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Summary Increasing evidence suggests a role for environmental chemicals in the 
promotion of Type 2 diabetes. This review summarizes epidemiologic studies of environmental 
chemical exposures reported to be associated with Type 2 diabetes and insulin resistance. 
Chemicals are classified as having moderate, limited and insufficient degrees of evidence in 
support of a diabetes-promoting effect. Moderate evidence exists for diabetogenic effects 
of inorganic arsenic and persistent organic pollutants, including organochlorines, dioxins 
and polychlorinated biphenyls. Limited evidence supports a role for environmental tobacco 
smoke and ambient air pollution. Insufficient evidence is available regarding the potential 
effects of bisphenol A, phthalates, organophosphates and pyrethroids; most studies of such 
short-lived pollutants have been cross-sectional and do not demonstrate causality.
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 introduction 
The global prevalence of diabetes has increased over the last three decades [1], accompanied by det-
rimental effects on life expectancy and quality of life [2]. Diabetes is a disease of abnormal glucose 
metabolism, characterized by impaired insulin production or secretion and, in the case of Type 2 
diabetes (T2DM), reduced sensitivity to the effects of insulin. Obesity and sedentary lifestyle are 
widely cited contributors to the risk of T2DM, which represents up to 90% of prevalent cases of 
diabetes [3,4]. Numerous recent studies have suggested that environmental chemical exposures may 
also contribute to T2DM risk [5]. While more evidence is needed to establish causal associations, 

Practice points

 ●  Studies have suggested that exposure to several environmental chemicals may increase the risk of Type 2 diabetes.

 ●  Moderate evidence, characterized by consistent findings from several well-designed prospective studies and 
meta-analyses, supports an association with diabetes for inorganic arsenic, organochlorine pesticides, dioxins and 
polychlorinated biphenyls.

 ●  Limited evidence, including several well-designed prospective studies, has accumulated in support of effects of 
environmental tobacco smoke and ambient air pollution in the promotion of diabetes.

 ●  Insufficient evidence is available to evaluate the role of bisphenol A, phthalates and organophosphate and pyrethroid 
insecticides, due to few studies and/or study designs inappropriate for assessing causal relationships (cross-
sectional).

 ●  Increased vulnerability to diabetes-promoting effects of environmental chemicals may result from exposure during 
the prenatal period or exposures to genetically susceptible individuals, although the mechanisms of such effects 
have not been definitively described.
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this review summarizes the current state of the 
human evidence linking common environmen-
tal pollutants to diabetes risk, and briefly consid-
ers how different underlying characteristics and 
timing of exposures may influence susceptibil-
ity. We include human epidemiological studies 
published prior to December 2014 using cohort, 
cross-sectional and case–control designs; studies 
without individual exposure estimates (ecologi-
cal designs) are not included. Studies of diabetes-
related outcomes (insulin resistance, metabolic 
syndrome) were not included unless the outcome 
of diabetes was also included in the study. In 
most studies, the term ‘diabetes’ was used to 
refer to a clinical diagnosis of diabetes of which 
the large majority were expected to be T2DM, 
although no antibody tests were reported.

A brief history of environmental chemical 
risks for diabetes
Early reports of potential links between diabetes 
and environmental chemicals arose from high-
exposure occupational settings. Researchers in 
the 1970s observed that chronic exposure to 
carbon disulfide was correlated with decreased 
glucose tolerance (‘latent diabetes’) among work-
ers [6,7]. Among Vietnam veterans who handled 
Agent Orange, a herbicide mix contaminated 
with 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD), the IOM found ‘limited/suggestive 
evidence’ of an association between exposure 
and T2DM [8]. Some researchers still question 
whether this association is causal [9], although 
there is biological plausibility and mount-
ing epidemiologic evidence for an association 
between persistent organic pollutants (POPs) 
and T2DM [10–13]. Excesses of T2DM have 
also been noted in nonoccupational cohorts 
with high exposures to environmental chemi-
cals, such as inorganic arsenic contamination 
of drinking water [14]. Alarmingly, associations 
have also been reported between common, low-
level chemical exposures in the general popu-
lation and the incidence of T2DM. Studies of 
chemicals that are ubiquitous in daily life may 
hold the most promise for explaining a portion 
of the increasing global incidence of diabetes. 
However, currently there are challenges that 
hinder conclusive causal interpretations, as we 
discuss in some detail in this review. The chemi-
cal exposures discussed in this review, as well as 
their sources and the strength of existing evi-
dence for an association with T2DM in humans, 
are presented in Table 1.

●● Moderate evidence
Associations considered here to be supported by 
‘moderate’ evidence are those for which several 
well-designed, prospective epidemiologic studies 
have been conducted with adequate control for 
known confounders, have produced relatively 
consistent results and meta-analyses of these 
studies have found positive associations with 
T2DM.

inorganic arsenic
Sources of exposure
Inorganic arsenic is a naturally occurring con-
taminant in ground water and concentrations 
vary by geographic region. There is growing con-
cern about the human health effects of inorganic 
arsenic due to widespread drinking water con-
tamination around the world. Concentrations 
of inorganic arsenic in ground water exceeding 
150 μg/l have been reported in areas of Taiwan, 
Argentina, Chile, Mexico, Bangladesh, India, 
Vietnam, Thailand and the USA [15]. The cur-
rent US drinking water standard for inorganic 
arsenic is 10 μg/l. Humans become exposed by 
drinking contaminated water [16,17] and to a lesser 
extent by consuming contaminated foods [18].

Evidence for an association with T2DM
Chronic exposure to inorganic arsenic and the 
prevalence or incidence of diabetes has been 
examined in a number of populations around 
the globe. Exposure has been characterized by 
measuring concentrations present in drinking 
water and concentrations excreted in urine. 
Several cross-sectional [19–25] and longitudi-
nal [26–30] studies have reported positive asso-
ciations between arsenic exposure and diabetes, 
while some have reported no significant asso-
ciation [31–34]. A National Toxicology Program 
workshop review [35] found ‘limited to sufficient 
support’ for an association between inorganic 
arsenic and diabetes, but only at concentrations 
above 150 μg/l. A recent meta-analysis [14], 
which was not limited to high-exposure settings, 
reported a dose-response increase in the risk of 
T2DM of 13% for each 100 μg/l increase in 
inorganic arsenic in drinking water (95% CI: 
1.00–1.27).

Proposed biological mechanisms
Laboratory studies indicate that inorganic arse-
nic exposure can impair the production and 
secretion of insulin from pancreatic β-cells 
in vitro [36]. A study in rats suggested that these 
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effects may be related to the production of oxi-
dative stress in the pancreas [37]. Moreover, arse-
nic exposure may alter the expression of genes 
known to be associated with insulin resistance 
and T2DM [38].

Limitations of current knowledge
While exposure to arsenic in drinking water at 
concentrations above 150 μg/l has been strongly 
associated with diabetes risk, findings in popu-
lations with lower levels of exposure have been 
more equivocal. Some studies examined excre-
tion of total urinary arsenic which, while a 
measure of total dose, reflects only the past few 
days of exposure [39] and includes nontoxic arse-
nobetaine [40], which may have led to exposure 
misclassification. Urinary arsenic concentrations 
may also reflect genetic differences in metabo-
lism and excretion of arsenic [41], which could 
contribute to arsenic toxicity. Moderate evi-
dence, including recent prospective studies with 
strong methods of exposure assessment, suggests 
that chronic exposure to inorganic arsenic may 
increase the risk of T2DM in adults [5].

Dioxins, polychlorinated 
biphenyls & organochlorine pesticides
Sources of exposure
Dioxins are highly persistent organic chemicals 
that are by-products of a variety of industrial 
processes including the incineration of waste. 
Polychlorinated biphenyls (PCBs) are a class 
of chemicals that were widely used in the 20th 
century in industrial applications including 
transformers and hydraulic fluids [42]. This class 
includes compounds with dioxin-like proper-
ties, as well as nondioxin-like PCBs which act 
through separate pathways. Organochlorines are 
a class of pesticides widely used in agriculture 
and for public health purposes during the mid-
20th century, which includes the insecticides 

aldrin, dieldrin, chlordane, dichlorodiphenyl-
trichloroethane (DDT) and its breakdown prod-
uct dichlorodiphenyldichloroethylene (DDE), 
heptachlor, mirex and the fungicide/biocide 
hexachlorobenzene. DDT was banned for agri-
cultural use in the USA in 1972, but is still in 
limited use internationally for malaria vector 
control [42]. Some organochlorines remained in 
use for several decades after DDT was banned. 
Dioxins, PCBs and and organochlorines are all 
considered POPs; they are lipophilic (stored in 
fatty tissues) and are found in blood and adipose 
tissue [43]. Humans are exposed primarily by 
consuming contaminated high-fat foods, includ-
ing dairy, eggs and animal fats [44–46]; infants 
may also be exposed by ingesting contaminated 
breast milk [43].

