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Abstract

Air pollution is recognized as causal factor for cardiovascular disease (CVD) and is associated with multiple CVD risk factors.
Substantial research effort has been invested in understanding the linkages between genetic variation and CVD risk, resulting
in over 50 CVD-associated genetic loci. More recently, gene—air pollution interaction studies have quantified the contribution
of genetic variation to inter-individual heterogeneity in air pollution health risks, and aided in elucidating mechanisms of
air pollution exposure health risks. Here, we perform a comprehensive review of gene—air pollution interaction studies for
CVD, as well as risk factors and emerging CVD biomarkers. The literature review revealed that most published interaction
studies have been candidate gene studies, causing observed interactions to cluster in a few genes related to detoxification
(GSTM1 and GSTT]I), inflammation (IL-6), iron processing (HFE), and microRNA processing (GEMIN4 and DGCRS).
There have been a few genome-wide interaction studies with results indicating that interactions extend beyond commonly
considered genetic loci. Gene—air pollution interactions are observed for exposure periods ranging from hours to years and
a variety of air pollutants including particulate matter, gaseous pollutants, and pollutant sources such as traffic. Though the
existing evidence for the existence of relevant gene—air pollution interactions for CVD outcomes is substantial, it could be

strengthened by improved replication and meta-analyses as well as functional validation.

Introduction

Cardiovascular disease (CVD) is the number one cause of
death in developed nations and is the leading cause of years
of life lost due to morbidity and mortality globally (Naghavi
et al. 2017). In 2015, the prevalence of CVD in the United
States was 41.5% and was expected to rise to 45% by 2035,
when over 130 million Americans would have one or more
forms of CVD. The yearly costs (direct and indirect) of CVD
to Americans are currently several hundred billion dollars
and are expected to exceed one trillion dollars by 2035
(American Heart Association 2017).

Decades of observational, controlled exposure, in vivo,
and in vitro studies indicate there is a causal link between
CVD and air pollution, particularly particulate matter air
pollution (Brook et al. 2010; Newby et al. 2015). In 2015,
particulate matter air pollution contributed to 32,406,000
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ischemic heart disease (IHD) disability-adjusted life years (a
combined measure of morbidity and mortality), where IHD
is a primary form of CVD. This contribution of air pollution
contribution to disability and loss of life is comparable to
the contribution of tobacco smoking (33,161,000 disabil-
ity-adjusted life years). However, while the contribution of
tobacco smoke is trending downwards (7.4% decrease from
2005), air pollution’s contribution is trending upwards (3.4%
increase from 2005) (GBD 2015 Risk Factors Collaborators
2016). Outdoor air pollution is a global CVD mortality risk
factor as it contributed to > 1500,000 CVD deaths in 2015
(Cohen et al. 2017).

CVD risk factors, including elevated blood pressure,
metabolic risk factors, and inflammation, have been associ-
ated with air pollution exposure (Chuang et al. 2007, 2011;
McGuinn et al. 2019; Simkhovich et al. 2008; Sgrensen
et al. 2012; Ward-Caviness et al. 2018; Ward-Caviness
et al. 2015). Controlled exposure studies, animal models,
and in vitro studies have made substantial contributions to
our understanding of the biological pathways linking air pol-
lution exposure to CVD, and suggest significant involvement
of inflammation and oxidative stress pathways (Brook et al.
2010; Newby et al. 2015). However, researchers still lack a
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robust understanding of the factors that give rise to inter-
individual variability in air pollution-related CVD risks,
such as genetic variation.

Like air pollution, genetics is also a major contributor to
CVD risk, with 50 + genetic loci robustly associated with
CVD (Nikpay et al. 2015). Although CVD is heritable, only
a relatively modest proportion (20-25%) is explained by
rare and common genetic variation (Nikpay et al. 2015; So
et al. 2011), and heritable non-genetic factors, e.g., epige-
netics, and gene—environment interactions may contribute
to the “missing heritability” (Manolio et al. 2009; Zuk et al.
2012). Gene—environment interactions are a promising area
of research for new insights into CVD from both a mecha-
nistic and public health perspective, and comprehensive
characterization of gene—environment interactions can assist
researchers in identifying individuals with elevated risks,
providing novel biological insights, and improving disease
prediction (Khoury 2017). Here, we undertake a review of
CVD-associated gene—air pollution interactions, including
interactions associated with CVD risk factors and emerging
biomarkers, such as metabolites and DNA methylation. The
previous comprehensive review on this topic was done in
early stages of the field when contributions were limited
in both the number of published articles (16) as well as the
number of cohorts studied (3) (Zanobetti et al. 2011). Thus,
an update on the current state of the field is warranted.

Scope of the review

This review covers the literature on gene—air pollution inter-
actions in CVD. For the purposes of this review, CVD is
defined as: coronary artery disease, hypertension/high blood
pressure, peripheral arterial disease, heart failure, coronary
atherosclerosis, myocardial infarction (MI), or coronary
death. Additionally, this review covers gene—air pollu-
tion interactions for emerging biomarkers of CVD such as
metabolomics, microRNAs, and DNA methylation. A search
was made for manuscript written in English using five data-
bases/search engines (ProQuest Agricultural & Environmen-
tal, Pubmed, Science Direct, Web of Science, and Google
Scholar) using the following search criteria:

(“gene-environment interaction” OR “genetic marker”
OR “gene expression” OR “genetic variant” OR “gene
variant” OR “SNP interaction” OR “single-nucleotide
polymorphism interaction” OR GSTM1 OR GSMT1
null OR PONT1 OR “Interleukin 6 OR IL6 OR “Inter-
leukin 8” OR IL8 OR cytokine OR “Glutathione
S-Transferase”)

AND

(“myocardial infarction” OR “coronary heart disease”
OR “coronary artery disease” OR “cardiovascular dis-
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ease” OR “peripheral arterial disease” OR “peripheral
vascular disease” OR “blood pressure” OR “hyperten-
sion” OR “atherosclerosis” OR “cardiovascular mor-
tality” OR “cardiovascular morbidity” OR “cardiovas-
cular hospitalization™)

AND

(““air pollut*” OR “particulate matter” OR PM10 OR
PM2.5 OR “ultrafine particulate matter” OR “ultrafine
particles” OR UFP OR “traffic-related air pollution”
OR “distance to roadways” OR noise OR “noise pollu-
tion” OR “nitrogen dioxide” OR “nitrogen oxide” OR
NOx OR NO2 OR ozone OR nitrate OR sulfate OR air
quality OR urban air OR polluted air).

