
Slides available at DOI:
10.5281/zenodo.13755630

Prof. Dr. Emma L. Schymanski
(plus many, many colleagues and collaborators!)
Environmental Cheminformatics Group, 
Luxembourg Centre for Systems Biomedicine, University of Luxembourg
emma.schymanski@uni.lu / @ESchymanski / @schymane@mstdn.social
https://wwwen.uni.lu/lcsb/research/environmental_cheminformatics/ 

Keynote Speaker: Spatial and temporal statistical modeling in 
molecular biology, 8-13 September 2024, Ascona, CH

Tracking Chemical 
Exposures in Time 
and Space

https://doi.org/10.5281/zenodo.13755630
mailto:emma.schymanski@uni.lu
https://twitter.com/ESchymanski
https://mstdn.social/@schymane
https://wwwen.uni.lu/lcsb/research/environmental_cheminformatics/
https://www.huber.embl.de/group/events/ascona2024.html
https://www.huber.embl.de/group/events/ascona2024.html
https://doi.org/10.5281/zenodo.13755630


2

environment environmental 
sample

high resolution 
mass spectrometry cheminformatics identify chemicals

and toxic effects

Environmental Cheminformatics & Non-target HR-MS



3

environment environmental 
sample

high resolution 
mass spectrometry cheminformatics identify chemicals

and toxic effects

Environmental Cheminformatics & Non-target HR-MS

…in space 
and time



Non-target High Resolution Mass Spectrometry (NT-HRMS)

AnalysisAnalysis Data Pre-
Processing Prioritization Identification

Modified from: Hollender, Schymanski et al. 2017, ES&T Feature, 51:20, 11505-11512. DOI: 10.1021/acs.est.7b02184
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https://pubs.acs.org/doi/10.1021/acs.est.7b02184


Examples: Real Time Monitoring of the Rhine River

Hollender, Schymanski, Singer & Ferguson (2017) ES&T Feature, 51:20, 11505-11512. DOI: 10.1021/acs.est.7b02184

Previously unknown chemicals detected due to “stand-out” patterns
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http://dx.doi.org/10.1021/acs.est.7b02184


Examples: Real Time Monitoring of the Rhine River

Hollender, Schymanski, Singer & Ferguson (2017) ES&T Feature, 51:20, 11505-11512. DOI: 10.1021/acs.est.7b02184

Previously unknown chemicals detected due to “stand-out” patterns
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http://dx.doi.org/10.1021/acs.est.7b02184


Examples: LuxPharma – 2019 versus 2020 & COVID?
2020: Lots of “cross-border workers” in home office!

Singh et al (2021). 
DOI: 10.1021/acsenvironau.1c00008. 

7

https://doi.org/10.1021/acsenvironau.1c00008


Examples: LuxPest and Transformation Products
Krier et al (2022). DOI: 

10.1016/j.envint.2021.106885 
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https://doi.org/10.1016/j.envint.2021.106885


NORMAN DSFP – Digital Sample Freezing Platform

http://norman-data.eu/  and Alygizakis et al, 2019, TrAC, DOI: 10.1016/j.trac.2019.04.008
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http://norman-data.eu/
https://doi.org/10.1016/j.trac.2019.04.008


Examples: Distribution of Chemicals in Various Matrices
Retrospective screening of REACH chemicals in Black Sea samples

Alygizakis NA et al (2019) DOI: 10.1016/j.trac.2019.04.008 Interactive heat map at http://norman-data.eu/NORMAN-REACH
10

https://doi.org/10.1016/j.trac.2019.04.008
http://norman-data.eu/NORMAN-REACH


Latest NTS Results from Luxembourg

11

271 surface water samples
(2019-2022)

Target Monitoring Complementary NTS

“No river in good condition” (2022)

Slide: D. Aurich, PhD Defense. Ref: Aurich et al (2023) Env. Sci. Europe. DOI: 10.1186/s12302-023-00805-5

