

are overall below or equal to levels reported in rat brain (0.5 μg/g wet) (Skoryna, 1981) or 

human brain tissue (~0.263–0.281 μg/g wet) (Cilliers and Muller, 2020).

Other metals like As, Se and Zn significantly accumulated in mouse brain upon e-cigarette 

aerosol exposure (Table 2) but their respective increases were not predicted to have 

neurotoxic consequences based on previous experimental studies in mice (Luo et al., 2009; 

Panter et al., 1996; Yang et al., 2013).

4.2. Metal depletion in CNS

While overall e-cigarette aerosol-mediated metal depletions were less striking than metal 

accumulations in our study, depletion of essential metals and sometimes xenobiotic metals 

was observed in several areas.

Regarding essential metals, in the olfactory bulb, Se depletion (−27%) reached levels close 

to those previously reported to be of neurotoxic concern with respect to Huntington’s 

disease (Huntington’s disease; −30%) (Lu et al., 2014; Watanabe and Satoh, 1994). The 

olfactory bulb is one of the brain regions with the highest expression of selenoproteins 

(Zhang et al., 2008), which are known to counteract the toxicity of heavy metals by 

sequestering them and limiting metal-catalyzed oxidative stress. Se was also significantly 

depleted, but to a lower extent than in the olfactory bulb), in the anterior frontal cortex 

(low dose), ventral midbrain (both doses), brain stem (low dose), and spinal cord (both 

doses) (Figure S10a). Our data suggest that Se-dependent detoxification mechanisms could 

be impaired in the olfactory bulb and in key executive and motor control regions of the CNS 

of e-cigarette exposed subjects.

Likewise, we found significantly decreased Cu levels in the spinal cord of exposed mice 

(~−14%) at the two exposure doses, a value close to the −20% decrease in brain Cu levels 

reported in Menkes disease (an early fatal copper metabolism disorder) patients and mouse 

models (Bulcke et al., 2017). Zn depletion was also near significant in the spinal cord and 

significant in the ventral midbrain and olfactory bulb, where it was the highest ~−26% (see 

Table 2 and Figure S13b).

Finally, Mn showed a significant depletion in the anterior frontal cortex only at the low dose 

(−9%; Table 2) and this level of depletion is not predicted to have neurotoxic consequences 

based on previous data that showed adverse effects are reached at more profound levels 

of depletion (Frazzini et al., 2018). In contrast with Se, Cu and Zn, Mn depletion was 

only observed at low dose and in a single area. At higher dose Mn rather tends to or 

significantly accumulates in most CNS areas (Figure S8a). Therefore, in the context of 

long-term exposure to e-cigarette aerosol we can anticipate that accumulation rather than 

depletion of Mn may become a problem.

Regarding non-essential metals, Pb was found to be significantly decreased in the high dose 

exposure group in the anterior frontal cortex (Figure 3). In this brain area, all other metals 

rather tended to accumulate, this raising suspicion that selective depletion of Pb in the 
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anterior frontal cortex may be due to the activation of regionally expressed Ca2+ -ATPases 

that pump Pb selectively out of the brain back to the circulation (Deane and Bradbury, 

1990). Longer chronic exposure studies may indicate whether this depletion is maintained 

over time.

Arsenic is the only other xenobiotic metal that was significantly decreased in the cerebellum 

and brainstem (low dose) and in the spinal cord (both doses) of e-cigarette aerosol-exposed 

mice compared to controls (Figure S6a). As depletion appeared to be always coupled to 

a decrease in Se, although it was significant in the brainstem (Figure S3) and spinal cord 

(Figure S4) but not in the cerebellum possibly due to an outlier (pink mice; Figure S2). 

Interestingly, Se and As chemical properties such as valence shells, electronic structures and 

atomic radii are very similar, and both are known to be substrates of the same transporters 

and exporters (Rosen and Liu, 2009). Therefore, we can hypothesize that As elimination/

detoxification mechanisms could be responsible for a concurrent Se depletion.

4.3. Summary

Cr, Cu, Fe, Mn and Pb accumulated in the CNS at levels comparable to those previously 

associated with neurotoxic effects ranging from cognitive and/or motor deficits to 

pathological insults. These metal accumulations are of neurotoxic significance individually. 

The accumulation of Cu, Fe, Mn and Pb at neurotoxic levels in the striatum of mice 

exposed to e-cigarette aerosol is concerning for brain health of e-cigarette users and 

bystanders because (1) the doses we used in these animal experiments are based on 

environmental e-cigarette aerosol levels, and (2) both in the mouse and human brains the 

olfactory system is highly connected to the ventral and dorsal striatum (Zhou et al., 2019). 

In addition to being implicated in late-onset neurodegenerative diseases like Parkinson’s 

disease, Huntington’s disease, frontotemporal, and semantic dementia (Halabi et al., 2013; 

Nopoulos, 2016; Zhai et al., 2018), dysfunctions and damages to the striatum are involved 

in a myriad of neurological disorders including addiction, bipolar disorders, depression, 

obsessive compulsive disorders and autism spectrum disorders (Báez-Mendoza and Schultz, 

2013; Prager and Plotkin, 2019; Zhai et al., 2018; Ztaou and Amalric, 2019). Concurrent 

metal increases could exacerbate neurotoxic consequences due to metal-metal interactions.

