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During the last decade, associations between persis-
tent organic pollutants (POPs), such as polychlori-
nated biphenyls, dioxins and pesticides, and cardio-
vascular (CV) risk factors and overt CVdisease (CVD)
have been reported in humans. Recently, associa-
tions between plastic-associated chemicals (PACs),
such as bisphenol A and phthalates, and CVD have
also begun to emerge. Several approaches to evaluat-
ing suchassociationshave beenused: accidentswith
ahigh level of exposure, occupational exposure stud-
ies, geographical studiesof subjects livingnearacon-
taminatedareaandtraditional case–controlorcohort
studies with measurements of circulating levels of
different environmental contaminants in the general
population. Exposure to POPs has consistently been

associatedwithdiabetesusing all the approachesde-
scribedabove, includingprospective studies. Theevi-
dence regarding associations between exposure to
POPs and other CV risk factors, such as hyperten-
sion, obesity and lipids, is less strong and is mainly
based on cross-sectional data. Associations between
overt CVD and POPs have been reported using all the
aboveapproaches, butprospectivedata frompopula-
tion-basedstudiesare still lacking toprovidefirmevi-
dence of an important and independent role of POP
exposure in the pathogenesis of CVD. Nevertheless,
taken together, current evidence suggests that
further longitudinalandexperimentalstudiesshould
be conducted to investigate the effect of exposure
to both POPs and PACs, such as bisphenol A and
phthalates.

Keywords: cardiovascular disease, environmental
contaminants, persistent organic pollutants (POPs),
plastic-associatedchemicals (PACs).

Introduction

Since the Second World War, humans have been ex-
posed to a growing number of man-made chemicals.
To date, about 150 000 chemical substances have
been registered in the database of the European
Chemicals Agency (http://www.echa.europa.eu/).
Whilst chemical substances to be used as pharma-
ceuticalsaresubjectedtorigorousregulatorycontrol,
chemicals intended for most other purposes require
littleornoregulationbeforeentering themarket.Very
few of these chemicals have been tested for toxicity,
and only around 20% of the many chemicals on the
market are tested to a sufficient degree to enable
proper assessment of their risks to health and their
effectsontheenvironment.

The term persistent organic pollutants (POPs) refers
to a number of highly divergent chemicals with the
common characteristics of toxicity and resistance to
degradation. Many POPs are highly lipophilic and
thereby accumulate in adipose tissue with a half-life

from 1 month up to several years. The best-known
POPs are polychlorinated biphenyls (PCBs), dioxins,
brominated flame retardants and organochlorine
(OC) pesticides, such as dichlorodiphenyltrichloroe-
thane (DDT).

Another group are high-volume produced chemicals
used intheproductionofplasticsandincludebisphe-
nol A and phthalates. Most of these compounds are
not lipophilic, but because of their widespread use in
daily life, they are measureable in the circulation
in almost all individuals in the industrialized world.
Table 1 provides a summary of some of the POPs and
plastic-associatedchemicals (PACs)discussed inthis
review.

A common feature of several POPs and PACs is an ef-
fect on hormonal systems, and therefore, they have
been collectively termed ‘endocrine disruptors’. Be-
cause these chemicals can act both as agonists and
antagonists on sex hormone receptors in different
tissues, studies have been carried out to investigate
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Table 1 Overviewofsomeof the toxicantsdiscussed in this review

Chemicals Usesandsourcesof exposure

Persistentorganicpollutants (POPs)

Polychlorinatedbiphenyls (PCBs)

orto meta
para

23

4

5 6

(Cl)x (Cl)y

PCBsaremixturesofupto209 individual chlorinated

compounds (knownascongeners)withbetween twoand10

chlorineatomsattachedtoabiphenyl,which isamolecule

composedof twobenzenerings.Twelveof thePCBshave

‘dioxin-like’ properties.PCBshavebeenusedcommercially

since1930.TheuseofPCBswasbanned inSweden in1972

andPCBproductionwasbannedbytheUSCongress in

1979becauseof evidence that theybuildup inthe

environmentandcanhaveharmfuleffectsonhealth.PCBs

areeitheroily liquidsorsolids thatarecolourlessorpale

yellow;somecanexist asavapour inair.PCBsarevery

persistentandaccumulate in foodwebs.Theyhavebeen

usedascoolantsand lubricants intransformers,

capacitorsandotherelectrical equipmentbecause they

donotburneasilyandaregood insulators.Products that

maycontainPCBsincludeoldfluorescent lightingfixtures,

electricaldevicescontainingPCBcapacitorsandmicro

scopeandhydraulicoils.PCBsare fat-solublecompounds

thataccumulate in individualsandmagnify in the food

chain, soalthoughtherearemanufacturinganduse

restrictions forPCBsinmany industrializedcountries,

theyarestill present in food (fishanddairyproduceare

mostcontaminated)and in thebody.

Polybrominateddiphenyl ethers (PBDEs) PBDEsareadded toplasticsand foamproducts tomake

themdifficult toburn; theyare thepredominant

constituentsofflame-retardantagents.PBDEsexistas

mixturesof similarchemicalsknownascongeners.There

aredifferentkindsofPBDEs;somehaveonlya fewbromine

atoms,whereasothershaveasmanyas10bromineatoms

attached to thecentralmolecule.Because theyaremixed

intoplasticsand foamsrather thanboundto them,PBDEs

can leak fromproductsandenter theenvironment.They

aredistributed interrestrial andaquaticenvironments

worldwide.Thepenta-andoctabromodiphenyl ether

mixtureswerebannedinEurope inAugust2004.
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Table1 (Continued)

Chemicals Usesandsourcesof exposure

DDTandDDE:

1,1,1-trichloro-2,2-bis (4-chlorophenyl) ethane (DDT)

1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (p,p¢-DDE)

DDT isa lipid-solubleorganochlorinepesticideextensively

usedasanagricultural insecticidesince the1940s.DDT

and itsmajorandverypersistentmetabolitep,p¢-DDEare

biomagnifiedatdifferent trophic levels in theenvironment.

p,p¢-DDEisconsideredananti-androgenas it inhibits

androgenbinding to its receptor. In1972, theUS

EnvironmentalProtectionAgencybannedalluseofDDT

exceptwhenessential topublichealth.Similarbanswere

institutedbySweden in1975and later inmostdeveloped

countries.DDTisstill beingused indevelopingcountries to

controldisease, inparticular forcontrolofmalaria-carrying

mosquitoes.BecauseDDTwasbannedinmostWestern

countries, the residual levels in theenvironmenthavede

creased locally.However, residual low levelsofDDTremain

worldwidebecauseof itshighchemical stabilityand

transport over longdistances

Hexachlorobenzene (HCB) HCBisaverypersistentorganochlorinechemical thatwas

introducedasearlyas the1930sandwaswidelyusedasa

fungicideuntil1965. Itwasalsousedtomakefireworks,

ammunitionandsynthetic rubberandmaybecreatedas

eitherabyproductof oran impurity in themanufacturing

process forotherchemicalsandpesticides.HCBisnow

bannedworldwide foruseasa fungicide,but itmaystill

contaminate theenvironmentas it is formedasa

by-productof otherchemicals, in thewastestreamsof

chloralkaliandwood-preservingplants,andwhenburning

municipalwaste.

Trans-nonachlordane (trans-nonachlor,TNC, t-NCHL) Technical chlordane isamixtureof>140related

compounds;60–85%of technical chlordaneconsistsof the

stereoisomerscis-andtrans-chlordaneand

trans-nonachlordane (trans-nonachlor,TNC, t-NCHL).

Chlordane isabroad-spectruminsecticideknownfor its

toxiceffectsand itscapacity topersistandaccumulate in

theenvironment. It is stable insoilandbreaksdownvery

slowly, socanremain fordecades.Chlordane is lipid

solubleandveryresistent todegradation,and themain

exposure route is ingestionofhigh-fat foodssuchasmeat,

fishanddairyproduce.Chlordanewas introduced in1945

andwascommonlyused from1948to1988,butwas

bannedforagriculturaluse inSweden1971and in theEU

in1981becauseof concernaboutdamageto the

environmentandharmtohumanhealth.
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Table1 (Continued)

Chemicals Usesandsourcesof exposure

Dioxins–polychlorinateddibenzo-p-dioxinsand

dibenzofurans:

Polychlorinateddibenzo-p-dioxin (PCDD)

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)

The termdioxinsusually refers topolychlorinated

dibenzo-dioxins (PCDDs)andpolychlorinated

dibenzofurans (PCDFs).PCDDsarea familyof75

chemically relatedcompoundscommonlyknownas

chlorinateddioxins. InPCDDs,chlorineatomsare

attachedatanyof eightdifferentplaceson themolecule.