Evidence for an association with T2DM
Over 20 cross-sectional studies in highly exposed 
and background-exposed populations have 
reported positive associations of blood or adipose 
concentrations of dioxins [47–51], PCBs [46–49,51–60] 
and/or organochlorines [46,48,51–54,60–69] with 
diabetes, although some found associations 
attenuated after adjustment for other POPs [48,53] 
and a few reported nonsignificant associations 
following serum lipid adjustment [46,63,70]. Most 
of these studies included both genders and some 
were in Native American [46,53], predominantly 
African–American [57], Mexican–American [63] 
or Asian [49,55,66,71] populations.

Several longitudinal studies have also reported 
positive associations of PCB [71–73], dioxin [10,74] 
and/or organochlorine [12,72,75–78] concentrations 
with T2DM, while some studies reported no 
associations with certain POPs [78–80]. Among 
Vietnam War veterans who were involved in 
spraying Agent Orange, T2DM risk increased 
with serum TCDD concentrations [10,74]. In the 
Agricultural Health Study (AHS), farmers who 

Table 1. Summary of chemicals, major sources of exposure and strength of evidence for association with Type 2 diabetes in 
humans.

Chemical Major source of exposure Strength of evidence

Arsenic – inorganic Drinking water Moderate
Dioxins, polychlorinated biphenyls and organochlorines Contaminated foods Moderate
Environmental tobacco smoke Proximity to cigarette smokers Limited
Ambient air pollution Outdoor air Limited
Organophosphate insecticides Occupational, contaminated foods Insufficient
Pyrethroid insecticides Occupational, treated clothing and pets Insufficient
Bisphenol A Contaminated foods and household dust Insufficient
Phthalates Contaminated foods, dust, personal care products Insufficient
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reported ever mixing or applying the organo-
chlorine pesticides chlordane and heptachlor [75] 
and female spouses of farmers who ever person-
ally applied the organochlorine dieldrin or her-
bicides historically contaminated with TCDD 
(2,4,5-T and 2,4,5-TP) [76] were at elevated risk 
of incident diabetes. In two prospective studies 
of serum PCBs, increased risk of incident dia-
betes was observed among women only [71,73]. 
The reasons for these gender-specific associa-
tions are unknown; however, women on aver-
age have higher proportions of body fat, and 
some researchers have suggested that adiposity 
and POPs may act synergistically to increase the 
risk of T2DM [51,56,60–61].

In a recent meta-analysis [13], the pooled odds 
ratio for T2DM associated with the highest cat-
egory of serum PCB concentration versus the 
lowest was 2.14 (95% CI: 1.53–2.99), and the 
pooled OR associated with the highest serum 
concentrations of p,p’-DDE was 1.33 (95% CI: 
1.15–1.54) [13]. Another recent meta-analysis 
restricted to prospective studies reported a posi-
tive association with incident T2DM for total 
PCBs (OR: 1.70; 95% CI: 1.28–2.27) and for 
the organochlorine hexachlorobenzene (OR: 
2.00; 95% CI: 1.13–3.53), but a nonsignificant 
association with p,p’-DDE (OR: 1.25; 95% CI: 
0.94–1.66) [12].

Proposed biological mechanisms
It is unclear whether dioxins and PCBs influence 
diabetes risk primarily by inducing insulin resist-
ance or rather through toxicity to pancreatic 
β-cells, resulting in impaired insulin secretion. A 
study of adults living near a Superfund site found 
hyperinsulinemia associated with higher serum 
TCDD concentrations, suggesting reduced sen-
sitivity to insulin [81], while a study of Danish 
children found an inverse association between 
serum PCBs and insulin concentrations, lend-
ing support to the mechanism of impaired β-cell 
function [82]. Animal studies provide support for 
both mechanisms: dioxin-like PCBs have been 
shown to impair glucose tolerance in mice [83], 
while sublethal doses of TCDD in the rat can 
reduce insulin production and secretion [84].

Derivatives of DDT may mimic the effects of 
endogenous estrogens in the body [85]. Estrogen 
receptor signaling is involved in many metabolic 
functions including glucose transport [86,87]. In 
a rat model, DDE was shown to activate nuclear 
receptors that influence metabolism by inducing 
hepatic enzymes [88]. Organochlorines may also 

influence diabetes risk by promoting adiposity 
and obesity [89,90]. DDT promotes adipocyte dif-
ferentiation in vitro [91], lending some plausibility 
to the obesogenic hypothesis. However, the large 
majority of the studies listed above adjusted for 
BMI and still observed positive associations, sug-
gesting an alternate mechanism of action. This 
relationship is further complicated by the results 
of a study in mice which suggested that adipos-
ity may be protective against adverse effects of 
POPs, perhaps by sequestering toxins [83].

Limitations of current knowledge
While the majority of studies have reported posi-
tive associations between dioxin, PCB or organ-
ochlorine exposure and prevalent or incident 
T2DM, some questions remain as to whether 
these associations may be considered causal. For 
example, the positive dose-response relationship 
between TCDD and diabetes prevalence observed 
in the Vietnam veteran population could not be 
replicated in a separate, more highly exposed 
worker cohort [92]. The possibility of confound-
ing due to other, correlated exposures cannot 
be excluded. In addition, the interpretation of 
cross-sectional studies of lipophilic chemicals in 
relation to diabetes are limited by the possibility 
that diabetes leads to higher concentrations of 
chemicals. However, this issue has been explored 
by prospective studies which examined changes 
in the elimination of POPs after diagnosis, and 
no evidence of reverse causality was detected for 
dioxins [93] or for DDE and PCBs [77]. Recent 
prospective studies have provided stronger evi-
dence in support of a causal association between 
organochlorines and T2DM, particularly because 
both biological markers and questionnaire meas-
ures of exposure have resulted in the same find-
ing. Questionnaire measures are unlikely to be 
influenced by biological changes in response to 
disease. Moderate evidence for TCDD, PCBs 
and organochlorine pesticides suggests that all 
three may contribute independently to diabetes 
risk. Because all three are highly lipophilic and 
bioaccumulate in human tissues, there may be 
common mechanisms that influence exposure, 
bioavailability and diabetes risk.

●● Limited evidence
Associations considered here to be supported 
by ‘limited’ evidence are those for which sev-
eral prospective epidemiologic studies have been 
conducted but have not produced consistent 
results, have not been examined systematically 



5

Environmental chemical risk factors for Type 2 diabetes review

future science group www.futuremedicine.com

by meta-analyses or for which some contro-
versy still exists regarding the degree of bias or 
generalizability.

environmental tobacco smoke
Sources of exposure
Nonsmokers are regularly exposed to environ-
mental tobacco smoke (ETS), also known as sec-
ondhand smoke, in homes, workplaces and pub-
lic places. In the USA in 2008, environmental 
smoke exposure affected approximately 88 mil-
lion people [94]. Globally, the WHO estimates 
that a third of adults are exposed regularly to 
ETS and over 40% of children are exposed to 
tobacco smoke at home [95].

Evidence for an association with T2DM
Active smoking is associated with increased risk 
of T2DM [96]. Among nonsmokers, ETS expo-
sure has also been associated with T2DM in two 
cross-sectional studies [97,98] and some, but not 
all, prospective studies. Among six prospective 
studies, five reported significant positive associa-
tions [99–103], and one study reported a nonsig-
nificant association [104]. Two of the prospective 
studies [99,100] and one cross-sectional study [97] 
also reported positive dose-response associations 
between hours of ETS exposure and diabetes risk. 
A recent meta-analysis [105] of the six prospective 
studies reported a pooled relative risk of T2DM 
of 1.21 (95% CI: 1.07–1.38) associated with 
ETS exposure among never-smokers. However, 
three of the prospective studies followed partici-
pants for less than 10 years [100,101,103], one study 
for less than 5 years [103]. The relevant duration 
of exposure to ETS that may be associated with 
T2DM is unknown.

Proposed biological mechanisms
Tobacco smoke is complex mixture of chemi-
cals, some of which promote inflammation and 
endothelial dysfunction [106]. Acute exposure to 
ETS caused impairment of flow-mediated vaso-
dilation in healthy nonsmoking volunteers [107]. 
Previous human studies have noted that active 
smoking can impair insulin-stimulated glucose 
uptake after acute [108] and chronic [109] exposures.

Limitations of current knowledge
Active smoking and ETS exposure are strongly 
associated with increased risk of cardiovascular 
disease [106], and the causal pathways linking 
smoke exposure to T2DM may be complex. 
An association between ETS and T2DM is 

suggested based on the effects of active smok-
ing, and the dose-response associations with 
ETS demonstrated in some prospective studies. 
However, the evidence is considered limited due 
to the relatively small number of existing pro-
spective studies with greater than 10 years of 
follow-up for incident T2DM, and the fact that 
all ETS exposure data are self-reported, leading 
to possible measurement error.

