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Abstract

Background: How carcinogen exposure varies across users of different, particularly non-

cigarette, tobacco products remains poorly understood.
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Methods: We randomly selected 165 participants of Golestan Cohort Study from northeastern 

Iran: 60 never users of any tobacco, 35 exclusive cigarette, 40 exclusive (78% daily) waterpipe, 

and 30 exclusive smokeless tobacco (nass) users. We measured concentrations of 39 biomarkers of 

exposure in 4 chemical classes in baseline urine samples: tobacco alkaloids, tobacco-specific 

nitrosamines (TSNAs), polycyclic aromatic hydrocarbons (PAHs), and volatile organic compounds 

(VOCs). We also quantified the same biomarkers in a second urine sample, obtained five years 

later, among continuing cigarette smokers and never tobacco users.

Results: Nass users had the highest concentrations of tobacco alkaloids. All tobacco users had 

elevated TSNA concentrations which correlated with nicotine dose. In both cigarette and 

waterpipe smokers, PAH and VOC biomarkers were higher than never tobacco users and nass 

users, and highly correlated with nicotine dose. PAH biomarkers of phenanthrene and pyrene, and 

two VOC metabolites (phenylmercapturic acid and phenylglyoxylic acid) were higher in waterpipe 

smokers than all other groups. PAH biomarkers among Golestan never tobacco users were 

comparable to those in U.S. cigarette smokers. All biomarkers had moderate to good correlations 

over five years, particularly in continuing cigarette smokers.

Conclusion: We observed two patterns of exposure biomarkers that differentiated the use of the 

combustible products (cigarettes and waterpipe) from the smokeless product. Environmental 

exposure from non-tobacco sources appeared to contribute to the presence of high levels of PAH 

metabolites in the Golestan Cohort.

Impact: Most of these biomarkers would be useful for exposure assessment in a longitudinal 

study.

Introduction

In recent years, there has been an increasing trend of popularity for non-cigarette forms of 

tobacco, particularly among young people.(1,2) Non-cigarette tobacco products come in 

many different forms and preparations. Waterpipe (also known as hookah, shisha, hubbly 

bubbly, narghile, or qualyan) is a global concern, with high rates of use in the Middle East 

and North Africa as well as in young people in the USA, Europe, and elsewhere.(3) 

Different forms of smokeless tobacco are used globally by over 300 million people, 

especially in South Asia.(4) One of these products is nass, sometimes known as naswar, a 

chewable mixture of tobacco, ash, and slaked lime that is commonly used in South and 

Central Asia and the former Soviet Union. Although causally linked to cancers of the oral 

cavity, esophagus, and pancreas, (5,6) the carcinogenic content of many types of smokeless 

tobacco is not well understood.

Compared to cigarettes, relatively little is known about chemical exposures in users of other 

combustible and non-combustible tobacco products.(7) Cigarette smoke is known to contain 

more than 60 carcinogens and cause at least 20 different forms of cancer.(8) Other forms of 

tobacco will also expose users to carcinogens,(9) but the specific relationships between these 

carcinogens and particular cancers are less well understood.(10) The U.S. Food and Drug 

Administration (FDA) has published a list of 93 harmful and potentially harmful tobacco 

constituents.(11) Tobacco manufacturers and distributors must test for 20 of these 

constituents and report test results to FDA.(12) Understanding how specific carcinogens and 
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toxicants, such as tobacco alkaloids (e.g. nicotine), tobacco-specific nitrosamines (TSNAs), 

polycyclic aromatic hydrocarbons (PAHs), and volatile organic compounds (VOCs) vary 

across the range of different tobacco products is informative for etiologic understanding, risk 

prediction, and evidence-based tobacco regulation.(7)

In the Golestan Cohort Study (GCS), conducted in Golestan Province, in northeastern Iran, 

we have previously shown increased risk of overall and cancer mortality associated with 

cigarette smoking, waterpipe smoking, and nass use. (13) This cohort has collected baseline 

urine samples from all 50,000 subjects enrolled, and collected additional urine 5 years later 

in a subset of about 11,000 study participants. In the present study, we tested urine samples 

from a group of GCS participants for a comprehensive array of urinary exposure biomarkers 

developed at the Centers for Disease Control and Prevention (CDC) National Center for 

Environmental Health laboratory. These assays have been used previously in the National 

Health and Nutrition Examination Survey (NHANES)(14) and Population Assessment of 

Tobacco and Health (PATH)(15) studies. We compared the concentrations of biomarkers 

belonging to different chemical classes (tobacco alkaloids, TSNAs, PAHs, and VOCs) in 

self-reported never users of tobacco products, exclusive cigarette users, exclusive waterpipe 

users, and exclusive nass users in the GCS. Although some of these biomarkers are not 

direct metabolites of known carcinogens and toxicants,(11) they correlate well with other 

biomarkers in the same chemical class, and thus probably reflect the exposure to harmful 

compounds in that class. We also examined the consistency of these biomarkers over five 

years among continuing cigarette smokers and never tobacco users, using the repeated 

sample collection in the cohort.