Thereare75differentPCDDcongeners.Oneof these

compounds,2,3,7,8- tetrachloro-dibenzo-p-dioxin

(TCDD), isamongst themost toxicof thePCDDsandalso

themoststudied.AsTCDDhasthehighest toxicpotential,

the toxicityof otherPCDDs,PCDFsanddioxin-likePCBsis

defined incomparison toTCDD.ToxicEquivalents (TEQs)

areusedtoreport the toxicity-weightedmassesofmixtures

ofdioxins.Dioxinsare formedasbyproductsofnumerous

typesof industrialactivityandall combustionprocesses.

Dioxinsbuildupprimarily in fatty tissuesover time

(bioaccumulate), soevensmallexposuresmayeventually

reachdangerous levels.Apart fromoccupationalor

accidental exposures,mosthumanexposure to

PCDD ⁄PCDFoccursasaresultofdietary intake,mainlyof

meat,milk,eggs,fishandrelatedproducts.

Perfluorinatedchemicals (PFCs):

Perfluorooctanesulphonate (PFOS)

Perfluorooctanoicacid (PFOA)

PFCsarea largegroupof chemicals that, in recentyears,

havebeenused increasinglyassurfactants invarious

industrialandconsumerproductsbecauseof theirunique

propertiesasrepellentsofdirt,waterandoils.

Fluoropolymercoatingsareused insuchvariedproducts

asclothing, furniture,adhesives, foodpackaging,heat-

resistantnonstickcookingsurfacesandthe insulationof

electricalwire.Thebest-knownPFCsarePFOSandPFOA,

andtheirderivatives. IndustrialproductionofPFOSand its

derivativesceased in2000,and theEUhasbannedmost

uses.However,hundredsof relatedchemicals,

homologueswithshorteror longeralkyl chains,PFOAand

telomeres,whichmaydegrade,arenot regulated.PFCs

havebeenfound inriversand lakesand inmanytypes

ofanimalson landand inwater.Bioaccumulationalso

occurs inhumans,and individuals inWesternsocieties

have tracesof thesePFCs intheirbloodandinternal

organssuchas the liver,kidneys, spleen,gall bladderand

testes. In theblood,PFOSandPFOAareboundtoserum

proteins.
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Table1 (Continued)

Chemicals Usesandsourcesof exposure

Plastic-associatedchemicals (PACs)

BisphenolA (BPA)

BPAhasbeenused forover50 years in themanufactureof

polycarbonateplasticsandepoxy resins, in thermalpaper

production,andasapolymerization inhibitor inthe

formationof somepolyvinyl chlorideplastics.

Polycarbonatesareusedtomakeproductssuchas

compactdiscs,carparts,baby feedingbottles,plastic

dinnerware, eyeglass lenses, toysand impact-resistant

safetyequipment.Epoxy resinscontainingbisphenolAare

used inprotective liningsof somecannedfoodcontainers,

winebarrel linings, epoxyresin-basedpaints,flooringsand

dental composites.General exposure toBPAat low levels

comes fromeating foodordrinkingwaterstored in

containers thatat least inpartarecomposedof the

compound.Youngchildrenmaybeexposedby

hand-to-mouthanddirect oral contactwithmaterials

containingBPA.Dental treatmentwithBPA-containing

sealantsalsoresults inshort-termexposure. Inaddition,

workerscanbeexposedduringmanufactureof

BPA-containingproducts.

Phthalates

Di-2-ethylhexylphthalate (DEHP)

Phthalatesorphthalateestersarea largegroupof chemicals

usedmainly tomakepolyvinylchloride (PVC)moreflexible

and lessbreakable.Themostwidelyusedphthalatesare

di-2-ethylhexylphthalate (DEHP),diisodecylphthalate

anddiisononylphthalate.DEHPis thedominant

plasticizerused inPVC.Thesekindsofphthalates

(plasticizers)areused inhundredsofPVCproducts, such

asvinylflooring,adhesives,detergents,automotive

plastics, raincoats, gardenhoses, inflatable toys,blood-

storagecontainers,medical tubingandchildren’s toys.

Somephthalatesareusedassolvents inperfumes,soaps,

shampoos,hair spraysandnailpolishes. Individualsare

exposed tophthalatesbyeatinganddrinking foodsthat

havebeenincontactwithcontainersandproducts

containingphthalates.Toa lesser extent,exposurecan

occur frombreathing inair thatcontainsphthalate

vapoursordustcontaminatedwithphthalateparticles.

Youngchildrenmayhaveagreater riskof exposure to

phthalateparticles indust thanadultsbecauseof their

hand-to-mouthbehaviour.Oncephthalatesenter the

body, theyareconverted intometabolites, for example,

DEHP ismetabolised tomono-(2-ethylhexyl)phthalate,

which is rapidlyexcreted intheurine.
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their effects on reproduction and hormone-sensitive
cancers. Inrecentyears,associationswithcardiovas-
cular (CV) factors and overt CV disease (CVD) have
alsobeenreported.

In the present review, we focus on evidence from hu-
man studies regarding a link between POPs ⁄PACs
and the development of atherosclerosis and CVD.
Five different research tools have been used: data
from accidents in which some subjects were exposed
to very high concentrations of a pollutant, occupa-
tional exposureatmoderate tohigh levels, geographi-
cal exposure by living close to a contaminated area,
case–control studies, cross-sectional studies and
traditional longitudinal population studies with
measurementsofcirculating levelsofdifferentchemi-
cal compounds (see Table 2 for summary of study
types). Studies with CVD as outcomes are summa-
rized inTable3.

Risk factors for CVD

Diabetes

Accidents. InSevesoinnorthernItaly,amanufactur-
ingplant exploded in1976, and thesurroundingarea
washeavilycontaminatedwith thehighly toxicdioxin
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). After
25 years of follow-up, the diabetes mortality rate in
Sevesowaselevated [relative risk (RR)1.7,95%confi-
dence interval (CI) 1.1–2.7] comparedwith the rate in
anonexposedsurroundingreferencearea[1].

In the late 1970s, the consumption of rice-bran oil
laced with PCBs and polychlorinated dibenzofurans
(PCDFs) poisoned thousands of Taiwanese people in
Yucheng. At follow-up 24 years later, 378 subjects
fromYuchengwerecomparedwith370matchednon-
exposed controls. The risk of diabetes was signifi-
cantly increased forwomen [odds ratio (OR) 2.1, 95%
CI 1.1–4.5], but not for men (OR 1.0), amongst the
Yucheng population. Furthermore, women from
Yucheng diagnosed with chloracne, a sign of severe
PCB ⁄dioxin exposure, had an adjusted OR for diabe-
tesdevelopmentof5.5 [2].

Occupational studies. During the Vietnam War, the
USAirForceusedtheherbicideAgentOrange,achem-
icalcontaminatedwithTCDD.Alargenumberofstud-
ies have been conducted with various follow-up peri-
ods,mostoftenusingAir Force soldierswhoserved in
VietnambutwerenotexposedtoAgentOrangeascon-
trols. In general, these studies showed an increased
risk of diabetes development in the exposed Vietnam

veterans (RR values between 2.0 and 4.0) as signifi-
cantinsome,butnotall,studies[3–8].

Geographical studies. Astudy team ledbyCarpenter
investigated >900 waste sites in New York, NY, USA,
and quantified the extent of POP contamination.
Merging data of individual’s zip codes and health re-
cords, the investigators concluded that subjects liv-
ing close to a contaminated waste site showed a 23%
(95%CI15–32%) increased riskofdiabetes [9].

Population-based studies. Although a large number
of cross-sectional studies investigating POP levels in
different populations have been reported, we were
only able to identify five prospective studies. In the

Table 2 Studies to evaluate the link between environmental

contaminantsandhumandisease

Typeofstudy Comments

Accidental exposure

(e.g. ofageographical

areaorworkplace) to

veryhigh

contaminant levels

Resemblesclassical toxicity

studies inexperimentalanimals.

Catcheseffectson therightpart

ofadose–responsecurve

Occupational

exposurestudies

Usuallyused toevaluatea

moderatelyhighdegreeof expo

sure.Couldevaluatetheeffects

ofasinglecompound,butmore

likely todetermine theeffectsofa

mixtureof compounds

Geographicalarea

exposurestudies

(e.g.proximity toa

wastesite)

Usuallyused toevaluatea low

degreeof exposure,andthe

effectsofamixtureof

compounds

Case–control studies Used toassessexposureeitherby

historyor throughbloodsamples

Cross-sectional

population-based

studies

Usuallyused toevaluatea low

degreeof exposure.Able to

assessexposureeitherbyhistory

or throughbloodsamples

Prospective

population-based

studies

Usuallyused toevaluatea low

degreeof exposure.Able to

assessexposureeitherbyhistory

or throughbloodsamples.

