
Urinary metabolites of Furan in Waterpipe Tobacco Smokers 
Compared to Non-Smokers in Home Settings in the US

Nada O.F. Kassem, DrPH*,1, Lisa A. Peterson, PhD2, Sandy Liles, MPH1, Noura O. Kassem, 
MPH1, Flora K. Zaki, MPH1, Kung-Jong Lui3, Karin R. Vevang, BA2, Nathan G. Dodder, 
PhD3, Eunha Hoh, PhD4, Melbourne F. Hovell, PhD.1

1Center for Behavioral Epidemiology and Community Health (CBEACH), Hookah Tobacco Studies 
Division, San Diego State University, San Diego, CA, 92123, US

2Division of Environmental Health Sciences and the Masonic Cancer Center, University of 
Minnesota, Minneapolis, MN 55455

3San Diego State University Research Foundation, 5250 Campanile Dr., San Diego, CA 92182, 
US

4School of Public Health, San Diego State University, 5500 Campanile Dr., San Diego, CA 92182, 
US

Abstract

Objectives—Determine uptake of furan, a potential human carcinogen, in waterpipe tobacco 

(WPT) smokers in home settings.

Methods—We analysed data from a US convenience sample of 50 exclusive WPT smokers, 

mean age 25.3 years, and 25 non-smokers, mean age 25.5 years. For WPT smokers, data were 

collected at a home visit by research assistants during which participants smoked one WPT head 

of one brand for a mean of 33.1 minutes in their homes. Research assistants provided and prepared 

a WP for participants by weighing and loading 10g of WPT in the WP head. At the completion 

of the smoking session, research assistants measured the remaining WPT. Cotinine and six furan 

metabolites were quantified in first morning urine samples provided on 2 consecutive days for 
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non-smokers, and on the morning of a WPT smoking session and on the following morning for 

smokers.

Results—WPT smokers consumed a mean of 2.99g WPT. In WPT smokers, urinary cotinine 

levels increased significantly 26.1 times the following morning; however, urinary metabolites 

of furan did not increase significantly. Compared to non-smokers, 2 furan metabolites, N-acetyl-

S-[1-(5-acetylamino-5-carboxylpentyl)-1H-pyrrol-3-yl]-L-cysteine and N-acetyl-S-[1-(5-amino-5-

carboxypentyl)-1H-pyrrol-3-yl]-L-cysteine sulfoxide, were significantly higher in WPT smokers 

in pre and in post WPT smoking levels.

Conclusions—To enable a more rigorous assessment of furan exposure from WPT smoking, 

future research should determine furan concentrations in WPT smoke, quantify furan metabolites 

from users of various WPT brands; and extend the investigation to social settings where WPT 

smoking is habitually practiced.
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INTRODUCTION

Waterpipe tobacco (WPT) use is currently considered a global health problem, particularly 

among youth and young adults in several eastern Mediterranean, eastern European 

and western countries, including the United States (US).1-11 In the US, a nationally 

representative sample (2013-2014) showed that 13% of youth (15-17 year olds) have ever 

used WPT, and 2.9% have used WPT in the past 30 days; among young adults (18-24 year 

olds), 44.4% have ever used WPT and 18.2% are current WPT users.11

WPT is smoked using a waterpipe (WP) device (hookah) in which smoke passes through 

water. The WP consists of a head (bowl) containing WPT and charcoal, a stem (body) which 

is a vertical tube that passes into a partially filled bowl at the base (water jar), with a flexible 

hose and a mouthpiece. Burning charcoal heats the WPT producing smoke that the user 

inhales.

The most popular WPT, worldwide, is flavored WPT in which sugar-containing ingredients 

are added.3,12-17 Flavored WPT (aka Moassel, Maassel) is a mixture of ~30% tobacco and 

natural/artificial flavorings, sweeteners (e.g., molasses, honey, sugars) and humectants (e.g., 

propylene glycol).13-18 WPT smokers smoke in home settings,19-24 and are at increased risk 

for a number of preventable harmful health effects including cancers.25-27 Furan exposure 

among WPT smokers in home settings has not been investigated.

