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PREFACE 

The work presented in this doctoral thesis is the result of the research 

carried out between October 2017 and September 2021 in the Toxicology and 

Environmental Metabolomics research line from the Metabolomics 

Interdisciplinary Laboratory (MIL@b) group of the Department of Electronic, 

Electrical and Automatic Engineering (DEEEA) at the Universitat Rovira i 

Virgili (URV). MIL@b group is also a part of the Metabolomics Platform from 

the Institut d'Investigació Sanitària Pere Virgili (IISPV) and the Centre for 

Biomedical Research Network on Diabetes and Associated Metabolic Diseases 

(CIBERDEM). MIL@b, led by Prof. Xavier Correig, aims to develop 

metabolomic methods for biomedical and clinical applications. The active 

scientific research fields of MIL@b are a cross over between three disciplines: 

Analytical Techniques, Bioinformatics and Biomedical applications. The 

research conducted at MIL@b is of a high scientific standard with access to 

state-of-the-art mass spectrometry and imaging technology. 

This doctoral thesis has been supervised by Dr. Noelia Ramírez and Dr. 

Maria Vinaixa, being the first one of the Toxicology and Environmental 

Metabolomics research line centred exclusively to provide new insights into the 

metabolic alterations induced by thirdhand smoke (THS) exposure in mice and 

zebrafish embryos using untargeted metabolomic approaches. The Toxicology 

and Environmental Metabolomics research line, led by Dr. Noelia Ramírez, 

aims to characterize the health effects derived from the exposure to 

environmental contaminants, mainly focused on THS toxicants. The research 

derived from this research line has been granted by the European Commission 

(MSCA-2014-IFST-660034), the MINECO (IJCI-2015-23158 and TEC2015-

69076-P), the ISCiii (CP19/00060), La Caixa (SR19/0074), and the Secretaria 

d’Universitats i Recerca de la Generalitat de Catalunya through Carla Merino’s 

predoctoral grant with expedient numbers 2018 FI_B_00322, 2019 FI_B1 

00159, and 2020 FI_B2 00118. 
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ABSTRACT 

Thirdhand smoke (THS) is a form of passive exposure to residues of 

tobacco smoke that deposits, ages and remains in fabrics, surfaces, and airborne 

and settled dust particles long after smoking has ceased. THS toxicants can also 

be re-emitted into the gas phase or even react with oxidants and other 

atmospheric compounds to yield secondary contaminants, some of them with 

enhanced toxicity. This is the case of nicotine, the main alkaloid found in 

tobacco products, that reacts with atmospheric oxidants producing tobacco-

specific nitrosamines (TSNAs), among which are 4-(Methylnitrosoamino)-1-(3-

pyridinyl)-1-butanone (NNK) and N'-Nitrosonornicotine (NNN) both classified 

as carcinogenic to humans (Group 1) by the International Agency for Research 

on Cancer (IARC). Due to the intrinsic ubiquitous presence of THS residues, 

characterizing the impact of THS exposure on health has turned into a major 

public health issue, particularly in vulnerable populations such as young 

children. To date, THS-induced toxic effects have been proven in in vitro and 

in vivo murine models revealing alterations in multiple organ systems. Recent 

studies have also emerged to assess THS health effects during early 

development, but the molecular impact of THS at these stages is yet to be 

addressed.  Currently, the study of THS-derived toxicity effects is constrained 

to anticipated mechanisms, studied through targeted and rather reductionist 

methodologies that might overlook the intricate nature of complex pathways 

activated upon THS exposure. In this regard, THS research has not yet met the 

twenty-first century guidelines advocating to replace classical animal models 

and to apply high-throughput analytical techniques for broad biosystem 

characterization. 

In this scenario, the main objective of this doctoral thesis is to advance 

towards the characterization of molecular alterations induced by the exposure 

to THS. To accomplish this objective, we have applied advanced untargeted 

metabolomics approaches on two vertebrate models: mice exposed to THS 
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mimicking exposure of non-smokers living in smokers’ homes, and zebrafish 

embryos, an emerging model to study toxicity during early development. The 

ultimate goal of this thesis is to expand the current knowledge of THS-induced 

metabolic alterations to provide evidence and guidance for policy makers on 

tobacco regulation. 

In our murine model, we have characterized THS-derived metabolic 

disturbances in urine, as a valuable non-invasive diagnostic biofluid, and 

addressed the potential effect of THS in the kidney, a vital organ for which there 

is no previous evidence of the impact upon THS exposure. Using untargeted 

metabolomics based on liquid chromatography (LC)- and gas chromatography 

(GC)-mass spectrometry (MS) we have confirmed the absorption and 

metabolization of several tobacco compounds in THS-exposed mice which leads 

to the activation of different products involved in carcinogenesis. Tryptophan 

metabolism and kynurenine pathways have been shown to be disrupted in THS-

exposed mice, a mechanism that we hypothesize to be involved in previously 

described THS-derived behavioural disturbances. Our findings confirm urine 

as a suitable biofluid for human THS exposure biomonitoring. In addition, LC-

MS based untargeted metabolomics on kidney extracts of THS-exposed mice 

has revealed depleted levels of betaine—a renal osmoprotectant— and 

dysregulation in some metabolites from the pyrimidine pathway and for 

carnitine and acylcarnitines precursors. We have demonstrated these 

alterations to be reversed with an antioxidant treatment suggesting oxidative 

stress to be at the root of these changes. 

This thesis work pioneers on the use of a zebrafish embryo model to 

characterize THS toxicity in early development stages. We have demonstrated 

that the exposure of zebrafish embryos to different NNK concentrations induces 

mild teratogenic and embryotoxic effects. Using an untargeted LC-MS assay we 

have detected two NNK metabolism products namely, 4-Hydroxy-4-(3-

pyridyl)-butyric acid (HPBA) and 4-(Methylnitrosamino)-1-(3-pyridyl-N-
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oxide)-1-butanol (NNAL-N-oxide) likely resulting from activation of CYP450-

mediated α-hydroxylation and NNK detoxification pathways, respectively. On 

top of this, our enrichment assays show a disruption in purine and pyrimidine 

metabolisms and the base excision repair pathway indicating an activation of 

mechanisms aimed at removing small DNA lesions. Altogether our findings 

demonstrate the suitability of zebrafish embryos as a model to study THS 

toxicity during early development. Additionally, we have used comprehensive 

LC-MS based metabolomics to study the toxicity of the exposure to a combined 

mix of nicotine, NNK, and NNN at concentrations found in smokers’ house 

dust. This mixture produces an elevated incidence of phenotypic malformations 

and embryonic death in a concentration-dependent manner. However, we have 

not detected alterations in the vascular development of exposed alive embryos, 

as revealed by stable transgenic fli1:EGFP zebrafish embryos expressing green 

fluorescent protein (GFP). The combined action of nicotine, NNK and NNN at 

concentrations calculated considering an estimated involuntary dust ingestion 

of 100 mg/day has shown a sublethal metabolic impact on cysteine and 

methionine metabolisms as well as on some di- and tri- peptides. Furthermore, 

we have confirmed the absorption and metabolization of nicotine and NNK 

through α-hydroxylation pathway that leads to the formation of carcinogenic 

DNA-adducts that might eventually impact on health outcomes later in life. 

Finally, we have assayed the potentiality of using spatially resolved 

metabolomics in zebrafish embryos so as to shed light on the spatial location 

where these metabolic alterations are represented.  

Results from this doctoral thesis provide evidence on how untargeted 

metabolomics can advance the molecular characterization of THS-derived 

health effects expanding the current knowledge of THS toxicity. We have 

demonstrated that metabolic disturbances in mice caused by THS exposure can 

be monitored non-invasively in urine. We have also demonstrated the 

suitability of zebrafish embryos as an alternative early development model to 

study THS effects in vertebrates which is compliant with the twenty-first 
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century guidelines on toxicity testing. Altogether, these findings confirm THS 

as a hidden threat leading to detrimental health effects, pave the way to future 

THS toxicity studies that should validate results in humans, and provide useful 

evidence for policy makers on tobacco control. 
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The World Health Organization (WHO) reports that approximately 1.2 

million of annual deaths worldwide are derived from non-smokers exposed to 

secondhand smoke (SHS) [1]. SHS is a complex mixture of more than 7,000 

chemicals, including hundreds of toxicants and about 70 carcinogens, that are 

released in the form of gas and particles when tobacco burns (sidestream 

smoke) or when it is exhaled while smoking (mainstream smoke) [2]. Toxic 

agents in SHS includes among others hydrocarbons, N-nitrosamines, amines, 

aldehydes, and phenolic, organic and inorganic compounds [3].  

The Department of Health and Human Services of the United States 

published a report in 2010 validating that there is no risk-free level of exposure 

to tobacco smoke, considering that any exposure has a detrimental effect on 

people’s health. Main health outcomes of prolonged exposure to SHS in non-

smokers include increased risk of cancer, cardiovascular diseases, infections, 

and respiratory and reproductive problems [4]. 

Since the tobacco epidemic is one of the biggest public health threats [1], 

several policies have been implanted to reduce tobacco consumption and 

protect people from its exposure. Policies started soon after the first study 

linking smoking and lung cancer in 1954, evolving from health warnings on 

cigarette packs towards marketing restrictions, tobacco taxes, and smoke free 

laws [5]. The WHO Framework Convention of Tobacco Control (FCTC) was the 

first international health treaty to lead an international cooperation in 2003, 

currently with 181 countries involved, to protect present and future generations 

from the devastating health, social, environmental, and economic consequences 

of tobacco consumption and exposure to tobacco smoke [6]. Since the early 

2000s, several smoke free laws in public places and indoor environments have 

been implemented worldwide, even with strict smoking bans in indoor public 

places enforced in some countries such as Spain in 2011 [7]. Nevertheless, 

despite these efforts to protect the general population from tobacco smoke 
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exposure, the involuntary exposure of non-smokers to tobacco toxicants 

persists through the so-called thirdhand smoke (THS). 

Thirdhand smoke (THS) is a form of passive exposure to tobacco smoke 

gases and particles that deposit, age and remain in fabrics, surfaces, and 

airborne and settled dust particles long after smoking has ceased [8,9]. THS 

toxicants can also be re-emitted into the gas phase or even react with oxidants 

and other atmospheric compounds to yield secondary contaminants, some of 

them with increased toxicity. This is the case of nicotine, the main alkaloid in 

tobacco leaves and a distinctive marker of tobacco exposure, which reacts with 

ozone, nitrous acid and other atmospheric oxidants producing carcinogenic 

tobacco-specific nitrosamines (TSNAs) [10]. TSNAs are also produced during 

tobacco curing, fermentation, ageing and burning from their alkaloid 

precursors, persisting in THS [11]. N'-Nitrosonornicotine (NNN) and 4-

(Methylnitrosoamino)-1-(3-pyridinyl)-1-butanone (NNK) are the strongest 

carcinogens of all TSNAs present in tobacco products [12], being classified as 

carcinogenic to humans (Group 1) by the International Agency for Research on 

Cancer (IARC) [11]. Recently, a compound list has been compiled by our 

research group detailing the organic compounds detected in THS to date. This 

list of 95 THS compounds, published at the CompTox Chemicals Dashboard 

(DSSTox) of the United States Environmental Protection Agency (EPA) website, 

includes N-Nitrosamines, aromatic amines and hydrocarbons, polycyclic 

aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs), alkanes 

and alkenes, besides nicotine, nicotine derivates and TSNAs [13]. 

Unlike SHS exposure, which mainly occurs via inhalation while the 

cigarette is still burning, THS exposure occurs via multiple pathways during 

prolonged periods of time, including inhalation of resuspended particles, non-

dietary ingestion, and dermal absorption of settled particles [8]. Consequently, 

toddlers and young children are the most vulnerable population susceptible to 

THS exposure due to their mouthing behaviours, limited mobility, time spent 
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inside home, faster breath rate, lower body mass, and higher sensitivity of their 

developing organs [14]. Young children are also estimated to involuntary ingest 

about 100 mg of indoor dust per day, being twice the estimated value in adults 

and therefore being more exposed to THS toxicants in house dust [15]. 

However, THS is an overlooked threat for a large number of smoking parents 

who still believe that THS is not a risk to their children’s health and consider 

only exposure to SHS as dangerous [16,17]. In fact, children are still exposed to 

tobacco toxicants in their homes even if parents smoke in a separate room, 

balcony, or outside the home [18,19]. 

Efforts to protect the health of non-smokers from tobacco exposure, 

especially the most vulnerable ones, are undermined by the persistent nature of 

THS. Non-smokers who rent homes where smokers have lived can be 

involuntarily exposed to THS toxicants even two months after the last cigarette 

was smoked [20]. THS toxicants can even persist after a deep cleaning [21]. 

Previous studies also demonstrated the vast extent of tobacco pollution both in 

outdoor [22] and indoor environments, included those with strict smoking bans 

[23–25], giving THS a dimension of active and complex environmental 

contaminant. In fact, the environmental impact of tobacco has been an issue of 

growing concern during the last years, with evidence collected in a WHO 

monograph published in 2017 [26]. As stated in this WHO monograph, THS 

toxicants can end up in solid-waste landfills, dumps, wastewaters, or potentially 

endure after water treatment and worryingly contaminate drinking water. In 

this respect, more policies are still needed to eradicate all forms of tobacco 

exposure and protect the general population from its adverse effects. Further 

research in THS is also necessary to change THS beliefs, promote smoking 

cessation, encourage new smoking bans, enforce current smoke free policies, 

and increase community awareness about THS-related health risks. 
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1.1.1. Metabolism of tobacco-specific toxicants 

The study of the metabolism of tobacco-specific toxicants included in THS 

is key to understand the possible health effects derived from THS exposure. 

Here, we discuss the metabolism of nicotine, the main alkaloid in tobacco 

products [27], and NNK and NNN, the two strongest carcinogens of all TSNAs 

[12].  

After absorption, nicotine is extensively metabolized to a large number of 

metabolites by the liver, as it is illustrated in Figure 1 [28]. In humans, about 

70% to 80% of nicotine is converted to cotinine, being this the most widely used 

biomarker of nicotine intake [27]. This biotransformation involves two 

enzymatic reactions performed by cytochrome P450 (CYP450) enzymes in 

combination with a cytoplasmic aldehyde oxidase [27]. Most of the cotinine is 

subsequently transformed into trans-3′-hydroxycotinine also by CYP2A6 [29]. 

Nicotine-N-oxide is another primary metabolite of nicotine, whose 

biotransformation is mediated by a flavin-containing monooxygenase 3 

(FMO3) [27]. Nicotine and its metabolites can also be conjugated with 

glucuronic acid by the uridine diphosphate-glucuronosyltransferase (UGT) to 

be excreted by the kidneys [28].  

Although nicotine is not considered a carcinogen by the IARC, it can 

participate in carcinogenesis through inhibition of apoptosis and cell 

proliferation [30]. Moreover, nicotine is involved in tobacco addiction, 

inflammation promotion, adverse effects in the vascular system, reproductive 

toxicity and alterations in foetus brain development [27,31]. 
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Figure 1. Pathways of nicotine metabolism [28]. 
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Metabolism of both NNK and NNN is closely intertwined  sharing some 

intermediaries products, as is illustrated in Figure 2 [32]. After absorption, 

NNK is firstly reduced by the cytosolic carbonyl reductase or 11β-

hydroxysteroid dehydrogenase type 1 (HSD11B1) to its main metabolite 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), which is considered to 

have similar adverse health effects as its precursor [33]. The main detoxification 

pathway of NNAL and NNN is through their conjugation with glucuronic acid 

mediated by UGT enzymes. Glucuronidation of NNAL can occur at both the 

carbinol group, producing NNAL-O-glucuronide, and the pyridine ring 

nitrogen, producing NNAL-N-glucuronide, whereas glucuronidation of NNN 

occurs exclusively on the nitrogen on the pyridine ring, producing NNN-N-

glucuronide [34]. Pyridine-N-oxidation is a secondary pathway of NNK, NNAL, 

and NNN detoxification mediated by CYP450 enzymes, producing NNK-N-

oxide, NNAL-N-oxide, and NNN-N-oxide, respectively [35,36]. NNK and NNN 

require metabolic activation through α-hydroxylation to exert their 

carcinogenic effect. This reaction mediated by the CYP450 can lead to the 

formation of reactive intermediates that react with DNA forming methyl- (i.e., 

O6-mdG, 7-mdG), pyridyloxobutyl- (POB, O6-POB-dG) or/and 

pyridylhydroxybutyl- (PHB) DNA adducts which are critical in carcinogenesis 

[32,37–39]. Metabolites resulted from the α-hydroxylation pathway are 4-

hydroxy-1-(3-pyridyl)-1-butanol (diol), 4-oxo-4-(3-pyridyl)-1-butanol (HPB, 

keto alcohol), 4-oxo-4-(3-pyridyl) butyric acid (OPBA, keto acid), and 4-

hydroxy-4-(3-pyridyl) butyric acid (HPBA, hydroxy acid) [36,40].  
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1.1.2. Health outcomes derived from THS exposure 

1.1.2.1. THS effects on models 

To date, THS-induced toxic effects have been widely proved in in vitro and 

in vivo animal models, with health outcomes summarized in Table 1 indicating 

those effects found in adult models and in early exposure, as well as the 

described biomarkers THS-induced damage.  

In vitro studies have demonstrated the cytotoxic effect of THS [41–44]. In 

murine fibroblast and avian neurocytes, THS produced cytotoxicity in a 

concentration-dependent manner [41]. At concentrations where no cytotoxicity 

was observed, both acute and chronic THS exposure resulted in significant 

increases of DNA strand breaks in human liver cancer cells (HepG2) and 

oxidative DNA damage production in human lung epithelial cells (BEAS-2B) 

only for the chronic THS exposure, demonstrating the genotoxic effect of THS 

[45]. Recently, the same authors also demonstrated that THS-induced 

genotoxicity was accompanied with replication stress, an increase in 

transcription-blocking lesions, and a reduction in RNA synthesis suggesting 

formation of bulky DNA [46]. Genotoxicity was also detected in mouse neural 

stem cells and human dermal fibroblasts when simulating THS outdoor 

exposure in cars [43]. THS also produced mitochondria alterations at non-

lethal THS concentrations, causing stress-induced mitochondrial hyperfusion, 

upregulation of ATP levels, and increased mitochondria oxidative damage [47]. 

Furthermore, THS produced several metabolic alterations related with 

dysregulation in glutathione metabolism, a protector mechanism against 

oxidative stress,  in male reproductive murine cell lines [42]. 

In vivo studies on THS research have been performed in murine models, 

revealing the vast extent of THS-induced alterations at multiple organ systems. 

In THS-exposed mice mimicking human exposure, THS exposure stimulated 

collagen production and infiltration of pro-inflammatory cytokines into the 
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respiratory bronchioles, suggesting lung inflammation [48]. THS caused 

multiple alterations in the liver of exposed mice leading to hepatic steatosis and 

non-alcoholic fatty liver disease (NAFLD) [48]. As demonstrated in a later 

study, THS exposure induced hepatic steatosis by increasing reactive oxygen 

species (ROS) which produce molecular oxidative stress and cellular damage, 

downregulation of ATP levels, lipid peroxidation, and DNA damage in the liver 

[49]. A multiplatform metabolomics approach revealed dysregulations in 

several metabolic pathways including those related with oxidative stress and 

accumulation of lipid droplets with high levels of triglycerides in the 

hepatocytes of THS-exposed mice [50]. In addition, THS-exposed mice 

presented upregulated levels of fasting blood sugar and insulin resistance in the 

form of non-obese type II diabetes through THS-induced oxidative stress, 

which also led to abnormal lipid metabolism in the muscle, liver, and abdominal 

cavity [51]. Biomarkers of diseases were tested in exposed mice revealing 

increased circulating inflammatory cytokines, stress hormone epinephrine, 

liver damage biomarker aspartate aminotransferase (AST), oxidative stress 

with decreased levels of ATP corroborating THS-mediated mitochondrial 

dysfunction, among others, starting after the first month of exposure and 

progressively worsening with time [52] and with exposure dose level [53]. To 

confirm THS-induced oxidative stress, an antioxidant treatment was 

administered to THS-exposed mice revealing an improvement in THS-induced 

damage [49,51]. However, not all molecular alterations produced by THS 

exposure were reverted after an antioxidant treatment and even other 

alterations were observed in this model, indicating that THS exposure can 

provoke irreparable damages. [50]. THS-exposed mice also developed 

alterations in skin wound healing [48], whose mechanisms were described in a 

later study showing impaired collagen deposition, altered inflammatory 

response, and decreased angiogenesis and plasticity of the wound tissue in 

exposed mice [54]. Immune and hematopoietic system consequences were 

observed in exposed adult mice, including decreased platelet counts, increased 
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neutrophil counts, alterations in blood cell populations [55], enhanced platelet 

aggregation, and increased risk of thrombosis [56]. Behavioural disturbances 

were detected after THS exposure encompassing hyperactivity [48], anxiety, 

and memory loss [57]. A recent work conducted on THS constituents such as 1-

(N-methyl-N-nitrosamino)-1-(3-pyridinyl)-4-butanal (NNA), a possible 

specific marker of THS [10], has revealed abnormalities on the reproduction 

system in female mice with alterations in the relative ovary weight, the ovarian 

follicle number, and in the offspring of exposed mice [58]. 

Prenatal stages and early life childhood are critical developmental windows 

with high vulnerability to toxicants exposure that can lead to permanent 

adverse health outcomes later in life [14,59]. In this respect, recent studies have 

emerged to assess THS health effects in early development. Exposure to NNA 

produces abnormalities in the maturation and subsequent development of 

murine oocyte, comprising DNA damage, spine abnormal spindle morphology, 

altered epigenetic modifications, and oxidative stress mediated apoptosis [58]. 

In in utero exposure, NNA also produced reduced body weight and impaired 

ear opening, tooth eruption, and eye opening in the offspring of exposed 

pregnant mice [60]. Both NNK and NNA exposure resulted in the breakdown 

of alveolar epithelial-mesenchymal cross-talk in foetal rat lung explants [61]. A 

short-term early THS exposure simulating toddler exposure by accidental dust 

ingestion produced lung adenocarcinoma and increased tumour multiplicity 

and size in mice in adulthood [62]. Early life THS exposure in mice also 

produced changes in the immune system [63] and decreased bodyweight [55]. 

Postnatal exposure to THS strongly influenced the cecal microbial composition 

of exposed mice while pubescent and adulthood exposures only had minor 

effects, indicating that postnatal development is particularly susceptible to 

persistent THS exposure effects on the gut microbiome [64]. In zebrafish 

embryos, THS produced development delay and embryonic death [41]. 
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Table 1. Summary of THS-induced health damage in in vitro and in vivo animal 

studies. 

Studies Adulthood exposure Early exposure 

In vitro Cytotoxicity 

Genotoxicity 

Metabolic alterations in male 

reproductive cells 

Mitochondrial alterations 

Oxidative stress 

Replication stress 

Transcription impairment 

Lung cell damage 

 

In vivo Behavioural disturbances 

Immune system alterations 

Hepatic metabolic alterations 

Hyperglycaemia 

Insulinemia  

Lung inflammation 

NAFLD & hepatic steatosis 

Poor wound healing 

Female reproductive alterations 

Biomarkers of damage: 

AST upregulation 

ATP downregulation 

Epinephrine upregulation 

Inflammatory cytokines 

Oxidative stress 

Apoptosis 

Cecal microbiome alterations 

Decreased bodyweight 

Delayed development 

Embryo death 

Epigenetic modifications 

Immune system alterations 

Lung tumours 

Oocyte abnormalities 
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1.1.2.2.  THS effects on humans 

Most of the studies of THS exposure in humans are limited to the 

determination of specific biomarkers of exposure to THS toxicants, most of 

them on the single determination of cotinine in one or several biofluids. 

However, cotinine concentration itself is not enough to distinguish the type of 

tobacco exposure, which require the simultaneous determination of various 

tobacco biomarkers. In this regard and as a part of this doctoral thesis, we have 

carried out a critical analysis of the up-to-date literature focused on the 

simultaneous determination of multiple tobacco smoke biomarkers derived 

from SHS and THS exposure studied in different human biological matrices. 

This review is published in the International Journal of Environmental 

Research and Public Health [65] and included in Section 1.3. Biomarkers of 

exposure to secondhand and thirdhand tobacco smoke: Recent advances and 

future perspectives of this doctoral thesis. 

THS-derived health effects have been associated with respiratory 

symptoms in adolescents [66]. An increment in cough related-symptoms was 

also observed in children exposed to THS [67]. A recent study also indicates that 

THS exposure in children is related with infectious and respiratory illnesses 

that have been traditionally associated with SHS exposure [68], thus 

demonstrating that the mere presence of smokers in the homes would affect 

children health outcomes even if they do not smoke in their presence. In a 

controlled experiment with non-smokers that inhaled THS aerosol for 30 min, 

THS exposure caused nasal epithelial cell stress leading to the activation of 

survival pathways, including the activation of DNA repair pathways, increased 

cell proliferation, and increased mitochondrial activity. Some of the observed 

responses were consistent with stress-induced mitochondrial hyperfusion and 

similar to those demonstrated previously in in vitro studies [69]. Furthermore, 

different alterations in the gut microbiome were detected in THS-exposed 

infants admitted to a neonatal intensive care unit (NICU) [70]. THS also 

changed the abundance of several genera of microbiome known to be affected 
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by active smoking and SHS exposure, such as Corynebacterium, 

Staphylococcus, and Streptococcus, in exposed children [71]. The estimated 

cancer risk associated to the non-dietary ingestion of house dust samples 

polluted with THS was evaluated in non-smokers, revealing that at early life 

stage (1 to 6 years old) it exceeded the upper-bound risk recommended by the 

United States Environmental Protection Agency (USEPA) in 77% of smokers' 

and 64% of non-smokers' homes [23]. Exposure to THS during pregnancy was 

also associated with a higher risk of postpartum depression [72]. 

Despite the scientific evidence on the THS-induced damage, further 

research using high-throughput techniques and alternative models besides cells 

and small rodents are necessary to better characterize the molecular alterations 

associated with THS health outcomes, especially during early development. 
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1.2. New insights into environmental toxicology 
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Twenty-first century guidelines on toxicity testing aims to increase the 

efficiency of the experimental workflow by reducing the number of laboratory 

animals with the final objective of replacing their use, minimizing the cost and 

time of testing, and applying high-throughput techniques for broad biosystem 

characterization [73,74]. This includes environmental toxicology, which is 

moving from time-consuming and expensive studies with large numbers of 

animals and limiting diagnostic techniques that provide little information on 

mechanisms of toxicant action, to high-throughput assays that provide more 

extensive and more rapid determinations of biologic perturbations that are 

directly relevant to human biology and exposures [74]. 

As described in the previous section, THS research has been based on the 

use of in vitro and in vivo murine models combined with classical targeted 

techniques. Despite these studies having shed light on THS-derived health 

effects, murine models require medium-long term experiments (from weeks to 

months) and cell lines are not always a reflection of the mechanisms that occur 

in whole-organism models. Furthermore, targeted approaches can overlook the 

complex nature of biological processes in an organism and limit the outcome to 

expected results. Therefore, the use of alternative animal models combined with 

high-throughput methods that allow the rapid acquisition of data of a group of 

molecules in a sample can be an attractive option to improve current knowledge 

about THS-derived health effects. In this context, the use of zebrafish embryos, 

an emerging alternative model for toxicity screening during early development 

[75], and omics sciences, that comprehensively study the profiles of genes 

(genomics), gene expression (transcriptomics), proteins (proteomics), or 

metabolites (metabolomics) [76], have emerged in the field of environmental 

toxicology. Whereas genes and proteins are subject to regulatory epigenetic 

processes and post-translational modifications, respectively, metabolites 

represent downstream biochemical end products that are closer to the 

phenotype [77].  
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Despite the current trends, to the best of our knowledge zebrafish embryos 

were exposed to THS in only one previous study [41], but the molecular 

alterations related to this exposure were not investigated, and metabolomics 

was used in only two previous studies to assess metabolic alterations produced 

by THS exposure [42,50]. In order to advance on the characterization of THS-

derived health effects, this thesis explores the use of zebrafish embryos and 

metabolomics applied to THS-exposed animal models. This section 

summarizes the advantages of zebrafish embryos and details the workflow for a 

comprehensive metabolomic analysis. 

1.2.1. Zebrafish embryos 

Zebrafish (Danio rerio), in particular their embryos, have emerged as a 

low-cost, easy to maintain, high-throughput, in vivo vertebrate alternative 

model for toxicological studies [75]. Zebrafish also have a relatively high genetic 

similarity to humans (70%), which supports the translational value of this 

model [78]. Zebrafish usually have a short generation time of sexual maturity 

at the third month of their development, with a single mating pair producing 

hundreds of offspring at weekly intervals [79]. External fertilization and 

development and optical transparency of their embryos facilitate the 

visualisation of early organogenesis and the possibility of embryological 

manipulation [75,80], as is illustrated in Figure 3. In addition, zebrafish 

embryos develop all major organ systems during the first 120 hours post-

fertilization (hpf), reducing the time of experimentation [80]. Since fish 

embryos at developmental stages are likely to experience less or no pain, 

suffering, distress or lasting harm, they are considered as replacement or 

refinement methods [81]. In this context, zebrafish embryos until the first 120 

hours post-fertilization (hpf) do not fall into the regulatory frameworks dealing 

with animal experimentation owing to their lack of independent feeding [82]. 

The small size of embryos minimizes the cost and waste volume for drug and 

toxicant studies. Thus, minute amounts of expensive metabolites or new 

targeted drugs can be rapidly evaluated [83]. All these experimental advantages 
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make zebrafish a likely ideal model to assess THS exposure health effects, 

especially during the early stages of development. 

 

Figure 3. Stages of embryonic development of zebrafish until 120 hours post 

fertilization (hpf). (A) Zygote period few minutes after fertilization. (B) Sixty-four cell 

stage at 2 hpf. (C) Shield stage at 6 hpf. (D) Eight-somite stage at 13 hpf. (E) 

Dechorionated embryo at 24 hpf. Development during the hatching period of 

embryogenesis at 48 hpf (F) and 72 hpf (G). Lateral (H) and dorsal (I) view of the larvae 

head at 120 hpf. (J) Lateral view of early larva stage at 120 hpf. Figures A-I adapted 

from [84]. 

1.2.2. Metabolomics 

Metabolomics is now a well-established field in the omics sciences that 

focuses on the comprehensive characterization of the low molecular weight 

molecules in biological systems. Metabolites—such as sugars, amino acids, 

lipids, nucleobases, among others—are continuously absorbed, synthesised, 

degraded and interacting with other molecules. The complete set of metabolites 

or metabolome is the final downstream product of gene transcription and 

protein expression simultaneously with the upstream input received from the 

environmental factors in normal or pathological conditions, therefore, the 

metabolome gives the closest comprehensive biochemical view of an organism’s 

phenotype [85,86]. Metabolomics is an interdisciplinary approach that has 

been widely applied in different research fields—including personalised 
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medicine, biomarker discovery, disease discovery, nutrition, drug development, 

among others—and is still expanding into other life science areas [87]. This is 

the case of metabolomics applied to environmental exposure and toxicology, 

which aims to characterize the environmental contaminants, the interaction 

with the living organisms, and the molecular alterations derived from this 

exposure [88]. 

Metabolomics analysis is conventionally divided into targeted and 

untargeted approaches depending on the scope of the study. Targeted 

metabolomics are hypothesis driven by a specific biological question and 

focused on the determination and usually quantification of a predefined set of 

metabolites. Untargeted metabolomics are global in scope and focused on the 

simultaneous determination of as many metabolites as possible from a 

biological sample, leading to a hypothesis generation. While targeted 

approaches require a premeditated analytical effort to extract metabolites 

selectively and optimize instrument parameters, untargeted approaches often 

require minimal sample preparation but are more complex in data processing 

and compound identification [77,89]. Untargeted approaches further provide a 

larger amount of information and, therefore, have been applied to characterize 

the molecular alterations induced by THS exposure during the development of 

this doctoral thesis. 

Two main determination techniques are applied in untargeted 

metabolomics: Nuclear magnetic resonance (NMR) spectroscopy and mass 

spectrometry (MS). NMR is a highly reproducible non-destructive technique 

that produces structural and quantitative information of the analyte. However, 

the major drawback of NMR is its lower sensitivity compared to MS, thus 

limiting the number of metabolites detected. In this respect, MS-based 

platforms, especially those coupled to high resolution mass spectrometry 

(HRMS),  are the techniques of choice for most of the global metabolite profiling 

efforts, due to its high sensitivity, reproducibility, and versatility [77,89]. Most 
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mass spectrometry applications in metabolomics are preceded by a separation 

method prior to mass detection, being liquid (LC) and gas chromatography 

(GC) the most commonly used separation techniques [89]. LC coupled to 

HRMS (LC-HRMS) has been preferentially used during the development of this 

doctoral thesis due to its conferred wider metabolome coverage. The following 

two subsections expand on LC-HRMS and GC-HRMS workflows where 

differences and similarities are detailed. 

1.2.2.1. Untargeted metabolomics based on liquid chromatography-high 

resolution mass spectrometry 

Untargeted metabolomics studies aim to determine the maximum number 

of metabolites possible from a biological sample to unveil previously not well 

characterized metabolic disturbances. In order to obtain reliable results 

ensuring the highest metabolite coverage, it is important to carefully design the 

entire metabolomics workflow. The untargeted metabolomics workflow 

includes sample preparation, data acquisition, data analysis, metabolite 

identification, and biological interpretation, as is illustrated in Figure 4. Since 

none of the current methodologies are capable of providing a comprehensive 

analysis of the complete set of metabolites from a biological sample, most of the 

metabolomic studies combine different extraction methods and 

chromatographic and analyser conditions [90]. 

 

Figure 4. Untargeted metabolomics workflow. 
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a. Sample preparation 

The first step in any untargeted metabolomic workflow is to isolate 

metabolites from biological samples. This is a challenge due to the 

heterogeneity of chemical classes, physical properties, dynamic mass, 

concentration range of metabolites, and different nature of the samples. Thus, 

a compromise is often needed to select the most suitable extraction method 

considering the number of metabolites isolated without excluding any 

molecular structure with a particular chemical or physical property, efficiency 

of interference removal, time consumption and handling, and conservation of 

the original metabolite composition [91].  

A quenching step at low temperature to stop enzymatic activity and avoid 

sample denaturalization is commonly performed prior extraction. Cold solvents 

and reduced temperature conditions are also used to avoid sample 

denaturalization during extraction. In case of solid samples, a previous step of 

tissue homogenization is required to break down tissue structure and facilitate 

the extraction of the metabolites. Organic solvents are generally used for 

metabolite extraction and protein precipitation. Polar solvents such as 

methanol, ethanol, acetonitrile, acetone, or mixtures of polar solvents with 

water are commonly used to extract hydrophilic metabolites. Nonpolar solvents 

such as chloroform, dichloromethane, or methyl-tert-butyl ether are commonly 

used to extract hydrophobic metabolites [89,91]. A biphasic extraction 

combining polar and non-polar solvents can be used to simultaneously extract 

both hydrophilic and hydrophobic metabolites into two different layers from 

the same sample [92,93]. Temperature, pH, and centrifugation conditions are 

also factors to consider that can influence metabolite extraction [94]. A further 

step of extract evaporation can be done to concentrate the sample or to 

reconstruct the sample with a solvent compatible with the intended analytical 

method [91]. 
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b. Data acquisition 

A metabolite separation step prior to MS analysis is recommended to 

reduce sample complexity. In this sense, ultra-high performance liquid 

chromatography (UPLC) has become the quintessential separation technique 

used in metabolomic studies due to its improved speed, resolution, and 

sensitivity [95]. Analysis of a wide range of metabolites, ranging from high to 

low molecular weight, and from hydrophilic to hydrophobic properties, can be 

performed by selecting the most suitable column and mobile phases in UPLC 

systems. Columns for UPLC systems, also known as the stationary phase, are 

generally made of solid granular particles, such as silica or polymers, with a size 

less than 2 µm. This allows high peak efficiencies which appear narrower and 

more concentrated, increasing the chromatographic resolution while giving a 

faster analysis due to the high pressure needed. Columns can be divided 

according to their stationary phase, being the most common ones in untargeted 

metabolomics analysis the reverse phase (RP) and the hydrophilic interaction 

liquid chromatography (HILIC) [96,97]. C18 RP columns are currently the most 

used standard method to separate polar and medium polar metabolites, 

typically combined with a gradient of water-acetonitrile or water-methanol 

solvents, supplemented with 0.1% formic acid, for the mobile phase. Lipids can 

also be separated with C18 columns based on their lipophilicity, which is 

governed by the carbon-chain length and the number of double bonds. In this 

case, typical mobile phases are mixtures of acetonitrile or methanol with water 

and isopropanol with acetonitrile [90,98]. In lipidomics studies, higher 

temperatures up to 65°C are commonly used during separation. In the case of 

very polar metabolites—such as several amino acids, amines, or 

carbohydrates—, HILIC with a stationary phase based on silica or amide is the 

most suitable column for separation, typically combined with a mobile phase of 

acetonitrile-water. Order of elution depends on the polarity of the metabolites 

and the selected chromatographic column phase: in RP columns, metabolites 

elute according to decreasing polarity of the mobile phase, eluting polar 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



28 | New insights into environmental toxicology 

metabolites first, whilst in HILIC columns, metabolites elute when mobile 

phase polarity increases, eluting nonpolar metabolites first. RP and HILIC are 

orthogonal separation techniques that can be combined in a metabolomics 

experiment to increase metabolome coverage [90].  

After separation, metabolites are ionized and transferred from liquid into 

gas phase before MS analysis. The most common ionization source in 

metabolomics LC-MS applications is electrospray ionization (ESI) because it is 

able to ionize most metabolites. ESI is considered a “soft” ionization technique 

inducing no or little ion fragmentation [96].  ESI can be used in either positive 

or negative mode, resulting in [M+H]+ or [M−H]− species, respectively. The 

combination of both polarities also allows a broader coverage of metabolites. 

Additional adducts—such as [M+Na]+ or [M+K]+ in positive mode or 

[M+CH3COO]− in negative mode—are commonly formed in the gas phase by 

non-covalent interactions between the produced ions and neutral solvent 

molecules [96,99]. 

Ions are conducted into the mass analyser for detection. In untargeted 

metabolomics studies, quadrupole-time of flight (Q-TOF) and ion trap mass 

analysers as Orbitrap are the most suitable high resolution mass analysers for 

global profiling and metabolite identification [100], both techniques being used 

during the development of this doctoral thesis. Triple quadrupole (QQQ) is also 

a well-recognised mass analyser in the metabolomics community, and the one 

of choice for targeted studies, because of its higher sensitivity and selectivity 

when applying tandem MS (MS/MS) operated in multi-reaction monitoring 

(MRM) mode [101]. In untargeted metabolomics studies, QQQ analysers can be 

used as a validation or a quantification method of the identified metabolites. A 

scheme of Q-TOF, orbitrap and QQQ mass analysers is displayed in Figure 5. 
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Figure 5. Scheme of the most used mass analysers for metabolomics studies. d: 

detector, F: flight, FT: Fourier transform, O: Orbitrap, p: pusher, Q: quadrupole, Q-

TOF: Quadrupole-time of flight, Q-Orbi: Quadrupole-Orbitrap, QQQ: Triple 

quadrupole, r: reflectron (adapted from [100]). 

Q-TOF instruments consist in a quadrupole connected with a TOF mass 

analyser. In full scan MS acquisition, molecular ions from the ionization 

source are transmitted through the quadrupole, where they can be filtered 

according to a predefined m/z range, and then directed into the ion modulator 

region of the TOF analyser. For MS/MS mode, parent ions of interest are 

filtered in the quadrupole and then accelerated before entering the collision cell 

to be fragmentated. The resulting fragmented ions and remaining parent ions 

are re-accelerated into the TOF analyser. In both cases, when ions enter into the 

TOF analyser, they are pulsed by an electric field and accelerated orthogonally 

to their original direction [102]. The velocity of the ions depends on the mass-

to-charge (m/z) ratio, meaning that heavier ions of the same charge reach lower 

speeds, although the velocity of ions with a higher charge will also increase. TOF 

analysers measure the time that each ion takes to reach the detector, which is 

then converted into a mass spectrum [96]. 
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Orbitrap instruments are ion trap mass analysers that consist of a wire 

electrode centrally installed within a cylindrical exterior electrode. Orbitrap 

instruments measure the oscillation frequency produced by the ions in the 

external electrodes which are then converted in the mass spectrum [96]. Most 

advanced Orbitrap instruments are quadrupole-orbitrap hybrid mass 

spectrometers, such as the Q-Exactive instrument. This allows the filtering of a 

mass precursor in the quadrupole and the detection of full scans and MS/MS 

spectra in the orbitrap analyser, using a higher-energy collision-induced 

dissociation cell for fragmentation [103]. Hybrid quadrupole-orbitrap 

instruments are commonly set in data dependent mode (DDA). The MS 

instrument performs a full scan immediately followed by a MS/MS analysis of 

the ions that pass through the C-Trap into the collision fragmentation cell [103]. 