Reversecausalityhas lesseffect

than incase–control andcross-

sectional studies
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Michigan polybrominated biphenyl (PBB) cohort of
>1300 subjects living in an area of known POP con-
tamination, 180 subjects received a diagnosis of
diabetes during a 25-year follow-up. Comparing the
highest versus the lowest quintile of a summary
measurementofPBBsrevealedanORof2.0–3.0inwo-
menand1.7 inmen; only theORvalue inwomenwas
statisticallysignificant [10].Astherearemanychemi-
cal formsofPBBsandPCBs, it iscommontopresenta
summary measure instead of analysing individual
compounds.Thepotentialdrawbackofthisprocedure
is that different compounds might have different ac-
tionsoreffectsbecauseofvariationsinhalf-lives.

In a cohort of fish consumers fromsport fishing in the
Great Lakes followed formore than 10 years, 36 new
diabetes cases were observed. Circulating levels of
1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene, DDE
(a metabolite of DDT; OR 7.1, 95% CI 1.6–31 for the
highest tertile), but not a summary measure of PCBs
(OR 1.8, 95% CI 0.6–5.0 for the highest tertile), pre-
dicteddevelopmentofdiabetes [11].

In the population-based CARDIA study, a nested
case–control study was performed after 17 years of
follow-up and 90 new cases of diabetes were identi-
fied. Circulating levels of the pesticide trans-nona-
chlordane (TNC) and several PCB congeners pre-
dicted diabetes development. This effect was evident
even for very lowdoses of TNC (OR5.3 for second ver-
sus first sextile) and was most pronounced in obese
subjects [12].

In a nested case–control study conducted in women
from Lund, Sweden, DDE (OR 5.5, 95%CI 1.2–25 for
the highest quartile), but not PCB153 (OR 1.6, 95%
CI 0.6–4.0), predicted development of diabetes that
was diagnosed more than 7 years after the baseline
examination [13].

In the Prospective Investigation of the Vasculature in
Uppsala Seniors (PIVUS) study, a cohort study
including>1000subjectsall aged70 years,we inves-
tigated the associations between POPs and diabetes
using both a cross-sectional design (113 cases) and
prospective data during 5 years of follow-up (36
cases). Using both approaches, a number of PCB
congeners, as well as a summary measure of pesti-
cides includingDDEandTNC,were found tobeasso-
ciatedwith diabetes [14]. Of note, the summarymea-
sure of PCBs was a stronger risk factor for incident
diabetes (OR 7.5, 95% CI 1.4–38) than body mass
index (BMI) (OR 4.5, 95% CI 1.2–22), even following
adjustment forBMI.

The results ofmost, but not all, of the cross-sectional
studies confirmed the findings of the prospective
studies, suggestinga roleofPOPs indiabetes [15–25].
It isnoteworthy thatall cross-sectionalstudiesanaly-
sing TNC found a significant association with diabe-
tes [12,14,16,19,24,25].

In theUSNationalHealth andNutritionExamination
Survey (NHANES)of2003–2004,urinarybisphenolA
levelswereanalysed in>1400subjects.Using self-re-
ported diabetes as outcome ina cross-sectional anal-
ysis, therewas anRRof 1.3 (95%CI1.2–1.6) for a one
standard deviation (SD) change in urinary bisphenol
A levels [26]. However, an investigation of the
NHANES 2005–2006 survey cycle did not confirm
thesefindings (OR1.0,95%CI0.8–1.3) [27].

Brominated flame retardants, such as polybromi-
nated diphenyl ethers (PBDEs) or PBBs, were also
evaluated in a cross-sectional analysis of the
NHANES data. Prevalent diabetes was significantly
associated with serum concentrations of PBB-153
and PBDE-153 (ORs 1.8–3.1 for highest versus low-
estquartiles) [28].

Hypertension

Compared with studies of diabetes, investigations of
the association between hypertension and POPs are
rare.

In theYuchengPCBaccident, womendiagnosedwith
chloracneshowedanadjustedORof3.5 forhyperten-
sion compared with those without chloracne during
24 yearsof follow-up [2].

In one of the above-mentioned studies of USVietnam
veterans,an increased incidence rateofhypertension
was foundamongst thosewhohad sprayedAgentOr-
ange compared with controls (increased risk of 32%,
95%CI8–61%) [3].

In the above-mentioned studyof contaminatedwaste
sites in New York, a 19% increased risk (95% CI 9–
31%) in hypertension was observed amongst those
livingclose toacontaminatedsite [29].

Population-based studies. In a cross-sectional anal-
ysis of the NHANES 1999–2002 data, it was found
that theRR forhypertensionwas1.8 (95%CI1.2–2.7)
for the highest quartile of a number of PCBs [30],
whilst another evaluation of the same survey includ-
ing 524 subjects showed that dioxin and PCDF con-
centrations in serumwere related to newly diagnosed
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hypertension in women only (RR 5–6 for highest ver-
sus lowestquartiles) [31].

In a cross-sectional analysis of data from758partici-
pants living in a polluted environment in Anniston,
AL, USA, RR for hypertension for the highest versus
the lowest tertileofPCBswas4.1 (95%CI1.3–14).

In some of these studies, the diagnosis of hyperten-
sionwas based on the combination of blood pressure
measurements and ⁄or history of antihypertensive
medication, which is appropriate for determining the
prevalence of hypertension, as more than half of all
hypertensive cases are unknown in population sur-
veys inadults [32].

Metabolic syndrome

Population-based studies. With regard to the meta-
bolic syndrome (MetS), there are only cross-sectional
data on the effect of these pollutants. Most investiga-
tions have used the National Cholesterol Education
Program ⁄AdultTreatmentPanel III,NCEP ⁄ATPIII cri-
teria for thediagnosisof theMetS [33].

In a nationwide survey of >1300 Japanese subjects,
circulating levels of dioxins and PCBswere related to
the occurrence of the MetS (OR 3.2–4.8 for the high-
est versus lowest quartiles). Levels of these POPs
were associatedwith all components of the syndrome
[34].

Using data from >700 nondiabetic subjects in the
NHANES 1999–2002 survey, it was demonstrated
that levels of pesticides were strongly related to the
MetS (OR 5.3, 95% CI 2.5–11.0, for the highest ver-
sus lowest quartile). Pesticide levels were signifi-
cantly related to all criteria of the syndrome except
blood pressure [ORs (highest versus lowest quartile):
2.4 for waist circumference, 7.1 for triglycerides, 2.3
for HDL, 5.6 for glucose and 1.8 for blood pressure]
[35].

Inacase–controlstudyof50nondiabeticKoreansub-
jects with the MetS and 50 controls, two POP pesti-
cides, beta-hexachlorocyclohexane and heptachlor
epoxide, were associated with the MetS (OR 4.4 and
6.0, respectively, for thehighestquartiles) [36].

Because a common feature of the MetS is insulin
resistance, the relationship between POPs and insu-
lin resistance has also been analysed using NHANES
datain749nondiabeticparticipants.Thehomoeosta-
sis model assessment-estimated insulin resistance

(HOMA-IR) index was used to define insulin resis-
tance. Nineteen POPs were investigated. Amongst
the POPs, pesticides were most strongly associated
withHOMA-IR (OR3.8 forhighestquartile). Theasso-
ciation between pesticides and HOMA-IR tended to
strengthenaswaistcircumferenceincreased[37].

Obesity

Aswith theMetS,most of the data regarding associa-
tions between obesity and environmental contami-
nantsare fromcross-sectionalstudies.

Population-basedstudies. Ina cross-sectional study
of the PIVUS cohort, we investigated the associations
betweenPOP levelsand fatmassusingdual-emission
X-rayabsorptiometry.PCBswitha lowdegreeofchlo-
rination were found to be positively related to fat
mass, whereas PCBs with a high degree of chlorina-
tion were inversely related to fat mass [38]. Levels of
pesticides were therefore positively related to fat
mass. This unexpected finding of divergent effects of
different PCBs might be explained by different phar-
macokinetic properties, and the fact that PCBswitha
lowdegreeofchlorinationhaveashorterhalf-life than
highly chlorinated PCBs, as well that peak exposure
toPCBswas in the1970s.AsnotedbyWolff etal. [39],
the relationship between POP concentrations and fat
mass (BMI) is always negative immediately after the
main exposure because of the fact that POPs are
mainly stored in fat tissue. However, following 2–3
half-livesof thecompound, this relationshipbecomes
positive if there is no further exposure. The timing of
the change from a negative to a positive relationship
is governed mainly by the half-life of the compound,
but also by changes in body fat and by any recurrent
exposure. An inverse relationship between highly
chlorinated PCBs and obesity was also reported by
Dirinck et al. [40] in a smaller case–control study of
obeseand leansubjects.