Furan is hepatotoxic and carcinogenic in rats and mice.28-31 It is a pulmonary and hepatic 

toxicant in mice when inhaled.31 Human exposure to furan is likely significant because 

furan is a ubiquitous environmental volatile chemical found in processed food, air pollution, 

car exhaust, and cigarette smoke.32-36 The National Toxicology Program and International 

Agency for Research on Cancer classified furan as a possible human carcinogen.28,34
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For human adults, the average dietary exposure to furan was ~0.3 μg/kg bodyweight/

day.37 Cigarette smokers may be exposed to higher amounts of furan than non-smokers, 

as cigarette smoke contains non-trivial levels of furan (20-40 μg/cigarette).38,39 Furan 

exposure from tobacco use is attributed, in part, to sugar content in tobacco products.40 

Heating sugar-rich consumable products results in chemical conversions, yielding toxic 

furans.41,42,49 Sugars are natural components of tobacco in levels up to 20% by weight, 

and are commonly added, in varying levels, to tobacco during manufacturing.40,43 Flavored 

WPT typically contains higher sugar concentrations than cigarettes40,44-46 (WPT: 350 mg/g 

sugar vs cigarettes: 7-180 mg/g).44 Flavored WPT is typically manufactured through the 

fermentation of tobacco with molasses or honey or other sugars.45 In some WPT brands, 

125–250 mL of honey is added per kg of flavored WPT (~17–35 wt%).46 Sugars serve as 

binders, casing ingredients, flavors, or humectants.40

WPT mainstream smoke is a major source of furanic compounds, particularly 5-

(hydroxymethyl)-2-furaldehyde (HMF).44,47 HMF aerosol concentration per puff in WPT 

is ~33 times higher than in cigarettes.47,48 Machine-smoked WPT yields a range of furanic 

compounds (e.g., furfuryl alcohol, 2-furoic acid, 2-furaldehyde, 2-furyl methyl ketone and 

HMF), and up to 62,300 μg HMF per smoking session.44,47 While furan was not measured 

in these studies, it is likely present since furan is produced from glucose and sucrose 

under Maillard-like reaction conditions.49 Such findings highlight the need to investigate 

furan exposure associated with WPT smoking, a practice believed to be less harmful than 

cigarette smoking, particularly among college/university students, a population with high 

WPT use.11,50

Measuring metabolites of furan exposure is important in order to quantify the associated 

human health risks.51 Furan is oxidized to a reactive α,β-unsaturated dialdehyde metabolite, 

cis-2-butene-1,4-dial (BDA), by cytochrome P450 (P450).52-58 BDA is highly toxic and 

mutagenic, and forms adducts with various cellular nucleophiles (e.g., DNA, protein, 

and polyamines).55-63 Consequently, BDA is considered responsible for furan’s toxic 

effects.55-64 Additional urinary metabolites of furan are derived from the reaction of BDA 

with a variety of cellular nucleophiles.63,65-68,36 The lysine and cysteine-BDA-lysine cross-

links, and their sulfoxides (Figure 1) are major urinary furan metabolites in rodents.65,67,36 

These metabolites are elevated in the urine of cigarette smokers,36 indicating exposure of 

the smoker to furan in tobacco product emissions and to the risk of possible harm from that 

exposure.

To our knowledge this is the first exploratory study in private home 

settings in the US to quantified urinary cotinine and six furan metabolites 

in WPT smokers and non-smokers. Furan metabolites measured were BDA-

Lys [L-2-(amino)-6-(2,5-dihydro-2-oxo-1H-pyrrol-1-yl)-1-hexanoic acid], BDA-NAL 

[L-2-(acetylamino)-6-(2,5-dihydro-2-oxo-1H-pyrrol-1-yl)-1-hexanoic acid], NAC-BDA-

Lys [N-acetyl-S-[1-(5-amino-5-carboxylpentyl)-1H-pyrrol-3-yl]-L-cysteine], NAC-BDA-

NAL [N-acetyl-S-[1-(5-acetylamino-5-carboxylpentyl)-1H-pyrrol-3-yl]-L-cysteine] and 

their sulfoxides, NAC-BDA-Lys sulfoxide [N-acetyl-S-[1-(5-amino-5-carboxypentyl)-1H-

pyrrol-3-yl]-L-cysteine sulfoxide] and NAC-BDA-NAL sulfoxide [N-acetyl-S-[1-(5-
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acetylamino-5-carboxypentyl)-1H-pyrrol-3-yl]-L-cysteine sulfoxide] (Figure 1). Findings 

will contribute to identifying possible health risks of WPT use.

