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The Exposome

Exposome: the totality of human
environmental exposures?

Numerous harmful&potentially harmful
constituents (HPHCSs) in tobacco smoke

Current studies in tobacco harm reduction
measure biomarkers of exposure (BoE)
related to these HPHCs

Targeted analysis of urinary metabolites of
PAHSs, VOCs, TSNAS, nicotine, ...

Problem: Those BoEs related to combustion
and (some more, some less) specific to
smoking combustible cigarettes

1 Wild CP. Complementing the genome with an “exposome”: the outstanding challenge of environmental
exposure measurement in molecular epidemiology. Cancer Epidemiol Biomarkers Prev 2005;14:1847-50.
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The Exposome

/ Study objective \

Decipher the urinary exposome to identify BoE which
are capable of differentiating the consumers of
different nicotine products

EXPOSURE SPECIFICITY

k RISK EVALUATION COMPLIANCE /
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1 Wild CP. Complementing the genome with an “exposome”: the outstanding challenge of environmental
exposure measurement in molecular epidemiology. Cancer Epidemiol Biomarkers Prev 2005;14:1847-50.
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Clinical Study
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Non-targeted analysis — Workflow
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Urinary Exposome

A total of 208 molecular features specific to
one nicotine product user group vs. NU (1)

Nicotine+metabolites identifed for all
nicotine use groups (proof-of-concept éJ)

Majority of elevated features in CC vs NU

Specific features found for CC (123),
NRT (12), EC (7), OT (6), HTP (4)

Some features elevated in more than one
group (e.g., NRT+OT,; CC+HTP)

Significant molecular features
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Biomarkers specific to CC users

| NS | cc | EC | HTP | NRT | OT

(3-phenylpropanoyl)glutamine
5-(Quinoline-4-carbonylamino)pentanoic acid
N-Acetyl-2,6-diethylaniline
N6-Acetyl-L-lysine
4-Aminocyclohexylalanine
3-Methyl-1,4"-bipiperidine
Conniferyl alcohol
4-[(Diethylamino)methyl]aniline
3,5-Dimethyl-1-phenylpyrazole
2,2-Bipiperidine
2-(1-ethylvinyl)malonic acid
2,6-dimethoxyphenol
1,5-Dipropylimidazole
4-Vinylguaiacol
3-Methylquinoline
cis,cis-Muconic acid
6-Methylcyclohexene-3-carboxylic acid
1,5-Diethyl-2-methylimidazole
2,5-Diethylpyrazine
4-Vinylcatechol
4-Isopropylaniline
Cinnamaldehyde
2,5-Dimethyl-3,4-dihydroxyfuran
2-(5-methyl-1H-imidazol-4-yl)ethanol
6-Heptynoic acid
3-Methyl-1,2-cyclohexanedione
4-Aminocatechol
1,4-Diethyl-1H-imidazole
4-methoxyaniline
2-Ethyl-6-methylpyrazine
3-Ethylphenol
2,4,5-Trimethylpyridine
1,4-diaminocyclohexane
4-methyl-3,4-dihydropyrazole-2-carbaldehyde
1,2-dihydrocatechol
1-ethyl-3-methylimidazolium
3-Hydroxy-2-methylpyridine
2,6-Dimethylpyrazine
3-vinylpyridine
Pyrrolidin-2-ylmethanamine
Imidazole-4-methanol
3-Methylpyridazine
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t,t-muconic acid:
Benzene metabolite




Biomarkers specific to CC users
— Phase |l conjugates <
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Biomarkers specific to CC users
— Phase |l conjugates <

| NS | cc [ EC | HTP | NRT | OT

3-phenylpropionylcarnitine
Phenylacetyl-carnitine
exanog'lcammne
N-[2-(1h-mdol-3—yl?et yllglycine
3,5-Dimethylhippuric acid
34—d|h‘¥droxy
|nh—A3

2 Metabolites, especially Phase Il conjugates,

(1H-Pyrrole-2-carbonyl)glycine
2-Piperidin-4¥y}glzcme

e B related to several chemical classes of

-acetyl-5-methoxyphenol-sulfate

m-coumaric acid sulfate
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oSG VOCs: Aldehydes, Ketones, Epoxides,

3,5-Diformylbenzene-1-sulfonic acid
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3-Phenyl-1-propanol glucuronide
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Biomarkers specific to EC users

PG sulfate
N-(1H-indol-5-yl)formamide
PG glucuronide
Unknown_308.098

Unknown_330.143
Unknown_372.139
Unknown_230.113

Proposed Compound

Propylene glycol (PG) sulfate
N-(1H-indol-5-yl)formamide
Unknown_230.113
Unknown_308.098

Unknown_330.143
Unknown 372.139

Molecular
Formula

C3HB805S
C9H1608
C9H8N20
C7H14N603
C12H18N206
C14H22N207
C13H20N6O7

MW

156.01
252.09
160.06
230.11
308.10
330.14
372.14

FC: Correlation with
EC/NS EC use (g liquid/d)

-'.l-n \

PG conjugates elevated in EC users only

Dose-response with EC use confirms
specificity

Results confirmed by targeted LC-MS/MS
analysis of PG?