Methods

In the Golestan Cohort Study (GCS), 50,045 individuals from the general population aged ≥ 

40 years who lived in Golestan Province, in the northeast of Iran, were recruited between 

2004 and 2008. (16) At the time of enrollment, a spot urine sample was collected, along with 

a baseline questionnaire on detailed self-reported tobacco use (cigarettes, waterpipe, and 

chewed tobacco (nass)), and other demographic and lifestyle information. About 20% of the 

cohort (11,418) provided a second spot urine sample and completed a repeat questionnaire, 

on average, 5 years after the baseline. The GCS was approved by appropriate ethics 

committees at Tehran University of Medical Sciences, the US National Cancer Institute 

(NCI), and the International Agency for Research on Cancer (IARC). The involvement of 

the CDC laboratory did not constitute engagement in human subjects research.

For this study, from among GCS participants who were alive and cancer-free in December 

2016, we randomly selected 4 groups based on self-reported tobacco use at enrollment: 60 

never users of any tobacco product during their life, 35 exclusive current cigarette smokers, 

40 exclusive current waterpipe smokers, and 30 exclusive current nass users. Never tobacco 

users reported they had never used any tobacco product during their lifetime. Exclusive 

current users of each product reported regular daily or non-daily use of that product (at least 

6 months of the year) until the date of enrollment, but reported never using any other type of 

tobacco product. Opioids are used by about 17% of the cohort subjects, often smoked. To 

avoid the need to separate the exposures, we selected only non-opioid users for this study. 

Etemadi et al. Page 3

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2019 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Because cigarette smoking was almost exclusive to men, we restricted this group to male 

participants, but the other groups included a random sample of men and women. For never 

tobacco users and cigarette smokers, we restricted the selection to participants who provided 

both a baseline and a second urine sample five years later, and consistently reported being 

either a never tobacco user or an exclusive cigarette smoker at both time points.

Laboratory measurements

The assays were conducted at the Division of Laboratory Sciences of the National Center for 

Environmental Health at the CDC. The panel of biomarkers used in this study consisted of 4 

general classes of compounds (Table 1). These included tobacco alkaloids (7 nicotine 

metabolites and 2 minor tobacco alkaloids), TSNAs (4 compounds), metabolites of PAHs (7 

compounds), and VOCs (19 compounds). All urines, regardless of self-reported tobacco use, 

were tested for nicotine metabolites, and subsequently categorized as collected from active 

or inactive tobacco users based on urinary cotinine concentration. Because the 

concentrations of tobacco-specific metabolites (tobacco alkaloids and TSNAs) were below 

the limits of detection (LODs) in individuals with very low or undetectable concentrations of 

urinary cotinine, we only tested TSNAs on individuals with a tested cotinine concentration 

above 20 ng/mL,(17) regardless of self-reported use. However, we performed a more 

sensitive assay that measures only cotinine and hydroxycotinine in individuals testing below 

20 ng/mL to confirm participants’ secondhand tobacco exposure. PAHs and VOCs, two 

classes of combustion products which are expected to be found among both tobacco users 

and non-users, were tested in all samples. Details of the assay methodology are presented in 

supplementary material.

Statistical Analysis

We compared self-reported tobacco use against urinary cotinine concentrations, using a 

value of 50 ng/mL or greater to define active tobacco use.(18) For the analyses in this report, 

we excluded any discordant urine specimen (self-reported never tobacco users with cotinine 

values greater than 50 ng/mL, and current tobacco users with cotinine values below 50 ng/

mL). These included 7 specimens at baseline (2 never tobacco users, 2 cigarette smokers and 

3 waterpipe smokers), and 7 repeat samples (1 never tobacco user and 6 cigarette smokers).

For each biomarker, concentrations below the LOD were replaced by the LOD divided by 

the square root of 2.(19) For most assays, less than 10% of the values were below LOD, and 

none of the assays had 20% or more below-LOD values. All biomarker concentrations were 

then divided by urinary creatinine to adjust for urinary concentration, and log-transformed to 

conform to a normal distribution. We calculated geometric means (GM) and 95% confidence 

intervals (95%CI) of these creatinine-corrected values. GM and 95%CI were calculated in 

men and women separately, but since there were no significant differences between them for 

any biomarker, we reported them together. As the gold standard of nicotine dose,(20) we 

calculated the total nicotine equivalent (TNE) as the molar sum of nicotine metabolites. 

