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BACKGROUND



Goodacre et al., 2005 Momeni et al., 2020



Adapted from Wu et al., 2011

Metabolomics
• Measurement of small molecules

• Chemical fingerprint of cellular activity

• Transient, snapshot 

• Analytical platforms:

• Mass spectrometry 

• NMR spectroscopy 

Nat’l Rev of Medicine, 2007

Metabolomics: the most direct functional readout of cellular activity 
and physiological status 

Emory Clinical Biomarkers Laboratory (Dr. Dean 
Jones)  High Resolution Mass Spectrometry 
coupled with Liquid/Gas Chromatography



Biospecimen

• Saliva
• Exhaled breath 

Condensate
• Plasma
• Serum
• Urine
• Dried blood spots
• Fecal samples
• Tissue samples

Sample

LC Separation
(Ionization)

MS 
Detection

Metabolomic Workflow: 
Wet-lab pipeline

LC-MS

m/z spectral features 
Adapted from J.A. Sarnat

Retention Time (in seconds):
Total time a chemical 

passing through a 
chromatography column Mass to Charge Ratio (m/z):

the mass of the cation (positively 
charged ion) divided by its charge

Intensity:
Signal intensity of the ions–

indicator of relative concentration



Metabolomic Workflow: 
Data analysis pipeline





Application of Untargeted High-Resolution Metabolomics in Assessing Internal 
Exposures to Air Pollution and the Corresponding Health Responses

Dorm Room Inhalation to Vehicle Emission Study
DRIVE Study (N=60)

Panel Study on Healthy Young Adults
Repeated Measurements

Atlanta Commuter Study
ACE-2 Study (N=45)

Panel Study on Commuters with/without Asthma
Repeated Measurements

Environment and Reproductive Health
EARTH Study (N=200)

Cross-sectional Study on Women
Undergoing Assisted Reproduction

Emory Center for Health Discovery 
and Well-Being cohort (N=180)

Cross-sectional Study on Adult 
without Chronic Disease

Fudan University Study 
Randomized, Double-blind, 

Crossover Trial (N=22)
on Healthy Young Adults

Traffic Exposure, Maternal Metabolome,
And Birth Outcome (TEMMBO Study)

Repeated Measurements on Pregnant 
African American People (N=313)

Southern California Mother’s 
Milk Study (N=124)

Repeated Measurements on Pregnant 
Hispanic Mothers and Infants

MWAS on Air Pollution and 
Lung Cancer (N=1,462)

Cross-Sectional Study on Adult Participants 
Enrolled in the Cancer Prevention Studies



Far Dorm
(1.4 km) Near Dorm

(20 m)

Black Carbon (BC), Nitrogen Oxides (NO, NO2, NOx), 
Carbon Monoxide (CO) and Fine Particle Mass (PM2.5)Continuous

Sampling
Integrated
Sampling

Low-Cost
Sensors

September, 2014       to         December, 2014

Dorm Room Inhalation to Vehicle Emissions (DRIVE) study

Liang D, Moutinho JL, Golan R, Yu T, Ladva CN, Niedzwiecki M, Walker DI, Sarnat SE, Chang HH, Greenwald R, Jones DP, Russell AG, Sarnat JA. Use of high-resolution metabolomics for the 
identification of metabolic signals associated with traffic-related air pollution. Environment International, 2018 Nov 1;120:145-54. 

DRIVE Study PI
Dr. Jeremy Sarnat

https://www.sciencedirect.com/science/article/pii/S0160412018311425?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0160412018311425?via%3Dihub


GPS monitor

Questionnaire on daily activity, dietary 
pattern and health status

Biomonitoring of weekly saliva sample 
and monthly blood sample

Far Dorm(1.4 KM)

Near Dorm(20 Meters)

54 college 
students

LC/MS

Metabolomics Analysis

Untargeted Metabolome-Wide Association (MWAS) Work Flow

Liang D, Moutinho JL, Golan R, Yu T, Ladva CN, Niedzwiecki M, Walker DI, Sarnat SE, Chang HH, Greenwald R, Jones DP, Russell AG, Sarnat JA. Use of high-resolution metabolomics for the 
identification of metabolic signals associated with traffic-related air pollution. Environment International, 2018 Nov 1;120:145-54. 

https://www.sciencedirect.com/science/article/pii/S0160412018311425?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0160412018311425?via%3Dihub


DRIVE Study Results- Traffic Exposure Assessment

Carbon monoxide (CO) Nitric Oxide (NO)Black Carbon (BC)

Roadside
(10 m)

Near Dorm 
Outdoor (20 m)

Near Dorm Indoor 
(20 m)

Far Dorm 
Outdoor (1.4 km)

Far Dorm 
Indoor (1.4 km)

Central Monitor 
Site (2.3 km)