Burkhardt et al (2021): 1,2-Propylene Glycol: A Biomarker of Exposure Specific to e-Cigarette Consumption.
Separations, 8, 180.
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Biomarkers specific to HTP users

(5-methylfuran-2-carbonyl)glycine
N-(2-methoxybenzoyl)-Glycine
p-Coumaryl alcohol sulfate
CEMA

3-Cyanopropyl MA

AAVIA 20 metabolites significantly elevated in CC
A and HTP users compared to NU and all other

3-carboxy-2-propyl MA
2,5-dimethylfuran MA g p
2-Methyltetrahydro-3-furanone MA ro u S
4-hydroxy-2-Methyl-2-cyclopentenone MA

3-(hydroxymethyl)-2-methylcyclopent-2-en-1-one MA U n Iq u e p rofl Ie for H T P u Se rs d u e tO

Scopoletin B-D-glucuranide
Nicotabacoside A Glucuronide 1 1F1 d 1 /
3-hydroxysolavetivone-b-D-glucuronide S I g n Ifl Cant Iﬂ:e re n Ce C C H T P u S e rS
Octanoyl Nornicotine Glucuronide
Pyrrole-2-carboxylic acid
1-(1-Pyrrolidinyl)-2-propanone
4-oxocyclohexanecarboxylic acid
[4,4'-Bipyridine]-2-carboxylic acid




i
Biomarkers specific to HTP users ﬁ

(5-methylfuran-2-carbonyl)glycine
N> w

9 Mercapturic acids show this unique profile
CEMA (acrylonitrile)
AAMA (acrylamide)

3-methylbutanoyl MA

3-carboxy-2-propyl MA

eadrtiln Several tobacco constituents
2-Methyltetrahydro-3-furanone MA
4-hydroxy-2-Methyl-2-cyclopentenone MA
3-(hvdroxymethyl)-2-meth opent-2-en-1-one MA

Scopoletin B-D-glucuronide
NICOTADACOSITAE A ucuraniae /g

. . O
3-hydxyslavtv.n-l.o-glucur! HN o) 0 \
: ~ OH
Pyrrole-2-carboxylic acid HO S NS
-a-mmmmnwmmr-_-l \H)\/ \ N H
4-oxocyclohexanecarboxylic acid O
[4,4'-Bipyridine]-2-carboxylic acid A . Pyrr0|e'2'carboxylic acid: 2 O <
2,5-Dimethylfuran MA: tobacco smoke constituent
Metabolite of 2,5-dimethylfuran ~0 =
O

O
Scopoletin:
= \ /ﬁ(OH OH tobacco constituent
NI H g o

(5-Methylfurancarbonyl)glycine:  4-Oxocyclohexanecarboxylic acid
Metabolite of 2,5-dimethylfuran @




Biomarkers specific to HTP users

Proposed Compound

Pyrrole-2-carboxylic acid
1-(1-Pyrrolidinyl)-2-propanone
4-oxocyclohexanecarboxylic acid
(5-methylfuran-2-carbonyl)glycine
[4,4'-Bipyridine]-2-carboxylic acid
N-(2-methoxybenzoyl)-Glycine

Molecular
Formula

C5H5NO2
C7H13NO
C7H1003
C8HIONOA4
C11H8N202
C10H11INO4

CEMA C8H12N203S

3-Cyanopropyl MA
p-Coumaryl alcohol sulfate
AAMA
3-methylbutanoyl MA
3-carboxy-2-propyl MA
2,5-dimethylfuran MA

2-Methyltetrahydro-3-furanone MA
4-hydroxy-2-Methyl-2-
cyclopentenone MA
3-(hydroxymethyl)-2-
methylcyclopent-2-en-1-one MA
Scopoletin B-D-glucuronide

Nicotabacoside A Glucuronide
3-hydroxysolavetivone-b-D-
glucuronide

Octanoyl Nornicotine Glucuronide

C10H15NO3S
C9H1005S
C8H14N204S
C10H17NO4S
C9H15NO5S
C11H15N0O4S
C10H15NO5S

C11H15NO5S

C12H17NO5S
C16H16010
C20H3008

C21H3008
C23H34N207

; . Correlation Correlation with
MW oy Re with CC use HTP use

CC/NS HTP/NS (CPD) (sticks/d)

111.0 3.7 3.2
127.1 143 13.3
1421 113 37
1831 26 2.3
200.1 266.3 31.8
209.1 338 3.3
216.1
229.1 226 5.8
230.0 71.4 34
234.1

247.1

249.1

257.1

261.1

273.1

287.1
368.1
398.2

410.2
450.2

CC >> HTP > NU/EC/NRT/OT

Dose-response to CC/HTP use indicates
specificity

Results confirmed in targeted analysis
(STPOST18)