Since some of these metabolites could only be measured in active tobacco users, we 

calculated two types of TNE: TNE2 (the molar sum of cotinine and hydroxycotinine 

available for everyone), and TNE7 (the molar sum of all 7 nicotine metabolites in tobacco 

users). To test biomarker differences by tobacco use groups, we used linear regression. 
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Correlations among biomarkers were calculated using Pearson correlation of the creatinine-

corrected log-transformed values, and regression lines were fitted using predicted values 

from the regression models. To further characterize our results, we compared our results 

with PAH and VOC biomarkers in U.S. cigarette smokers and non-users of any tobacco 

products in the NHANES 2011–2012 Special Sample, published in the National Report on 

Human Exposure to Environmental Chemicals (14). The reporting and analytical 

methodology was identical to this study, and was similarly conducted by the Division of 

Laboratory Sciences of the National Center for Environmental Health at the CDC. Intraclass 

correlation coefficients (ICCs) were calculated for each biomarker measured at two time 

points in GCS (baseline and after 5 years), among cigarette smokers and never tobacco 

users, to assess the consistency of the biomarker over time.

We used principal-component factor analysis (with orthogonal varimax rotation) and 

heatmaps to depict the underlying patterns of biomarker concentrations across tobacco 

products, and to explore which products had similar exposure biomarker patterns (i.e. they 

clustered together). Heatmaps were created for the creatinine-corrected log-transformed 

values of biomarkers against the tobacco use group, using heatmap.2 function from the 

gplots R package. Dendrograms were based on complete hierarchical clustering using the 

Euclidian distance metric. Other analyses were conducted using the STATA 14.0 package 

(StataCorp Inc., College Station, TX).

Results

There was excellent agreement (kappa=0.84–0.90) between self-reported tobacco use and 

urinary cotinine concentrations, particularly at baseline (Supplementary Table 1). Cigarette 

smokers started tobacco use earlier than waterpipe smokers or nass users. All nass users, 

97% of cigarette smokers, and 78% of waterpipe smokers used tobacco every day 

(Supplementary Table 2).

Tobacco alkaloids and TSNAs

As expected, the concentrations of cotinine and hydroxycotinine were much higher in 

tobacco users compared to non-users (Table 2). Among tobacco users, nass users had the 

highest concentrations of alkaloid (nicotine and non-nicotine) metabolites and waterpipe 

users had the lowest concentrations.

TSNAs showed a somewhat different pattern: NABT and NNAL were similar across the 

tobacco use groups. NATT and NNNT were lower in waterpipe smokers than cigarette 

smokers and nass users. TNE7 had strong correlations with all nitrosamines (r=0.77 to 0.86) 

among cigarette smokers (Supplementary Table 3). These correlations were slightly weaker 

in waterpipe smokers (r=0.51 to 0.78) and nass users (r=0.42 to 0.72), but remained 

statistically significant, except for NNAL in nass users.

Figure 1-A shows the heatmap for all these tobacco-specific compounds among tobacco 

users. As the figure shows, nass users had a different pattern from cigarette and waterpipe 

smokers, who clustered together; the main difference was the high concentrations of nicotine 

and other alkaloid metabolites in nass users.
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PAHs and VOCs—Both cigarette and waterpipe smokers had elevated concentrations of 

PAH biomarkers (except for 1-hydroxynaphthalene) compared to nass users and never 

tobacco users (Table 2). The concentrations of phenanthrene biomarkers and 1-

hydroxypyrene were particularly high in waterpipe smokers. In Figure 2 (and Supplementary 

Table 4), we show the correlations between TNE2 and each PAH biomarker. Two patterns 

can be seen in these correlations: TNE2 was highly correlated with PAH biomarkers in 

waterpipe smokers (r=0.65 to 0.90), and, to a lesser extent, in cigarette smokers (r=0.28 to 

0.88). However, in never tobacco users and nass users, TNE2 did not correlate with the 

concentrations of PAH biomarkers.

VOC biomarker concentrations (except for BMA and TTCA) were higher in combustible 

product (i.e., cigarette and waterpipe) users compared with both never tobacco users and 

exclusive nass users (Table 2). The highest VOC biomarker concentrations were typically 

found in cigarette smokers; however, the benzene biomarker phenylmercapturic acid (PMA) 

and the ethylbenzene/styrene biomarker phenylglyoxylic acid (PHGA) were significantly 

higher in waterpipe smokers than in other groups (including cigarette smokers). In cigarette 

smokers, TNE2 was strongly correlated with nearly all VOC biomarkers except BMA, 

PHGA, and TTCA. Waterpipe smokers had significant correlations between TNE2 and 

2MHA, 34MH, AAMA, GAMA, CYMA, CYHA, AMCA, HPMM, IPM3, MADA, and 

MHB3. In contrast, in never tobacco users and nass users, no correlations between TNE2 

and VOCs were observed (Figure 3, and Supplementary Table 5).