Ambient air pollution

Sources of exposure
Nearly everyone is exposed to ambient air pollu-
tion. In high-income countries, urban outdoor 
air pollution is a leading risk factor for mortal-
ity, while in low-income and middle-income 
countries, indoor air pollution from solid fuel 
combustion is responsible for a larger proportion 
of deaths [110]. The composition of ambient air 
pollution may vary greatly between regions and 
between rural and urban areas. The most com-
monly studied components of ambient air pol-
lution in relation to diabetes are fine and coarse 
particulate matter (PM

2.5
 and PM

10
, respec-

tively), nitrogen dioxide (NO
2
), nitrogen oxides 

(NOx) and overall traffic-related air pollution.

Evidence for an association with T2DM
Some recent studies have reported positive 
associations between constituents of ambient 
air pollution and diabetes [111–115], while others 
have reported no associations with specific pol-
lutants [113,116–117] or associations among women 
only [118]. Many of these studies have involved 
very large sample sizes and some have estimated 
exposure over long periods of time. Long-term 
exposure to PM

2.5,
 PM

10
, NO

2
 or NOx and traf-

fic density at the residential address have been 
associated, although not consistently, with prev-
alent [114,118] and incident [111–113,115,119] diabetes. 
Gestational diabetes prevalence was associated 
with NOx concentration and traffic density in 
one Swedish study [120], but no association was 
found with traffic density in a Dutch cohort [121]. 
In a US cohort, PM

2.5
 concentrations during 

pregnancy were not associated with gestational 
diabetes; concentrations of NOx were not exam-
ined [122]. Two recent meta-analyses have been 
conducted to estimate associations of air pol-
lutants with incident T2DM. One analysis [123] 
reported positive associations with incident 
T2DM for PM

2.5
 (HR: 1.11 per 10 μg/m3, 95% 

CI: 1.03–1.20) and NO
2
 exposure (HR: 1.13 
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per 10 μg/m3, 95% CI: 1.04–1.22), based on 
five prospective studies. Another meta-anal-
ysis [124], which included a greater number of 
studies, reported a higher estimate for PM

2.5
, a 

similar estimate for NO
2
 and a positive associa-

tion between PM
10

 and incident T2DM (RR: 
1.34 per 10 μg/m3, 95% CI: 1.22–1.47).

Proposed biological mechanisms
Animal exposure studies have demonstrated 
associations of ambient air pollution, particu-
larly PM

2.5
, with insulin resistance and impaired 

glucose tolerance in mice [125,126]. Short-term 
exposure to urban air pollution in healthy 
human volunteers acutely reduced insulin 
sensitivity [127]. Laboratory-based mechanis-
tic studies suggest that PM

2.5
 exposure influ-

ences hepatic and peripheral insulin resistance 
through modification of gene expression [128] 
and activation of inflammatory pathways [129]. 
Studies have primarily examined the metabolic 
effects of exposure to PM

2.5
, and relatively lit-

tle is known about the other constituents of 
a mbient air pollution.

Limitations of current knowledge
The varying composition of ambient air pol-
lution across geographic regions may account 
for some inconsistencies across studies. 
Associations with overall traffic density or dis-
tance to a major road may be confounded by 
other exposures such as noise [130], socioeco-
nomic factors or by reduced physical activity 
related to high vehicle traffic and perceived 
safety issues. While several recent prospective 
studies have been conducted, and two meta-
analyses have indicated positive associations 
between ambient air pollution constituents and 
incident T2DM, the evidence for a causal asso-
ciation is still considered ‘limited’ due to the 
lack of agreement regarding, which constituent 
or combination of constituents of air pollution 
may be responsible for observed associations. 
Advanced statistical treatment of exposure 
mixtures may be necessary to disentangle the 
effects of air pollution on T2DM.

●● insufficient evidence
Associations considered here to be supported by 
‘insufficient’ evidence are those for which few or 
no prospective epidemiologic studies have been 
conducted, or only weak study designs have so 
far been employed. Some of these associations 
have biological plausibility but insufficient 

evidence exists to evaluate their potential role 
in T2DM in humans.

Organophosphate insecticides
Sources of exposure
Organophosphates are a class of insecticides 
used widely for agricultural purposes and, until 
recently, for residential uses. Two chemicals of 
this class, chlorpyrifos and malathion, are the 
most widely used insecticides in the USA [131]. 
Organophosphates are rapidly metabolized 
and excreted in urine [132]. Individuals may be 
exposed either through direct contact with pes-
ticides applied in home or work environments, 
or through consumption of foods treated with 
pesticides [133].

Evidence for an association with T2DM
Recent studies have suggested that chronic 
occupational exposure to organophosphates may 
increase the risk of diabetes. In a prospective 
study of farmers and their spouses in the USA, 
self-reported ever-use of the organophosphates 
coumaphos, phorate, terbufos and trichlorfon 
were associated with increased risk of incident 
diabetes (adult-onset, unspecified type) in 
men [75], and fonofos, parathion and phorate 
ever-use were associated with incident diabetes 
in women [76]. Additionally, the organophos-
phates phorate and diazinon were associated 
with gestational diabetes among women in the 
AHS who reported any pesticide use during the 
first trimester of pregnancy [134].

Proposed biological mechanisms
Organophosphates exert neurotoxic effects by 
impairing acetylcholinesterase activity, and acute 
intoxication may cause cholinergic symptoms, 
including nausea, vomiting, weakness, paralysis 
and seizures [135]. Acute high-dose exposure to 
organophosphates also produces hyperglycemia 
in rats [136]. There is little known about possible 
mechanisms of long-term health effects of organ-
ophosphates, although laboratory studies provide 
some suggestive evidence. Rats exposed to organ-
ophosphates diazinon and parathion in the neo-
natal period demonstrated persistent changes in 
metabolism resembling prediabetes [137–139], and 
also exhibited greater weight gain on a high-fat 
diet compared with unexposed rats [139].

Limitations of current knowledge
The evaluation of organophosphate insecti-
cides and diabetes is in its early phases, both 
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epidemiologic and laboratory investigations. 
Exposure characterization can be challenging 
due to the short biological half-lives of these 
chemicals; however, occupational cohorts with 
questionnaire-based measures of external expo-
sure suggest that specific chemicals may be 
associated with adult-onset diabetes. The exist-
ing human evidence is considered insufficient 
to evaluate whether organophosphate exposure 
may increase the risk of T2DM, due to the small 
number of studies and lack of robust assessment 
of c umulative dose.

Pyrethroid insecticides
Sources of exposure
Pyrethroid insecticides are a class of current use 
pesticides that are synthetic analogs of a natural 
insecticide derived from chrysanthemums, pyre-
thrum [140]. Pyrethroid insecticides are widely 
used in agriculture, in flea and tick treatments 
for companion animals and to treat clothing and 
fabrics for insect repellence, with large use in 
military battle dress uniforms and bed nets in 
malaria-endemic regions [42,140].

Evidence for an association with T2DM
To date, only two human epidemiological 
studies have been conducted on pyrethroid 
exposure and T2DM risk. A study of factory 
workers in China found a higher prevalence of 
diabetes (type unspecified) among those with 
sustained occupational exposure to pyrethroids; 
however, there was no adjustment for BMI or 
control for other occupational exposures [141]. 
Among pesticide sprayers in Bolivia who exclu-
sively sprayed pyrethroids, a positive trend was 
observed between the number of cumulative 
hours of exposure and the odds of abnormal glu-
cose regulation, defined as glycated hemoglobin 
≥5.6%, and a higher prevalence of prediabetes 
or diabetes among sprayers than among con-
trols, although the unexposed controls may not 
have adequately represented the base population 
from which the exposed sprayers arose [142].

Proposed biological mechanisms
Pyrethroid toxicity in rats is associated with 
reduced rates of glucose utilization in the 
brain [143], and treatment of adipocytes with 
permethrin (a pyrethroid insecticide) resulted 
in reduced glucose uptake in vitro [144]. This is 
a nascent field of research and as yet there is no 
strong mechanistic evidence linking pyrethroid 
exposure to T2DM in humans.

Limitations of current knowledge
There is currently insufficient evidence regard-
ing the extent of potential T2DM risk associ-
ated with pyrethroid use, based on few studies 
with significant limitations. However, given 
permethrin’s widespread use for malaria control 
in developing countries, flea and tick control in 
developed countries and treatment of military 
uniforms, understanding any potential meta-
bolic health impacts of permethrin is of critical 
importance.

