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A B S T R A C T

Background: Marijuana smoke contains some of the same toxicants present in tobacco smoke. Marijuana
smoking is prevalent among HIV+ individuals, but few studies have characterized smoke-related toxicants or
associated health outcomes in exclusive marijuana users.
Methods: This longitudinal study included 245 participants over age 40 (76% HIV+). 33 plasma and 28 urine
metabolites of nicotine, Δ-9-trans-tetrahydrocannabinol, polycyclic aromatic hydrocarbons, and volatile
organic compounds were assayed by liquid or gas chromatography/mass spectrometry. Exposures and health
outcomes were assessed from surveys and medical records.
Findings: At baseline, 18% of participants were marijuana-only smokers, 20% tobacco-only smokers, and 24%
dual marijuana-tobacco smokers (median (IQR) age 53 (47�60) years, 78% male, 54% white race). Marijuana
smoking was independently associated with elevated plasma naphthalenes, 2-hydroxyfluorene sulfate, 4-
vinylphenol sulfate, and o-cresol sulfate (p<0¢05) and urine acrylonitrile and acrylamide metabolites
(p<0¢05), but levels were lower than those associated with tobacco smoking. Acrolein metabolite N-Acetyl-
S-(3-hydroxypropyl)-L-cysteine (3HPMA) was significantly elevated in plasma and urine in tobacco-only and
dual but not marijuana-only smokers, and correlated with nicotine metabolites (p<0¢05). The highest tertile
of 3HPMA was associated with increased cardiovascular disease diagnoses independent of tobacco smoking,
traditional risk factors, and HIV status (odds ratio [95% CI] 3¢34 [1¢31�8¢57]; p = 0¢012).
Interpretation: Smoke-related toxicants, including acrylonitrile and acrylamide metabolites, are detectable in
exclusive marijuana smokers, but exposures are lower compared with tobacco or dual smokers. Acrolein
exposure is increased by tobacco smoking but not exclusive marijuana smoking in HIV+ and HIV- adults, and
contributes to cardiovascular disease in tobacco smokers.
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© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Marijuana is the most frequently used illicit substance in the
United States [1], and its medical and nonmedical use by adults is
increasing with legalization [2,3]. Marijuana smoke contains some of
the same toxic combustion products present in tobacco smoke [4,5],
raising the possibility that exposure to some smoke-related toxicants
could have adverse effects on health in heavy users. However, few
studies have measured smoke exposure biomarkers in exclusive mar-
ijuana smokers or dual marijuana-tobacco smokers compared with
exclusive tobacco smokers and non-smokers [6,7].

Smoke from tobacco combustion contains several hundred chemi-
cals including carcinogens and toxicants, tobacco alkaloids, polycyclic
aromatic hydrocarbons (PAHs), and volatile organic compounds
(VOCs) linked to cardiovascular and lung disease and other adverse
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Research in Context

Evidence before this study

We searched PubMed for original research articles using combi-
nations of terms “marijuana” or “cannabis” and “tobacco”; “bio-
markers” or “exposure biomarkers” or “toxicants” or
“metabolites” or “acrolein”; and “cardiovascular disease” until
August 1, 2020. Many studies have characterized smoke-related
toxicants in tobacco smokers, while few studies have detected
some of the same combustion by-products in marijuana smok-
ers. We found one article comparing smoke-related toxicants in
urine between marijuana users and tobacco users, two articles
comparing smoke-related toxicants between co-users of both
substances and tobacco users, and no articles comparing acro-
lein and other smoke-related toxicant exposure between exclu-
sive marijuana users and tobacco users in relation to health
outcomes associated with these exposures. Acrolein exposure
was previously associated with Framingham Risk Score in one
cohort study and with cardiovascular toxicities in animal mod-
els; however, an association between acrolein and cardiovascu-
lar disease was not previously shown in human studies.

Added value of this study

In this longitudinal study of 245 HIV+ and HIV- participants, we
showed that exclusive marijuana smokers had increased levels
of some smoke-related toxicants, including naphthalene, acryl-
amide, and acrylonitrile metabolites, in plasma and urine com-
pared to non-smokers. Concentrations of these toxicants were
lower in exclusive marijuana smokers compared to tobacco
smokers. Acrolein metabolites were increased in tobacco smok-
ers but not marijuana smokers, and high acrolein levels were
associated with cardiovascular disease after adjusting for
tobacco smoking and other risk factors. This is the first longitu-
dinal cohort study comparing exposure to acrolein and other
smoke-related toxicants between exclusive marijuana smokers
and tobacco smokers and evaluating cardiovascular outcomes
associated with these exposures; these issues have particular
relevance for HIV+ individuals given high rates of smoking and
heightened risk of cardiovascular disease in this population.

Implications of all the available evidence

Marijuana smoking is associated with exposure to some smoke-
related toxicants, including acrylamide and acrylonitrile metab-
olites, but exposures are reduced in comparison to tobacco
smoking. Acrolein, a reactive aldehyde derived from combus-
tion of tobacco and other sources, is increased by tobacco but
not marijuana smoking, and contributes to cardiovascular dis-
ease in tobacco smokers independent of other risk factors. High
acrolein levels may identify adults with increased cardiovascu-
lar risk, and reducing exposure may be a preventive strategy.
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health effects including cancers [8�13]. Among VOCs, the reactive
aldehyde acrolein is notable for its toxicity and abundance in tobacco
smoke [8,14,15]. Acrolein induces cardiovascular injury in animal
models [16�19], and has been linked to cardiovascular disease (CVD)
risk factors in humans [20], yet its association with CVD diagnoses in
humans is unknown.

The aims of this study were to compare plasma and urine levels of
acrolein metabolites and other toxicants from smoke combustion
between exclusive users of marijuana or tobacco, dual users of both
substances, and non-smokers in cross-sectional and longitudinal
analyses. The prevalence of marijuana and tobacco smoking [21,22]
and smoking-related diseases such as CVD [23-26] and chronic
obstructive pulmonary disease (COPD) [27-29] in human immunode-
ficiency virus type 1 positive (HIV+) individuals is high compared
with the general population. Therefore, we leveraged samples and
data from three longitudinal cohort studies of HIV infection in the
United States to select a longitudinal cohort of HIV+ and HIV- partici-
pants who were well-characterized for marijuana, tobacco, and other
substance use, laboratory tests, and health outcomes. We then evalu-
ated associations between the acrolein metabolite 3HPMA (N-Acetyl-
S-(3-hydroxypropyl)-L-cysteine, also known as S- [3-hydroxypropyl]
mercapturic acid) [10,30] and CVD diagnoses in analyses adjusted for
tobacco smoking, HIV status, and other known risk factors.