Figure 1-B summarizes the concentrations of PAH biomarkers and VOC biomarkers in a 

heatmap across the four tobacco use groups. As the figure shows, waterpipe and cigarette 

smokers had similar concentration patterns for both PAHs and VOC biomarkers, whereas 

nass users clustered mainly with non-tobacco users in these two classes of biomarkers.

Factor analysis—Only the first three factors had eigenvalues above 3 and, together, 

explained 66% of the variance in biomarker concentrations. Supplementary Table 6 shows 

rotated factor loadings for these 3 factors. As the factor loadings show, in each factor, one 

group of biomarkers had higher loadings than the others: tobacco-specific biomarkers 

(tobacco alkaloids and TSNAs) in the first factor, PAHs in the second factor, and VOCs in 

the third factor. The scores generated based on these factors were thus called the tobacco 

score, the PAH score and the VOC score, respectively. Nass users had the highest tobacco 

score and the lowest PAH and VOC scores (all p<0.01). Compared to cigarette smokers, 

waterpipe smokers had a significantly higher PAH score and a significantly lower VOC 

score.

Comparison with the U.S. population—Table 2 also shows concentrations of PAH and 

VOC biomarkers in U.S. cigarette smokers and non-users of tobacco products, based on 

analyses of the NHANES 2011–2012 Special Sample. The concentrations of PAHs among 

Golestan non-smokers were not only much higher than those seen in the U.S. NHANES 

tobacco non-user population, sometimes they were even higher than the average for U.S. 

cigarette smokers.
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The concentrations of VOC biomarkers were broadly similar between the Golestan and U.S. 

populations. Some VOC biomarkers (e.g., 2MHA, 34MH, PMA) were higher in Golestan, 

and some (GAMA, HPMA, PHGA, HPM2, AMCA, MHB3) were lower compared with the 

U.S. population.

Repeated measurement—Intraclass correlation coefficients (ICCs) between two 

specimens collected, on average, 5 years apart from the same never tobacco users and 

cigarette smokers are shown in Table 3. Most biomarkers showed statistically significant 

ICCs, particularly in cigarette smokers. Most ICCs were higher in cigarette smokers than in 

never tobacco users, showing a more consistent underlying exposure over 5 years. TSNAs 

(0.49–0.64), and tobacco alkaloid biomarkers (0.50–0.64) had the highest ICCs among the 

biomarkers studied.

Discussion

Users of cigarettes, waterpipe, and nass all showed higher concentrations of at least one 

class of the studied biomarkers than the never tobacco users. All tobacco users had high 

levels of TSNAs. Smokeless tobacco (nass) users had the highest concentrations of nicotine 

and minor tobacco alkaloids. In contrast, concentrations of PAH and VOC biomarkers were 

markedly higher in cigarette and waterpipe smokers, and correlated with nicotine dose. 

Although some differences existed for individual biomarkers, the similarities in the overall 

concentration patterns between cigarette and waterpipe smokers were more striking than 

their differences. In addition, all four exposure groups in the Golestan Cohort population 

(including the never tobacco users) had remarkably high concentrations of PAH biomarkers 

compared to the NHANES populations of U.S. smokers and non-users of tobacco products.

Similar concentrations of examined biomarkers in cigarette and waterpipe smokers (as 

demonstrated in the heatmaps) are important findings, although not a complete surprise. The 

tobacco used in a waterpipe is heated by burning charcoal directly above it, which would be 

expected to produce PAHs, VOCs, and other combustion products from both the tobacco and 

the charcoal. Waterpipe smokers are also known to be exposed to nicotine and TSNAs. (21) 

Jacob and colleagues studied 13 individuals who crossed over from cigarettes to waterpipe 

and observed some similarities and differences in exposure biomarkers, between the two 

products.(22) The biggest differences were greater urinary concentrations of a high 

molecular weight PAH (1-hydroxypyrene) and higher VOC metabolite concentrations 

suggestive of benzene exposure (phenylmercapturic acid or PMA) in the waterpipe period, 

accompanied by lower concentrations of NNAL, metabolites of low-molecular weight PAHs 

(naphthalene and fluorene) and a few other metabolites of VOCs (1,3-butadiene, acrolein, 

acrylonitrile, propylene oxide, and ethylene oxide) compared with the cigarette smoking 

period. Many of our results replicated these findings, including higher concentrations of 

pyrene and benzene biomarkers and lower concentrations of several other VOC metabolites 

in waterpipe users compared to cigarette smokers. However, we also observed similarly 

increased NNAL and metabolites of low-molecular weight PAHs in waterpipe smokers and 

cigarette smokers. It is not surprising that some results differed between our study and this 

previous one, since the populations (and their customs of tobacco use) differed, the previous 
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study evaluated dual smokers of both cigarettes and waterpipe, and their waterpipe sessions 

were done in lab settings under specific instructions.