Levels of As, Se and Zn in exposed animals were well below currently known neurotoxic 

thresholds. However, it is possible that more prolonged exposures or higher exposure levels 

could result in exceedance of these thresholds.

Metal accumulation was also accompanied by essential metal depletion across the CNS. 

Remarkably, depending on the CNS area investigated, we observed the same metals (e.g. 

Se and Zn) being either increased (both bioaccumulated +50–100-fold in the anterior 

frontal cortex) or decreased (both −26–27% in the olfactory bulb). For each essential metal, 

maximal depletion was observed in the olfactory bulb for Se and Zn, anterior frontal cortex 

for Mn, ventral midbrain for Zn, and spinal cord for Cu (Table 2). Among those essential 

metal depletions, none reached levels previously described to be neurotoxic, though almost 

for Se and Cu.
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In conclusion, the main neurotoxic risk of e-cigarette use identified in this experimental 

animal study pertains to metal accumulation in the striatum, the frontal cortex (anterior 

frontal cortex and motor-somatosensory cortex), and the ventral midbrain. These CNS 

areas known to be vulnerable to metal excess are involved in serious neurological 

disorders (e.g., bipolar disorders and depression) and neurodegenerative diseases (e.g., 

Alzheimer’s, Parkinson’s and Huntington’s diseases) previously linked themselves to metal 

dyshomeostasis (Chen et al., 2016; Cicero et al., 2017; Sussulini and Hauser-Davis, 2018).

4.4. Limitations

A limitation of this study is the relatively small sample size. In this context, correcting for 

multiple comparisons, e.g. using the Bonferroni correction, is challenging. Moreover, the 

different brain tissues and metals are not independent from each other. Larger animal studies 

are needed to conduct more complex analyses.

4.5. Future studies

This manuscript demonstrates that sub-chronic exposure to e-cigarette aerosol can induce 

significant CNS metal dyshomeostasis. Additional studies are needed to investigate the 

neurotoxic consequences of the e-cigarette aerosol-mediated metal accumulations in the 

CNS at the behavioral and pathological levels. Future work should investigate whether 

chronic exposure to e-cigarette aerosol leads to neuroinflammation, neurodegeneration and 

influences the expression and or the activity of enzymes involved in metal metabolism. 

Other neurotoxic components in e-cigarette aerosol include aldehydes and nicotine, and the 

health impacts of these compounds together with metals needs to be untangled to identify 

the e-cigarette aerosol components and mixtures with highest neurotoxic risk. Findings from 

our study may enable public health authorities and policy makers to evaluate the potential 

detrimental human health effects of neurotoxic metal exposures from e-cigarette use, as well 

as inform e-cigarette users and bystanders about potential neurotoxic health risks.
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As Arsenic

C Carbon

Cr Chromium

Cu Copper
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Ga Gallium

Ir Iridium

Pb Lead

Lu Lutetium

Hg Mercury

Mn Manganese

Ni Nickel

QC quality control

Rh rhodium

Sb Antimony

Se Selenium

Si Silicon

Sn Tin

Sr Strontium

Tl Thallium

U Uranium

V Vanadium

W Tungsten

Zn Zinc

CNS Central Nervous System

DRC dynamic reaction cell

ICP-MS inductively coupled plasma mass spectrometry

MDL Method detection limits

MQL Method quantitation limits
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Figure 1: E-cigarette aerosol metal content.
The levels of 15 metals/metalloids in e-cigarette aerosol were measured by ICP-MS using 

the identical e-cigarette device, coil type and puff/interpuff timing as that used in the 

animal exposures. The three different symbols (□o x) depict results from three independent 

measurements.
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Figure 2: E-cigarette aerosol-mediated metal level changes in the olfactory bulb.
For each metal, box plots are shown for metal concentrations measured in the five mice in 

the control (green), low dose (orange) and high dose (red) exposure groups. Each individual 

mouse within a group is identified by a different color. For each box plot, the number 

of samples (after outlier removal) ranges between 3 and 5 as indicated by the number of 

datapoints. Height of box delineates inter quartile range, and the horizontal line the median. 

Below MDL measurements are indicated by a square, above MDL by a circle.
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Figure 3: E-cigarette aerosol-mediated metal level changes in the anterior frontal cortex.
For each metal, box plots are shown for metal concentrations measured in the five mice in 

the control (green), low dose (orange) and high dose (red) exposure groups. Each individual 

mouse within a group is identified by a different color. The number of samples (after outlier 

removal) ranges between 3 and 5 for each box plot as indicated by the number of datapoints. 