The terms were selected to broadly cover manuscripts
which may involve gene—environment interactions and
include specific terms for genes known to be involved in air
pollution interactions based on a previous review (Zanobetti
et al. 2011). Stroke was also considered as a potential out-
come; however, a similar search strategy did not return any
gene—air pollution interaction articles examining stroke
risk. Results of the literature review are organized by the
outcomes considered for the gene—environment interactions
and presented in a hierarchy starting with manuscripts on
CVD risk, then moving to CVD risk factors, and finally
ending with inflammatory markers and emerging molecular
biomarkers for CVD. Where possible, the interactions are
interpreted in terms of the effect of specific genotypes on
the association between an air pollution exposure and CVD
outcome relative to a reference genotype.

Results of review

A total of 168 manuscripts were returned by the literature
search. A review of the abstracts for these manuscripts
revealed 56 which examined gene—air pollution interactions
in CVD. Of these, 10 were review manuscripts of the lit-
erature, and 6 were animal models comparing strain dif-
ferences which were excluded from the review. Thus, this
review focuses on the 40 manuscripts remaining. The fol-
lowing information was extracted from the manuscripts: the
outcome, pollutant, exposure duration, variant(s) and gene
region(s) considered magnitude of association, direction
of effect, and genotype-stratified effects. The manuscripts
were also examined for racial/ethnic diversity within the
participating cohort(s) and the use of functional follow-up
and replication cohorts. The review is organized into an
approximate “biological hierarchy” beginning with manu-
scripts examining CVD risk, then those examining CVD
risk factors such as blood pressure and heart rate variability
(HRV) measures. After this follows a section on inflamma-
tion, a primary mechanistic pathway underlying CVD, and
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finally a review of manuscripts related to emerging biomark-
ers for CVD such as microRNAs and metabolites. Each sec-
tion begins with a few sentences of a brief overview, before
diving deeper into the specific interactions reported in the
literature.

cvD

We begin the review with manuscripts covering gene—air
pollution interactions for risk of CVD outcomes reported in
the literature, which were: MI, hypertension, peripheral arte-
rial disease, coronary atherosclerosis, and left ventricular
mass. Most of the manuscripts were candidate gene stud-
ies. The majority of the genes found with interactions were
linked to inflammation; however, this is in large part due to
inflammatory genes being the more commonly studied than
genes in other pathways (Table 1).

In a study of short and long-term exposure to SO, and
particulate matter < 10 um in diameter (PM,,), only short-
term exposures had interactions associated with MI (Panase-
vich et al. 2013). In this study, the SO,-MI association was
only observed in individuals with the GG genotypes for IL6-
174 (rs1800795) and IL6-598 (rs180797). In the same study,
variants in TNF-a interacted with short-term PM,,, expo-
sure such that individuals with CC genotypes for TNF-863
(rs1800630) and TT genotypes for TNF-1031(rs1799964)
had a positive association between PM,, and MI, while all
other individuals had a negative direction of association
(though the later estimates included the null) (Panasevich
et al. 2013). In a multi-ethnic study of left ventricular mass,
12 candidate genes were examined for interactions with resi-
dential proximity to roadways, a measure of long-term expo-
sure to traffic-related air pollution. In this study, two genes
(AGTRI [rs6801836] and ALOX15 [rs2664593]) showed
significant interactions. AGTRI encodes for angiotensin II,
a vasopressor hormone which helps control blood pressure,
while ALOX15 encodes a lipoxygenase enzyme that helps
produce lipid mediators involved in inflammation. For both
AGTRI and ALOX15, an increased number of minor alleles
was associated with a weakening of the association between
traffic exposure and left ventricular mass (Van Hee et al.
2010). Interactions with the AGTRI variant were stronger
in individuals with poor blood pressure control.

There have been two genome-wide interaction studies to
examine cardiovascular outcomes, both of which used resi-
dential proximity to roadways as an indicator of long-term
traffic exposure. The first genome-wide interaction study
examined interactions which were associated with peripheral
arterial disease (Ward-Caviness et al. 2016). This study used
both African- and European-American individuals from a
cardiac catheterization cohort in a race-stratified analysis
that were later combined into a multi-ethnic meta-analysis.
Researchers observed a genome-wide significant interaction

between 15755249 (BMP8A) and residential proximity to
roadways and suggestive interactions were found across the
entire BMPSA-MACFI locus on chromosome 1. The interac-
tion with rs755249 and most of the suggestive interactions
had a positive multiplicative interaction term, indicating
that an increase in minor alleles for each variant (additive
genetic model) was associated with a stronger effect of resi-
dential proximity to traffic on peripheral arterial disease
(Ward-Caviness et al. 2016). BMPS8A belongs to the bone
morphogenic protein family, which has been implicated in
vascular calcification (Hruska et al. 2005) and inhibition of
bone morphogenic protein family proteins may reduce vas-
cular calcification and atherosclerosis (Derwall et al. 2012).
The second genome-wide interaction study used the same
cohort and study design, but examined coronary atheroscle-
rosis burden. In this study no genome-wide significant inter-
actions were found, but several suggestive interactions (P
value < 1 x 107%) were found in inflammation-related genes
PIGR and FCAMR (Ward-Caviness et al. 2017).