In waterpipe smokers, like cigarette smokers, we saw high correlations between the nicotine 

dose and almost all assessed biomarkers, showing a dose-response association between the 

amount of tobacco used and the potential carcinogenic exposure. In nass users, these 

correlations were only present with TSNAs. TSNAs, which are produced during tobacco 

curing and processing, may be the most important carcinogens in unburned tobacco.(8)

Tobacco alkaloids and TSNAs

Metabolites of nicotine and non-nicotine tobacco alkaloids are direct measures of the degree 

of exposure to tobacco.(20) The fact that even never tobacco users had some concentrations 

of two of the most commonly measured nicotine metabolites (cotinine and 3-

hydroxycotinine) suggests substantial exposure to second-hand smoke in GCS. However, by 

far the largest exposure to tobacco alkaloids was seen among nass users. Similar results have 

also been observed among users of other smokeless tobacco products,(23) and may be due to 

the enhanced absorption of the hydrophilic alkaloids in the mouth. Though not considered 

carcinogenic by itself, nicotine is pharmacologically responsible for tobacco dependence, 

and the resulting exposure to carcinogens found in tobacco products.(24) In addition, 

nicotine and other tobacco alkaloids are readily transformed during curing and processing to 

nitrosamines, many of which are potent carcinogens causing DNA adduct formation, 

mutation, and tumorigenesis. (8)

NNAL is the major metabolite of a strong carcinogen, nicotine-derived nitrosamine ketone 

(NNK), known to be involved in the development of cancers of the lung, nasal and oral 

cavity, liver, pancreas, and cervix. (25) NNK is a systemic lung carcinogen in animal studies, 

independent of its route of administration.(26) NNN, another TSNA, is thought to be a 

major carcinogen for cancers of the esophagus (the most common cancer type in our study 

population), and also for cancers of the oral and nasal cavity.(25) The concentrations of 

NNAL in cigarette smokers in Golestan were lower than those found in U.S. cigarette 

smokers. (23) This difference may be due to lower cigarette smoking intensity (fewer 

cigarettes smoked per day) in this population relative to the U.S., (13) or perhaps differences 

in the commonly used tobacco brands. As Wu et al. have shown, TSNAs in the mainstream 

smoke from U.S. brand cigarettes may be higher than that from non-U.S. brand cigarettes.

(27) In all tobacco users, we observed strong correlations between TNE and TSNAs, i.e. a 

dose-response association between the amount of tobacco people were exposed to and the 

level of carcinogens in the body.

PAHs

PAHs have been implicated in the etiology of different cancers, including lung, larynx, oral 

cavity, skin, and esophagus.(8) Previous studies have shown that adults in the Golestan 

region, including non-smokers, have high urinary concentrations of 1-hydroxypyrene 

glucuronide (a PAH metabolite),(28) and high levels of blood PAH-DNA adducts even 

among non-smokers.(29) 1-Hydroxypyrene is often used as a biomarker of exposure to 

benzo-a-pyrene, one of the carcinogens detected in cigarette smoke. We similarly observed 
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high concentrations of 1-hydroxypyrene and other PAH urinary biomarkers among both 

tobacco users and non-users in Golestan. Indeed, the concentrations of PAH biomarkers 

among never tobacco users in Golestan were comparable to and sometimes greater than, 

those in the U.S. cigarette smokers.(14) Also, concentrations of 1-hydroxynaphthalane, a 

metabolite not only of naphthalene, but also of several pesticides (e.g., carbaryl), (30,31) 

were so high among never tobacco users that we could not detect any statistically significant 

increases with smoking. The fact that these high PAH biomarker concentrations in nass users 

and never tobacco users did not correlate with TNE suggests a non-tobacco-related exposure 

source in these individuals. Previous studies have also shown that only about 15% of the 

variance in PAH biomarkers can be explained by known exposures such as place of 

residence, tobacco or opium use. (32) Although the exact source of such high PAH 

biomarkers in this population is not clear, exposure through food and water, (33) and the 

presence of genetic variants affecting PAH metabolic pathways in the body (29) have been 

proposed. We hypothesize that this exposure may contribute to the high rates of esophageal 

squamous cell carcinoma (ESCC) in this population, (34) which are not driven by tobacco 

use alone.(35) High levels of PAH biomarkers have been reported from Linxian in China, 

another high-risk area for ESCC. (36)