Precursor ions can be selected by signal intensity or by a predefined list of mass 

ions—also known as suspect screening. This allows the simultaneous 

acquisition of hundreds of MS/MS spectra within a single run. However, 

relevant low abundant analytes might not be selected since the selection of 

precursor ions for MS/MS analysis is intensity dependent [104,105]. 

Both Q-TOF and Q-orbitrap instruments are suitable high resolution mass 

analysers for the global metabolite profiling in untargeted metabolomics 

studies, that are overviewed in Table 2. The major advantage of Q-TOF 

instruments is their capability to acquire at high scan rates up to 100 Hz, but 

they are often employed at much lower scan rates (20–50 Hz) to avoid 

compromising the sensitivity of the instrument [100]. Scan rate is lower in 

orbitrap instruments, which also depends on the resolution selected. The major 

advantage of orbitrap instruments is their high resolving power that can further 

facilitate the characterization of adjacent ion peaks in complex metabolomic 

samples [96,106]. 
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Table 2. Overview of Q-TOF and Q-orbitrap instruments (Adapted from [106]). 

 

Max. 

Resolving 

power 

(FWHM) 

Mass 

accuracy 

(ppm) 

Max. 

Scan rate 

(Hz) 

Max. 

Mass 

range 

Dynamic 

range 

Q-TOF 60,000 <1-2 (i.c.) 100 40,000 104-105 

Q-Orbitrap 140,000 <1 (i.c.) 12 4,000 103-104 

i.c.: internal calibration.  

c. Data analysis 

Whereas targeted metabolomics studies tend to use vendor software for 

data processing, the scientific community in untargeted metabolomic studies 

applies open-source tools commonly based on the R language [107]. The 

workflow of data analysis in untargeted metabolomics studies is summarized in 

Figure 6. A previous pre-processing step is necessary to convert vendor-specific 

binary files to open-format files, such as mzML. Free software such as 

Proteowizard MSconvert tool can convert from most of the LC-MS data, as well 

as some of the GC-MS formats, into open-format files [108]. 

 

Figure 6. Summary of untargeted metabolomics data analysis workflow [107]. 

XCMS is the most widely used R-based software for LC-MS untargeted 

metabolomics data processing. The XCMS workflow has three main steps, 

including (i) peak detection in each sample; (ii) retention time alignment to 
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correct drifts in retention time between chromatograms of different samples; 

and (iii) feature correspondence to match detected chromatographic peaks 

between samples, meaning that all peaks (from the same or from different 

samples) that are close on the retention time axis are grouped into a feature. A 

feature is a peak or a set of aligned peaks across samples with a unique m/z and 

a specific retention time. It is worth noting that one feature is not equivalent to 

one metabolite since some metabolites may produce more than one feature 

[77]. LC-MS metabolomics data presents high redundancy because of the 

recurrent detection of adducts (Na+, K+, NH3, etc), isotopes, or doubly charged 

ions that greatly inflate the number of detected peaks [109]. As a result of data 

processing, XCMS provides a matrix containing the retention time, the m/z 

value, and the intensity of all features for every sample [110]. The feature matrix 

can contain missing values in which no chromatographic peak was detected. 

While in many cases there might indeed be no peak signal in the respective 

region, it might also be that there is signal, but the peak detection algorithm 

failed to detect a chromatographic peak (e.g., because the signal was too low or 

too noisy). For these cases, XCMS also provides a method to fill in intensity data 

for such missing values from the original files [110]. 

Prior to statistical analysis, a filtering step is recommended to remove 

noise, based on an intensity threshold, and to reduce analytical variability, 

based on the relative standard deviation between samples and quality control 

(QC) samples or based on a predetermined cut-off value of the coefficient of 

variation (CV) in QC samples (e.g., 20–30%) [111]. QC samples are a pool of 

extracts of the studied samples, which are analysed at the beginning of the 

analytical sequence and periodically throughout the analytical run to provide 

robust quality assurance of reproducibility [112]. A normalization step can also 

be included to remove unwanted variations in the raw metabolomics data, in 

order to focus on the biological variations of interest (e.g., normalization by the 

amount of sample extracted) [113]. 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



INTRODUCTION | 33 

 

Statistical analysis aims to determine the metabolites that are present in 

significantly differential abundances between biological factors of interest. 

Depending on the studied groups, a variety of statistical tools for univariate and 

multivariate analysis can be used to extract relevant information from the data. 

Univariate methods are focused on the analysis of one variable at a time (e.g., 

control versus treated group). T-test and ANOVA are the most frequently used 

methods to compare different sets of samples in univariate statistical analysis. 

However, metabolomics experiments typically produce large amount of data 

involving observation and analysis of more than one variable at a time [114]. 

Consequently, multivariate statistical analysis and data visualization are 

necessary for extracting relevant information and interpreting the results of 

metabolomics experiments [107]. A Principal Component Analysis (PCA) is the 

multivariate model par excellence for the exploratory analysis of data since it 

provides an unsupervised summary, or overview, of all observations or samples 

in the data matrix. In addition, groupings, trends, and outliers can also be found 

[115]. Data visualization tools—including volcano plot, boxplot, heatmap, 

among others— are effective methods for displaying a summary of the data and 

help in the data interpretation [107]. 

d. Metabolite identification 

Features of interest are searched in metabolite databases on the basis of 

accurate mass to obtain putative metabolites. Putative metabolites are then 

identified by comparison of the experimental MS/MS data and retention time 

with their corresponding pure chemical standards [77]. When identification 

with chemical standards is not possible, annotation of putative metabolites is 

performed by comparing MS/MS data with online mass spectral libraries, 

metabolomics databases, or MS/MS spectra from the literature [116]. The most 

relevant mass spectral libraries are the METLIN Metabolomics Database [117], 

the Human Metabolome Database (HMDB) [118], MassBank [119], National 
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Institute of Standards and Technology (NIST) mass spectral database [120], 

mzCloud [121], and LIPIDMAPS [122]. 

Identification and annotation of metabolites are classified according to 

their level of confidence, which should be reported in all untargeted 

metabolomics studies. The first set of reporting standards were designed by 

Sumner et al. as part of the Metabolomics Standards Initiative [123]. More 

recently Schymanski et al. have reported a five-level confidence system, 

summarized in Figure 7 and explained in detail below [124]. 

 

Figure 7. Proposed identification confidence levels in high resolution mass 

spectrometry analysis. Note: MS2 is intended to also represent any form of MS 

fragmentation [124]. 

Levels of confirmation are: 

̶ Level 1 corresponds to the confirmed structure via appropriate 

measurement of a reference standard with MS, MS/MS, and 

retention time matching. Identification of metabolites relates with 

Level 1; the remaining levels are considered annotation of 

metabolites. 

̶ Level 2 corresponds to the probable structure and can be 

differentiated into two sublevels according to the evidence. Level 2a 
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corresponds to the comparison of acquired MS/MS spectra with 

their equivalent available in spectral databases. Level 2b represents 

the case where no other structure fits the experimental information, 

but no standard or literature information is available for 

confirmation. 

̶ Level 3 corresponds to the tentative candidate and describes where 

evidence exists for possible structure(s), but there is insufficient 

information for only one exact structure. This is a subjective level, 

and the candidate selection is based in the substituents or 

compound classes. 

̶ Level 4 corresponds to the unequivocal molecular formula. This is 

possible when a formula can be unambiguously assigned using the 

spectral information (e.g., adduct, isotope, and/or fragment 

information), but insufficient evidence exists to propose possible 

structures. 

̶ Level 5 corresponds to the exact mass (m/z) of an analyte but there 

is a lack of information to assign even a formula. Screening and 

untargeted methods allow the tracing of these masses in other 

investigations, but the level 5 indicates that no unequivocal 

information about the structure or formula exists. It is even 

possible to record the MS/MS of a level 5 mass and save it as an 

“unknown” spectrum in a database. 

 

e. Biological interpretation 

The final objective of any metabolomics experiment is to interpret and give 

a mechanistic explanation of the results obtained. This is a challenge because 

untargeted metabolomics experiments are usually hypothesis-free, generating 

a large amount of data. For that reason, multiple strategies based on pathway 

visualization and enrichment analysis have arisen to enhance data 

interpretability [125].  
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Pathway visualization strategies aim to map and visualize a set of identified 

metabolites in metabolic pathways, giving a quick overview on the metabolic 

context. In this respect, pathway-oriented databases provide valuable 

information of metabolic pathways and some features for facilitating its 

visualization. The Kyoto Encyclopedia of Gene and Genomes (KEGG) [126] and 

Reactome [127] are two of the most popular available databases. KEGG 

PATHWAY is a collection of pathway maps representing the current knowledge 

of the molecular interaction, reaction, and relation networks. KEGG’s 

PATHWAY browser includes a functionality to locate and colour different 

entities, including metabolites. A list of pathways and the number of entities 

found in each pathway is provided, enabling the user to visualize each pathway 

one by one [125,126]. Reactome is a pathway database which provides intuitive 

bioinformatics tools for the visualisation, interpretation, and analysis of 

pathway knowledge. Mapping and visualization of metabolites can be 

performed using the ‘Map IDs to Pathways’ facility. [125,127].  

Enrichment overrepresentation analysis detects the functional annotations 

that are significantly associated with the input compounds. Functional 

annotations can refer to biological functions (metabolic pathways, enzyme 

interactions, etc.), intended uses (drug pharmacological actions, chemical 

applications, etc.), biomedical associations (disease biomarkers, sample 

localization, etc.), or physicochemical characteristics (chemical taxonomies, 

functional groups, etc.) [128]. A set of metabolites and the type of annotation is 

provided as an input prior to the analysis. The general output is a list of 

annotations and their associated p-value. MBRole 2.0 is a popular software for 

enrichment analysis that performs overrepresentation analysis using a wide 

range of biological and chemical annotations in several organisms [129]. It 

integrates annotations on metabolites from a number of publicly available 

databases, such as KEGG [126], SMPDB [130], HMDB [118], PubChem [131], 

ChEBI [132] [125,129]. Other well-known metabolite enrichment analysis 

software are MSEA [133], MPEA [134], MetPA [135], or IMPaLA [136]. Fella is 
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a novel R package for metabolomics data interpretation that combines pathway 

enrichment with network analysis, providing a list of pathways and 

intermediate entities (modules, enzymes, reactions) that link the input 

metabolites to them. This sheds light on pathway cross talk and potential 

enzymes or metabolites as targets for the condition under study [137].  

The last step results in the integration of all experimental evidence with the 

current biological knowledge available in the scientific literature and public 

databases with biological information to identify functions, biomarkers, 

relationships, and pathways relevant to changes observed in the analysed 

dataset. A summary of the untargeted metabolomics workflow commented in 

this section can be found in Table 3. 

Table 3. Summary of the common untargeted metabolomics workflow by liquid 

chromatography coupled to mass spectrometry. 

Workflow Description 

Extraction Hydrophilic metabolites: methanol, ethanol, acetonitrile, acetone, 

or mixtures of polar solvents with water. 

Hydrophobic metabolites: less polar solvents such as chloroform, 

dichloromethane, or methyl-tert-butyl ether. 

Hydrophilic and hydrophobic metabolites: dual phase extraction 

combining polar and nonpolar solvents. 

LC separation Chromatographic columns—stationary phases 

Reverse phase columns (RP):  Polar and medium polar 

metabolites. 

Hydrophilic interaction liquid chromatography (HILIC): Very 

polar metabolites. 

Mobile phases 

Metabolomics-RP: H2O → ACN or MeOH 

Lipidomics-RP: H2O:ACN (∼1:1) → high % IPA (with ACN) 

Metabolomics-HILIC: ACN → H2O 

Ionization Electrospray ionization (ESI) positive and negative mode. 

Mass analyser Quadrupole-time of flight (Q-TOF) and Orbitrap. 
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Workflow Description 

Data analysis Raw vendor files conversion to mzML open format. 

XCMS for data processing: Peak picking, alignment, and feature 

correspondence. 

Filtering by an intensity threshold and a predetermined cut-off 

value of the coefficient of variation (CV) in QC samples or the 

relative standard deviation between samples and quality control. 

Univariate or multivariate statistics depending on the experiment. 

Data visualization tools for data interpretation. 

Metabolite 

identification 

Identification confidence 

Level 1: Chemical standards. 

Annotation confidence 

Level 2: Equivalent spectrum in experimental MS/MS databases 

or literature; or when only one structure fits the 

experimental/spectral information available. 

Level 3: Probable spectrum in predicted MS/MS databases or 

probable structure. 

Level 4: Unequivocal molecular formula. 

Level 5: Exact mass. 

Databases with mass spectral data 

HMDB, MassBank, METLIN, LIPIDMAPS, NIST MS/MS 

database, mzCloud. 

Biological 

interpretation 

Pathway visualization 

KEGG PATHWAY and Reactome. 

Enrichment analysis 

MBRole, MSEA, MPEA, MetPA, and IMPaLA. 

Literature search and biological databases. 

1.2.2.2. Untargeted metabolomics based on gas chromatography-high 

resolution mass spectrometry 

GC-MS is one of the most efficient platforms used in the metabolomics field 

to study volatile and thermostable compounds with a low molecular weight. GC-

MS is typically less susceptible to common LC-MS problems such as matrix 

effect and ion suppression of the coeluting compounds and also tends to achieve 
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greater chromatographic resolution. However, the major drawbacks are an 

additional step of derivatization required for determining non-volatile 

metabolites, which can complicate sample preparation, and the need of higher 

temperatures during the chromatography, that can compromise the 

determination of  thermolabile metabolites [89]. 

The untargeted workflow applied to GC-MS is similar to the LC-MS 

workflow detailed in the previous section, with some differences. After sample 

extraction, a chemical derivatization step of polar and non-volatile metabolites 

is required to reduce their polarity and improve their thermal stability and 

volatility. Active hydrogens in functional groups of molecules containing 

carboxylic acids (-COOH), alcohols (-OH), amines (-NH2), and thiols (-SH) can 

be derivatized by silylation, acylation, and alkylation. Silylation with 

trimethylsilylation reagents is the most commonly used in most of the metabolic 

applications due to the fact that silyl derivatives show a better thermal stability 

and higher volatility. Sample extracts must be thoroughly dried before 

derivatization to avoid derivative degradation [138]. In addition, keto- (oxo-) 

groups are usually methoximated in order to improve their GC properties and 

prevent enolization reactions which can introduce multiple products, thereby 

complicating the chromatograms [139]. 

Small aliquots of derivatized samples—typically 1 µL or less—are 

introduced into a heated injector (200–250 °C), where rapid vaporization and 

mixing with the carrier gas occurs—usually helium [140,141]. The sample can 

be injected in either split or splitless mode. The advantage of splitless mode is 

that a larger amount of sample can be introduced into the column. However, a 

split mode is preferred when the detector is sensitive to trace amounts of analyte 

and there is concern about sample overloading of the column. Therefore, in 

metabolomics studies, split mode is generally preferred because metabolites are 

present in a wide range of concentrations [141]. Metabolites are separated on 

GC capillary columns of different polarity, chemical composition of stationary 
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phases, and lengths usually from 10 to 60 meters [141]. Chromatograms in GC-

MS based metabolomics studies are complex, containing hundreds of 

metabolite peaks and are further complicated by multiple derivatisation 

products. Therefore, a long analysis time (up to 60 min) may be needed for 

satisfactory chromatographic separation [140]. However, faster analysis times 

can be achieved if an efficient deconvolution software is used. The rate at which 

a sample passes through the column is directly proportional to the temperature 

applied to the column in the column oven and the carrier gas flow rate [141]. 

Eluting metabolites then enter into the ion source followed by ion detection 

in the mass analyser. The most commonly used ionization method in GC-MS 

based metabolomics is electron impact (EI) ionization because it can produce 

both molecular and reproducible fragment ions. In EI, gas analyte molecules 

are bombarded by energetic electrons, which leads to the generation of a 

molecular radical ion [M+·] that can subsequently generate ionised fragments 

[142]. Across all EI instruments, ionization is performed at 70 eV and mass 

spectra are typically considered reproducible among instruments manufactured 

from different vendors and instruments with different mass analysers [143]. 

After acquisition, raw GC-MS data can be processed using vendor software 

or, alternatively, can be converted into open-format files using ProteoWizard 

before processing [108]. Current open-source computational approaches for 

GC-MS data processing fall into two main categories: tools based on peak-

picking, such as XCMS [110], and tools for compound extraction through the 

so-called curve resolution or spectral deconvolution, such as ADAP-GC [144]. 

Other free integrative computational tools, such as eRah, are also available to 

perform data processing in GC-MS based untargeted metabolomics. eRah is an 

R package that incorporates spectral deconvolution method using multivariate 

techniques based on blind source separation, alignment of spectra across 

samples, quantification, and automated identification of metabolites by spectral 

library matching. eRah output is a matrix of metabolites, their match factor, 
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retention time, and intensity in each sample that can be used for the statistical 

analysis [145]. 

The standardization and high reproducible fragmentation of EI ionization 

allows the use of well-established mass spectral libraries for metabolite 

identification, such as the GOLM Metabolome Database (GMD) [146], the NIST 

Mass Spectral Database [147], or the FiehnLib libraries [148]. Metabolite 

identification or confirmation is performed by spectra matching and retention 

time or index comparison with pure standard compounds or comparison using 

the retention index of mass spectral library databases. The retention index (RI) 

of a particular compound is calculated by relating the retention time of the 

compound to the retention times of standard n-alkane or fatty acid methyl ester 

(FAME) standard mixtures analysed under same analytical conditions [141]. 

Different software has been developed for RI calculation and spectrum 

matching to help with the metabolite identification, such as the Automated 

Mass Spectral Deconvolution and Identification System (AMDIS) from the 

NIST [149] or Baitmet, an R package for GC-MS library-driven metabolite 

profiling [150].

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



 

1.3. Biomarkers of exposure to secondhand and thirdhand 

tobacco smoke: Recent advances and future perspectives 
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1.3.1. Abstract 

Smoking is the leading preventable disease worldwide and passive smoking 

is estimated to be the cause of about 1.0% of worldwide mortality. The 

determination of tobacco smoke biomarkers in human biological matrices is key 

to assess the health effects related to the exposure to environmental tobacco 

smoke. The biomonitoring of cotinine, the main nicotine metabolite, in human 

biofluids—including urine, serum or saliva—has been extensively used to assess 

this exposure. However, the simultaneous determination of cotinine together 

with other tobacco biomarkers and the selection of alternative biological 

matrices, such as hair, skin or exhaled breath, would enable a better 

characterization of the kind and extent of tobacco exposure. This review aims 

to perform a critical analysis of the up-to-date literature focused on the 

simultaneous determination of multiple tobacco smoke biomarkers studied in 

different biological matrices, due to the exposure to secondhand smoke (SHS) 

and thirdhand smoke (THS). Target biomarkers included both tobacco-specific 

biomarkers—nicotine and tobacco specific nitrosamine biomarkers—and 

tobacco-related biomarkers, such as those from polycyclic aromatic 

hydrocarbons, volatile organic compounds, metals and carbon monoxide. To 

conclude, we discuss the suitability of determining multiple biomarkers 

through several relevant examples of SHS and THS exposure. 

Keywords: environmental tobacco smoke; secondhand smoke; thirdhand 

smoke; tobacco exposure biomarkers; biomonitoring. 
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1.3.2. Introduction 

Passive smoking is estimated to be the cause of about 1.0% of worldwide 

mortality, responsible for approximately 603,000 deaths each year among 

children and adults, a number which has been increasing over the years [1]. 

Environmental tobacco smoke (ETS), most commonly called secondhand 

smoke (SHS), is a complex and reactive mixture made up of the mainstream 

smoke exhaled by the smokers and sidestream smoke emitted from the burning 

tobacco diluted with ambient air. This mixture contains over 4700 chemicals 

including hazardous amines, carbonyls, hydrocarbons or metals among others 

[2–4]. SHS exposure can cause several illnesses in nonsmokers including 

ischaemic heart diseases in adults and lower respiratory infections and asthma 

in adults and children, among other adverse health effects [1]. Moreover, the 

International Agency for Research on Cancer (IARC) classifies 63 chemicals 

reported in mainstream tobacco smoke as carcinogenic, 11 of them are known 

as human carcinogens with a proven role on the development of different types 

of cancer including lung and bladder cancer [2]. 

Nevertheless, SHS is not the only source of exposure for nonsmokers to 

tobacco smoke components. Most of the smoke gases and particles of SHS 

deposit, age and remain for long periods of time in fabrics, surfaces and dust 

forming the so-called thirdhand smoke (THS), a less studied source of exposure 

to tobacco smoke toxicants [5,6]. THS components not only remain on surfaces 

and in settled dust, they can also be re-emitted into the gas phase or even react 

with oxidants and other atmospheric compounds to yield secondary 

contaminants, some of them with increased toxicity. This is the case of nicotine, 

which deposits almost entirely on indoor surfaces, where it can react with 

ozone, nitrous acid and other atmospheric oxidants producing carcinogenic 

tobacco-specific nitrosamines (TSNAs) [7]. To date, dozens of toxicants have 

been identified in THS including tobacco specific toxicants—such as nicotine, 

and TSNAs—as well as tobacco related toxicants including volatile N-

nitrosamines, aromatic amides, polycyclic aromatic hydrocarbons (PAHs) and 
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volatile carbonyls [8–12]. Exposure to THS causes numerous alterations in 

organ and cellular systems of mouse models, including lung and liver damage, 

several metabolic effects and signs of hyperactivity [13–15]. THS extracts also 

inhibit cell proliferation and cause DNA strand breaks and oxidative damage in 

DNA and mitochondria [16]. Pathways of exposure to THS are mainly non-

dietary ingestion and dermal absorption, although inhalation of resuspended 

particles may also occur. Consequently, THS could be one of the major 

pathways of children exposure to tobacco smoke toxicants. Despite these 

emerging evidences on THS toxicity and carcinogenicity, this way of exposure 

to tobacco smoke contaminants is still unrecognized by most of the population 

and it has been omitted in public health and environmental policies. 

The determination of biomarkers of tobacco chemicals is key to assess the 

health effects related to SHS and THS exposure. The biomonitoring of cotinine, the 

main nicotine biomarker, in urine, blood and saliva has been the preferred option 

to assess the kind, extent and frequency of tobacco smoke exposure. However, SHS 

and THS exposure results in the uptake of complex mixtures of toxicants, therefore, 

a wide range of tobacco specific and related biomarkers could be assessed. Tobacco 

exposure biomarker concentrations can vary depending on which source of 

exposure, SHS or THS, is predominant. Many other factors can induce variation, 

such as the life-stage of the target population or their race, among others that will 

be discussed below. Therefore, the simultaneous study of multiple tobacco smoke 

biomarkers and the analysis of different biological matrices would provide a wider 

assessment of the extent of tobacco smoke exposure that may help to better 

understand its implications in human health. 

Hence, this review aims to provide a critical overview on the assessment of 

exposure to tobacco smoke in nonsmokers, including both SHS and THS 

exposures, through the determination of cotinine, as the most renowned tobacco-

specific biomarker, together with other specific and related tobacco biomarkers. In 

recent years, an acceptable number of studies have focused on this multiple 
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approach to assess both SHS and THS exposure. In 2013, a former publication 

reviewed the use of tobacco-specific biomarkers to study SHS exposure [17]. In the 

present paper we aimed to establish for the first time a joint discussion on the 

convenience of this multiple biomarkers approach to assess both, SHS and THS 

exposures, through the review of the most up-to-date bibliography in this respect. 

To that end, this report includes those studies published from 2012 to March 2018 

that focus on tobacco smoke biomarkers from conventional tobacco smoke and 

waterpipe smoke. Here, different aspects are covered, from the advantages and 

disadvantages of the different biological matrices, to a general introduction about 

the biomarkers studied in this period of time, metabolism, general toxicity of their 

precursors and main ranges of concentrations. To conclude, we discuss the 

suitability of the determination of multiple biomarkers for assessing the kind and 

extent of SHS and THS exposure through several relevant examples of applications. 

1.3.3. Selection of Papers 

For the purpose of this review, we have selected original research publications 

published from 2012 to March 2018 with content based on the exposure to SHS 

and THS from tobacco combustion, in order to cover the recent trends in this topic. 

Reviews and articles exclusively based on the analysis of previous survey data were 

excluded and also those from e-cigarettes. Various searches were combined to 

identify relevant literature in the Web of Science (using the Web of Science® Core 

Collection WoS, Thomson Reuters; http://webofscience.com) using the keyword 

“cotinine” AND multiple combinations of the following keywords: 

“environmental”, “secondhand” OR “second-hand”, “thirdhand” OR “third-hand”, 

“tobacco”, “smoke” and “cigarette”. The papers obtained in this search were then 

individually revised to meet the inclusion criteria. To be included in this review, 

articles had to: (A) Provide original data from observational or experimental 

studies in human nonsmokers exposed to SHS and/or THS; (B) provide levels of 

other tobacco smoke biomarkers besides cotinine, including either specific and 

non-specific biomarkers of SHS and THS exposure. A further revision of the 

preselected papers was performed to assess the quality of the studies, excluding 
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those based on isolated observations, and those not addressing quality parameters 

of the reported concentrations. 

Table S1 in the Supplementary Information summarizes the 44 papers 

included in this review, as well as their most relevant information, including the 

number and main characteristics of the target population, the biological 

matrices analyzed, the determined biomarkers and the ranges of the reported 

concentrations in nonsmokers exposed to SHS and/or THS. To complete the 

discussion, biomarker concentrations of smokers have been included, when 

available. 

1.3.4. Biological Matrices 

Biological matrix selection is one of the key points for a rigorous 

characterization of the kind and extent of the exposure. The selected matrix or 

matrices will depend on the aim and nature of the study, the life stage of the 

target population, the type of exposure and also the availability of robust 

analytical methods that allow a reliable determination of the biomarkers of 

interest in a concrete matrix. Commonly, the reasonable choice is to analyze the 

least-invasive matrix in which the target biomarkers are more easily determined 

with the available analytical methods and to choose a matrix that will provide a 

broader assessment of the exposure. In the papers reviewed here, urine, saliva 

and blood have been the preferred matrices for SHS and THS human 

biomonitoring, but there is an increasing interest in alternative matrices, such 

as hair, skin and, to a lesser extent, exhaled breath. 

Urine has been the most widely used biological matrix to assess tobacco 

smoke exposure, since it is a non-invasive biofluid which can be easily obtained. 

Besides, it accumulates higher concentrations of some biomarkers in 

comparison with other biofluids, making urine the most sensitive matrix for the 

assessment of both SHS and THS exposure. The main disadvantages are that 

renal diseases or the use of certain prescription drugs may interfere with the 

clearance of urinary biomarkers and that urine dilution adjustments, such as 
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creatinine or specific gravity adjustments, are needed prior to biomarker 

concentration comparison across samples [17]. Most of the urinary biomarkers 

are also excreted as glucuronide conjugates. The deglucuronization to the 

original form prior to the analysis would depend on the application and aim of 

the study. As an example, the concentration of free urinary cotinine correlates 

better with serum cotinine than with total cotinine concentration (including 

both free cotinine and cotinine glucuronide measured after deglucuronization) 

[18], whilst the evaluation of total 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanol (NNAL) concentration in low SHS and THS exposures is preferred 

because NNAL glucuronide is excreted in higher concentrations (by a factor of 

about two, ethnicity dependent) than urinary free NNAL [19]. 

Blood does not require dilution adjustments, but its collection is more 

invasive and tobacco biomarkers are less concentrated than in urine (i.e., 

cotinine concentrations in serum are about four-fold to six-fold lower than in 

urine) making blood less suitable for the assessment of THS exposure and low 

and intermittent SHS exposure [17]. Blood biomonitoring can be performed in 

different formats: Whereas plasma and serum are the most commonly used 

formats, whole blood is appropriate for the evaluation of metals because they 

are distributed between non-cellular and intra-cellular compartments [20]. 

Furthermore, dried blood spots (DBS) and cord blood are becoming popular for 

the screening of early-life exposure to tobacco smoke toxicants [21,22]. 

Saliva is a valuable alternative matrix to determine SHS and THS biomarkers, 

as it is non-invasive and easy to obtain. For smokers and nonsmokers recently 

exposed, salivary cotinine values correlate well with blood cotinine and, therefore, 

saliva collection is a feasible alternative when collecting blood samples is not a 

viable option, or when multiple measurements are required in a limited period of 

time [17]. 

Hair is the most likely used matrix to determine long-term SHS and THS 

exposure. Compared to other biological matrices, it is less affected by daily 
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exposure and metabolism variability than other biological matrices allowing a 

more robust comparison [23]. The main advantages of hair are that it is a non-

invasive matrix, easy to collect and can be stored at room temperature up to five 

years [24]. There seems to be a significant role played by hair melanin with basic 

and less polar compounds being selectively enriched, which embeds them in 

hair as it grows [25]. 

Although the major intake of tobacco smoke toxicants is through the 

inhalation of SHS, the biomonitoring of toxicants accumulated in the skin is 

especially relevant in the case of THS exposure where nonsmokers are exposed 

to smoke toxicants bound to fabrics, clothing, settle dust and surfaces. Even 

though the skin performs an effective barrier function [26], nicotine can be 

dermally absorbed and transported to the dermal blood supply [27]. 

Finally, exhaled breath condensate is a biological matrix of increased 

interest in epidemiology because it provides an immediate, non-invasive 

method of assessing smoking status. In the context of tobacco smoke exposure, 

the determination of CO in exhaled breath could be used as a short-term SHS 

biomarker, though, other sources of pollution including exhaust gases may 

cause elevations in the fractional concentrations of CO in expired air [28]. 

In Figure 1, the summary of the reviewed biological matrices analyzed in 

the papers and the tobacco smoke biomarkers determined in each matrix are 

shown. 
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Figure 1. Summary of the biological matrices studied in this review and the tobacco 

smoke biomarkers determined in each matrix. Tobacco specific biomarkers are 

indicated in bold. CO: carbon monoxide; NNN: N’-nitrosonornicotine; NNK: 4-

(methylnitrosoamino)-1-(3-pyridyl)-1-butanone; COHb: Carboxyhemoglobin; 3HC: 

trans-3’-hydroxycotinine; NNAL: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; 

PAH: polycyclic aromatic hydrocarbon; VOC: volatile organic compounds. 

1.3.5. Tobacco-Specific Biomarkers 

Tobacco-specific biomarkers are those derived from chemicals exclusively 

from tobacco smoke: Nicotine and tobacco specific nitrosamines. This section 

describes the specific tobacco smoke biomarkers that have been determined in the 

research papers reviewed here, their mechanism of formation, as well as the 

toxicity of their precursors, with the aim of highlighting their toxicological 

relevance. Table 1 shows the biomarkers reviewed here, their half-life times and 

also the main toxicological information of the biomarker precursors, including the 

either carcinogenic and non-carcinogenic data. Table 2 summarizes the most 

common ranges of concentrations of the studied biomarkers in each biological 

matrix in accordance with the reviewed references. These concentrations have been 

classified regarding the type of tobacco smoke exposure: Smokers, SHS exposure 

and THS exposure. The column “No exposure”, includes the biomarkers found in 

a non-exposed population. This table only includes those biomarkers with 

information in more than one type of tobacco exposure. 

Nicotine

Cotinine

NNN

NNK

Nicotine

Cotinine

NNN

NNK

NNAL

Nicotine

Cotinine

3HC

NNAL

PAH biomarkers

VOC biomarkers

Cadmium

Nicotine

Nicotine

Cotinine

Cadmium

Lead

COHb

CO

Skin

SalivaBlood

Urine

Breath Hair

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



 5
4

 | B
io

m
arkers o

f exp
o

su
re to

 SH
S an

d
 TH

S  

Table 1. Biomarkers of tobacco smoke exposure studied in the reviewed papers, their half-life time, precursor toxicant and main 

toxicological characteristics including: The International Agency for Research on Cancer (IARC) classification; cancer inhalation 

unit risk, expressed in (µg/m3)−1; inhalation and oral cancer slope factors, in (mg/kg-day)−1; non-cancer chronic inhalation 

reference exposure level (REL), in µg/m3; and other relevant toxicological information. Risk values are from the Office of 

Environmental Health Hazard Assessment at the California Environmental Protection Agency (OEHHA-CalEPA) Chemical 

Database [29]. Different sources of information are indicated. 

Biomarker 
Half-Life Time 

(t1/2) a 

Toxicant 

Precursor 

IARC 

Classification 
b 

Cancer Non-Cancer 

Other Inhalation 

Unit Risk 

Slope 

Factor 

Chronic 

Inhalation 

REL 

Tobacco smoke specific biomarkers        

Nicotine 
Blood (t1/2): 2 h 

Urine (t1/2): 11 h 

Nicotine NA NA NA NA 
Reproductive 

toxicity 
Cotinine 

Saliva (t1/2): 15 h 

Blood (t1/2): 16 h 

Urine (t1/2): 3–4 days 

trans-3’-hydroxycotinine (3HC) 
Blood (t1/2): 6.6 h 

Urine (t1/2): 6.4 h 

N’-nitrosonornicotine (NNN) NA NNN 1 4.0 × 10−4 1.4 NA NSRL: 0.5 µg/day 

4-(methylnitrosoamino)-1-(3-

pyridyl)-1-butanone (NNK) 
Urine (t1/2): 2.6 h 

NNK 1 5.2 × 10−3 c 49 (oral) NA 
NSRL: 0.014 

µg/day 4-(methylnitrosoamino)-1-(3-

pyridyl)-1-butanol (NNAL) 

Urine (t1/2): 40–45 

days 

Tobacco smoke related biomarkers        

Polycyclic aromatic hydrocarbon biomarkers      

1-hydroxy naphthalene (1-OHNap) 

2-hydroxy naphthalene (2-OHNap) 

NA 

Naphthalene 2B 3.4 × 10−5 0.12 9 NSRL: 5.8 µg/day 
Urine (t1/2): 9.4 h 

2-hydroxy fluorene (2-OHFlu) 

3-hydroxy fluorene (3-OHFlu) 

9-hydroxy fluorene (9-OHFlu) 

Urine (t1/2): 4.1 h 

Fluorene 3 NA NA NA NA NA 

NA 
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a Half-life time references of each metabolite are described in Sections 4 and 5. b IARC classification: 1—carcinogenic to humans—; 2B—possibly 
carcinogenic to humans—; 3—not classifiable as to its carcinogenicity to humans [30]. c Information from Naufal et al. [31]. d Data from the Risk 
Assessment Information System (RAIS) [32]. Glossary: NSRL (No significant risk level): Daily intake level posing a 10−5 lifetime risk of cancer 
[29]; Chronic Inhalation non-cancer REL (Reference exposure level): Concentration level at or below which no adverse health effects are 
anticipated for a specified exposure duration [33]; Cancer slope factor: Toxicity value for evaluating the probability of an individual developing 
cancer from exposure to contaminant levels over a lifetime [32]; Unit risk (UR): Estimation of the increased cancer risk from the exposure to a 
concentration of 1 µg/m3 for a lifetime [34]. NA: Not available. 

  

1-hydroxy phenanthrene (1-OHPA) 

2-hydroxy phenanthrene (2-OHPA) 

3-hydroxy phenanthrene (3-OHPA) 

NA 

Phenanthrene 3 NA NA NA NA NA 

NA 

1-hydroxy-pyrene (1-OHPyr) 

1-hydroxy-pyrene glucuronide (1-

OHPyrG) 

Urine (t1/2): 6 h 

NA 
Pyrene 3 NA NA NA NA 

Volatile organic compounds biomarkers      

Benzene NA Benzene 1 2.9 × 10−5 0.1 3 

Reproductive toxicity 

NSRL: 13 (inhalation) 

6.4 (oral) µg/day 

N-acetyl-S-(3-hydroxypropyl-1-

methyl)-L-cysteine (HPMM) 
Urine (t1/2): 5–9 h Crotonaldehyde 3 NA 1.9 (oral) d NA NA 

3-hydroxypropyl mercapturic acid 

(HPMA) 
Urine (t1/2): 5–9 h Acrolein 3 NA NA 0.35 NA 

Metals        

Cadmium 
Blood and urine (t1/2): 

1–2 decades 
Cadmium 1 4.2 × 10−3 15 0.02 

Reproductive toxicity 

NSRL (inhalation): 

0.05 µg/day 

Lead Blood (t1/2): 36 days Lead 2B 1.2 × 10−5 

0.042 

(inhalation) 

8.5 × 10−3 

(oral) 

NA 

Reproductive toxicity 

NSRL (oral): 15 

µg/day 

Other        

Carbon monoxide (CO) 

Carboxyhemoglobin (COHb) 

Exhaled (t1/2): 2–6 h 
CO NA NA NA 

23,000 

(acute REL) 

Reproductive 

toxicity Blood (t1/2): 4–6 h 
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Table 2. Summary of the most common concentration ranges of the studied biomarkers in nonsmokers, accordingly with the 

reviewed references. Concentration ranges have been classified regarding the type of tobacco smoke exposure of the target 

population: “Smokers” for the smoker population and “SHS exposure”, “THS exposure” or “No exposure”, for non-exposed 

population. 

Biomarker Matrix Smokers SHS Exposure THS Exposure No Exposure References 

Nicotine 

Hair 
2.01–79.30 ng/mg 

(min–max) 
0.08–5.02 ng/mg 

(IQR) 
NA NA [23,35–40] 

Skin 
44–1160 ng/wipe 

(min–max) 

25.6 (13.2–48.9) 
ng/wipe 

(GM (95% CI)) 

2.9 (<LOD–46.1) 
ng/wipe 

(GM (95% CI)) 

2.5 (<LOD–17.7) 
ng/wipe 

(GM (min–max)) 
[41–43] 

Cotinine 

Urine 
34.5–489.15 ng/mL 

(GM range) 
0.25–30 ng/mL 

(min–cutoff point) 
0.05–5 ng/mL 
(Cutoff range) 

0.88 ng/mL 
(max value) 

[22,36,41–
50] 

Serum/Plasma 
>10–499 ng/mL 

(cutoff–max) 
0.015–14.6 ng/mL 

(Cutoff range) 
NA <LOD (<0.05) ng/mL [49,51–58] 

Saliva 
>13–653 ng/mL 

(cutoff–IQR) 
0.04–14.9 ng/mL 

(min–max) 
NA NA 

[36,38–
40,59–63] 

Hair 
(min–max) 

0.08–2.49 ng/mg 0.05–1.57 ng/mg NA NA [23,35,64] 

3HC 
Urine 

(Mean (SD)) 
653.81 (62.30) µg/g cr 60.79 (46.70) µg/g cr NA NA [65] 

NNN 
Saliva 

(Mean (IQR)) 
118 (3.9–91) pg/mL 5.3 (1.2–2.9) pg/mL a NA NA [60] 

NNK 
Saliva 

(Mean (IQR)) 
6.6 (2.8–7.1) pg/mL 4.5 (2.4–5.2) pg/mL a NA NA [60] 

NNAL 

Urine 
80.9–405.5 pg/mL 

(Median range) 

Low: 0.95–2.21 pg/mL 
(GM Range) 

High: 5.9–20.1 pg/mL 
(CI) 

2.7–6.7 pg/mL 
(GM range) 

0.86 pg/mg cr 
(CI) 

[36,42–
44,48,50,51,
54,58,61,66] 

Saliva 
(Mean (IQR)) 

3.2 (0.98–3.5) 
pg/mL 

1.3 (0.83–1.8) pg/mL a NA NA [60] 

1-OHNap, 2-
OHNap 

Urine NA 4587.6–6045.6 ng/L b NA 
4466.1 ng/L 

(GM) 
[57] 

2-OHFLu, 3-
OHFlu, 9-OHFlu 

Urine NA 571.0–824.8 ng/L b NA 
439.9 ng/L 

(GM) 
[57] 

1-OHPA, 2-OHPA, 
3-OHPA 

Urine NA 288.1–351.2 ng/L b NA 
241.2 ng/L 

(GM) 
[57] 
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1-OHPyr Urine NA 118.1–165.1 ng/L b NA 
95.7 ng/L 

(GM) 
[57] 

Benzene 
Urine 

(Median ± IQR) 
NA 596 ± 548 ng/L 

Low: 282 ± 131 ng/L 
High: 314.5 ± 177 

ng/L 
92.5 ± 90 ng/L [67] 

HPMM 
Urine 

(Median (IQR)) 
1.63 (0.680–3.29) 

mg/g cr 
NA NA 

0.313 (0.231–0.451) 
mg/g cr 

[55] 

HMPA 
Urine 
(IQR) 

1203–4898 
pmol/mg cr 

1580–3964 pmol/mg cr NA NA [68] 

Cadmium 
Urine 
(CI) 

NA 0.11–0.29 µg/L NA 0.097–0.12 μg/L [46] 

Whole blood c NA 1.07 µg/L NA 1.02 µg/L [69] 

CO Exhaled breath 
>6–22.81 ppm 
(cutoff–mean) 

1.9–5.9 ppm 
(min–max) 

NA NA [47,59] 

COHb 
Plasma 

(Mean (SD)) 
17.57% (8.79) 1.2% (0.8) NA NA [70] 

a: Tobacco smoke exposure not specified; b: GM range between low and high SHS exposure; c: Age adjusted blood cadmium level. 