METHODS

Participant recruitment, screening and consent

Between December 2017 and September 2018, we recruited a convenience sample of 50 

WPT smokers (25 men, 25 women) and 25 non-smokers (12 men and 13 women) from 

San Diego County, California, US via bulletin board flyers (e.g., community colleges, 

universities, cafés), electronic flyers on social media (e.g. Instagram, Facebook, Snapchat, 

Reddit, Twitter), and participant enlistment of others by word of mouth. Trained research 

assistants (RAs) qualified participants via phone-screening based on inclusion/exclusion 

criteria. At an office visit we explained study activities, obtained signed informed consent 

forms, collected smoking history and demographics via self-administered questionnaire, 

took physiologic measures (height, weight, exhaled carbon monoxide (eCO)), and scheduled 

a home visit.

WPT smoker inclusion criteria were: exclusive WPT smoker; ≥21 years old; smoked 

≥1WPT head/month; smoked ≥1WPT head/smoking session; and no WPT home smoking 

restrictions. Non-smoker inclusion criteria were: ≥21 years old; not living with a smoker; not 

using any tobacco or nicotine replacement products; not allowing tobacco smoking at home 

during the study.

Exclusion criteria for all participants were: major physical/psychiatric illnesses that might 

interfere with providing informed consent or completing an interview; history of chronic 

health problems (e.g. asthma); regular prescription medication use (other than vitamins or 

birth control); pregnancy.

We phone-screened 101 WPT smoker respondents; 54 were eligible and were enrolled; 

4 withdrew before the home visit (due to travel/change of mind). We phone-screened 51 

non-smoker respondents; 31 were eligible and were enrolled; 1 non-smoker dropped out 

before the home visit (due to school/work schedule); 5 were excluded because of potential 

exposure to tobacco secondhand smoke (SHS) based on eCO levels ≥3.6 ppm.69

Study design

RAs collected data during an office visit and a home visit for smokers and non-smokers. 

During the home visit, smokers smoked one WPT head (not shared with other smokers), 

with a 7-day washout period before the visit. During the wash-out period, prescheduled 

phone texts reminded WPT smokers about smoking abstinence, and all participants 

about avoiding SHS, collecting urine samples, and confirming scheduled home visits. 

All participants received $75 in cash at study completion. San Diego State University’s 

Institutional Review Board approved the study.

WPT smoking session

During the home visit, the RAs provided the smokers with a single-hose medium-sized WP 

with glass water bowl (height=22 inches (55.8 cm); Khalil Mamoon Safari brand, Egypt) 
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and a disposable plastic hose (length=50 inches (125 cm); Fancy Hose, Zebra Smoke brand, 

Amazon.com). Following a standardized protocol, RAs placed a standardized volume (2 

cups=470 mL) of room temperature commercial drinking water (Nestlé Pure Life purified 

bottled water brand, US) in the WP bowl, covering the metal stem with an inch (2.5 cm) 

of water. RAs weighed (using an analytical balance) and loaded one head of flavored WPT 

(10g; Exotic Double Apple flavor, Starbuzz brand, US, Supplementary Figure 1) in the 

ceramic head, covering it with a manufacturer pre-perforated sheet of aluminum foil (Zebra 

Smoke brand, Amazon.com). The WPT was purchased between December 2017 and August 

2018 from two WPT supply stores in San Diego, California, and stored at room temperature. 

Using a portable lighter, RAs lit a single quick-light charcoal (40 mm; Three Kings brand, 

Holland), placing it on the foil-covered WP head (no additional charcoal was added). 

Smokers smoked as they usually do, with no other smokers present, during the evening 

hours between 5:00pm and 8:00pm. They were informed that the WP would be available 

for 45 minutes per smoking session, and ended smoking when desired. At the conclusion of 

the home visit, RAs returned the WP device and WPT use waste (in sealed Ziploc bags) to 

our center. RAs thoroughly cleaned WP devices with soap and water between sessions and 

between participants. Each participant had a new disposable hose.