CVD risk factors and subclinical measures

Most gene—air pollution interactions for CVD risk factors
have been candidate gene studies, with a few genes, e.g.,
GSTM1 and HFE, associated with multiple risk factors, and
a few outcomes, e.g., heart rate variability (HRV) and blood
pressure, examined across multiple studies. Yet, due to the
multiplicity of exposures, genes, and risk factors surveyed,
there has been no independent replication across studies.
Still, there is mounting evidence that genes involved in
detoxification (GSTM1), iron metabolism (HFE), inflam-
mation (APOE, IL-6), and lipid metabolism (APOE, LPL)
are associated with CVD risk factors via interactions with
air pollution.

HRYV measures have been the most studied CVD risk
factor, with particulate matter (primarily PM, ;) being the
most common exposure examined (Table 1). In the Norma-
tive Aging Study, a cohort of older, Caucasian, male veter-
ans from the USA, the association between HRV and PM,
was modified by genetic variants in GSTM I (Chahine et al.
2007; Schwartz et al. 2005), HFE (Park et al. 2006), APOE
(Ren et al. 2010a), LPL (Ren et al. 2010a), and ¢cSHMT,
which is linked to methyl nutrient processing (Baccarelli
et al. 2008). In a separate examination of Normative Aging
Study participants, 48 h average exposure to PM, 5 was
associated with HRV measures among wild-type genotype
carriers in three of the LPL genotypes examined: LPL-
G113C, LPL-N291S, and LPL-S447X (Ren et al. 2010a).
In a study of genes involved in processing dietary methyl
nutrients, associations between PM, 5 and multiple HRV
measures were only seen amongst the CC genotype for
cSHMT C1420T and the CT/TT genotypes for MTHFR
C677T (Baccarelli et al. 2008). There has been one study

@ Springer



Human Genetics (2019) 138:547-561

550

sadfjouad

IWHS> [DD] pue

dAHLA [LL/1D] ut
PoAIdsqo A[uo uone

-100sse NNAS-* “INd LOTY 1D LWHS?
(8007) "Te 10 T[[eIEIORY 2AESON dAHIW ‘LINHS? ‘LLLYD ¥AHIW ueIsedne) 61§ U gy “TNd AH
(TINA-IW
10919 G ZINd Toreaid ‘A L-LW ‘dool-q)
(9107) ‘Te 10 unkg «— VN@W Ioy3ryg uone[Aypowr dool-q uoneAylow yNIW ueiseone) Sy Areq SN TeuOonRdNnOOQ AdH
(S107) 'Te 10 uoydwrery - - [WISO pauonuaw JoN +¢ yg¢ JuozQ amssaxd poorg
JUSIOLJA0D
(L107)  WI9) UOTIORISUI QAT INSIVS S[9SS9A AIRUOIOD
‘[B 19 SSQUIARD)-PIBA\ -eordnnu 9ANISOg VYWVIA “UADId OPIM-OWIOURD) L OIUYIO-NNN LLIT w1e)-Su0  SAeMPROI 0] 90UBISI(]  PASEASIP JO Joquuny
JUSIOLJO0D
(9107)  WI9) UOTIORIUI AT)
‘[B 19 SSQUIABD)-PIBA\ -eordnnu 9ANISOJ TAIVI ‘VSIING OPIM-OWIOURD) L OIUYIR-NNA LLIT wi19)-Suo  SAeMpeolI 01 dURISI(] avd
4949/
‘VADAA ‘FATL
INATT pue dyjen ‘TSOId ‘ISOILd
Ua9Mm)aq UOHBIDOSSE (£65+997s7) FAYD ‘INAA
JO Surudyeom «— SIXO1V CIXOTV ‘T4IDV
(0107) 'Te 10 99H ueA So[o[e Jourw AIO]N  “(9€810898Y) [¥.IOV IOV T9¥av ‘Aov oSruye-nnAL 9L€1 wis)-3u0  sKempeol 0} ddueIsI( WA
ajniso
(#107) 'Te 30 UOSSUIAD ] - - ‘I.LLSD ‘[dLSD a3eIoAR [ENUUY ‘ON uorsuayredAy ‘TN
UOTJRIOOSSE
JO uUOndAIIp dABIOU
e sadKjoua3 10730
pUB UOIIBIOOSSE JO
uonoap aanisod
SurAey SISLIIRD J[[[
Jolewr sno3Azowoy
)M SI[O[[E UO Jud
-puadap uonoanp (#9666LT8T [-1vd
(£107) 'Te 10 yoraaseued uoneIosse (0§ ‘0£900818T) 0-INL ‘DA -ANL ‘911 ueisesnen 869¢ Y8y OTNg N
SIUBLIBA [1Oq
10§ 9[[[e IouTwW IO
sno3Azowoy 250y}
ur udds AJuo [N (L6L08TST [-IVd
(€107) 'Te 10 yd1AdseURd  UIIM UOHBIOOSSE {OS ‘S6L00STSY) 9-T1 ‘DA D-ANL 911 ueiseonen 869¢ Y8y (Suneay) °OS IN
Ie[noseAOIpIR))
uon
SOOURIRRY  -B1aIdIoui/uoOnORI(]  UOTIORISUI (1M SUSD) Pa1s9) Sauan) Kotuypyg N uonein(y jueIn[og awodnQ

sa1pms uonoerul uonnyjod Ire—ouas jo Arewwng | 3|qel

pringer

Qs



551

Human Genetics (2019) 138:547-561

(6002)
"€ 32 YOTAOUNPIOIA

(6007) T8 10 1AI1M

(6007) T8 19 red

(0107) Te w efeg

(¥10T '8 10 wepy)

(80107) Te 10 Uy

(9000) 'Te 10 Yred

(S007) 'Te 10 z3reMydS

(L00T) 'Te 0 durgey)

SUOI}ORIUI
[T& 10§ JUSIOLJI0D
ULI9) UOT)ORISIUL QAT
-eoridnnuw 9ANISOg
J00J0
peo 2uoq 19)eaIs «—
SO[Q[[e JOUTW IOTA