CI: Confidence interval; GM: Geometric mean; IQR: Interquartile range; LOD: Limit of detection; SD: Standard deviation. NA: Not 

available. 

3HC: trans-3’-hydroxycotinine; NNN: N′ -nitrosonornicotine; NNK: 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone; NNAL: 

4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanol; 1-OHNap: 1-hydroxy naphthalene; 2-OHNap: 2-hydroxy naphthalene; 2-

OHFLu: 2-hydroxy fluorene; 3-OHFlu: 3-hydroxy fluorene; 9-OHFlu: 9-hydroxy fluorene; 1-OHPA: 1-hydroxy phenanthrene; 2-

OHPA: 2-hydroxy phenanthrene; 3-OHPA: 3-hydroxy phenanthrene; 1-OHPyr: 1-hydroxy-pyrene; HPMM: N-acetyl-S-(3-

hydroxypropyl-1-methyl)-L-cysteine; HMPA: 3-hydroxypropyl mercapturic acid; CO: carbon monoxide; COHb: 

carboxyhemoglobin. 
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1.3.5.1. Nicotine 

Nicotine is the main alkaloid found in tobacco leaves and an exclusive 

marker of tobacco smoke exposure. During smoking, nicotine is emitted in both 

gas and particulate phases and rapidly absorbed into the bloodstream. It is then 

distributed along body tissues and organs, such as the liver which metabolizes 

nicotine into other compounds. Although nicotine is not considered to be a 

carcinogen by the International Agency for Research on Cancer (IARC), it can 

participate in carcinogenesis through inhibition of apoptosis and cell 

proliferation [71]. Moreover, nicotine is involved in tobacco addiction, 

promotion of inflammation, adverse effects in the vascular system, reproductive 

toxicity, and alterations in fetus brain development [24,72]. 

Few studies have focused on the determination of nicotine in human 

biofluids, mainly because of the low nicotine half-life times (t1/2) (11 h and 2 h 

in urine and blood, respectively) [73]. However, nicotine is a useful biomarker 

for long-term tobacco smoke exposure in hair, where it remains unmetabolized 

and, consequently, as hair grows over the months, tobacco exposure is 

“recorded” over long periods of time [74]. As shown in Table 2, nicotine in hair 

can be found in 10 to 100 times higher concentrations than cotinine typically 

ranging from 2.01 to 79.3 ng/mg in smokers [35] and from 0.08 to 5.02 ng/mg 

[23,35–40] in a SHS-exposed population. Hair nicotine concentrations also 

highly correlated with airborne nicotine and cotinine in urine, thus confirming 

its suitability as an alternative tobacco smoke exposure biomarker. 

Furthermore, since nicotine in hair is less affected by daily variability, possible 

cutoff values have been proposed to distinguish active smokers from SHS-

exposed nonsmokers, such as 5.68 ng/mg (sensitivity, 94.2%; specificity, 

87.0%) [64]. 

Besides, the determination of nicotine in skin, especially in hands and 

fingers, could be also an excellent indicator of the kind and extent of tobacco 

smoke exposure. Skin nicotine concentrations reached values up to 1160 
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ng/wipe in smokers [41] and up to 48.9, 46.1 and 17.7 ng/wipe in nonsmokers 

exposed to SHS, THS and non-exposed, respectively [42,43]. Similarly to hair, 

the accumulation of nicotine in the hands of nonsmokers also correlated with 

airborne nicotine and urinary cotinine, making skin nicotine a feasible 

biomarker to monitor low SHS and THS exposure. 

1.3.5.2. Nicotine Metabolites 

Nicotine metabolism, summarized in Figure 2A, depends on several factors 

including ethnicity, gender, age, genetics, pregnancy or several diseases, such 

as liver or kidney disease [24]. Around 70% to 80% of nicotine is transformed 

into its main metabolite, cotinine, by two enzymatic reactions [75] carried out 

by cytochrome P450 2A6 (CYP2A6) in combination with a cytoplasmic 

aldehyde oxidase [76,77]. The higher persistence of cotinine (t1/2 of 15 h in 

saliva, 16 h in blood and 3–4 days in urine, shown in Table 1), together with the 

wide range of available analytical methods, makes it the most widely used 

biomarker to assess tobacco smoke exposure [75,78]. However, it is estimated 

that only around 10% to 15% of cotinine is found in smokers’ urine because most 

of cotinine is converted into other metabolites [75], mainly trans-3′-

hydroxycotinine (3HC), also through a CYP2A6 mediated reaction [79]. The 

occurrence of 3HC in urine is 33% to 40% and the average half-life of 3HC is 

similar in both plasma and urine (an average of 6.6 h and 6.4 h, respectively) 

[80]. Nicotine and its metabolites could also be transformed into N-quaternary 

glucuronides by the uridine diphosphate-glucuronosyltransferase (UGT). These 

glucuronides are present in urine with occurrences of 3% to 5%, 12% to 17% and 

7% to 9% for nicotine, cotinine and 3HC glucuronides, respectively [73], but 

may be partially hydrolyzed after sample collection [81]. Hence, the enzymatic 

hydrolyzation of the glucuronides conjugates is the common procedure prior to 

the sample analysis. 

Cotinine concentrations have been mainly monitored in biofluids. Urine, 

blood and saliva cotinine concentrations have been used to both establish cutoff 
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values to distinguish active smokers from nonsmokers and characterize the type 

and extent of the exposure. The typical urinary cotinine cutoff value is 30 

ng/mL. Urinary cotinine concentrations usually range from 34.5 to 489 ng/mL 

for smokers [46,47], from 0.25 to 30 ng/mL for SHS exposed nonsmokers 

[22,36,42,45,46,48–50], up to 5 ng/mL for THS exposed nonsmokers [41,43,44] 

and around 0.88 ng/mL in non-exposed nonsmokers [43]. Nevertheless, acute 

exposure to SHS can raise urinary cotinine concentrations to levels similar to 

those reported in smokers’ concentrations. This is for instance the case of 

nonsmoker workers of bars and restaurants without smoking bans that 

presented mean urinary cotinine concentrations in the range of 35.9 to 61.2 

ng/mL [44,47]. 

In serum and plasma, cotinine cutoff values are typically 10 or 15 ng/mL 

[51,53–55,57,58]. Common cotinine levels ranged from 0.015 to 14.6 ng/mL for 

SHS exposed nonsmokers [49,53–58], whereas cotinine levels in smokers can 

be more than one order of magnitude higher [51–55,57,58]. Non-exposed 

nonsmokers did not present quantifiable cotinine values. The incidence of 

several illnesses may affect serum cotinine levels of nonsmokers. For instance, 

nonsmoker adults with self-reported asthma from the 2007–2008 US National 

Health and Nutrition Examination Survey (NHANES) presented serum 

cotinine concentrations reaching up to 57 ng/mL [51]. 

Salivary cotinine is an alternative to blood worth considering: 

Concentration in saliva is usually between 15% and 40% higher than in blood 

because cotinine molecules are small, relatively water soluble and present 

minimal protein binding in the blood [82]. The interpretation of saliva cotinine 

can be limited by variability across individuals caused by the effect of age, 

gender, race, oral pH, type of diet, dehydration or drug treatment [17]. The 

usual salivary cotinine cutoff value was 13 ng/mL to distinguish between active 

smokers from nonsmokers, whilst 10 ng/mL was useful to distinguish low and 

high SHS exposure [39]. More recently, Lam et al. examined the associations 
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between measured SHS exposure and mental health. Salivary cotinine levels 

were used to categorize the studied population into different groups according to 

the level of exposure: Low SHS exposure (0.1–0.3 ng/mL), moderate SHS 

exposure (0.4–0.7 ng/mL) and high SHS (0.8–14.9 ng/mL) [59]. As shown in 

Table 2, salivary cotinine concentration ranged between 0.04 and 14.9 ng/mL 

in nonsmokers exposed to SHS [36,38–40,59,61–63], and reached up to 653 

ng/mL in active smokers [38,39,59,60]. Salivary cotinine concentrations 

increase even after a short time of SHS exposure, thus demonstrating the 

suitability of salivary cotinine as a short-term SHS exposure biomarker [61]. 

3HC urinary concentration values are usually three-to four-fold higher than 

those found for urinary cotinine and, therefore, the determination of urinary 3HC 

would provide a more sensitive measurement of tobacco smoke exposure [73,83]. 

Nevertheless, the study of 3HC is mainly used in smoker cohorts and only one of 

the studies that met our selection criteria have focused on the determination of this 

biomarker in nonsmokers. Mean 3HC concentrations were ca. 10 fold-higher in 

smokers than in SHS exposed nonsmokers (654 vs. 60.8 μg per g of creatinine 

(μg/g cr), respectively) [65]. 
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Figure 2. (A) Mechanisms of formation of the tobacco smoke specific biomarkers 

studied in this review, including the main ranges of transformation, expressed in 

percentage (%) [24,84]. (B) Mechanisms of formation of some tobacco smoke-related 

biomarkers reviewed here [85–87]. 
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1.3.5.3. Tobacco-Specific Nitrosamines (TSNAs) 

During tobacco curing and burning, nicotine reacts to form tobacco-

specific nitrosamines (TSNAs), a leading class of carcinogens in tobacco 

products. TSNAs can also be formed by the oxidation of residual nicotine 

deposited in dust particles and surfaces through the reaction with ozone, 

nitrous acid and other atmospheric oxidants [7]. Therefore, the determination 

of TSNAs biomarkers is especially relevant to evaluate THS exposure. As shown 

in Table 1, N′-nitrosonornicotine (NNN) and 4-(methylnitrosoamino)-1-(3-

pyridyl)-1-butanone (NNK) are considered carcinogenic for humans (Group 1) 

by the IARC [88] with an inhalation unit risk of 4.0 × 10−4 (µg/m3)−1 and 5.2 × 

10−3 (µg/m3)−1, respectively. Carcinogenesis of NNN and NNK comes through 

their metabolic activation mainly conducted by cytochrome P450, generating 

reactive species that form adducts with DNA [89]. Studies performed in small 

rodents showed that NNK induced tumors in the lungs, nasal cavities, trachea 

and liver, while NNN produced tumors in esophagus as well as in lungs, nasal 

cavities and trachea [90,91]. After absorption, carbonyl reductases and 11β-

hydroxysteroid dehydrogenase type 1 (HSD11B1) rapidly convert NNK to its 

main metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), 

shown in Figure 2A, which is considered to have similar adverse health effects 

as its precursor [92]. Urinary levels of total NNAL and total NNN have been 

linked with lung and esophageal cancer risk, respectively [93,94]. NNAL can be 

transformed to NNAL-glucuronide by UGT enzymes prior to body 

detoxification [84], mainly into NNAL-O-glucuronide in urine [95]. The higher 

occurrence of NNAL in urine (i.e., urinary NNAL levels are about 30-fold higher 

than urinary NNN levels) and its higher half-life time (40–45 days against 2.6 

h for NNAL and NNK, respectively, shown in Table 1), makes urinary NNAL a 

good biomarker of long-term and intermittent exposure to tobacco smoke 

[84,88]. Besides, as SHS ages, nicotine levels rapidly decline but NNK levels 

increase confirming the suitability of urinary NNAL as a more reliable 

biomarker of THS exposure than nicotine metabolites. Mean urinary NNAL 
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concentrations were 80.9–405.5 pg/mL in active smokers [50,51,58], 5.9–20.1 

pg/mL for high SHS exposure [44,48,58,66], 0.95–2.21 pg/mL for low SHS 

exposure [36,50,51,54,61], 2.7–6.7 pg/mL for THS exposure [42] and 0.81 

pg/mL for no exposure [43]. Recently, Benowitz et al. estimated a urinary 

NNAL cutoff value to distinguish between active smokers and nonsmokers 

exposed to SHS. For a cotinine cutoff of 30 mg/L, the estimated NNAL was 14.4 

pg/mL (10.2 pg/mg creatinine), with 94.6% sensitivity and 93.4% specificity 

[50]. 

Data from the 2011–2012 NHANES showed that urinary NNAL was over 

20 times higher for nonsmokers exposed to SHS at home compared to those 

non-exposed. Moreover, irrespective of smoking status, non-Hispanic Asian 

American presented lower biomarkers concentrations compared to both non-

Hispanic whites and non-Hispanic blacks thus corroborating differences in the 

elimination kinetics of nicotine/cotinine and NNAL [58]. Data from NHANES 

2011–2012 was also used to assess NNK exposure by age group and ethnicity by 

measuring urinary NNAL in 4831 nonsmokers. Among all non-tobacco users, 

significantly higher geometric means and 95th percentiles of urinary total 

NNAL were observed among children aged 6 to 19 years old (2.43 (1.96–3.02) 

pg/mL) vs. adults aged >20 years (1.38 (1.21–1.57) pg/mL). Among these 

nonsmokers, non-Hispanic Blacks had higher urinary levels of NNAL (volume-

base and creatinine corrected) than other ethnicity groups [54]. 

Nevertheless, non-metabolized TSNAs could be the preferable choice in 

other biological matrices. In this sense, a recent study performed by Perez-

Ortuño et al. showed that NNK was the most concentrated TSNA in hair of 

nonsmokers exposed to SHS, with a mean concentration of 2.1 pg/mg, 

correlating well with nicotine and cotinine. Consequently, NNK could be the 

most suitable hair biomarker of cumulative exposure to TSNAs [23]. 

Conversely, the same group of researchers found that NNN was the most 

prevalent TSNAs in nonsmokers’ saliva samples, with a mean concentration of 
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5.3 pg/mL. The salivary NNN/cotinine ratio confirmed the relative NNN 

increase in SHS exposure. Considering that NNN is associated with esophageal 

and oral cavity cancers, the authors proposed the monitoring of salivary NNN 

to assess the cancer risk associated with exposure to tobacco smoke. 

1.3.6. Tobacco-Related Biomarkers 

SHS and THS exposure results in the uptake of a wide range of toxicants 

apart from those specific to tobacco smoke. These tobacco-related toxicants 

may come from other sources of exposure besides tobacco smoke. However, 

their high toxicity makes them worthy of study in different tobacco smoke 

exposure scenarios in combination with cotinine and other tobacco-specific 

biomarkers, thus providing a broader perception of the health harms derived 

from tobacco smoke exposure. The non-specific biomarkers analyzed in the 

papers reviewed here included polycyclic aromatic hydrocarbons, several kinds 

of volatile organic compounds, metals and carbon monoxide. 

1.3.6.1. Polycyclic Aromatic Hydrocarbons (PAHs) 

Although polycyclic aromatic hydrocarbons (PAHs) are not tobacco 

smoke-specific markers, they are present in higher concentrations in smoking 

environments [96]. PAHs are metabolized in the liver by cytochrome P450 

generating reactive epoxy intermediates which are converted to its non-reactive 

hydroxylated forms by epoxide hydrolase. Figure 2B shows the pyrene 

metabolism as an example of PAH metabolism. To perform body detoxification, 

PAH intermediaries are conjugated with glucuronide acid or glutathione by 

UGTs or glutathione S-transferases (GSTs), respectively, and excreted 

[85,97,98]. As shown in Table 1, half-life time of some common PAH 

biomarkers vary from 4.1 to 9.4 h [99]. The main health effects of PAHs have 

been related with immunotoxicity, genotoxicity, cytotoxicity, mutagenicity and 

carcinogenicity in humans [100]. Short-term exposure to PAHs may also result 

in several non-carcinogenic effects, such as eye and skin irritation, nausea, 

vomiting and inflammation. Long-term exposure to PAHs has been related with 
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cataracts, kidney and liver damage, break-down of red blood cells and several 

types of cancer, such as skin, lung, bladder and gastrointestinal cancer [101]. As 

an example of the occurrence of PAH biomarkers in relation with tobacco smoke 

exposure, Kim et al. performed cross-sectional analyses of 1985 children aged 6 

to 18 years using data from the 2003–2008 US NHANES survey. SHS exposure, 

measured as serum cotinine, was strongly associated with urinary 

concentrations of nine PAH biomarkers, with concentrations in SHS exposed 

nonsmokers ranging from 118 ng/mL for 1-OHPyr and up to 6046 ng/mL for 

naphthalene metabolites. PAH biomarkers of non-exposed children were 

generally lower, as seen in Table 2 [57]. 

1.3.6.2. Volatile Organic Compounds (VOCs) 

Tobacco smoke also contains a wide range of VOCs, including several 

carbonyl compounds, such as crotonaldehyde and acrolein, and aromatic 

compounds like benzene, among others [2]. Exposure to these VOCs is 

associated with many adverse health effects including irritations, tissue 

damage, DNA-adducts formation, mutagenicity and even strong carcinogenic 

effects in the case of benzene [102–104]. Following exposure, body 

detoxification from crotonaldehyde and acrolein mostly begins with the 

conjugation of glutathione by GSTs in the liver and ends with the production of 

their main metabolites N-acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine 

(HPMM) and 3-hydroxypropyl mercapturic acid (HPMA), respectively, which 

are excreted through urine, as shown in Figure 2B [86,87]. Urinary half-life of 

HPMM and HPMA is 5–9 h [105]. Waterpipe smoke exposure is a source of 

acrolein. In waterpipe venues urinary 3-HPMA and cotinine were positively 

correlated among smokers and nonsmokers with values up to 3686 pmoL/mg 

cr in daily waterpipe smokers and 2498 pmoL/mg cr in nonsmokers attending 

a waterpipe social event [68]. 

Bagchi et al. examined the influence of tobacco exposure and crotonaldehyde 

in 4692 participants of the 2005–2006 and 2011–2012 NHANES surveys, with 
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mean (IQR) values of 1.63 (068–3.29) in smokers and 0.313 (0.231–0.451) in 

nonsmokers. Urinary HPMM levels were positively associated with serum 

cotinine and even though demographic variables, such as age, gender and race, 

showed distinct effects on crotonaldehyde exposure, authors concluded that 

tobacco smoke is a major source of crotonaldehyde exposure [55]. 

An average of 17% of the inhaled benzene is exhaled and the remaining part 

is metabolized and excreted through urine as unmodified benzene and as other 

metabolites such as S-phenyl-mercapturic acid (SPMA) or trans,trans-muconic 

acid (ttMA) [103,106]. The association between urinary benzene and SHS 

exposure was measured by Protano et al. in 122 children from an Italian rural 

area [67]. Benzene median concentrations and IQR for children with smoking 

parents were 359.5 ± 362 ng/L, whereas non-exposed children’s were 92.5 ± 90 

ng/L. For children with smoking parents who did not smoke inside the homes, 

benzene concentrations were 282 ± 131 ng/L and 314.5 ± 177 ng/L for children 

whose parents smoked inside the house when children were out, thus indicating 

the relevance of THS exposure in children. If parents smoked inside when 

children were in, children’s benzene concentrations were 596 ± 548 ng/L. 

Urinary cotinine concentrations varied similarly. In a latter study, urinary 

cotinine was positively correlated with urinary benzene (r = 0.164, p < 0.05) 

and its metabolite SPMA (r = 0.190, p < 0.01) in morning urine samples [107]. 

Although benzene may occur from different emission sources, the relationship 

of benzene with SHS and THS was proved in the studied children. 

1.3.6.3. Metals 

A numerous amount of toxic metals, such as cadmium and lead, are 

transferred to tobacco smoke during cigarette burning and absorbed by humans 

through inhalation. Tobacco smoke is considered to be one of the main source 

of cadmium and lead intake by humans [108,109]. After absorption, cadmium 

and lead are transported through the blood to several tissues, such as lungs, 

kidneys or bones, where they can be accumulated [110,111]. These toxicants are 
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mainly eliminated through urine but their clearance is quite slow (i.e., 0.001% 

per day of Cd) [108]. As shown in Table 1, half-life time of lead in blood averages 

36 days while half-life time of cadmium in urine and blood can be up to one or 

two decades [110,112]. Both cadmium and lead can produce tubular dysfunction 

and renal failure in the kidney [113], hence lead is classified as a possible human 

carcinogen and cadmium as carcinogenic to humans [30]. 

The presence of heavy metals in combination with cotinine has been 

assessed in sensible populations. For instance, Polanska et al. reported a mean 

lead concentration of 1.1 µg/dL with a range from 0.4 to 5.7 µg/dL in cord blood 

of SHS-exposed newborn babies. Prenatal lead exposure together with a long-

term exposure to SHS resulted in a negative effect on the development of motor 

abilities for children tested in 2-year-olds [22]. In pregnant women at delivery 

time, Jedrychowski et al. found a low lead concentration of 1.63 µg/dL in whole 

blood, which might be associated with hypertension during pregnancy. 

Nevertheless, the occurrence of lead was not clearly correlated with cotinine 

levels [56]. However, there were small but significant correlations between 

cotinine and lead in newborns and children DBS [52,114]. 

The role of SHS exposure in urinary cadmium levels was also not 

conclusive. As an example, similar cadmium concentrations were found in 

children exposed and non-exposed to SHS, without clear correlations with 

urinary cotinine [46,115]. Conversely, Sánchez-Rodríguez et al. found that 

urinary cadmium levels slightly decreased in 83 adults after the implementation 

of a restrictive anti-smoking legislation, ranging from 0.17 (0.11–0.29) μg/g cr 

before the smoking ban to 0.10 (0.06–0.22) μg/g cr one year after the law 

implementation. The reduction of urinary cotinine was lower than urinary Cd, thus 

the authors concluded that further monitoring is necessary as Cd variations could 

be also due to atmospheric Cd exposure and may be influenced by differences in 

body mass indexes [116]. Nevertheless, a possible correlation of whole blood 

cadmium concentrations with SHS exposure was studied in 1398 adults 
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participating in the 2007–2012 Korean National Health and Nutrition 

Examination Survey (KNHANES) that self-reported SHS exposure. Age 

adjusted blood cadmium levels in adults were higher in nonsmokers exposed to 

SHS than in non-exposed ones (1.07 µg/L vs. 1.02 µg/L). In addition, blood 

cadmium levels of both adults and adolescents correlated positively with levels 

of urinary cotinine [69]. 

1.3.6.4. Carbon Monoxide 

SHS is considered an important source of exposure to CO in nonsmokers 

[117]. CO levels in mainstream smoke average 5 to 22 mg/cigarette (approximately 

4.5% of tobacco smoke [118]) and are on the level of 9 to 35 mg/cigarette for 

sidestream smoke [119]. Once released in the atmosphere, CO rapidly diffuses into 

the body through alveolar, capillary and placental membranes during inhalation. 

Since CO has 200 to 250 times more affinity to haemoglobin than oxygen, 80% to 

90% of CO successfully binds to haemoglobin, forming its main blood metabolite, 

carboxyhaemoglobin (COHb). As shown in Table 1, half-life time of exhaled CO and 

blood COHb average 2–6 h and 4–6 h, respectively and therefore they can be used 

as short-term SHS exposure biomarkers [24]. Cigarette consumption and high 

concentrations of exhaled CO could be related to low birth weight [120]. However, 

further research is needed to determine the toxicological importance of CO in SHS 

exposure. As seen in Table 2, CO concentration ranges between 1.9 and 5.9 ppm in 

nonsmokers exposed to SHS, whereas in smokers commonly range from 6 ppm 

(common cutoff value) to 22.81 ppm [47,59]. Exhaled carbon monoxide (CO) from 

workers who are exposed to SHS in public venues could be measured to investigate 

indoor air quality [121]. Whole blood COHb correlates with the smoking status, 

with mean concentrations of 17.57% in smokers and 1.2% in nonsmokers exposed 

to SHS [70]. Among nonsmokers, 30 min of exposure to waterpipe smoke 

increased the COHb levels, which correlated with serum cotinine, corroborating 

the relevance of CO emissions, even in short-time SHS exposure. 
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1.3.7. Determination of Multiple Specific Biomarkers. Examples 

of Applications 

In the previous sections we have already commented the suitability of each 

studied biomarker and their association with cotinine concentrations and the type 

of tobacco smoke exposure. The aim of this section is to comment some selected 

examples to further discuss the usefulness of the simultaneous determination of 

multiple biomarkers for the characterization of either SHS or THS exposure. 

1.3.7.1. Evaluation of SHS Exposure 

The intrinsic characteristics of the studied populations have a key role not 

only in the selection of the biological matrix, but also in the election of 

biomarkers. For instance, the determination of nicotine in biofluids does not 

provide very valuable information, the simultaneous analysis of urinary 

nicotine and cotinine can be suitable in individuals with a decreased ability to 

metabolize nicotine due to a reduced CYP2A6 activity. In this sense, Matsumoto 

et al. studied the total nicotine and cotinine urinary concentrations of 117 

Japanese nonsmokers, concluding that 54% of these nonsmokers presented 

higher nicotine concentrations than those found for cotinine [45] and, 

therefore, the simultaneous determination of both biomarkers provided a better 

characterization of SHS exposure for that population group. 

Although the study of cotinine and 3HC has been extensively used in 

cohorts of smokers, the simultaneous determination of urinary NNAL and 

urinary or serum cotinine is usually the preferred approach for characterizing 

long term SHS. As TSNAs are formed while SHS ages, urinary NNAL/cotinine 

ratio is 10 times higher in SHS exposure compared to active smoking, without 

gender, race/ethnicity or age differences [50], and it is estimated to be even 

higher in young children exposed to THS. Therefore this ratio could be used as 

a biomarker to distinguish between SHS and THS exposure [6]. The 

NNAL/cotinine ratio was also higher among pregnant women who did not 

smoke (0.0076) in comparison to those who smoke (0.0013) [48]. Nevertheless, 
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Benowitz et al. recently suggested that by comparing sensitivity and specificity, 

the single determination of NNAL has a better performance than the 

NNAL/cotinine ratio in discriminating smokers from nonsmokers [50]. 

Since urinary cotinine and NNAL have different metabolic clearances, the 

joint study of both biomarkers could be useful to evaluate changes in SHS 

exposure. For instance, the role of SHS exposure in cars was evaluated by 

exposing eight nonsmoker volunteers to SHS for one hour (3 cigarettes). After 

this exposure, urinary cotinine increased 6-fold whilst the increase of NNAL 

was ca. 27-fold in comparison with baseline biomarker levels. In the same study 

plasma nicotine did not change after SHS exposure [49]. In another example, 

the application of the smoking ban reduced urinary cotinine and NNAL from 

mean values of 35.9 ng/mL and 18.2 pg/mL, respectively, to values below the 

detection limit (<5 ng/mL) for cotinine and 7.3 pg/mL for NNAL, two months 

after implementing the law [44]. Urinary cotinine and NNAL concentrations 

also correlate with airborne particulate matter (PM2.5) [37,122,123]. 

Finally, another example of the determination of multiple tobacco smoke 

biomarkers is the evaluation of SHS exposure in waterpipe venues, which 

exposure to smoke toxicants may differ from conventional cigarette smoke 

exposure. For instance, Moon et al. recently investigated the possible 

correlations of four tobacco specific biomarkers (urinary and salivary cotinine, 

urinary NNAL and hair cotinine) with two related biomarkers (urinary 1-OHPG 

and CO in breath). In nonsmoking employees, they found moderate correlations 

among the tobacco-specific biomarkers, urinary cotinine and 1-OHPG. However, 

in this study CO concentrations were not associated with any of the tobacco-specific 

biomarkers studied (salivary cotinine, hair nicotine, urinary NNAL, and exhaled 

CO) which could be due to the short half-life of CO or the sampling process when 

business activity was low [36]. 
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1.3.7.2. Evaluation of THS Exposure 

When designing studies to evaluate THS exposure, it is necessary to take 

into consideration three main characteristics that make THS different from SHS 

exposure [6]. The first one is that the concentration of TSNAs increases as SHS 

ages, therefore, the TSNAs/cotinine ratio in nonsmokers exposed to THS is 

usually higher than in non-exposed ones. The second consideration is that 4-

(methylnitrosamino)-4-(3-pyridyl)butanal (NNA) is a TSNA that is specific to 

THS, and the evaluation of its possible main metabolites—4-

(methylnitrosamino)-4-(3-pyridyl)-1-butanol (iso-NNAL) and 4-

(methylnitrosamino)-4-(3-pyridyl)butyric acid (iso-NNAC)—would enable the 

distinction between SHS and THS exposure. However, to date, there is a lack of 

biomonitoring studies of these specific NNA biomarkers. The third 

consideration is that unlike SHS, the main pathways of exposure to THS are 

nondietary ingestion and dermal absorption. Dermal absorption is usually 

overlooked as a possible pathway of exposure, but it is especially relevant in the 

case of THS contamination where nonsmokers are exposed to smoke toxicants 

bound to fabrics, clothing, settle dust and surfaces. Different studies 

demonstrated that nicotine has a large dermal permeability coefficient (kp_g—

from air through skin to blood—4.4 m/h) [27], that dermal uptake of nicotine 

can occur directly from air, which is comparable to the estimated inhalation 

uptake of nicotine [124] and lastly, that a substantial fraction of tobacco smoke 

exposure is through dermal absorption [125]. 

The accumulation of nicotine in the hands of nonsmokers has been proved 

in several studies. Different research groups of the University of California in 

San Diego leaded by Matt el al., have measured finger nicotine as a biomarker 

of THS exposure [42,43]. The main aim of these studies was to examine whether 

THS persists during long periods of time in different indoor environments. For 

instance, finger nicotine concentrations of nonsmokers who stayed overnight in 

guest rooms were up to 17.7 ng/wipe in hotels with complete smoking bans, up 

to 226.9 ng/wipe in non-smoking rooms in hotels without complete smoking 
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bans and up to 1713.5 ng/wipe in smoking rooms, correlating with the nicotine 

found on guestroom surfaces and urinary cotinine. Urinary cotinine GM levels 

were five to six times higher for volunteers staying in smoking rooms. Mean 

cotinine levels were similar between those volunteers staying in non-smoking 

rooms of smoke-free and smoking hotels, suggesting that the single study of 

cotinine did not provide an accurate measure of THS exposure. NNAL was 

measured only in guests staying in the most polluted smoking rooms. For these 

guests NNAL’s GM increased from 0.86 pg/mg cr to 1.24 pg/mg cr after staying 

overnight [43]. 

In a study published in 2017, homes of former smokers were examined 

until 6 months after quitting [42]. In the first week after quitting, they observed 

a significant reduction of nicotine in fingers of non-smoking residents (from 

29.1 to 9.1 ng/wipe) without any significant changes thereafter, matching with 

nicotine levels in surfaces. These findings indicated that surfaces may be the 

main source of finger nicotine and also that homes of smokers remained 

polluted with THS for up to 6 months after cessation. Levels of cotinine declined 

from the first week after quitting, decreasing from a baseline GM concentration 

of 9.9 to 1.5 ng/mL 1 month after quitting, and remaining stable after that time 

point. However, NNK exposure declined more gradually since it was not until 3 

months after quitting that NNAL levels decreased significantly (11.0 pg/mL at 

basal level to 3.2 pg/mL 3 months post quitting). After this initial decline, both 

urinary cotinine and NNAL levels remained stable and above levels found in 

nonsmokers without exposure to SHS or THS. Authors concluded that smoking 

cessation did not immediately and completely eliminate exposure risk since 

homes of smokers remained polluted with nicotine and TSNAs in dust and on 

surfaces, and residents continued to be exposed for at least 6 months after 

smoking cessation. 

Recently, the relationship between tobacco smoke exposure and hand nicotine 

was studied in 25 children with potentially tobacco related illnesses [63]. All 
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children had detectable hand nicotine in the range of 18.3 to 690.94 ng/wipe (GM 

86.4 ng/wipe) confirming the relevance of THS exposure in young children. 

Furthermore, hand nicotine levels presented a significant positive association with 

salivary cotinine, therefore, hand wipes could be useful as a proxy for exposure and 

to determine overall tobacco smoke pollution. These findings corroborated that 

tobacco exposure is produced via multiple pathways and, therefore, a 

comprehensive assessment of tobacco exposure must include both SHS and THS. 

Nicotine in fingers has also been used for the assessment of THS 

transportation, thus Northrup et al. evaluated THS exposure in infants of 

smoking mothers, admitted to the neonatal intensive care unit on their date of 

birth [41]. Nicotine in mother’s fingers highly correlated with tobacco 

biomarkers in infant urine. Levels of urinary NNAL in the newborn were 

comparable to those levels found in nonsmokers exposed to SHS and to the 

urinary NNAL concentrations in former smokers just 1 week after quitting [42], 

thus corroborating the role of THS transportation in tobacco smoke exposure. 

Besides, four studies have focused on the suitability of urinary cotinine and 

NNAL to assess THS exposure. Urinary cotinine values for THS exposure 

ranged between 0.05 to 5 ng/mL for most of the studies [41,43,44] and were up 

to 6 ng/mL in one case [42]. These levels exceeded the range proposed by 

Benowitz et al. of 0.05–0.25 ng/mL for low-level SHS exposure or THS 

exposure [50]. These values also include cotinine levels of bar employees after 

a smoking ban implementation and hence, exposed to THS in an environment 

where smoking was previously permitted [44]. NNAL levels were between 2.7 

and 6.7 pg/mL for nonsmokers exposed to THS at home [42] and were up to 

7.3 for bar employees exposed to THS at work [123]. These levels have been 

exceeded in the case of infants admitted in intensive care unit who have 

smoking mothers (12.4 pg/mL) [41]. 
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1.3.8. Conclusions 

The determination of biomarkers of tobacco smoke exposure plays a key 

role in the characterization of the health effects related to this exposure. In this 

review we have discussed the suitability of the determination of multiple 

biomarkers to assess SHS and THS exposure. The selected biological matrices 

will determine the kind of information obtained in a concrete study. Urine was 

the most widely used biological matrix in the studies summarized here, suitable 

for the assessment of SHS and THS. Nevertheless, depending on the nature of 

the study, it can be useful to complement the information provided by the 

urinary biomarkers with the analysis of other biological matrices, such as blood. 

For short-term exposure, saliva and exhaled breath are commonly studied, 

whilst hair enables the assessment of long-term exposure. Dermal absorption is 

usually overlooked as a pathway of exposure to tobacco toxicants, however, 

several studies have demonstrated the relevance of skin in the transport and 

accumulation of tobacco smoke toxicants. In the characterization of THS 

exposure, nicotine in hands and fingers correlated with urinary cotinine and 

NNAL. 

The selection of the appropriate target biomarkers will depend on the 

available biological matrices (that influence on biomarker availability and half-

life time), source of exposure (i.e., cigarettes or waterpipe), objectives of the 

study (i.e., short term, long-term or intermittent SHS exposure or THS 

exposure) and the characteristics of the target population (i.e., age, race, specific 

diseases, etc.). Cotinine is the gold standard biomarker of tobacco exposure. 

Nevertheless, an approach worthy of further investigation could be the 

simultaneous determination of urinary cotinine and NNAL that enables a better 

characterization of low SHS and THS exposure. Besides, NNK and NNN were 

the most concentrated TSNAs in saliva and hair, respectively, and the 

identification of these biomarkers in these biomatrices must be considered in 

future works. The assessment of non-specific biomarkers provided a broader 

knowledge about the health effects associated with tobacco smoke exposure. 
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Nevertheless, exposure to these biomarkers can also occur from other sources and, 

therefore, their concentrations are not always clearly linked with tobacco exposure. 

Finally, although few studies have focused on determining THS exposure, the 

data reviewed here confirms the risks of this poorly described tobacco smoke 

exposure pathway. Consequently, future research must include the assessment 

of both SHS and THS exposure, especially in the most vulnerable population to 

THS: Children. 
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1.3.10. Supplementary Information 

Table S1. Summary of the results obtained in the papers included in this review. The data presented in this table corresponds to 

the biomarker concentrations from the nonsmokers studied that were exposed to sencondhand (SHS) or thirdhand smoke (THS), 

including the main characteristics of the target population, the analyzed biomatrix and the biomarker concentration, expressed as 

reported in the original paper. The smokers (S) concentrations are also summarized, if available. 

Reference Target population 
Biological 

matrix 
Biomarkers Concentrations 

[1] Pregnant women: n= 431, age: 18-35 years  
Low SHS: Low exposure to PM2.5 

High SHS: High exposure to PM2.5 

(Poland) 

Serum Cotinine 
Not specified 

Low SHS: 0.16 ng/mL 
High SHS: 0.33 ng/mL  

Whole blood Lead 
GM (95% CI) 

SHS: 1.63 (1.63-1.75) µg/dL 

[2] Children: n= 122, age: 5-11 years, male and female 
Exposure to SHS and THS at home 
Low THS: If the cohabitants smoke outside the 
house 
High THS: If the cohabitants smoke inside the 
house when children are out 
(Italy) 

Urine Cotinine 

Median  IQR 
Low THS: 3.04  4.19 μg/g cr 
High THS: 3.61  21.92 μg/g cr 

SHS: 5.95  51.23 μg/g cr 
Benzene 

Median  IQR 
Low THS: 282  131 ng/L 

High THS: 314.5  177 ng/L 
SHS: 596  548 ng/L 

[3] Adults: n= 27-23, age: 21-37 years, male and 
female 
3 hours of controlled SHS exposure in a terrace of a 
bar or a restaurant (Rest.) 
(USA) 

Urine NNAL 
GM (min-max) 

Bar (SHS): 0.109 (0-3.60) pg/mL  
Rest. (SHS): 0.008 (0-2.1) pg/mL  

Saliva Cotinine 
GM (min-max) 

Bar (SHS): 0.161 (0.094-0.407) ng/mL  
Rest. (SHS): 0.075 (0.036-0.188) ng/mL 

[4] Adults (A): Smokers n = 25, SHS exposed n = 19 
Children (C) exposed to SHS: n = 18, age: ≤ 2years 
(Greece) 

Hair Cotinine 
A: Mean (min-
max) 
C: Min-max 

A (S): 1.16 (0.08-2.49) ng/mg  

A (SHS): 0.13 (0.05-0.32) ng/mg 
C (SHS): 0.13-1.57 ng/mg  

Nicotine 
A: Mean (min-
max) 
C: min-max 

A (S): 27.97 (2.01-79.30) ng/mg  

A (SHS): 1.49 (0.12-2.58) ng/mg 
C (SHS): 0.69-28.71 ng/mg 

[5] Bar employees: n= 40, age: 21-73 years, 70% 
female 
Exposure before smoking ban (Bef.) and after ban 
(Aft.)  
(USA) 

Urine Cotinine 
Mean (SD) 

Bef. (SHS): 35.9 (17.4) ng/mL 
Aft.: Non-quantifiable (<5 ng/mL) 

NNAL 
Mean (SD) 

Bef. (SHS): 0.087 (0.065) pmol/mL 
Aft.: 0.035 (0.033) pmol/mL 
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[6] Bar and restaurant employees: Smokers n = 21, 
SHS exposed n = 17, age: <25-≥35 years, male and 
female. 
Before smoking ban (Bef.) and after ban (Aft.) 
(Ankara, Turkey) 

Urine Cotinine 
Mean (SD) 

Bef. (S): 67.26 (0.86) ng/mL 
Aft. (S): 63.16 (10.81) ng/mL 

Bef. (SHS): 61.24 (4.66) ng/mL 
Aft.: 56.26 (7.66) ng/mL 

Breath CO 
Mean (SD) 

Bef. (S): 22.81 (12.23) ppm 
Aft. (S): 14.29 (7.41) ppm 

Bef. (SHS): 3.94 (5.26) ppm 
Aft.: 1.82 (1.98) ppm 

[7] Adults with self-reported asthma: Smokers and 
Nonsmokers with possible SHS exposure (NS) n = 
456, age: 20->65 years, male and female.  
NHANES  
(USA) 

Serum Cotinine 
Median (min-
max) 

S: 265.5 (87-499) ng/mL 

NS: 0.048 (0.01-57) ng/mL  

Urine NNAL 
Median (min-
max) 

S: 405.5 (49.6-1770) pg/mL 

NS: 0.55 (0.4-223) pg/mL 

[8] Children: n= 1541, age: 7-48 months, male and 
female.  
Assessment of SHS in DBS collected from children 
for lead screening.  
(USA) 

Dried blood 
spots (DBS) 

Cotinine 
Median range  

NS: <0.3-5.06 ng/g 

Lead 
Min-max 

NS: <1-9 µg/dL 

[9] Adults: Smokers n = 815-2146, SHS exposed n = 
1651-1891  age: 18-99 years, male and female  
(UK) 
  

Saliva Cotinine 
S: cutoff 
SHS: Min-max 

S: > 15 ng/mL 

SHS: 0.1-14.9 ng/mL 

Breath CO 
S: cutoff 
SHS: Min-max 

S: > 6 ppm 

SHS: 1.9-5.9 ppm 

[10] Preschool children: n= 329, age: 2-7 years, 45.9% 
female 
(China) 

Urine Cotinine 
Mean (SD) 

SHS: 1.02 (0.56) log-transformed urinary cotinine-
to-cr ratio 

Cadmium 
Median (IQR) 

SHS: 0.28 (0.21-0.37) nmol/mmol Cd-to-cr 

[11] Adults (A): Smokers n = 83, SHS exposed n = 99, 
age: 18-80 years  
Children (C): 283, age: ≤4-10 years, male and 
female 
(USA) 
 
*Subjects with a mean plasma cotinine > 10 
ng/mL (n=81).  