Ina cross-sectional analysis ofNHANESdata, gender
interactionswere seen in the relations between pesti-
cide levels andBMI, whilst a positive relationship be-
tween levels ofadioxinandBMIwasseen inbothmen
andwomen[41].

In another cross-sectional Japanese study of
>13 000 subjects in the community, a positive rela-
tionship was found between the level of all PCBs and
BMI [34]. Similar findingswere seen ina smaller sub-
study using the CARDIA cohort, where subjects with
high levels of PCBshada highBMI andwaist circum-
ferenceafter25 yearsof follow-up [12].
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Using NHANES 2003–2004 data, positive associa-
tionswere foundbetweendifferentphthalatemetabo-
lites and BMI or waist circumference. Most often,
these associations were found only in either men or
women[42].

One problem with the study of associations between
POPsandobesity ⁄MetS is thatPOPsarestored inadi-
pose tissue and thus the amount of fat determines
the circulating levels for a given exposure, as dis-
cussed above. Thus, it is very hard in cross-sectional
studies to determine whether high POP exposure
could induce obesity ⁄ the MetS, as has been sug-
gested based on animal studies [43–46]. Prospective
studies would in part overcome this difficulty, but
very fewsuchstudieshavebeenreported.

In a prospective analysis of the PIVUS cohort, 100
new cases of abdominal obesity were discovered over
a 5-year follow-up period. Similar to our previously
reported findings of the cross-sectional analysis [38],
PCBswitha lowdegreeof chlorinationwerepositively
related to the risk of future abdominal obesity,
whereasPCBswithahighdegree of chlorinationwere
inversely related to the riskof future abdominal obes-
ity [47]. Levels of pesticides were positively related to
theriskof futureabdominalobesity.

Inspired by the Barker hypothesis that intra-foetal
programming is a major determinant of obesity,
hypertension and CVD in adult life, POP levels have
been measured in mothers during pregnancy or in
cordbloodat delivery, and the childrenhave been fol-
lowed (mother–child cohorts). As recently reviewed in
detail [48], no consistent association has been found
between foetal exposure to PCBs and obesity during
childhoodor early adult life [49–53],whilst amajority
of the studies in which foetal exposure to DDE was
measured reported positive relationships with later
BMI or body weight [50–54]. It should be noted, how-
ever, that only one of these studies [50] evaluated
obesity during a prolonged follow-up (20–50 years),
so the full potential of thesemother–child studies re-
mainsunclearatpresent.

Lipids

Most POPs are highly lipid-soluble compounds that
are transported by lipoproteins, and therefore, any
associations between levels of POPs and lipids could
be hard to distinguish in ameaningful way. Further-
more, traditionallyPOP levelshavebeenmeasuredas
concentration normalized with respect to serum
lipids.

Occupational and geographical studies. Although
traditional population-based studies might not be
suitable to determine the relationship between POP
levels and lipids, some occupational exposure and
geographical studieshaveaddressed this issue.

In a case study of workers so heavily exposed to
TCDD, it was shown that even 40 years after expo-
sure, they still showed levels >100%higher than nor-
mally found in humans, 91% of the subjects were on
anti-lipid medication and 100% showed atheroscle-
rotic plaques in the carotid arteries at ultrasound
[55]. Although no control group was included in this
case study of 11Caucasian subjects with amean age
of 66 years, both the use of anti-lipidmedication and
the prevalence of carotid atherosclerosis were higher
than usually found in this age group (13% and 66%,
respectively, in the PIVUS study in 70-year-old sub-
jects) [56].

In a cross-sectional studyamongst 133maleworkers
at municipal waste incineration sites, serum choles-
terol levels were higher in those with a high Toxic
Equivalent (TEQ; amarker for dioxin exposure) com-
paredwith thosewitha lowvalue [57].

A total of281workers fromtwochemical plants in the
USAand260 control referents participated ina case–
control study; those with high levels of dioxins
showed increased levelsofserumtriglycerides [58].

Inacross-sectional studyof>1000subjects inaPOP-
pollutedareaofEast Slovakia, serumtriglyceride lev-
els were increased compared with a control popula-
tion fromanonpollutednearbyarea [59].

Population-basedstudies. In contrast to other POPs,
perfluorinated compounds are not highly lipid solu-
ble (they are oil and water repellants) and lipid nor-
malization is not needed. An association between
perfluorooctane sulphonate ⁄perfluorooctanoic acid
(PFOA) levels and serum cholesterol was found in a
large US cross-sectional study [60]. In a cross-
sectional study of 1025 workers with potential expo-
sure to PFOA, the circulating levels of this compound
were related to LDL cholesterol concentration [61].

Atherosclerosis

Population-based studies

Very few studies on the relationship between human
atherosclerosis and levels of POPs or PACshave been
reported. In the PIVUS study, the carotid arteries
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were examined byultrasound. Following adjustment
for lipids and a further 10 known CVD risk factors, a
numberofPCBswere foundtoberelatedto theoccur-
rence of plaques in a cross-sectional analysis. In
addition, levels of highly chlorinated PCBs were
related to an echolucent (dark) vascular wall indica-
tive of lipid infiltration in the intima space. Further-
more, therewas a relationship between the phthalate
metabolite mono-methyl phthalate and plaque
occurrence, even at levels only slightly higher than
the lowest levels in the sample (low-dose effect) [62].
Levels of bisphenol A and several phthalate metabo-
lites were related to lipid infiltration of the vascular
wall.

CVD

Nonspecific CVD

Accidents and occupational studies. Mortality rates
were investigated ina25-year follow-up of the Seveso
accident. It was found that CVD mortality was in-
creased during the first 10 years following the acci-
dent, but thereafter no further increase was ob-
served. The highest CVD mortality rates were found
in the 5- to 9-year follow-up interval (RR 1.8, 95% CI
1.0–3.1) [1].

In the 24-year follow-up of the Yucheng accident, a
nonsignificant trend for self-reported CVD was re-
ported in the PCB- and PCDF-exposed cases, com-
paredwithcontrols (OR1.5,95%CI0.8–2.7) [2].

In one of the above-mentioned US Vietnam veteran
studies, an increased incidence rate of CVD was
found after 30 years of follow-up in those who had
sprayed Agent Orange compared with veterans who
didnot handle theherbicide (OR1.5, 95%CI1.1–1.9)
[3].

Population-based studies. In one cross-sectional
analysis of 889adults from theNHANES1999–2002,
concentrations of PCBsandpesticides in serumwere
positively related to self-reported CVD, defined as a
history of myocardial infarction, angina pectoris or
stroke. PCBs andOCpesticideswere associatedwith
the prevalence of CVD inwomen only (OR 3.8–5.0 for
the highest versus the lowest quartiles), whereas the
total level of all three evaluated dioxinswas related to
CVD in both sexes (OR 1.7 for the highest versus the
lowestquartile) [63].

In a cross-sectional analysis of 1455 adults from the
NHANES 2003–2004, urinary levels of bisphenol A

were positively associated with self-reported CVD,
with an RR of 1.6 (95% CI 1.1–2.2) for a change of
1 SD inurinarybisphenol A levels [26]. Ananalysis of
the NHANES 2005–2006 confirmed these findings
[27]. In these studies, no distinction was made be-
tweendifferentCVdisorders.

Coronary heart disease

Because the results of several small occupational
studiespointedtowardsanassociationbetweendiox-
in exposure and coronary heart disease, the IARC
international cohort was formed, consisting of 36 co-
horts from 13 countries, including 21 863 workers
followed for >20 years. A significant association was
found between dioxin exposure and coronary heart
disease in thispowerful analysis (RR1.6,95%CI1.2–
2.2) [64].

In the above-mentioned study of contaminatedwaste
sites inNewYork,an increasedriskof20%(95%CI3–
39%) for a diagnosis of myocardial infarction was
found for those living close to a contaminated site
[29].

In the cross-sectional analysis of the combined
NHANES2003–2004and2005–2006data, therewas
an RR of 1.2 (95%CI 1.1–1.4) for a change of 1 SD in
urinary bisphenol A levels for prevalent myocardial
infarction [27].

Stroke

In the IARC international cohort including 21 863
workers exposed to dioxin followed for >20 years, a
nonsignificant tendency for an association with inci-
dence of stroke was noted (RR 1.5, 95% CI 0.8–2.8)
[64].

Similar to the findings for myocardial infarction,
living close to a POP-contaminated waste site in New
York was associated with an increased risk of being
hospitalized for stroke (RR 1.1, 95% CI, 1.0–1.2)
[65].