199339 D Iorears
« 21008 I9YSTH

S6L0081st
J0J 2dKj0ua3 HO

M s[enplAlput
1s8uowre uaas
A[UO SUOTIBIO0SSY

XLyyS-1dT
PUB ‘ST6IN-1dT

DEI1D-F0dV
10§ sadKjoua3 odAy

plim-uou jsSuowe

A[uo AYH mim
pareroosse S A g

SJUBLICA 7 F]

A S[EnpIAIpul

ur saInseaw AYH

pue STYAJ usamiag
UONBIO0SSE ON

SIOLLIBD

[mnu /ALSO ut

u99s A[uo sainseawr

A¥H Pue ‘N
U29M)3q UOTIBIOOSS Y

S[enprATpur

[mu /LSO ut

AUO UQas soInseaw

A¥H Pue < Nd
U99M19q UOTIBIOOSS Y

(€8TILLOTSE
‘00TSS6LST
T690€6918Y) Zyd.LI
(C6EPPITST) [dWIN
(T€T89S6SY) [[AHd

[-XOWH

SJuBLIRA
Quag pasodwod 21008

(S6L0081sD) 911

1dT ‘A0dV

H4AH

[WLSD

[WISO

[-XOWH
‘LVD ‘IOON ‘ILLSD
‘IdLSD ‘TWISH

(souag ayep
-1pued ¢7) SANS 70T

[-XOWH ‘d4AH

IXOWH

IVD ‘TOON

‘HAH ‘[dL1SD
‘I.LISD ‘TWISD

94 ‘VOA ‘DDA 911

ADAA “1dT ‘A0dY

HAH

[WLSD

[NLSD

uerseone))

uerseone))

uerseone))

uerseone))

uerseone))

uerseone))

ueisedne)

uerseone))

uerseone))

19v

Sv6

€19

08¢

435!

€8¢

8IS

L6Y

61S

Areq

Y8y

wiId)-3uo

qyor

a3eI0AR [ENUUY

Y8y

Y8y

Y8y

U8y

od

m.mzm

S[OAQ] peJ[ duog

‘ON D4

OALJ pareraI-oyel],

m.NEn—

m.NE d

mdzn—

m.NE&

amssaxd poorg

sagueyo 21ns
-sa1d pooiq [eImsoq

reaxur 10

reaxur 10

AdH

AdH

AJH

AdH

AdH

SOOUQIYOY

uon
-ejo1dioui/uonoang

UOT)ORIUI (1M SIUID)

P15} souan

Ayprumy

uoneIn

juein[iod

QWO

(ponunuoo) | sjqey

pringer

a's



Human Genetics (2019) 138:547-561

552

(6007) ‘Te 10 uewun(|
(0107) ‘Te 10 Ioprouyds

(¥100) T8 10 purg

(6000) T 10 819154

(6002) “I¢ 10 ouES LRl

(1102) T8 10 1911M

(010T) T8 12 I9poUYdS

(0107) T8 12 1AI1M

199J° QD 19yeaId
«— SO[3[[ JouTW AU\

ua3ouriqy
uo DNJ Jo 109350
1918013 «— Aemyjed
Surssaooid [ejow 10§
9109s 219[[e 1Y31Y
‘Kemiped ssons oA
-eprxo ayj Joj a[goid
3SLI OTo[R[[E YSTY ©
yim syuedronred
ur uaas AJuo ud3
-OuLIqy pue HNJd
U99M19q UOIBIOOSS Y
uadouriqy pue
01JAd U9am1aq suon
-eroosse () 1o3uomns
PeY 06,008 11
JO SISLLIRD J[3[[®
Joutwr sNO3AZOwWoH

uona[ep JALSH 10}

ULNVOAS s uon
-e1oosse () 103uong

SIaYJ0

se sadKjouad oorre

Joutw sno3Azowoy

J0J (1) uonoap AIs
-oddo ur suoneroossy

STo[TE TINU
[ALSD Pim s[enpla
-IpUI UI PIAIISQO

AJuO SUONRIO0SSY
sad£Kyjouad
sno34zo19)ay pue
2dKy-prim ur suonero
-osse () 1a3uons

Apueurwopaid

(0%8690¢s1

‘2€8690¢sD) 911 DA ‘VDA ‘DDA ‘9-11

Kemuyped Sur
-ssoo01d [e1oIN ‘Aem
-yjed ssons aAnEpPIXQ

94

IWISD

PNINHO

[WISD

ENIWAD ‘¢NINTD
YADId ‘8¥05Hd

[WISD

4% x9PIM-OWIOUAD)

g94 ‘'VOA

ESON ‘d4H
‘HOdV “IdT 497A
‘I-XOWH ‘IWISH

840Hd
‘¥ADId ‘VHSOYD
PNIWNAD ENINAD

[WLSD

840Od
YADId ‘VHSOID
PNIWNAD ENINTD

ueisedne))
SHERA

uerseone))

w355 URISEONRD

ueisedne))

uerseone))

owye-nN

uerseone))

SS6
C

(44

143

608

€CL

C

68L

yyc
s3e[ sAep 7—1

ADTooM

93eroAe skep ¢

a3e1oAe sKep ¢

93eroAe skep £

Je[ Aep-1

Aireq

0D
ST

ONd

o_zm

od

szm

mdzm

od

911
911

ua3ouriqrj

uaSouriqr

INVDOAS

T-INVOAS ‘T-INVOIS

uonewwegup

JUNOd [[99 poo[q Py

ainssaxd poorg

SOOUQIYOY

uon
-ejoadioui/uonoan g

UOT)ORIUI (1M SIUID)