Dried blood 
spots (DBS) 
or plasma 

Cotinine  
A: min-max 
C: Median (min-
max) 

A (S): 0.9-443 ng/mL (plasma)  

A (SHS): <0.02-56 ng/mL (plasma) 
C (NS): 0.42 (<0.3-55) ng/g (DBS) 

3HC 
min-max 

A (S)*: 0.2-183 ng/mL (plasma) 
A (S)*: 0.4-42 ng/g (DBS) 

Lead 
min-max 

C (NS): <2-9 µg/dL (DBS) 
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[12] Pregnant women (A)*: n= 55–384, mean age= 29.8 
years  
Children (C): n= 116-233, age = birth, 1 and 2 years, 
52.7 % female 
Polish Mother and Child Cohort Study 
(Poland) 
 
*Possible smokers 

Urine Cotinine 
Mean (min-max) 

C (NS) 
1 year: 7.1 (<LOD-66.7) ng/mL  
2 years: 8.1 (<LOD-32.3) ng/mL 

1-OHPyr 
Mean (min-max) 

A*: 0.5 (0.01-8.5) µg/g cr 

Cord blood Lead 
Mean (min-max) 

C (NS) 
Birth: 1.1 (0.4-5.7) μg/dL  

Hair Mercury 
Mean (min-max) 

A*: 0.3 (0.02-1.5) µg/g 

Saliva Cotinine  
Min-max 

A*:  <LOD – 400 ng/mL 

[13] Hospitality venue employees: n = 35-44, age: 18-65 
years 
Before smoking ban (Bef.) and after ban (Aft.) 
(Switzerland) 

Saliva Cotinine 
Mean (95% CI) 

Bef. (SHS): 0.67 (0.04-1.30) ng/mL 
Aft. 3-6 months: 2.75 (0.32-5.17) ng/mL 
Aft. 9-12 months: 0.81 (0.00-1.61) ng/mL  

Nicotine 
Mean (95% CI) 

Bef. (SHS): 1.99 (0.98-3.00) ng/mL 
Aft. 3-6 months: 2.42 (0.01-4.86) ng/mL 
Aft. 9-12 months A: 2.81 (0.12-5.75) ng/mL  

[14] Adults: n = 26, age: 18-50 years, 15 female 
30 min exposure to tobacco smoke.  
AE: After exposure 
BB: Before bed 
1stAM: 1st moorning 
22H: 22hours after exposure 
(USA) 

Urine Cotinine 
Median (IQR) 

AE (SHS): 0.98 (0.37-1.48) ng/mg cr 
BB: 2.13 (1.55-3.35) ng/mg cr 
1st AM: 1.80 (1.26-3.29) ng/mg cr 
22H: 1.26 (1.10-1.87) ng/mg cr 

3HC 
Median (IQR) 

AE (SHS): 1.34 (0.85-2.05) ng/mg cr 
BB: 6.29 (4.58-9.36) ng/mg cr 
1stAM: 7.55 (5.13-10.37) ng/mg cr 
22H: 7.74 (5.41-12.99) ng/mg cr 

NNAL 
Median (IQR) 

AE (SHS): 4.45 (2.70-6.75) pg/mg cr 
BB: 3.99 (2.54-5.53) pg/mg cr 
1stAM: 2.73 (2.08-3.87) pg/mg cr 
22H: 2.44 (1.60 -3.52) pg/mg cr 

[15] Adults: Smokers n = 40, SHS exposed n = 25, mean 
age: 20.6 years, male and female 
Silesian Medical University 
(Poland) 

Urine Cotinine 
Mean (SD) 

S: 523.10 (68.10) μg/g cr 
SHS: 40.89 (24.80) μg/g cr 

OH-Cot 
Mean (SD) 

S: 653.81 (62.30) μg/g cr 
SHS: 60.79 (46.70) μg/g cr 

[16] Pregnant women: Smokers n = 57, SHS exposed n 
= 60-367 
Low SHS: ≤2 sources of exposure 
High SHS: >2 sources of exposure 
Rhea, Mother Childbirth Cohort  
(Greece) 

Urine Cotinine (n=367) 
GM (95% CI) 

Low SHS: 7.6 (6.45-8.76) ng/mL 
High SHS: 15.61 (13.03-18.2) ng/mL 

NNAL (n=60) 
GM (95% CI) 

S: 0.612 (0.365-0.860) pmol/mL 
Low SHS: 0.049 (0.038-0.060) pmol/mL 
High SHS: 0.072 (0.055-0.089) pmol/mL 
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[17] Adults: Smokers n = 102, Nonsmokers with 
possible SHS exposure (NS) n = 117, age: 18-60 
years, male and female 
(Japan) 

Urine Nicotine  
Median (IQ) 

S: 1635.2 (2222.2) ng/mL 

NS: 3.5 (5.3) ng/mL 

Cotinine  
Median (IQ) 

S: 3948.1 (3512.2) ng/mL 
NS: 2.8 (4.2) ng/mL  

[18] Adults: Smokers n = 107 (BL) and n = 18 (Follow), 
SHS exposed n = 105 (BL) and n = 34 (Follow), 
age: 27-52 years, male and female 
BL: Baseline 
Follow: After 2 months follow-up 
(USA) 

Saliva Cotinine  
Median (IQR) 

BL (S): 181.0 (76.3-290.2) ng/mL 
Follow (S): 135.1 (62.2-228.6) ng/mL 

BL (SHS): 0.27 (0.04-0.80) ng/mL (26% < LOD) 
Follow (SHS): 0.41(0.035-1.08) ng/mL (27% < 
LOD) 

Hair Nicotine 
Median (IQR) 

BL (S): 16.2 (4.0-40.6) ng/mg 
Follow (S): 16.4 (3.3-27.3) ng/mg 
BL (SHS): 0.36 (0.17-3.03) ng/mg (52% < LOD) 
Follow (SHS): 0.29 (0.20-3.30) ng/mg (59% < 
LOD) 

[19] Adults: n = 8, age: 18-34 years, 4 females  
Before (BE) and after (AE) exposure to 1h of SHS 
exposure in a vehicle   
(USA) 

Plasma Cotinine 
Average (SD) 

BE: 0.04 (0.03) ng/mL 
AE (SHS): 0.17 (0.05) ng/mL 

Urine Cotinine 
Average (SD) 

BE: 0.38 (0.25) ng/mg cr 
AE (SHS): 2.41 (1.79) ng/mg cr 

Oh-Cot + Cotinine 
Average (SD) 

BE: 0.006 (0.005) nmol/mg cr 
AE (SHS): 0.025 (0.020) nmol/mg cr 

NNAL 
Average (SD) 

BE: 0.10 (0.19) pg/mg cr 
AE (SHS): 2.68 (1.36) pg/mg cr 

[20] Adults: Smokers n = 47, SHS exposed n = 15, mean 
age: 24.9 years, male and female 
Before (BE) and after (AE) smoking or 30 min of 
being exposed to  water pipe smoke  
(Israel) 

Plasma Nicotine 
Mean (SD) 

BE (S): 1.1 (4.1) ng/mL 
AE (S): 19.1 (13.9) ng/mL 

BE (SHS): 0.44 (1.7) ng/mL 
AE (SHS): 0.4 (1.4) ng/mL 

Cotinine 
Mean (SD) 

BE (S): 61.2 (96.7) ng/mL 
AE (S): 78.2 (93.7) ng/mL 
BE (SHS): 9.2 (25) ng/mL 
AE (SHS): 13.9 (46) ng/mL 

Urine Nicotine 
Mean (SD) 

BE (S): 70.4 (232.2) ng/mL 
AE (S): 290.8 (319.6) ng/mL 

Cotinine 
Mean (SD) 

BE (S): 146.2 (232.2) ng/mL 
AE (S): 165.3 (243.6) ng/mL 

Whole blood COHb 
Mean (SD) 

BE (S): 2.02% (2.89) 
AE (S): 17.57% (8.79) 

BE (SHS): 0.8% (0.2) 
AE (SHS): 1.2% (0.8) 
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[21] Children: n = 1985, age: 6-18 years, 49.4% female. 
NHANES 
(USA) 

Serum Cotinine  
Cut-off range 

Low SHS: 0.015-0.1 ng/mL  
Medium SHS: 0.1-1.0 ng/mL  
High SHS: 1.0-10.0 ng/mL  

Urine 1-OHNap, 2-
OHNap  
GM 

Low SHS: 4587.6 ng/L  
Medium SHS: 5439.8 ng/L  
High SHS: 6045.6 ng/L 

2-OHFLu, 3-
OHFlu, 9-OHFlu  
GM 

Low SHS: 571.0 ng/L  
Medium SHS: 677.2 ng/L  
High SHS: 824.8 ng/L 

1-OHPA,2-OHPA, 
3-OHPA  
GM 

Low SHS: 288.1 ng/L  
Medium SHS: 352.4 ng/L  
High SHS: 351.2 ng/L 

1-OHPyr 
GM 

Low SHS: 118.1 ng/L  
Medium SHS: 139.6 ng/L  
High SHS: 165.1 ng/L 

[22] Adults: n = 10 – 30 rooms  
Low THS: Overnight in nonsmoking rooms of 
hotels without smoking ban n = 30 
High THS: Overnight in smoking rooms of hotels 
without smoking ban n = 29 
NE: Not exposure - Overnight in hotels with 
complete smoking ban n = 9 
BE: Before overnight exposure 
AE: After overnight exposure 
(USA) 

Finger Nicotine  
Median (min-
max) 

Low THS: 13.6 (0-226.9) ng/wipe 
High THS: 93.7 (0-1713.5) ng/wipe 
NE: 2.5 (0-17.7) ng/wipe  

Urine Cotinine  
Median (min-
max) 

Low THS: 0.10 (0-0.41) ng/mL  
High THS: 0.64 (0-2.64) ng/mL 
NE: 0.05 (0-0.88) ng/mL  

NNAL 
GM  
(10 most polluted 
smoking rooms) 

BE: 0.86 pg/mg cr  
AE (THS): 1.24 pg/mg cr 

[23] Adults: n = 83, age: 25-62 years, 59 female 
Before smoking ban (Bef.) in 2010 and after ban 
(Aft.) in  2011 
(Spain) 

Urine Cotinine  
Median (p25,p50) 

Bef. (S): 839.8 (318.0-1167.2) µg/g cr 
Aft. (S): 865.7 (443.2-1262.2) µg/g cr 
Bef. (SHS): 0.8 (0.5-1.2) µg/g cr 
Aft.: 0.7 (0.4-1.0) µg/g cr 

Cadmium  
Median (p25,p50) 

Bef. (S): 0.25 (0.17-0.43) µg/g cr 
Aft. (S): 0.24 (0.17-0.38) µg/g cr 

Bef. (SHS): 0.17 (0.11-0.29) µg/g cr 
Aft.: 0.10 (0.06-0.22) µg/g cr 

[24] Adults: Smokers n = 404-420, SHS exposed n = 
116-118, age: >20  years, male and female 
NHANES 
(USA) 

Serum Cotinine  
GM (95%CI) 

S: 149.205 (133.602-166.63) ng/mL 

SHS: 0.717 (0.254-2.022) ng/mL 

Urine NNAL 
GM (95%CI) 

S: 0.212 (0.184-0.246) ng/mL 

SHS: 0.0109 (0.0059-0.0201) ng/mL  
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[25] Staff in pub and restaurants (Rest.): n = 101, mean 
age: 47.4 years, 69%  female  
Sampling based on the type (Rest. and Pubs) and 
size (<150 m2 and ≥150 m2) of facilities 
Before smoking ban (Bef.) and after ban (Aft.)  
(Korea) 

Urine Cotinine  
GM (GSD) 

Rest. < 150 m2  
  Bef. (SHS): 1.5 (2.0) ng/mg cr 
  Aft.: 1.9 (2.4) ng/mg cr 

Rest.  150 m2  
  Bef. (SHS): 1.3 (1.9) ng/mg cr 
  Aft.: 1.4 (2.4) ng/mg cr 
Pub < 150 m2  
  Bef. (SHS): 2.6 (3.1) ng/mg cr 
  Aft.: 3.5 (3.1) ng/mg cr 

Pub  150 m2  
  Bef. (SHS): 1.9 (2.9) ng/mg cr 
  Aft.: 3.0 (4.1) ng/mg cr 

NNAL 
GM (GSD) 

Rest. < 150 m2  
  Bef. (SHS): 6.4 (1.9) pg/mg cr 
  Aft.: 6.2 (2.1) pg/mg cr 

Rest.  150 m2  
  Bef. (SHS):4.3 (2.3) pg/mg cr 
  Aft.: 4.9 (2.1) pg/mg cr 
Pub <150 m2  
  Bef. (SHS): 9.8 (2.3) pg/mg cr 
  Aft.: 10.4 (2.3) pg/mg cr 

Pub  150 m2  
  Bef. (SHS): 12.1 (2.0) pg/mg cr 
  Aft.: 7.3 (1.7) pg/mg cr 

[26] Adults: Smokers n = 166 (quantificable: 70-163), 
Nonsmokers with possible SHS exposure (NS) n = 
529 (quantificable: 8-81), female median age: 58 
years, male median age: 55 years, 54% female 
(Spain) 
 

Oral Fluid Cotinine 
Median (IQR)  

S: 358 (74-653) ng/mL  
NS: 0.17 (0.13-0.31) ng/mL 

NNN  
Median (IQR)  

S: 17 (3.9-91) pg/mL 

NS: 1.6 (1.2-2.9) pg/mL 

NNK  
Median (IQR)  

S: 4.0 (2.8-7.1) pg/mL 

NS: 3.0 (2.4-5.2) pg/mL 
NNAL 
Median (IQR)  

S: 1.7 (0.98-3.5) pg/mL 
NS: 1.2 (0.83-1.8) pg/mL 

[27] Newborns (C) in ICU with smoker mothers (A) 
n = 5 
(USA) 

Finger Nicotine  
min-max 

A (S): 44-1160 ng/wipe 

Urine Cotinine  
min-max 

C (THS): 0.17-5.01 ng/mL 

OH-Cot 
min-max 

C (THS): 0.63-31.58 ng/mL 

NNAL  
min-max 

C (THS): 0.47-12.38 pg/mL 
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[28] Employees exposed to SHS in public places: 
GB: Government buildings n = 10 
LB: Large Buildings n = 11 
N: Nurseries n = 6 
EI: Private educational institutions n=8 
(Korea) 

Urine Cotinine  
GM 

GB (SHS): 4.99 µg/g cr 
LB (SHS): 1.00 µg/g cr 
N (SHS): 0.78 µg/g cr 
EI (SHS): 5.28 µg/g cr 

Hair Nicotine 
GM 

GB (SHS): 0.86 ng/mg 
LB (SHS): 0.47 ng/mg 
N (SHS): 0.14 ng/mg 
EI (SHS): 1.62 ng/mg 

Urine NNAL 
GM 

GB (SHS): 2.93 µg/g cr 
LB (SHS): 0.84 µg/g cr 
N (SHS): 0.34 µg/g cr 
EI (SHS): 1.84 µg/g cr 

[29] Adults: n = 20, age: >18 years, 9 female  
SHS exposed at home and/or hopatility venues 
(USA) 

Hair Nicotine 
Median (min-
max) 

SHS: 0.1 (0-5.5) ng/mg 

Saliva Cotinine  
Min-max 
Cut-off value 

SHS: 0 - 11 ng/mL 
Cutoff low SHS: < 10 ng/mL 
Cutoff high SHS: > 10 ng/mL - 13 ng/mL 

[30] Adults: SHS exposed at home n = 24, Non-exposed 
at home (NE) n = 24, male and female 
(Spain) 

Hair Nicotine  
Median (IQR) 

SHS: 2040 (1200-4650) pg/mg 
NE: 623 (221-1160) pg/mg 

Cotinine  
Median (IQR) 

SHS: 49 (26-106) pg/mg  
NE: 26 (16-43) pg/mg  

NNN  
Median (IQR) 

SHS: 0.54 (0.29-0.60) pg/mg 
NE: 0.41 (NO IQR) pg/mg 

NNK  
Median (IQR) 

SHS:  1.3 (0.92-2.7) pg/mg 
NE: 0.74 (0.31-1.1) pg/mg 

NNAL  SHS:  Not quantified 

NE: Not quantified 

[31] Children: n = 559, age : 12-19 years old, 48.2% 
female 
NHANES  
(USA) 

Serum Cotinine 
Cutoff range 

Low SHS: 0.05-0.268 ng/mL  
High SHS: 0.268-14.6 ng/mL 

Urine NNAL 
Cutoff range 

Low SHS : 0.001-0.005 ng/mL cr  

High SHS: 0.005-0.082 ng/mL cr 
[32] Adults: n = 6-25, mean age: 49 years, 51% female 

Non smokers living with former smokers 
BL: Baseline n = 9-25 
W1: Week 1 postquit n = 9-17 
M1: Month 1 postquit n = 9 

Finger Nicotine 
GM (95% CI) 

BL (SHS): 25.6 (13.2-48.9) ng/wipe 
W1 (THS): 9.1 (3.8-20.2)ng/wipe 
M1 (THS): 10.2 (4.7-21.2) ng/wipe 
M3 (THS): 5.2 (0.9-19.9)ng/wipe 
M6 (THS): 2.9 (0-46.1) ng/wipe 
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M3: Month 3 postquit n = 8 
M6: Month 6 postquit n = 6 
(USA) 

Urine Cotinine  
GM (95% CI) 

BL (SHS): 9.9 (2.6-32.5) ng/mL 
W1 (THS): 6.0 (1.2-20.8) ng/mL 
M1 (THS): 1.5 (0.5-3.4) ng/mL 
M3 (THS): 1.7 (0.4-4.2)ng/mL 
M6 (THS): 2.7 (0-6.3) ng/mL 

NNAL  
GM (95% CI) 

BL (SHS): 10.7 (4.7-24.2) pg/mL 
W1 (THS): 6.7 (2.5-15.9) pg/mL 
M1 (THS): 6.7 (3.5-12.2) pg/mL 
M3 (THS): 3.2 (1.1-7.4)pg/mL 
M6 (THS): 2.7 (0.5-8.1) pg/mL 

[33] Adults and children: Smokers and Nonsmokers 
with possible SHS exposure (NS) n = 5792, age: 6 - 
>60 years, 2964 female 
06-11 years (NS n = 769) 
12-19  (S n = 66, NS n=824) 
20-59 (S n= 703, NS n=2123) 
>60 (S n= 192, NS n=1115) 
NHANES 
(USA) 

Serum Cotinine 
Cut-off value 

SHS: <10 ng/mL  

Urine NNAL 
GM(95% CI) 

S (12-19 years):  60.5 (46.2-79) pg/ mg cr 
S (20-59 years): 209 (171-256) pg/ mg cr 
S (>60 years): 365 (328-405) pg/ mg cr 

NS (6-11 years): 2.43 (1.96-3.02) pg/mg cr  
NS (12-19 years): 1.38 (1.21-1.57) pg/mg cr 
NS (20-59 years): 1.09 (1.00-1.19) pg/ mg cr 
NS (>60 years): NA 

[34] Staff working in smoking hospitality venues: n= 62, 
44 female 
(Korea) 

Urine Cotinine  
GM (SD) 

SHS: 1.8 (2.8) ng/mg cr 

NNAL 
GM (SD)  

SHS: 7.3 (2.5) pg/mg cr   

[35] Adults: Smokers n = 69, SHS exposed n = 123, 
mean age: 56.7 years, men  
(Japan) 

Hair Cotinine 
Mean (SD) 

S: 1.9 (2.1) ng/mg 
SHS: 0.2 (0.6) ng/mg  

Nicotine 
Mean (SD) 

S: 26.6 (24.7) ng/mg 
SHS: 3.6 (8.4) ng/mg 

[36] Adults: n = 10, mean age: 24.6 years, 20% female 
Before exposure (BE) and after exposure (AE) 
during the work shift in waterpipe smoking bars 
(USA) 

Saliva Cotinine 
Mean  

BE (SHS): 23.8 ng/mL 
AE(SHS): 27.9 ng/mL 

Breath CO 
Mean (SD) 

BE (SHS): 8.3 (6.9) ppm 
AE (SHS): 49.4 (32.7) ppm 

[37] Mothers (A): Smokers n = 41, Nonsmokers n = 76 
Daily S: Daily smokers n = 12 
Oc. S: Ocassional smokers n = 11 
Former S: Former smokers n = 18 
NE: Not exposed - Nonsmoker n = 76 
 
Children (C): n = 120, age: 6-11 years  

Urine Cotinine  
GM (95%CI) 

A (Daily S): 489.15 (127.78-1872.44) µg/L 
A (Oc. S): 34.50 (6.35-187.55) µg/L 

A (Former S): 2.58 (1.51-4-39) µg/L 
A (NE): 1.41 (1.23-1.61) µg/L 
C (High SHS): 10.77 (3.27-35.45) µg/L  
C (Low SHS): 2.44 (1.26-4.71) µg/L 
C (NE): 1.39 (1.25-1.55) µg/L 
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Low SHS: less than daily exposure to SHS n = 6 
High SHS: Daily exposure to SHS n = 6 
NE: Not exposed n = 108 
 
COPHES/DEMOCOPHES Projects  
(Czech Republic) 

Cadmium  
GM (95%CI) 

A (Daily S): 0.36 (0.30-0.44) µg/L  
A (Oc. S): 0.22 (0.15-0.33) µg/L  
A (Former S): 0.21 (0.16-0.28) µg/L 
A (NE): 0.21 (0.18-0.25) µg/L 
C (High SHS): 0.180 (0.110-0.294) µg/L 
C (Low SHS): 0.061 (0.028-0.131) µg/L 
C (NE): 0.110 (0.097-0.124) µg/L 

[38] Adults: n = 1398, age: 19-65 years, male and female  
KNHANES 
(Korea) 

Urine 
 

Cotinine 
Cut-off value 

SHS: < 550 µg/L 

Whole blood Cadmium  
Age adjusted 
blood cadmium 
level 

SHS: 1.07 µg/L 

[39] Adolescents: n = 338, mean age: 12.9 years, 53% 
female 
AdoQuest II longitudinal cohort 
(Canada) 

Saliva Cotinine  
Mean (SD) 

SHS: 0.48 (1.21) ng/mL 

Hair Nicotine 
Mean (SD) 

SHS: 0.38 (1.40) ng/mg 

[40] Children: n = 25, mean age: 5.4 years, male and 
female 
Children with a potentially SHS-related illness with 
smoker parents 
(USA) 

Saliva Cotinine  
Median (IQR) 

SHS: 5.3 (2.3-9.1) ng/mL 

Hand 
(wipes) 

Nicotine  
Median (IQR) 

SHS: 91.6 (57.2-121.6) ng/wipe 

[41] Adults: Smokers n = 90/105, SHS exposed n = 
91/103, S median age: 22 years, SHS meadian age: 
27 years, male and female 
Daily S: Daily smokers n= 17/20 
Oc. S: Ocassional smokers n = 73/85 
Before exposure (BE) and after exposure (AE) to 
waterpipe smoke in a waterpipe social event 
(USA) 

Saliva Cotinine 
Cut-off value 

SHS:  10 ng/mL  

Urine HPMA  
Median (IQR) 

BE (Daily S): 1443 (1131-3639) pmol/mg cr 
AE (Daily S): 3686 (2502-4046) pmol/mg cr 
BE (Oc. S): 1660 (940-2890) pmol/mg cr 
AE (Oc. S): 2039 (1203-4898) pmol/mg cr 

BE: 1770 (1001-2787) pmol/mg cr 
AE (SHS): 2498 (1580-3964) pmol/mg cr 

[42] Adolescents: Smokers n = 55, SHS exposed n = 410, 
age: 13-19 years, male and female 
(USA) 

Urine Cotinine 
Median (IQR) 

S: > 30 ng/ mL  
Low SHS: 0.05-0.25 ng/mL  
High SHS: 0.25-30 ng/ mL  

NNAL  
Median (IQR) 

S: 80.9 (42.6-151.3) pg/mL  

SHS: 1.2 (0.5-3.2) pg/mL  
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[43] Adults and children: Smokers n = 867, 
Nonsmokers with possible SHS exposure (NS) n = 
3825, age: 6->60 years, 53.4% female 
NHANES  
(USA) 

Serum Cotinine 
Cut-off range 

SHS: 0.05-10 ng/mL  

Urine HPMM 
Median (IQR)  

S: 1.63 (0.680-3.29) mg/g cr 

NS: 0.313 (0.231-0.451) mg/g cr  

[44] Adults: n = 52-73, age: 24-40 years, male and 
female  
Waterpipe Tobacco employees 
(Turkey, Russia, Egipt) 

Urine Cotinine 
Median (IQR) 

SHS: 1.1 (0.2-40.9) µg/g cr  
 

NNAL 
Median (IQR) 

SHS: 1.48 (0.98-3.97) pg/mg cr 

1-OHPG 
(1-hydroxy-pyrene 
glucuronide)  
Median (IQR) 

SHS: 0.54 (0.25-0.97) pmol/mg cr 

Saliva Cotinine 
Median (IQR) 

SHS: 5.5 (2.0-15.0) ng/mL  

Hair Nicotine 
Median (IQR) 

SHS: 0.95 (0.36-5.02) ng/mg 

Breath CO 
Median (IQR) 

SHS: 1.67 (1.33-2.33) ppm 

Abbreviations: 
A: Adults; C: Children; NE: Nonsmokers not exposed to tobacco smoke; NS: Nonsmokers whose tobacco smoke exposure was not specified in the 

study; S: Smokers; SHS: Nonsmokers exposed to SHS; THS: Nonsmokers exposed to THS; AE: After exposure; Aft.: After smoking ban; BE: Before 

exposure; Bef.: Before smoking ban; BL: Baseline; Rest.: Restaurant; CI: Confidence interval; GM: Geometric mean; GSD: Geometric standard 

deviation; IQR: Interquartile range; LOD: Limit of detection; SD: Standard deviation; cr: Creatinine. 
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The main objective of this thesis is to advance on the characterization of 

molecular alterations induced by the exposure to thirdhand smoke (THS), an 

overlooked pathway of exposure to tobacco smoke toxicants specially affecting 

vulnerable populations. To accomplish this, we have applied advanced 

untargeted metabolomics approaches on two vertebrate models: mice exposed 

to THS mimicking exposure of non-smokers living in smokers’ homes, and 

zebrafish embryos, an emerging model to study toxicity during early 

development.  

The ultimate goal is to expand the current knowledge on THS-induced 

health effects to provide evidence and guidance to policy makers on tobacco 

regulation. 
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3. EXPERIMENTAL AND RESULTS 
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As stated in the introduction, current research on THS is based on 

traditional reductionist techniques that can overlook the complexity of 

biological processes triggered by THS exposure. This research has been 

traditionally focused on the evaluation of specific molecules to describe health 

outcomes derived from THS exposure in murine models. Thus, current 

available results in the field are just reduced to expected outcomes. Moreover, 

the molecular impact of THS at early developmental stages is yet to be 

addressed. In this scenario, we have designed a series of experiments aimed at 

a wide-scope metabolic interrogation of THS-exposure effects in two vertebrate 

models: a well-characterized mice model that mimics THS exposure in smokers’ 

homes; and zebrafish embryo, considered an emerging model to study early 

development that is compliant with the twenty-first century guidelines on 

toxicity testing.  

This chapter summarizes the experimental part and the results for each of 

these experimental designs, divided in four individual sections containing the 

original research studies, that have been submitted to international peer-

reviewed scientific journals, as listed in Annex II. These results have also been 

presented in nine national and international scientific conferences, as detailed 

in Annex III.  

The first section 3.1. Urinary metabolic dysregulations associated to 

thirdhand smoke exposure in mice: Implications for human urine 

biomonitoring encompasses the application of a multiplatform LC-MS and GC-

MS based untargeted metabolomics analysis of urine from a well-characterized 

THS-exposed mice model in conditions that mimic human exposure. The 

objective of this study is to advance in the metabolic characterization of THS-

derived health effects and to provide the basis for human THS-exposure 

biomonitoring using urine as biofluid, which can be obtained in a non-invasive 

manner.  
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The second section 3.2. Thirdhand smoke induces metabolic alterations 

associated with mitochondria dysfunction in kidney of exposed mice describes 

the application of LC-MS based untargeted metabolomics and lipidomics 

analysis to explore for the first time the potential THS-induced alterations in 

kidney metabolism in exposed mice.  

These two studies in mice models result from the close collaboration with 

Prof. Manuela Martins-Green, Professor of Cell Biology at the Department of 

Molecular, Cell and Systems Biology of the University of California Riverside, 

that kindly provided us samples of her widely studied THS-exposed mice model. 

Prof. Martins-Green is also a researcher of the California Thirdhand Smoke 

Research Consortium (https://thirdhandsmoke.org/), funded in 2011. The 

Consortium is formed by a multi-disciplinary team of researchers from different 

institutions across California working collaboratively towards advancing the 

current knowledge of THS exposure derived impact in human health to provide 

evidence to policy makers and regulatory authorities. Dr. Ramírez is an 

affiliated researcher of this consortium. 

The third section 3.3. Toxicity of 4-(Methylnitrosamino)-1-(3-pyridyl)-1-

butanone (NNK) in early development: a wide-scope metabolomics assay in 

zebrafish embryos shows the application of LC-MS based untargeted 

metabolomics to unveil the potential metabolic disruptions caused by NNK 

exposure at early developmental stages and proving the suitability of zebrafish 

embryos as an alternative model for NNK toxicity testing during early 

development. 

This work has resulted from a collaboration with Dr. Benjamí Piña Capó, 

head of the Environmental Toxicology group at the Environmental Assessment 

and Water Research Institute (IDAEA) of the Spanish National Research 

Council (CSIC). The research developed by Dr. Piña is focused on the 

development and use of molecular biomarkers, bioassays, and omics techniques 
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for ecotoxicology. The collaboration with Dr. Piña involved a three-month 

research internship in his group facilities (from April 2019 to June of 2019). 

The fourth section 3.4. Phenotypic and metabolic alterations of zebrafish 

embryos exposed to tobacco smoke toxicants: a novel approach to evaluate 

thirdhand smoke exposure at early developmental stages presents the 

application of a LC-MS based untargeted metabolomics approach to unravel the 

exposure effects to the combination of three specific THS toxicants—nicotine, 

NNN and NNK— during early development by exposing zebrafish embryos at 

the concentration ranges typically found in house dust from smokers’ and non-

smokers’ homes. We have also explored the use of spatially resolved 

metabolomics using both Raman spectroscopy and laser desorption ionization 

mass spectrometry imaging (LDI-MSI) to further characterize this model.  

This work results from the close collaboration with Assoc. Prof. Dr. Emma 

Schymanski, head of the Environmental Cheminformatics Group at the 

Luxembourg Centre for Systems Biomedicine (LCSB) of the University of 

Luxembourg. The research developed by Dr. Schymanski is focused on the 

comprehensive identification of known and unknown chemicals in our 

environment to investigate their effects on health and disease. Dr. Schymanski 

is an expert on chemoinformatics with a focus on processing high resolution 

mass spectrometry data to enhance the identification of molecules in complex 

samples. The collaboration with Dr. Schymanski involved a four-month 

research internship (from July 2019 to October of 2019) from which I apply to 

an International Doctorate Mention.
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smoke exposure in mice: implications for human urine 
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3.1.1. Abstract 

Thirdhand smoke (THS) is the persistent residue of tobacco smoke that 

deposits, ages, remains on surfaces, and reacts with environmental oxidants to 

yield secondary pollutants, some of them with increased toxicity. Previous 

studies have demonstrated the detrimental effect of THS in multiple organ 

systems, but the metabolic profiling to assess THS exposure impact in non-

invasive biofluids such as urine is still understudied. Here we present a 

multiplatform metabolomics approach to characterize the urinary metabolic 

alterations caused by THS exposure in mice. Our results confirmed the 

absorption and metabolization of several tobacco-specific toxicants in THS-

exposed mice including nicotine, the most prevalent compound in tobacco 

smoke, and N-nitrosonornicotine (NNN) and 4-(Methylnitrosoamino)-1-(3-

pyridinyl)-1-butanone (NNK), both carcinogenic to humans that further 

activated CYP450-mediated α-hydroxylation pathway of carcinogenesis in our 

model. THS exposure produced a vast extent of metabolic alterations with 

seventy-seven dysregulated metabolites, such as upregulation of glucocorticoid 

hormones and neurotransmitters, and seventeen dysregulated pathways, being 

tryptophan metabolism one of the most enriched with a global upregulation of 

identified metabolites in kynurenine pathway. THS-exposed mice presented a 

high quinolinic acid/kynurenic acid ratio with upregulated levels of the 

excitatory neurotransmitter glutamate, indicating a neurotoxic response as 

consequence of THS exposure. Altogether, our study demonstrates for the first 

time the possible metabolic mechanism behind THS-related neurotoxicity, adds 

further evidence on the detrimental effect of THS, and provides new bases for 

wide-scope metabolomics interrogation of human urine in future THS-related 

epidemiological studies. 

Keywords: Thirdhand tobacco smoke; multiplatform metabolomics; urine 

biomarkers; neurotoxicity; passive exposure to tobacco; human urine 

biomonitoring 
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3.1.2. Introduction 

The adverse health effects of tobacco smoking are widely recognized for 

both society in general and worldwide public health policies. Tobacco smoking 

is the major cause of preventable disease and premature mortality worldwide, 

killing more than 8 million people a year [1]. Of those deaths, around 1.2 million 

are attributable to non-smokers exposed to secondhand smoke (SHS) [1]. That 

estimation is limited to the effects of the direct exposure to freshly emitted 

tobacco smoke toxicants, but tobacco exposure goes beyond SHS exposure. This 

is the case of thirdhand smoke (THS), which is formed by the tobacco smoke 

toxicants that deposit and are adsorbed on dust, surfaces, indoor materials, and 

clothing, where it can persist months after fresh tobacco smoke has been 

emitted into the air [2,3]. Besides, the adsorbed tobacco toxicants may react 

with atmospheric oxidants to yield secondary contaminants that, in some cases, 

are more toxic than their precursors [4]. The most representative example is 

nicotine that deposits almost entirely on indoor dust and surfaces, where it can 

react producing tobacco specific nitrosamines (TSNAs), a leading class of 

carcinogens in tobacco products, some of them, classified as Group 1 

(carcinogen to humans) by the International Agency for Research on Cancer 

(IARC) [5]. Human exposure to THS is mainly through non-dietary ingestion of 

settled particles, dermal absorption to the dust attached to fabrics and surfaces, 

and the inhalation of THS reemitted or resuspended toxicants [2]. These 

exposure pathways make children that live with smoking adults the most 

vulnerable population to THS exposure. Previous studies presented evidence of 

the ubiquitous presence of tobacco specific contaminants in outdoor [6] and 

indoor environments, including those with strict smoking bans [7–10]. This fact 

gives tobacco smoke a dimension of active and complex environmental 

contaminant, whose regulation and health effects have been generally 

overlooked to date [11]. 

In recent years, many studies have focused on the assessment of THS 

exposure impact, progressing on THS chemical composition and risks and 
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providing evidence on the adverse health effects associated to this exposure 

[3,12]. In vitro models showed that the exposure to THS toxicants induced DNA 

strand breaks and oxidative DNA damage in human cell lines [13], as well as 

stress-induced mitochondrial hyperfusion and alterations of the transcriptional 

profile of stem cells [14]. In vivo mice models exposed to THS presented 

physiology alterations of several organ systems, such as significant damage in 

liver and lungs, poor wound healing, increased oxidative stress and 

inflammation, insulin resistance, behaviour hyperactivity, among others [15–

17]. Further effects in mice induced by THS exposure include oxidative DNA 

damage [18], low body mass, immune system alterations because of early life 

THS exposure [19,20], increased incidence of lung adenocarcinoma [21], and 

alterations of the gut microbiome [22]. Despite these evidence of THS toxicity, 

the role of THS exposure in humans’ health is still scarce. Recent studies have 

shown that children exposed to THS at home presented increased risk to have 

diagnosis of viral and bacterial infectious illnesses, and pulmonary illnesses 

[23], and altered temperament behaviours [24], but the specific molecular 

mechanisms underlying these alterations have not been yet studied. 

Here we present the first multiplatform metabolomics approach applied to 

study the metabolic alterations of urine of mice exposed to THS. We have 

selected urine as a target because it is a valuable diagnostic biofluid, rich in 

metabolites that reflect dysregulations of all biochemical pathways [25]. 

Moreover, since urine is easy to collect in large quantities and in a non-invasive 

way, it has been one of the most widely used biofluid to assess human exposure 

to tobacco smoke [26]. In this study, we use two different analytical approaches 

in order to allow the identification of a wider range of metabolites with a higher 

level of confidence: ultra-high-performance liquid chromatography (UPLC) and 

gas chromatography (GC) in combination with high-resolution mass 

spectrometry (MS).  
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The study of the urinary metabolome of this THS-exposed animal model 

grown under controlled conditions and mimicking human exposure, whose 

effectiveness has been largely proved [15–17], will allow the characterization of 

the metabolites and metabolic pathways specifically involved in THS-related 

dysregulations, opening new insights for future human populations-based 

studies 

3.1.3. Materials and methods 

THS exposure model design 

 Animal models have been developed at the Cell and Biology Department 

at the University of California Riverside, following THS exposure protocols 

previously reported [15–17].  Briefly, C57BL/6 mice were divided into control 

and experimental group. The experimental group was exposed to THS from 

weaning (three weeks of age) to 24 weeks without exposure to SHS at any time 

during the study; the control group was never exposed to THS or SHS. Mice 

were fed a standard chow diet (percent calories: 58% carbohydrate, 28.5% 

protein, and 13.5% fat). 

THS exposure was carried out by placing common household fabrics—such 

as curtain material, upholstery, and carpet—in empty mouse cages and 

exposing them during one week to SHS generated by the Teague smoking 

machine. At the end of each week, cages were removed from the exposure 

chamber, bagged, and transported to the vivarium where mice from the 

experimental group were placed into the cages with THS-exposed material. All 

animal experimental protocols were approved by the University of California, 

Riverside, Institutional Animal Care and Use Committee (IACUC).  

Sample extraction and metabolomics analysis 

Untargeted metabolomics analysis has been performed using liquid 

chromatography (LC) and gas chromatography (GC) analytical platforms 

coupled to high resolution mass spectrometry (MS). In both LC-MS and GC-MS 

analysis, quality controls (QC) consisted of a pooled mixture of all urines that 
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have been extracted in parallel and analysed using the same protocol as the 

individual samples. QC samples were injected five times before the first study 

sample and periodically every five samples. Furthermore, prior to LC-MS and 

GC-MS analyses, urine extracts were randomized to reduce systematic error 

associated with instrumental drift. 