2. Methods

2.1. Study design and participants

Participants (n = 245) were from the National NeuroAIDS Tissue
Consortium (NNTC, n = 167), HIV Neurobehavioral Research Center
(HNRC, n = 27), the Chicago component of the Multicenter AIDS
Cohort Study (MACS, n = 42), and Bioreclamation IVT (n = 9 HIV- par-
ticipants, Westbury, NY) (Supplementary Methods). De-identified
data were obtained from study sites between 2016 and 2018 and
accessed by DL, VM, and DG. The NNTC, HNRC, and MACS are ongoing
prospective cohort studies of persons with HIV, or socioeconomic/
behavioral risk factors associated with HIV acquisition, recruited at
urban sites in the United States. Participants undergo standardized
interviews detailing substance use, behavioral characteristics, medi-
cal conditions, medication use, physical examinations, and collection
of biological specimens at biannual (MACS and HNRC) or at 6- or 12-
month (NNTC) study visits (Fig. S1) [31�33]. All participants were
enrolled with written informed consent, and Institutional Review
Board approval was obtained at each site. CDC staff involvement was
limited to coded specimen analysis/interpretation and thus CDC IRB
review was not required. Eligible participants were age 40 and older
with self-reported marijuana and tobacco smoking data at �2 study vis-
its and one or more plasma and/or urine sample available from speci-
men biobanks, and antiretroviral therapy (ART) use with suppressed
plasma viral load<200 HIV ribonucleic acid (RNA) copies/mL at baseline
for HIV+ participants. Seventeen HIV+ participants had low-level vire-
mia <1500 copies/mL at baseline, but suppressed viral load
<200 copies/mL at prior and subsequent visits. Participants defined as
marijuana smokers reported current daily or weekly use. Participants
defined as tobacco smokers reported current daily cigarette smoking
(minimum 0.1 packs per day). Participants were selected to maximize
the number of marijuana smokers who did not smoke tobacco, while
maintaining an overall balance of age and gender between smoking
groups. Baseline and endpoint visits were defined as the first and last
visits at age�40with plasma and/or urine samples, respectively. Plasma
and urine samples from �2 study visits (n = 2�6) were available for 165
(64%) and 42 (47%) participants, respectively. All blood and urine sam-
ples were collected from 2000 to 2016.

2.2. Covariate and outcome definitions

Participants were classified as marijuana or tobacco smokers based
on self-reported current marijuana or tobacco smoking at �2 consecu-
tive study visits, and detection of nicotine or THC metabolites in plasma
and/or urine bymetabolite profiling described below or urine toxicology
testing for THC. A composite CVD outcomewas comprised of the follow-
ing diagnoses: myocardial infarction, coronary artery disease, cardiac
stents, stroke, and atherosclerosis. Diagnoses were obtained from
abstracted longitudinal clinical data (NNTC and HNRC cohorts) or Inter-
national Classification of Diseases (ICD-9-CM) codes (MACS cohort) [34].
Traditional CVD risk factors were defined based on �2 visits with self-
reported use of medications for these conditions or laboratory test
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values as follows: hypertension, systolic blood pressure >140 or dia-
stolic blood pressure >90 mm Hg; hyperlipidemia, total cholesterol
>240 mg/dl; diabetes, hemoglobin A1C�6¢5%.

2.3. Urinary and plasma metabolomics profiling

Untargeted plasma metabolomic profiling was performed using
ultra-high performance liquid chromatography/tandem mass spec-
trometry and gas chromatography/mass spectrometry (Metabolon,
Inc. [Durham, NC]) [35,36] (Supplementary Methods). Data were
normalized by median scaling, and log2-transformed. 1546 metabo-
lites were measured, of which 1228 were identified and 28 metabo-
lites of THC, nicotine, PAHs, VOCs, and other smoking-related
metabolites were selected for further analysis.

For urine samples, 9 tobacco alkaloids and 24 VOC metabolites
were analyzed using ultra-high performance liquid chromatography
with electrospray tandem mass spectrometry [37,38] (Supplemen-
tary Methods). Metabolite levels were normalized to urine creatinine
levels and log2-transformed.

2.4. Statistical analyses

All data preparation and analyses were performed in R (version
3.6.1) (see Supplementary Methods for additional details). Cross-
sectional analyses were performed using Welch’s t-test or Pearson’s
x2-test where appropriate; cross-sectional analyses of metabolite
values were performed at study endpoint. Hierarchical clustering and
heatmaps were generated using the ComplexHeatmap package.
Mixed-effects models were fit for each metabolite using either time-
varying binary categorical marijuana and tobacco smoking variables
or a full factorial variable of time-varying marijuana and tobacco
smoking status. All models were adjusted by age and HIV status and
Table 1
Baseline demographic and clinical characteristics of the study cohort.

All participants (n = 245)

Age, median [IQR] 53¢1 [47¢0, 59¢4]
Years of follow-up, median [IQR] 1¢5 [0¢0, 2¢1]
Race
White 133 (54¢3)
Black 74 (30¢2)
Other 38 (15¢5)
Male gender 191 (78¢0)
Marijuana smoking (years), mean (SD) �
Tobacco smoking
Never 98 (40¢0)
Former 37 (15¢1)
Current 110 (44¢9)
Tobacco smoking (packs per day), mean (SD) �
Tobacco smoking (pack-years), mean (SD)a �
Cocaine useb 43 (17¢6)
Alcohol useb 107 (43¢7)
HIV positive 186 (75¢9)
Duration of HIV infection (years), median [IQR]c 16¢1 [11¢7, 20¢3]
CD4+ T-cell count (cells/mL), median [IQR]c 440 [216, 667]
Plasma viral load <200 copies/mLc 167 (90¢2)
White blood cell count (x 109 cells/L), median [IQR] 5¢8 [4¢5, 7¢3]
Hypertension risk factord 105 (42¢9)
Hyperlipidemia risk factord 63 (25¢7)
Diabetesd 31 (12¢7)
2�3 traditional cardiovascular risk factors 56 (22¢9)
Cardiovascular diagnosese 30 (12¢2)
COPD diagnosese 23 (9¢4)

All data are n (%) unless otherwise indicated. Abbreviations: IQR, interquartile rang
smoker; MJ+TS+, dual marijuana-tobacco smoker; SD, standard deviation.

a - Estimated number of 20-cigarette packs smoked/day multiplied by years smoke
b - Dependence or abuse, or �2 study visits with heavy use (�14 drinks/week of alc
c - Calculated for HIV positive participants only.
d - �2 study visits with medication use for the indicated condition or�2 study visit

>140 mm Hg or diastolic blood pressure >90 mm Hg; hyperlipidemia, total cholestero
e - Diagnoses within 5 years prior to endpoint.
included a random intercept and slope for each participant; plasma
metabolite models were also adjusted for impaired renal function
(estimated glomerular filtration rate [eGFR] <60). Associations
between tobacco and marijuana smoking, selected plasma metabolite
levels, and CVD diagnoses within 5 years prior to endpoint were
assessed using logistic regression. Metabolite concentrations were
modeled as both continuous and binary categorical (top vs. lower
two tertiles) variables. All models were adjusted by age, HIV status,
and number of traditional CVD risk factors (2�3 vs. 0�1); three par-
ticipants with CVD diagnoses occurring >5 years prior to endpoint
were excluded because we hypothesized that associations between
smoke-related metabolites and CVD diagnoses were more likely to
be detected for recent events. Gender was not included in these mod-
els because the number of CVD diagnoses (n = 30) limited the number
of terms included in multivariable models and number of females
was low (n = 54). Two-sided p values <0¢05 were considered statisti-
cally significant in each analysis.