Two other groups of PAH biomarkers were particularly increased in waterpipe smokers: the 

metabolites of phenanthrene (1- hydroxyphenanthrene and ∑2,3hydroxyphenanthrene) and 

pyrene (1-hydroxypyrene). Sepetdjian et al. have showed that the concentrations of 

biomarkers of phenanthrene and pyrene were particularly high in the smoke generated by 

waterpipe compared with cigarettes,(37) in part due to the charcoal used to heat the tobacco 

in the waterpipe.(38)

VOCs

There are a number of VOCs among U.S. FDA’s list of harmful and potentially harmful 

tobacco constituents, (11) and these include known human toxicants (like acrolein) and 

carcinogens (like benzene, ethylbenzene, styrene, 1,3-butadiene and ethylene oxide).(39)

Like U.S. smokers, Golestan cigarette and waterpipe smokers had higher concentrations of 

almost all VOC metabolites compared with never tobacco users and nass users, which 

correlated with their nicotine dose. Among the VOCs, we saw the highest concentrations of 

a benzene-related metabolite (PMA) and ethylbenzene/styrene-related PHGA in waterpipe 

smokers. Previous studies have also shown benzene to be a constituent of waterpipe smoke,

(40) and high concentrations of its biomarkers have been found in waterpipe smokers(22) 

and in waterpipe cafés.(41) The charcoal used in the waterpipe has been shown to release 

benzene when heated.(42) Kassem et al. observed higher concentrations of PMA among 

waterpipe smokers compared with never smokers, which increased by 2.9–4.2 times after 

each “social hookah event”.(43) In addition to waterpipe smokers, the concentrations of 

PMA among all groups in our study (even never tobacco users) were higher than those in the 

NHANES U.S. samples. These high PMA concentrations did not correlate well with TNE, 

suggesting a non-tobacco source in addition to waterpipe smoking in this region, which 

warrants further investigation. Benzene is an important cause of leukemia in smokers,(8) and 

the relatively high concentrations of benzene biomarkers both in the general population and 
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waterpipe smokers in Golestan, compared to the NHANES study, warrant further 

investigation.

We tested the consistency of our exposure assessment over time, using another set of spot 

urine specimens collected after five years in the same individuals. This comparison showed 

statistically significant ICCs for most biomarkers. As one could expect, the consistency of 

the exposure assessment (quantified by the ICC) was higher in cigarette smokers, suggesting 

that this source of the biomarkers was consistently present after 5 years. The ICCs were also 

higher when the biomarker was highly correlated with tobacco dose (tobacco alkaloids and 

TSNAs). This reproducibility decreased, but was still moderate to good, when other non-

tobacco sources may have contributed to the biomarker level (PAHs and VOCs), and were 

more likely to change over the course of 5 years. These findings show that most of these 

biomarkers would be useful for exposure assessment in a longitudinal study, particularly 

among tobacco users.

All urinary tobacco metabolites are markers of relatively recent exposure. We did not have 

information on the most recent tobacco use before the spot urine collection, but the cotinine 

test results showed excellent agreement with our self-reported general tobacco use 

questionnaire. Because we excluded people whose self-reported tobacco use and cotinine 

concentrations were discordant, we reduced the chance that our exposures estimates were 

altered by inclusion of intermittent smokers. We had a relatively small sample size, which 

was limited by the cost and urine volume requirements of the analytical methods. However, 

the large number of assays conducted provided the opportunity to paint a relatively broad 

picture of the potentially carcinogenic exposure associated with each tobacco product in the 

study. Most of the assays for tobacco exposure biomarkers have been optimized for urine,

(20) which is available only in a small number of cohorts. By using the same state-of-the-art 

analytical methods as those used for the NHANES study urine samples, we directly 

compared biomarker concentrations in the cohort with those among tobacco users and non-

users in the U.S. general population.

In conclusion, participants of the Golestan cohort are exposed to high levels of PAHs even 

among non-smokers, an exposure which increased even further with tobacco smoking, 

particularly by waterpipe. 80% of waterpipe smokers were daily users, which is ideal for 

assessing relatively short-term urinary biomarkers. We found two general patterns of 

exposure biomarkers differentiating the use of two combustible tobacco products (cigarettes 

and waterpipe) from the smokeless tobacco product (nass). We also showed that the 

biomarkers used in our study, the same as those used in NHANES and PATH studies, are 

relatively reliable for exposure assessment in a longitudinal study, particularly among 

tobacco users. These findings warrant further investigation in the cohort, including studies to 

determine the environmental sources of specific exposures among never tobacco users and 

nested studies that evaluate associations between specific chemical biomarker classes and 

the incidence of specific types of cancer and other outcomes.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Heatmaps of A. nicotine metabolites, other tobacco alkaloids, and nitrosamines, B. 