Bisphenol A
Sources of exposure
Bisphenol A (BPA) is a man-made chemical that 
is used in a variety of consumer products, includ-
ing certain plastics, thermal paper for receipts 
and amalgam dental fillings [145]. Humans may 
be exposed to BPA through contaminated food, 
inhalation of house dust and dermal absorp-
tion [146,147]. Infants may be exposed to BPA via 
breast milk and formula [148].

Evidence for an association with T2DM
Some, but not all, cross-sectional studies of 
urinary BPA in humans have found positive 
associations with T2DM. Among five studies 
conducted within the US NHANES study, four 
studies reported positive pooled associations 
of urinary BPA with diabetes [149–152] and one 
study reported no significant association [153]. 
There were, however, overlapping data used 
in these separate studies and some of the study 
authors noted that positive associations may 
have been driven by the results of one survey 
cycle (2003–2004) during which BPA con-
centrations were higher than in the two sub-
sequent cycles [150,151]. A cross-sectional study 
in the Korean National Human Biomonitoring 
Survey found no association between urinary 
BPA and self-reported diabetes after covariate 
adjustment [154]; while a cross-sectional study 
in a Chinese cohort reported elevated risks of 
T2DM in the second and fourth quartiles of 
urinary BPA as compared with the first quartile, 
with no linear trend [155]. One prospective study 
was conducted in the US Nurses’ Health Study, 
and positive associations were reported between 
BPA and incident T2DM among middle-aged 
women (ages 32–52 at enrollment) but not 
among older women (ages 53–79 at enrollment), 
after adjustment for BMI [156]. However, associa-
tions were based on measured BPA in a single 
urine sample collected prior to diagnosis, and the 
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reproducibility of BPA in urine over 1–3 years 
was low (intraclass correlation coefficient: 0.14).

Proposed biological mechanisms
The promotion of obesity may be one mecha-
nism by which BPA exposure may increase the 
risk of T2DM, as suggested by several human 
epidemiologic studies [157–162]. Laboratory stud-
ies provide support for the concept that BPA can 
induce adipocyte differentiation in vitro [163]. 
Given that some cross-sectional associations 
between BPA and T2DM persisted after adjust-
ment for BMI [149,152,156], there may also be 
effects of BPA that are independent of weight 
gain, such as the promotion of insulin resistance 
and inflammation of adipose tissue [164,165], or 
the activation of estrogen receptors to promote 
insulin secretion by pancreatic β-cells [166].

Limitations of current knowledge
Current evidence for an association between 
BPA and T2DM is considered insufficient 
because existing studies originate from few 
cohorts and lack strong study designs. It is possi-
ble that reverse causality could be responsible for 
observed cross-sectional associations between 
BPA and obesity or T2DM. Urine samples 
taken prior to diagnosis reduce this possibility, 
but BPA is quickly excreted from the body after 
ingestion [167] and therefore a urine measure-
ment at a single point in time may not accu-
rately represent chronic exposure over years [168]. 
Repeated measures of BPA ingestion or excre-
tion in the context of longitudinal studies will 
be needed to examine whether T2DM may be 
associated with chronic, low-dose exposure.

Phthalates
Sources of exposure
Phthalates are man-made chemicals used as 
plasticizers and solvents in a wide variety of 
consumer and industrial applications. Humans 
may be exposed to phthalates by ingesting 
certain foods and medicines [169,170], through 
dermal absorption from certain personal care 
products [171,172], and by inhaling or ingest-
ing household dust [173]. Phthalates are rapidly 
metabolized and excreted from the body, and 
phthalate metabolites measured in urine are a 
biomarker of recent exposure [42].

Evidence for an association with T2DM
Phthalate metabolites have been positively asso-
ciated with diabetes in three cross-sectional 

studies [174–176] and in one prospective study [156]. 
A study among women in the USA (NHANES) 
found associations with mono-n-butyl phtha-
late (MnBP), mono-isobutyl phthalate (MiBP), 
monobenzyl phthalate (MBzP), mono-(3-car-
boxypropyl) phthalate and the sum of all di-
(2-ethylhexyl) phthalate (DEHP) metabo-
lites [174], although not all of these metabolites 
showed a linear dose-response. A study of women 
in Mexico reported positive associations with the 
sum of DEHP metabolites but an inverse associa-
tion with MBzP; the significance of these associa-
tions was eliminated following covariate adjust-
ment but the point estimates did not change 
meaningfully [176]. A study among elderly Swedes 
reported positive associations with T2DM for 
MiBP, monoethyl phthalate and monomethyl 
phthalate, but no association with mono-(2-eth-
ylhexyl) phthalate, a DEHP metabolite [175]. In 
this study, ten metabolites were measured in 
serum (rather than urine) but only four could 
be detected in at least 70% of participants. In 
the only prospective analysis to date, from the 
Nurses’ Health Study [156], a case–control design 
was used and phthalate metabolites were meas-
ured in a single urine sample collected when all 
participants were free of diabetes. The study 
found positive associations with incident diabetes 
for the sum of total phthalate metabolites as well 
as the sum of butyl phthalates (MnBP and MiBP) 
and the sum of DEHP metabolites, among mid-
dle-aged women (ages 32–52 at enrollment) but 
not among older women (ages 53–70 at enroll-
ment). A recent systematic review [5] concluded 
that the evidence was insufficient to conclude 
whether or not an association between phthalates 
and T2DM was present.

Proposed biological mechanisms
There are plausible biological mechanisms which 
may link phthalates with diabetes and metabolic 
disruption. Certain phthalates have been shown 
to activate peroxisome-proliferator-activated 
receptors (PPARs), a family of nuclear receptors 
which regulate aspects of lipid and carbohydrate 
metabolism [177,178]. This modulation of PPAR 
activity has been suggested as one pathway by 
which phthalates, particularly DEHP, may 
promote adipogenesis and obesity [86]. Certain 
phthalates also have antiandrogenic activi-
ties [179]. Of importance for T2DM, DEHP may 
induce impaired insulin signaling in rat skeletal 
muscle, the primary site of peripheral glucose 
utilization [180].
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Limitations of current knowledge
As with BPA, the short biological half-lives 
of the phthalates [181,182] present difficulties 
in assessing chronic exposures. The discrep-
ancy between studies regarding the particular 
phthalate metabolites associated with diabetes 
is problematic and deserves further scrutiny 
using appropriate methods to examine com-
plex mixtures of exposures. All of the studies 
described here were based on a single measure-
ment of phthalate metabolites, which may not be 
sufficient to characterize typical exposure over 
time. The current evidence is therefore consid-
ered insufficient to draw conclusions regarding 
an association between phthalates and T2DM, 
due to the lack of studies with strong designs to 
assess chronic exposures.

Conclusions & future perspective
We have reviewed the state of the evidence to 
evaluate whether several environmental chemicals 
may promote T2DM in humans. While none of 
the associations described here can be conclusively 
described as causal, we found moderate evidence 
for inorganic arsenic, organochlorines, dioxins 
and PCBs, limited evidence for an effect of ETS 
and ambient air pollution, and insufficient evi-
dence for the role of BPA, phthalates, organophos-
phate and pyrethroid insecticides. Prospective 
studies with both questionnaire-based and bio-
marker-based assessments of exposure will be 
needed to establish the effect of chemicals that are 
quickly eliminated following exposure. To date, 
most researchers have considered chemical expo-
sures independently, but there may be interaction 
among chemical exposures in their contributions 
to diabetes risk, particularly among those sharing 
a common mechanism of action.

Identification of susceptible populations
Individual characteristics, such as genetic factors 
and BMI, may increase susceptibility to the dia-
betes-promoting effects of certain environmen-
tal chemicals. Genetic polymorphisms have been 
identified which modify associations between 
air pollutants PM

10
, O

3
, NO

2
 and insulin resist-

ance in a Korean population [183]. Other genetic 
polymorphisms have been identified which lead 
to differences in arsenic metabolism [41], and 
which may increase susceptibility to toxic effects 
of arsenic exposure [184–187].

Some researchers have suggested that indi-
viduals with obesity may be at greater risk 
of diabetes from exposure to environmental 

chemicals, particularly those chemicals that 
promote inflammation of adipose and other 
tissue, such as ambient air pollutants [188]. In 
support of this theory, certain studies have 
reported stronger associations between POPs 
and diabetes among overweight and obese 
study participants [51,56,61]; however, others 
have found no effect modification by BMI [77]. 
Interestingly, in a mouse model, adipose tissue 
appeared to sequester POPs such that mice with 
diet-induced obesity were less susceptible than 
lean mice to the adverse effects of PCB expo-
sure on glucose homeostasis [83]. Studies in large 
cohorts will be needed to examine differential 
susceptibility to environmental chemicals by 
obesity or adiposity.