Measures

Demographics and WPT smoking behaviors—During the office visit, participants 

completed a self-administered questionnaire that asked about demographics (age, gender, 

education, race/ethnicity), and WPT smoking behaviors.

Physiologic measurements—During the office visit, height (Ht.) and weight (Wt.) were 

taken to calculate Body Mass Index [BMI=Wt.(kg)/Ht.(m)2]. Using a CO breath analysis 

monitor (Micro+pro™ Smokerlyzer® Covita, Bedfont, US; sensitivity=1 parts per million 

(ppm)), an eCO measurement was taken. Participants were asked to inhale deeply, hold 

breath for 15 seconds, and then exhale slowly into the mouthpiece, aiming to empty lungs 

completely.

Smoking duration and amount of WPT smoked—During the home visit, RAs 

recorded length of smoking time, from first to last puff, and weighed the WPT remaining at 

smoking session conclusion.

Urinary metabolites of furan analyses—Participants provided two first-void urine 

samples: one sample the morning of the WPT smoking session day (pre-smoking) and one 

sample the following morning for smokers, and on 2 consecutive days for non-smokers. 

Participants stored urine samples in their refrigerator’s freezer section until pickup by RAs 

within 12 hours and transfer (frozen) to our research center laboratory. Urine samples 

were aliquoted and stored in a freezer (−20°C), then sent frozen in dry ice to two 

laboratories. The San Diego State University Environmental Health Laboratory analyzed 

urinary creatinine using isotope-dilution liquid chromatography/tandem mass spectrometry 

(LC-MS/MS) with the sample preparation methods and multiple-reaction-monitoring 

transitions,70 and an adapted chromatographic separation.71 Urinary cotinine was analyzed 

by isotope-dilution LC/MS/MS.72 Furan metabolites were analyzed at the University of 
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Minnesota’s Masonic Cancer Center by isotope-dilution LC-MS/MS method with minor 

modifications.36 Specifically, fractions containing NAC-BAD-NAL were analyzed with the 

column heated to 40°C and utilized different transitions (NAC-BDA-NAL, m/z 398 → m/z 
226; NAC-BDA-[2H3]NAL, m/z 401 → m/z 228; NAC-BDA-[13C6

15N2]NAL, m/z 406 → 
m/z 235; and NAC-BDA-[13C6

2H3
15N2]NAL m/z 409 → m/z 236).

Statistical Analyses—Data were double entered and analyzed using SPSS v26 and Stata 

v14.2. Descriptive analyses included computing measures of central tendency, standard 

deviations (SDs), and minimum and maximum values for BMI, eCO, and creatinine-

corrected urinary cotinine and furan metabolites; Wilcoxon signed-rank tests to identify 

within-person differences in urinary metabolites levels from pre to post the WPT smoking 

session; Mann–Whitney U tests to identify differences in urinary metabolites levels between 

smokers and non-smokers prior to and following the WPT smoking session; independent t 
tests or chi-square tests, as applicable, to identify differences in demographics by smoking 

status and to compare urinary cotinine levels to those in our previous study.20 For urinary 

metabolites, limit of detection (LOD) values and instances of laboratory interference are 

described in Table 3; we excluded the laboratory interference values and replaced <LOD 

values by half of the LOD. All statistical tests were two-tailed with an alpha level of 0.05; 

‘pmol/mg creatinine’ is referred to as ‘pmol/mg’.

RESULTS

Demographics and WPT use

WPT smokers (mean age=25.3 years), were 50% males, identifying as White (22%); 

Hispanic (32%); Black (10%); Middle Eastern/Arab, Chaldean, Persian, or Kurdish (26%); 

or multi-ethnic (10%) (Table 1). Most WPT smokers had a college degree (50%) or some 

college (36%). About two-thirds (60%) resided in houses; one-third (38%) resided in 

apartments. WPT smokers smoked weekly (62%) or monthly (38%), and were borderline 

overweight (mean BMI=27.5 kg/m2).73 WPT smokers and non-smokers did not differ 

significantly by age, gender, education, home setting, BMI or eCO concentrations (Table 

1).

WPT smoking duration and consumption

Mean WPT smoking session duration was 33.1 minutes (Table 2). Of the 10g WPT initially 

placed in the WP head, smokers consumed a mean of 2.99 g WPT (Table 2).