2.5. Role of the funding source

The study funders had no role in study design, data collection,
analysis, or interpretation, or writing of this report. The correspond-
ing author had full access to all study data and final responsibility for
the decision to submit for publication.

3. Results

3.1. Baseline characteristics

Of 245 study participants who met eligibility requirements, the
median baseline age [interquartile range (IQR)] was 53 [47�59]
years, 78% were male, 54% were white race, and 76% were HIV+. At
MJ-TS- (n = 90) MJ+TS- (n = 45) MJ-TS+ (n = 50) MJ+TS+ (n = 60)

56¢8 [47¢0, 72¢0] 54¢7 [47¢6, 59¢0] 53¢0 [48¢1, 56¢9] 49¢1 [44¢0, 55¢3]
1¢8 [0¢0, 2¢1] 1¢4 [0¢9, 2¢2] 1¢6 [0¢0, 2¢3] 1¢5 [0¢8, 2¢1]

56 (62¢2) 27 (60¢0) 18 (36¢0) 32 (53¢3)
21 (23¢3) 10 (22¢2) 19 (38¢0) 24 (40¢0)
13 (14¢4) 8 (17¢8) 13 (26¢0) 4 (6¢7)
62 (68¢9) 41 (91¢1) 36 (72¢0) 52 (86¢7)
� 15¢6 (12¢2) � 14 (12¢5)

74 (82¢2) 24 (53¢3) � �
16 (17¢8) 21 (46¢7) � �
� � 50 (100) 60 (100)
� � 0¢53 (0¢42) 0¢86 (0¢41)
� � 22 (23¢8) 28 (19¢8)
4 (4¢4) 7 (15¢6) 14 (28¢0) 18 (30¢0)
23 (25¢6) 21 (46¢7) 19 (38¢0) 44 (73¢3)
47 (52¢2) 42 (93¢3) 38 (76¢0) 59 (98¢3)
15¢8 [11¢8, 20¢1] 17¢3 [13¢1, 20¢7] 13¢7 [10¢9, 19¢1] 16¢8 [11¢8, 19¢7]
440 [272, 659] 347 [220, 525] 446 [250, 668] 473 [205, 708]
43 (91¢5) 39 (95¢1) 31 (83¢8) 54 (91¢5)
6¢0 [4¢6, 7¢3] 5¢4 [4¢3, 6¢6] 5¢6 [4¢4, 7¢6] 6¢1 [4¢5, 7¢1]
30 (33¢3) 20 (44¢4) 27 (54¢0) 28 (46¢7)
20 (22¢2) 12 (26¢7) 16 (32¢0) 15 (25¢0)
13 (14¢4) 5 (11¢1) 8 (16) 5 (8¢3)
15 (16¢7) 11 (24¢4) 17 (34) 13 (21¢7)
6 (6¢7) 5 (11¢1) 9 (18¢0) 10 (16¢7)
6 (6¢7) 4 (8¢9) 8 (16¢0) 5 (8¢3)
e; MJ-TS-, non-smoker; MJ+TS-, marijuana-only smoker; MJ-TS+, tobacco-only

d.
ohol, or daily or weekly use of cocaine).

s with the following laboratory test values: hypertension, systolic blood pressure
l >240 mg/dL; diabetes, hemoglobin A1C �6¢5%.
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baseline visit, marijuana-only smokers (MJ+TS-) comprised 18% of
participants, while tobacco-only smokers (MJ-TS+) and dual mari-
juana-tobacco smokers (MJ+TS+) comprised 20% and 24% of partici-
pants, respectively (Table 1). Among tobacco smokers (MJ-TS+ and
MJ+TS+), the median [range] cigarette packs smoked per day was
0�75 [0�1�2�0], and the mean (standard deviation [SD]) pack-years
for tobacco smokers and years use for marijuana smokers were 26
(21) and 15 (12) years at baseline, respectively. Marijuana and
tobacco smokers (MJ+TS-, MJ-TS+, and MJ+TS+) were slightly younger
at baseline compared with non-smokers (MJ-TS-) (median age [IQR]
52 [47, 58] and 57 [47, 72] years, respectively; p = 0�002), and more
often male (83% and 69%, respectively; p = 0�014) and black race (34%
and 23%, respectively; p = 0�101). HIV infection, heavy alcohol con-
sumption, and heavy cocaine use were more common among mari-
juana and tobacco smokers compared with non-smokers (p<0¢01),
while other characteristics were similar between groups. Among HIV
+ participants, 91% of participants had suppressed plasma viral load
<200 copies/ml, and median duration of HIV infection and baseline
CD4+ T-cell count were similar between exposure groups.

3.2. Metabolomic profiling of tobacco and marijuana smoke exposure
biomarkers

Geometric means with 95% CIs and for plasma and urine metabo-
lites by marijuana and tobacco smoking at study endpoint are shown
in Tables 2 and 3, respectively. Metabolites of nicotine and tobacco
alkaloids were significantly increased in plasma and urine samples of
tobacco smokers (MJ-TS+ and MJ+TS+) compared with nonsmokers
(MJ-TS-) (range, 2¢2�746¢9 fold-increase, t-test, p<0¢001), while THC
metabolites were significantly increased in plasma samples of
Table 2
Geometric means (95% confidence intervals) of nicotine, THC, PAH, an
smoking.a

Metabolite MJ-TS- (n = 88

Metabolites of nicotine
cotinine 0¢00 (0¢00, 0¢0
hydroxycotinine 0¢01 (0¢01, 0¢0
3-hydroxycotinine glucuronide 0¢78 (0¢75, 0¢8
cotinine N-oxide 0¢16 (0¢15, 0¢1
norcotinine 0¢40 (0¢40, 0¢4
nornicotine 0¢35 (0¢35, 0¢3
Metabolites of THC
Δ�9-trans-tetrahydrocannabinol (THC) 0¢23 (0¢23, 0¢2
THC carboxylic acid 0¢08 (0¢08, 0¢0
THC carboxylic acid glucuronide 0¢02 (0¢02, 0¢0
Metabolites of PAHs
2-naphthol sulfate 0¢26 (0¢21, 0¢3
methylnaphthyl sulfate (1) 0¢18 (0¢17, 0¢1
methylnaphthyl sulfate (2) 0¢07 (0¢06, 0¢0
2-hydroxyfluorene sulfate 0¢17 (0¢15, 0¢1
VOCs and other metabolites
N-Acetyl-S-(3-hydroxypropyl)-L-cysteine (3HPMA) 0¢43 (0¢38, 0¢4
o-cresol sulfate 0¢16 (0¢12, 0¢2
3-acetylphenol sulfate 0¢40 (0¢29, 0¢5
4-vinylphenol sulfate 0¢46 (0¢36, 0¢5
catechol sulfate 0¢54 (0¢42, 0¢7
quinate 0¢25 (0¢16, 0¢3
2-ethylphenyl sulfate 0¢12 (0¢11, 0¢1
4-ethylphenyl sulfate 0¢61 (0¢45, 0¢8
3-hydroxy-2-methylpyridine sulfate 0¢34 (0¢21, 0¢5
3-hydroxypyridine glucuronide 0¢29 (0¢20, 0¢4
3-hydroxypyridine sulfate 0¢13 (0¢09, 0¢2
1,2,3-benzenetriol sulfate (2) 0¢44 (0¢30, 0¢6
4-vinylguaiacol sulfate 0¢20 (0¢14, 0¢2
hydroquinone sulfate 0¢68 (0¢53, 0¢8
isoeugenol sulfate 0¢29 (0¢23, 0¢3