Prenatal environmental exposures & 
epigenetic influences on diabetes risk
Evidence from animal and human studies sug-
gests that the prenatal period is a critical window 
during which exposures may influence lifelong 
disease risk. Obesity and diabetes risk in adult-
hood may therefore be related to in utero expo-
sure to environmental chemicals, particularly 
endocrine-disrupting chemicals [189]. Certain 
studies in humans have found that the risk of 
diabetes or obesity in the offspring is increased 
with prenatal exposure to DDE, PCBs, BPA 
or maternal smoking [190–193], although others 
have found these associations to be nonsig-
nificant [194] or, occasionally, inverse [195]. One 
possible mechanism by which prenatal environ-
mental exposures may influence childhood or 
adult disease risk is through epigenetic modifica-
tions [189], mitotically heritable changes to DNA 
that affect subsequent gene expression. Another 
possible mechanism is through the promotion of 
adipocyte differentiation or proliferation at criti-
cal periods of development [196]. More research is 
needed to elucidate the role of in utero exposure 
to environmental chemicals in altering adult 
s usceptibility to chronic disease.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial 
involvement with any organization or entity with a finan-
cial interest in or financial conflict with the subject matter 
or materials discussed in the manuscript. This includes 
employment, consultancies, honoraria, stock ownership or 
options, expert testimony, grants or patents received or 
p ending, or royalties.

No writing assistance was utilized in the production of 
this manuscript.



Diabetes Manag. (2015) 5(4)10

review Starling & Hoppin

future science group

References
Papers of special note have been highlighted as:
• of interest

1 Danaei G, Finucane MM, Lu Y et al. 
National, regional, and global trends in 
fasting plasma glucose and diabetes prevalence 
since 1980: systematic analysis of health 
examination surveys and epidemiological 
studies with 370 country-years and 2.7 
million participants. Lancet 378(9785), 31–40 
(2011).

2 Abegunde DO, Mathers CD, Adam T, 
Ortegon M, Strong K. The burden and costs 
of chronic diseases in low-income and 
middle-income countries. Lancet 370(9603), 
1929–1938 (2007).

3 Zimmet PZ. Diabetes epidemiology as a tool 
to trigger diabetes research and care. 
Diabetologia 42(5), 499–518 (1999).

4 Association AD. Diagnosis and classification 
of diabetes mellitus. Diabetes Care 27(Suppl. 
1), S5–S10 (2004).

5 Kuo CC, Moon K, Thayer KA, Navas-Acien 
A. Environmental chemicals and Type 2 
diabetes: an updated systematic review of the 
epidemiologic evidence. Curr. Diab. 
Rep. 13(6), 831–849 (2013).

6 Franco G, Malamani T, Piazza A. Glucose 
tolerance and occupational exposure to carbon 
disulphide. Lancet 2(8101), 1208 (1978).

7 Kujalová V, Lukás E, Sperlingová I, Frantík E. 
Glucose tolerance and occupational exposure 
to carbon disulphide. Lancet 1(8117), 664 
(1979).

8 IOM. Veterans and Agent Orange: Herbicide/
Dioxin Exposure and Type 2 Diabetes. National 
Academy Press, Washington, DC, USA 
(2000).

9 Kerger BD, Scott PK, Pavuk M, Gough M, 
Paustenbach DJ. Re-analysis of Ranch Hand 
study supports reverse causation hypothesis 
between dioxin and diabetes. Crit. Rev. 
Toxicol. 42(8), 669–687 (2012).

10 Michalek JE, Pavuk M. Diabetes and cancer 
in veterans of Operation Ranch Hand after 
adjustment for calendar period, days of 
spraying, and time spent in Southeast Asia. 
J. Occup. Environ. Med. 50(3), 330–340 
(2008).

11 Fujiyoshi PT, Michalek JE, Matsumura F. 
Molecular epidemiologic evidence for 
diabetogenic effects of dioxin exposure in U.S. 
Air force veterans of the Vietnam war. 
Environ. Health Perspect. 114(11), 1677–1683 
(2006).

12 Wu H, Bertrand KA, Choi AL et al. Persistent 
organic pollutants and Type 2 diabetes: a 
prospective analysis in the nurses’ health study 

and meta-analysis. Environ. Health 
Perspect. 121(2), 153–161 (2013).

13 Tang M, Chen K, Yang F, Liu W. Exposure to 
organochlorine pollutants and type 2 diabetes: 
a systematic review and meta-analysis. PLoS 
ONE 9(10), e85556 (2014).

14 Wang W, Xie Z, Lin Y, Zhang D. Association 
of inorganic arsenic exposure with Type 2 
diabetes mellitus: a meta-analysis. 
J. Epidemiol. Community Health 68(2), 
176–184 (2014).

15 Nordstrom DK. Public health. Worldwide 
occurrences of arsenic in ground water. 
Science 296(5576), 2143–2145 (2002).

16 Chen CJ. Health hazards and mitigation of 
chronic poisoning from arsenic in drinking 
water: Taiwan experiences. Rev. Environ. 
Health 29(1–2), 13–19 (2014).

17 Smith AH, Lopipero PA, Bates MN, 
Steinmaus CM. Public health. Arsenic 
epidemiology and drinking water standards. 
Science 296(5576), 2145–2146 (2002).

18 Lei B, Zhang K, An J, Zhang X, Yu Y. Human 
health risk assessment of multiple 
contaminants due to consumption of 
animal-based foods available in the markets of 
Shanghai, China. Environ. Sci. Pollut. Res. 
Int. 22(6), 4434–4446 (2015).

19 Coronado-González JA, Del Razo LM, 
García-Vargas G, Sanmiguel-Salazar F, 
Escobedo-de la Peña J. Inorganic arsenic 
exposure and Type 2 diabetes mellitus in 
Mexico. Environ. Res. 104(3), 383–389 
(2007).

20 Del Razo LM, García-Vargas GG, Valenzuela 
OL et al. Exposure to arsenic in drinking 
water is associated with increased prevalence 
of diabetes: a cross-sectional study in the 
Zimapán and Lagunera regions in Mexico. 
Environ. Health 10, 73 (2011).

21 Kim Y, Lee BK. Association between urinary 
arsenic and diabetes mellitus in the Korean 
general population according to KNHANES 
2008. Sci. Total Environ. 409(19), 4054–4062 
(2011).

22 Lai MS, Hsueh YM, Chen CJ et al. Ingested 
inorganic arsenic and prevalence of diabetes 
mellitus. Am. J. Epidemiol. 139(5), 484–492 
(1994).

23 Rahman M, Tondel M, Ahmad SA, Axelson 
O. Diabetes mellitus associated with arsenic 
exposure in Bangladesh. Am. J. 
Epidemiol. 148(2), 198–203 (1998).

24 Rhee SY, Hwang YC, Woo JT, Chin SO, 
Chon S, Kim YS. Arsenic exposure and 
prevalence of diabetes mellitus in Korean 
adults. J. Korean Med. Sci. 28(6), 861–868 
(2013).

25 Navas-Acien A, Silbergeld EK, Pastor-
Barriuso R, Guallar E. Arsenic exposure and 
prevalence of Type 2 diabetes in US adults. 
JAMA 300(7), 814–822 (2008).

26 Bräuner EV, Nordsborg RB, Andersen ZJ, 
TjØnneland A, Loft S, Raaschou-Nielsen O. 
Long-term exposure to low-level arsenic in 
drinking water and diabetes incidence: a 
prospective study of the diet, cancer and 
health cohort. Environ. Health 
Perspect. 122(10), 1059–1065 (2014).

27 Pan WC, Seow WJ, Kile ML et al. 
Association of low to moderate levels of 
arsenic exposure with risk of Type 2 diabetes 
in Bangladesh. Am. J. Epidemiol. 178(10), 
1563–1570 (2013).

•	 A	nested	case-cohort	study	of	low-level	
exposure	to	inorganic	arsenic	using	a	
detailed	retrospective	assessment	of	lifetime	
exposure	through	drinking	water.

28 James KA, Marshall JA, Hokanson JE, 
Meliker JR, Zerbe GO, Byers TE. A 
case-cohort study examining lifetime 
exposure to inorganic arsenic in drinking 
water and diabetes mellitus. Environ. 
Res. 123, 33–38 (2013).

29 Kim NH, Mason CC, Nelson RG et al. 
Arsenic exposure and incidence of Type 2 
diabetes in Southwestern American Indians. 
Am. J. Epidemiol. 177(9), 962–969 (2013).

30 Tseng CH, Tai TY, Chong CK et al. 
Long-term arsenic exposure and incidence of 
non-insulin-dependent diabetes mellitus: a 
cohort study in arseniasis-hyperendemic 
villages in Taiwan. Environ. Health 
Perspect. 108(9), 847–851 (2000).