Liang D, Golan R, Moutinho JL, Chang HH, Greenwald R, Sarnat SE, Russell AG, Sarnat JA. Errors associated with the use of roadside monitoring in the estimation of acute traffic pollutant-
related health effects. Environmental Research, 2018 Aug 1;165:210-9.

https://www.sciencedirect.com/science/article/pii/S0013935118302123
https://www.sciencedirect.com/science/article/pii/S0013935118302123


In Out In Out In Out In Out In Out In Out In Out In Out In Out In Out In Out In Out

Leukotriene metabolism 52 5
Vitamin E metabolism 33 3

Cytochrome P450 metabolism 44 3
Urea cycle/amino group metabolism 39 3

Glycine, serine, alanine and threonine metabolism 51 4
Methionine and cysteine metabolism 45 4

Purine metabolism 50 4
Glycosphingolipid biosynthesis - ganglioseries 15 1

Porphyrin metabolism 28 2
Vitamin A (retinol) metabolism 25 2

Aspartate and asparagine metabolism 61 5
Butanoate metabolism 27 3

Vitamin B1 (thiamin) metabolism 10 2
Alanine and aspartate metabolism 21 2

Bile acid biosynthesis 57 4
Prostaglandin formation- dihomo gama-linoleic acid 6 1

Glutathione metabolism 12 1
Starch and sucrose metabolism 14 1
Arginine and proline metabolism 35 4

Phytanic acid peroxisomal oxidation 13 2
Tyrosine metabolism 89 3

Pyrimidine metabolism 49 2
Glycosphingolipid metabolism 35 1
Vitamin B9 (folate) metabolism 15 1

BC CO NO NO2 NOx PM2.5 BC NOx PM2.5

Total 
features in 

pathway
KEGG Pathways CO NO NO2

Overlappin
g features

HILIC Plasma C18 Plasma

DRIVE Study Results- Pathway associated with TRAPs
HILIC Plasma C18 Plasma

In Out In Out In Out In Out In Out In Out
PM2.5BC CO NO NO2 NOx

HILIC SalivaHILIC Saliva
Total  of 
metabolites 

of
overlapping 
features 

Liang D, Moutinho JL, Golan R, Yu T, Ladva CN, Niedzwiecki M, Walker DI, Sarnat SE, Chang HH, Greenwald R, Jones DP, Russell AG, Sarnat JA. Use of high-resolution metabolomics for the 
identification of metabolic signals associated with traffic-related air pollution. Environment International, 2018 Nov 1;120:145-54. 

https://www.sciencedirect.com/science/article/pii/S0160412018311425?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0160412018311425?via%3Dihub


DRIVE Study Results- Chemical Identification

Nucleic Acid Damage & Repair

HYPOXANTHINE

ADENOSINE 5'-MONOPHOSPHATE

CYTOSINE

Oxidative Stress and Inflammation

GAMMA-
LINOLENIC ACID PROLINE HISTIDINE

(S)-LACTATE
GLYCERALDEHYDE ARGININE 3-HYDROXY

KYNURENINE

Liang D, Moutinho JL, Golan R, Yu T, Ladva CN, Niedzwiecki M, Walker DI, Sarnat SE, Chang HH, Greenwald R, Jones DP, Russell AG, Sarnat JA. Use of high-resolution metabolomics for the 
identification of metabolic signals associated with traffic-related air pollution. Environment International, 2018 Nov 1;120:145-54. 

https://www.sciencedirect.com/science/article/pii/S0160412018311425?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0160412018311425?via%3Dihub


Atlanta Commuter Exposures (ACE-2) Study

24 participants 
with asthma

LC/MS

Metabolomics Analysis

apLCMS
xMSanalyzer

21 participants
without asthma

In-vehicle TRAP measurements:  PNC, pb-PAH, noise, PM2.5, 4 organic compounds and 19 metals of  PM2.5

Scripted 
highway 
commute

Scripted side 
street commute 
or clinic visit

Liang D, Ladva CN, Golan R, Yu T, Walker DI, Sarnat SE, Greenwald R, Uppal K, Tran V, Jones DP, Russell AG, Sarnat JA. Perturbations of the Arginine Metabolome Following Exposures to 
Traffic-Related Air Pollution in a Panel of Commuters with and without Asthma. Environment International, 2019 Jun 1;127:503-13.