Urinary metabolites of WPT smoking

Urinary Cotinine.—Geometric mean (GM) urinary cotinine levels increased significantly 

26.1 times post a WPT smoking session (35 vs 1.3 ng/mg) (Table 3). Compared to non-

smokers, GM urinary cotinine levels in smokers were 44.7 times higher pre smoking session 

(1.3 vs 0.03 ng/ml) and 1702 times higher post smoking session (35 vs 0.02 ng/mg) (Table 

3).

Urinary Furan Metabolites—Five of the six metabolites were detected in urine of WPT 

smokers and non-smokers. The 5 detected urinary metabolites of furan—BDA-NAL, BDA-
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Lys, NAC-BDA-NAL, NAC-BDA-Lys sulfoxide, and NAC-BDA-Lys—did not increase 

significantly post smoking WPT. However, for smokers, 2 furan metabolites, NAC-BDA-

NAL and NAC-BDA-Lys sulfoxide, were significantly higher than non-smokers in pre and 

post smoking levels; NAC-BDA-NAL (pre-smoking GM: smoker=0.06 vs non-smoker=0.01 

pmol/mg; and post-smoking GM: smoker=0.05 vs non-smoker=0.01 pmol/mg), and NAC-

BDA-Lys sulfoxide (pre-smoking GM: smoker=3.4 vs non-smoker=2.1 pmol/mg; and 

post-smoking GM: smoker=3.1 vs non-smoker=2.1 pmol/mg). Urinary levels of furan 

metabolites were not statistically correlated with cotinine, length of time smoked, amount 

of WPT smoked, age, or BMI. (See supplementary Table 1. Correlations of urinary cotinine 

and furan metabolites).

DISCUSSION

Available evidence of furan-induced toxicity and hepatocarcinogenicity in animals warrants 

investigating furan’s role in human disease. The first step would be to investigate exposure 

levels of furan in various human populations. One emphasis should be on tobacco 

smokers.36 In this study, we focused on WPT smokers in home settings.

We detected 5 out of 6 furan metabolites in urine of WPT smokers and non-smokers. 

Levels of two urinary furan metabolites, NAC-BDA-NAL and NAC-BDA-Lys sulfoxide, 

were significantly higher in WPT smokers compared to non-smokers. These findings are 

similar to those reported for cigarette smokers in a small sample size study where levels 

of NAC-BDA-Lys sulfoxide were 10 times higher in cigarette smokers (average ±SD=69 

±33 pmol/mg, N=16) compared to non-smokers (6.5 ±2.9 pmol/mg, N=15).36 In this study, 

average ±SD levels of NAC-BDA-Lys sulfoxide in cigarette smokers and non-smokers were 

significantly higher than in our WPT smokers (3.6 ±2.1 pmol/mg, p<0.001) and in our 

non-smokers (2.3 ±1.1 pmol/mg, p<0.001).36 The difference in furan exposure between 

the two studies could be due, in part, to factors such as frequency of smoking, amount of 

tobacco smoked and study design; for example, while cigarette smokers reported smoking 

daily an average ±SD of 21.8 ±6.7 cigarettes per day,36,74 our WPT smoker participants 

were asked to abstain from smoking WPT for one week before smoking, and they were 

asked to smoke only one WPT head on the day they smoked (mean WPT consumed = 

2.99 g). Despite the differences in study designs, findings from these two human studies 

are important because they set the stage for future studies on furan exposure in tobacco 

smokers, especially because furan was found to induce liver fibrosis in rats.28 Tobacco 

smoking has been found to be an independent risk factor for non-alcoholic fatty liver 

disease.75,76 FibroScan tests for patients with non-alcoholic fatty liver disease showed that 

liver stiffness values, as an indicator for liver fibrosis, were significantly higher in smokers 

than in non-smokers.76 More studies are needed to assess exposure to furan in smokers of 

various tobacco products, taking into consideration smoking behaviors.