31 Chen Y, Ahsan H, Slavkovich V et al. No 
association between arsenic exposure from 
drinking water and diabetes mellitus: a 
cross-sectional study in Bangladesh. Environ. 
Health Perspect. 118(9), 1299–1305 (2010).

32 Li X, Li B, Xi S, Zheng Q, Lv X, Sun G. 
Prolonged environmental exposure of arsenic 
through drinking water on the risk of 
hypertension and Type 2 diabetes. Environ. 
Sci. Pollut. Res. Int. 20(11), 8151–8161 
(2013).

33 Zierold KM, Knobeloch L, Anderson H. 
Prevalence of chronic diseases in adults 
exposed to arsenic-contaminated drinking 
water. Am. J. Public Health. 94(11), 
1936–1937 (2004).

34 Huang JW, Cheng YY, Sung TC, Guo HR, 
Sthiannopkao S. Association between arsenic 
exposure and diabetes mellitus in Cambodia. 
Biomed. Res. Int. 2014 683124 (2014).

35 Maull EA, Ahsan H, Edwards J et al. 
Evaluation of the association between arsenic 



11future science group www.futuremedicine.com

Environmental chemical risk factors for Type 2 diabetes review

and diabetes: a National Toxicology Program 
workshop review. Environ. Health 
Perspect. 120(12), 1658–1670 (2012).

36 Díaz-Villaseñor A, Sánchez-Soto MC, 
Cebrián ME, Ostrosky-Wegman P, Hiriart 
M. Sodium arsenite impairs insulin secretion 
and transcription in pancreatic beta-cells. 
Toxicol. Appl. Pharmaco. 214(1), 30–34 
(2006).

37 Izquierdo-Vega JA, Soto CA, Sanchez-Peña 
LC, De Vizcaya-Ruiz A, Del Razo LM. 
Diabetogenic effects and pancreatic oxidative 
damage in rats subchronically exposed to 
arsenite. Toxicol. Lett. 160(2), 135–142 
(2006).

38 Díaz-Villaseñor A, Burns AL, Hiriart M, 
Cebrián ME, Ostrosky-Wegman P. 
Arsenic-induced alteration in the expression 
of genes related to Type 2 diabetes mellitus. 
Toxicol. Appl. Pharmacol. 225(2), 123–133 
(2007).

39 Buchet JP, Lauwerys R, Roels H. Urinary 
excretion of inorganic arsenic and its 
metabolites after repeated ingestion of 
sodium metaarsenite by volunteers. Int. Arch. 
Occup. Environ. Health. 48(2), 111–118 
(1981).

40 Steinmaus C, Yuan Y, Liaw J, Smith AH. 
Low-level population exposure to inorganic 
arsenic in the United States and diabetes 
mellitus: a reanalysis. Epidemiology 20(6), 
807–815 (2009).

41 Tellez-Plaza M, Gribble MO, Voruganti VS 
et al. Heritability and preliminary genome-
wide linkage analysis of arsenic metabolites in 
urine. Environ. Health Perspect. 121(3), 
345–351 (2013).

42 Fourth Report on Human Exposure to 
Environmental Chemicals. US Department of 
Health and Human Services, Centers for 
Disease Control and Prevention, Atlanta, 
GA, USA (2009).

43 Beck H, Dross A, Mathar W. PCDD and 
PCDF exposure and levels in humans in 
Germany. Environ. Health 
Perspect. 102(Suppl. 1), 173–185 (1994).

44 Hoffman MK, Huwe J, Deyrup CL et al. 
Statistically designed survey of 
polychlorinated dibenzo-p-dioxins, 
polychlorinated dibenzofurans, and co-planar 
polychlorinated biphenyls in U. S. meat and 
poultry, 2002– 2003: results, trends, and 
implications. Environ. Sci. Technol. 40(17), 
5340–5346 (2006).

45 Kiviranta H, Ovaskainen ML, Vartiainen T. 
Market basket study on dietary intake of 
PCDD/Fs, PCBs, and PBDEs in Finland. 
Environ. Int. 30(7), 923–932 (2004).

46 Philibert A, Schwartz H, Mergler D. An 
exploratory study of diabetes in a First 
Nation community with respect to serum 
concentrations of p,p’-DDE and PCBs and 
fish consumption. Int. J. Environ. Res. Public 
Health 6(12), 3179–3189 (2009).

47 Fierens S, Mairesse H, Heilier JF et al. 
Dioxin/polychlorinated biphenyl body 
burden, diabetes and endometriosis: findings 
in a population-based study in Belgium. 
Biomarkers 8(6), 529–534 (2003).

48 Everett CJ, Frithsen IL, Diaz VA, Koopman 
RJ, Simpson WM, Mainous AG. Association 
of a polychlorinated dibenzo-p-dioxin, a 
polychlorinated biphenyl, and DDT with 
diabetes in the 1999–2002 National Health 
and Nutrition Examination Survey. Environ. 
Res. 103(3), 413–418 (2007).

49 Uemura H, Arisawa K, Hiyoshi M et al. 
Associations of environmental exposure to 
dioxins with prevalent diabetes among 
general inhabitants in Japan. Environ. 
Res. 108(1), 63–68 (2008).

50 Longnecker MP, Michalek JE. Serum dioxin 
level in relation to diabetes mellitus among 
air force veterans with background levels of 
exposure. Epidemiology 11(1), 44–48 
(2000).

51 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 Survey 
1999– 2002. Diabetes Care 29(7), 1638–
1644 (2006).

52 Rylander L, Rignell-Hydbom A, Hagmar L. 
A cross-sectional study of the association 
between persistent organochlorine pollutants 
and diabetes. Environ. Health 4, 28 (2005).

53 Codru N, Schymura MJ, Negoita S, Rej R, 
Carpenter DO. Environment ATFo. 
Diabetes in relation to serum levels of 
polychlorinated biphenyls and chlorinated 
pesticides in adult Native Americans. 
Environ. Health Perspect. 115(10), 1442–
1447 (2007).

54 Ukropec J, Radikova Z, Huckova M et al. 
High prevalence of prediabetes and diabetes 
in a population exposed to high levels of an 
organochlorine cocktail. Diabetologia 53(5), 
899–906 (2010).

55 Tanaka T, Morita A, Kato M et al. 
Congener-specific polychlorinated biphenyls 
and the prevalence of diabetes in the Saku 
Control Obesity Program (SCOP). Endocr. 
J. 58(7), 589–596 (2011).

56 Gasull M, Pumarega J, Téllez-Plaza M et al. 
Blood concentrations of persistent organic 
pollutants and prediabetes and diabetes in 

the general population of Catalonia. 
Environ. Sci. Technol. 46(14), 7799–7810 
(2012).

57 Silverstone AE, Rosenbaum PF, Weinstock 
RS et al. Polychlorinated biphenyl (PCB) 
exposure and diabetes: results from the 
Anniston Community Health Survey. 
Environ. Health Perspect. 120(5), 727–732 
(2012).

58 Persky V, Piorkowski J, Turyk M et al. 
Associations of polychlorinated biphenyl 
exposure and endogenous hormones with 
diabetes in post-menopausal women 
previously employed at a capacitor 
manufacturing plant. Environ. Res. 111(6), 
817–824 (2011).

59 Persky V, Piorkowski J, Turyk M et al. 
Polychlorinated biphenyl exposure, diabetes 
and endogenous hormones: a cross-sectional 
study in men previously employed at a 
capacitor manufacturing plant. Environ. 
Health 11, 57 (2012).

•	 A	cross-sectional	study	of	serum	
polychlorinated	biphenyl	(PCB)	
concentrations	and	prevalent	diabetes	
among	a	community	surrounding	a	PCB	
manufacturing	plant.	

60 Arrebola JP, Pumarega J, Gasull M et al. 
Adipose tissue concentrations of persistent 
organic pollutants and prevalence of Type 2 
diabetes in adults from Southern Spain. 
Environ. Res. 122, 31–37 (2013).

61 Airaksinen R, Rantakokko P, Eriksson JG, 
Blomstedt P, Kajantie E, Kiviranta H. 
Association between Type 2 diabetes and 
exposure to persistent organic pollutants. 
Diabetes Care 34(9), 1972–1979 (2011).

62 Al-Othman AA, Abd-Alrahman SH, 
Al-Daghri NM. DDT and its metabolites are 
linked to increased risk of Type 2 diabetes 
among Saudi adults: a cross-sectional study. 
Environ. Sci. Pollut. Res. Int.22(1), 379–386 
(2015).

63 Cox S, Niskar AS, Narayan KM, Marcus M. 
Prevalence of self-reported diabetes and 
exposure to organochlorine pesticides among 
Mexican Americans: Hispanic health and 
nutrition examination survey, 1982–1984. 
Environ. Health Perspect. 115(12), 1747–1752 
(2007).