LC-MS metabolomics analysis 

 For LC-MS untargeted metabolomics analyses, urine samples were 

extracted using conventional metabolite extraction protocols with some 

modifications [25]. Briefly, 200 µL of a MeOH:H2O solution (8:1) and 20 µL of 

internal standard solution (1 mg mL-1 of succinic-d4 acid and myristic-d27 acid 

in methanol) were added to 40 µL of urine samples, vortex mixed for 1 min, kept 

at 4°C for 20 min and centrifuged at 4°C and 15000 rpm for 10 min. 50 µL of 

the supernatant was aliquoted for untargeted LC analysis. The rest of 

supernatant was kept frozen at – 80°C for further analysis. Analyses were 

performed by injecting 2 μL of sample extracts in a 1290 UPLC system coupled 

to a 6550 quadrupole time of flight (QTOF) mass spectrometer, both from 

Agilent Technologies (Palo Alto, CA, USA), operated in positive electrospray 

ionization (ESI+) mode. LC-MS conditions were adapted from previous works 

(Samino et al. 2015; Yanes et al. 2011). Chromatographic separation was carried 

out using an ACQUITY UPLC HSS T3 C18 column (150 × 2.1 mm, 1.8 μm) from 

Waters (Milford, MA, USA) and 0.1% formic acid in water (A), and 0.1% formic 

acid in acetonitrile (B) as mobile phases at a 0.4 mL min-1 flow rate. ESI 

conditions were gas temperature, 150°C; drying gas, 11 L min–1; nebulizer, 30 

psig; fragmentor, 120 V; and skimmer, 65 V. The instrument was set to acquire 

over the m/z range 100-1200 with an acquisition rate of 3 spectra s-1. 

GC-MS metabolomics 

Sample preparation protocol for GC-MS untargeted metabolomics analysis 

was based in a standard protocol [27] with some modifications. Prior to the 

metabolite extraction, urines were pre-treated with urease to deplete excess 
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urea. Aliquots of 20 µL of each mice urine were vortex mixed with 40 µL of 

urease suspension (80 mg mL-1 in ultrapure water) and incubated at 37°C and 

500 rpm for one hour. Following urea depletion, 100 µL of a solution of 

MeOH:H2O (8:1) was added to the samples, vortex mixed and centrifuged at 

4°C for 10 min at 15,000 rpm. Aliquots of 70 µL of supernatant of each sample 

were dried under nitrogen and lyophilized overnight. The next day, 30 µL of 

oxymation reagent were added to the dried metabolic extracts (methoxylamine 

hydrochloride solution, 40 mg mL-1 in pyridine), incubated for 1.5 h, at 37°C 

and 500 rpm and next derivatized followed by trimethylsilyl (TMS) 

derivatization using 45 µL of MSTFA (2,2,2-Trifluoro-N-methyl-N-

(trimethylsilyl)-acetamide) with 1% TMCS (trimethylchlorosilane) and 

incubated at room temperature under darkness for one hour. The derivatized 

extracts were analysed in a 7890A gas chromatograph coupled to a 7200 

quadrupole-time of flight mass spectrometer, both from Agilent, using an HP-

5 MS capillary column (30 mm × 0.25 mm × 0.25 µm), also from Agilent. 

Analyses were performed by injecting 1 µL of derivatized urine extracts, at 

250°C with a 1:5 split ratio, at a helium constant flow of 1.5 mL min-1. The GC 

temperature program started at 70°C, hold for 1 min, 10°C min-1 to 325°C and 

hold 2.5 min at that temperature. The MS was operated in the electron impact 

ionization mode at 70 eV, with a fixed emission current of 20 µA. Mass spectral 

data were acquired in full scan mode from m/z 35 to 700 at an acquisition rate 

of 5 spectra per second. Ion source and transfer line temperatures were 230°C 

and 280°C, respectively. 

Data and statistical analysis 

Prior to data processing, the raw LC-MS and GC-MS files from urine 

extractions were converted into mzXML format using MSConvert sofware from 

Proteowizard [28] version 3.0.8789. The workflow for LC-MS data processing, 

was adapted from Vinaixa et al. [29]. Briefly, mzXML files were processed by 

using XCMS software in R package [30] (version 1.38.0) to detect and align 

features. Features were filtered by retaining those with higher intensity than 
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4,000 spectral counts and those presenting a lower relative standard deviation 

in QC than in samples. Univariate statistical analysis was performed for those 

features appearing in an 80% of the urine extracts, using a Yuen-Welch’s t-test. 

Differentially regulated features with a fold change > 2 that passed our 

statistical criteria (p-value, FDR corrected < 0.05) were putatively annotated by 

using the Human Metabolome Data Base (version 3.0) (Wishart et al. 2013) by 

comparison with accurate mass within a 5 ppm error threshold. Those 

putatively annotated metabolites known to be present in urine according to 

HMDB were selected for identification confirmation [31].  

GC-MS files converted to mzXML format were processed using eRah R 

package [32] for noise filtering, baseline removal, chromatographic peak 

deconvolution, alignment across samples and missing compound recovery. 

Minimum peak width was set at 1 s, minimum peak height at 5,000 counts, 

noise threshold at 500 counts. The obtained peaks were filtered by analytical 

variability using the QCs, and occurrence in the urine extracts (> 80%). Internal 

standards were used to check if the analytical variability of the samples, was 

below the QCs variability. Differentially regulated features (p-value, FDR 

corrected < 0.05, Yuen-Welch’s t-test) with a fold change > 1.1 were putatively 

identified by comparing their spectra with those in the Golm Metabolome Data 

Base (GMD) [33] with a spectral match factor > 85%. Those putatively 

identified metabolites known to be present in urine according to HMDB were 

selected for identification confirmation [31]. 

Metabolite identification and pathway analysis 

Relevant features confirmation from LC-MS metabolomics analysis has 

been done by comparison with accurate mass and MS/MS spectrum using the 

METLIN database [34,35] (Level 2 of identification according to Schymanski et 

al. [36]). MS/MS was performed in targeted mode, and the instrument was set 

to acquire over the m/z range 50-1000, with a default iso width of 4 m/z. The 

collision energy was fixed at 20 V. Furthermore, level 1 of identification [36] 
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was achieved by comparison of retention time and MS/MS fragmentation 

patterns of the corresponding chemical standards acquired under the same 

analytical conditions commented above. 

Two different strategies have been used to identify the relevant metabolic 

peaks from GC-MS analysis. First, we have used Baitmet R package [37], a 

library-driven computational tool written in R that allows accurate computation 

of retention time index (RI) values without internal standards co-injection. To 

define the quality criteria for positive identifications, we have analysed a set of 

30 metabolite standards using the instrumental conditions described above. All 

the standards were identified with spectral match factor > 85% and RI error < 

1%, against the spectral and RI data available at the GMD and, therefore, these 

criteria have been used to positively identify GC-MS peaks with a level of 

confidence of 2. Finally, identification of some metabolites was confirmed by 

analysing the pure standard metabolites under the same GC-MS conditions 

described above (Level 1 of identification). 

Heatmap with hierarchical clustering of the identified metabolites was 

performed using Pheatmap R package version 1.0.12 [38]. Figures were created 

using ggplot2 R package version 3.3.3 [39]. For pathway analysis, we performed 

an over-representation test with MBRole 2.0 software using the identified 

metabolites from both analytical platforms [40]. The Kyoto Encyclopedia of 

Genes and Genomes (KEGG) [41], and an organism-dependent (Mus musculus) 

background set were used as database for annotation. FDR-corrected p-score < 

0.05 were considered for significance. 

3.1.4. Results and discussion 

THS toxicants absorption and metabolization 

To evaluate the extent of specific tobacco toxicants absorption and 

metabolization derived from THS exposure, we monitored the presence of 

tobacco-specific metabolites in the urine extracts using a combination of 

targeted and suspect-screening analysis strategies. We were able to identify 
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fifteen tobacco-specific toxicants and their metabolites in the urine of the THS-

exposed mice (marked in bold in Figure 1). These compounds included nicotine, 

one of the most prevalent constituents in tobacco smoke [42], and NNK and 

NNN, the two most harmful TSNAs considered carcinogenic Group 1 for 

humans by the IARC [5] which produced  tumours at multiple organ levels in 

different  mammalian models [43]. In addition to absorption, we detected 

cotinine, which is the main nicotine metabolic biomarker monitored in urine of 

non-smokers exposed to tobacco smoke [26], and its glucuronide. We also 

detected 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), the main 

NNK metabolite which is considered to have similar adverse effects as its 

precursor [43,44]. The urinary NNAL concentration of this THS-exposure 

model was previously reported, at concentration levels within range of SHS-

exposed infants and toddlers, with comparable medians [16]. We also detected 

4-Hydroxy-4-(3-pyridyl)-butanoic acid (HPBA) and 4-Oxo-4-(3-pyridyl)-

butanoic acid (OPBA) in the urine of the THS-exposed mice, that might indicate 

the metabolic activation of NNK and NNN through CYP450-mediated α-

hydroxylation pathway, which is required to exert their carcinogenic effect [45]. 

HPBA and OPBA can also be formed from nicotine metabolization [46]. 

Previous studies have detected those metabolites in urine of rodents and 

primates exposed to NNK and NNN [47–51] and in smokers’ urine [46,52,53], 

but this is the first evidence in a THS-exposed model. 
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Figure 1. Tobacco-specific toxicants and their metabolites identified in the urine of 

THS exposed mice (in bold), and their main formation mechanisms and enzymes 

responsible for the transformations. Abbreviations: HPBA (4-Hydroxy-4-(3-pyridyl)-

butanoic acid); lactone (5-(3-Pyridyl)-tetrahydrofuran-2-one); i-NNAC (4-

(Methylnitrosamino)-4-(3-pyridyl)butyric acid); i-NNAL (4-(N-Methyl-N-

nitrosamino)-4-(3-pyridyl)butane-1-ol); NNAL (4-(methylnitrosamino)-1-(3-pyridyl)-

1-butanol); NNK (4-(Methylnitrosoamino)-1-(3-pyridinyl)-1-butanone); NNN (N-

nitrosonornicotine); oxamide (4-Oxo-4-(3-pyridyl)-N-methylbutanamide); OPBA (4-

Oxo-4-(3-pyridyl)-butanoic acid). 
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Alterations of endogenous urinary metabolites 

Our LC-MS metabolomics analysis resulted in 967 significantly altered 

features after data processing, filtering, and following the statistical criteria 

detailed in the materials and methods section. Those features were putatively 

identified as 4,230 possible metabolites known to be present in human urine 

according to HMDB [31]. As an example, Figure 2 shows the vast extent of the 

perturbed metabolic profile of mice urine because of THS exposure in LC-MS 

data. In the principal component analysis (PCA) of Figure 2A, scores of the 

THS-exposed group clustered on the opposite side of PC1 from the control 

group, illustrating the differences in both groups. THS treatment produced a 

massive upregulation and downregulation of detected features in urine of 

exposed mice as shows the volcano plot of Figure 2B. 

 

Figure 2. (A) Unsupervised Principal Component Analysis (PCA) of untargeted 

metabolomics data from THS-exposed group and controls (CTRL). Ellipses represent 

the 95% confidence interval. (B) Volcano plot depicting high metabolomic diversity of 

significant upregulated (red) and downregulated (blue) features in the THS-exposed 

group compared to controls. Dark red and blue dots represent the identified metabolites 

in LC-MS data. 

We identified 10 significant features using chemical standards (Level 1) and 

annotated 23 significant features by comparing the MS/MS spectrum with 

those in the METLIN database [35] (Level 2) (identification criteria according 
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Schymanski et al. [36]). Identified LC-MS metabolites are illustrated in darker 

dots in the volcano plot of Figure 2B. 

Processing of the GC-MS data using eRah R package [32] resulted in a list 

of 249 deconvoluted peaks significantly altered in the urine of THS exposed 

mice. Of these peaks, 85 of them were putatively identified by comparing their 

spectra with those in the GMD (level 3 of identification) (Hummel et al. 2010) 

with a spectral match factor higher than 85%. Identification confirmation led to 

a total of 34 identified metabolites with a Level 2 using Baitmet R package [37], 

and 13 of them confirmed using chemical standards (level 1 of identification). 

Table S1 at the supplementary information shows the list of the seventy-

seven endogenous metabolites significantly altered in the THS urines, that have 

been identified using both analytical platforms, with level of confirmations 1 

and 2, their corrected p-values, fold change, identification level, and main 

biological roles. Three metabolites were identified by both analytical platforms: 

creatinine, indoxyl, and epinephrine. For those metabolites, we have selected 

the p-value and FC values obtained with the analytical platform that provided 

the highest level of identification confirmation. Most of the identified 

metabolites were up-regulated in the THS-exposed urine samples (69 

upregulated metabolites vs. 8 downregulated) as it is shown in the Heatmap of 

Figure 3. The main biological roles of the identified metabolites (Table S1) 

included, among others, amino acids, short chain fatty acids or fatty acid 

derivatives, hormones, and sugars or sugar derivatives. Furthermore, THS 

exposure also produced the upregulation of several neurotransmitters including 

dopamine, epinephrine, GABA, and glutamate, and the glucocorticoid 

hormones cortexolone, cortisol, and cortisone. 
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Figure 3. Two-way hierarchical clustering heatmap analysis of identified and 

annotated metabolites in LC-MS and GC-MS data. Columns represent the analysed 

samples and rows represent the relative intensity of each differentially regulated 

metabolite after standard scaling. CTRL: Control; and THS: Thirdhand smoke exposed 

group. 
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Pathway analysis 

Pathway overrepresentation analysis revealed 17 significantly altered 

metabolic pathways (p-value, FDR corrected < 0.05, Table S2). Tryptophan 

metabolism was the most altered presenting an enrichment of fifteen 

metabolites, including the neurotransmitter serotonin, and several metabolites 

of the kynurenine pathway, the major catabolic pathway of tryptophan [54]. 

THS exposure also dysregulated other amino acid metabolisms such as arginine 

and proline, phenylalanine, tyrosine, and histidine, with 12, 8, 7 and 6 altered 

metabolites, respectively. Figure S1 maps these altered metabolites and the 

connection between these pathways and the upregulated neurotransmitters. 

The identified neurotransmitters and some of the altered pathways have been 

previously identified as key in smoking-related behaviours including smoking 

initiation, progression and cessation, and nicotine dependence based on gene 

expression studies (Table S3) [55]. Epidemiological studies showed that living 

in a smoking household significantly increases the risk of future regular 

smoking in children [56]. The metabolic results presented here indicate that 

this risk can be also triggered by THS exposure.  

We hypothesize that THS is enhancing the kynurenine pathway through 

stress induction (Figure 4). We found an upregulation of both glucocorticoid 

hormones—such as cortexolone, cortisol, and cortisone—and catecholamines 

hormones—such as epinephrine and dopamine—in THS-exposed mice. These 

hormones, released respectively during the hypothalamic–pituitary–adrenal 

(HPA) axis and sympathetic–adrenal–medullary axis (SAM) signalling cascade 

in response of multiple stressors [57], can promote the enzymatic 

biotransformation of tryptophan to kynurenine. This biotransformation is 

catalysed by either tryptophan 2,3-dioxygenase (TDO), whose activation is 

stimulated by glucocorticoids, or indoleamine 2,3-dioxygenase (IDO-1 and 

IDO-2), whose activation is stimulated by pro-inflammatory cytokines during 

the immune response that can be modulated by catecholamines [54,57,58]. 
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Figure 4. Proposed THS neurotoxic effect mediated by tryptophan/kynurenine 

metabolism. After THS exposure, stress induced by THS activates the hypothalamic-

pituitary-adrenal axis resulting in the release of glucocorticoids from the adrenal cortex, 

which activates tryptophan 2,3-dioxygenase (TDO). THS-induced stress also activates 

the sympathetic-adrenal-medullary axis resulting in the release of catecholamines by 

the adrenal medullar, which induces the immune response producing proinflammatory 

cytokines that lastly activates indoleamine 2,3-dioxygenase (IDO). Both TDO and IDO 

catalyse the biotransformation of tryptophan to kynurenine, that is further metabolized 

to quinolinic acid and kynurenic acid, which have a neurotoxic and neuroprotective 

effect, respectively. THS produces a major upregulation of quinolinic acid that can also 

increase the release of glutamate, enhancing a neurotoxic effect mediated by the 

neuroexcitatory capacity of glutamate. 
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Overall, our results are in accordance with previous studies in mice 

exposed to THS that found increased levels of epinephrine, hormones related 

with HPA axis signalling cascade—such as cortisol—, pro-inflammatory 

cytokines, and impairment in the immune system [17,19], reinforcing THS-

stress mediated kynurenine pathway enhancement possible through TDO and 

IDO enzymatic activation found in our study. 

Kynurenine can further be converted into two metabolites with opposite 

behaviour: the neurotoxic quinolinic acid and the neuroprotective kynurenic 

acid [54]. Both metabolites are agonist and antagonist, respectively, of the N-

methyl-D-aspartate (NMDA) receptor, whose modulation can cause one effect 

to be enhanced more than the other [54,57]. Although we found both 

metabolites upregulated (Figure 4), quinolinic acid/kynurenic acid ratio was 

higher in THS-exposed mice, indicating a possible increment of neurotoxicity 

through overactivation of NMDA receptor. Our THS-exposed model also had 

upregulated the excitatory neurotransmitter glutamate, which is the main 

NMDA receptor ligand together with glycine depending on its subunit 

composition [59]. Quinolinic acid can further aggravate the neuro-excitatory 

capacity of glutamate by inhibiting glutamate uptake and catabolism in 

astrocytes and enhancing glutamate release by neurons [60,61]. The neurotoxic 

branch mediated by a high quinolinic acid/kynurenic acid ratio is involved in 

multiple neurological disorders, including depression, Huntington’s disease, 

Parkinson’s disease, schizophrenia, among others [54,62–64]. THS was 

previously related to cytotoxicity of neurocytes in a concentration-dependent 

manner [65] and to hyperactive behaviour in mice [16]. Tobacco smoke 

exposure was also associated with adverse neuro-behaviour and cognitive 

outcomes in new-borns and children [66–68]. A previous study on untargeted 

metabolomic analysis of the urine of children exposed to SHS also 

demonstrated a positive relationship between kynurenine and cotinine, 

associating kynurenine-tryptophan pathway with  tobacco exposure [69]. All 

these findings indicate that THS might have a role in neurological impairment 
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and our study is the first one to uncover the role of kynurenine metabolisms in 

THS-related neurotoxicity. Nevertheless, further research is needed to assess 

the neurological implications of THS in human exposure, especially in 

children—the most vulnerable population [2]. 

Implications for human Urine Biomonitoring: future directions 

The results presented here disclose the vast extent of metabolic alterations 

produced by THS exposure. The multiplatform metabolomics analysis of urine 

of mice exposed to THS in conditions that mimic human exposure in smokers’ 

homes provided an ideal biological model to assess metabolic changes that 

could be the basis of future epidemiologic studies. Previous evidence in this 

mice model showed that THS produced a detrimental health effect at multiple 

organ systems, including cellular oxidative stress, non-alcoholic fatty liver 

disease, hyperglycaemia, insulin resistance, and poor wound healing [15–

17,70]. Our metabolomic results not only are in line with previous molecular 

mechanisms related with THS exposure associated pathologies (i.e., higher 

urinary glucose in exposed mice compared to controls), but also provide new 

insights in the study of metabolic alterations caused by THS. The identification 

here of a large number of tobacco-specific metabolites confirms the absorption 

of tobacco toxicants because of THS exposure, and the possible activation of 

NNN and NNK carcinogenic processes. The metabolomics study presented here 

helps to better understand the molecular mechanisms of some of those 

previously reported changes, but also presents evidence of other physiological 

effects that have not been reported to date, such as the broad alteration of the 

tryptophan metabolism. Moreover, some of the metabolic results of our model 

are in line with the alterations found in children exposed to THS, including the 

behaviour and immune system impairment [23,24]. Altogether these findings 

show the great potential of advancing on our current understanding of THS-

derived harms by applying wide-scope metabolomics to children’s urine and lay 

the foundations for future epidemiological studies. 
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3.1.5. Conclusions 

Here we have reported the first untargeted metabolomics study of urine of 

mice exposed to THS in conditions that mimic the exposure of non-smokers 

that live in smokers’ homes, demonstrating the vast extent of urinary metabolic 

alterations induced by THS. Exposed mice absorbed and metabolized a large 

number of tobacco-specific toxicants and might have activated pathways of 

NNK and NNN carcinogenesis through CYP450-mediated α-hydroxylation. Our 

multiplatform metabolomics analysis allowed the identification of seventy-

seven dysregulated metabolites involved in seventeen altered pathways, 

demonstrating the detrimental effect of THS in the metabolism of exposed 

mice. Our analysis validated some of the earlier published altered metabolites 

in THS exposure, including those related with glucose metabolism, but also 

revealed an upregulation of glucocorticoid hormones, neurotransmitters, and 

metabolites involved in tryptophan metabolism—a pathway associated with 

smoking-related behaviours—. THS-exposed mice had a global upregulation of 

identified metabolites in kynurenine pathway, the major catabolic pathway of 

tryptophan, that could be enhanced by released glucocorticoids and 

catecholamines in response to the exposure. We observed a higher quinolinic 

acid/kynurenic acid ratio and upregulated levels of the excitatory 

neurotransmitter glutamate in the exposed group, indicating an increment of 

neurotoxicity and showing a possible molecular mechanism behind THS-

related neurological and neuro-behavioural alterations. Altogether, these 

results add further evidence of the noxious effect of THS and provide the basis 

for human urine biomonitoring, especially in children as the most vulnerable 

population, using wide-scope metabolomics to assess THS health effects. 

3.1.6. Data Availability Statement 

Raw mass spectrometry data files (mzXML) are available at Zenodo with 

ID number 5552131 (DOI: 10.5281/zenodo.5552131). 
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3.1.8. Supplementary information 

Table S1. List of the endogenous metabolites significantly altered in the urine samples 

of THS-exposed mice, their p-value, fold change (FC), identification level (ID level) and 

main biological roles according to the Human Metabolome Data Base [1]. 

Metabolite p-value FC ID level Main biological roles 

1H-indole-3-acetamide 6.95×10-6 -4.8 2 Tryptophan metabolism 

2-aminobenzoate 4.46×10-6 2.1 1 Tryptophan metabolism 

2-hydroxyadipate 2.10×10-3 1.74 2 Fatty acid; energy metabolism 

2-hydroxyglutarate 4.00×10-4 1.56 2 Fatty acid; butanoate metabolism 

2-methyl malate 1.40×10-3 1.85 2 Fatty acyl; lipid transport and 

metabolism 

2-methyl serine 2.90×10-3 2.18 2 One carbon metabolism 

2-methylfumarate 2.90×10-3 1.59 2 Fatty acid; glyoxilate and 

dicarboxylate metabolism 

2,4-dihydroxy butyrate 2.00×10-3 1.79 2 Short chain hydroxy acid 

3-hydroxykynurenine 4.94×10-3 1.89 1 Tryptophan metabolism 

3-hydroxymethylglutarate 3.50×10-3 1.7 2 Hydroxy fatty acid; energy 

metabolism 

3-methyldioxyindole 6.95×10-6 -4.4 2 Tryptophan metabolism 

3-methylhistidine 8.76×10-3 -2.1 2 Histidine metabolism 

3-hydroxyproline 2.20×10-3 1.85 2 Arginine and proline metabolism 

4-hydroxyindole 1.63×10-4 -8.6 2 Tryptophan metabolism 

4-hydroxybenzoate 1.00×10-3 1.8 1 Phenylalanine metabolism; folate 

biosynthesis 

4-pyridoxate 6.72×10-7 2.2 2 Vitamin B6 metabolism 

5-aminopentanoate 9.00×10-4 1.75 2 Fatty acyl; arginine and proline 

metabolism 

5'-methylthioadenosine 5.52×10-7 2.8 2 Cysteine and methionine metabolism 

adipate 4.90×10-3 1.92 2 Dicarboxylic acid-fatty acyl; energy 

metabolism 

arginine 4.47×10-5 -5.4 1 Amino acid; arginine and proline 

metabolism 

asparagine 7.75×10-5 -7.8 1 Amino acid; alanine, aspartate, and 

glutamate metabolism 

cinnamoylglycine 1.60×10-3 2.31 2 Urinary metabolite produced by gut 

microbiota 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



EXPERIMENTAL AND RESULTS | 161 

 

Metabolite p-value FC ID level Main biological roles 

cortexolone 1.88×10-5 5.6 1 Glucocorticoid; steroid hormone 

biosynthesis 

cortisol 9.04×10-8 4.0 1 Corticosteroid hormone; neuroactive 

ligand receptor; steroid hormone 

biosynthesis 

cortisone 4.50×10-4 1.6 1 Glucocorticoid; steroid hormone 

biosynthesis 

creatinine 8.20×10-3 3 1 Arginine and proline metabolism 

dopa 4.40×10-3 2.39 1 Neuroactive ligand receptor; tyrosine 

metabolism 

dopamine 2.30×10-3 1.92 1 Catecholamine; neuro active ligand 

receptor; tyrosine metabolism 

epinephrine 1.28×10-6 2.6 1 Catecholamine; neuro active ligand 

receptor; tyrosine metabolism 

erythronate 7.00×10-4 1.77 2 Ascorbate metabolism 

ethyl gallate 1.70×10-3 1.94 2 Ethyl ester of gallic acid 

formylanthranilate 9.53×10-7 2.2 2 Tryptophan metabolism 

fucose 6.00×10-4 2.13 2 Monosaccharide produced by 

mammalian cells 

GABA 2.81×10-2 3.95 1 Neuroactive ligand receptor; alanine, 

aspartate, and glutamate metabolism; 

arginine and proline metabolism 

glucose 1.00×10-4 1.67 1 Disaccharide; 

glycolysis/gluconeogenesis 

glutamate 3.08×10-7 2.6 1 Amino acid; arginine and proline 

metabolism; alanine, aspartate, and 

glutamate metabolism; histidine 

metabolism 

glutamate gamma-

semialdehyde 

2.07×10-5 2.2 2 Arginine and proline metabolism; 

carbapenem biosynthesis 

glutamine 2.10×10-3 1.83 1 Amino acid; arginine biosynthesis; 

purine metabolism; alanine, 

aspartate, and glutamate metabolism 

glycylproline 1.40×10-3 2.55 2 Collagen metabolism 

histidine trimethylbetaine 5.76×10-8 3.1 2 Histidine metabolism 

hydroxyphenyllactate 4.60×10-3 1.52 2 Tyrosine metabolism 

hypoxanthine 2.00×10-3 3.31 2 Purine metabolism  
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Metabolite p-value FC ID level Main biological roles 

indole 4.08×10-4 -3.7 2 Tryptophan metabolism 

indoleacetaldehyde 1.23×10-5 4.4 2 Tryptophan metabolism 

indolelactate 2.80×10-3 1.77 2 Tryptophan metabolism 

indoxyl 3.00×10-4 2.23 2 Tryptophan metabolism 

isoleucine 3.62×10-2 2.51 1 Amino acid; cyanoamino acid 

metabolism 

kynurenate 8.54×10-3 1.3 1 Tryptophan metabolism 

kynurenine 9.70×10-3 1.7 1 Tryptophan metabolism 

lysine 8.90×10-3 1.9 1 Amino acid; lysine biosynthesis and 

degradation; biotin metabolism 

lyxonic acid 3.00×10-4 1.7 2 Ascorbate and aldarate metabolism 

methionine 7.24×10-7 2.7 1 Amino acid; glucosinolate 

biosynthesis 

methylimidazoleacetate 4.86×10-5 2.0 2 Histidine metabolism 

N-acetyl-L-phenylalanine 1.86×10-8 3.5 2 Phenylalanine metabolism 

N-acetylgalactosamine 9.00×10-4 2.38 2 Constituent of brain glycoproteins 

N-acetylglucosamine 1.00×10-4 2.6 2 Monosaccharide derivative of 

glucose; amino sugar and nucleotide 

sugar metabolism 

N-acetylglutamine 3.10×10-3 2.04 2 Modified amino acid; source of 

glutamine 

N-acetylhistamine 6.01×10-4 2.6 2 Histidine metabolism 

N-acetylneuraminate 7.00×10-4 2.86 2 Amino sugar and nucleotide sugar 

metabolism 

N-methyltryptamine 1.35×10-7 3.3 2 Tryptophan metabolism 

p-hydroxyphenylacetate 2.70×10-3 2.12 2 Tyrosine and phenylalanine 

metabolism 

phenylacetylglycine 3.56×10-6 2.5 2 Phenylalanine metabolism 

pipelicolate 2.00×10-3 1.7 2 Lysine degradation; tropane, 

piperidine, and pyridine alkaloid 

biosynthesis 

proline 4.09×10-6 4.4 1 Amino acid; arginine and proline 

metabolism 

putrescine 4.00×10-4 1.63 1 Polyamine; arginine, and proline 

metabolism; glutathione metabolism 

pyroglutamate 9.60×10-3 2.49 2 Glutathione metabolism 
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Metabolite p-value FC ID level Main biological roles 

pyruvic acid 2.00×10-4 3.15 1 Glycolysis/gluconeogenesis; alanine, 

aspartate, and glutamate metabolism 

quinolinate 2.00×10-3 1.77 2 Tryptophan metabolism; beta-

alanine metabolism; nicotinate and 

nicotinamide metabolism 

serine 2.09×10-5 -4.1 1 Amino acid; glycine, serine, and 

threonine metabolism 

serotonin 1.95×10-2 2.2 1 Tryptophan metabolism; neuroactive 

ligand receptor 

spermidine 1.86×10-6 3.1 1 Arginine and proline metabolism; 

beta-alanine metabolism; glutathione 

metabolism 

sphinganine 2.10×10-3 3.95 2 Sphingolipid metabolism 

tetrahydrocortisone 6.85×10-6 2.0 2 Steroid hormone biosynthesis 

trans-cinnamate 2.79×10-4 2.3 2 Phenylalanine metabolism 

tyrosine 1.00×10-4 1.7 1 Amino acid; phenylalanine and 

tyrosine metabolism 

urocanoate 2.10×10-4 2.2 2 Histidine metabolism 

xanthurenate 2.33×10-3 1.7 1 Tryptophan metabolism 
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Table S2. Statistically relevant metabolic pathways altered (p-value, FDR corrected < 

0.05) in the urine of THS-exposed mice according to MBRole 2.0 [2] and the number of 

dysregulated metabolites from the total metabolites for each pathway, using the KEGG 

database [3]. Those pathways with a p-value below 0.001 are marked in italics. 

Metabolic pathway 
p-value 

(FDR corrected) 

No. of 

dysregulated 

metabolites 

Tryptophan metabolism 2.32×10-11 15/81 

Arginine and proline metabolism 5.44×10-7 12/82 

ABC transporters 1.07×10-6 12/90 

Aminoacyl-tRNA biosynthesis 1.13×10-6 11/75 

Phenylalanine metabolism 1.70×10-5 8/46 

Alanine, aspartate, and glutamate metabolism 5.55×10-4 5/24 

Histidine metabolism 1.04×10-3 6/44 

Tyrosine metabolism 3.06×10-3 7/76 

Gap junction 5.85×10-3 3/11 

Phenylalanine, tyrosine, and tryptophan 

biosynthesis 
8.04×10-3 4/27 

Parkinson's disease 8.25×10-3 3/13 

Type II diabetes mellitus 2.28×10-2 2/6 

Glutathione metabolism 2.28×10-2 4/38 

Butanoate metabolism 2.57×10-2 4/40 

Neuroactive ligand-receptor interaction 3.38×10-2 7/128 

Aldosterone-regulated sodium reabsorption 3.38×10-2 2/8 

Nitrogen metabolism 4.22×10-2 3/26 
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Table S3. Metabolic pathways altered by THS exposure that are associated with 

smoking initiation and progression, nicotine dependence, and smoking cessation [4]. 

Pathways  

Smoking 

initiation & 

progression 

Nicotine 

dependence 

Smoking 

cessation 

cAMP-mediated signaling ✓ ✓ ✓ 

Dopamine receptor 

signaling 
✓ ✓ ✓ 

Fatty acid metabolism  ✓  

GABA receptor signaling   ✓  

Gap junction  ✓ ✓ 

Glutamate receptor 

signaling    
  ✓ 

Histidine metabolism  ✓  

Phenylalanine metabolism  ✓  

Serotonin receptor signaling ✓ ✓  

Tryptophan metabolism ✓ ✓  

Tyrosine metabolism   ✓ ✓ 
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Figure S1. Metabolites and main metabolic pathways altered in THS-exposed mice. In 

red are represented the increased metabolites in THS-exposed mice, while in blue are 

represented the depleted ones. Unidentified metabolites are in grey. 

 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



EXPERIMENTAL AND RESULTS | 167 

 

References 

1.  Wishart, D.S.; Feunang, Y.D.; Marcu, A.; Guo, A.C.; Liang, K.; Vázquez-

Fresno, R.; Sajed, T.; Johnson, D.; Li, C.; Karu, N.; et al. HMDB 4.0: The 

human metabolome database for 2018. Nucleic Acids Res. 2018, 46, D608–

D617, doi:10.1093/nar/gkx1089. 

2.  Chagoyen, M.; Pazos, F. MBRole: enrichment analysis of metabolomic 

data. Bioinformatics 2011, 27, 730–731, 

doi:10.1093/BIOINFORMATICS/BTR001. 

3.  Kanehisa, M.; Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. 

Nucleic Acids Res. 2000, 28, 27–30, doi:10.1093/NAR/28.1.27. 

4.  Wang, J.; Li, M.D. Common and unique biological pathways associated 

with smoking initiation/progression, nicotine dependence, and smoking 

cessation. Neuropsychopharmacology 2010, 35, 702–719, 

doi:10.1038/npp.2009.178. 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



 

 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



 

 

3.2. Thirdhand smoke induces metabolic alterations 

associated with mitochondria dysfunction in kidney of 

exposed mice 
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3.2.1. Abstract 

Thirdhand smoke (THS) is produced by the deposition and ageing of 

tobacco smoke particles on surfaces, becoming progressively more toxic over 

time. Previous studies have demonstrated the detrimental effect of THS on 

multiple organs, with oxidative stress one of the most predominant 

consequences behind THS-induced effects. However, the effects of THS 

exposure on renal function are still understudied despite cigarette smoking and 

exposure having higher prevalence of renal diseases. Here we aim to 

characterize the molecular alterations in kidney induced by THS exposure 

mimicking human exposure using a liquid chromatography-mass spectrometry 

base untargeted metabolomics. To assess THS-induced oxidative stress in 

kidneys, we also treated exposed mice with antioxidants. We detected an 

impairment in the renal metabolic profiling of THS-exposed mice with the 

dysregulation of twenty-two hydrophilic and lipophilic metabolites. THS-

exposure produced depleted levels of the renal osmoprotectant betaine, 

metabolites from pyrimidine pathway, and several lipid classes. 

Downregulation in carnitine production precursors and acyl-carnitines 

indicates problems to achieve energy requirements through fatty acid β-

oxidation in kidneys of exposed mice. Reversion in THS-induced damage after 

antioxidant treatment suggests that THS alterations are conducted by oxidative 

stress. Overall, our results indicate that THS exposure produce mitochondria 

dysfunction altering renal metabolism. 

Keywords: Thirdhand smoke; untargeted metabolomics; untargeted 

lipidomics; kidney damage; mitochondria dysfunction; oxidative stress 
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3.2.2. Introduction 

 Tobacco epidemic is one of the biggest public health threats, resulting in 

the annual death of more than 7 million smokers and around 1.2 million non-

smokers exposed to second-hand smoke (SHS) worldwide [1]. Tobacco 

compounds have a devastating impact on smokers’ and non-smokers’ health, 

increasing the risk of several tobacco-related diseases that include cancer, lung 

diseases, and cardiovascular diseases [2]. Furthermore, previous reports relate 

cigarette smoking with the development of renal diseases with increased 

incidence risk, progression, and end-stage of chronic kidney disease (CKD) [3–

6]. SHS exposure was also associated with higher incidence and development 

of CKD [7], generating alterations in normal renal function of adolescents [8], 

and with proteinuria in children with CKD [9]. 

More recently, a new form of smoke has emerged, Third hand smoke 

(THS). This smoke is the result of SHS gases and particles deposited on 

surfaces, remaining and aging in those surfaces [10,11]. THS components can 

also be re-emitted into the gas phase or even react with oxidants and other 

atmospheric compounds to yield secondary contaminants, some of them with 

increased toxicity [12]. Previous in vitro and in vivo studies have demonstrated 

the detrimental effect of THS on multiple organs, including genotoxicity, 

impairment in immune function, poor wound healing, hyperactivity, and 

prediabetes and non-alcoholic fatty liver disease [13–20]. Oxidative stress is 

one of the most predominant consequences of THS exposure that is behind 

several THS-induced dysregulations [13–15,18]. Mice exposed to THS under 

conditions that mimic human exposure had alterations in energy production 

with decreased levels of ATP and mitochondrial dysfunction [13,18]. Previous 

evidence shows that impairments in mitochondria function can lead to renal 

complications since kidneys are one of the most energy-demanding organs [21–

23]. Furthermore, biomarkers that can be related with renal function 

impairment, such as serum urea [13,18] and serum glucose [14,16,18], were also 
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found upregulated in THS-exposed mice. Despite the evidence, the effects of 

THS exposure on renal function remain yet to be elucidated.  

The goal of this study is to characterize the THS-induced molecular 

alterations in kidney using an untargeted metabolomic approach. Untargeted 

metabolomics is a valuable technique for the comprehensive study of the 

metabolic profiling of a biological system [24], which has been useful to 

describe in detail THS alterations in male reproductive cells [25] and liver [15], 

and in the study of kidney diseases [26,27]. We applied liquid chromatography 

coupled to high resolution mass spectrometry (LC-HRMS) based for the 

molecular characterization of aqueous and lipidic extracts of kidneys from mice 

exposed to THS under conditions that mimic human exposure. To assess the 

possible oxidative stress induced by THS exposure in kidney, we treated some 

of the THS-exposed mice with antioxidants. To the best of our knowledge, this 

is the first study that characterizes broadly the molecular alterations of THS-

induced damage in kidney. 

3.2.3. Results and discussion 

Untargeted metabolomics of kidney extracts 

Exploratory principal component analysis of ranked and filtered metabolic 

features from aqueous (AQ) and lipid (LIP) kidney extracts (Figures 1A and 1B, 

respectively) show that the scores of the THS-exposed group (THS) were 

separated from control group (CTRL) along PC2. In addition, CTRL mice and 

mice exposed to THS under an antioxidant treatment (THS-AO) clustered 

together, suggesting a similar metabolic profile for both groups. 
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Figure 1. LC-HRMS untargeted metabolomics results of aqueous and lipid 

extracts. Unsupervised PCA analysis of the aqueous (A) and lipid (B) phases. PCA 

score plot was generated from all features found in kidney extracts of control (CTRL), 

THS-exposed (THS), and THS exposed and treated with antioxidants (THS-AO), after 

data filtering and normalization. (C) Heatmap and hierarchical clustering of 

statistically significant annotated metabolites in the aqueous and lipid phase. Each 

column represents the relative intensity of each metabolite in each kidney sample after 

standard scaling. Feature code for the features annotated as a lipid class is indicated in 

brackets. AC: Acylcarnitine; FT: Feature; PC: Glycerophosphocholine; PE: 

Glycerophosphoethanolamine; SM: Sphingomyelin. 
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One-variable-at-a-time one-way ANOVA comparison of the three groups 

revealed 157 and 209 molecular features dysregulated in AQ and LIP extracts 

respectively. From these features, we annotated a total of 37 hydrophilic and 

lipophilic metabolites summarized in Table 1. List of annotated metabolites 

includes betaine, metabolites from the pyrimidine pathway—such as cytosine 

and cytidine monophosphate—, and several lipid classes—such as 

acylcarnitines (AC), glycerophosphocholines (PC), 

Glycerophosphoethanolamines (PE), and Sphingomyelins (SM)—. Hierarchical 

clustering representation of these metabolites (Figure 1C) illustrates a general 

depletion in the kidney samples of THS-exposed mice, except for N-palmitoyl 

cerebroside, docosahexaenoyl PAF C-16, and a glycerophosphoethanolamine 

(FT3351). 
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Table 1. List of annotated metabolites significantly altered in aqueous (AQ) and lipidic (LIP) kidney extracts, their FDR adjusted 

p-values, if significantly different at Tukey multiple comparison test, HMDB ID, and identification level (ID Level). 