Peripheral artery disease

In a recent evaluation of 2032 subjects from the
NHANES 1999–2004, it was shown that OC pesti-
cides were associated with peripheral artery disease
(PAD), defined as an ankle–brachial index <0.9 (a
commonly used definition of PAD). This association
wasmostpronounced inobesesubjects (OR1.1,95%
CI,1.0–1.3) [66].
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Mechanisms of action

As discussed above, many of the POPs have been
shown to interact with hormonal systems. Indeed,
different effects on sex hormone receptors have been
demonstrated with both agonist and antagonist
properties of differentPOPs indifferent tissuesandat
different levels of exposure. Bisphenol A was termed
an oestrogen as early as the 1930s, when it was
shown to stimulate the reproductive system in female
rats. There were plans for its introduction as an oes-
trogenic pharmaceutical agent, although it never
reached the market because more potent agonists
were found [67]. A number of other steroid nuclear
receptors are alsoknown tobeaffectedbyPOPs.With
regard to dioxin and dioxin-like PCBs, a main target
is the aryl hydrocarbon receptor (AHR). Following
activation by dioxin, this receptor, with no clearly
identifiedendogenous ligandorknownaction,will in-
crease the activity of the cytochrome P450 enzyme
CYP1A1, resulting in formation of reactive oxygen
species (ROS) and inflammation [68, 69]. In addition,
alterations in the apoptosis rate and cell cycling have
been described following dioxin activation of the AHR
[70–73]. Thus, several mechanisms that are cur-
rently discussed in relation to the pathogenesis of
atherosclerosis are known to be triggered by POPs,
including induction of ROS during oxidation of LDL
cholesterol in the vascular wall, ROS-induced low-
grade chronic inflammation within the atheroscle-
rotic plaque, and apoptosis of vascular smoothmus-
cle cellsmaking theplaque vulnerable to rupture and
thrombosis formation.

Other effects of environmental contaminants might
be due to the activation of other nuclear receptors.
One such example is the well-established action of
phthalates on Peroxisome proliferator-activated
receptors,PPARreceptors,whichwillaffectadipocyte
differentiation, lipid metabolism and insulin resis-
tance, and thereby the risk of diabetes development
[74].

Validation issues

As shown above, there is evidence to suggest that
exposure toPOPs,andtosomeextentPACs, isassoci-
atedwithmajorCVriskfactors,aswellaswiththerisk
ofatherosclerosisandovertCVD.However,compared
with other traditional risk factors, such as high LDL
cholesterol,smokingandhypertension,itisnotpossi-
ble to perform clinical trials, as for example, for lipid-
lowering or smoking cessation medication, to estab-
lish whether these environmental contaminants are

true risk factors or merely risk markers. It would be
unethical to administer these contaminants in clini-
cal trials, andtherearenoknownways to inducetheir
rapid elimination. Furthermore, the Mendelian ran-
domization approach, as recently used to determine
whether C-reactive protein is a risk factor or a risk
marker [75], is not applicable to nonendogenous po-
tential risk factors, as in this case. Therefore, at pres-
ent, theonlyotherway tovalidate thehumanfindings
reported in the present review is to challenge appro-
priate experimental in vivo and in vitro models with
dosages relevant for humanexposure to seek biologi-
calevidenceofcausalrelationships.

In summary, there is experimental evidence to sup-
port the human findings, showing that POPs and ⁄or
PACs (i) induce diabetes because of impairments in
insulin secretion and ⁄or resistance [76–78], (ii) in-
duce obesity bymeans of altered adipocyte differenti-
ation [79], (iii) raise blood pressure by increasing the
sensitivity to angiotensin II [80] and impairing endo-
thelium-dependent vasodilatation [81, 82], (iv) in-
ducedyslipidaemiabothbyinterferingwith lipidstor-
age in adipocytes and by altering lipid-regulating
enzymes in the liver, leading to hepatic steatosis [83,
84], (v) accelerate atherosclerosis formation in ApoE
knockout mice (a well-established atherosclerosis
model) [85], (vi) induce cardiac hypertrophy [86] and
(vii) alter the composition of contractile myocardial
elementsand inducecardiacfibrosis [87].However, it
is noteworthy that in many of these studies, no at-
tempts have been made to transfer relevant human
exposure data to the experimental setting, and the
exposure levels are often much higher than are seen
inhumans.

Problems associated with in human studies

The twomajor problemswith conductingproper pop-
ulation-based large prospective studies in this field
are the high cost and the analytical volume needed.
Therefore, it is necessary to improve the analytical
procedures to increase the speed of the analysis and
to reduce the sample volume without loss of preci-
sion. In the PIVUS study, van Bavel and co-workers
have been able to analyse >20 POPs with high preci-
sion in 0.5 mL plasma [88, 89]. However, even more
improvements inanalyticalcapacityat lowervolumes
must be achieved before it is realistic to use frozen
samples from the major long-term prospective stud-
ies of CVD that have been performed in the USA and
Europe. If these improvements can be achieved,
knowledge of the relationships between environmen-
talcontaminantsandCVDwill increasesignificantly.
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Another problem concerns the pharmacokinetics of
POPs. It is not possible to determine true exposure to
POPs from one sample alone because of their very
long half-lives; maximal exposure in the Western
world occurred about four decades ago, but wide-
spread use of these compounds continues in Africa,
Asia andLatinAmericawith global spreadbysea and
air. Thus, repeated samples over time together with
pharmacokineticmodellingmay overcome this prob-
lemand thusobtainaproper estimate of exposure for
POPs. Some PACs, including bisphenol A, are less
persistent in the body than POPs. Nevertheless, re-
peated sampling might also result in a more precise
estimateofexposure toPACs.

Humans are not exposed to one chemical at a time,
but are chronically exposed to a simultaneous cock-
tail of chemicals. Thepotential for synergistic oraddi-
tive effects from suchmultiple exposuresmust be ta-
ken into account to evaluate the combined effects of
contaminant exposure on health. This issue has re-
cently been highlighted by the World Health Organi-
zation [90], the Swedish Chemical Agency [91], the
US Centers for Disease Control and Prevention [92],
the European Commission [93] and in a report by Si-
lins and Hogberg [94]. Thus, it is essential to develop
new statistical strategies to identify highly potent
mixtures with additive or synergistic effects of rele-
vance for CVD development. Traditional statistical
models of interactions would demand much larger
samples than are available today to search for inter-
actionsbetweenmultiplecontaminants.

Ithasbeenshownboth experimentally and inhuman
studies that a nonmonotonic relationship between
POPexposureanddifferent outcomes, suchas condi-
tions that predispose towards CVD (CV risk factors)
or overt CVD, might exist [12, 47, 62]. In these stud-
ies, effects were also seen at very low levels of expo-
sure, andno further effect sizewasnoted if the level of
exposure was increased. In some cases, the effect
even disappeared during high exposure. This feature
of some POPswillmake the interpretation of dose–re-
sponse relationships very challenging, especially
when the effects of mixtures are evaluated. Figure 1
shows the odds ratios for a PCB (congener 138)
divided intoquintiles versus threeoutcomes inthePI-
VUS study. With regard to prevalent carotid artery
atherosclerosis, themain effect was seen in the high-
est quintile; however, the highest OR values were not
seen in the highest quintile for the other two out-
comes, incident abdominal obesity and incident dia-
betes. Indeed, a considerable decrease in risk was
seen in the highest quintile for these two outcomes,

exemplifying the nonmonotonic relationships often
observed instudiesofPOPs.

Another problem in this field is that large prospective
studieswith long follow-upperiods are ideal to gener-
ate confidence in the results.However, if the length of
the follow-up period is increased, the contaminants
measured at baseline may have been banned by the
authorities by the time of the analysis and therefore
evaluationwouldno longer be relevant. These chemi-
cals might have been replaced by others during the
follow-up period. Thus, there is always a risk that
when waiting for the results of ‘ideal’ studies to
emerge, therangeofcontaminantswillhavechanged.
An example is that PCBs were banned in the 1970s
andwere in part replaced by brominated compounds
(i.e. bromine rather than chlorine in PCBs). The chlo-
rinated and brominated chemicals have now to some
extent been replaced by fluorinated compounds, but
neither the brominated nor the fluorinated com-
poundsweremeasured at baseline in the prospective
studies that are currently being conducted with pro-
longed follow-up periods. Repeated sampling in lon-
gitudinal studies might be one way to deal with this
problem.
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Fig. 1 Summary showing published data of the relation-
ships between a PCB (congener 138) divided into quintiles
and threedifferentoutcomes in thePIVUSstudy: incidentdia-
betes [14], incident abdominal obesity [47] andprevalent car-
otid artery atherosclerosis [56]. Odds ratio values are given
for quintiles 2–5 versus quintile 1 (given as 1.0) following
adjustment for age, gender, lipids, exercise habits, education
level, smoking, bodymass index (for atherosclerosis anddia-
betes), hypertension and glucose (for atherosclerosis only).
Please see text for discussion of the nonmonotonic relation-
shipsforobesityanddiabetes.
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A major source of the environmental contaminants
discussed in this review is food. Fatty fish, such as
salmon and herring, are heavily contaminated with
POPs in some parts of the world. Fish are also known
to be contaminatedwithmercury, for example, in the
Baltic Sea. Thus, the associations between POPs and
someof the phenotypesdiscussedheremightbe con-
foundedby thehealth effects offishoils, aswell as the
effects of mercury. These other additional effects of
diet and contaminants that are closely associated
with POP exposure are unfortunately very hard to
control for accurately, because detailed dietary
assessments together with measurements of multi-
ple contaminantsare rare inenvironmental research.