Plasma metabolite data was available at endpoint for 243 participants.
endpoint visit. Abbreviations: MJ-TS-, non-smoker; MJ+TS-, marijuana
juana-tobacco smoker; PAHs, polycyclic aromatic hydrocarbons; VOCs,

a - Values are scaled intensities.
marijuana smokers (MJ+TS- and MJ+TS+) compared with nonsmokers
(MJ-TS-) (3¢7�86¢9 fold-increase, p<0¢001) (Fig. 1A-1B, Figs. S2�S3).
In plasma samples, smoke exposure biomarkers including PAH
metabolites 2-naphthol sulfate, methylnaphthyl sulfate (2), and 2-
hydroxyfluorene sulfate, and VOC metabolites 2-ethylphenylsulfate,
o-cresol sulfate (metabolite of toluene), and 4-vinylphenol sulfate
(metabolite of styrene) were detected at higher levels in all three
smoking groups (MJ+TS-, MJ-TS+, and MJ+TS+) compared with non-
smokers (MJ-TS-) (1¢6�20¢8 fold-increase, p<0¢05), with highest lev-
els detected in tobacco smokers (MJ-TS+ and MJ+TS+) (p<0¢001). The
acrolein metabolite 3HPMA was approximately two-fold higher in
plasma and urine of tobacco smokers (MJ-TS+ and MJ+TS+) compared
with nonsmokers (MJ-TS-) (p<0¢001), but not significantly elevated
in exclusive marijuana smokers (MJ+TS-) compared with nonsmokers
(MJ-TS-). In urine samples, 3HPMA and CEMA (metabolites of acro-
lein), AAMA and GAMA (metabolites of acrylamide), CYMA and CYHA
(metabolites of acrylonitrile), MHB3, and 34MH were significantly
elevated in tobacco smokers (MJ-TS+ and MJ+TS+) compared with
nonsmokers (MJ-TS-) (p<0¢001). Acrylamide and acrylonitrile metab-
olites (AAMA, GAMA, CYMA, and CYHA) were elevated in marijuana-
only smokers (MJ+TS-) compared with nonsmokers (MJ-TS-)
(p<0¢05), but levels were lower compared with those detected in
tobacco-only smokers.

To investigate associations between metabolites of THC and nico-
tine with other metabolites of smoke exposure, we evaluated
selected plasma metabolites at study endpoint by hierarchical clus-
tering (Fig. 1C). As expected, THC metabolites in marijuana smokers
(MJ+TS- and MJ+TS+) and nicotine metabolites in tobacco smokers
(MJ-TS+ and MJ+TS+) clustered with other THC or nicotine metabo-
lites, respectively. PAH metabolites 2-naphthol sulfate, 2-
d VOC plasma metabolites at endpoint by marijuana and tobacco

) MJ+TS- (n = 45) MJ-TS+ (n = 51) MJ+TS+ (n = 59)

0) 0¢00 (0¢00, 0¢00) 0¢57 (0¢30, 1¢06) 0¢81 (0¢55, 1¢18)
1) 0¢01 (0¢01, 0¢01) 0¢38 (0¢22, 0¢65) 0¢60 (0¢44, 0¢82)
2) 0¢76 (0¢76, 0¢76) 1¢66 (1¢20, 2¢28) 1¢43 (1¢06, 1¢92)
7) 0¢15 (0¢15, 0¢15) 0¢66 (0¢48, 0¢91) 0¢75 (0¢57, 0¢97)
0) 0¢40 (0¢40, 0¢40) 0¢55 (0¢43, 0¢71) 0¢56 (0¢46, 0¢68)
5) 0¢35 (0¢35, 0¢35) 0¢72 (0¢55, 0¢96) 0¢65 (0¢54, 0¢77)

3) 0¢43 (0¢31, 0¢58) 0¢23 (0¢23, 0¢23) 0¢49 (0¢38, 0¢62)
8) 0¢38 (0¢24, 0¢61) 0¢08 (0¢08, 0¢08) 0¢45 (0¢32, 0¢62)
2) 0¢28 (0¢14, 0¢53) 0¢02 (0¢02, 0¢02) 0¢49 (0¢31, 0¢77)

3) 0¢41 (0¢29, 0¢58) 1¢27 (0¢91, 1¢77) 1¢94 (1¢55, 2¢44)
9) 0¢19 (0¢16, 0¢21) 0¢49 (0¢35, 0¢70) 0¢72 (0¢49, 1¢04)
7) 0¢13 (0¢09, 0¢18) 0¢52 (0¢35, 0¢76) 1¢05 (0¢80, 1¢40)
9) 0¢25 (0¢19, 0¢34) 0¢53 (0¢38, 0¢74) 0¢96 (0¢73, 1¢27)

9) 0¢46 (0¢37, 0¢57) 0¢92 (0¢70, 1¢22) 0¢85 (0¢67, 1¢07)
1) 0¢40 (0¢26, 0¢62) 0¢92 (0¢60, 1¢43) 1¢62 (1¢28, 2¢04)
5) 0¢55 (0¢36, 0¢86) 1¢01 (0¢67, 1¢52) 0¢95 (0¢69, 1¢31)
7) 0¢76 (0¢51, 1¢14) 0¢98 (0¢75, 1¢28) 1¢60 (1¢27, 2¢01)
0) 0¢81 (0¢56, 1¢17) 0¢78 (0¢59, 1¢03) 0¢95 (0¢71, 1¢26)
8) 0¢57 (0¢30, 1¢07) 0¢55 (0¢34, 0¢90) 0¢61 (0¢38, 0¢97)
4) 0¢24 (0¢17, 0¢33) 0¢79 (0¢54, 1¢16) 1¢07 (0¢81, 1¢41)
3) 0¢93 (0¢62, 1¢40) 1¢54 (1¢10, 2¢17) 1¢42 (1¢12, 1¢79)
8) 0¢55 (0¢28, 1¢08) 0¢75 (0¢38, 1¢50) 0¢66 (0¢40, 1¢09)
2) 0¢45 (0¢27, 0¢77) 0¢51 (0¢30, 0¢88) 0¢58 (0¢37, 0¢91)
1) 0¢31 (0¢17, 0¢58) 0¢53 (0¢34, 0¢82) 0¢64 (0¢44, 0¢94)
5) 0¢81 (0¢52, 1¢27) 0¢81 (0¢52, 1¢28) 0¢79 (0¢55, 1¢14)
8) 0¢40 (0¢24, 0¢65) 0¢80 (0¢52, 1¢22) 0¢90 (0¢64, 1¢27)
7) 0¢80 (0¢53, 1¢19) 1¢06 (0¢76, 1¢48) 0¢84 (0¢64, 1¢10)
7) 0¢25 (0¢19, 0¢32) 0¢96 (0¢67, 1¢39) 0¢94 (0¢71, 1¢24)
One MJ+TS+ participant changed to MJ-TS+ between baseline and
-only smoker; MJ-TS+, tobacco-only smoker; MJ+TS+, dual mari-
volatile organic compounds.