P21s9) souan

Ayprumy

uoneIn

juein[iod

QWOdINQ

(ponunuoo) | sjqey

pringer

Qs



553

Human Genetics (2019) 138:547-561

adKjouad

[mu /A LSO yim
S[ENPIATPUI UT UOT)
-elAyiou -gNIT

pue D uaamieq

(1107) '[e 10 OueSUIpEN  UONEIOOSSE JOSuong [NLSD [NLSD ueisedne 9(0L skep 06 o4 uoneAyow [-INI'T
amsodxa pue juBLIEA
0) 3UIPI0OOE SJUBLIBA
JIOY}0 IOJ SUOIIORIIP
UOTJORIUI PAXTIA]
'soInsodxa [[e yim
PoIBIOOSSB-JUBLIBA
A[uo sem yorygm (sdNS 792) Hd.L
(ILWNQ@) ¥1L.669181 (feyoy syuerrea ‘171 ‘TIAL ‘1LAL
J1oj suLIey uonoe 1D 2IAL ‘DAL “TELWNNA ‘EINNG “ON
(9107) 'Te 30 uojorg -1aut aanisod [y GELNWNA ‘[IWNA ‘VELWNA ‘TIWNd Stuye-nnA - 76¢ ysewn,  ‘ouozQ VNN YN uonelAyiew [-INIT
uonedyew YN
amsodxs suozo
J19)Je SIOIBW 908)INS
-1199 93eydoroewr
PpRId)[e pue xngul
pue junod a3eydor
-oew Areuowrnd
wmnds pasearout
)IM PIIBIOOSSE
(6007) ‘Te 10 stxdly  2dAjoud3 [[nu /LSO [WISD [WLSD Jwe-nmAL- ¢¢ Uy suozQ  s[iydonnou Lemiry
adfjoua3 vy ur usos [-1Vd
(£107) Te 30 yorasseueq  AJuo uoneroosse ‘0g (62900818T) D-INI ‘DA “0-ANL ‘911 uelseone 869¢ Wi} Suo] (8uneay) 0S 0-ANL
jhrlic]
juejnyjod 1918213 dnoi3oj dnoi3o]
(€107) Te 10 ddoxpipm —dnordoideyy  -deynsaH VN@W  -dey sa H yNQW ueiseone)  g¢ skep -1 HVd “ON ‘0D D4 0-ANL ‘9-TI
J[o[Te Jolew
JO SIQLLIBD UI UJJS
A[uo 9-11 yym uon (L6LO8TST [-1Vd
(£10T) '[e 10 YolAasEUR]  -BIOOSSE COS 2ANESON ‘66L00818T) 911 ‘gDA “0-ANL ‘911 ueisednen 869¢ Y8y (Buneay) ‘0S 911
uoneIosse CON
(eantsod) 1e3uons (L6LO8TST [-1vd
(€107) T8 10 YorAdseURq  «— SI[I[[ JOUTW IOJA] ‘66L0081S1) 911 ‘gDA ‘0-ANL ‘911 uelsesned 869¢ w1s)-3u0] ‘ON 9-1I
uon
SQOUAISJYY — -©121dIojur/uonoaII(]  UOT)ORISIUT YIIM SQUL) PR1s9) SOUAN) Kyoruyg N uoneIn juein[iod AWo2INQ

(ponunuoo) | sjqey

pringer

a's



Human Genetics (2019) 138:547-561

554

$110409o ures 9y} yim suonedrqnd snoraaid uo paseq uerseone)) Ajeamus o Ajrofew axom s)royod Junedionied oy ‘Ioaemoy pafreIap jou s3oyod ueadoinyg oAy oY) UIIIM ANOTUYIT 4 s 5

Qwouds oY) $SOIE WOIJ SUTWOD SJUBLIEA O1IOUAS Y)IM POIONISU0D d1om sAemiyied JO JoqUINU PAITWI] V s

G0'0 > d UonoeIAU] "sIdLLIRD 9[d[[e Jofew yiim Surdde[rono pue opim K104 SIOLLIED [[[E JOUIW SNOSAZOWOY JOJ [BAIIUI QOUIPYUOD) .

sisA[eue ATepuodas e se pauwnio}rad SISATeULR-21oW PIUIQUIOD-I0BT YIIM SISA[EUR POYTIBI)S-90BT WOIJ S} NSAT ATRWILI]

aseasp [eroyre [eroydired G vy 1erowrerp ur winl o1 > Jopew enonted 9 pyg 1orowerp ur

wm ¢z > 1opew ayenonied g ‘uoqredorpAy onewore ookokjod gy ‘uoqIed oruesIo DO ‘UOTOIRIUT [RIPIIOAU Jj4 ‘SSeW JB[NOLIIUSA 1JO] AT ‘AN[IQRLIEA Q)R )Iedy AYH ‘U0qIed or[q Dg

9[qe[TeAR JOU SeM UONRULIOJUT PAIISAP d) ey} SOJedIpul  —,,  "PAIOBIIX0 9Iom UOT)ORIOUI Y} JO UOTJe1aI1dIour Ue Se [[om SE ‘UOTOBINUI YIIM
asoy) pue pasd) seuad ‘Ayoruyie/Anssoue uonendod ‘() 9zis oidwes ‘(uonein) uoneinp ainsodxd ‘quein[iod ‘OWOIINO JY) YoILds AINJBIANI[ Y} UO PISBq PAUIWEXS SAIPNIS Y} JO OB WOIL]

paut
-WEXo JUBLIEA pue
Qua3 uo Juopuadop

Zaviyv ‘€dz

jdrrosuen

o)y
Joom-7 Qu0z()