https://doi.org/10.1186/s12302-023-00805-5


Temporal Variations in Luxembourg

12
Slide: D. Aurich, PhD Defense. Ref: Aurich et al (2023) Env. Sci. Europe. DOI: 10.1186/s12302-023-00805-5

COVID

Pesticide
spraying

Temporal variations
Classification

Known Use

Disorder/
Disease

Pharma-
ceuticals

Agro-
chem

~99 %

~75 %

~60 %

~15 %

https://doi.org/10.1186/s12302-023-00805-5


Spatial Assessment – Potential Chemical Sources at Chiers

Aurich et al (2023) Env. Sci. Europe. DOI: 10.1186/s12302-023-00805-5

WWTP 
Petange

https://doi.org/10.1186/s12302-023-00805-5


Spatial Assessment – Potential Chemical Sources at Chiers

Aurich et al (2023) Env. Sci. Europe. DOI: 10.1186/s12302-023-00805-5

WWTP 
Petange

https://doi.org/10.1186/s12302-023-00805-5


Proposing New Candidates for Additional Monitoring

• 41 frequently-
occurring chemicals 
not (yet) monitored

Slide mod. from: D. Aurich, PhD Defense. Ref: Aurich et al (2023) Env. Sci. Europe. DOI: 10.1186/s12302-023-00805-5

Synonym Use Parent Name PubChem CID No of occurrences 
Irbesartan pharmaceutical - 3749 32

Amisulpride pharmaceutical - 2159 31
Telmisartan pharmaceutical - 65999 26
Celiprolol pharmaceutical - 2663 25

Fluconazole pharmaceutical - 3365 25
Trimethoprim pharmaceutical - 5578 24

4-Acetamidoantipyrine pharmaceutical Metamizole 65743 23
4-NP industrial - 980 22

Desvenlafaxine pharmaceutical Venlafaxine 125017 22
TCEP flame retardant - 8295 19
TCPP flame retardant - 26176 19

Triethyl phosphate industrial - 6535 18
Adipic acid industrial - 196 18

4-Formylaminoantipyrine pharmaceutical Aminopyrine 72666 17
Carbamazepine-10,11-epoxide pharmaceutical Carbamazepine 2555 15

Dibutyl phthalate industrial - 3026 14
PFOA industrial - 9554 14

2-Hydroxycarbamazepine pharmaceutical Carbamazepine 129274 14
3-Hydroxypyridine industrial - 7971 13

Tributylamine industrial - 7622 13
D617 pharmaceutical Verapamil 93168 13

Sulisobenzone consumer products - 19988 13
Ensulizole consumer products - 33919 13

Pharmaceuticals
Industrial chemicals
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https://doi.org/10.1186/s12302-023-00805-5
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• 41 frequently-
occurring chemicals 
not (yet) monitored

https://doi.org/10.1186/s12302-023-00805-5


The Exposome meets the Metabolome

18
Mod. from Vermeulen, Schymanski et al. (2020). Science. DOI: 10.1126/science.aay3164, Miller & Jones (2014) DOI: 10.1093/toxsci/kft251. 

“The cumulative measure of 
environmental influences and 

associated biological responses 
throughout the lifespan, including 
exposures from the environment, 
diet, behaviour and endogenous 

processes” 
(Miller & Jones, 2014)

http://science.sciencemag.org/content/367/6476/392
https://doi.org/10.1093/toxsci/kft251


https://vimeo.com/jpmlmusic/ourchemicalpastpresentandfuture


Grand Challenge: HR-MS “Chemical Space” is too Big! 

219 million 119 million 129 million

Candidates with high information content

Candidates with low information content

1.2 million

…and prohibitive run times!



119 million

0.0078% of PubChem        

The Vast Chemical Space of Exposomics … 

Numbers updated 11 Sept. 2024.
Mod. from Escher et al (2020). Science. DOI: 10.1126/science.aay6636
Image: ESO/IDA/Danish 1.5 m http://www.eso.org/public/images/potw1015a/  

http://science.sciencemag.org/content/367/6476/388
http://www.eso.org/public/images/potw1015a/


119 million

0.0078% of PubChem        

The Vast Chemical Space of Exposomics … 

385,298

127,318
suspects

Non-target
Screening

Suspect 
Screening

Target 
Analysis

Numbers updated 11 Sept. 2024.
Mod. from Escher et al (2020). Science. DOI: 10.1126/science.aay6636
Image: ESO/IDA/Danish 1.5 m http://www.eso.org/public/images/potw1015a/  

http://science.sciencemag.org/content/367/6476/388
http://www.eso.org/public/images/potw1015a/


Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0
23

       Subsetting

https://doi.org/10.1186/s13321-021-00489-0


      for Exposomics
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http://pubchemlite.lcsb.uni.lu/ 

http://pubchemlite.lcsb.uni.lu/


Database:       for Exposomics
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http://pubchemlite.lcsb.uni.lu/e/compound/2256 

http://pubchemlite.lcsb.uni.lu/e/compound/2256


Database:       for Exposomics
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http://pubchemlite.lcsb.uni.lu/e/compound/19649  

19649

http://pubchemlite.lcsb.uni.lu/e/compound/19649
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Source: Begoña Talavera Andújar, PhD Thesis.