It is likely that our findings on levels of urinary furan metabolites post WPT smoking 

underestimate levels that typically occur in uncontrolled conditions; we asked WPT smokers 

to smoke alone, smoke only 1 WPT head, and we limited the smoking session to a maximum 

of 45 minutes. Normally, WPT smoking is habitually practiced in social settings in homes 

and in hookah lounges where smokers spend lengthy hours smoking WPT and sharing 

Kassem et al. Page 7

Toxicol Lett. Author manuscript; available in PMC 2024 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with other smokers.1,3,12,19,20,77 Furthermore, WPT smokers in social settings are not only 

exposed to mainstream smoke, they are also exposed to SHS from other smokers.78-83 SHS 

levels in home settings and more so in WPT smoking commercial venues (e.g., hookah 

lounges/bars/cafés) were found to contain hazardous levels of indoor air pollutants.77-82 

Hookah lounges operate globally, and are opening throughout the US, providing the 

opportunity to smoke WPT while exposing their patrons to unhealthy air quality.78-84 Furan 

has not been measured in WPT SHS. To estimate, in part, furan exposure levels, we suggest 

including furan quantification in studies aimed to investigate SHS constituents and indoor 

air quality in homes where WPT smokers and non-smoking family members reside, and in 

hookah lounges where WPT smokers and non-smokers socialize.

It is likely that post smoking furan metabolites provided underestimates of typical 

levels, considering that urinary cotinine levels in our WPT smoker participants, although 

significantly elevated post smoking, were lower than previously reported.20 For example, 

we previously found that in WPT smokers who also resided in San Diego County and 

had similar characteristics [age, mean ±SD=26.9 ±10.5 years, and 50% males] as our 50 

WPT smoker participants [age, mean ±SD=25.3 ±3.1 years, and 50% males], had about 4 

times higher urinary cotinine levels in post smoking urine samples after attending a ~3 hour-

exclusive WPT smoking social event in homes (N=50) [mean ±SD=333 ±339 ng/mg vs our 

participants 84 ±148 ng/mg, p<0.001], and in hookah lounges (N=54) [mean ±SD=305 ±461 

ng/mg vs our participants 84 ±148 ng/mg, p=0.002].20 In WPT smoking social gatherings, 

smokers are likely to smoke more and share with others; for example, we previously found 

that WPT smokers in a social gathering smoked an average of 2 WPT heads and almost all 

shared with others20 compared to the 1 WPT head allowed for our participants to smoke 

without sharing. Future studies are encouraged to quantify furan uptake in WPT smokers 

in homes and commercial smoking venues without placing restrictions on habitual WPT 

smoking behaviors.

We did not find a significant difference in levels of urinary furan metabolites between 

pre-smoking and post-smoking samples in WPT smokers, or in uptake of furan between 

WPT smokers and non-smokers in 3 urinary furan metabolites. These findings are likely due 

to different kinetics of metabolite excretion for furan metabolites relative to cotinine. Furan 

metabolites are likely derived from protein adducts and have a half-life of days in smokers 

following cessation.36 Furthermore, potential exposures from other sources may also boost 

values of furan uptake in pre-smoking samples of WPT smokers and in urine samples of 

non-smokers. For example, one source could be air pollution from car exhaust because all 

smoker and non-smoker participants resided in a metropolitan area with major multilane 

highways. Another source could be occupational exposure as participants opted to provide 

their urine samples during week days after work hours. Another source could be food, such 

as consuming heat-processed foods sold in jars and cans;37 we did not ask about food intake 

during the study period. None of the measured furan metabolites were correlated with the 

amount of WPT smoked, length of time smoked, BMI, or age (21-35 years). This could be 

the result of inadequate variance in these variables, in part because of standardization of 

study activities, such as providing a standardized amount of WPT (10 g) to participants, the 

use of one WPT brand, and setting a maximum duration for smoking (45 minutes). Studies 
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are needed in natural settings without standardization of smoking behaviors, and among a 

wider range of age and BMI levels.

In the interim, calls for regulating flavored WPT should target the highly honeyed/sweetened 

tobacco, particularly since almost all WPT smokers (92%) reported that they smoke only 

flavored WPT. While the added sweeteners/sugars attract WPT smokers,1,12 the nicotine in 

WPT will get them addicted,85 thereby exposing them to many toxicants, including furan.