ACE-2 Study PI
Dr. Jeremy Sarnat

https://www.sciencedirect.com/science/article/pii/S0160412019304209
https://www.sciencedirect.com/science/article/pii/S0160412019304209


* Indicates significant difference in means at p < 0.05 

Black 
Carbon

PAHs

Particle 
Number
Concentration

*

* *
* *

All CL HWSS

CL = Clinic exposures

SS = Surface street commute

HW =         Highway commute

All CL HWSS

ACE-2 Study: TRAP concentrations by exposure scenarios

Golan et, al. 2017

Golan R, Ladva C, Greenwald R, Krall JR, Raysoni AU, Kewada P, Winquist A, Flanders WD, Liang D, Sarnat JA. Acute pulmonary and inflammatory response in young adults following a 
scripted car commute. Air Quality, Atmosphere & Health, 2018 Mar;11(2):123-36.

https://link.springer.com/article/10.1007/s11869-017-0530-8
https://link.springer.com/article/10.1007/s11869-017-0530-8


ACE-2 Study: Pathway Analysis Results

Of all the pathways that are associated with at 
least 20% of the TRAP indicators

• 9 shared by both subgroups, including 
leukotriene, cytochrome P450, and vitamin E 

• Unique top pathways among the asthmatic 
participants highly related to acute pulmonary 
inflammation, including the arginine and 
proline, methionine, as well as the tyrosine 

• 15 pathways associated with differential 
metabolic responses to TRAP, modified by 
asthmatic status 

Liang D, Ladva CN, Golan R, Yu T, Walker DI, Sarnat SE, Greenwald R, Uppal K, Tran V, Jones DP, Russell AG, Sarnat JA. Perturbations of the Arginine Metabolome Following Exposures to 
Traffic-Related Air Pollution in a Panel of Commuters with and without Asthma. Environment International, 2019 Jun 1;127:503-13.

https://www.sciencedirect.com/science/article/pii/S0160412019304209
https://www.sciencedirect.com/science/article/pii/S0160412019304209


Arginine

Proline

Citrulline

Glutamic Acid5-oxo-proline

Cystine

Methionine

Xanthine

Hypoxanthine

AMP CreatineHistidine

Choline

Liang D, Ladva CN, Golan R, Yu T, Walker DI, Sarnat SE, Greenwald R, Uppal K, Tran V, Jones DP, Russell AG, Sarnat JA. Perturbations of the Arginine Metabolome Following Exposures to 
Traffic-Related Air Pollution in a Panel of Commuters with and without Asthma. Environment International, 2019 Jun 1;127:503-13.

https://www.sciencedirect.com/science/article/pii/S0160412019304209
https://www.sciencedirect.com/science/article/pii/S0160412019304209
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* Vanadium used as surrogate of TRAP exposures 

Non-asthma Asthma

Lo Hi Lo Hi

Pollutant concentration*

• Within subject differences in post-
pre arginine intensities

• By asthma status  

• Blue lines = lower relative arginine 
concentrations following higher 
TRAP exposures

In this study:
• Significantly associated with TRAP
• Indicator of effect modification 

ACE-2 Plasma Arginine 

Liang D, Ladva CN, Golan R, Yu T, Walker DI, Sarnat SE, Greenwald R, Uppal K, Tran V, Jones DP, Russell AG, Sarnat JA. Perturbations of the Arginine Metabolome Following Exposures to 
Traffic-Related Air Pollution in a Panel of Commuters with and without Asthma. Environment International, 2019 Jun 1;127:503-13.

https://www.sciencedirect.com/science/article/pii/S0160412019304209
https://www.sciencedirect.com/science/article/pii/S0160412019304209


Liang D, Ladva CN, Golan R, Yu T, Walker DI, Sarnat SE, Greenwald R, Uppal K, Tran V, Jones DP, Russell AG, Sarnat JA. Perturbations of the Arginine Metabolome Following Exposures to 
Traffic-Related Air Pollution in a Panel of Commuters with and without Asthma. Environment International, 2019 Jun 1;127:503-13.

https://www.sciencedirect.com/science/article/pii/S0160412019304209
https://www.sciencedirect.com/science/article/pii/S0160412019304209


Arginine

Nitric Oxide Ornithine

NOS Arginase

ProlinePolyamines

Citrulline

Glutamate5-oxoproline

CysteineCystine

Methionine

Glutathione

XOR

Xanthine

Hypoxanthine

AMP Creatine

Vitamin E

Histamine

Histidine

TRAP

Homocysteine

Choline

ROS
Uric Acid

XOR

Ion(-

)
Ion(

+)

Liang D, Ladva CN, Golan R, Yu T, Walker DI, Sarnat SE, Greenwald R, Uppal K, Tran V, Jones DP, Russell AG, Sarnat JA. Perturbations of the Arginine Metabolome Following Exposures to 
Traffic-Related Air Pollution in a Panel of Commuters with and without Asthma. Environment International, 2019 Jun 1;127:503-13.

https://www.sciencedirect.com/science/article/pii/S0160412019304209
https://www.sciencedirect.com/science/article/pii/S0160412019304209