Below MDL measurements are indicated by a square, above MDL by a circle.
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Figure 4: E-cigarette aerosol-mediated metal level changes in the striatum.
For each metal, box plots are shown for metal concentrations measured in the five mice in 

the control (green), low dose (orange) and high dose (red) exposure groups. Each individual 

mouse within a group is identified by a different color. The number of samples (after outlier 

removal) ranges between 4 and 5 for each box plot as indicated by the number of datapoints. 

Below MDL measurements are indicated by a square, above MDL by a circle.
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Figure 5: E-cigarette aerosol-mediated metal level changes in the ventral midbrain.
For each metal, box plots are shown for metal concentrations measured in the five mice in 

the control (green), low dose (orange) and high dose (red) exposure groups. Each individual 

a mouse within group is identified by a different color. The number of samples (after outlier 

removal) ranges between 3 and 5 for each box plot as indicated by the number of datapoints. 

Below MDL measurements are indicated by a square, above MDL by a circle.
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Figure 6: Partitioning ratio R.
This ratio defined in Equation (1) quantifies the ratio between the mean metal level in 

a given tissue type from mice exposed to the high e-cigarette dose (relative to mean 

metal level in the control group) and the aerosol metal level. High R values indicate 

bio-accumulation. Vertical bars indicate 95% confidence intervals. Values are shown only 

for metal-tissue combinations for which R is significantly positive.
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Table 1:
Mouse blood metal levels at the end of the 2-month exposure.

Mean (standard deviation) of the concentrations of 10 metals measured by ICP-MS in mouse blood are 

reported here.

Control Low dose High dose

As 3.10 (0.23) 2.77 (0.38) 3.22 (0.48)

Cr 1.37 (0.02) 1.93 (0.50)* 1.79 (0.36)*

Cu 565 (43) 587 (11) 565 (20)

Fe 323371 (20557) 330330 (21408) 345403 (7497)*

Mn 8.53 (1.61) 10.89 (0.19)* 9.48 (0.11)

Ni 3.25 (0.65) 3.69 (0.06) 4.22 (1.49)

Pb 1.29 (0.73) 1.65 (0.66) 0.85 (0.05)*

Se 535 (33) 591 (55)* 562 (67)

Sr 16.5 (1.9) 17.4 (2.0) 17.9 (0.2)

Zn 4666 (565) 4381 (308) 5101 (666)

Data are expressed in μg/L. Boldface indicates a statistically significant difference between an exposed group and the control group.
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Table 2:
Summary of measured metal changes and literature-predicted neurotoxic significance.

Ranges of metal levels detected in this study for each metal across groups (control and exposed) throughout 

the central nervous system (CNS) are given in μg/g of wet tissue (first column).

Accumulation-induced toxicity Depletion-induced toxicity

Range of levels 
μg/g) detected 
in our study

Max increase 
measured

Known 
published 
neurotoxic 

increase

Reference Max decrease 
measured

Known 
published 
neurotoxic 
decrease

Reference

As 0.005–0.014 44% ST 1000% Luo 2009 N/A _ _

Cr 0.01–0.35 61% MSCx 60% Travacio 2001; 
Salama 2016 N/A _ _

Cu 2.5–7.0 42% ST 29% Han 2020 −14% SC −20% Bulcke 2017

Fe 12–47 26% ST 16% Schröder 2001; 
Fredricksson 2003 N/A – –

Mn 0.30–0.75 18% ST 19% Krishna 2014 −9% AFCx −33% Moldovan 
2015

Ni 0.01–0.25 39% VM 0–102% Minigalieva 2015; 
He 2013 N/A _ _

Pb 0.0005–0.0170 259% MSCx 200% Li 2015 N/A

Se 0.15–0.35 31% ST 150% Panter 1996 −27% OB −30% Lu 2014; 
Watanabe 1994

Sr 0.007–0.600 99% ST ND Johnson 1968 N/A _ _

Zn 8–24 14.5% AFCx 34% Yang 2013 −26% OB −50% Frazzini 2018

The maximal significant increases and decreases we measured are expressed in % of unexposed controls with indication of the CNS areas 
where they were observed (AFCx=anterior frontal cortex; MSCx=motor-somatosensory cortex; OB=olfactory bulb; SC=spinal cord; ST=striatum; 
RB=remaining brain; VM=ventral midbrain). Known CNS (in most studies total brain) increases and decreases previously reported to be associated 
with neurotoxic outcomes for each metal are also indicated in % of unexposed controls. Shades of red indicate the level of predicted neurotoxic 
significance: dark red=changes predicted to have a high likelihood of neurotoxic impact based on published data demonstrating toxicity at levels 
equal or inferior to those measured in our study; salmon=changes predicted to have potential neurotoxic consequences based on published data 
indicating toxicity at levels close to those measured in our study, or based on the remarkable increase of a xenobiotic metal know to be neurotoxic 
without determination in the literature of neurotoxic brain levels (ND=not determined). Blank rows= changes are either not significant or far below 
published toxic levels or “not applicable N/A”, i.e., decrease in these metals is not predicted to have any adverse consequences based on the 
xenobiotic nature of the metal.
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