JuozQ

uorssardxo

(8107) e 10 9a84 uonoanp PXIN  ‘TAVLY ‘TVIAVAS OB3 IO} SAUID-SIO ueiseone) €8 ““YAd “ON [enuuy T0S “UNd “ON  QuaS opim-owousn
pauTwexo
JUBLIBA PUE SUSS UO 6-d1 ‘7Te
juapuadap 1099 uon “JIw B9y [y
(P107) Te 10 DESSO  -OBIAUT JO UONDAIIJ 8400d PNINAD 8400 PNINID uerseone) ] oferoe skep /- gf YOS “Nd Dd 9Ty [y
uorssaIdxa ouag pue NI
paut (6L928TTsD) WIDH D10H DD
-Wexo jueLieA pue DD ‘(uonayep ‘I-XOWH XOWH
Qua3 uo juspuadop [Inu) [ ALSDO ‘IdISO ‘I.LLSD quisouen3Axoap-,7
(50107) Te 10 uoy uondAIIp PIXIN (L9€98TTsT) IV ‘ITWLSD ‘dAH LVD 0ce  oSeroae skep $7-8[ 20  -Ax01pAy-g Areurrp
SIoLI
-1e0 odK1oual FIH
Jolew sno3Azowoy
pue uonaep 7.LISO [-XOWH ‘[LLSD
[I1a 9SO} UT UONRIO ‘TIWLSD ‘IdLSD
(0102) 'Te 10 eleg -0sse (() 1e3uong HA4H ‘ILLSO ‘[OVN LVD ‘A4H ueiseone) 0001 agerone skep L od AUISKOOWOH
paur
-Wexd JUBLIBA pUR I-XOWH ‘ILISD
ouag uo juopuadop ‘TINISO ‘IdLSD
(Q0102) 'Te 10 usy uondIIp PIXIN LVO ‘d4H ‘IOVN ‘LVD ‘d4H uerseonen 0001 a3eroae skep £, “TNd Qu1)sAO0WOH
SOI[OqRIOIN
uon
SOOUQIOIOY  -B1RIdISIUI/UOTOSII(]  UOTIORIIUI (IIM SOUID) PaIsa) sauan) Koruygig N uonem(y jueInyog QwoomQ

(ponunuoo) | sjqey

pringer

Qs



Human Genetics (2019) 138:547-561

555

(also using the Normative Aging Study cohort) to examine
mitochondrial DNA methylation and observed that indi-
viduals with higher mitochondrial DNA methylation had
a stronger association between PM, s and HRV measures
(Byun et al. 2016). To date, no study has examined mito-
chondrial genetic variation. The only gene—-air pollution
interactions study for HRV not done using the Normative
Aging Study utilized the Swiss cohort study on air Pollu-
tion And Lung and heart Disease In Adults. In this study,
participants with two G alleles for rs1800795 (IL6-174)
had an inverse association between traffic-related PM,,
and two HRV measures: the standard deviation of normal-
to-normal intervals and low frequency power (Adam et al.
2014).

Only a handful of other exposures beyond ambient par-
ticulate matter have been examined in relation to HRV.
HFE and HMOX-1 are genes linked to iron metabolism,
and in one study researchers observed an interaction
between tibia bone lead levels and HMOX-1 genotypes.
In this study tibia bone lead levels were associated with
a decrease in QT interval only in carriers of a HMOX-1
long allele (Park et al. 2009). In a study of QT interval in
relation to short-term exposure to black carbon (BC), indi-
viduals with a higher genetic risk score, based on variants
in genes related to detoxification and iron metabolism had
a stronger association between BC and QT interval (Baja
et al. 2010).

As one of the most studied genes in gene—air pollution
interactions, GSTM 1 has been examined for CVD risk fac-
tors beyond HRV measures. A small-panel study of 22
individuals suggested that associations between short-term
exposure to PM, s and red blood cell count are primar-
ily observable amongst individuals with the GSTM I null
genotype (Schneider et al. 2010).

Though investigated, no interactions with air pollution
were found for GSTM 1, or other genes in the glutathione S
transferase family, in relation to blood pressure (Frampton
et al. 2015; Mordukhovich et al. 2009) or hypertension
(Levinsson et al. 2014), hinting that interactions involving
glutathione S transferase family genes may be specific to
a subset of CVD outcomes and risk factors.

In a study of 25 candidate genes (202 SNPs total),
associations between short-term PM, s exposure and
postural blood pressure changes were modified by vari-
ants in PHF11, which is linked to T-cell activation and
inflammation-related outcomes (Jang et al. 2005; Rahman
et al. 2010; Vercelli 2003), and by variants in MMP1I and
ITPR2, which are renin—angiotensin-related genes (Wilker
et al. 2009). In a study of five candidate genes related to
microRNA processing, associations between short-term
exposure to BC and blood pressure were stronger in indi-
viduals with wild-type or heterozygous genotypes (Wilker
et al. 2010).

Inflammation

Inflammation is a causal risk factor for CVD (Siti et al. 2015)
and a primary result of air pollution exposure is the trigger-
ing of inflammatory pathways. Many of the genes involved
in air pollution interactions for CVD risk factors and out-
comes, e.g., IL-6, TNF-a, and GSTM 1, are also associated
with inflammatory markers via gene—environment interac-
tions. Observing the same genes acting at multiple levels of
the “biological hierarchy” (molecular factor — risk factor
— disease) may be explained by gene—air pollution inter-
actions acting on molecular factors. Subsequent alterations
in molecular pathways may then initiate changes in disease
risk factors which can then impact downstream disease risk.
Though such a chain of events linking genetic background
and environmental exposures to disease risk is plausible and
hinted at by the whole of the literature, it remains to be
tested in either observational or experimental studies and
thus should still be considered speculative at this point.

As with other outcomes, most interaction studies for
inflammatory outcomes have been candidate gene stud-
ies using variants in inflammation-associated genes. Some
of the most widely studied loci are IL-6, TNF-a, and the
fibrinogen gene cluster, particularly for inflammation-related
outcomes such as sVCAM and IL-6 blood concentrations
(Table 2). In a multi-ethnic interaction study, investiga-
tors observed a significant interaction between the GSTM 1
null genotype and short-term exposure to PM, 5 which was
associated with blood IL-6 concentrations. Two independent
studies showed that variants in the /L-6 gene region modified
associations between blood IL-6 concentrations and short-
term (24 h) exposure to carbon monoxide (CO) (Ljungman
et al. 2009) and long-term exposure (1 year) to both NO, and
SO, (Panasevich et al. 2013). These two studies examined
different IL-6 variants though rs2069832 from Ljungman
et al. (2009) and rs1800795 from Panasevich et al. (2013)
were in near-perfect linkage disequilibrium (+*> 0.99). For
both short-term exposure to CO (Ljungman et al. 2009) and
long-term exposure to NO, (Panasevich et al. 2013), the
association between exposure and IL-6 concentrations was
stronger amongst minor allele carriers in an almost linear
fashion. For SO,, its association with blood IL-6 concen-
trations was only observed amongst individuals with one
or more copies of the minor (G) allele for the IL-6 variants
rs1800795 and rs180797 (Panasevich et al. 2013).