Metabolite 
FDR 

p-value 

Tukey multiple comparison test 

HMDB ID 
ID 

Level 
Extract 

THS-CTRL 
THS-AO- 

THS 
THS-AO- 

CTRL 

1,2-dioleoyl PC 3.20×10-2 * * - - 2 LIP 

1-methylhistamine 1.32×10-2 - * * HMDB0000898 2 AQ 

1-stearoyl-2-arachidonoyl PC 1.03×10-2 * * - HMDB0008048 2 AQ 

2-aminoadipate 4.20×10-3 * * - HMDB0000510 2 AQ 

2-methylbutyroylcarnitine 4.22×10-2 - * - HMDB0000378 2 AQ 

3-carboxypropyl trimethylammonium 2.98×10-2 * * - HMDB0001161 2 AQ 

betaine 2.84×10-2 * * - HMDB0000043 1 AQ 

cis-5-tetradecenoylcarnitine 2.06×10-2 - * * HMDB0002014 2 AQ 

cytidine monophosphate 2.55×10-2 * * - HMDB0000095 2 AQ 

cytosine 2.03×10-2 * * - HMDB0000630 2 AQ 

docosahexaenoyl PAF C-16  1.53×10-4 * * - HMDB0013409 2 AQ 

dodecanoylcarnitine 3.05×10-2 - * * HMDB0002250 2 AQ 

eicosapentaenoyl PAF C-16 3.44×10-2 * * - HMDB0039528 2 AQ 

heptadecanoylcarnitine 4.39×10-2 - * - HMDB0006210 3 AQ 

isobutyrylcarnitine 3.44×10-2 - * * HMDB0062556 2 AQ 

linoelaidylcarnitine 5.01×10-3 - * * HMDB0006461 3 AQ 

N-palmitoyl cerebroside 1.53×10-4 * * - - 3 AQ 

O-arachidonoyl glycidol 1.10×10-2 * * - - 2 LIP 

O-arachidonoylcarnitine 4.66×10-4 - * * - 3 AQ 

palmitoylcarnitine 2.51×10-2 - * * HMDB0000222 2 AQ 
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Metabolite 
FDR 

p-value 

Tukey multiple comparison test 

HMDB ID 
ID 

Level 
Extract 

THS-CTRL 
THS-AO- 

THS 
THS-AO- 

CTRL 

pyroglutamine 1.06×10-2 * * - HMDB0062558 3 AQ 

stearoylcarnitine 1.45×10-2 - * * HMDB00848 3 LIP 

SM(d18:1/18:0) 2.52×10-2 * * - HMDB0062559 3 LIP 

AC (FT0584) 1.94×10-2 * * - - 3 AQ 

AC (FT0589) 3.85×10-2 - * - - 3 AQ 

AC (FT0668) 3.51×10-2 - * - - 3 AQ 

AC (FT0675) 1.37×10-2 * * - - 3 AQ 

AC (FT1412) 2.08×10-2 - * * - 3 AQ 

AC (FT1542) 8.19×10-3 - * * - 3 AQ 

AC (FT1556) 1.94×10-2 * * - - 3 AQ 

PC (FT2394) 1.65×10-2 * * - - 3 LIP 

PC (FT2463) 3.20×10-2 * * - - 3 LIP 

PE (FT2080) 1.10×10-2 * * - - 3 LIP 

PE (FT3351) 1.06×10-2 * * - - 3 AQ 

SM (FT2452) 2.74×10-2 * * - - 3 LIP 

SM (FT2758) 3.33×10-2 - * - - 3 LIP 

SM (FT2786) 3.20×10-2 * * - - 3 LIP 

AC: Acylcarnitine; FT: Feature; PC: Glycerophosphocholine; PE: Glycerophosphoethanolamine; SM: Sphingomyelin. Asterisk 

denotes significance according to the Tukey multiple comparison test: p-value < 0.05. 
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Effect of thirdhand smoke exposure on kidney function 

To the best of our knowledge, this is the first study aimed to assess the 

effect of THS exposure on kidney metabolism. THS exposed mice vs CTRL post-

hoc comparison, resulted in 22 dysregulated annotated metabolites (Table 1). 

We detected a depletion of betaine levels in kidney of THS exposed mice (Figure 

1C). Betaine has an important role in the osmolarity regulation of the kidney, 

protecting cells from osmotic stress [28]. Previous studies also observed the 

downregulation of renal osmolytes, including betaine, as consequence of renal 

toxicity in rats exposed to xenobiotics [29,30]. Levels of 3-carboxypropyl 

trimethylammonium (a precursor of carnitine also known as γ-butyrobetaine,) 

together with several acylcarnitines, were also found to be depleted in THS-

exposed mice. Carnitine production is involved in the transport of activated 

acyl-CoA fatty acids through the outer mitochondrial membrane to eventually 

generate ATP via β-oxidation [21]. This is the major source of ATP generated by 

renal proximal tubules to accomplish the reabsorption of nutrients and 

compounds filtered in the glomerular filtrate [31]. Mitochondrial dysfunction 

and impaired fatty acid oxidation are known to be key contributors to renal lipid 

accumulation, alteration of cellular structure, loss of renal function, and to the 

development and progression to acute kidney injury, renal fibrosis, diabetic 

nephropathy, and CKD [21,31–37]. In addition, tobacco consumption and 

exposure have been associated with increased prevalence of renal alterations 

[4,5,7,38]. Renal alterations were also observed in the offspring of tobacco 

exposed pregnant mice, including delayed renal development after birth leading 

to fewer and smaller mature glomeruli in the adulthood [39], and renal 

mitochondrial structural abnormalities with increased renal levels of markers 

of oxidative stress which in overall might play a critical role in CKD later in life 

[40]. In addition, decreased ATP levels in liver and brain in THS exposed mice 

have been previously described and linked to such mitochondrial dysfunction 

[13,15,17,18]. Elevated levels of metabolites related to kidney damage such as 

serum urea [13,18] and glucose [14,16,18] have also been reported for THS-
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exposed mice. Our results demonstrate a series of metabolic alterations in the 

kidney of THS-exposed mice that are compatible with kidney injury associated 

to mitochondrial dysfunction. 

Effects of antioxidant treatment on kidney function of THS 

exposed mice 

Antioxidant treatment reversed all metabolic changes induced by THS-

exposure in annotated metabolites according to Tukey multiple comparison test 

(Table 1), following a similar pattern as observed in control group (Figure 1C). 

Our results are in line with previous studies in THS-exposed mice where it was 

shown that antioxidant treatment reversed THS-induced oxidative damage 

[14,17], although this treatment was not sufficient to revert the vast extent of 

metabolic alterations in livers from THS-exposed mice [15]. A previous study in 

rats exposed to nicotine also showed that the administration of antioxidants 

such as resveratrol prevented renal nicotine-induced oxidative stress and 

kidney injury [41]. Antioxidants, included those employed in our study, are also 

valuable in preventing and attenuating kidney disease by restoring cellular 

antioxidant mechanisms and reducing oxidative stress [22,42–45]. Our 

metabolic findings with antioxidants reversing the THS detrimental effects, 

suggest that THS is producing oxidative stress altering kidney function, but 

further research is needed to confirm biomarkers of oxidation. 

We also detected 15 metabolites that were exclusively dysregulated in THS-

AO, especially those with lipophilic nature. Metabolic alterations produced 

exclusively by THS exposure under an antioxidant treatment were also 

observed in liver [15]. These metabolic changes can be the result of the synergy 

between THS exposure and antioxidant treatment, but also can be attributed 

exclusively to the supplementation with antioxidants. In this respect, further 

studies must be conducted to analyze the metabolic effects associated with the 

combination of THS exposure and antioxidant treatment. 
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3.2.4. Materials and methods 

Animal models 

Animal models were developed in the Department of Molecular, Cell and 

Systems Biology at the University of California, Riverside as previously reported 

[16,17]. Briefly, male C57BL/6 mice were randomly divided into three 

experimental groups: control group (CTRL, n=3), which was never exposed to 

THS; THS exposed group (THS, n=5), was exposed to THS from weaning (three 

weeks of age) to 24 weeks. Curtain material, upholstery and carpet were 

exposed to THS and then the animals were exposed to the materials containing 

THS. Levels of THS were standardized as previously described using total 

particulate matter [14,16]. THS exposed group under an antioxidant treatment 

(THS-AO, n=5); was exposed to THS and treated with antioxidants (N-

acetylcysteine and α-tocopherol) daily from weaning until the end of the 

experiment. All groups were maintained under controlled environmental 

conditions with 12 hours of light/dark cycle with access to standard chow diet 

(percent calories: 58% carbohydrate, 28.5% protein, and 13.5% fat) and water. 

At the end of the experiment, mice were euthanized with carbon dioxide (CO2) 

inhalation. Kidney samples were collected, snap frozen and kept at −80 °C until 

analysis. 

All animal experimental protocols were approved by the University of 

California, Riverside, Institutional Animal Care and Use Committee (UCR-

IACUC). 

Sample preparation 

Metabolite extraction was based on a previous reported method with slight 

modifications [15]. Briefly, frozen kidneys were lyophilized overnight and 

mechanically pulverized prior to extraction. We extracted ~5 mg of each kidney 

sample twice with 1 mL and 500 µL, respectively, of a mixture of chilled 

acentonitrile:Milli-Q water (1:1, v/v) by vigorous vortexing for 30 s, followed by 

in ultrasonication in an ice bath for 5 min to enhance the extraction of the 
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hydrophilic metabolites. After centrifugation at 12000 rpm for 15 min at 4 °C, 

the supernatant of the first extraction (900 µL) and the second one (400 µL) 

were transferred together to a glass vial ready for the chromatographic analysis. 

For the lipophilic metabolites extraction, 1 mL of dichloromethane:methanol 

(3:1, v/v) was added to the remaining pellet and extracted as commented above. 

800 µL of lipid extracts were dried under a gentle stream of nitrogen gas in a 

2mL amber vial and reconstituted in 800 µL of methanol:toluene (9:1, v/v) prior 

to the chromatographic analysis. Quality control samples (QCs) of the aqueous 

(AQ) and lipid (LIP) extracts were prepared by pooling equal volumes of the 

corresponding extract of each kidney sample. Samples and QCs were stored at 

−80 °C until LC-HRMS analysis. 

 

Figure 2. Experimental workflow. Male C57BL/6 mice were exposed to THS 

(THS), THS under an antioxidant treatment (THS-AO) or without treatment (CTRL) 

during 24 weeks [16,17]. Aqueous and lipidic kidney extracts were analyzed by UPLC-

QTOF. After data acquisition, data analysis and the biological interpretation of the 

results was done. 

Untargeted LC-HRMS and MS/MS analysis 

Untargeted analysis of the kidney extracts was performed in an Ultra High-

Performance Liquid Chromatographic system (UHPLC) (1290 series, Agilent 

Technologies, Waldbronn, Germany) coupled to a quadrupole time-of-flight 

(QTOF) mass spectrometer (6550 series, Agilent Agilent Technologies, Palo 

Alto, CA, USA), operated in positive electrospray ionization mode (ESI). 

We analyzed 2 µL of the AQ extracts in normal phase mode using an 

ACQUITY UHPLC BEH HILIC column (1.7 µm, 150 × 2.1 mm, Waters) with 

mobile phases containing 50 mM ammonium acetate in Milli-Q water (A) and 

acetonitrile (B), at a flow rate of 0.4 mL min-1 and controlled column 

temperature at 25 °C. The gradient elution started with an isocratic step of 95% 
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B (time 0-2 min), followed by a linear gradient of 55% B (2-6 min), and finished 

at 95% B (6-9.5 min). 

For the LIP extracts, we analyzed 0.75 µL in reverse phase mode using a 

Kinetex EVO C18 column (1.7 µm, 150 × 2.1 mm, Phenomenex) with mobile 

phases containing 10 mM ammonium formate in acetonitrile:Milli-Q water 

(3:2, v/v) (A) and isopropanol:acetonitrile (9:1, v/v) (B), at a flow rate of 0.4 mL 

min-1 and controlled temperature at 65 °C [46]. 

For both analyses, the mass spectrometer acquired in positive electrospray 

positive mode (ESI+) under the following conditions: gas temperature, 150 °C; 

drying gas, 11 mL min-1; nebulizer, 30 psig (AQ) and 35 psig (LIP); capillary 

voltage, 4000 V (AQ) and 3500 V (LIP); and fragmentor, 120 V. The instrument 

was set to acquire over the m/z range 100-1000 Da (AQ) and 50-1200 Da (LIP) 

with an acquisition rate of 3 spectra/s. Quality control was assured by sample 

randomization and QCs analysis every four samples throughout the whole 

analytical run. 

For identification purposes of relevant features, we performed targeted 

MS/MS analysis of pooled extracts of each experimental group, using four fixed 

collision energies (10, 20, 30 and 40 V), acquiring over the 40-1000 m/z range 

and a narrow isolation window of ~1.3 m/z. 

Data processing and statistical analysis 

LC-HRMS data was converted to mzXML format using MSconvert 

software from Proteowizard [47] and then processed via XCMS R package 

(version 3.12.0) to detect and align features using the following parameters: 

ppm = 5; peakwidth = 2-20 (centWave algorithm—Peak detection); binSize = 

0.1 (Obiwarp algorithm—Alignment); bw = 5; and minFraction = 0.8 

(Chromatographic peak grouping) [48]. An intensity threshold above 3,000 

counts and a relative standard deviation higher than in QCs were used as 

criteria to retain features for statistical analysis. Samples were normalized using 
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the exact weight of each pulverized kidney prior to an exploratory principal 

component analysis (PCA) for initial inspection of different exposure level 

groups. PCA visualization was created using ggplot2 R package (version 3.3.3) 

[49]. One-way ANOVA with false discovery rate (FDR) was applied to obtain 

the relevant features (p<0.05). Heatmap with hierarchical clustering of the 

identified metabolites was performed using Pheatmap R package (version 

1.0.12) [50]. Data processing and analysis was conducted in R (version 4.0.3) 

[51]. 

Exact masses of relevant features were searched against HMDB [52] for AQ 

extracts and HMDB and LIPIDMAPS [53] por LIP extracts, considering the 

protonated adduct and a mass error within 5 ppm. Identification was achieved 

for betaine by matching the acquired experimental MS/MS with the MS/MS of 

the pure chemical standard analyzed in the same conditions as the sample 

extracts (level 1 of confirmation confidence according to Schymanski et al. 

[54]). Metabolic annotation of other relevant features [55] was performed by 

comparing the obtained MS/MS spectra with experimental MS/MS data from 

METLIN [56] or with predicted MS/MS data from HMDB and LIPIDMAPS 

(level 2 and 3 of confirmation confidence, respectively [54]). Lipid class 

annotation was performed by comparing our MS/MS spectra with their 

corresponding characteristic product ions: 60, 85, and 144 m/z (AC) [57]; 184 

m/z (PC) [58]; 44 and 184 m/z (PE) [59]; and 184 and 264 m/z (SM) [60]; 

further sustained by the putative annotations found in the HMDB and 

LIPIDMAPS. In case of features detected in both AQ and LIP extracts, 

metabolites selected for biological interpretation were those with lower FDR p-

value and ppm error. 
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3.2.5. Conclusions 

Our untargeted metabolomic approach reveals for the first time that THS 

exposure alters kidney metabolism. We detected an impairment in the renal 

metabolic profiling of exposed mice, affecting levels in osmoprotectant 

metabolites, metabolites from pyrimidine pathway, and several lipid classes. 

Our data suggest that THS exposure compromises renal function and the 

achievement of energy requirements as we found depleted levels of precursors 

in carnitine production and acylcarnitines, which are necessary to produce a 

large amount of ATP in fatty acid β-oxidation. Our findings in the reverse effect 

of antioxidants on the altered metabolites in THS-exposed mice suggest that 

THS-induced damage in kidney is primarily caused by oxidative stress. 

Altogether, our results indicate that THS exposure alters renal metabolism 

producing mitochondria dysfunction and provides sufficient evidence to 

consider THS as a detrimental agent to kidney, becoming the basis of future 

studies in this field. 

3.2.6. Data availability statement 

Raw mass spectrometry data files (mzXML) are available at Zenodo with 

ID number 5526115 (DOI: 10.5281/zenodo.5526115). 
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3.3.1. Abstract 

The tobacco-specific nitrosamine 4-(Methylnitrosamino)-1-(3-pyridyl)-1-

butanone (NNK) is a carcinogenic and ubiquitous environmental pollutant for 

which the carcinogenic and cytotoxic activity has been thoroughly investigated 

in murine models and human tissues. However, its potential deleterious effects 

on vertebrate early development are yet poorly understood. In this work, we 

characterized the impact of NNK exposure during early developmental stages 

of zebrafish embryos, a known alternative model for mammalian toxicity 

studies. Embryos exposed to different NNK concentrations were monitored for 

lethality and for the appearance of malformations during the first five days after 

fertilization. LC-MS based untargeted metabolomics was subsequently 

performed for a wide-scope assay of NNK-related metabolic alterations. Our 

results revealed the presence of not only the parental compound, but also of two 

known NNK metabolites, 4-Hydroxy-4-(3-pyridyl)-butyric acid (HPBA) and 4-

(Methylnitrosamino)-1-(3-pyridyl-N-oxide)-1-butanol (NNAL-N-oxide) in 

exposed embryos likely resulting from active CYP450-mediated α-

hydroxylation and NNK detoxification pathways, respectively. This was 

paralleled by a disruption in purine and pyrimidine metabolisms and the 

activation of the base excision repair pathway. Our results confirm NNK as a 

harmful embryonic agent and demonstrate zebrafish embryos to be a suitable 

early development model to monitor NNK toxicity. 

Keywords: 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK); 

Danio rerio; early development; metabolomics; nucleotide metabolism. 

  

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



 

 

 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



EXPERIMENTAL AND RESULTS | 197 

 

1
9

7 

1
9

7 

3.3.2. Introduction 

The World Health Organization (WHO) recognizes exposure to tobacco 

smoke toxicants as a major environmental health issue affecting both smokers 

and passive smokers such as young children (World Health Organization, 

2017). Almost half of children regularly breathe air polluted with tobacco smoke 

in public places and 65,000 die each year from illnesses attributable to 

secondhand smoke (SHS) which has been related to pregnancy complications 

and low birth weight (World Health Organization, 2020), as well as, to 

respiratory diseases, neurodevelopmental alterations, and increased risk of 

sudden infant death syndrome (U.S. Department of Health and Human 

Services et al., 2014).  Beyond SHS, the so-called thirdhand smoke (THS) is 

considered as another form of passive exposure to residues of tobacco smoke 

that deposits, ages, and remains in fabrics, surfaces, and settled dust particles 

long after smoking has ceased (Matt et al., 2011). 

The tobacco specific nitrosamine 4-methylnitrosamino-1-(3-pyridyl)-1- 

butanone (NNK) is one of the most abundant and strongest carcinogens in SHS 

and THS (Hecht and Hoffmann, 1988; Jacob et al., 2017; Schick and Glantz, 

2007), being classified as Group 1 carcinogenic in humans by the International 

Agency for Research on Cancer (IARC) (International Agency for Reasearch on 

Cancer, 2007). NNK is formed upon the oxidation of residual nicotine from 

tobacco smoke with nitrous acid, ozone, and other atmospheric oxidants 

(Sleiman et al., 2010). NNK has been ubiquitously detected in settled dust, even 

in some smoke-free homes (Ramírez et al., 2014), outdoor airborne particulate 

matter (Farren et al., 2015), waste waters (Lai et al., 2018) and river waters (Wu 

et al., 2012) expanding NNK exposure to non-smoking population such as 

children. Relevant NNK toxicity studies have traditionally focused on its 

associated carcinogenicity in adult animal models. Thus, NNK has been 

evaluated in vitro in cultured explants and epithelial cells of human buccal 

mucosa, and in vivo in murine models where it has demonstrated to cause 

tumours in nasal cavities, trachea, lung, liver, stomach, and skin (Hecht, 1998). 
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DNA adduct formation drives these malignant transformations, a process 

triggered by NNK metabolic activation occurring via P450-mediated carbonyl 

reduction, pyridine oxidation, α-hydroxylation of the carbons adjacent to the N-

nitroso group, denitrosation, and ADP adduct formation (Balbo et al., 2014). 

However, NNK toxicity effects during early life remain less studied even though 

children are considered particularly vulnerable, and their exposure dose has 

been estimated higher than among adults (Wei et al., 2016). Some perinatal 

toxicity assays in murine models have demonstrated NNK to be a weak 

(transplacentally in mice) to moderate (neonatal mice and transplacentally in 

hamsters) perinatal carcinogen crossing the placental barrier and causing 

tumours in the offspring of exposed pregnant rodents (Anderson et al., 1991, 

1989; Correa et al., 1990; Rossignol et al., 1989). NNK has also been shown to 

be a weak embryotoxic and teratogenic agent in mice models (Winn et al., 1998). 

However, mechanisms underlying such NNK toxic effects during early 

development remain yet to be fully elucidated. 

In this context, the use of alternative animal models and the adoption of 

systems-wide approaches to assay toxicity has been put forward to meet the 

twenty-first century guidelines on toxicity testing (Hartung, 2009; National 

Research Council, 2007). Zebrafish (Danio rerio) have emerged as an excellent 

vertebrate alternative model granting low-cost and high-throughput 

toxicological assays during developmental biology and embryogenesis. The 

developing zebrafish embryo has been suggested as a relevant model to screen 

for potential teratogens due to genetic conservation with mammals, 

experimental advantages over higher vertebrates and external development of 

transparent embryos among others (Jarque et al., 2020; Lieschke and Currie, 

2007; Sipes et al., 2011). Additionally, metabolomics, that is the comprehensive 

measurement of metabolites in a biological specimen, can provide a direct and 

functional readout of an organism phenotype allowing a deeper understanding 

of the mode(s) and mechanism(s) of action of toxicity in human and 

environmental health (Ramirez et al., 2013). The goal of this study is twofold: 
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to unveil the potential metabolic disruptions caused by NNK exposure at early 

developmental stages using a systemic toxicity assay based on a wide-scope 

metabolism interrogation through mass spectrometry-based untargeted 

metabolomics; and to assess whether zebrafish embryos can be used as an 

alternative model for NNK toxicity testing in early development. 

3.3.3. Materials and methods 

Chemicals and reagents 

4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) was obtained 

from LGC-Dr Ehrenstorfer (LGC Standards, Barcelona, Spain) and 4-Hydroxy-

4-(3-pyridyl)-butyric acid (HPBA) was purchased from Toronto Research 

Chemicals (TRC, Ontario, Canada). The metabolites hypoxanthine, cytidine 

monophosphate (CMP), guanosine monophosphate (GMP), S-

adenosylmethionine (SAM), and uridine monophosphate (UMP) were obtained 

from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Internal standard 

(IS) solution was prepared with 1 mg mL-1 of succinic-d4 acid and myristic-d27 

acid in methanol also from Sigma-Aldrich. All solvents used in the preparation 

of solutions were LC-MS grade. Fish water was prepared with reverse-osmosis 

purified water containing 90 µg mL−1 of Instant Ocean®, 0.58 mM CaSO4·2H2O 

(Aquarium Systems, Sarrebourg, France). 

Zebrafish maintenance and embryo collection 

Wildtype zebrafish (Danio rerio) embryos were obtained by natural mating 

of 3 males and 5 females on 4 L mesh-bottom breeding tanks. At 2 hours post-

fertilization (hpf), viable fertilized eggs were collected, rinsed with fish water, 

and kept in clean fish water under standard conditions (28.5°C and 12 h 

Light:12 h Dark photoperiod) until the day of exposure. Embryos were 

incubated under the same conditions during all the experiment. All procedures 

were conducted in accordance with the institutional guidelines under a license 

from the local government (DAMM 7669, 7964) and were approved by the 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



200 | Toxicity of NNK in early development 

Institutional Animal Care and Use Committees at the Research and 

Development Centre of the Spanish Research Council, CID-CSIC. 

NNK exposure setup  

At 48hpf, embryos were randomly distributed in 6-well multiplates (10 

embryos/well) and incubated until 120 hpf in 5 mL of fish water containing 50, 

100, 150, 200 µM of NNK. NNK exposure concentration range was based on 

those previously tested in in vitro assays (Cheng et al., 2015; Hang et al., 2013; 

Weng et al., 2018; Winn et al., 1998) and those described for murine models 

exposed to TSNAs through drinking water (Balbo et al., 2014, 2013). Non-

exposed controls were run in parallel. Ten replicates were performed for each 

incubation condition using a total of 500 embryos for the experiment. Medium 

containing freshly prepared NNK solutions was renewed daily to ensure NNK 

continuous exposure. Anatomical development of embryos was followed daily 

under stereomicroscope Nikon SMZ1500 equipped with a Nikon digital Sight 

DS-Ri1 camera. Embryos were monitored and classified into three categories 

according to their phenotype: normal phenotype, severe phenotype (no-

hatched embryos, oedema, and other morphological anomalies) and dead 

embryos at 72, 96 and 120 hpf. All the parameters assessed to classify embryo 

phenotypes are listed in Table S1 of the Supplementary information. At 120 hpf, 

larvae exposed to the same NNK concentrations were randomized and the 

resulting pool was split into five different replicates containing 17-20 larvae 

each. These were rinsed with egg water (60 µg mL−1 of Instant Ocean® sea salts 

in reverse-osmosis purified water), snap-frozen in dry ice in 2 mL cryogenic 

tubes and stored at -80°C until sample extraction for metabolomics analysis. 

Metabolite extraction 

The extraction method was adapted from Raldúa D. et al (Raldúa et al., 

2020). In brief, zebrafish larvae were homogenized in 500 µL of pre-chilled 

CHCl3:MeOH (2:1, v/v) and 20 µL of IS solution, with two 5 mm stainless beads 

using a TissueLyser (Qiagen, CA, USA) at 50 Hz for 4 min. Resulting 
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homogenates were transferred to a 2 mL cryogenic tube, mixed with 117 µL of 

pre-chilled Milli-Q water and shaken for 20 min. After centrifugation (14680 

rpm, 4 °C, 20 min), 100 µL of the upper aqueous fraction were transferred into 

amber chromatographic vials for further LC-MS analysis. The quality control 

(QC) sample was prepared by pooling 10 µL of each extract into an amber 

chromatographic vial. 

LC-MS and MS/MS analysis 

Untargeted metabolomics analyses were performed by injecting 3 μL of 

aqueous extracts in a 1290 UHPLC system coupled to a 6550 quadrupole time 

of flight (QTOF) mass spectrometer, both from Agilent Technologies (Palo Alto, 

CA, USA), operated in positive electrospray ionization mode (ESI+). All samples 

(five replicates per treatment: control, 50 µM, 100 µM, 150 µM, and 200 µM 

NNK) were randomly injected. A blank was injected four times, followed by the 

blank of extraction injected one time and the QC injected five times before the 

sequence run to assess the stability of the instrument. A QC was injected before 

the first studied sample and then periodically after five studied samples. LC-MS 

conditions were adapted from Torres S. et al (Torres et al., 2021). Briefly, 

chromatographic separation was conducted on a Luna® Omega Polar C18 

column (1.6 μm, 150 × 2.1 mm, 100 Å, Phenomenex, CA, USA) at a flow rate of 

0.450 mL min-1. Column temperature was set to 30 °C. The mobile phases were 

0.1% formic acid in Milli-Q water (A), and 0.1% formic acid in acetonitrile (B). 

The linear gradient elution started at 100% of A (time 0-2 min), 100% of A to 

100% of B (2-9 min), 100% of B (9-10 min) and finished at 100% of A (10-12 

min) followed by 4 minutes post-run time. ESI conditions were gas 

temperature, 150°C; drying gas, 11 L min–1; nebulizer, 30 psig; fragmentor, 120 

V; and skimmer, 65 V. Mass spectra were acquired over the m/z range 50-1000 

m/z at 3 spectra s–1. For identification purposes, targeted MS/MS towards 

protonated ionic species from relevant features were performed under the same 

chromatographic conditions at fixed collision energies of 10, 20, 30 and 40 V. 
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The instrument was set to acquire the selected precursor ions over the m/z 

range of 40-1000 with a narrow isolation window width of 1.3 m/z. 

Data processing and statistical analysis 

Differences in teratogenic anomalies were evaluated using Z-test of 

proportions. LC-MS raw data was converted into mzXML format via MSconvert 

software from Proteowizard (Holman et al., 2014) and then processed using the 

XCMS software (version 3.8.2) to detect and align features (Colin A. Smith et 

al., 2006). An intensity threshold above 5,000 counts and a relative standard 

deviation higher than in QC were used as criteria to retain features for 

downstream statistical analysis. Feature matrix intensities were normalized 

using Probabilistic Quotient Normalization (PQN) using KODAMA R package 

to account for sample dilution (Cacciatore et al., 2017). Samples were 

normalized using the number of zebrafish embryos before entering a principal 

component analysis (PCA) for initial inspection of different exposure level 

groups. One-way ANOVA with false discovery rate (FDR) control was used to 

study differences across exposure levels (p<0.05 were considered for 

significance in all statistical tests). The heatmap with hierarchical clustering of 

the identified metabolites was performed using Pheatmap package version 

1.0.12 (Kolde, 2012). Figures were created using ggplot2 version 3.3.0 

(Wickham, 2011). Data processing and analysis was conducted in R version 

3.6.3 (R Core Team, 2017). 

Metabolite identification and pathway analysis 

For metabolite identification purposes, exact masses associated to those 

metabolic features found to vary according to NNK exposure concentrations 

were searched against the HMDB (Wishart et al., 2018) considering the 

protonated adduct and a mass error within 5 ppm. Additionally, these exact 

masses were also searched against an in-house compiled list of previously 

reported NNK metabolites (Dator et al., 2018; Hecht, 1998) considering 

protonated adducts within 5 ppm mass error (Table S2). Identification of those 
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metabolites was performed by matching their experimental MS/MS spectra and 

retention time with the MS/MS and retention time of their pure chemical 

standards—level 1 of confirmation according to Schymanski et al. (Schymanski 

et al., 2014). When pure chemical standards were not available, metabolic 

annotation (Nash and Dunn, 2019) was performed by comparing our 

experimental MS/MS spectra with experimental MS/MS spectra available in 

the METLIN (Smith et al., 2005) and MoNA (“MoNA: MassBank of North 

America”, 2021) databases, or with MS/MS data from the bibliography (Dator 

et al., 2018) (level 2 of confirmation). Identifications were used to feed a 

graphical network-based pathway enrichment analysis via FELLA package 

version 1.10.0 (Picart-Armada et al., 2018) using Danio rerio as a background 

organism. Diffusion analysis method was performed with the top 150 z-score to 

prioritise affected KEGG pathways upon NNK exposure (p-score < 0.05 were 

considered for significance). 

3.3.4. Results and discussion 

NNK embryo toxicity assays 

Exposure to NNK induced toxicity in zebrafish embryo in a concentration-

dependent manner (Figure 1). Based on lethality data, 200 µM was identified as 

the lowest observed adverse effect level (LOAEL), yet increased abnormalities 

(spine cord modifications, development of oedema, and unhatched embryos) 

were observed in embryos exposed to concentrations ranging from 50 to 100 

µM NNK (Figure 1). This suggests a weak NNK teratogenic and embryotoxic 

effect at the range of concentrations tested in our experiments. Our 

observations are in line with previous reports in mice, demonstrating a weak 

NNK-induced teratogenic effect in the progeny of CD1 pregnant mice and in an 

in vitro assay using mice embryos exposed to 10 and 100 µM NNK (Winn et al., 

1998). 
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Figure 1. Phenotypic observations of zebrafish embryos exposed to 

concentrations of NNK ranging from 50 to 200 µM at 120 hpf. Observations 

were based on normal phenotype, severe phenotype (no-hatched embryos, oedema, and 

abnormalities in morphology) and death embryos. Asterisks denote statistical 

significance according to Z-Test compared to control group; * p-value < 0.05. 

NNK metabolism suspect screening 

To assess NNK specific metabolism in zebrafish embryos, a suspect 

screening analysis for the 23 NNK metabolites was performed resulting in the 

identification of NNK and two NNK metabolites namely 4-Hydroxy-4-(3-

pyridyl)-butyric acid (HPBA) and 4-(Methylnitrosamino)-1-(3-pyridyl-N-

oxide)-1-butanol (NNAL-N-oxide) (Table S2). Both NNK and HPBA were 

shown to accumulate in zebrafish embryos in an NNK concentration-dependent 

manner, while NNAL-N-oxide reached a plateau at 100 µM (Figure 2). The 

accumulation of these three compounds in zebrafish embryos extracts indicate 

the absorption and metabolization of NNK by our zebrafish model. NNK 

absorption and metabolization has been previously demonstrated in human 

cells, tissues from murine foetuses, and in adult murine models (Hecht, 1998; 

Jalas et al., 2005; Rossignol et al., 1989). However, this is the first evidence 

demonstrating NNK to be metabolized by a zebrafish model at early 

developmental stages. Our results showed HPBA to be significantly increased 

in all NNK exposed groups respective to the control group. In humans (Wang et 
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al., 2019) and rodent models (Schrader et al., 1998), HPBA is a product of NNK 

metabolic activation leading to NNAL formation followed by CYP450-mediated 

α-hydroxylation of its carbon adjacent to the nitrosamino group (Smith et al., 

1992). Of note, it has been recently demonstrated that various drug-

metabolizing CYPs are expressed in zebrafish embryos and larvae and that their 

metabolic activity resembles those of human CYP isoforms (Nawaji et al., 2020). 

This CYP450-mediated α-hydroxylation can lead to the formation of reactive 

intermediates that react with DNA forming methyl (i.e., O6-mdG, 7-mdG), 

pyridyloxobutyl (POB, O6-POB-dG) or/and pyridylhydroxybutyl (PHB) DNA 

adducts which are critical in carcinogenesis (Balbo et al., 2014; Hang, 2010; 

Hecht et al., 2016; Hecht, 1999) (Figure 2). Our results also indicate that our 

zebrafish embryo model is undergoing an NNK detoxification process as 

suggested by the formation of NNAL-N-oxide which is the product of the 

pyridine-N-oxidation reaction of NNAL mediated by CYP450 enzymes 

(Carmella et al., 1997; Perez‐Paramo et al., 2019). 
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Figure 2. Trends of NNK derived metabolite levels identified in exposed 

groups. Each point represents the mean intensities per group and the error bar 

represents the standard deviation. Detected metabolites are those with a yellow 

background. Asterisks denote statistical significance according to multiple group 

comparison of ANOVA (only significative results of exposed groups vs control are 

illustrated); * p-value < 0.05. n = 5 samples. NNK: 4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanone; NNAL-N-Oxide: 4-(Methylnitrosamino)-1-(3-pyridyl-N- oxide)-

1-butanol; HPBA: 4-Hydroxy-4-(3-pyridyl)-butyric acid. NNK metabolism adapted 

from Hecht S. (Hecht, 1998). 

NNK-related metabolic disruptions 

Metabolic disruptions occurring upon NNK exposure during early 

development were assayed using an untargeted metabolomics approach and its 

results are summarized in Figure 3. Figure 3A displays the PC1 vs PC2 score plot 

of the PCA analysis performed on the filtered and normalized metabolic 

features revealing an NNK concentration-dependent clustering trend along PC1 

gathering 25% of explained variance. An overlap of those embryo replicates 
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exposed to the two highest NNK concentrations (150 and 200 µM) is also 

evidenced, indicating similarities in their metabolic response. 

 

Figure 3. Metabolomic results of the molecular phenotype. (A) Unsupervised 

PCA analysis of metabolomics data. PCA score plot was generated from 2,751 features 

detected in control and NNK exposed groups after data filtering and normalization. (B) 

Heatmap and hierarchical clustering of identified endogenous metabolites. Each 

column represents the relative intensity of each metabolite per sample after standard 

scaling. Asterisks denote metabolites with level 1 identification. (C) Network-based 

pathway enrichment by FELLA of significant endogenous metabolites altered by NNK 

exposure using the top 150 z-score for diffusion analysis. Red, yellow, blue, and green 

circles represent the enriched pathways, and potentials enzymes, reactions, and 

compounds to also be affected. Green squares represent the input metabolites to the 

enriched pathways. 

Metabolic features accounting for significant differences in a one-variable-

at-a-time one-way ANOVA comparison were used for MS/MS identification. 

The identity of 21 metabolites were confirmed (Table 1) including amino acids 
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such as methionine, dipeptides, fatty acid esters, nucleobases such as guanine 

and uracil, nucleosides such as guanosine, inosine, and uridine, and nucleotides 

such as CMP, GMP, and UMP.  

Table 1. List of the identified endogenous metabolites altered in zebrafish embryos 

exposed to NNK, their KEEG ID, FDR adjusted p-value, and identification level (ID 

level). 

Metabolite KEEG ID FDR p-value ID level 

4-guanidinobutanoic acid C01035 5.60×10-6 2 

adenosine C00212 4.69×10-2 2 

choline C00114 3.18×10-5 2 

cytidine monophosphate (CMP) C00055 1.87×10-3 1 

dihydrobiopterin C02953  4.18×10-4 2 

gamma-glutamylleucine - 1.31×10-3 2 

glycylphenylalanine (Gly-Phe) - 2.28×10-4 2 

guanosine monophosphate (GMP) C00144 1.88×10-2 1 

guanine C00242 3.21×10-3 2 

guanosine C00387 1.08×10-2 2 

hexanoylcarnitine - 5.53×10-3 2 

hypoxanthine C00262 3.96×10-2 1 

inosine C00294 7.05×10-3 2 

isoquinoline C06323 1.60×10-10 2 

methionine C00073 5.93×10-2 2 

Reduced nicotinamide adenine 
dinucleotide (NADH) 

C00004 5.29×10-5 2 

nicotinamide C00153 3.64×10-3 2 

S-adenosylmethionine C00019 1.30×10-2 1 

uridine monophosphate (UMP) C00105 6.98×10-3 1 

uracil C00106 7.94×10-3 2 

uridine C00299 2.39×10-2 2 

A heatmap representation of intensity levels for these 21 metabolites is 

displayed in Figure 3B, showing three clusters corresponding to the non-

exposed, to the lowest, and to the highest NNK exposure concentrations. The 21 

identified metabolites were used as input to the network-based enrichment 

analysis (Figure 3C) showing that three main pathways were influenced by the 
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exposure to NNK in early development: purine and pyridine metabolisms, and 

base excision repair (BER) pathway. Metabolites belonging to purine 

metabolism, such as hypoxanthine, inosine, guanine, and guanosine, followed 

a decreasing trend as the concentration of NNK exposure increased (Figure 3B). 

In contrast, intensities of pyrimidines such as uracil and uridine showed a sharp 

increase at the lowest exposure concentration (50 μM) and a progressive 

decrease with increased NNK concentrations (Figure 3B). The RNA monomers 

CMP, GMP and UMP followed this same trend, maintaining significantly 

increased concentrations respective to controls and peaking at 50 μM (Figure 

4). Increased ribonucleotide biosynthesis has been linked to carcinogenic 

processes, which require elevated rates of RNA synthesis (Bywater et al., 2013; 

Villicaña et al., 2014). On the other hand, our results suggest a significant 

alteration of BER pathway activity upon NNK exposure, an effect not observed 

in mice models (Gupta et al., 2013). BER pathway is one of the primary repair 

mechanisms for the removal of small DNA lesions such as alkylated, oxidized, 

and deaminated bases from endogenous sources or environmental carcinogens, 

i.e., non-bulky adducts such as those produced by NNK (Hang, 2010; Peterson, 

2010). 

 

Figure 4. Identified nucleotide monophosphate significantly altered by 

NNK exposure. Each point represents the mean intensities and the error bars 

represent the standard deviation. Asterisks denote statistical significance according to 

multiple group comparison of ANOVA (only significative results of exposed groups vs 

control are illustrated); * p-value < 0.05. n = 5 samples. 
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3.3.5. Conclusions 

Our results demonstrate, for the first time, the impact of NNK exposure to 

zebrafish embryos. A weak teratogenic and embryotoxic effect was observed 

with a LOAEL of 200 µM based on lethality. Besides the detection of NNK, the 

detection of HPBA and NNAL-N-oxide in zebrafish extracts confirmed our 

zebrafish embryo model's ability to metabolize NNK. We suggest two parallel 

pathways to be activated: NNK detoxification through NNAL-N-oxide 

formation and CYP450-mediated α-hydroxylation forming reactive 

intermediates that cause DNA-adducts eventually driving carcinogenesis. We 

demonstrated these to be paralleled by activation of the BER pathway that 

counteracts genome instability caused by DNA-lesions occurring upon NNK 

exposure. Additionally, this is also accompanied by a disruption of purine and 

pyrimidine metabolisms with nucleotide biosynthesis increasing at the lowest 

benchmark NNK concentrations. Altogether, these results confirm NNK to be a 

harmful embryonic agent and demonstrate zebrafish embryos to be a suitable 

early development model to monitor NNK toxicity reproducing effects 

previously observed in-vitro and in higher order vertebrate models. 

3.3.6. Data availability 

Raw mass spectrometry data files (mzXML) and the RMarkdown file 

containing code to reproduce data analysis are available at Zenodo with ID 

number 4775188 (DOI: 10.5281/zenodo.4775188). 
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3.3.8. Supplementary information 

Table S1. Parameters assessed to classify embryo phenotypes 

Phenotype Parameters* 

Dead embryos Non-viable embryos; coagulated embryos; lack of heartbeat; 

and dead embryos/larvae. 