Table 3
Geometric means (95% confidence intervals) of nicotine and VOC urine metabolites at endpoint by marijuana and tobacco smoking.

Metabolite Abbreviation MJ-TS- (n = 30) MJ+TS- (n = 16) MJ-TS+ (n = 23) MJ+TS+ (n = 22)

Nicotine and tobacco alkaloids (ng/mg creatinine)
Cotinine COTT 2¢9 (2¢3, 3¢6) 3¢8 (2¢1, 6¢9) 2166 (1419, 3306) 1494 (782, 2854)
Hydroxycotinine HCTT 5¢7 (4¢6, 7¢2) 8¢5 (4¢4, 16¢5) 5392 (3747, 7759) 3537 (2280, 5486)
Cotinine-n-oxide COXT 1¢2 (1¢0, 1¢5) 1¢3 (0¢8, 2¢0) 361 (254, 515) 206 (130, 326)
Nicotine NICT 6¢4 (5¢1, 8¢0) 5¢4 (3¢5, 8¢4) 1485 (899, 2452) 701 (310, 1587)
Nicotine-10N-oxide NOXT 1¢5 (1¢2, 1¢9) 1¢3 (0¢8, 2¢2) 337 (201, 566) 166 (87, 315)
Nornicotine NNCT 1¢5 (1¢2, 1¢9) 1¢1 (0¢8, 1¢7) 73¢7 (49¢0, 111¢1) 47¢2 (23¢2, 96¢3)
Anabasine ANBT 0¢31 (0¢3, 0¢4) 0¢23 (0¢2, 0¢4) 7¢30 (4¢6, 11¢7) 4¢22 (2¢0, 8¢8)
Anatabine ANTT 0¢24 (0¢2, 0¢3) 0¢18 (0¢1, 0¢3) 12¢70 (7¢7, 21¢0) 7¢05 (3¢1, 16¢1)
1-(3-Pyridyl)�1-butanol-4-carboxylic acid HPBT 1¢29 (0¢9, 1¢8) 3¢12 (1¢6, 6¢1) 703 (460, 1074) 435 (255, 743)
VOCs (mg/g creatinine)
2-Methylhippuric acid 2MHA 29 (20, 42) 46 (22, 97) 108 (75, 155) 117 (71, 192)
3-Methylhippuric acid + 4-Methylhippuric acid 34MH 168 (128, 220) 250 (152, 409) 709 (499, 1008) 616 (446, 849)
N-Acetyl-S-(2-carbamoylethyl)-L-cysteine AAMA 43 (35, 53) 78 (44, 139) 111 (87, 143) 152 (117, 199)
N-Acetyl-S-(2-carbamoyl-2-hydroxyethyl)-L-cysteine GAMA 7¢9 (6¢4, 9¢8) 15¢7 (9¢3, 26¢6) 16¢1 (12¢1, 21¢3) 19¢8 (15¢7, 25¢0)
N-Acetyl-S-(1-cyano-2-hydroxyethyl)-L-cysteine CYHA 1¢61 (1¢3, 2¢0) 4¢9 (2¢3, 10¢4) 26¢9 (16¢7, 43¢3) 30¢8 (17¢6, 53¢7)
N-Acetyl-S-(2-cyanoethyl)-L-cysteine CYMA 1¢47 (1¢1, 2¢0) 12¢47 (4¢2, 37¢4) 102 (60, 172) 180 (117, 277)
N-Acetyl-S-(2-carboxyethyl)-L-cysteine CEMA 115 (92, 142) 148 (92, 239) 384 (295, 501) 335 (233, 481)
N-Acetyl-S-(3-hydroxypropyl)-L-cysteine 3HPMA 292 (252, 339) 312 (195, 498) 1180 (800, 1741) 1111 (727, 1699)
N-Acetyl-S-(benzyl)-L-cysteine BMA 9¢2 (6¢3, 13¢4) 9¢6 (6¢1, 15¢2) 6¢6 (4¢5, 9¢7) 8¢1 (4¢6, 14¢1)
N-Acetyl-S-(n-propyl)-L-cysteine BPMAy 4¢6 (2¢9, 7¢1) 2¢0 (0¢9, 4¢3) 1¢4 (0¢7, 2¢8) 1¢9 (0¢9, 4¢2)
Mandelic acid MADA 99 (68, 145) 160 (127, 203) 257 (190, 347) 282 (204, 391)
Phenylglyoxylic acid PHGA 214 (174, 264) 244 (183, 325) 362 (284, 462) 381 (278, 523)
N-Acetyl-S-(phenyl)-L-cysteine PMA 0¢9 (0¢7, 1¢2) 0¢6 (0¢4, 0¢9) 0¢8 (0¢6, 1¢1) 1¢0 (0¢7, 1¢4)
N-Acetyl-S- (2-hydroxypropyl)-L-cysteine HPM2 32¢7 (24¢4, 43¢7) 26¢4 (18¢8, 37¢2) 65¢5 (47¢8, 89¢9) 72¢3 (52¢2, 100¢2)
N-Acetyl-S-(phenyl-2-hydroxyethyl)-L-cysteine PHEMy 1¢30 (0¢9, 1¢9) 0¢83 (0¢54, 1¢29) 1¢69 (1¢27, 2¢25) 2¢30 (1¢6, 3¢3)
trans, trans-Muconic acid MUCAy 108 (68, 170) 63 (41, 95) 161 (114, 226) 143 (85, 239)
N-Acetyl-S-(N-methylcarbamoyl)-L-cysteine AMCA 145 (108, 195) 201 (139, 290) 469 (345, 637) 505 (384, 664)
N-Acetyl-S-(2-hydroxyethyl)-L-cysteine HEMAy 0¢9 (0¢7, 1¢2) 0¢7 (0¢4, 1¢0) 1¢3 (0¢9, 1¢9) 2¢1 (1¢1, 3¢9)
N-Acetyl-S-(3,4-dihydroxybutyl)-L-cysteine DHBM 439 (375, 513) 277 (170, 449) 526 (436, 635) 511 (419, 624)
N-Acetyl-S-(4-hydroxy-2-buten-1-yl)-L-cysteine MHB3 4¢4 (3¢5, 5¢5) 5¢5 (3¢3, 9¢2) 24¢9 (14¢7, 42¢1) 29¢7 (20¢7, 42¢6)
N-Acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine HPMM 667 (480, 927) 498 (349, 709) 2166 (1514, 3097) 2222 (1617, 3051)
N-Acetyl-S-(4-hydroxy-2-methyl-2-buten-1-yl)-L-cysteine IPM3 4¢0 (3¢0, 5¢5) 4¢5 (2¢6, 7¢9) 36¢4 (21¢2, 62¢4) 33¢7 (21¢0, 54¢0)
2-Thioxothiazolidine-4-carboxylic acid TTCA 14¢9 (11¢0, 20¢1) 25¢2 (14¢7, 43¢3) 16¢4 (10¢7, 25¢2) 22¢8 (16¢5, 31¢4)
2-Aminothiazoline-4-carboxylic acid ATCAy 186 (130, 267) 93 (49, 175) 53 (33, 87) 146 (88, 241)