Strengths and limitations

Themajor strength of the reviewed data is the level of
congruence of the different approaches (accidents,
occupational exposure, geographical exposure and
population-based studies). In the case of the existing
data regarding diabetes, prospective population-
based studies with measured circulating levels con-
tribute the highest degree of evidence. Five such pro-
spective studies have been reported, and all but one
show significant associations between PCB exposure
and future diabetes. In addition, there is agreement
amongst the five studies regarding DDT exposure
and diabetes. These data are largely supported by
cross-sectional studies, accidents and occupational
andgeographical exposurestudies.

Fewprospectivestudiesof theeffectsofPOPexposure
on conditions that increase the risk of CVD, athero-
sclerosis and overt CVD have been conducted, and
therefore, any reported associations are based on a
lower level of evidence.However, cross-sectional data
suggest that further longitudinal studiesof theeffects
of POPS would be highly worthwhile. Similarly, de-
spite theavailabilityof fewer reportedstudies, further
longitudinal studies of PACs, including bisphenol A
andphthalates, shouldbeconsidered.

Conflict of interest statement

Noconflictof interest todeclare.

References

1 ConsonniD, Pesatori AC, Zocchetti C et al.Mortality in a popula-

tion exposed to dioxin after the Seveso, Italy, accident in 1976:

25 yearsof follow-up.AmJEpidemiol2008;167:847–58.

2 WangSL,TsaiPC,YangCY,LeonGuoY.Increasedriskofdiabetes

and polychlorinated biphenyls and dioxins: a 24-year follow-up

studyof theYuchengcohort.DiabetesCare2008;31:1574–9.

3 Kang HK, Dalager NA, Needham LL et al. Health status of Army

Chemical Corps Vietnam veteranswho sprayed defoliant inViet-

nam.AmJ IndMed2006;49:875–84.

4 MichalekJ,RobinsonJ,FoxKetal.Air forcehealthstudy–anep-

idemiologic investigation of health effects in air force personnel

followingexposure toherbicides:2002 follow-upexamination re-

sults May 2002 to March 2005 SCIENCE APPLICATIONS INTER-

NATIONALCORPRESTONVA2005,1994.

5 MichalekJE,PavukM.Diabetesandcancer inveteransofOpera-

tion Ranch Hand after adjustment for calendar period, days of

spraying, and timespent inSoutheast Asia.JOccupEnvironMed

2008;50:330–40.

6 Henriksen GL, Ketchum NS, Michalek JE, Swaby JA. Serum di-

oxin anddiabetesmellitus in veterans ofOperationRanchHand.

Epidemiology1997;8:252–8.

7 Steenland K, Calvert G, KetchumN,Michalek J. Dioxin and dia-

betes mellitus: an analysis of the combined NIOSH and Ranch

Handdata.OccupEnvironMed2001;58:641–8.

8 Longnecker MP, Michalek JE. Serum dioxin level in relation to

diabetesmellitusamongAirForce veteranswithbackground lev-

elsof exposure.Epidemiology2000;11:44–8.

9 Kouznetsova M, Huang X, Ma J, Lessner L, Carpenter DO. In-

creased rate of hospitalization for diabetes and residential prox-

imity of hazardous waste sites. Environ Health Perspect 2007;

115:75–9.

10 Vasiliu O, Cameron L, Gardiner J, Deguire P, Karmaus W. Poly-

brominated biphenyls, polychlorinated biphenyls, body weight,

and incidence of adult-onset diabetes mellitus. Epidemiology

2006;17:352–9.

11 Turyk M, Anderson H, Knobeloch L, Imm P, Persky V. Organo-

chlorine exposure and incidence of diabetes in a cohort of Great

Lakes sport fish consumers.EnvironHealth Perspect 2009;117:

1076–82.

12 LeeDH,SteffesMW,SjodinA,JonesRS,NeedhamLL,JacobsDR

Jr.Lowdoseof somepersistentorganicpollutantspredicts type2

diabetes: a nested case-control study. Environ Health Perspect

2010;118:1235–42.

13 Rignell-Hydbom A, Lidfeldt J, Kiviranta H et al. Exposure to p,

p¢-DDE: a risk factor for type 2 diabetes. PLoS ONE 2009; 4:

e7503.

14 LeeDH, Lind PM, JacobsDRJr, Salihovic S, vanBavel B, Lind L.

Polychlorinatedbiphenylsandorganochlorinepesticides inplas-

mapredict development of type 2 diabetes in the elderly: the pro-

spective investigation of the vasculature in Uppsala Seniors

(PIVUS)study.DiabetesCare2011;34:1778–84.

15 Jorgensen ME, Borch-Johnsen K, Bjerregaard P. A cross-sec-

tional study of the association between persistent organic pollu-

tants andglucose intolerance amongGreenland Inuit.Diabetolo-

gia2008;51:1416–22.

16 Lee DH, Lee IK, Song K et al. A strong dose-response relation

between serum concentrations of persistent organic pollutants

and diabetes: results from the National Health and Examination

Survey1999–2002.DiabetesCare2006;29:1638–44.

17 Rignell-HydbomA,RylanderL,HagmarL.Exposuretopersistent

organochlorinepollutantsand type2diabetesmellitus.HumExp

Toxicol2007;26:447–52.

18 Rylander L, Rignell-Hydbom A, Hagmar L. A cross-sectional

study of the association between persistent organochlorine pol-

lutantsanddiabetes.EnvironHealth2005;4:28.

19 SonHK,KimSA,KangJH etal.Strongassociationsbetween low-

dose organochlorine pesticides and type 2 diabetes in Korea.

EnvironInt2010;36:410–4.

L. Lind & P. M. Lind | Review: Cardiovascular disease and organic pollutants

550 ª 2012 The Association for the Publication of the Journal of Internal Medicine

Journal of Internal Medicine, 2012, 271; 537–553



20 Turyk M, Anderson HA, Knobeloch L, Imm P, Persky VW. Preva-

lenceof diabetesandbodyburdensofpolychlorinatedbiphenyls,

polybrominated diphenyl ethers, and p,p’-diphenyldichloroeth-

ene in Great Lakes sport fish consumers. Chemosphere 2009;

75:674–9.

21 Uemura H, Arisawa K, Hiyoshi M et al. Associations of environ-

mental exposure to dioxins with prevalent diabetes among gen-

eral inhabitants inJapan.EnvironRes2008;108:63–8.

22 Ukropec J, Radikova Z, HuckovaM et al.High prevalence of pre-

diabetes anddiabetes inapopulation exposed tohigh levelsof an

organochlorinecocktail.Diabetologia2010;53:899–906.

23 Codru N, SchymuraMJ, Negoita S, Rej R, Carpenter DO. Diabe-

tes in relation to serum levels of polychlorinated biphenyls and

chlorinated pesticides in adultNativeAmericans.EnvironHealth

Perspect2007;115:1442–7.

24 Cox S, Niskar AS, Narayan KM, Marcus M. Prevalence of self-

reported diabetes and exposure to organochlorine pesticides

amongMexicanAmericans:hispanichealthandnutritionexami-

nation survey, 1982–1984. Environ Health Perspect 2007; 115:

1747–52.

25 EverettCJ,MathesonEM.Biomarkers of pesticide exposure and

diabetes in the 1999–2004 national health and nutrition exami-

nationsurvey.Environ Int2010;36:398–401.

26 Lang IA, Galloway TS, Scarlett A et al. Association of urinary bi-

sphenol A concentration with medical disorders and laboratory

abnormalities inadults.JAMA2008;300:1303–10.

27 MelzerD,RiceNE,LewisC,HenleyWE,GallowayTS.Association

ofurinarybisphenolaconcentrationwithheartdisease:evidence

fromNHANES2003 ⁄ 06.PLoSONE2010;5:e8673.