In an effort to regulate WPT products in the US, the FDA proposed rules to require the 

manufacturers of WPT to report a listing of all ingredients by quantity, including additives 

in their WPT products.86-88 Furan is a byproduct of tobacco as well as sugars.28,36,40,44,47 

The FDA and regulatory agencies outside the US are urged to require reporting of sugar 

ingredients in WPT products, along with methods of curing, which largely determine the 

sugar level of tobacco products.40 Furthermore, the FDA is urged to support future research 

to inform regulating flavored WPT products standards, such as setting maximum allowable 

concentrations of sugar additives to WPT.

Limitations and Recommendations

Our findings and recommendations were based on standardized smoking sessions in which 

participants in our small San Diego US sample, ages 21–35 years, smoked alone in their 

home. However, WPT smokers typically smoke in social settings with other smokers; the 

majority (88%) of participants reported that they almost always smoked with someone 

else. Therefore, data on furan metabolites in WPT smokers could be underestimated. 

Furthermore, data were generated using one brand of commercial WPT product and WP 

device; thus, findings may not generalize to other WPT products and WP devices available 

to consumers. The ethnic distribution of WPT users and non-smokers was different, 

possibly influencing differential metabolism of furan and confounding the comparison 

of furan urinary metabolites. We did not measure extraneous sources of furan in the 

environment where smokers smoked. We also collected spot urine samples, which may 

have underestimated peak levels of furan metabolites excretion. It is possible that furan and 

its metabolites have different toxicokinetics. In rats, the metabolism of furan is quite rapid, 

with the majority of the parent compound removed within a few hours,89,90 whereas the 

metabolites take much longer to show up in urine and feces.90 More research is required to 

better understand the toxicokinetic properties of furan and its metabolites.

For rigorous assessment of furan exposure from WPT smoking, investigators should 

determine the impact of the following strategies on furan levels in smoke and on levels 

of urinary furan metabolites: collecting data from various WPT brands and WP device 

styles; using larger sample sizes and group smoking sessions; sampling different populations 

including older adults with various socio-demographic backgrounds; matching smoker and 

non-smoker comparison groups by demographics, including ethnic background; conducting 

experimental studies in laboratory smoking chambers where potential ambient sources of 

furan are controlled; conducting laboratory analyses of the chemical composition of WPT; 

determining the unknown time course of furan metabolites elimination in humans; collecting 

and analyzing 24-hour urine samples; and extending the investigation to social settings 

where WPT smoking is habitually practiced, such as home WPT smoking parties and 
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commercial WPT smoking venues. Furthermore, identifying furan retained in the water of 

the WP and in WPT mainstream smoke are warranted.

WPT smoking inside homes is hazardous to the health of children and adult non-

smokers.19,20,78,80 Therefore, it is warranted to assess metabolites of furan exposure in non-

smokers who socialize or live with WPT smokers, and to determine furan concentrations in 

WPT SHS when assessing the quality of indoor air in homes of WPT smokers.

Because furan is a byproduct of sugars as well as tobacco,28,36,40,44,47 reduction of furan 

exposure requires research to identify furan sources in WPT products.

CONCLUSION

We investigated uptake of furan in WPT smokers vs non-smokers in home settings. Levels 

of two urinary furan metabolites, NAC-BDA-NAL and NAC-BDA-Lys sulfoxide, were 

significantly higher in WPT smokers compared to non-smokers. In WPT smokers, urinary 

cotinine levels the following morning were significantly 26.1 times higher; however, urinary 

metabolites of furan did not increase significantly. Furthermore, levels of three urinary furan 

metabolites, BDA-NAL, BDA-Lys, and NAC-BDA-Lys did not differ significantly between 

WPT smokers and non-smokers, possibly due to exposures from other sources that may 

have boosted values of furan uptake in urine samples of non-smokers and pre-smoking WPT 

smokers, such as air pollution from car exhaust, occupational exposure, and consuming 

heat-processed foods sold in jars and cans.

Although exposure to furan may result from multiple, interacting endogenous and 

exogenous factors,28,34,37 elevated levels of furan metabolites in WPT smokers compared 

to non-smokers is a concern. Further investigation into levels of furan in WPT smoke, and 

factors that may influence those levels and potential harm to human health are warranted.
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Figure 1. 
Six urinary metabolites are derived from the reactive intermediate, BDA (CAS No: 

3675-13-6), formed as a result of furan oxidation. Furan (CAS No: 110-00-9) is classified by 

IARC as a group 2b carcinogen (possibly carcinogenic to humans).
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Table 1.