Abbreviations: MJ-TS-, non-smoker; MJ+TS-, marijuana-only smoker; MJ-TS+, tobacco-only smoker; MJ+TS+, dual marijuana-tobacco smoker; VOCs, volatile organic
compounds.
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hydroxyfluorene sulfate, and methylnaphthyl sulfate (1) clustered
together and were elevated in tobacco smokers (MJ-TS+ and MJ+TS+)
and a subset of marijuana-only smokers (MJ+TS-) compared with
nonsmokers. The acrolein metabolite 3HPMA clustered with nornico-
tine and correlated with metabolites of nicotine including nornico-
tine (Pearson’s r = 0¢58, p<0¢0001), cotinine N-oxide (r = 0¢37,
p = 0¢002), and cotinine (r = 0¢33, p = 0¢0066) among tobacco smokers
(MJ-TS+ and MJ+TS+) with detectable 3HPMA levels (Fig. S4A). Meth-
ylnaphthyl sulfate (2), o-cresol sulfate, and 2-ethylphenylsulfate clus-
tered together and were elevated in tobacco smokers (MJ-TS+ and MJ
+ TS+) and subset of marijuana-only smokers (MJ+TS-) compared
with nonsmokers, particularly those with detectable THC metabo-
lites. O-cresol sulfate, 2-ethylphenylsulfate, and methylnaphthyl sul-
fate (2) showed a dose-dependent relationship and were
significantly correlated with THC metabolites among exclusive mari-
juana smokers (MJ+TS-) (Pearson’s r = 0¢43�0¢72, p<0¢01; Fig. S5),
suggesting these biomarkers are associated with recent THC expo-
sure.

Among selected metabolites in urine, nicotine metabolites and
tobacco alkaloids clustered together and exhibited high concentra-
tions in tobacco smokers (MJ-TS+ and MJ+TS+) compared with exclu-
sive marijuana smokers and nonsmokers (Fig. S6). Urine 3HPMA
clustered near nicotine metabolites, and plasma and urine 3HPMA
correlated with nicotine and tobacco alkaloid metabolites (Pearson’s
r = 0¢44�0¢83, p<0¢05; Fig. S4B and S4C, respectively), suggesting
acrolein metabolites are associated with tobacco smoking in a dose-
dependent manner. Urine metabolites including AAMA, GAMA,
CYMA, and CYHA displayed similar patterns within individuals and
were significantly correlated with THC metabolites among
marijuana-only smokers (Pearson’s r = 0¢48�0¢90, p<0¢05;
Figure S7). These findings suggest that heavy marijuana smoking is
associated with elevated VOCs, PAHs, and other smoke exposure bio-
markers in plasma and urine compared with non-smokers, but levels
of these biomarkers are lower in marijuana-only smokers compared
with tobacco-only and dual smokers.

3.3. Longitudinal associations of marijuana and tobacco with smoke
exposure biomarkers

Plasma and urine metabolomics profiling was performed at 2�6
timepoints within a median 1¢5 years of follow-up for 165 (64%) and
42 (47%) of participants, respectively (mean [SD] 2¢8 [1¢0] and 2¢9
[1¢0] timepoints/participant in plasma and urine analyses, respec-
tively). Within-subject intraclass correlation coefficients (ICCs) were
highly significant for metabolites of nicotine and THC in plasma (ICCs
0¢69�0¢90; Table S1) and for nicotine and tobacco alkaloid metabo-
lites in urine (ICCs 0¢74�0¢86; Table S2), indicating marijuana and
tobacco smoking exposures remained consistent within individuals
through follow-up. High ICCs (typically >0¢6) were also observed for
VOCs and other metabolites elevated in tobacco smokers (plasma
and urine 3HPMA) or in subsets of exclusive marijuana smokers
(plasma o-cresol sulfate, 2-ethylphenylsulfate, 4-vinylphenol sulfate;
urine AAMA, GAMA, CYMA, CYHA).

We used mixed-effects models to further investigate longitudinal
associations between marijuana or tobacco smoking and selected
metabolites. In models adjusted for HIV status, age, and renal dys-
function (known to affect 3HPMA and potentially other metabolites
[39]), marijuana smoking was associated with increased plasma PAH



Fig. 1. Plasma and urine biomarkers of exposure by marijuana and tobacco smoking. Box plots of selected plasma (A) or urine (B) exposure biomarkers at study endpoint. Hori-
zontal bars denote medians, boxes span IQRs, whiskers extend to 1¢5 X IQR, dots denote individual participant values. (C) Heatmap of selected plasma metabolites by marijuana and
tobacco smoking. Metabolite intensities (rows) were standardized by z-scoring and clustered hierarchically. Individual participants (columns) were ordered by increasing THC or
cotinine values within smoking groups (colored bar, top). MJ-TS- denotes non-smokers; MJ+TS-, marijuana-only smokers; MJ-TS+, tobacco-only smokers; MJ+TS+, dual marijuana-
tobacco smokers. Abbreviations for metabolites: AAMA, N-acetyl-S-(2-carbamoylethyl)-L-cysteine; CYMA, N-acetyl-S-(2-cyanoethyl)-L-cysteine; CYHA, N-acetyl-S-(1-cyano-2-
hydroxyethyl)-L-cysteine; GAMA, N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-L-cysteine; 3HPMA, N-Acetyl-S-(3-hydroxypropyl)-L-cysteine; PAH, polycylic aromatic hydrocarbons;
THC, Δ�9-trans-tetrahydrocannabinol; VOC, volatile organic compound.
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metabolites 2-naphthol sulfate (ß=0¢82, p = 0¢0016), methylnaphthyl
sulfate (2) (ß=0¢84, p<0¢0001), 2-hydroxyfluorene sulfate (ß=0¢47,
p<0¢001), and with increased o-cresol sulfate (ß=0¢60, p = 0¢0015), 4-
vinylphenol sulfate (ß=0¢49, p = 0¢0036), catechol sulfate (ß=0¢39,
p = 0¢021), 2-ethylphenyl sulfate (ß=0¢44, p = 0¢0028), 4-ethylphenyl
sulfate (ß=0¢41, p = 0¢025), and 4-vinylguaiacol sulfate (ß=0¢57,
p = 0¢014) (Table S3). Among urine metabolites, marijuana smoking
was associated with increased acrylonitrile metabolites CYHA
(ß=1¢50, p = 0¢001) and CYMA (ß=2¢93, p<0¢001) and increased acryl-
amide metabolites AAMA (ß=0¢58, p = 0¢0023) and GAMA (ß=0¢39,
p = 0¢038) in adjusted models (Table S4). Consistent with cross-sec-
tional analyses, tobacco smoking was associated with increased con-
centrations of most metabolites, with estimates three- to five-times
higher than those for marijuana smoking. Interactions between mari-
juana and tobacco smoking were tested with separate models for all
metabolites, and additional models including a stratified marijuana
and tobacco smoking termwhere interactions were significant. While
interactions were significant in models for four metabolites (p<0¢05),
there was no evidence for a substantial additive increase of metabo-
lites in dual marijuana and tobacco smokers (MJ+TS+) for any metab-
olite tested. Together, these results confirm cross-sectional
associations between marijuana smoking and increased plasma and
urine smoke exposure biomarkers after adjusting for tobacco smok-
ing and known risk factors, and suggest independent effects of
tobacco and marijuana smoke on these exposure biomarkers.