The studies by Ljungman et al. (2009) and Panasevich
et al. (2013) also examined genetic variants in the fibrino-
gen gene cluster (FGA, FGG, and FGB) for interactions but
did not observe any significant interaction associations with
blood IL-6 concentrations. However, in a study of short-term
exposure to PM,, individuals with more copies of the minor
allele for rs1800790 (located in FGB) had a greater associa-
tion between PM,, exposure and fibrinogen concentrations
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Table2 Commonly found genes with gene-air pollution interactions for cardiovascular disease

Gene PM, /PM,, Traffic* Others™**
GSTM1/GSTTI  Chahine et al. (2007), Schneider et al. Madrigano et al. (2011), Madrigano et al. Ren et al. (2010c¢)
(2010), Schwartz et al. (2005) (2009), Ren et al. (2010b)

IL-6 Adam et al. (2014), Panasevich et al. (2013)  Ljungman et al. (2009), Panase-
vich et al. (2013), Park et al.
(2009)

HFE Park et al. (2006), Ren et al. (2010b) Ren et al. (2010b)

GEMIN4 Fossati et al. (2014), Wilker et al. (2011)  Fossati et al. (2014), Wilker et al. (2010) Fossati et al. (2014)

DGCRS Fossati et al. (2014) Fossati et al. (2014), Wilker et al. (2010) Fossati et al. (2014)

The genes most commonly found with interactions are in large part driven by the prevalence of candidate gene studies in the literature which

results in a few genes being studied in multiple cohorts

BC black carbon, CO carbon monoxide, PM, s particulate matter <2.5 um in diameter, PM ;, particulate matter < 10 um in diameter

*Traffic exposure includes NO,, traffic-related PM,,, BC, and NO,
**QOther exposures include SO,, bone lead levels, CO, SO42"

(Peters et al. 2009). In a short-term exposure study of par-
ticle number count (PNC), associations between PNC and
fibrinogen were higher for individuals with higher allelic
risk profile scores for oxidative stress and metal processing
pathways (Bind et al. 2014).

One study examined interactions between mitochondrial
DNA haplogroups, where a haplogroup is a haplotype shared
by a population of mitochondria, and air pollution exposure.
This study observed that associations between short-term
exposure to air pollutants (BC, CO, nitrogen oxides, and
polycyclic aromatic hydrocarbons) and blood concentrations
of IL-6 and TNF-a were stronger in the H mitochondrial
haplogroup as compared to other haplogroups (Wittkopp
et al. 2013). The other studies of inflammation-related out-
comes examined blood concentrations of soluble vascular
cell adhesion molecule (sVCAM) and soluble intracellular
adhesion molecule (sSICAM). One study observed that asso-
ciations between sVCAM concentrations and BC exposure
were elevated in individuals with the GSTM I null genotype
(Madrigano et al. 2009). The second study examined vari-
ants in five microRNA processing genes for interactions with
short-term exposure to PM, 5. This study observed that the
direction of association was flipped for individuals with one
or more minor alleles for GEMIN4 variants as compared to
those with no minor alleles (Wilker et al. 2011).

microRNAs, metabolites, DNA methylation

MicroRNAs, metabolites, and DNA methylation are novel
risk factors, and potential biomarkers, for CVD (Barwari
et al. 2016; McGarrah et al. 2018; Muka et al. 2016; Ono
et al. 2011; Zhang et al. 2016). These molecular factors
may represent the most primitive level at which gene-air
pollution interactions may exert effects which can translate
into downstream disease risk. Though these factors are still
emerging molecular measures within the environmental and

@ Springer

health landscapes, current research already indicates that
genes with interactions for CVD outcomes and risk factors,
e.g., HFE and GSTM1, also have air pollution interactions
associated with emerging molecular CVD biomarkers.

There have been two studies to date which have exam-
ined gene—environment interactions in relation to CVD-
associated metabolites. In one study researchers examined
whether genetic variants modified associations between
blood homocysteine and exposure to BC and PM, 5. Asso-
ciations between 7-day average exposure to PM, 5 and BC
and blood homocysteine concentrations were modified by
genetic variants in HFE (C282Y), CAT (rs2300181), and
GSTTI. Though interactions for PM, s did not show a dis-
cernable pattern, individuals with the GSTT! null deletion
had stronger positive associations between BC and homo-
cysteine than those with the wild-type genotype (Ren et al.
2010b). Urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG)
is a marker of oxidative stress that is associated with envi-
ronmental exposures. In a candidate gene study of oxida-
tive stress-related genes, researchers observed that the asso-
ciation between 8-OHdG and 18-24 day average exposure
to organic carbon is modified by genetic variants in CAT
(rs2286367), GSTM I (null deletion), and GC (rs2282679)
(Ren et al. 2010c¢).

MicroRNAs are a central regulator of gene expression
and many cellular processes. In a study of short-term expo-
sure to BC, PM, s, and SO,>~, associations between air pol-
lutant exposure and circulating concentrations of multiple
microRNAs were modified by genetic variants in GEMIN4
and DBCRS, which encode enzymes involved in microRNA
processing (Fossati et al. 2014).