64 Eden PR, Meek EC, Wills RW, Olsen EV, 
Crow JA, Chambers JE. Association of Type 2 
diabetes mellitus with plasma organochlorine 
compound concentrations. J. Expo. Sci. 
Environ. Epidemiol. (2014),doi: 10.1038/
jes.2014.69, (Epub ahead of print) .  

•	 A	long-term	follow-up	study	of	Taiwanese	
men	and	women	who	were	exposed	to	



Diabetes Manag. (2015) 5(4)12

review Starling & Hoppin

future science group

PCB-contaminated	rice	bran	oil	in	the	
1970s.

65 Rignell-Hydbom A, Rylander L, Hagmar L. 
Exposure to persistent organochlorine 
pollutants and Type 2 diabetes mellitus. 
Hum. Exp. Toxicol. 26(5), 447–452 (2007).

•	 A	long-term	follow-up	study	of	Italian	men	
and	women	in	the	community	surrounding	
an	industrial	accident	which	exposed	them	
to	high	levels	of	2,3,7,8-tetrachlorodibenzo-
p-dioxin	in	1976;	exposure	is	defined	by	
zones	of	residence	in	proximity	to	the	
chemical	release.

66 Son HK, Kim SA, Kang JH et al. Strong 
associations between low-dose organochlorine 
pesticides and Type 2 diabetes in Korea. 
Environ. Int. 36(5), 410–414 (2010).

67 Turyk M, Anderson HA, Knobeloch L, Imm 
P, Persky VW. Prevalence of diabetes and 
body burdens of polychlorinated biphenyls, 
polybrominated diphenyl ethers, and p,p 
‘-diphenyldichloroethene in Great Lakes sport 
fish consumers. Chemosphere 75(5), 674–679 
(2009).

68 Everett CJ, Matheson EM. Biomarkers of 
pesticide exposure and diabetes in the 1999– 
2004 national health and nutrition 
examination survey. Environ. Int. 36(4), 
398–401 (2010).

69 Glynn AW, Granath F, Aune M et al. 
Organochlorines in Swedish women: 
determinants of serum concentrations. 
Environ. Health Perspect. 111(3), 349–355 
(2003).

70 Grandjean P, Henriksen JE, Choi AL et al. 
Marine food pollutants as a risk factor for 
hypoinsulinemia and Type 2 diabetes. 
Epidemiology 22(3), 410–417 (2011).

71 Wang SL, Tsai PC, Yang CY, Guo YL. 
Increased risk of diabetes and polychlorinated 
biphenyls and dioxins: a 24 year follow-up 
study of the Yucheng cohort. Diabetes 
Care 31(8), 1574–1579 (2008).

72 Lee DH, Lind PM, Jacobs DR, Salihovic S, 
van Bavel B, Lind L. Polychlorinated 
biphenyls and organochlorine pesticides in 
plasma predict development of Type 2 
diabetes in the elderly: the prospective 
investigation of the vasculature in Uppsala 
Seniors (PIVUS) study. Diabetes Care 34(8), 
1778–1784 (2011).

73 Vasiliu O, Cameron L, Gardiner J, Deguire P, 
Karmaus W. Polybrominated biphenyls, 
polychlorinated biphenyls, body weight, and 
incidence of adult-onset diabetes mellitus. 
Epidemiology 17(4), 352–359 (2006).

74 Henriksen GL, Ketchum NS, Michalek JE, 
Swaby JA. Serum dioxin and diabetes mellitus 

in veterans of Operation Ranch Hand. 
Epidemiology 8(3), 252–258 (1997).

75 Montgomery MP, Kamel F, Saldana TM, 
Alavanja MC, Sandler DP. Incident diabetes 
and pesticide exposure among licensed 
pesticide applicators: Agricultural Health 
Study, 1993– 2003. Am. J. 
Epidemiol. 167(10), 1235–1246 (2008).

76 Starling AP, Umbach DM, Kamel F, Long S, 
Sandler DP, Hoppin JA. Pesticide use and 
incident diabetes among wives of farmers in 
the Agricultural Health Study. Occup. 
Environ. Med. 71(9), 629–635 (2014).

77 Turyk M, Anderson H, Knobeloch L, Imm P, 
Persky V. Organochlorine exposure and 
incidence of diabetes in a cohort of great lakes 
sport fish consumers. Environ. Health 
Perspect. 117(7), 1076–1082 (2009).

78 Rignell-Hydbom A, Lidfeldt J, Kiviranta H 
et al. Exposure to p,p’-DDE: a risk factor for 
Type 2 diabetes. PLoS ONE 4(10), e7503 
(2009).

79 Calvert GM, Sweeney MH, Deddens J, Wall 
DK. Evaluation of diabetes mellitus, serum 
glucose, and thyroid function among United 
States workers exposed to 
2,3,7,8-tetrachlorodibenzo-p-dioxin. Occup. 
Environ. Med. 56(4), 270–276 (1999).

80 Lee DH, Steffes MW, Sjödin A, Jones RS, 
Needham LL, Jacobs DR. Low dose of some 
persistent organic pollutants predicts Type 2 
diabetes: a nested case-control study. Environ. 
Health Perspect. 118(9), 1235–1242 (2010).

81 Cranmer M, Louie S, Kennedy RH, Kern PA, 
Fonseca VA. Exposure to 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
is associated with hyperinsulinemia and 
insulin resistance. Toxicol. Sci. 56(2), 
431–436 (2000).

82 Jensen TK, Timmermann AG, Rossing LI 
et al. Polychlorinated biphenyl exposure and 
glucose metabolism in Danish children aged 9 
years. J. Clin. Endocrinol. Metab. 99(12), 
E2643–E2651 (2014).

83 Baker NA, Karounos M, English V et al. 
Coplanar polychlorinated biphenyls impair 
glucose homeostasis in lean C57BL/6 mice 
and mitigate beneficial effects of weight loss 
on glucose homeostasis in obese mice. 
Environ. Health Perspect. 121(1), 105–110 
(2013).

84 Novelli M, Piaggi S, De Tata V. 
2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced 
impairment of glucose-stimulated insulin 
secretion in isolated rat pancreatic islets. 
Toxicol. Lett. 156(2), 307–314 (2005).

85 Yoon K, Kwack SJ, Kim HS, Lee BM. 
Estrogenic endocrine-disrupting chemicals: 

molecular mechanisms of actions on putative 
human diseases. J. Toxicol. Environ. Health 
B. Crit. Rev. 17(3), 127–174 (2014).

•	 A	comprehensive	review	of	the	biological	
mechanisms	by	which	numerous	
environmental	chemicals	may	cause	
metabolic	disease.

86 Casals-Casas C, Desvergne B. Endocrine 
disruptors: from endocrine to metabolic 
disruption. In: Annual Review of Physiology, 
Volume 73. Julius D, Clapham DE (Eds). 
Annual Reviews, Palo Alto, CA, USA, 
135–162 (2011).

87 Chen JQ, Brown TR, Russo J. Regulation of 
energy metabolism pathways by estrogens 
and estrogenic chemicals and potential 
implications in obesity associated with 
increased exposure to endocrine disruptors. 
Biochim. Biophys. Acta 1793(7), 1128–1143 
(2009).

88 Wyde ME, Bartolucci E, Ueda A et al. The 
environmental pollutant 1,1-dichloro-2,2-bis 
(p-chlorophenyl)ethylene induces rat hepatic 
cytochrome P450 2B and 3A expression 
through the constitutive androstane receptor 
and pregnane X receptor. Mol. 
Pharmacol. 64(2), 474–481 (2003).

89 Dirinck E, Jorens PG, Covaci A et al. 
Obesity and persistent organic pollutants: 
possible obesogenic effect of organochlorine 
pesticides and polychlorinated biphenyls. 
Obesity (Silver Spring). 19(4), 709–714 
(2011).

90 Lee DH, Porta M, Jacobs DR, Vandenberg 
LN. Chlorinated persistent organic 
pollutants, obesity, and Type 2 diabetes. 
Endocr. Rev. 35(4), 557–601 (2014).

91 Moreno-Aliaga MJ, Matsumura F. Effects of 
1,1,1-trichloro-2,2-bis(p-chlorophenyl)-
ethane (p,p’-DDT) on 3T3-L1 and 
3T3-F442A adipocyte differentiation. 
Biochem. Pharmacol. 63(5), 997–1007 
(2002).

92 Steenland K, Calvert G, Ketchum N, 
Michalek J. Dioxin and diabetes mellitus: an 
analysis of the combined NIOSH and Ranch 
Hand data. Occup. Environ. Med. 58(10), 
641–648 (2001).