3.4. Plasma acrolein metabolite 3HPMA is associated with
cardiovascular disease

Given that tobacco smoking is a major risk factor for CVD and
known toxicities of some combustion-related chemicals, we exam-
ined associations between plasma PAH and VOC biomarkers and CVD
diagnoses within prior 5 years using logistic regression models. Acro-
lein metabolite 3HPMA concentrations were tested in these analyses
given previous studies reporting associations between urinary
3HPMA and CVD risk factors [20]. We also tested o-cresol sulfate and
methylnaphthyl sulfate (2), as these were non-THC metabolites
showing the strongest associations with marijuana smoking in
mixed-effects models. Elevated 3HPMA was associated with
increased risk of CVD diagnoses within 5 years prior to endpoint in
both univariate and multivariate models adjusted for age, tobacco
smoking at endpoint, number of traditional CVD risk factors (hyper-
tension, hyperlipidemia, and diabetes), and HIV status (odds ratio
[OR] 3¢48 [95% confidence interval CI 1¢58�7¢64]; p = 0¢019; and OR
3¢34 [95% CI 1¢31�8¢57]; p = 0¢012, respectively, top vs. middle and
lower tertiles) (Table 4). In separate models adjusted for the same
factors, each two-fold 3HPMA increase was associated with 1¢59-fold
increased odds of a recent CVD diagnosis (95% CI 1¢18�2¢16;
p = 0¢0027). In sensitivity analyses restricted to HIV+ participants, the
Table 4
Association between plasma 3HPMA concentrations, tobacco smoking, and cardiovascula

Unadjusted Models

OR (95% CI) p value O

Tobacco smoking 2¢28 (1¢04�5¢04) 0¢0408 2¢
Traditional CVD risk factors (2�3 vs. 0�1)a 3¢70 (1¢66�8¢19) 0¢0013 3¢
3HPMA concentration (top vs. middle and lowest ter-

tiles, scaled intensity)
3¢48 (1¢58�7¢64) 0¢0019 �

3HPMA concentration (per two-fold increase, scaled
intensity)

1¢60 (1¢23�2¢08) <0¢001 �

Models were fit using logistic regression for 30 cardiovascular events occurring within 5
able for 243 participants; 3 participants with events occurring more than 5 years prior t
point was 1¢08 years. Multivariable models also included terms for age and HIV statu
cardiac stents, stroke, and atherosclerosis. Abbreviations: CVD, cardiovascular disease, 3H

a - Number of traditional cardiovascular disease risk factors (hypertension, hyperlipid
association between increased 3HPMA and odds of CVD diagnoses
remained significant in adjusted models (OR 3¢03 [95% CI
1¢22�8¢19]; p = 0¢029, top vs. middle and lower tertiles) (Table
S5). Among non-THC metabolites associated with marijuana
smoking in mixed-effects models, increased plasma o-cresol sul-
fate and methylnaphthyl sulfate (2) were associated with
increased odds of CVD diagnoses in unadjusted models (OR 2¢53
[95% CI 1¢17�5¢49]; p = 0¢0019; and OR 2¢11 [95% CI 0¢98�4¢56];
p = 0¢057; respectively, top vs. middle and lower tertiles) but not
in adjusted models (Table S6), indicating these associations were
weaker compared with other CVD risk factors, particularly the
number of hypertension, diabetes, and hyperlipidemia risk fac-
tors. COPD diagnoses were higher in tobacco-only smokers com-
pared with non-smokers (Table 1), but there were too few events
to detect an association in adjusted models.

4. Discussion

In this longitudinal study of 245 participants (76% HIV+), we com-
pared 28 plasma and 33 urine smoke-exposure biomarkers in
tobacco-only smokers, marijuana-only smokers, dual marijuana-
tobacco smokers, and non-smoking controls. To our knowledge, this
is one of the largest studies to compare exposure biomarkers
between marijuana and tobacco smokers. Consistent with previous
studies [13,37,40,41], nicotine and tobacco alkaloids including cotin-
ine, cotinine N-oxide, and hydroxycotinine were detected at signifi-
cantly higher levels in both plasma and urine of tobacco smokers
compared with non-smokers, while Δ9-THC, THC carboxylic acid, and
THC carboxylic acid glucuronide were detected above background
only in marijuana smokers. A subset of PAH, VOC, and other smoke
exposure biomarkers detected in tobacco smokers were also detected
in exclusive marijuana smokers, including 2-naphthol sulfate,
methylnaphthyl sulfate (2), 2-hydroxyfluorene sulfate, 4-vinyl-
phenol sulfate, and o-cresol sulfate in plasma, and acrylonitrile
metabolites CYMA and CYHA and acrylamide metabolites AAMA
and GAMA in urine, but concentrations of these chemicals were
lower in marijuana-only compared with tobacco smokers. Among
plasma metabolites associated with tobacco smoking, elevated
acrolein metabolite 3HPMA was associated with increased CVD
diagnoses in logistic regression models adjusted for tobacco
smoking and traditional risk factors, while metabolites showing
strongest associations with marijuana smoking in mixed-effects
models (methylnaphthyl sulfate (2) and o-cresol sulfate) were not
associated with increased CVD diagnoses in adjusted analyses.
Taken together, these findings indicate marijuana smoke-expo-
sure biomarkers reported in previous studies [5,6] are present at
lower concentrations in exclusive marijuana smokers compared
with tobacco smokers, and also show that acrolein exposure from
tobacco smoke is associated with CVD.
r events.

Multivariable Model 1 Multivariable Model 2 Multivariable Model 3

R (95% CI) p value OR (95% CI) p value OR (95% CI) p value

04 (0¢87�4¢80) 0¢10 1¢18 (0¢44�3¢15) 0¢74 1¢31 (0¢52�3¢31) 0¢57
29 (1¢43�7¢58) 0¢0052 3¢83 (1¢62�9¢04) 0¢0022 3¢77 (1¢58�8¢96) 0¢0027