Characteristics of waterpipe tobacco (WPT) smokers and non-smokers.

WPT smokers (n=50) Non-smokers (n=25)

n (%) n (%) p †

Age (years)

  Mean ± SD ‡ 25.3 ±3.1 25.5 ±4.6 0.668

  Median (Minimum-Maximum) 25.0 (21-35) 23.5 (21-37)

Gender

  Male 25 (50) 12 (48.0) 0.870

  Female 25 (50) 13 (52.0)

Race/ethnicity

  White, Caucasian, European 11 (22) 5 (20) 0.005 

  Mexican, Hispanic, or Latino 16 (32) 8 (32)

  Black or African American 5 (10) 1 (4)

  Middle Eastern § 13 (26) 0 (0)

  Asian/Multi-ethnic Σ 5 (10) 11 (44)

Highest level of education completed

  High school 7 (14) 1 (4.2) 0.219

  College, no degree 18 (36) 8 (33.3)

  College degree 25 (50) 15 (62.5)

Type of home setting

  House 30 (60) 12 (48) 0.324

  Apartment/Townhouse Δ 19 (40) 13 (52)

WPT smoking frequencyΩ

  Weekly 31 (62) N/A

  Monthly 19 (38)

Type of WPT currently smoke

  Only flavored 47 (92) N/A

  Flavored and unflavored 3 (8)

How often do you share a WP with someone you know?

  Almost always/often 44 (88) N/A

  Rarely/never 6 (12)

Do you live with a tobacco smoker?

  Yes 17 (34) 0 (0) <0.001 

  No 33 (66) 25 (100)

Body Mass Index (BMI)ß

  Mean ± SD 27.5 ±4.4 26.3 ±5.7 0.351

  Median (Minimum-Maximum) 27.1 (19.6-39.9) 25.4 (18.0-38.5)

Exhaled Carbon Monoxide (ppm)Φ

  Mean ± SD 5.8 ±21.9 1.6 ±1.3 0.519

  Median (Minimum-Maximum) 2.0 (0.0-156) 2.0 (0.0-4)
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†
p WPT Smokers vs non-smokers: p values were derived from Chi-Square test, or Mann-Whitney U. tests where applicable; two-tailed alpha level 

p<0.05. Significant levels are bolded.

‡
SD = Standard Deviation.

§
Participants considered themselves as Middle Eastern/Arab, Chaldean, Persian, or Kurdish.

Σ
Asian/Multi-ethnic: WPT Smokers considered themselves German/Mexican (n=1), Lebanese/Black/White (n=1), and Mexican/Caucasian (n=3); 

Non-smokers considered themselves Native Hawaiian or Pacific Islander (n=8), Filipino (n=2), and Mexican/Filipino (n=1).

Δ
Townhouse (n=1).

Ω
Weekly: at least once each week but less than daily; Monthly: at least once a month but less than weekly

ß
BMI calculation = Weight in (kg) / Height in (m)2; kg = Kilogram; m = Meter.

Φ
ppm = Parts Per Million.
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Table 2

Waterpipe Tobacco (WPT) smoking for one smoking session (N=50)

WPT consumed (g)† ‡ § Σ

 Mean (±SD) Δ 2.99 (±0.93)

 Median (25-75 percentile) 3.00 (2.4-3.7)

 (Minimum-Maximum) (0.5-5.2)

Length of time smoked WPT per session (minutes)

 Mean (±SD) 33.1 (±9.35)

 Median (25-75 percentile) 30.0 (26-37)

 (Minimum-Maximum) (21-64) Ω

†
WPT = Waterpipe Tobacco.

‡
Research Assistants weighted 10 g WPT using an analytical balance and loaded it in the WP head.

§
Research Assistants weighted the remaining WPT using an analytical balance at end of smoking session.

Σ
g = Gram.

Δ
SD = Standard Deviation.

Ω
5 WPT smokers smoked above the allotted 45 minutes/ smoking session as follows: 52,53,54,55 & 64 minutes.
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