Analytical Challenge: Covering Multiple Chemical Classes…
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Source: Begoña Talavera Andújar, PhD Thesis.

Analytical Challenge: Covering Multiple Chemical Classes…
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Source: Begoña Talavera Andújar, PhD Thesis.

Analytical Challenge: Instrument Limitations …

Concentration

Drug metabolites

Environmental chemicals

M mM µM nM pM fM

Endogenous metabolites

Drugs

Food and Plant chemicals

Human metabolome 
and exposome

Limited dynamic range
LC-ESI-HRMS



Timeline Challenge: Exposomics and Neurodegeneration

Talavera Andújar B. et al. (2022). Anal Bioanal Chem. DOI: 10.1007/s00216-022-04207-z 
30

https://doi.org/10.1007/s00216-022-04207-z


Exposomics: Sample Prep. for Broad Range of Analysis

Talavera Andújar B. et al. (2022). Anal Bioanal Chem. DOI: 10.1007/s00216-022-04207-z 
31

https://doi.org/10.1007/s00216-022-04207-z


Open Source Workflows for NT-HRMS: patRoon

Helmus et al. (2022) patRoon 2.0 J. Open Source Software, DOI: 10.21105/joss.04029
Helmus et al. (2021) patRoon. J. Cheminformatics. DOI: 10.1186/s13321-020-00477-w

32

https://rickhelmus.github.io/patRoon/ 

https://doi.org/10.21105/joss.04029
https://doi.org/10.1186/s13321-020-00477-w
https://rickhelmus.github.io/patRoon/
https://rickhelmus.github.io/patRoon/


Exposomics Case Study (1): AD, MCI and CSF

Talavera Andújar et al. (2024) ES&T, DOI: 10.1021/acs.est.3c10490
33

https://doi.org/10.1021%2Facs.est.3c10490


Alzheimer’s Disease (AD)

Source: Begoña Talavera Andújar. Refs: Hansson  (2021). Nat Medicine. DOI: 10.1038/s41591-021-01382-x 
 

34

β-amyloid 
(Aβ) plaques

Tangle of 
Tau protein

HEALTHY 
BRAIN

AD 
BRAIN

AD is a neurodegenerative disease that affects memory, 
thinking and behavior

https://doi.org/10.1038/s41591-021-01382-x


Alzheimer’s Disease (AD)

Source: Begoña Talavera Andújar. Refs: Hansson  (2021). Nat Medicine. DOI: 10.1038/s41591-021-01382-x 
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β-amyloid 
(Aβ) plaques

Tangle of 
Tau protein

AD is the most common cause of dementia 
accounting for 60-70 % of dementia cases

HEALTHY 
BRAIN

AD 
BRAIN

AD is a neurodegenerative disease that affects memory, 
thinking and behavior

Asymtomatic Mild Cognitive Impairment (MCI) due to AD Dementia

0 15-25 years

https://doi.org/10.1038/s41591-021-01382-x
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Source: Begoña Talavera Andújar & https://www.cancer.gov/publications/dictionaries/cancer-terms/def/cerebrospinal-fluid 
 

CSF
ND

MCI

AD CSF samples from three groups of 
subjects were collected and 

analyzed

Cerebrospinal fluid (CSF) to study AD and MCI

Obtaining 
control 

samples is 
difficult 
(invasive 

procedure)

Most 
exogenous 
chemicals at 
trace levels 
compared to 
endogenous

Limited 
exposomics/ 

metabolomics 
studies in 

CSF

Lack of CSF 
standard 

reference 
material

https://www.cancer.gov/publications/dictionaries/cancer-terms/def/cerebrospinal-fluid


Analytical Methods
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Talavera Andújar et al. (2024) ES&T, DOI: 10.1021/acs.est.3c10490 NfL: Neurofilament Light 

Lumipulse G600II analyzer 

Aβ40 
Aβ42

NfL

HRMS
Q Exactive  HFCollaboration with 

Neuroinflammation group (LCSB) RP

t-Tau 
p-Tau

AD clinical biomarkers Non-target LC-HRMS Target LC-MS (Bile Acids)

Analysis performed in Canada by:

HILIC
RP

Sciex 7500 QQQ 

https://doi.org/10.1021%2Facs.est.3c10490


Data Processing and Annotation

38
Talavera Andújar et al. (2024) ES&T, DOI: 10.1021/acs.est.3c10490

.raw
Non-Target 
screening

Suspect 
screening

   
   

AD-database
.mzML

41,917 CIDs

Filtering only the 
D000544 list

AD-CTD 86 CIDs 

HMDB-CSF 445 CIDs

PubChem functionality related to

PubChem integration of

TOP1 1,268 CIDs 

SC20 247 CIDs 

Reverse neighbour 
relations 

Co-occurrence score

https://doi.org/10.1021%2Facs.est.3c10490


Disease-specific Information in PubChem

39
Kim S. et al. (2022). DOI: 10.1016/j.jmb.2022.167514 & Zaslavsky et al. (2022) DOI: 10.3389/frma.2021.689059 

https://doi.org/10.1016/j.jmb.2022.167514
https://doi.org/10.3389/frma.2021.689059


Complementarity of Suspect Lists
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Talavera Andújar et al. (2024) ES&T, DOI: 10.1021/acs.est.3c10490

https://doi.org/10.1021%2Facs.est.3c10490


Origins & Information about Annotations – Suspect Screening

41
Talavera Andújar et al. (2024) ES&T, DOI: 10.1021/acs.est.3c10490
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Origins & Information about Annotations – MS-DIAL MS/MS

42
Talavera Andújar et al. (2024) ES&T, DOI: 10.1021/acs.est.3c10490
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Chemical Similarity Enrichment Analysis (ChemRICH)

43Talavera Andújar et al. (2024) ES&T, DOI: 10.1021/acs.est.3c10490
Barupal & Fiehn (2017) Sci. Rep. DOI: 10.1038/s41598-017-15231-w & https://chemrich.idsl.me/  
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BHBA: 3-hydroxybutanoic acid

https://doi.org/10.1021%2Facs.est.3c10490
https://doi.org/10.1038/s41598-017-15231-w
https://chemrich.idsl.me/


44
Talavera Andújar et al. (2024) ES&T, DOI: 10.1021/acs.est.3c10490

Bile Acids

https://doi.org/10.1021%2Facs.est.3c10490


45
Talavera Andújar et al. (2024) ES&T, DOI: 10.1021/acs.est.3c10490

3-keto-LCA:
dehydrolithocholic acid

HMDB-
CSF

not yet

Bile Acids

https://doi.org/10.1021%2Facs.est.3c10490


Exposomics Case Study (2): PD, LRRK2 Penetrance & Dust

Talavera Andújar et al. (under review). Preprint: ChemRxiv DOI: 10.26434/chemrxiv-2024-rczsl
46

https://doi.org/10.26434/chemrxiv-2024-rczsl


LRRK2-Associated Parkinson’s Disease (PD)

• Mutations in LRRK2 are the most common monogenetic cause of PD
• 1-2 % of PD cases

• Penetrance of LRRK2 is age dependent and differs across 
geographic regions

• “Reduced Penetrance”

Source: Begoña Talavera Andújar. Refs: Hentati et al. (2014). DOI:10.1212/WNL.0000000000000675, 
Usnich et al. (2021). DOI: 10.3389/fneur.2021.710572 & Trinh J. et al. (2022). DOI:10.1515/medgen-2022-2127 

47

LRRK2 p.G2019S carriers, age of 60 Household 
dust samples



LRRK2, PD & Penetrance – Study Design

Talavera Andújar et al. (under review). Preprint: ChemRxiv DOI: 10.26434/chemrxiv-2024-rczsl
48

https://doi.org/10.26434/chemrxiv-2024-rczsl


LRRK2 & PD – Hazardous Chemical Replacements in Dust

Talavera Andújar et al. (under review). Preprint: ChemRxiv DOI: 10.26434/chemrxiv-2024-rczsl
49
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https://doi.org/10.26434/chemrxiv-2024-rczsl


LRRK2 & PD – Surprising Number of Benzothiazoles

Talavera Andújar et al. (under review). Preprint: ChemRxiv DOI: 10.26434/chemrxiv-2024-rczsl
50

ABTh; 2-Aminobenzothiazole, BTh; benzothiazole, BThSO3; 2-
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https://doi.org/10.26434/chemrxiv-2024-rczsl


LRRK2 & PD – Benzothiazoles and Microbes?