biomarkers of PAHs and VOCs among different study groups. Each row shows biomarker 

concentrations in one individual, and the colors represent the concentrations standardized for 

each biomarker (z scores shown in the Color Key)
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Figure 2. 
Correlation between total nicotine equivalent and PAH biomarkers among never tobacco 

users, cigarette smokers, waterpipe smokers, and nass users
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Figure 3. 
Correlation between total nicotine equivalent and VOCs metabolites among never tobacco 

users, cigarette smokers, waterpipe smokers, and nass users
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Table 1

Metabolites used in the biomarker panel developed by CDC National Center for Environmental Health

Biomarker Class Full compound name Parent compound Abbreviation CV
(%)

Nicotine and its metabolites cotinine Nicotine
COTT

1 4.6

trans-3'-hydroxycotinine Nicotine
HCTT

1 4.3

cotinine N-oxide Nicotine
COXT

2 7.3

norcotinine Nicotine
NCTT

2 6.7

nicotine Nicotine
NICT

2 2.5

nicotine 1'-oxide Nicotine
NOXT

2 5.0

nornicotine Nicotine
NNCT

2 3.7

Other tobacco alkaloids anabasine Anabasine
ANBT

2 3.1

anatabine Anatabine
ANTT

2 3.9

Tobacco specific nitrosamines (TSNAs) N′-nitrosoanabasine NAB
NABT

2 4.1

N′-nitrosoanatabine NAT
NATT

2 4.6

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol NNK
NNAL

2 1.4

N′-nitrosonornicotine NNN
NNNT

2 13.7

Metabolites of polycyclic aromatic 
hydrocarbons (PAHs)

1 -Hydroxynaphthalene Naphthalene/carbaryl* 1-nap
1 2.2

2-Hydroxynaphthalene Naphthalene
2-nap

1 2.9

1 -Hydroxyphenanthrene Phenanthrene
1-phe

1 7.5

Sum of 2- and 3-hydroxyphenanthrene Phenanthrene
∑2,3phe

1 6.9

2-Hydroxyfluorene Fluorene
2-flu

1 3.1

3-Hydroxyfluorene Fluorene
3-flu

1 5.7

1 -Hydroxypyrene Pyrene
1-pyr

1 20.1

Metabolites of volatile organic 
compounds (VOCs)

2-Methylhippuric acid Xylene
2MHA

1 7.4

3-Methylhippuric acid + 4 Methylhippuric acid Xylene
34MH

1 10.8

N-Acetyl-S-(2-carbamoylethyl)-L-cysteine Acrylamide
AAMA

1 13.5

N-Acetyl-S-(2-carbamoyl-2-hydroxyethyl)-L-
cysteine

Acrylamide
GAMA

1 11.0

N-Acetyl-S-(1-cyano-2-hydroxyethyl)-L-
cysteine

Acrylonitrile
CYHA

1 16.5

N-Acetyl-S-(2-cyanoethyl)-L-cysteine Acrylonitrile
CYMA

1 12.3

N-Acetyl-S- (2-carboxyethyl)-L-cysteine Acrolein
CEMA

1 12.8

N-Acetyl-S- (3-hydroxypropyl)-L-cysteine Acrolein
HPMA

1 15.1

N-Acetyl-S-(benzyl)-L-cysteine Toluene*
BMA

1 12.2
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Biomarker Class Full compound name Parent compound Abbreviation CV
(%)

Mandelic acid Styrene
MADA

1 21.4

Phenylglyoxylic acid Ethylbenzene/styrene
PHGA

1 13.6

N-Acetyl-S-(phenyl)-L-cysteine Benzene
PMA

1 17.3

N-Acetyl-S- (2-hydroxypropyl)-L-cysteine Propylene oxide
HPM2

1 10.1

N-Acetyl-S-(N-methylcarbamoyl)-L-cysteine Dimethylformamide*
AMCA

1 11.8

N-Acetyl-S- (3,4-dihydroxybutyl)-L-cysteine 1,3-Butadiene
DHBM

1 11.5

N-Acetyl-S-(4-hydroxy-2-buten-1-yl)-L-
cysteine

1,3-Butadiene
MHB3

1 15.3

N-Acetyl-S-(3-hydroxypropyl-1-methyl)-L-
cysteine

Crotonaldehyde
HPMM

1 11.3

N-Acetyl-S-(4-hydroxy-2-methyl-2-buten-1-
yl)-L-cysteine

Isoprene
IPM3

1 17.1

2-Thioxothiazolidine-4-carboxylic acid Carbon disulfide
TTCA

1 10.1

CV: Coefficient of variation

*
Multiple other parent chemicals can also be metabolized to these compounds.