Severe phenotype Lack of movement; malformation of eyes, head, mouth, and 

pectoral fins; modified chorda structure; no-hatched 

embryos; pericardial and yolk sac oedema; scoliosis; and 

yolk deformation. 

Normal phenotype Hatched embryos without any of the above phenotypic 

parameters. 

* The occurrence of at least one single parameter assigned the phenotype. 
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Table S2. List of previously reported NNK metabolites (Dator et al., 2018; Hecht, 1998), their abbreviation (Abbrev.), theoretical 

and empirical protonated mass [M+H], empirical retention time (tR), identification level (ID level), and source of LC-MS/MS data 

(MS/MS Refs.). 

Chemical name Abbrev. 
Chemical 
formula 

Theoretical 
[M+H] 

Empirical 
[M+H] 

Empirical 
tR (min) 

ID level* 
MS/MS 

Refs. 

4-Hydroxy-1-(3-pyridyl)-1-butanone HPB C9H11NO2 166.0863 166.0867 4.83 Not identified HMDB 

3-Hydroxy-1-(3-pyridyl)-1-butanol 1,3-Diol C9H13NO2 168.1019 168.1016 1.74 Not identified 
(Dator et 
al., 2018) 

4-Hydroxy-1-(3-pyridyl)-1-butanol 1,4-Diol C9H13NO2 168.1019 168.1016 1.74 Not identified 
(Dator et 
al., 2018) 

1,1-Diol 
Unknown 1 

(Diol 3) 
C9H13NO2 168.1019 168.1016 1.74 Not identified 

(Dator et 
al., 2018) 

4-Oxo-4-(3-pyridyl)butyric acid OPBA C9H9NO3 180.0655 Not found Not found - - 

4-Hydroxy-4-(3-pyridyl)-butyric acid HPBA C9H11NO3 182.0812 182.0809 2 1 STDR 

4-(Methylnitrosamino)-1-(3-pyridyl)-1-
butanone 

NNK C10H13N3O2 208.1081 208.1078 5.87 1 STDR 

4-(Methylnitrosamino)-1-(3-pyridyl)-1-
butanol 

NNAL C10H15N3O2 210.1237 210.1228 4.7 Not identified STDR 

4-(Methylnitrosamino)-1-[3-(6-
hydroxypyridyl)-1-butanone 

6-OH NNK C10H13N3O3 224.103 Not found Not found - - 

4-[Methyl(nitroso)amino]-1-(1-oxido-3-
pyridinyl)-1-butanone 

NNK-N-oxide C10H13N3O3 224.103 Not found Not found - - 
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N-(3,4-Dihydroxy-4-(pyridin-3-yl)butyl)-
N-methylnitrous amide 

γ-OH NNAL 
(OH-NNAL 2) 

C10H15N3O3 226.1186 226.1187 5.18 Not identified 
(Dator et 
al., 2018) 

4-(Methylnitrosamino)-1-(3-pyridyl-N-
oxide)-1-butanol 

NNAL-N-oxide C10H15N3O3 226.1186 226.1187 5.18 2 
(Dator et 
al., 2018) 

- 
Unknown 2 

(OH-NNAL 1) 
C10H15N3O3 226.1186 226.1187 5.18 Not identified 

(Dator et 
al., 2018) 

3-(4-  
(Methyl(nitro)amino)butanoyl)pyridine 
1-oxide 

nitro-NK-N-
oxide 

C10H13N3O4 240.0979 240.0981 5.18 Not identified 
(Dator et 
al., 2018) 

3-(1-Hydroxy-4-
(methyl(nitro)amino)butyl)pyridine 1-
oxide 

nitro-NAL-N-
oxide 

C10H15N3O4 242.1135 Not found Not found - - 

- Unknown 3 - 254.1135 Not found Not found - - 

N-acetylcysteine-PHB 1 NAC-PHB 1 C14H20N2O4S 313.1216 313.1212 5.22 Not identified 
(Dator et 
al., 2018) 

N-acetylcysteine-PHB 2 NAC-PHB 2 C14H20N2O4S 313.1216 313.1212 5.22 Not identified 
(Dator et 
al., 2018) 

N-acetylcysteine-PHB 3 NAC-PHB 3 C14H20N2O4S 313.1216 313.1212 5.22 Not identified 
(Dator et 
al., 2018) 

4-Hydroxy-1-(3-pyridyl)-1-butanone 
glucuronide 

HPB-Gluc C15H19NO8 342.1183 Not found Not found - - 

4-(Methylnitrosamino)-1-(3-pyridyl)-1-
butanol-O-glucuronide 

NNAL-O-Gluc C16H23N3O8 386.1558 Not found Not found - - 

3,4,5-trihydroxy-6-((nitroso(4-oxo-4-
(pyridin-3-

α-OH-methyl-
NNK-Gluc 

C16H21N3O9 400.1351 Not found Not found - - 
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yl)butyl)amino)methoxy)tetrahydro-2H-
pyran-2-carboxylic acid 

3,4,5-Trihydroxy-6-(((4-hydroxy-4-
(pyridin-3-
yl)butyl)(nitroso)amino)methoxy)tetrahy
dro-2H-pyran-2-carboxylic acid 

α-OH-methyl-
NNAL-Gluc 

C16H23N3O9 402.1507 402.1492 5.03 Not identified 
(Dator et 
al., 2018) 

* Identification level according to Schymanski et al. (Schymanski et al., 2014). Identification was performed by matching the empirical MS/MS 

spectra with the MS/MS of NNK metabolites pure chemical standards (STDR) (Level 1). When pure chemical standards were not available, 

annotation was performed by comparing the empirical MS/MS spectra with the MS/MS spectra available in the HMDB (Wishart et al., 2018) or 

in the literature (Dator et al., 2018) (level 2). Not found: NNK metabolites are those whose empirical protonated mass was not within 5 ppm mass 

error. Not identified: NNK metabolites are those whose empirical MS/MS spectra did not match with the MS/MS spectra of NNK metabolites 

pure chemical standards, databases, or literature. Unknow: compounds are novel NNK metabolites described by Dator et.al. (Dator et al., 2018). 
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3.4.1. Abstract 

Tobacco smoke is a ubiquitous outdoor and indoor environmental 

pollutant that has been overlooked to date in environmental and health policies. 

Most of the smoke gases and particles deposit, react with secondary 

contaminants, and remain for long periods of time in fabrics, surfaces and dust 

forming so-called thirdhand smoke (THS), a less studied source of tobacco 

exposure that especially affects children living with smokers. Despite the 

evidence of THS toxicity and health effects observed in exposed cells and 

murine models to date, the effects of THS toxicants in early development are 

not fully characterized. To accomplish this, we exposed wildtype zebrafish 

embryos to different concentration ranges of a THS toxicant mixture containing 

nicotine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), and N-

nitrosonornicotine (NNN) from 6 hours post-fertilization (hpf) to 120 hpf. 

Furthermore, fli1:EGFP zebrafish embryos were also exposed to study blood 

vessel development. The alterations caused by these exposures were evaluated 

using developmental observations combined with untargeted metabolomics 

and spatially resolved metabolomics analysis. Concentrations found in 

smokers’ house dust resulted in a high toxicity of embryos with high incidence 

of severe phenotype and embryonic death in a concentration-dependent 

manner. No differences were observed in the development of blood vessels in 

fli1:EGFP zebrafish. Adapted concentrations considering the estimated value of 

involuntary dust ingestion of 100 mg per day in children resulted in a low 

incidence of severe phenotype and dead embryos for all exposure 

concentrations. We confirmed the absorption and metabolization of nicotine 

and NNK. Our results further indicate that exposed zebrafish embryos activate 

pathways of NNK carcinogenesis through α-hydroxylation, by producing 

intermediate metabolites and increasing DNA-methylation status. The spatially 

resolved metabolomics analysis also indicates that our zebrafish model 

developed alterations in lipid metabolism in a concentration-dependent 

manner. This trend was also observed in the number of altered features detected 
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in our untargeted metabolomics analysis. We annotated a total of thirty-three 

endogenous metabolites mostly depleted in the highest concentrations of 

exposure that show alterations in dipeptides, tripeptides and in cysteine and 

methionine metabolism. Overall, our results demonstrate for the first time the 

detrimental effect of nicotine, NNK, and NNN mixture in early development of 

zebrafish embryos. 

Keywords: Thirdhand smoke exposure; zebrafish embryos; untargeted 

metabolomics; spatially resolved metabolomics; developmental toxicity. 
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3.4.2. Introduction 

Tobacco smoke, formed by a complex mixture of particles and thousands 

of toxicants including over 70 carcinogens according to the International 

Agency for Research on Cancer [1], is a ubiquitous outdoor and indoor 

environmental pollutant that has been overlooked to date in environmental and 

health policies [2]. Most of the smoke gases and particles deposit, age and 

remain for long periods of time in fabrics, surfaces and dust forming so-called 

thirdhand smoke (THS), a less studied source of exposure to tobacco smoke 

toxicants that especially affects children living with smokers [3,4]. THS 

components not only remain on surfaces and in settled dust, but they can also 

be re-emitted into the gas phase or even react with oxidants and other 

atmospheric compounds to yield secondary contaminants, some of them with 

increased toxicity. This is the case of nicotine, which reacts to form tobacco-

specific nitrosamines (TSNAs), a leading class of highly mutagenic and 

carcinogenic compounds in tobacco products [5]. Among TSNAs, N'-

Nitrosonornicotine (NNN) and 4-(Methylnitrosoamino)-1-(3-pyridinyl)-1-

butanone (NNK) are the strongest carcinogens [6], being classified as 

carcinogenic to humans (Group 1) by the International Agency for Research on 

Cancer (IARC) [7]. 

House dust is a repository of contaminants and an important route of 

toxicant exposure, especially for children under 6 years old, who spend most of 

their time indoors and are estimated to ingest about 100 mg of indoor dust per 

day [8]. One of the first studies on THS pollution revealed that the estimated 

lifetime cancer risk related to carcinogen N-nitrosamines and TSNAs in THS by 

dermal absorption and involuntary ingestion of settled house dust in children 

from 1 to 6 years old was higher than the United States Environmental 

Protection Agency (USEPA) and the World Health Organization (WHO) 

recommendations in all smokers’ homes and in most of the non-smokers’ ones. 

This study showed strong evidence of THS health risk and further demonstrated 

the ubiquitous presence of tobacco smoke pollutants [9]. In the last decade, 
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THS toxicity has been tested in in vitro and in vivo murine models showing the 

vast extent of THS-induced alterations in multiple organ systems [10–12]. 

However, few studies have characterized the phenotypic and molecular 

alterations induced by THS exposure in early development. 

In this regard, the use of alternative animal models combined with high-

throughput methods that allow the rapid acquisition of data for broad 

biosystem characterization have been advanced to cope with the twenty-first 

century guidelines on toxicity testing [13,14]. Zebrafish embryos have emerged 

as a low-cost, easy to maintain, high-throughput, in vivo vertebrate with optical 

transparency alternative model for toxicological studies on early development 

[15]. Transgenic zebrafish lines able to express a fluorescent protein under 

control of a selected promoter further allow the functional in vivo tissue-specific 

visualization of alterations during embryo development, enhancing the utility 

of this model [16,17]. Additionally, metabolomics, which is the comprehensive 

characterization of metabolites, can provide a functional phenotypic 

description of a biological system allowing the better understanding of the 

mechanisms associated with the exposure of compounds in toxicological assays 

[18]. These molecular alterations can further be mapped in biological tissues 

using imaging approaches, such as Raman spectroscopy and mass spectrometry 

imaging (MSI)  [19,20]. Raman spectrometry imaging and MSI are 

complementary techniques that allow the label-free imaging of tissues [21]. 

While Raman spectrometry imaging probes the vibrational motions of chemical 

bonds allowing the identification of chemical families [22], MSI collects specific 

molecular information based on the mass-to-charge ratio of ions allowing the 

identification of compounds [21]. An innovative matrix-free laser 

desorption/ionization (LDI) technique based on sputtered gold nano-layers has 

emerged to improve the mass spectrometry image acquisition of metabolites, 

giving confident results for the spatial characterization of lipids [23].  
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The aim of this study is to test the effect of THS toxicant exposure in early 

development. To accomplish this, we exposed zebrafish embryos to a synthetic 

mixture with THS toxicants containing nicotine, NNK and NNN, mimicking the 

exposure concentrations of children living in smokers’ and non-smokers’ homes 

[9]. The alterations caused by this exposure are evaluated by developmental 

observation of wildtype and transgenic zebrafish embryos combined with LC-

MS based untargeted metabolomics. We further explore two spatially resolved 

metabolomics approaches showing preliminary results of Raman spectroscopy 

imaging and LDI-MSI applied to our model. 

3.4.3. Materials and methods 

Chemicals and reagents 

Nicotine was obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, 

USA). 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N-

nitrosonornicotine (NNN) were obtained from LGC-Dr Ehrenstorfer (LGC 

Standards, Molsheim, France). The internal standard (IS) solution was 

prepared with 45 µg mL-1 of 13C-caffeine (trimethyl-13C3, 99%) from Eurisotop 

(Eurisotop, Saint-Aubin, France). Embedding medium was prepared with 10% 

gelatine from cold water fish skin and 2.5% carboxymethylcellulose (CMC) 

sodium salt, both obtained from Sigma-Aldrich (Sigma-Aldrich, Bornem, 

Belgium), in reverse-osmosis ultrapure water. Anaesthetic solution was 

prepared with 0.08 g L-1 of ethyl 3-aminobenzoate methanesulfonate (tricaine) 

also from Sigma-Aldrich in reverse-osmosis ultrapure water. 

Zebrafish exposure and phenotype analysis 

Embryos of wildtype (AB) zebrafish line, obtained by natural mating, were 

incubated with THS toxicants (nicotine, NNK, and NNN) from 6 hours post-

fertilization (hpf) to 120 hpf under standard conditions (28.5°C and 14/10 h 

light/dark cycle). As Table 1 shows, embryos were exposed to increased 

concentrations of THS toxicants in two tests. In Test 1, embryos were exposed 

to THS toxicants at concentrations found in the house dust from non-smokers, 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



230 | Phenotypic and metabolic alterations of zebrafish embryos exposed to THS toxicants 

smokers, and heavy smokers living in urban areas, ranging from 5 to 500 mg 

kg-1 [9]. In Test 2, embryos were exposed to concentrations mimicking the 

exposure of young children living in non-smoker, smoker, medium, and heavy 

smoker homes. Test 2 concentrations were calculated assuming that children 

under 6 years old have a non-dietary ingestion of 100 mg of dust per day [8]. 

Non-treated controls (Ctrl) were processed in parallel by exposing the embryos 

to the medium only: 0.3 × Danieau’s medium (17 mM NaCl, 2 mM KCl, 0.12 

mM MgSO4, 1.8 mM Ca(NO3)2). All incubations were performed in five 

replicates containing about 25 embryos per each incubation condition and the 

medium was renewed daily to ensure continuous exposure. 

Table 1. Exposure concentrations of THS toxicants for Test 1 and Test 2. 

Compound 
Test 1 Test 2 

Ctrl Con1 Con2 Con3 Ctrl Con1 Con2 Con3 Con4 

Nicotine 0 31 308 3084 0 1 6 31 62 

TSNAs 0 0.1 1 10 0 2×10-3 2×10-2 0.1 0.2 

Concentration in µM 

For both tests, phenotypic development of embryos was followed daily 

during the exposure under a Binocular stereomicroscope Olympus SZX2-ILLT 

coupled to an Olympus SC100 camera (both from Olympus, Antwerpen, 

Belgium) and the anatomical changes were noted. At 120 hpf, zebrafish larvae 

were classified into four categories according to their phenotype: normal 

phenotype, mild phenotype (no development of swimming bladder), severe 

phenotype (no-hatched embryos, oedema, and morphological anomalies), and 

dead embryos. At 120 hpf, pools of larvae of Test 2 were gathered for each 

biological replicate, rinsed with reverse-osmosis ultrapure water, snap-frozen 

in dry ice and stored at -80 °C until the metabolic sample extraction. 

For spatially resolved metabolomics, zebrafish larvae were anesthetized 

with anaesthetic solution to then be placed in lateral position into a 15 mm 

diameter mould with embedding medium and immediately solidified in dry ice. 
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Vascular development analysis of Test 1 

Transgenic zebrafish embryos expressing enhanced green fluorescent 

protein in their vein vessels (fli1:EGFP) [16] were exposed at the same 

conditions as those used in Test 1 to study the development of blood vessels 

throughout embryogenesis. At 72 hpf, zebrafish larvae were anesthetized with 

anaesthetic solution to be placed in lateral position in a glass slide with 3% 

methylcellulose. Fluorescent observation was made under a Stereomicroscope 

Discovery V8 coupled to a AxioCam ICc5 camera (Carl Zeiss NV, Zaventem, 

Belgium). 

Metabolic sample extraction of Test 2 larvae 

The extraction method was reproduced from Merino et al. [24]. Briefly, 

zebrafish larvae were homogenized in 500 µL of pre-chilled 

dicloromethane:methanol (2:1, v/v) and 20 µL of IS with 1.4 mm ceramic beads 

using a Precellys homogenizer (Bertin Technologies SAS, Montigny-le-

Bretonneux, France) at 6000 rpm and 0°C for 1 min. Resulting homogenates 

were transferred to a 2 mL cryogenic tube, mixed with 117 µL of pre-chilled 

reverse-osmosis ultrapure water and shaken with a Thermomixer (Eppendorf 

AG, Montesson, Francia) at 1000 rpm and 4°C for 20 min. After centrifugation 

(13200 rpm, 4 °C, 20 min), 100 µL of the upper aqueous fraction were 

transferred into chromatographic vials with inserts. Quality control samples 

(QCs) were prepared by pooling equal volumes of each sample extract. Samples 

and QCs were stored at -80 °C until LC-MS analysis. 

Untargeted LC-MS analysis 

Aqueous extracts were analysed by injecting 5 µL in a Thermo Ultimate 

3000 UHPLC coupled to a Thermo QExactive mass spectrometer (Thermo 

Fisher Scientific, Massachusetts, USA), operated in positive electrospray 

ionization mode (ESI+).  

Reverse phase chromatography was accomplished using an Acquity UPLC 

BEH C18 Column (2.1mm × 150mm, 1.7μm) equipped with a VanGuard Pre-
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column (2.1mm × 20mm, 1.7μm) (Waters, Massachusetts, USA). Flow rate was 

set at 0.2 mL min-1 using 0.1% formic acid in Milli-Q water (A) and methanol 

(B) as mobile phases. The mobile phase gradient elution started at 90% of A and 

10% of B (0-2 min), a linear gradient to 100% of B (2-15 min), 100% of B (15-20 

min), and finished at 90% of A and 10% of B (20-21 min); followed by a 9 min 

of post-run time.  

Hydrophilic interaction chromatography (HILIC) was accomplished using 

a Sequant ZIC-pHILIC column (2.1mm × 150mm, 5μm) equipped with a guard 

column of the same chemistry (2.1mm × 20mm, 5μm). Flow rate was set at 0.2 

mL min-1 using aqueous 20 mM ammonium acetate, pH 9.0 (A) and 20 mM 

ammonium acetate, pH 9.0 in acetonitrile (B) as mobile phases. The mobile 

phase gradient elution started at 10% of A and 90% of B (0-1.5 min), a linear 

gradient to 20% of B (1.5-16 min), 20% of B (16-18 min), and finished at 10% of 

A and 90% of B (18-20 min); followed by a 10 min of post-run time.  

ESI conditions for both chromatographic modes were: sheath gas flow, 45 

L min-1; auxiliary gas flow, 10 L min-1; sweep gas flow rate, 2 L min-1; spray 

voltage, 3.5 kV; capillary temperature, 320 °C, S-lens RF, 50; and auxiliary gas 

temperature, 300 °C. Spectra were acquired using simultaneous full MS (MS) 

and data-dependent MS/MS (dd-MS/MS) acquisition over the 60-900 m/z 

range. The top 5 most intense ions of each scan were selected to perform dd-

MS/MS acquisition with a nominal collision energy (NCE) of 30 for RP and 20 

NCE for HILIC. 

Data processing and statistical analysis 

Significant differences in phenotypical anomalies were evaluated using Z-

test of proportions at p-value<0.05. LC-MS raw data was converted into mzML 

format via the MSconvert software from Proteowizard [25] and then processed 

using the XCMS software (version 3.8.2) to detect and align features [26]. The 

criteria to retain features for statistical analysis were 80% of sample 

representation for at least one of the experimental groups, an intensity 
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threshold above 250,000 counts, and a relative standard deviation higher than 

those found in the QCs.  

Unsupervised principal component analysis (PCA) of the resultant features 

was applied for the initial inspection of the groups after row-wise normalization 

with the maximum intensity value. One-way ANOVA, considering exposure 

level as a factor, followed by a p-value correction with a false discovery rate 

(FDR) was performed to obtain the relevant features. Significant interactions 

were followed by Tukey’s Multiple Comparison test to assess the differences 

among the experimental groups. For both statistical analyses, the significant 

threshold was set at p-value<0.05. Heatmap with hierarchical clustering of the 

identified metabolites was performed using Pheatmap R package (version 

1.0.12). Data visualization was illustrated using ggplot2 (version 3.3.5) [27]. R 

version 4.0.3 was used for all data processing [28]. 

Metabolite Annotation 

Exact masses of relevant features were searched against ChEBI [29], 

HMDB [30], and NORMAN SusDat [31] databases considering the protonated 

adduct and a mass error within 5 ppm. Additionally, these exact masses were 

also searched against an in-house compiled list of previously reported nicotine, 

NNK, and NNN metabolites [32], again considering protonated adducts within 

5 ppm mass error for suspect screening. 

Metabolite annotation of those metabolic features retrieving a hit was 

performed by matching the obtained MS/MS spectra with: experimental 

MS/MS spectra in METLIN [33], NIST [34], and MassBank databases [35] 

using MS2ID R package for high-throughput MS/MS annotation [36]; 

fragmented MS/MS data from the bibliography in the case of NNAL-N-oxide 

[37], norcotinine, and nornicotine [38,39] (Level 2a of confirmation according 

Schymanski et al. [40]); or MS/MS fragments from the bibliography and 

experimental context in the case of nicotine isomethonium ion, nicotine-Δ1′(5′)-

iminium ion [41] (Level 2b of confirmation). Annotation using predicted 
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MS/MS fragmentation was achieved for nicotine isomethonium ion and 1-

(methylnitrosoamino)-4-(3-pyridinyl)-1,4-butanediol (Level 3 of 

confirmation). A conclusive annotation for the tripeptide Ala Ile Ala / Ala Leu 

Ala was not achieved since both MS/MS spectra match with the experimental 

MS/MS spectra and exact mass (Level 3 of confirmation). In the case of nicotine 

and cotinine, identification was performed by matching MS/MS spectra with 

MS/MS of pure chemical standard (level 1 of confirmation). 

Data acquisition and processing for spatially resolved 

metabolomics 

Embedded zebrafish larvae were sectioned at −20 °C into 15 µm thick 

sections using a Leica CM-1950 cryostat (Leica Biosystems Nussloch GmbH, 

Germany) and mounted on CaF2 silanized glass for Raman spectroscopy 

imaging and on indium tin oxide (ITO) coated glass slides for laser desorption 

ionization mass spectrometry imaging (LDI-MSI). 

Raman measurements were performed on a Renishaw inVia™ confocal 

Raman microscope (Renishaw plc, Wotton-under-Edge, UK). Spectral axis 

alignment was done before each map acquisition by adjusting the silicon peak 

to 520.5 cm-1 Raman shift. All maps were recorded at room temperature with 

514 nm excitation wavelength using 100% laser power, 2400 l/mm grating, 50x 

optical lens, and 2 s integration time in the range of 1300 to 1700 cm-1. Raw 

Raman images were pre-processed using WiRE 5 software (Renishaw, plc, 

Wotton-under-Edge, UK) following with basic chemometric algorithms: 

baseline correction (polynomial fitting), cosmic ray removal (using the built-in 

algorithms Nearest Neighbor and Width of Features) and smoothing (Savitzky-

Golay). Pre-processed datasets were exported into .txt files and converted into 

imzML format using the open-source Raman2imzML R package [42]. Datasets 

were filtered to analyse only the most intense pixels on Raman images and the 

average spectra of these regions were plotted using ggplot2 (version 3.3.5) 

(Wickham, 2011). 
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 LDI-MSI images were acquired using a matrix-free laser desorption 

ionization methodology that is based on the deposition of gold sputtered 

nanolayers on tissue sections [23]. Gold nanolayers were deposited onto the 

zebrafish embryo sections using an ATC Orion 8-HV sputtering system (AJA 

International, N. Scituate, MA, USA). LDI-MSI data was acquired using a 

MALDI TOF/TOF UltrafleXtreme instrument with SmartBeam II Nd:YAG/355 

nm laser from Bruker Daltonics (Massachusetts, USA), over 50-1200 m/z range, 

and a raster size of 25 μm. Raw data was visualized using rMSI package [43] 

and processed using rMSIproc package [44]. 

3.4.4. Results and discussion 

The study of the molecular alterations at critical development stages is 

fundamental to better understand the potential adverse health outcomes 

produced by THS. Here, we combined the phenotypic monitorization of 

exposed zebrafish embryos with a comprehensive LC-MS based untargeted 

metabolomics and spatially resolved metabolomics analysis to unravel the 

phenotypic and metabolic alterations related to the exposure of a mixture of 

THS toxicants containing nicotine, NNK, and NNN during early developmental 

stages. 

Phenotypic response of zebrafish embryos to THS toxicants  

As shown in Figure 1A, THS toxicants at concentrations found in smokers’ 

house dust resulted in a high toxicity of larvae at 120 hpf in Test 1. The highest 

exposure concentration (T1-Con3) produced a total lethality after 48 hpf. 

Embryos exposed to concentrations found in smokers’ house dust (T1-Con2) 

presented an increased occurrence of severe phenotype—developing oedemas 

and spine curvature—and more than the 50% of lethality, which is further 

represented in Figure 1J. No other observational difference but a significant 

increment of severe phenotype was observed between the lowest concentration 

(T1-Con1) and the control group (T1-Ctrl), being this concentration the lowest-

observed-adverse-effect level (LOAEL). A representation of observed larvae at 
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120 hpf for phenotypic classification from Test 1 is found in Figures 1C to 1J. 

Our study is the first to combine the exposure of nicotine and TSNAs to evaluate 

alterations during early developmental stages at different THS exposure 

scenarios. Previous studies showed that the exposure to nicotine has a vastly 

detrimental effect in zebrafish development by increasing morphological 

changes and reducing larvae growth, survival rate, and swimming behaviour 

increasing with the concentration (10, 20, or 40 µM) and days of exposure [45]. 

Nicotine also produced alterations in embryonic development in a 

concentration-dependent manner (0.6 to 6 µM) associated with increases in 

programmed cell death in murine embryos [46]. NNK exposure resulted in a 

weak embryotoxic and teratogenic agent in mice embryos exposed to 10 and 100 

μM [47] and a weak transplacental lung and liver tumorigenic in the progeny of 

exposed pregnant mice [48]. Our previous results in zebrafish embryos exposed 

to NNK also showed a slight increment of embryo death and reduction of 

normal phenotype in zebrafish embryos exposed at concentrations from 50 to 

200 μM [24]. To the best of our knowledge, the effect on early exposure to NNN 

has only been tested in an in vitro murine organ culture model of palatal 

development inhibiting palatal fusion in a concentration-dependent manner 

(0.01 – 100 mM) by effects on cell proliferation and cell death [49]. Since no 

major phenotypical effects have been detected at early developmental stages 

under TSNAs exposure, the phenotypic alterations resulted from the exposure 

to THS toxicants at the concentrations used for Test 1 might indicate that 

nicotine is exerting a greater effect over the development of zebrafish embryos, 

which could be enhanced by TSNAs. Our phenotypical findings corroborate the 

detrimental effect of nicotine and TSNAs on early life stages, which may be 

linked to the development delay and embryonic death observed in zebrafish 

embryos exposed to complex samples contaminated with THS [50]. 

Due to the high lethality, concentrations of THS toxicants used in Test 2 

were adjusted around the LOAEL referred to the lowest concentration of 

exposure tested in Test 1. These concentrations are also within the range of THS 
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toxicants that young children are exposed to in non-smokers’ and smoker’s 

homes from urban areas assuming their non-dietary ingestion of 100 mg of dust 

per day (Figure 1B). The results at 120 hpf revealed a comparable phenotype 

between exposed groups and controls. In all groups, we found a high prevalence 

of normal phenotypes, similar proportion of mild phenotypes, and a low 

incidence of severe phenotype and dead embryos. 

 

Figure 1. Phenotypical observations of zebrafish larvae at 120 hpf. (A) 

Observations of Test 1: zebrafish embryos exposed to THS toxicants at concentrations 

found in smokers’ and non-smokers’ house dust. (B) Observations of Test 2: zebrafish 

embryos exposed to THS toxicants mimicking children living in smokers’ and non-

smokers’ homes. (C-J) Test 1 brightfield light images to illustrate normal phenotype (C: 

lateral and G: dorsal view), mild phenotype (D: lateral and H: dorsal view), and severe 

(E, F, I, J) phenotype of Test 1, respectively. (J) Embryos of T1-Con2 well showing 

severe phenotype. Asterisks denote statistical significance according to Z-Test 

compared to control group; * p-value < 0.05. T1: Test 1; T2: Test 2; Ctrl: Control; Con: 

Concentration. 
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Development of blood vessels under THS exposure 

Stable transgenic zebrafish lines that express green fluorescent protein 

(GFP) have become a key tool for the study of in vivo phenotypic alterations. 

Given the alterations observed in Test 1 and the potential adverse effect of 

passive smoking on the cardiovascular system [51], we studied the development 

of blood vessels throughout embryogenesis using the transgenic fli1:EGFP 

zebrafish embryos able to express GFP in their blood vessels [16] under the 

same experimental conditions. At 72 hpf, the vascular development of living 

zebrafish larvae was not affected by THS toxicant exposure (Figure 2A). As it is 

illustrated in Figure 2B, major blood vessels located in the trunk of zebrafish 

larvae exposed to concentrations found in smokers’ (T1-Con2) and non-

smokers’ (T1-Con1) house dust had a similar development than unexposed 

control group (T1-Ctrl). At this developmental stage, the blood vessels of 

zebrafish have already formed [52], therefore exposure to THS toxicants did not 

produce alterations in angiogenesis at early life stages. However, these results 

imply an early exposure to THS toxicants during embryo development, but not 

a long-term exposure or exposure with complex THS polluted samples. For 

these cases, further studies are necessary to evaluate the potential adverse 

consequences on the vascular system.  

 

Figure 2. Fluorescence observation of blood vessel development in 

transgenic fli1:EGFP zebrafish larvae at 72 hpf under Test 1 exposure 

conditions. (A) Representative pictures of whole-mount zebrafish larvae. (B) 

Magnification of the highlighted areas showing the major structures DLAV: Dorsal 

longitudinal anastomotic vessel; ISV: Intersegmental vessel; DA: Dorsal aorta; PCV: 

Posterior cardinal vein; and CV: Caudal vein. Test 1; Ctrl: Control; Con: Concentration. 
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Metabolism of THS specific biomarkers  

Absorption and metabolism of the exposed THS toxicants were evaluated 

for Test 2 larvae at 120 hpf. Using our suspect screening methodology, we 

annotated a total of eight metabolites of nicotine and NNK metabolism, 

encompassing nicotine and cotinine with level 1, NNAL-N-oxide, nornicotine, 

and norcotinine with level 2a, nicotine Δ5′(1′)iminium ion with level 2b, and 

nicotine isomethonium ion and 1-(methylnitrosoamino)-4-(3-pyridinyl)-1,4-

butanediol with level 3 of confirmation (Figure 3). Figure 3A shows the six 

annotated metabolites of nicotine metabolism, revealing the accumulation and 

biotransformation of nicotine in a concentration-dependent manner. Although 

effects of nicotine were previously assayed in zebrafish, to the best of our 

knowledge our study is the first to demonstrate that the metabolization of 

nicotine in zebrafish at early developmental stages is similar to those previously 

described in humans [60]. After absorption, zebrafish transformed nicotine into 

nicotine-Δ1′(5′)-iminium ion and to cotinine, the main metabolite of nicotine in 

humans [53]. This biotransformation is mediated by cytochrome P450 

(CYP450) enzymes in combination with cytoplasmic aldehyde oxidases [54,55]. 

CYP450 enzymes catalyse a large number of xenobiotics and endogenous 

compounds for its excretion and are well conserved across species [56], 

including zebrafish at early life stages [57]. We also detected other minor 

metabolites of nicotine, including nicotine isomethonium ion, nornicotine, and 

norcotinine in our zebrafish model. This nicotine metabolites were detected 

previously in smokers’ urine [58–60], confirming that zebrafish might have a 

similar metabolization of nicotine as humans. 
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Figure 3. Metabolism of annotated THS specific biomarkers during the 

early development of zebrafish embryos (Test 2). Metabolism of nicotine (A) 

and NNK (B) adapted from Hukkanen et al. [60] and Hecht [61], respectively. Boxplots 

represent the relative intensity for each exposure concentration of annotated 

metabolites (bold text). NNAL: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; NNK: 

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; NNAL-N-Oxide: 4-

(methylnitrosamino)-1-(3-pyridyl-N-oxide)-1-butanol; Ctrl: Control; Con: 

Concentration. 
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Regarding NNK metabolism, we detected NNAL-N-oxide and 1-

(methylnitrosoamino)-4-(3-pyridinyl)-1,4-butanediol increased in a 

concentration-dependent manner, as illustrated in Figure 3B. Both compounds 

are produced from NNAL metabolization—the main NNK metabolite—

mediated by CYP450 but exerting two opposite effects [61], detoxification [62] 

and metabolic activation through α-hydroxylation pathway [63], respectively. 

These findings are in line with our previous detection of NNAL-N-oxide and 4-

hydroxy-4-(3-pyridyl)-butyric acid (HPBA)—a metabolic product of α-

hydroxylation pathway—in zebrafish embryos exposed to NNK [24]. The 

metabolic activation of NNK through α-hydroxylation generating 1-

(methylnitrosoamino)-4-(3-pyridinyl)-1,4-butanediol can lead to the formation 

of reactive intermediates that react with DNA generating methyl-DNA adducts, 

which are critical in the carcinogenic process [64,65]. This produces series of 

hydroxylated metabolites, which are further oxidized to give major ultimate 

metabolites [65], being HPBA a product of this NNAL α-hydroxylation route 

[63,66]. Thus, our current findings further indicate that zebrafish embryos are 

absorbing and biotransforming NNK to NNAL followed by a detoxification 

process through NNAL-N-oxide in parallel with a metabolic activation through 

α-hydroxylation pathway. Regarding the NNN, further identification efforts 

should be done to corroborate NNN absorption by zebrafish embryos since no 

NNN metabolite was annotated using the methodology from this study. 

Metabolic disruptions related with THS exposure  

We assayed the endogenous alterations produced by the exposure of THS 

toxicants on zebrafish embryos from Test 2 using an untargeted metabolomics 

approach. Despite the absence of morphological changes (Figure 1B), the 

exposure at these concentrations produced significant metabolic perturbations 

(Figure 4), indicating a sublethal impact at the molecular level. Unsupervised 

PCA analysis of all metabolic features after data filtering showed a slight 

concentration-dependent clustering trend along PC1 gathering 28% of variance. 

One-way ANOVA comparison followed by a Tukey’s Multiple Comparison test 
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of the four exposed (Con1 to Con4) and control (Ctrl) groups revealed the 

significant dysregulation of 906 features in total, distributed along the 

comparisons as illustrated in Figure 4B. As the exposure concentration 

increased, the number of significant features also increased for most of the 

comparisons in a concentration-dependent manner, being higher in the 

relationship between the lowest (Con1) and the highest (Con4) concentration. 

From the significant features, we annotated a total of thirty-three endogenous 

metabolites encompassing thirty-two identifications of level 2a and one of level 

3 (Ala Ile Ala / Ala Leu Ala), the intensities of which are depicted in the heatmap 

of Figure 4C. We found a general increment of the annotated metabolites at the 

lowest exposure concentration followed by a depletion of several metabolites, 

including phosphocreatine, dipeptides, and tripeptides in the two highest 

exposure concentrations. Among these metabolites, we annotated 

phosphocreatine, which is a rapidly mobilizable reserve of high-energy in 

skeletal muscle, myocardium, and brain for ATP formation [67,68]. 

Phosphocreatine can also contribute to states of high-energy demand, such as 

muscle development [69]. Thus, a depletion of phosphocreatine caused by the 

exposure to THS toxicants can compromise development of zebrafish and 

potentially contribute to neuromotor development problems previously 

observed in nicotine-exposed zebrafish embryos [70]. Three metabolites 

increased along with the exposure concentration, including L-cystathionine, 5’-

deoxy-5’-(methylthio)adenosine (MTA), and palmitoyl-L-carnitine. L-

cystathionine and MTA are involved in cysteine and methionine metabolism. 

Previously, we identified S-adenosylmethionine (SAM) upregulated in NNK 

exposed zebrafish [24], indicating the influence of the NNK exposure over this 

pathway.  

 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



EXPERIMENTAL AND RESULTS | 243 

 

 

Figure 4. Untargeted metabolomic analysis of zebrafish embryos exposed 

to THS toxicants assuming childhood dust ingestion (Test 2). (A) 

Unsupervised Principal Component Analysis (PCA) analysis from 5481 features found 

in exposed (Con1-Con4) and control (Ctrl) extracts after data filtering. (B) Bar plot 

illustrating the number of significant features at Tukey’s Multiple Comparison test after 

filtering by one-way ANOVA with FDR correction. For both statistical analysis, 

significant threshold was set at p-value < 0.05. (C) Hierarchical clustering heatmap of 

relevant identified endogenous metabolites in exposed and control groups. Each 

column represents the relative intensity of each metabolite per sample after standard 

scaling. Ctrl: Control; Con: Concentration. 
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Spatially resolved metabolomics 

Since our untargeted metabolomics approach gave us an overview of the 

metabolite profiling dysregulation, we applied spatially resolved metabolomic 

approaches as an orthogonal technique to further characterize the spatial 

distribution of the molecular alterations in our zebrafish model from Test 2. 

Our preliminary Raman spectroscopy imaging results for exposed groups 

Con1, Con3 and Con4 are displayed in Figure 5. The morphological structures 

of controls and zebrafish embryos exposed to Con2 were not conclusive due to 

experimental problems. Most intense pixels corresponded to eyes and the 

spinal cord, as it is illustrated in Figure 5A. The average spectra of these regions 

exhibited characteristic Raman bands that have been assigned to DNA 

methylation state (1375, 1377, and 1380 cm-1, CH3 bending) [71,72], lipid 

saturation degree (1451 cm-1, CH2 bending) [73,74], and lipid unsaturation 

degree (1653 cm-1, C=C stretch) [72,74] as it is illustrated in Figure 5B. Raman 

bands corresponding to DNA methylation were well-defined for the two highest 

concentrations (Con4 and Con5), indicating a greater degree of DNA 

methylation. Contrary, band corresponding to DNA methylation at the lowest 

exposure concentration was detected as a not well-defined shoulder band, 

indicating that the resulting intensity is due to the main Raman band on the 

side. This further suggests that the lowest concentration group had a lower 

degree of DNA methylation compared to the two most exposed groups. These 

findings are in line with those regarding the study of THS specific biomarkers, 

especially those related with the metabolic activation of NNK through α-

hydroxylation pathway, which appears to lead to the methylation of DNA [61]. 

Methyl-DNA adducts have been previously reported in small rodents exposed 

to NNK, leading to the production of 7-mG, O6mG, and O4-mT and occurring 

mainly in target tissues of NNK carcinogenicity: lung, nasal mucosa, and liver 

[61,75,76]. Thus, our Raman results further corroborate the activation of NNK 

through α-hydroxylation pathway in our zebrafish model. Overall, our findings 

also indicate that an early exposure to THS toxicants can potentially lead to 
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adverse effects later in life, being consistent with a previous study in mice 

wherein a short-term early THS exposure simulating toddler exposure by 

accidental dust ingestion produced lung adenocarcinoma, tumour size, and 

tumour multiplicity in adulthood [77]. In addition, exposure to THS toxicants 

produced an increased average spectral signature in a concentration-dependent 

manner for Raman bands corresponding to lipid saturation and unsaturation 

degree. Previous reports on mice have demonstrated that THS exposure leads 

to lipids accumulation, oxidation, and lipid metabolism alterations [78–80].  