Long intersped nuclear element-1 (LINE-1) is a transpos-
able DNA element found throughout the human genome.
Methylation at LINE-1 loci is often used as an indicator of
global methylation and has been associated with CVD risk
(Muka et al. 2016). In a multi-ethnic study of approximately
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400 pregnant women, associations between LINE-1 meth-
ylation and exposure to PM, 5, PM,,, NO,, and ozone in the
first trimester were examined for modifications by 8 meth-
ylation-associated genes (262 variants total). After a false
discovery rate correction there were 11 variants (from four
genes) with significant interactions, nearly all with positive
interaction coefficients. Rs16999714, located in the methyl-
transferase gene DNMT1, had significant interactions with
all exposures examined (Breton et al. 2016). The only other
study of DNA methylation was done in nearly 700 Caucasian
males. This study found that BC had a stronger association
with LINE-1 methylation in participants with the GSTM ]
null genotype than participants with the wild-type genotype
(Madrigano et al. 2011).

Discussion

Challenges of gene-environment interaction
studies

Despite the potential of gene—environment interaction stud-
ies to deepen our understanding of the mechanisms of dis-
ease and environmental health risks, these studies are rare
as compared to studies of genetic or environmental “main
effects”. This scarcity of studies is likely related to the chal-
lenges such as gaining sufficient power, determining the
appropriate scale of interactions, overcoming measurement
error, and performing function validation (McAllister et al.
2017). Power is the most frequent challenge to overcome in
gene—environment interaction studies since with equal sam-
ple sizes the power for interaction studies is almost always
lower than the power for genetic main effect studies (Hunter
2005). Approaches to overcome power limitations include
candidate gene approaches (which reduce multiple testing
requirements), case-only analyses, two-stage analyses, and
decreasing measurement error (Gauderman et al. 2017;
Mukherjee et al. 2008; Murcray et al. 2009; Wong et al.
2003). These approaches can be quite efficient, and in some
cases can decrease the number of samples needed by >50%
(Gauderman et al. 2017). In the case of decreasing meas-
urement error, new exposure assessment methods such as
remote sensing and molecular proxies for exposure may sub-
stantially improve the precision of exposure estimates and
reduce inter-study heterogeneity (McAllister et al. 2017).
Even after successfully uncovering a gene—environment
interaction, the relevance of this interaction may be diffi-
cult to interpret and communicate. To improve interpreta-
tion, studies should perform genotype-specific associations
where possible, and always explicitly state the genetic model
assumed. Even with improved reporting, direct interven-
tion via in vivo and in vitro studies may be required to fully
interpret interactions. Given the expense and complexity

of in vivo and in vitro studies, researchers may choose to
use tools such as the Genotype-Tissue Expression (GTEx)
web portal (which contains information on tissue-specific
associations between genotypes and RNA transcripts; https
:/Igtexportal.org/home/) (The GTEx Consortium 2015) or
public databases such as the Encyclopedia of DNA Elements
(ENCODE Project Consortium 2012) or Kyoto Encyclope-
dia of Genes and Genomes (Kanehisa et al. 2016) to perform
informative annotation and in silico functional validation.
Correlations between environmental exposures and other
factors also complicate interpretations. In the case of air
pollution, correlations exist not only with other environ-
mental factors, but also social factors, which may indepen-
dently alter susceptibility to air pollution (Fuller et al. 2017).
Additionally, certain racial and ethnic groups often reside
closer to air pollution sources (Mikati et al. 2018), which can
introduce correlations between air pollution exposure and
race/ethnicity. Researchers must be aware of these potential
correlations and properly account for them in interaction
models and study designs.

Closely related to the interpretation of interaction is
deciding on the scale of interactions. Interactions on an
additive scale are rarely examined in the literature, and
though a common assumption is that additive interactions
can be captured via multiplicative interaction models, this
may not always be true (Li and Chambless 2007). In some
cases, additive interactions can better reflect underlying
biology or be more appropriate for public health research
objectives (Gauderman et al. 2017). Thus, the frequent
decision to exclusively examine multiplicative gene—envi-
ronment interactions may simplify studies at the expense of
obscuring biological insights and complicating public health
interpretations.

Overview

There is substantial evidence in the CVD literature that asso-
ciations between air pollution exposure and CVD outcomes
are altered by underlying genetic variation. Overall, stud-
ies of gene—air pollution interactions in CVD have gathered
substantial evidence that genes related to detoxification,
inflammation, and microRNA processing harbor genetic
variants which may alter the association between air pol-
lution exposure (in both short- and long-term periods) and
cardiovascular outcomes. Though this evidence comes pri-
marily from Caucasian cohorts, there have been a few multi-
ethnic studies. However, there is still substantial work to be
done within the field.

Most published gene—air pollution interaction studies
have been done using a candidate gene approach, which can
limit researcher’s ability to find novel interactions. Addi-
tionally, while independent replication has become standard
for studies of genetic main effects, this has not translated
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to interaction studies. Current interaction studies rarely
examine the same exposure or outcome used across stud-
ies, so even though only a relatively small number of genes
represent most of the interactions reported in the literature
(Tables 1, 2) it remains difficult to determine if interactions
can be replicated in independent studies. HRV measures and
IL-6 blood concentrations are the most studied outcomes
(Table 1), but even with these commonly studied outcomes,
rarely are the same exposure and genetic locus examined in
independent studies. Independent replication will be essen-
tial to increasing confidence in any given interaction and
demonstrating that interactions are not cohort specific. In
addition, the vast majority of gene—air pollution interaction
studies have been performed in Caucasian cohorts. Pool-
ing cohorts to create studies with larger sample sizes and
increased diversity might allow for more genome—wide
approaches, improve examination of associations across
racial/ethnic groups, and facilitate discovery and replica-
tion analyses.

While the interpretation of interactions is a persistent
challenge, within the gene—air pollution literature many
studies stratify associations across genotypes, which facili-
tate interpretation and identification of genetic models.
Functional follow-up for gene—air pollution interaction stud-
ies has been non-existent, possibly due to the expense and
complexity of such an undertaking. However, as the field
advances, pairing association studies with functional follow-
up may be a key step in translating statistical interactions
into public policy and mechanistic understandings.
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