1
Measured in all individuals

2
Measured only among those with a cotinine above 20 ng/mL.
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Table 3.

Intraclass correlation coefficients (ICCs) between the two measurements, 5 years apart, in cigarette smokers 

and never tobacco users

Never tobacco users Cigarette smokers

Biomarker class Biomarker ICC (95% Confidence
Interval) p value

ICC (95% Confidence
Interval) p value

Nicotine metabolites COTT 0.64 (0.45,0.77) 0.0001 0.58 (0.27,0.78) 0.0001

HCTT 0.51 (0.29,0.68) 0.0001 0.44 (0.09,0.7) 0.007

COXT NA  0.45 (0.11,0.7) 0.006

NCTT NA  0.51 (0.18,0.74) 0.002

NICT NA  0.41 (0.06,0.68) 0.012

NOXT NA  0.48 (0.14,0.72) 0.004

NNCT NA  0.5 (0.17,0.73) 0.002

Other tobacco alkaloids ANBT NA  0.57 (0.26,0.77) 0.001

ANTT NA  0.61 (0.31,0.8) 0.0001

Tobacco specific nitrosamines (TSNAs) NABT NA  0.63 (0.34,0.81) 0.0001

NATT NA  0.64 (0.36,0.81) 0.0001

NNAL NA  0.62 (0.34,0.81) 0.0001

NNNT NA  0.49 (0.14,0.73) 0.004

Metabolites of polycyclic aromatic hydrocarbons 
(PAHs)

1-nap 0.08 (−0.18,0.32) 0.283 0.51 (0.18,0.74) 0.002

2-nap 0.18 (−0.08,0.42) 0.087 0.43 (0.08,0.69) 0.009

1-phe 0.31 (0.06,0.53) 0.003 0.09 (−0.28,0.44) 0.315

∑2,3phe 0.37 (0.13,0.57) 0.001 0.34 (−0.03,0.63) 0.034

2-flu 0.36 (0.12,0.57) 0.002 0.31 (−0.06,0.61) 0.049

3-flu 0.44 (0.21,0.62) 0.0001 0.46 (0.12,0.71) 0.005

1-pyr 0.34 (0.10,0.55) 0.003 0.37 (0.01,0.65) 0.021

Metabolites of volatile organic compounds (VOCs) 2MHA 0.14 (−0.12,0.38) 0.15 0.48 (0.15,0.72) 0.004

34MH 0.08 (−0.18,0.33) 0.28 0.34 (−0.03,0.63) 0.034

AAMA 0.19 (−0.07,0.43) 0.073 0.27 (−0.11,0.58) 0.079

GAMA 0.73 (0.58,0.83) 0.0001 0.24 (−0.13,0.56) 0.099

CYHA 0.76 (0.63,0.85) 0.0001 0.65 (0.37,0.82) 0.0001

CYMA 0.42 (0.18,0.61) 0.0001 0.66 (0.4,0.83) 0.0001

CEMA 0.49 (0.27,0.66) 0.0001 0.39 (0.04,0.66) 0.016

HPMA 0.27 (0.01,0.49) 0.021 0.39 (0.03,0.66) 0.016

BMA 0.25 (0.00,0.48) 0.025 0.42 (0.07,0.68) 0.011

MADA 0.37 (0.13,0.58) 0.002 0.38 (0.02,0.65) 0.021

PHGA 0.23 (−0.02,0.46) 0.036 −0.5 (−0.73,−0.17) 0.997

PMA 0.07 (−0.19,0.32) 0.29 0.18 (−0.2,0.51) 0.176

HPM2 0.27 (0.02,0.49) 0.018 0.41 (0.05,0.67) 0.013

AMCA 0.31 (0.05,0.52) 0.009 0.43 (0.07,0.68) 0.01

DHBM 0.13 (−0.13,0.37) 0.167 −0.01 (−0.37,0.36) 0.51

MHB3 0.11 (−0.15,0.36) 0.197 0.45 (0.11,0.7) 0.006

HPMM 0.11 (−0.15,0.36) 0.204 0.45 (0.08,0.71) 0.009
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Never tobacco users Cigarette smokers

Biomarker class Biomarker ICC (95% Confidence
Interval) p value

ICC (95% Confidence
Interval) p value

IPM3 0.11 (−0.16,0.35) 0.215 0.2 (−0.17,0.53) 0.142

TTCA 0.32 (0.07,0.53) 0.007 0.39 (0.03,0.66) 0.017
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