Arginine

Nitric Oxide Ornithine

NOS Arginase

ProlinePolyamines

Citrulline

Glutamate5-oxo-proline

CysteineCystine

Methionine

Glutathione

XOR

Xanthine

Hypoxanthine

AMP Creatine

Vitamin E

Histamine

Histidine

IL-4, IL-10
TNF α
Leukotrienes

TRAP

TRAP

Homocysteine

Choline

ROS
Uric Acid

XOR

Oxidative Stress
Inflammation

Neurodegeneration

Anti-Oxidation



Arginine

Nitric Oxide Ornithine

NOS Arginase

ProlinePolyamines

Citrulline

Glutamate5-oxo-proline

CysteineCystine

Methionine

Glutathione

XOR

Xanthine

Hypoxanthine

AMP Creatine

Vitamin E

Histamine

Histidine

IL-4, IL-10
TNF α
Leukotrienes

TRAP

TRAP

Homocysteine

Choline

ROS
Uric Acid

XOR

Oxidative Stress
Inflammation

Neurodegeneration

Anti-Oxidation

Metabolomics may offer a more comprehensive and 
accurate assessment on biological responses

NOS

Polyamines

Glutathione

Histamine

IL-4, IL-10
TNF α

TRAP

TRAP

ROS

Oxidative Stress
Inflammation

Neurodegeneration

Anti-Oxidation



Traffic Exposure, Maternal Metabolome and Birth Outcomes (TEMMBO) study

Overarching Aim: to apply an advanced untargeted metabolomics workflow to investigate
associations between air pollution levels, perturbations in maternal metabolome and adverse birth
outcomes in the Atlanta ECHO cohort of 320 African American mother and newborns.

Characterize air pollution exposure among African American 
pregnant people in Atlanta, USA. 

Investigate the association between air pollution levels and 
perturbations in maternal metabolome by using a non-targeted 
metabolomics approach.

Identify the potential biological pathways for adverse pregnancy 
and birth outcomes. 

Anne Dunlop, MD, MPH

Donghai Liang, PhD, MPH



ANALYSIS FLOWCHART





 
Pathway enrichment analysis (via metapone)

Zhenjiang Li, MSPH



Associated with PM2.5

Associated with PTB/ETB

Associated with both



INTERPLAY OF OMICS DATA

Metabolomics

Genome-wide
DNA 

methylation

Multi-Omics Integration Analysis



SECOND STAGE
Network Analysis between DNAm and Metabolic Profiles

Metabolic feature

CpG site

-0.52
0.51

-0.54

0.51
0.52

0.53

0.61

0.60

0.52
-0.50

0.59
0.55

0.51

-0.53



Early Life: Gut Microbiota, Infant Growth, and Childhood Obesity 
in the Southern California Mother’s Milk Study

Health Effects Institute – PI: Alderete, CU Boulder; Mentor: Sarnat, Co-I: Liang
Mother’s Milk Study PI: Goran, CHLA/USC

Time
Pregnancy 1 month 6 months 12 months 24 months18 months

Infant and Maternal 
Stool Collection

Subset of Infants with 16S rRNA

Tanya Alderete, PhD
CU Boulder



Preliminary Analysis: Is Air pollution Exposure 
Associated with the Infant Fecal Metabolome?

• Infants with metabolite data in first 2 years (n=124)
• Aim: Explore the the associations between ambient air pollution 

exposure with fecal metabolites

Ellie Holzhausen, PhD
CU Boulder

Tanya Alderete, PhD
CU Boulder

Slides courtesy from T. Alderete



Prenatal Air Pollution Exposure is Associated Metabolites Belonging to 
Amino Acid, Bile Acid, Carbohydrate, and Lipid Metabolism Pathways at 1-Month

Preliminary / Unpublished Data
–log2(metabolite intensity1 month) = air pollutantpregnancy + infant sex + SES + season + breastfeedings1 month
Effect estimates scaled to 1-SD in exposures (PM10=4.0 ug/m3, PM2.5=1.2 ug/m3, NO2=2.5 ppb, n=124).

Markers of oxidative 
stress and systemic 

inflammation

|Estimated Association|

32

Metabolites have also been 
linked with gut bacterial function

PFDR < 0.2 
Red line = PFDR < 0.05

Slides courtesy from T. Alderete



Liang et al., 2023 EHP in press



What Have we Learned and Future Directions
• Metabolomics as a sensitive platform linking air pollution exposure to internal dose and 

biological responses

• Air pollution exposures may induce perturbations in pathways and metabolites, which may in 
turn increase risk of adverse health outcomes

• The exact mechanisms by which air pollution exposures impact human health remain 
uncertain – application of multi-omics is critical

• Validation of these findings via hypothesis-driven protocols

• Technical advances needed in metabolic annotation and quantification

• Integration of multi-omics data for comprehensive examination on molecular network

• Future development of sensitive biomarkers in assessing community exposures 34
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