HO\”)\/S S
O

2,5-Dimethylfuran MA:
Metabolite of 2,5-dimethylfuran

O
O OH OH
N
Y
O
4-Oxocyclohexanecarboxylic acid

0
®)J\OH
\_NH

Pyrrole-2-carboxylic acid: HOjiIO;/'/O
tobacco smoke constituent

\O =

O

Scopoletin:

tobacco constituent

(5-Methylfurancarbonyl)glycine:
Metabolite of 2,5-dimethylfuran




BoE specific to ﬁ\
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Biomarkers specific to OT & NRT
users

—\
. OT group consisted primarily of snus users

3-Hydroxy-cis-5-octenoylcarnitine

1-Hycronjasmonic acid sulte 6 compounds elevated in OT group only

alpha-Methylcinnamyl alcohol glucuronide
1,2,3,4-Tetramethyl-1,3-cyclopentadiene = o o Q
jsomenttons NRT group consisted of users of nicotine

Menthofuran

P— — gum and nicotine inhalers

Pulegone

Acetyl-L-carnitine

W 12 compounds elevated in NRT group only
4-hydroxypulegone glucuronide —{
1-hydroxymenthone-8-yl MA

2-(2-hydroxy-4-methylphenyl)propanoic acid glucuronide M O Stly m O n Ote rp e n O I d ﬂ avo rS an d th e I r
2,8 Dihydroxymenthone glucuronide m etab O | IteS

7-hydroxymint lactone glucuronide




Biomarkers specific to OT & NRT
users

—\
v OT group consisted primarily of snus users
3-Hydroxy-cis-5-octenoylcarnitine
1-Hydroxyiasmonic acid sufas | 6 compounds elevated in OT group only

alpha-Methylcinnamyl alcohol glucuronide

Acetyl-L-carnitine

1,2,3,4-Tetramethyl-1,3-cyclopentadiene
Isomenthone AN

Menthofuran

@)

(+)-Dihydrocarvone

0] @)
Menthone Pulegone Carvone

Menthone-8-yl MA
4-hydroxypulegone glucuronide

|
|
Pulegone
|
|
1-hydroxymenthone-8-yl MA ‘

2-(2-hydroxy-4-methylphenyl)propanoic acid glucuronide
2,8 Dihydroxymenthone glucuronide | N H

7-hydroxymint lactone glucuronide

Acesulfame




Biomarkers specific to OT & NRT
users

9-carboxypulegone

alpha-Curcumene

p-Menth-4(8)-en-3-one glucuronide I
Menthol Glucuronide -

tert-Butylhydroquinone glucuronide
7-Hydroxymenthone glucuronide
p-Menthane-3,8-diol glucuronide

p-Menthane-1,2 8-triol glucuronide

&

8 compounds elevated in both OT & NRT
users

Mostly menthol metabolites + other flavors

Menthol Curcurmene



BoE specific to ﬁ\
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Biomarkers specific to tobacco-
derived products

\

y

9 BoE identified as specific to tobacco
ELIITLEEE - derived product use of CC, HTP, OT

Anatabine I

Anabasine I

Minor alkaloids anatabine/anabasine

3-succinoylpyridine
(S)-2-(2-(pyridin-3-yl)piperidin-1-yl)ethanol T S N AS

N-Methylanabasine-3-carboxylic acid

4-Amino-7-nitronaphthalene-1-sulfate I m | d azo I e

[2,3"-bipyridin]-4-ol glucuronide

2,3'-Bipyridine




Conclusion

ot

[t NRT

C_JttNRT, OT

[_IrHTP

[ ImEC

[_Imncc

[_111inCC, HTP (CC > HTP)
[_J1tinCC, HTP, OT

E Nt s metbotes Highly sensitive nontargeted method for urine
analysis capable of detecting metabolites in
the low ng/mL range

& ww T or Decipher the urinary exposome related to the
Jrerrowe use of 5 different nicotine&tobacco products

Smoker exposome shows by far the /\
highest burden to harmful compounds

Minor alkaloids & TSNASs indicate use of
tobacco-derived products




Conclusion

[_mor

[t NRT

C_JttNRT, OT

[_IrHTP

[ ImEC

[_Imncc

[_111inCC, HTP (CC > HTP)
[_J1tinCC, HTP, OT

[ INicotine and its metabolites
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HTP oT

User Group

sultate
sultate
acid

EC: PG in urine as vaping-specific BoE
NRT / OT: Unique flavor profile

Panel of mercapturic acids potential to
stratify HTP from other products including CC

Powerful & unique approach to identify
use-specific BoE for new nicotine products




Outlook

Significant molecular features

HTP

I I I L L

Exposome

10T
11 NRT

[_111in CC, HTP (CC > HTP)
[ J11inCC,HTP, OT
[ ] Nicotine and its metabolites

oT
User Group

Specificity of the identified biomarkers needs
confirmation by targeted analysis with larger
sample sizes & in different populations

Implementation of specific BoE as a key tool
for unambiguous verification of subjects’
compliance
&
robust categorization of the products in the
risk-continuum in future THR studies
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