Talavera Andújar et al. (under review). Preprint: ChemRxiv DOI: 10.26434/chemrxiv-2024-rczsl

ABTh; 2-Aminobenzothiazole, BTh; benzothiazole, BThSO3; 2-
Benzothiazolesulfonic acid, OBTh; 2-hydroxybenzothiazole, 

and 24MoBTh; 2-(4-Morpholinyl)benzothiazole

Rhodococcus
Photochemical 
degradation

Mineralized

Photochemical 
degradation

Rhodococcus
Pseudomonas
Natural water

Rhodococcus

24MoBhT BTh

ABTh

BThSO3
OBTh

*p<0.1
** p<0.05

Pseudomonas

https://doi.org/10.26434/chemrxiv-2024-rczsl


LRRK2 & PD – Lipid Alterations in Serum – BPS Exposure?

Talavera Andújar et al. (under review). Preprint: ChemRxiv DOI: 10.26434/chemrxiv-2024-rczsl

 

*

    LPC 18:1 

*

    LPC 16:0 Oxidative stress and 
mitochondrial dysfunction

Neuroinflammation

43
313

Total lipids
(Level 2-3)
Statistically 
significant

LPC: Lysophosphatidylcholine

https://doi.org/10.26434/chemrxiv-2024-rczsl


53

BPS Exposure

Talavera Andújar et al. (under review). Preprint: ChemRxiv 
DOI: 10.26434/chemrxiv-2024-rczsl

https://doi.org/10.26434/chemrxiv-2024-rczsl


https://vimeo.com/jpmlmusic/ourchemicalpastpresentandfuture


Chemical Stripes

55

Patents & Literature

Patents

Literature

Aurich et al. (2024) ES&T Letters DOI: 10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes 

https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes
https://doi.org/10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes


Variety of Stripe Patterns: Patents

56

https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes 

https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes
https://gitlab.lcsb.uni.lu/eci/chemicalstripes
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes


Variety of Stripe Patterns: Literature

57

https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes 

https://gitlab.lcsb.uni.lu/eci/chemicalstripes
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes


The Chemical Stripes and Patent Data

Left: Neuwald et al, STOTEN, DOI: 10.1016/j.scitotenv.2023.163921 
Photo of Daniel Zahn, UFZ at SETAC Europe, 30 April – 4 May, 2023. Image reused with permission

EV
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(live stripe calculations during SETAC 2023)

https://doi.org/10.1016/j.scitotenv.2023.163921
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes


Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0
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       Subsetting

https://doi.org/10.1186/s13321-021-00489-0


Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0
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    Exploring Chemicals in

https://doi.org/10.1186/s13321-021-00489-0


Regional Analysis of Patent Information

Aurich et al. (2024) ES&T Letters DOI: 10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes 
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https://doi.org/10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes


Trends in Agrochemicals and Regions

Aurich et al. (2024) ES&T Letters DOI: 10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes 
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https://doi.org/10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes


Trends in Bisphenols and Polychlorinated Biphenyls (PCBs)

Aurich et al. (2024) ES&T Letters DOI: 10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes 
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https://doi.org/10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes


Trends in PFAS

Aurich et al. (2024) ES&T Letters DOI: 10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes 
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https://doi.org/10.1021/acs.estlett.4c00560
https://gitlab.com/uniluxembourg/lcsb/eci/chemicalstripes


Which are the “up and coming” PMT PFAS?

Aurich et al. (2024) ES&T Letters DOI: 10.1021/acs.estlett.4c00560
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https://doi.org/10.1021/acs.estlett.4c00560


The Exposomics Dream - Wouldn’t it be nice if … 

66
Source: Begoña Talavera Andújar, PhD Thesis.



The Exposome Reality – Making the best of the data we have

67
Source: Begoña Talavera Andújar, PhD Thesis.



Email: emma.schymanski@uni.lu
@ESchymanski / @schymane@mstdn.social

https://wwwen.uni.lu/lcsb/research/
environmental_cheminformatics/

https://gitlab.com/uniluxembourg/lcsb/eci/ 

Merci/Danke schön/Thank you!

H2020:
101036756
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mailto:emma.schymanski@uni.lu
https://twitter.com/ESchymanski
https://mstdn.social/@schymane
https://wwwen.uni.lu/lcsb/research/environmental_cheminformatics/
https://gitlab.com/uniluxembourg/lcsb/eci/
https://doi.org/10.5281/zenodo.13755630


PS: New Developments In Action

https://pubchem.ncbi.nlm.nih.gov/source/27441 

https://pubchem.ncbi.nlm.nih.gov/source/27441
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