 

Figure 5. Raman analysis of zebrafish embryos exposed to THS toxicants 

assuming childhood dust ingestion for the lowest (Con1) and the two 

highest (Con 3 and Con4) concentrations (Test 2). (A) Raman images of the 

most intense pixels distinguishing the morphological regions of the eyes and the spinal 

cord. (B) Average Raman spectra of the distinguished morphological regions. 

Wavenumber shift bands represent DNA methylation state (1375, 1377, and 1380 cm-1), 

lipid saturation degree (1451 cm-1), and lipid unsaturation degree (1653 cm-1). Con: 

Concentration. 
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LDI-MSI was applied to characterize changes in lipid distribution caused 

by the exposure to THS toxicants. Our preliminary results of LDI-MSI displayed 

in Figure 6 represent the spatial distribution of the relative abundances of three 

selected lipid ions in the form of [M+Na]+ within a mass error up to 40 ppm for 

exposed groups Con1 and Con4, as an example of the potentiality of this 

approach. We annotated cholesterol (409.3607 m/z) in agreement with 

previous observations [23]. We further annotated two lipids that could 

correspond to a diacylglycerol (617.5107 m/z) and a phosphatidylcholine 

(782.5505 m/z). These findings in line with those found in the Raman 

spectroscopy imaging analysis further suggest that zebrafish embryos exposed 

to THS toxicants have alteration in their lipid metabolism, whose 

characterization could be the focus of further research. 

 

Figure 6. LDI-MSI images of zebrafish embryos exposed to THS toxicants 

assuming childhood dust ingestion for the lowest (Con1) and the highest 

(Con4) concentrations (Test 2). Figures represent the relative abundance of three 

ions 409.3607, 617.5107, and 782.5505 annotated the [M+Na]+ adduct of cholesterol, a 

diacylglycerol, and a phosphatidylcholine, respectively. 
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3.4.5. Conclusions and future work 

Our results demonstrate for the first time the detrimental effect of a 

mixture of nicotine, NNK, and NNN in the early development of zebrafish 

embryos mimicking the exposure of children living in smokers’ and non-

smokers’ homes. Concentrations of this THS toxicant mixture found in 

smokers’ house dust resulted in a high toxicity of exposed larvae at 120 hpf, 

generating high incidence of malformations, oedemas, and embryonic death in 

a concentration-dependent manner. The study of vascular development at early 

life stages using transgenic fli1:EGFP zebrafish embryos revealed that 

angiogenesis was not affected by our exposure. Adapted concentrations of THS 

toxicants considering the estimated value of involuntary dust ingestion of 100 

mg per day in children resulted in a low incidence of severe phenotype and dead 

embryos for all exposure concentrations. Despite no phenotypical changes, we 

found a sublethal impact of this exposure at molecular levels. We confirmed 

that zebrafish embryos at these concentrations absorbed and metabolized 

nicotine and NNK in a concentration-dependent manner. Biotransformation of 

nicotine resulted in the production of cotinine, the main nicotine metabolite, 

and other minor metabolites, including nicotine-Δ1′(5′)-iminium, nicotine 

isomethonium ion, nornicotine, and norcotinine. This also indicates that 

zebrafish might have a similar metabolization of nicotine as humans. Embryos 

initiated two parallel pathways of NNK metabolization, including a 

detoxification process through NNAL-N-oxide and metabolic activation α-

hydroxylation pathway through 1-(methylnitrosoamino)-4-(3-pyridinyl)-1,4-

butanediol. Metabolic activation through α-hydroxylation of NNK can lead to 

methylation of DNA, which was further detected in the Raman spectroscopy 

analysis of exposed zebrafish embryos. The spatially resolved metabolomics 

results also indicate that our zebrafish model developed alteration in lipid 

metabolism. Alterations in endogenous metabolism were also assayed in early 

development of zebrafish embryos using a LC-MS based untargeted 

metabolomics approach. We reported higher metabolic alterations at higher 
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concentrations of exposure to the mixture of nicotine, NNK, and NNN, which 

are represented with a greater number of significant features. We annotated a 

total of thirty-three endogenous metabolites increased mostly at the lowest 

exposure concentration followed by a depletion of several metabolites, 

including phosphocreatine, and annotated dipeptides and tripeptides in the two 

highest exposure concentrations. Three metabolites resulted increased in 

exposed groups in a concentration-dependent manner, including L-

cystathionine, 5’-deoxy-5’-(methylthio)adenosine, suggesting alterations in 

cysteine and methionine metabolism. 

The preliminary results summarized here also exalt the valuable 

combination of complementary techniques, as LC-HRMS untargeted 

metabolomics and spatially resolved metabolomics approaches, to better 

characterize the molecular alterations related to the exposure of THS toxicants 

at early life stages of zebrafish embryos. Our future efforts will focus on the use 

of PubchemLite, an exposomics-relevant subset of PubChem which contains 

pathways and well-known transformation products in environmental studies 

[81], and also apply some zebrafish-specific queries [82] that could help to 

improve the annotations of acquired MS/MS data from our study and expand 

the knowledge on alterations related with THS exposure in our zebrafish model. 

We will also continue with the spatial characterization of altered molecules 

using Raman spectroscopy imaging and LDI-MSI. Our future work will be 

conducted on the characterization of zebrafish embryos exposed to smokers and 

non-smokers dust extracts to advance THS research in early development. 
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Discussion 

THS is an active, complex, ubiquitous, and long-lasting form of exposure 

to tobacco smoke toxicants that have been widely overlooked as a public health 

hazard [1,2]. In this context, expanding the current knowledge of THS toxicity 

and providing new evidence about its mechanism of induced damage is key to 

encourage new smoking bans and to increase social awareness about THS 

potential health risks. However, most of the current THS research is based on 

classical targeted techniques that can overlook the complex nature of biological 

processes activated upon THS exposure and limit the outcomes to expected 

results. Untargeted metabolomics has become a key tool in toxicological studies 

because it allows the comprehensive characterization of metabolic changes 

produced from the interaction of internal and environmental factors [3]. 

Untargeted metabolomics analysis is a novel approach in THS research that, to 

our knowledge, has only been applied in two previous studies [4,5], one of them 

to characterize liver samples of the THS-exposed mice model used in this thesis. 

These studies have evidenced the potentiality of untargeted approaches to 

unveil dysregulated metabolites associated to THS exposure. In this regard, this 

thesis aims to advance on the characterization of molecular alterations induced 

by the exposure to THS applying untargeted metabolomics analyses for the 

global metabolic interrogation of the THS-induced alterations in two animal 

models exposed to THS: mice and zebrafish embryos. As described in the results 

section, we have reported for the first time several molecular mechanisms of 

THS-induced damage in these models, thus evidencing the capability of 

untargeted metabolomics to advance on THS research. In this section, we will 

discuss the results obtained in this thesis, as well as their limitations and some 

guidelines for future research. 

Sections 3.1 and 3.2 present the molecular characterization of the 

metabolic alterations in urine and kidney of mice exposed to THS. Urine is a 

non-invasive biofluid, rich in metabolites that reflect dysregulations of several 

biochemical pathways [6], it is commonly collected in human biomonitoring, 
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and it is the most widely used biofluid to assess human exposure to tobacco 

smoke [7]. The comprehensive characterization of the urinary metabolic 

alterations in a controlled THS model would provide the bases for future works 

on high throughput human urine biomonitoring. We were able to identify 

several tobacco-specific toxicants in urine of the THS-exposed mice, including 

nicotine, NNK, and NNN, and various of their biotransformation products, 

confirming the absorption and metabolization of these tobacco-specific 

toxicants through the mere exposure to THS [8]. Here, we provide the first 

evidence of the potential activation of NNK and NNN through CYP450-

mediated α-hydroxylation in this model by the identification of the metabolic 

products HPBA and OPBA. Previous studies have detected these metabolic 

products in urine of NNK or NNN exposed murine models [9–12] and smokers’ 

urine [13–15], but this is the first evidence of those urinary metabolites in a 

model exposed to THS.  

Our untargeted study further detected a marked THS footprint in urine, 

reflecting unprecedented dysregulations across seventeen metabolic pathways. 

We found upregulated levels of glucocorticoid hormones, neurotransmitters, 

and metabolites involved in tryptophan metabolism, particularly those from 

kynurenine pathway which have been previously associated to smoking-related 

disrupted behavioural outcomes [16]. We hypothesize that THS-related 

dysregulations produced in kynurenine pathways might also be involved in 

THS-related neuro-behaviour alterations [8]. Following the same strategy, we 

interrogated the metabolic alterations in the renal metabolism of this THS-

exposed murine model. Kidneys are considered among the most energy-

demanding organs whose alterations in energy metabolism, such as those that 

can be produced by THS exposure [17–19], have been previously described to 

be at the root of impaired renal function [20–22]. But the role of THS exposure 

on renal function has not yet been described. We found over twenty hydrophilic 

and lipophilic renal metabolites altered by THS exposure. Our results showed 

depleted levels of 3-carboxypropyl trimethylammonium, which is a precursor 
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of carnitine, and several acylcarnitines in kidney extracts of exposed mice. We 

hypothesize that THS produces alterations in fatty acid β-oxidation through 

alterations in carnitine and acylcarnitine leading to impairments in ATP 

production, which is the major source of energy by renal proximal tubules to 

accomplish the reabsorption of nutrients and compounds filtered in the 

glomerular filtrate [20,23]. Upon antioxidant treatment of THS-exposed mice, 

we found a reversion of the THS-induced molecular effects indicating for the 

first time that oxidative stress has a major role in the alterations of renal 

metabolism caused by THS.  

The results commented above also confirm the value of untargeted 

metabolomics analysis as an essential approach for the discovery of non-

previously described metabolic alterations in an already well-established 

murine model that mimics THS exposure of non-smokers living with smokers.  

In sections 3.3. and 3.4. we present the first molecular characterization of 

the dysregulations induced by THS toxicants in early development by using 

zebrafish embryos as a novel model on THS research. Exposure to THS is 

particularly relevant in prenatal stages and early childhood, given that these are 

both critical developmental window periods with high vulnerability to toxicant 

exposure [24,25]. We chose zebrafish embryos as a model to study early 

development following the current trends toward increasing the efficiency of 

the experimental workflow by replacing traditional animal models to 

alternative models, fitting the twenty-first century guidelines on toxicity testing 

[26,27]. Despite the advantages of using zebrafish embryos in toxicological 

studies, few studies have used this model to assess THS toxicants toxicity. 

Zebrafish embryos exposed to artificial sweat with nicotine or extracts from 

textile contaminated with cigarette smoke presented an increased heart beat 

during the first 35 h of incubation, followed by a decrease in heart beat during 

the next 20 h and a high embryo mortality prior to hatching [28]. Nicotine 

induced morphological alterations in zebrafish embryos [29] and metabolic 
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changes in adult skeletal muscle being purine metabolism and neuroactive 

ligand-receptor interaction the most altered metabolic pathways [30]. 

However, to the best of our knowledge, the effects of TSNA exposure in this 

model has not been described to date.  

Hence, in the study presented in section 3.3. we exposed zebrafish embryos 

to increasing concentrations of NNK, because of its high toxicity to humans and 

high abundance and prevalence in THS samples [31,32]. We have confirmed 

NNK absorption and metabolization of the exposed embryos through the 

detection of absorbed NNK and its metabolites NNK-N-oxide and HPBA. 

Despite that the main detoxification pathway of NNK in adult murine models 

and humans is through NNAL glucuronidation [9,33,34], the identification of 

NNAL-N-oxide in our model might indicate  that exposed embryos are 

detoxicating NNK by the pyridine-N-oxidation reaction of NNAL mediated by 

CYP450 enzymes [33,35]. In this respect, further research is needed to fully 

characterize the metabolic detoxification of NNK at early stages, not only in 

zebrafish embryos, given that glucuronidation activity can be different at 

perinatal and early neonatal stages [36–38]. Zebrafish embryo exposure to 

NNK induced a weak concentration-dependent teratogenic and embryotoxic 

effect, as well as dysregulation of twenty-one metabolites including amino 

acids, fatty acid esters, nucleobases, nucleosides, and nucleotides. The 

functional analysis of these metabolites revealed NNK exposure to alter base 

excision repair (BER) pathway, an effect not observed in mice models [39], 

indicating that the exposed zebrafish embryos have activated mechanisms for 

the removal of small DNA lesions, as those previously linked to NNK exposure 

in murine models [40,41]. We also observed alterations in purine and 

pyrimidine metabolisms with biosynthesis of nucleotides increasing at the 

lowest level of NNK exposure concentration, which might indicate high rates of 

RNA synthesis required in carcinogenic processes [42,43].  
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To better understand the molecular mechanisms underlying early 

developmental alterations of specific THS toxicants, we have exposed zebrafish 

embryos to mixtures of nicotine, NNK, and NNN, which are the most prevalent 

tobacco-specific toxicants in environmental samples [31,44], at the 

concentrations typically found in house dust from smokers’ homes and non-

smokers’ homes in urban areas [31]. This exposure (section 3.4.) caused a high 

incidence of phenotypic malformations and embryonic death increased in a 

concentration-dependent manner. However, it did not interfere in the normal 

development of blood vessels, as measured in the stable transgenic fli1:EGFP 

embryos at 72 hpf. Exposure at lower concentrations of the toxicants, 

mimicking the exposure of young children by non-dietary ingestion of 100 mg 

of dust per day [45], induced a sublethal impact in embryos. We detected 

increased levels of eight tobacco-specific metabolites, including cotinine, the 

main metabolite of nicotine in humans [46], in a concentration-dependent 

manner, thus confirming the absorption and metabolization of  the toxicants 

even at these low exposure concentrations. The identified specific metabolites 

suggest the activation of NNK CYP450-mediated α-hydroxylation pathway 

evidenced by the detection of 1-(Methylnitrosoamino)-4-(3-pyridinyl)-1,4-

butanediol. 1-(Methylnitrosoamino)-4-(3-pyridinyl)-1,4-butanediol is one of 

first intermediates after α-hydroxylation of NNAL, which can lead to the 

formation of reactive intermediates that react with DNA generating methyl-

DNA adducts, which is a critical process in carcinogenesis [47,48]. This reaction 

produces series of hydroxylated metabolites, that are further oxidized to give 

major ultimate metabolites [47], being HPBA a product of this NNAL α-

hydroxylation route [49,50]. Thus, our current findings indicate that zebrafish 

embryos are biotransforming NNK to NNAL followed by a detoxification 

process through NNAL-N-oxide in parallel with a metabolic activation through 

α-hydroxylation pathway in agreement with the results of section 3.3.
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Exposure to this mixture of tobacco-specific toxicants dysregulated over 

thirty endogenous metabolites, including dipeptides, tripeptides, and 

metabolites of cysteine and methionine metabolism, thus corroborating the 

toxicity of THS compounds in early development, even at low concentration 

levels. We further evaluated the potentiality of two spatially resolved 

metabolomic approaches—Raman spectrometry imaging and LDI-MSI—as 

orthogonal techniques to further characterize the spatial distribution of the 

molecular alterations in our zebrafish embryo model. Our preliminary results 

showed increased levels of DNA methylation in a concentration-dependent 

manner, reinforcing our previous findings of activation of TSNAs through α-

hydroxylation pathway to produce methyl-DNA adducts in our model. We also 

observed alterations in lipid metabolism, whose characterization could be the 

focus of further research. Since this work is still in progress, our future efforts 

will focus on the characterization of the acquired MS/MS using Pubchemlite-

derived transformation products in environmental studies [51] and previously 

described endogenous zebrafish metabolites datasets [52] in order to improve 

annotations of the dysregulated metabolites and the affected pathways. 

Furthermore, we will continue with the spatial characterization of altered 

molecules using Raman spectroscopy imaging and LDI-MSI. 

The results commented above further suggest zebrafish embryos as a good 

alternative model to study the toxicity of THS, since we have proved that THS 

toxicants absorption and metabolization is similar to that of humans and 

murine models [47,53].  
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Future perspectives 

The work presented in this doctoral thesis expands the current knowledge 

about THS-derived health effects during early developmental stages. Our 

untargeted metabolomics approach was fundamental to further characterize 

the metabolic alterations induced by the exposure to THS and to give an insight 

for the first time into the metabolism of THS toxicants in zebrafish embryos. 

Our work further introduced zebrafish embryos as a valuable alternative animal 

model for THS toxicity testing. Altogether, our findings set the foundation for 

future studies on THS toxicity and provide evidence to policy makers on tobacco 

regulation. Despite these advances, our current knowledge about the specific 

molecular alterations derived from THS exposure is still scarce and further 

research is needed to assess the magnitude of THS health risks. 

In order to validate the results obtained with the zebrafish embryo model, 

further analysis characterizing the enzymes responsible to metabolize THS 

compounds, especially those related with CYP450 isoforms, are necessary for a 

better understanding of xenobiotic biotransformation in this model. The 

exposure of zebrafish embryos with isotopically labelled standards of tobacco 

specific compounds followed by an adductomics analysis of THS-related DNA 

adducts is also fundamental for the confident identification and 

characterization of THS metabolized products. Moreover, future experiments 

should focus on experimental designs that better reproduce THS exposure in 

early development. Thus, exposing zebrafish embryos to dust extracts obtained 

from smokers and non-smokers’ homes should better mimic real human 

exposure conditions to a complex matrix such as THS. In this direction, some 

preliminary work has been developed within the context of this doctoral thesis. 

Metabolic profiling of these embryos can shed light on the health effects derived 

from the exposure to such a complex matrix. Furthermore, the development of 

novel specific exposome databases together with recent strategies for 

compound annotation and identification should grant an in-depth 

characterization of metabolic dysregulations upon THS exposure.  
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Finally, the models studied here provided the bases of molecular 

mechanisms of THS-induced harms, but it is urgent to validate these results in 

humans. As we evidenced in the introduction of this thesis, most of the studies 

on human exposure to THS are focused on the determination of biomarkers of 

exposure, but not in the associated health effects. Future research should be 

directed towards characterizing THS exposure impact in humans, particularly 

during early developmental stages when this exposure might represent long-

lasting effects later in life. The application of our wide-scope metabolomics 

analysis to biofluids from children and new-borns should allow for a more 

comprehensive characterization of this population unintentionally exposed to 

THS, a major public health issue. Another major focus should be in transferring 

THS research findings to the general population to increase community 

awareness about THS potential health risks. Public awareness should boost 

policy makers to enforce smoke free policies and to regulate THS contamination 

in public spaces. 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



DISCUSSION AND FUTURE PERSPECTIVES | 269 

References 

1.  Matt, G.E.; Quintana, P.J.E.; Destaillats, H.; Gundel, L. a.; Sleiman, M.; 
Singer, B.C.; Jacob, P.; Benowitz, N.; Winickoff, J.P.; Rehan, V.; et al. 
Thirdhand tobacco smoke: Emerging evidence and arguments for a 
multidisciplinary research agenda. Environ. Health Perspect. 2011, 119, 
1218–1226, doi:10.1289/ehp.1103500. 

2.  Jacob, P.; Benowitz, N.L.; Destaillats, H.; Gundel, L.; Hang, B.; Martins-
Green, M.; Matt, G.E.; Quintana, P.J.E.; Samet, J.M.; Schick, S.F.; et al. 
Thirdhand Smoke: New Evidence, Challenges, and Future Directions. 
Chem. Res. Toxicol. 2017, 30, 270–294, 
doi:10.1021/acs.chemrestox.6b00343. 

3.  Ramirez, T.; Daneshian, M.; Kamp, H.; Bois, F.Y.; Clench, M.R.; Coen, M.; 
Donley, B.; Fischer, S.M.; Ekman, D.R.; Fabian, E.; et al. Metabolomics in 
toxicology and preclinical research. ALTEX 2013, 30, 209–225, 
doi:10.14573/altex.2013.2.209. 

4.  Torres, S.; Samino, S.; Ràfols, P.; Martins-Green, M.; Correig, X.; Ramírez, 
N. Unravelling the metabolic alterations of liver damage induced by 
thirdhand smoke. Environ. Int. 2021, 146, 106242, 
doi:10.1016/j.envint.2020.106242. 

5.  Xu, B.; Chen, M.; Yao, M.; Ji, X.; Mao, Z.; Tang, W.; Qiao, S.; Schick, S.F.; 
Mao, J.-H.; Hang, B.; et al. Metabolomics reveals metabolic changes in 
male reproductive cells exposed to thirdhand smoke. Sci. Rep. 2015, 5, 
doi:10.1038/srep15512. 

6.  Khamis, M.M.; Adamko, D.J.; El-Aneed, A. Mass spectrometric based 
approaches in urine metabolomics and biomarker discovery. Mass 
Spectrom. Rev. 2017, 36, 115–134, doi:10.1002/MAS.21455. 

7.  Torres, S.; Merino, C.; Paton, B.; Correig, X.; Ramírez, N. Biomarkers of 
exposure to secondhand and thirdhand Tobacco smoke: Recent advances 
and future perspectives. Int. J. Environ. Res. Public Health 2018, 15, 2693, 
doi:10.3390/ijerph15122693. 

8.  Martins-Green, M.; Adhami, N.; Frankos, M.; Valdez, M.; Goodwin, B.; 
Lyubovitsky, J.; Dhall, S.; Garcia, M.; Egiebor, I.; Martinez, B.; et al. 
Cigarette smoke toxins deposited on surfaces: Implications for human 
health. PLoS One 2014, 9, e86391, doi:10.1371/journal.pone.0086391. 

9.  Morse, M.; KI, E.; Toussaint, M.; Amin, S.; Chung, F. Characterization of a 
glucuronide metabolite of 4-(methyl-nitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) and its dose-dependent excretion in the urine of mice and 
rats. Carcinogenesis 1990, 11, 1819–1823, 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



270 | References 

doi:10.1093/CARCIN/11.10.1819. 

10.  Desai, D.; Kagan, S.S.; Amin, S.; Carmella, S.G.; Hecht, S.S. Identification 
of 4-(Methylnitrosamino)-1-[3-(6-hydroxypyridyl)]-1-butanone as a 
Urinary Metabolite of 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone in 
Rodents. Chem. Res. Toxicol. 1993, 6, 794–799, 
doi:10.1021/tx00036a007. 

11.  Trushin, N.; Hecht, S.S. Stereoselective metabolism of nicotine and 
tobacco-specific N- nitrosamines to 4-hydroxy-4-(3-pyridyl)butanoic acid 
in rats. Chem. Res. Toxicol. 1999, 12, 164–171, doi:10.1021/tx980213q. 

12.  Dator, R.; Von Weymarn, L.B.; Villalta, P.W.; Hooyman, C.J.; Maertens, 
L.A.; Upadhyaya, P.; Murphy, S.E.; Balbo, S. In Vivo Stable-Isotope 
Labeling and Mass-Spectrometry-Based Metabolic Profiling of a Potent 
Tobacco-Specific Carcinogen in Rats. Anal. Chem. 2018, 90, 11863–11872, 
doi:10.1021/acs.analchem.8b01881. 

13.  Hecht, S.S.; Hatsukami, D.K.; Bonilla, L.E.; Hochalter, J.B. Quantitation of 
4-oxo-4-(3-pyridyl)butanoic acid and enantiomers of 4- hydroxy-4-(3-
pyridyl)butanoic acid in human urine: A substantial pathway of nicotine 
metabolism. Chem. Res. Toxicol. 1999, 12, 172–179, 
doi:10.1021/tx980214i. 

14.  Stepanov, I.; Upadhyaya, P.; Carmella, S.G.; Feuer, R.; Jensen, J.; 
Hatsukami, D.K.; Hecht, S.S. Extensive metabolic activation of the tobacco-
specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in 
smokers. Cancer Epidemiol. Biomarkers Prev. 2008, 17, 1764–1773, 
doi:10.1158/1055-9965.EPI-07-2844. 

15.  Jing, M.; Wang, Y.; Upadhyaya, P.; Jain, V.; Yuan, J.M.; Hatsukami, D.K.; 
Hecht, S.S.; Stepanov, I. Liquid chromatography-electrospray ionization-
tandem mass spectrometry quantitation of urinary [pyridine-D4]4-
hydroxy-4-(3-pyridyl)butanoic Acid, a biomarker of 4-
(Methylnitrosamino)-1-(3-pyridyl)-1-butanone metabolic activation in 
smokers. Chem. Res. Toxicol. 2014, 27, 1547–1555, doi:10.1021/tx5001915. 

16.  Wang, J.; Li, M.D. Common and unique biological pathways associated 
with smoking initiation/progression, nicotine dependence, and smoking 
cessation. Neuropsychopharmacology 2010, 35, 702–719, 
doi:10.1038/npp.2009.178. 

17.  Adhami, N.; Starck, S.R.; Flores, C.; Martins Green, M. A health threat to 
bystanders living in the homes of smokers: how smoke toxins deposited on 
surfaces can cause insulin resistance. PLoS One 2016, 11, e0149510, 
doi:10.1371/journal.pone.0149510. 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



DISCUSSION AND FUTURE PERSPECTIVES| 271 

 

18.  Chen, Y.; Adhami, N.; Martins-Green, M. Biological markers of harm can 
be detected in mice exposed for two months to low doses of Third Hand 
Smoke under conditions that mimic human exposure. Food Chem. Toxicol. 
2018, 122, 95–103, doi:10.1016/j.fct.2018.09.048. 

19.  Adhami, N.; Chen, Y.; Martins-Green, M. Biomarkers of disease can be 
detected in mice as early as 4 weeks after initiation of exposure to third-
hand smoke levels equivalent to those found in homes of smokers. Clin. Sci. 
2017, 131, 2409–2426, doi:10.1042/CS20171053. 

20.  Bhargava, P.; Schnellmann, R.G. Mitochondrial energetics in the kidney. 
Nat. Rev. Nephrol. 2017, 13, 629, doi:10.1038/NRNEPH.2017.107. 

21.  Che, R.; Yuan, Y.; Huang, S.; Zhang, A. Mitochondrial dysfunction in the 
pathophysiology of renal diseases. Am J Physiol Ren. Physiol 2014, 306, 
367–378, doi:10.1152/AJPRENAL.00571.2013. 

22.  Duann, P.; Lin, P.-H. Mitochondria Damage and Kidney Disease. Adv. Exp. 
Med. Biol. 2017, 982, 529–551, doi:10.1007/978-3-319-55330-6_27. 

23.  Jang, H.-S.; Noh, M.R.; Kim, J.; Padanilam, B.J. Defective Mitochondrial 
Fatty Acid Oxidation and Lipotoxicity in Kidney Diseases. Front. Med. 
2020, 7, 65, doi:10.3389/FMED.2020.00065. 

24.  Ross, E.J.; Graham, D.L.; Money, K.M.; Stanwood, G.D. Developmental 
Consequences of Fetal Exposure to Drugs: What We Know and What We 
Still Must Learn. Neuropsychopharmacol. 2015 401 2014, 40, 61–87, 
doi:10.1038/npp.2014.147. 

25.  Chao, M.R.; Cooke, M.S.; Kuo, C.Y.; Pan, C.H.; Liu, H.H.; Yang, H.J.; Chen, 
S.C.; Chiang, Y.C.; Hu, C.W. Children are particularly vulnerable to 
environmental tobacco smoke exposure: Evidence from biomarkers of 
tobacco-specific nitrosamines, and oxidative stress. Environ. Int. 2018, 
120, 238–245, doi:10.1016/J.ENVINT.2018.08.006. 

26.  Hartung, T. Toxicology for the twenty-first century. Nature 2009, 460, 
208–212, doi:10.1038/460208a. 

27.  Krewski, D.; Jr., D.A.; Andersen, M.; Anderson, H.; III, J.C.B.; Boekelheide, 
K.; Brent, R.; Charnley, G.; Cheung, V.G.; Jr., S.G.; et al. Toxicity testing in 
the 21st century: A vision and a strategy. J. Toxicol. Environ. Heal. Part B 
2010, 13, 51–138, doi:10.17226/11970. 

28.  Hammer, T.R.; Fischer, K.; Mueller, M.; Hoefer, D. Effects of cigarette 
smoke residues from textiles on fibroblasts, neurocytes and zebrafish 
embryos and nicotine permeation through human skin. Int. J. Hyg. 
Environ. Health 2011, 214, 384–391, doi:10.1016/J.IJHEH.2011.04.007. 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



272 | References 

29.  Parker, B.; Connaughton, V.P. Effects of nicotine on growth and 
development in larval zebrafish. Zebrafish 2007, 4, 59–68, 
doi:10.1089/ZEB.2006.9994. 

30.  Gómez-Canela, C.; Prats, E.; Lacorte, S.; Raldúa, D.; Piña, B.; Tauler, R. 
Metabolomic changes induced by nicotine in adult zebrafish skeletal 
muscle. Ecotoxicol. Environ. Saf. 2018, 164, 388–397, 
doi:10.1016/j.ecoenv.2018.08.042. 

31.  Ramírez, N.; Özel, M.Z.; Lewis, A.C.; Marcé, R.M.; Borrull, F.; Hamilton, 
J.F. Exposure to nitrosamines in thirdhand tobacco smoke increases cancer 
risk in non-smokers. Environ. Int. 2014, 71, 139–47, 
doi:10.1016/j.envint.2014.06.012. 

32.  International Agency for Reasearch on Cancer IARC Monographs on the 
Evaluation of Carcinogenic Risks to Humans Smokeless Tobacco and 
Some Tobacco-specific N-Nitrosamines, vol. 89; Lyon, France, 2007; 

33.  Carmella, S.G.; Borukhova, A.; Akerkar, S.A.; Hecht, S.S. Analysis of 
human urine for pyridine-N-oxide metabolites of 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone, a tobacco-specific lung carcinogen. Cancer 
Epidemiol. Prev. Biomarkers 1997, 6, 113–120. 

34.  Carmella, S.G.; Akerkar, S.; Hecht, S.S. Metabolites of the Tobacco-specific 
Nitrosamine 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone in Smokers’ 
Urine. Cancer Res. 1993, 53, 721–724. 

35.  Perez‐Paramo, Y.X.; Watson, C.J.W.; Xia, Z.; Chen, G.; Lazarus, P. 
Cytochrome P450 Enzyme Contributions to the N‐oxide Detoxification 
Pathway of Tobacco‐Specific Nitrosamines; a Possible Role in Tobacco‐
Related Cancer Risk. FASEB J. 2019, 33, 508.8, 
doi:10.1096/FASEBJ.2019.33.1_SUPPLEMENT.508.8. 

36.  Allegaert, K.; Verbesselt, R.; Naulaers, G.; Anker, J.N. van den; Rayyan, M.; 
Debeer, A.; Hoon, J. de Developmental pharmacology: Neonates are not 
just small adults. http://dx.doi.org/10.1179/acb.2008.003 2014, 63, 16–
24, doi:10.1179/ACB.2008.003. 

37.  Warner, A. Drug use in the neonate: Interrelationships of 
pharmacokinetics, toxicity, and biochemical maturity. Clin. Chem. 1986, 
32, 721–727, doi:10.1093/CLINCHEM/32.5.721. 

38.  O’Hara, K.; Wright, I.M.R.; Schneider, J.J.; Jones, A.L.; Martin, J.H. 
Pharmacokinetics in neonatal prescribing: evidence base, paradigms and 
the future. Br. J. Clin. Pharmacol. 2015, 80, 1288, doi:10.1111/BCP.12741. 

39.  Gupta, N.; Curtis, R.M.; Mulder, J.E.; Massey, T.E. Acute in vivo treatment 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



DISCUSSION AND FUTURE PERSPECTIVES| 273 

 

with 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone does not alter base 
excision repair activities in murine lung and liver. DNA Repair (Amst). 
2013, 12, 1031–1036, doi:10.1016/j.dnarep.2013.09.009. 

40.  Hang, B. Formation and repair of tobacco carcinogen-derived bulky DNA 
adducts. J. Nucleic Acids 2010, 2010, 29, doi:10.4061/2010/709521. 

41.  Peterson, L.A. Formation, repair, and genotoxic properties of bulky DNA 
adducts formed from tobacco-specific nitrosamines. J. Nucleic Acids 2010, 
2010, doi:10.4061/2010/284935. 

42.  Bywater, M.J.; Pearson, R.B.; McArthur, G.A.; Hannan, R.D. Dysregulation 
of the basal RNA polymerase transcription apparatus in cancer. Nat. Rev. 
Cancer 2013, 13, 299–314, doi:10.1038/nrc3496. 

43.  Villicaña, C.; Cruz, G.; Zurita, M. The basal transcription machinery as a 
target for cancer therapy. Cancer Cell Int. 2014, 14, 18, doi:10.1186/1475-
2867-14-18. 

44.  Matt, G.E.; Quintana, P.J.E.; Zakarian, J.M.; Fortmann, A.L.; Chatfield, 
D.A.; Hoh, E.; Uribe, A.M.; Hovell, M.F. When smokers move out and 
nonsmokers move in: residential tobacco smoke pollution and exposure to 
residual ETS. Tob. Control 2011, 20, doi:10.1136/tc.2010.037382. 

45.  Oomen, A.G.; Janssen, P.J.C.M.; Dusseldorp, A.; Noorlander, C.W. 
Exposure to chemicals via house dust. Natl. Inst. Public Heal. Environ. 
2008. 

46.  Benowitz, N.L.; Jacob, P. Metabolism of nicotine to cotinine studied by a 
dual stable isotope method. Clin. Pharmacol. Ther. 1994, 56, 483–493, 
doi:10.1038/clpt.1994.169. 

47.  Hecht, S.S.; Stepanov, I.; Carmella, S.G. Exposure and Metabolic Activation 
Biomarkers of Carcinogenic Tobacco-Specific Nitrosamines. Acc. Chem. 
Res. 2016, 49, 106–114, doi:10.1021/acs.accounts.5b00472. 

48.  Smith, G.B.J.; Castonguay, A.; Donnelly, P.J.; Reid, K.R.; Petsikas, D.; 
Massey, T.E. Biotransformation of the tobacco-specific carcinogen 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) in freshly isolated 
human lung cells. Carcinogenesis 1999, 20, 1809–1818, 
doi:10.1093/CARCIN/20.9.1809. 

49.  Jalas, J.R.; Hecht, S.S.; Murphy, S.E. Cytochrome P450 enzymes as 
catalysts of metabolism of 4-(methylnitrosamino) -1-(3-pyridyl)-1-
butanone, a tobacco specific carcinogen. Chem. Res. Toxicol. 2005, 18, 95–
110, doi:10.1021/tx049847p. 

50.  Smith, T.J.; Guo, Z.; Gonzalez, F.J.; Guengerich, F.P.; Stoner, G.D.; Yang, 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



274 | References 

C.S. Metabolism of 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone in 
Human Lung and Liver Microsomes and Cytochromes P-450 Expressed in 
Hepatoma Cells. Cancer Res. 1992, 52, 1757–1763. 

51.  Schymanski, E.L.; Kondić, T.; Neumann, S.; Thiessen, P.A.; Zhang, J.; 
Bolton, E.E. Empowering large chemical knowledge bases for exposomics: 
PubChemLite meets MetFrag. J. Cheminform. 2021, 13, 1–15, 
doi:10.1186/s13321-021-00489-0. 

52.  Schymanski, E.; Ostaszewski, M.; Willighagen, E. Zebrafish Pathway 
Metabolite MetFrag Local CSV (Beta). 2019, 
doi:10.5281/ZENODO.3541624. 

53.  Benowitz, N.L.; Hukkanen, J.; Jacob, P.; III Nicotine chemistry, 
metabolism, kinetics and biomarkers. Handb. Exp. Pharmacol. 2009, 29–
60, doi:10.1007/978-3-540-69248-5_2. 

 

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



 

5. CONCLUSIONS 

  

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



 

  

UNIVERSITAT ROVIRA I VIRGILI 
NEW INSIGHTS INTO THE METABOLIC ALTERATIONS INDUCED BY THIRDHAND SMOKE EXPOSURE 
Carla Merino Ruiz 



CONCLUSIONS | 277 

Major conclusions from this doctoral thesis can be summarized as follows: 

• Tryptophan metabolism is disrupted in mice exposed to THS mimicking 

exposure of non-smokers living in smokers’ homes.  

• Urine is a non-invasive specimen that reflects circulating metabolic 

changes related to THS exposure and, therefore, it can be used for human 

THS biomonitoring. 

• Oxidative stress appears to be at the root of renal metabolic changes 

occurring upon THS exposure. 

• NNK has been confirmed to be a harmful embryonic agent in zebrafish 

embryos and this model has been demonstrated to activate NNK α-

hydroxylation and detoxification pathways showing its suitability for THS-

toxicity based assays. 

• Exposure to main THS toxicants namely nicotine, NNK, and NNN during 

early development at concentration mimicking those found in smokers and 

non-smokers homes produces a series of metabolic dysregulations and 

activates carcinogenesis pathways which might lead to adverse and 

permanent health outcomes later in life. 

• Untargeted metabolomics approaches in combination with advanced data 

processing workflows are well suited to provide a comprehensive 

biochemical view of the phenotypic variations caused by THS exposure, to 

reveal unprecedented toxicity mechanisms potentially overlooked by 

reductionist techniques, and to advance the research on THS-derived 

health effects.  

• THS is a hidden threat leading to detrimental health effects. The 

comprehensive characterization of such health effects needs not only a 

wide-scope molecular interrogation applied to animal models mimicking 

THS exposure conditions but also to translate and validate results in 
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humans. Such studies are much needed to raise awareness about THS, to 

generate the evidence for policy makers to act on tobacco control and to 

eventually regulate passive exposure. 
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AC Acylcarnitines 

AMDIS Automated Mass Spectral Deconvolution and Identification System 

AST Aspartate aminotransferase 

BER Base excision repair pathway 

CKD Chronic kidney disease  

CMP Cytidine monophosphate 

CV Coefficient of variation 

CYP450 Cytochrome P450  

DDA Data dependent acquisition 

dd-MS/MS Data-dependent tandem mass spectrometry 

DSSTox CompTox Chemicals Dashboard 

EI Electron impact 

EPA Environmental Protection Agency 

ESI Electrospray ionization  

FAME Fatty acid methyl ester  

FCTC Framework Convention of Tobacco Control 

FDR False discovery rate  

FMO3 Flavin-containing monooxygenase 3  

GC Gas chromatography 

GFP Green fluorescent protein 

GMP Guanosine monophosphate 

HILIC Hydrophilic interaction liquid chromatography  

HMDB Human Metabolome Database 

HPA Hypothalamic–pituitary–adrenal axis 

HPBA 4-Hydroxy-4-(3-pyridyl)-butyric acid 

hpf Hours post-fertilization 

HRMS High resolution mass spectrometry  

HSD11B1 11β-hydroxysteroid dehydrogenase type 1 

IARC International Agency for Research on Cancer 

ID Identification 

IDO Indoleamine 2,3-dioxygenase  

IS Internal standard 

ITO Indium tin oxide  

KEGG Kyoto Encyclopedia of Genes and Genomes 

LC-HRMS Liquid chromatography couple to high resolution mass spectrometry  

LDI Laser desorption ionization 

LOAEL Lowest-observed-adverse-effect level  

MoNA MassBank of North America 
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MRM Multi-reaction monitoring  

MS Mass spectrometry 

MSI Mass spectrometry imaging 

MS/MS Tandem mass spectrometry 

MSTFA 2,2,2-Trifluoro-N-methyl-N-(trimethylsilyl)-acetamide 

nAChRs Nicotinic acetylcholine receptor  

NAFLD Non-alcoholic fatty liver disease 

NICU Neonatal intensive care unit  

NIST National Institute of Standards and Technology  

NMDA N-methyl-D-aspartate  

NMR Nuclear magnetic resonance  

NNA 1-(N-methyl-N-nitrosamino)-1-(3-pyridinyl)-4-butanal  

NNAL 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 

NNK 4-(Methylnitrosoamino)-1-(3-pyridinyl)-1-butanone 

NNN N'-Nitrosonornicotine 

OPBA 4-Oxo-4-(3-pyridyl) butyric acid 

PAHs Polycyclic aromatic hydrocarbons 

PC Glycerophosphocholines 

PCA Principal Component Analysis 

PE Glycerophosphoethanolamines 

PQN Probabilistic quotient normalization 

QC Quality control 

RI Retention index  

ROS Reactive oxygen species  

RP Reverse phase 

SHS Secondhand smoke 

SM Sphingomyelins 

TDO Tryptophan 2,3-dioxygenase  

THS Thirdhand smoke 

TMCS Trimethylchlorosilane 

TMS Trimethylsilyl 

TSNAs Tobacco-specific nitrosamines 

UGT Uridine diphosphate-glucuronosyltransferase  

UMP Uridine monophosphate 

UPLC Ultra-high performance liquid chromatography  

USEPA United States Environmental Protection Agency 

VOCs Volatile organic compounds 

WHO World Health Organization  
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