28 Lim JS, Lee DH, Jacobs DR Jr. Association of brominated flame

retardants with diabetes and metabolic syndrome in the U.S.

population,2003–2004.DiabetesCare2008;31:1802–7.

29 Sergeev AV, Carpenter DO. Hospitalization rates for coronary

heart disease in relation to residence near areas contaminated

with persistent organic pollutants and other pollutants. Environ

HealthPerspect2005;113:756–61.

30 Everett CJ, Frithsen IL, Diaz VA, Koopman RJ, SimpsonWMJr,

Mainous AG 3rd. Association of a polychlorinated dibenzo-p-di-

oxin, a polychlorinated biphenyl, and DDT with diabetes in the

1999–2002 National Health and Nutrition Examination Survey.

EnvironRes2007;103:413–8.

31 HaMH, LeeDH, SonHK, ParkSK, JacobsDRJr. Association be-

tweenserumconcentrationsofpersistent organicpollutantsand

prevalence of newly diagnosed hypertension: results from the

National Health and Nutrition Examination Survey 1999–2002.

JHumHypertens2009;23:274–86.

32 GoncharovA,BloomM,PavukM,BirmanI,CarpenterDO.Blood

pressureandhypertension inrelationto levelsofserumpolychlo-

rinatedbiphenyls inresidentsofAnniston,Alabama.JHypertens

2010;28:2053–60.

33 Executive Summary of the Third Report of The National Choles-

terolEducationProgram(NCEP).Expertpanel ondetection,eval-

uation, and treatment of high blood cholesterol in adults (adult

treatmentpanel III).JAMA2001;285:2486–97.

34 Uemura H, Arisawa K, Hiyoshi M et al. Prevalence of metabolic

syndrome associated with body burden levels of dioxin and re-

lated compounds among Japan’s general population. Environ

HealthPerspect2009;117:568–73.

35 Lee DH, Lee IK, Porta M, Steffes M, Jacobs DR Jr. Relationship

between serum concentrations of persistent organic pollutants

and the prevalence of metabolic syndrome among non-diabetic

adults: results from the National Health and Nutrition Examina-

tionSurvey1999–2002.Diabetologia2007;50:1841–51.

36 Park SK, SonHK, Lee SK et al.Relationship between serum con-

centrations of organochlorine pesticides and metabolic syn-

drome among non-diabetic adults. J Prev Med Public Health

2010;43:1–8.

37 Lee DH, Lee IK, Jin SH, SteffesM, Jacobs DR Jr. Association be-

tweenserumconcentrationsofpersistent organicpollutantsand

insulin resistance among nondiabetic adults: results from the

National Health and Nutrition Examination Survey 1999–2002.

DiabetesCare2007;30:622–8.

38 Ronn M, Lind L, van Bavel B, Salihovic S, Michaelsson K, Lind

PM. Circulating levels of persistent organic pollutants associate

in divergentways to fatmassmeasured byDXA inhumans.Che-

mosphere2011;85:335–43.

39 Wolff MS, Anderson HA, Britton JA, Rothman N. Pharmacoki-

netic variability and modern epidemiology – the example of

dichlorodiphenyltrichloroethane, body mass index, and birth

cohort.CancerEpidemiolBiomarkersPrev2007;16:1925–30.

40 Dirinck E, Jorens PG, Covaci A et al. Obesity and persistent or-

ganic pollutants: possible obesogenic effect of organochlorine

pesticides and polychlorinated biphenyls.Obesity (Silver Spring)

2011;19:709–14.

41 Elobeid MA, Padilla MA, Brock DW, Ruden DM, Allison DB.

Endocrine disruptors and obesity: an examination of selected

persistent organic pollutants in the NHANES 1999–2002 data.

Int JEnvironResPublicHealth2010;7:2988–3005.

42 Hatch EE, Nelson JW, Qureshi MM et al. Association of urinary

phthalate metabolite concentrations with body mass index and

waist circumference: a cross-sectional study of NHANES data,

1999–2002.EnvironHealth2008;7:27.

43 ArsenescuV, Arsenescu RI, KingV, SwansonH,Cassis LA. Poly-

chlorinated biphenyl-77 induces adipocyte differentiation and

proinflammatory adipokines and promotes obesity and athero-

sclerosis.EnvironHealthPerspect2008;116:761–8.

44 Baillie-Hamilton PF. Chemical toxins: a hypothesis to explain

the global obesity epidemic. J Altern Complement Med 2002; 8:

185–92.

45 Ruzzin J, Petersen R, Meugnier E et al. Persistent organic pollu-

tant exposure leads to insulin resistance syndrome. Environ

HealthPerspect2010;118:465–71.

46 Lim S, Ahn SY, Song IC et al. Chronic exposure to the herbicide,

atrazine, causes mitochondrial dysfunction and insulin resis-

tance.PLoSONE2009;4:e5186.

47 LeeDH, Lind L, JacobsDRJr, Salihovic S, vanBavel B, Lind PM.

Associations of persistent organic pollutants with abdominal

obesity in the elderly: The Prospective Investigationof theVascu-

lature in Uppsala Seniors (PIVUS) study. Environ Int 2012; 40:

170–8.

48 LaMerrill M, Birnbaum LS. Childhood obesity and environmen-

talchemicals.MtSinaiJMed2011;78:22–48.

49 Patandin S, Koopman-Esseboom C, de Ridder MA, Weisglas-

Kuperus N, Sauer PJ. Effects of environmental exposure to poly-

chlorinated biphenyls and dioxins on birth size and growth in

Dutchchildren.PediatrRes1998;44:538–45.

50 KarmausW,OsuchJR,Eneli Ietal.Maternal levels of dichlorodi-

phenyl-dichloroethylene (DDE) may increase weight and body

mass index in adult female offspring. Occup Environ Med 2009;

66:143–9.

51 Gladen BC, Ragan NB, RoganWJ. Pubertal growth and develop-

ment and prenatal and lactational exposure to polychlorinated

L. Lind & P. M. Lind | Review: Cardiovascular disease and organic pollutants

ª 2012 The Association for the Publication of the Journal of Internal Medicine 551

Journal of Internal Medicine, 2012, 271; 537–553



biphenyls and dichlorodiphenyl dichloroethene. J Pediatr 2000;

136:490–6.

52 Verhulst SL, Nelen V, Hond ED et al. Intrauterine exposure to

environmental pollutants and body mass index during the first

3 yearsof life.EnvironHealthPerspect2009;117:122–6.

53 MendezMA,Garcia-EstebanR,GuxensM et al.Prenatal organo-

chlorine compound exposure, rapid weight gain, and overweight

in infancy.EnvironHealthPerspect2011;119:272–8.

54 Gladen BC, Klebanoff MA, Hediger ML et al. Prenatal DDT expo-

sure inrelation toanthropometricandpubertalmeasures inado-

lescentmales.EnvironHealthPerspect2004;112:1761–7.

55 PelclovaD,FenclovaZ,UrbanP etal.Chronic health impairment

due to 2,3,7,8-tetrachloro-dibenzo-p-dioxin exposure. Neuro

EndocrinolLett2009;30(Suppl.1):219–24.

56 Lind PM, van Bavel B, Salihovic S, Lind L. Circulating Levels of

PersistentOrganic Pollutants (POPs) and carotid atherosclerosis

in theelderly.EnvironHealthPerspect2011;120:38–43.

57 Hu SW, Cheng TJ, ChangChien GP, Chan CC. Association be-

tween dioxins ⁄ furans exposures and incinerator workers’ hepa-

tic function and blood lipids. J Occup Environ Med 2003; 45:

601–8.

58 CalvertGM,WillieKK,SweeneyMH,FingerhutMA,HalperinWE.

EvaluationofserumlipidconcentrationsamongU.S.workersex-

posed to 2,3,7,8-tetrachlorodibenzo-p-dioxin. Arch Environ

Health1996;51:100–7.

59 Langer P. The impacts of organochlorines and other persistent

pollutants on thyroid and metabolic health. Front Neuroendocri-

nol2010;31:497–518.

60 Kerger BD, Copeland TL, DeCaprio AP. Tenuous dose-response

correlations for commondisease states: case study of cholesterol

and perfluorooctanoate ⁄ sulfonate (PFOA ⁄ PFOS) in the C8

HealthProject.DrugChemToxicol2011;34:396–404.

61 Sakr CJ, Kreckmann KH, Green JW, Gillies PJ, Reynolds JL,

Leonard RC. Cross-sectional study of lipids and liver enzymes

related to a serum biomarker of exposure (ammonium perflu-

orooctanoate or APFO) as part of a general health survey in a

cohort of occupationally exposed workers. J Occup Environ

Med2007;49:1086–96.