� 3¢34 (1¢31�8¢57) 0¢012 � �

� � � 1¢59 (1¢18�2¢16) 0¢0027

years prior to endpoint among 240 participants. Plasma metabolite data was avail-
o endpoint were excluded. The median duration between CVD diagnoses and end-
s. Cardiovascular events included myocardial infarction, coronary artery disease,
PMA, plasma N-Acetyl-S-(3-hydroxypropyl)-L-cysteine.
emia, diabetes risk factors - see Methods).
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Acrolein is a reactive aldehyde derived from combustion of
tobacco, as well as other sources including heating of carbohydrates,
animal fats, vegetable oils, and petroleum fuels [16,18,42]. Although
potential sources of exposure include dietary sources (e.g., fried
foods, charred meats), tobacco smoking is typically the largest source
of acrolein exposure [8,14,30,42]. Consistent with previous studies
[5,9,14,20,30], tobacco smokers showed elevated plasma and urine
acrolein metabolite 3HPMA, which correlated positively with nico-
tine and metabolites of tobacco alkaloids among tobacco smokers. In
contrast, 3HPMA concentrations were not elevated among exclusive
marijuana smokers. Elevated plasma 3HPMA was associated with
increased CVD diagnoses in adjusted logistic regression models
among all subjects, and in sensitivity analyses limited to HIV+ partici-
pants. Participants with 3HPMA concentrations in the top tertile had
increased CVD risk (OR 3¢34 [95% CI 1¢31�8¢57]) comparable to par-
ticipants with 2�3 vs. 0�1 traditional hypercholesterolemia, hyper-
tension, or diabetes risk factors (OR 3¢83 [95% CI 1¢62�9¢04]). These
findings are consistent with a previous cohort study reporting higher
urinary 3HPMA concentrations in smokers compared with non-
smokers, and associations between increased 3HPMA and CVD risk
measures including platelet-leukocyte aggregates and Framingham
Risk score [20]. Previous studies have shown acrolein exposures can
induce cardiovascular injury in animal models [17,19], induce or
exacerbate dyslipidemia, and modify lipoproteins [43,44], and may
contribute to neutrophil-mediated inflammation [45]. HIV infection
is associated with increased inflammation [46,47] and renal dysfunc-
tion [48], which may further increase acrolein levels and its impact
on cardiovascular disease [16,39,42,49]. Given its toxicity and envi-
ronmental pervasiveness [16,50], future studies are needed to better
characterize the mechanisms underlying acrolein-associated CVD
risk.

While plasma and urinary biomarkers of smoke exposure have
been well-characterized in tobacco smokers [9,10,13,40,41,51-53],
only a few studies limited to analyses of urine samples have been
reported in marijuana smokers [5,6,54]. Consistent with a previous
study [5], the urine acrylonitrile metabolite CYMA (N-acetyl-S-(2-
cyanoethyl)-L-cysteine) and acrylamide metabolites AAMA (N-ace-
tyl-S-(2-carbamoylethyl)-L-cysteine) and GAMA (N-acetyl-S-(2-car-
bamoyl-2-hydroxyethyl)-L-cysteine) were significantly elevated in
marijuana smokers in both cross-sectional comparisons and mixed-
effects models adjusted for tobacco smoking and other confounders.
Additionally, we identified increased acrylonitrile metabolite CYHA
(N-acetyl-S-(1-cyano-2-hydroxyethyl)-L-cysteine) in marijuana
smokers, which was associated with tobacco exposure in a previous
study [9], but to our knowledge was not previously associated with
marijuana smoking. In plasma, PAH metabolites methylnaphthyl sul-
fate (2) and 2-naphthol sulfate, and VOCs o-cresol sulfate and 4-
vinylphenol sulfate were among the biomarkers most elevated in
marijuana-only smokers compared with non-smokers in both cross-
sectional and adjusted analyses. These biomarkers correlated posi-
tively with THC metabolite levels among exclusive marijuana smok-
ers, suggesting marijuana smoking is a major source of exposure.
While a small number of plasma PAH, VOC, and other metabolites,
including methylnaphthyl sulfate (2), 2-hydroxyfluorene sulfate, 4-
vinylphenol sulfate, and o-cresol sulfate were significantly elevated
in cross-sectional analyses of dual marijuana and tobacco smokers
compared with tobacco-only smokers, there were no significant posi-
tive marijuana-tobacco interactions in mixed-effects models, indicat-
ing independent effects of these exposures.

This study includes limitations, including the possibility that
results may be specific to individuals recruited for the included
research cohorts and may not be generalizable, and that the study
design limits the ability to infer causality between exposures and out-
comes. Smoking exposures were based on self-report, and as is typi-
cal of other cohort studies, there was insufficient information
available regarding quantity or potency of marijuana smoked, use of
products with high concentrations of THC versus cannabidiol, poten-
tial secondhand smoke exposures, and time between exposure and
sample collection, which impacts detection of short half-life metabo-
lites. However, we observed good agreement between self-reported
smoking behavior and detected levels of nicotine or THC metabolites.
The frequency of marijuana smoking was available for participants
from the MACS cohort, of whom 21% reported daily or weekly smok-
ing at baseline, which is comparable to proportions reported in larger
cohort studies of HIV+ individuals in the United States [22,29]. The
analyses focused on marijuana and tobacco smoking and possible use
of other marijuana and tobacco products was not assessed. Five par-
ticipants reported use of prescription oral THC (dronabinol), but this
did not significantly affect the main findings. The cohort consisted of
76% HIV+ participants, which may influence applicability of findings
to the general population. However, given consistency of our findings
with prior studies, smoking is likely to be the major factor affecting
metabolite levels and other findings in the study. There were too few
HIV- participants to allow comparisons stratified by both HIV status
and smoking, though there were no differences in metabolite levels
between HIV+ and HIV- non-smokers in cross-sectional comparisons
(data not shown). The number of CVD diagnoses (n = 30) limited the
number of terms included in multivariable models, so possible effects
of gender, body mass index, cocaine use, and other factors were not
evaluated. Low representation of females is an important limitation
of the study because it restricted our ability to assess the effects of
gender. While high plasma acrolein metabolite 3HPMA was associ-
ated with increased CVD, the lack of association between other
metabolites associated with marijuana smoking and CVD diagnoses
should be interpreted with caution given sample sizes and limited
number of diagnoses. While toxicant levels were typically lower in
marijuana compared to tobacco smokers, previous studies of HIV+
individuals reported elevated CVD and COPD risk among tobacco or
marijuana smokers [26,27,29]. Larger studies with longer follow-up
are needed to fully assess potentially toxic effects of marijuana smoke
constituents on health outcomes in men and women.

In conclusion, this study compares the effects of marijuana and
tobacco smoking on plasma and urinary smoke-exposure biomarkers
in a longitudinal cohort of HIV+ and HIV- individuals. Marijuana
smoking was independently associated with elevated concentrations
of some smoke-related toxicants, including urinary metabolites of
acrylamide and acrylonitrile, and plasma PAHs and VOCs including
methylnaphthyl sulfate (2), 2-hydroxyfluorene sulfate, 4-vinylphenol
sulfate, and o-cresol sulfate, but levels were lower compared with
those associated with tobacco smoking. Elevated acrolein metabolite
3HPMA correlated with metabolites of nicotine but not marijuana
and was associated with increased CVD diagnoses independent of
tobacco smoking and other risk factors. Thus, our findings together
with all available evidence imply that high acrolein levels may iden-
tify adults at increased cardiovascular risk and reducing exposure
may be a preventive strategy. The association between high acrolein
levels and cardiovascular disease is particularly relevant for HIV+
individuals given high rates of tobacco smoking and heightened risk
of CVD in this population. Overall, these findings identify potentially
toxic combustion by-products associated with marijuana and tobacco
smoking and suggest the need for further studies on health effects of
acrolein and other smoke-related exposures that include participants
more representative of the general population.
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