62 LindPM, LindL. Circulating levels of bisphenol A andphthalates

are related to carotid atherosclerosis in the elderly.Atherosclero-

sis2011;218:207–13.

63 HaMH, LeeDH, JacobsDR. Association between serumconcen-

trationsofpersistentorganicpollutantsandself-reportedcardio-

vascular disease prevalence: results from the National Health

and Nutrition Examination Survey, 1999–2002. Environ Health

Perspect2007;115:1204–9.

64 Vena J, Boffetta P, Becher H et al. Exposure to dioxin and non-

neoplastic mortality in the expanded IARC international cohort

study of phenoxy herbicide and chlorophenol production work-

ers and sprayers. Environ Health Perspect 1998; 106(Suppl. 2):

645–53.

65 Shcherbatykh I, Huang X, Lessner L, Carpenter DO. Hazardous

waste sitesandstroke inNewYorkState.EnvironHealth2005;4:

18.

66 MinJY,ChoJS,LeeKJetal.Potentialrole fororganochlorinepes-

ticides in the prevalence of peripheral arterial diseases in obese

persons: results from the National Health and Nutrition Exami-

nationSurvey1999–2004.Atherosclerosis2011;218:200–6.

67 vomSaalFS,AkingbemiBT,BelcherSMetal.ChapelHill bisphe-

nol A expert panel consensus statement: integration of mecha-

nisms, effects in animals and potential to impact human health

atcurrent levelsofexposure.ReprodToxicol2007;24:131–8.

68 ShertzerHG,NebertDW, PugaA et al.Dioxin causes a sustained

oxidative stress response in the mouse. Biochem Biophys Res

Commun1998;253:44–8.

69 Puga A, Hoffer A, Zhou S, Bohm JM, Leikauf GD, Shertzer HG.

Sustained increase in intracellular free calciumand activation of

cyclooxygenase-2 expression in mouse hepatoma cells treated

withdioxin.BiochemPharmacol1997;54:1287–96.

70 SadhuDN,MerchantM, Safe SH, Ramos KS. Modulation of pro-

tooncogene expression in rat aortic smooth muscle cells by

benzo[a]pyrene.ArchBiochemBiophys1993;300:124–31.

71 NebertDW,Roe AL,DieterMZ, SolisWA, YangY, Dalton TP. Role

of thearomatichydrocarbon receptorand [Ah] genebattery in the

oxidative stress response, cell cycle control, and apoptosis. Bio-

chemPharmacol2000;59:65–85.

72 KimKY,KimDS,LeeSKetal.Associationof low-doseexposure to

persistent organic pollutants with global DNA hypomethylation

inhealthyKoreans.EnvironHealthPerspect2010;118:370–4.

73 Thackaberry EA, Jiang Z, Johnson CD, Ramos KS, Walker MK.

Toxicogenomic profile of 2,3,7,8-tetrachlorodibenzo-p-dioxin in

themurine fetal heart: modulation of cell cycle and extracellular

matrixgenes.ToxicolSci2005;88:231–41.

74 Desvergne B, Feige JN, Casals-Casas C. PPAR-mediated activity

of phthalates: a link to the obesity epidemic?Mol Cell Endocrinol

2009;304:43–8.

75 WensleyF,GaoP,BurgessS etal.AssociationbetweenCreactive

protein and coronary heart disease: mendelian randomisation

analysis based on individual participant data. BMJ 2011; 342:

d548.

76 Kurita H, Yoshioka W, Nishimura N, Kubota N, Kadowaki T,

Tohyama C. Aryl hydrocarbon receptor-mediated effects of 2,3,

7,8-tetrachlorodibenzo-p-dioxin on glucose-stimulated insulin

secretion inmice.JApplToxicol2009;29:689–94.

77 Piaggi S, Novelli M,Martino L et al.Cell death and impairment of

glucose-stimulated insulin secretion induced by 2,3,7,8-tetra-

chlorodibenzo-p-dioxin (TCDD) in the beta-cell line INS-1E.Toxi-

colApplPharmacol2007;220:333–40.

78 Hsu HF, Tsou TC, Chao HR, Kuo YT, Tsai FY, Yeh SC. Effects of

2,3,7,8-tetrachlorodibenzo-p-dioxin on adipogenic differentia-

tion and insulin-induced glucose uptake in 3T3-L1 cells. J Haz-

ardMater2010;182:649–55.

79 ShimadaT,HiramatsuN,Kasai A et al.Suppression of adipocyte

differentiation by Cordyceps militaris through activation of the

aryl hydrocarbon receptor.AmJ Physiol Endocrinol Metab 2008;

295:E859–67.

80 Aragon AC, GoensMB, Carbett E, Walker MK. Perinatal 2,3,7,8-

tetrachlorodibenzo-p-dioxin exposure sensitizes offspring to

angiotensin II-induced hypertension. Cardiovasc Toxicol 2008;

8:145–54.

81 Kopf PG, Huwe JK,Walker MK. Hypertension, cardiac hypertro-

phy, and impaired vascular relaxation induced by 2,3,7,8-tetra-

chlorodibenzo-p-dioxin are associated with increased superox-

ide.CardiovascToxicol2008;8:181–93.

82 KopfPG,ScottJA,AgborLNetal.CytochromeP4501A1isrequired

for vascular dysfunction and hypertension induced by 2,3,7,8-

tetrachlorodibenzo-p-dioxin.ToxicolSci2010;117:537–46.

83 LeeJH,WadaT,FebbraioMetal.Anovel role for thedioxin recep-

tor in fatty acidmetabolismandhepatic steatosis.Gastroenterol-

ogy2010;139:653–63.

84 LovatiMR,GalbusseraM,FranceschiniGetal. Increasedplasma

and aortic triglycerides in rabbits after acute administration of

2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicol Appl Pharmacol

1984;75:91–7.

L. Lind & P. M. Lind | Review: Cardiovascular disease and organic pollutants

552 ª 2012 The Association for the Publication of the Journal of Internal Medicine

Journal of Internal Medicine, 2012, 271; 537–553



85 Wu D, Nishimura N, Kuo V et al. Activation of aryl hydrocarbon

receptor induces vascular inflammation and promotes athero-

sclerosis in apolipoprotein E- ⁄ - mice. Arterioscler Thromb Vasc

Biol2011;31:1260–7.

86 LindPM,OrbergJ,EdlundUB,SjoblomL,LindL. Thedioxin-like

pollutant PCB 126 (3,3¢,4,4¢,5-pentachlorobiphenyl) affects risk

factors for cardiovascular disease in female rats. Toxicol Lett

2004;150:293–9.

87 Neri T, Merico V, Fiordaliso F et al. The differentiation of cardio-

myocytes from mouse embryonic stem cells is altered by dioxin.

ToxicolLett2011;202:226–36.

88 Salihovic S, Mattioli L, Lindstrom G, Lind L, Lind PM, van Bavel

B. A rapid method for screening of the Stockholm Convention

POPs in small amounts of human plasma using SPE and

HRGC ⁄ HRMS.Chemosphere2012;86:747–53.

89 SalihovicS,LampaE,LindstromG,LindL,LindPM,vanBavelB.

Circulating levels of persistent organic pollutants (POPs) among

elderly men and women from sweden: results from the prospec-

tive investigation of the vasculature in uppsala seniors (PIVUS).

Environ Int2012; inpress.PMID:22361238.

90 IPCS. Assessment of combined exposures tomultiple chemicals:

reportof aWHO ⁄ ICPS internationalworkshop,2009.

91 3 ⁄ 10 KP. Hazard and risk assessment of chemical mixtures un-

der REACH. State of the art, gaps and options for improvement,

2010.

92 Wilbur SB, Hansen H, Pohl H, Colman J, McClure P. Using the

ATSDR Guidance Manual for the Assessment of Joint Toxic Ac-

tion of Chemical Mixtures. Environ Toxicol Pharmacol 2004; 18:

223–30.

93 EU Comission E. Final report. State of the art report on mixture

toxicity.

94 Silins I, Hogberg J. Combined toxic exposures and human

health: biomarkers of exposure and effect. Int J Environ Res Pub-

licHealth2011;8:629–47.

Correspondence: Lars Lind, MD, PhD, Department of Medical Sci-

ences, Uppsala University, University Hospital, 751 85 Uppsala,

Sweden.

(e-mail: lars.lind@medsci.uu.se).

L. Lind & P. M. Lind | Review: Cardiovascular disease and organic pollutants

ª 2012 The Association for the Publication of the Journal of Internal Medicine 553

Journal of Internal Medicine, 2012, 271; 537–553