93 Michalek JE, Ketchum NS, Tripathi RC. 
Diabetes mellitus and 
2,3,7,8-tetrachlorodibenzo-p-dioxin 
elimination in veterans of Operation Ranch 
Hand. J. Toxicol. Environ. Health A. 66(3), 
211–221 (2003).

94 (CDC) CfDCaP. Vital signs: nonsmokers’ 
exposure to secondhand smoke – United 
States, 1999–2008. MMWR Morb. Mortal. 
Wkly Rep. 59(35), 1141–1146 (2010).



13future science group www.futuremedicine.com

Environmental chemical risk factors for Type 2 diabetes review

95 WHO Report on the Global Tobacco Epidemic, 
2009: Implementing Smoke-Free 
Environments. WHO, France (2009).

96 Willi C, Bodenmann P, Ghali WA, Faris PD, 
Cornuz J. Active smoking and the risk of Type 
2 diabetes: a systematic review and meta-
analysis. JAMA 298(22), 2654–2664 (2007).

97 Eze IC, Schaffner E, Zemp E et al. 
Environmental tobacco smoke exposure and 
diabetes in adult never-smokers. Environ. 
Health 13, 74 (2014).

98 Vardavas CI, Lionis C, Polychronopoulos E 
et al. The role of second-hand smoking on the 
prevalence of Type 2 diabetes mellitus in 
elderly men and women living in 
Mediterranean islands: the MEDIS study. 
Diabet. Med. 27(2), 242–243 (2010).

99 Lajous M, Tondeur L, Fagherazzi G, de 
Lauzon-Guillain B, Boutron-Ruaualt MC, 
Clavel-Chapelon F. Childhood and adult 
secondhand smoke and Type 2 diabetes in 
women. Diabetes Care 36(9), 2720–2725 
(2013).

100 Ko KP, Min H, Ahn Y et al. A prospective 
study investigating the association between 
environmental tobacco smoke exposure and 
the incidence of Type 2 diabetes in never 
smokers. Ann. Epidemiol. 21(1), 42–47 (2011).

101 Kowall B, Rathmann W, Strassburger K et al. 
Association of passive and active smoking with 
incident Type 2 diabetes mellitus in the elderly 
population: the KORA S4/F4 cohort study. 
Eur. J. Epidemiol. 25(6), 393–402 (2010).

102 Zhang L, Curhan GC, Hu FB, Rimm EB, 
Forman JP. Association between passive and 
active smoking and incident Type 2 diabetes in 
women. Diabetes Care 34(4), 892–897 (2011).

103 Hayashino Y, Fukuhara S, Okamura T et al. A 
prospective study of passive smoking and risk 
of diabetes in a cohort of workers: the 
High-Risk and Population Strategy for 
Occupational Health Promotion (HIPOP-
OHP) study. Diabetes Care 31(4), 732–734 
(2008).

104 Houston TK, Person SD, Pletcher MJ, Liu K, 
Iribarren C, Kiefe CI. Active and passive 
smoking and development of glucose 
intolerance among young adults in a 
prospective cohort: CARDIA study. 
BMJ 332(7549), 1064–1069 (2006).

105 Sun K, Liu D, Wang C, Ren M, Yang C, Yan 
L. Passive smoke exposure and risk of diabetes: 
a meta-analysis of prospective studies. 
Endocrine 47(2), 421–427 (2014).

106 Taylor AE, Johnson DC, Kazemi H. 
Environmental tobacco smoke and 
cardiovascular disease. A position paper from 
the Council on Cardiopulmonary and Critical 

Care, American Heart Association. 
Circulation 86(2), 699–702 (1992).

107 Giannini D, Leone A, Di Bisceglie D et al. 
The effects of acute passive smoke exposure 
on endothelium-dependent brachial artery 
dilation in healthy individuals. 
Angiology 58(2), 211–217 (2007).

108 Attvall S, Fowelin J, Lager I, Von Schenck H, 
Smith U. Smoking induces insulin resistance 
– a potential link with the insulin resistance 
syndrome. J. Intern. Med. 233(4), 327–332 
(1993).

109 Facchini FS, Hollenbeck CB, Jeppesen J, 
Chen YD, Reaven GM. Insulin resistance and 
cigarette smoking. Lancet 339(8802), 
1128–1130 (1992).

110 Global Health Risks: Mortality and Burden of 
Disease Attributable to Selected Major 
Risks. World Health Organization, France 
(2009).

111 Andersen ZJ, Raaschou-Nielsen O, Ketzel M 
et al. Diabetes incidence and long-term 
exposure to air pollution: a cohort study. 
Diabetes Care 35(1), 92–98 (2012).

112 Chen H, Burnett RT, Kwong JC et al. Risk of 
incident diabetes in relation to long-term 
exposure to fine particulate matter in Ontario, 
Canada. Environ. Health. Perspect. 121(7), 
804–810 (2013).

113 Coogan PF, White LF, Jerrett M et al. Air 
pollution and incidence of hypertension and 
diabetes mellitus in black women living in 
Los Angeles. Circulation 125(6), 767–772 
(2012).

114 Eze IC, Schaffner E, Fischer E et al. 
Long-term air pollution exposure and diabetes 
in a population-based Swiss cohort. Environ. 
Int. 70, 95–105 (2014).

115 Krämer U, Herder C, Sugiri D et al. 
Traffic-related air pollution and incident Type 
2 diabetes: results from the SALIA cohort 
study. Environ. Health Perspect. 118(9), 
1273–1279 (2010).

116 Dijkema MB, Mallant SF, Gehring U et al. 
Long-term exposure to traffic-related air 
pollution and Type 2 diabetes prevalence in a 
cross-sectional screening-study in the 
Netherlands. Environ. Health. 10, 76 (2011).

117 Puett RC, Hart JE, Schwartz J, Hu FB, Liese 
AD, Laden F. Are particulate matter 
exposures associated with risk of Type 2 
diabetes? Environ. Health Perspect. 119(3), 
384–389 (2011).

118 Brook RD, Jerrett M, Brook JR, Bard RL, 
Finkelstein MM. The relationship between 
diabetes mellitus and traffic-related air 
pollution. J. Occup. Environ. Med. 50(1), 
32–38 (2008).

119 Heidemann C, Niemann H, Paprott R, Du Y, 
Rathmann W, Scheidt-Nave C. Residential 
traffic and incidence of Type 2 diabetes: the 
German Health Interview and Examination 
Surveys. Diabet. Med. 31(10), 1269–1276 
(2014).

120 Malmqvist E, Jakobsson K, Tinnerberg H, 
Rignell-Hydbom A, Rylander L. Gestational 
diabetes and preeclampsia in association with 
air pollution at levels below current air quality 
guidelines. Environ. Health Perspect. 121(4), 
488–493 (2013).

121 van den Hooven EH, Jaddoe VW, de 
Kluizenaar Y et al. Residential traffic exposure 
and pregnancy-related outcomes: a 
prospective birth cohort study. Environ. 
Health. 8, 59 (2009).

122 Fleisch AF, Gold DR, Rifas-Shiman SL et al. 
Air pollution exposure and abnormal glucose 
tolerance during pregnancy: the project Viva 
cohort. Environ. Health Perspect. 122(4), 
378–383 (2014).

123 Balti EV, Echouffo-Tcheugui JB, Yako YY, 
Kengne AP. Air pollution and risk of Type 2 
diabetes mellitus: a systematic review and 
meta-analysis. Diabetes Res. Clin. 
Pract. 106(2), 161–172 (2014).

124 Wang B, Xu D, Jing Z, Liu D, Yan S, Wang 
Y. Mechanisms in endocrinology: effect of 
long-term exposure to air pollution on Type 2 
diabetes mellitus risk: a systemic review and 
meta-analysis of cohort studies. Eur. J. 
Endocrinol. 171(5), R173–R182 (2014).

125 Sun Q, Yue P, Deiuliis JA et al. Ambient air 
pollution exaggerates adipose inflammation 
and insulin resistance in a mouse model of 
diet-induced obesity. Circulation. 119(4), 
538–546 (2009).

126 Xu X, Liu C, Xu Z et al. Long-term exposure 
to ambient fine particulate pollution induces 
insulin resistance and mitochondrial 
alteration in adipose tissue. Toxicol. 
Sci. 124(1), 88–98 (2011).

127 Brook RD, Xu X, Bard RL et al. Reduced 
metabolic insulin sensitivity following 
sub-acute exposures to low levels of ambient 
fine particulate matter air pollution. Sci. 
Total. Environ. 448, 66–71 (2013).

128 Hectors TLM, Vanparys C, Van Gaal LF, 
Jorens PG, Covaci A, Blust R. Insulin 
resistance and environmental pollutants: 
experimental evidence and future 
perspectives. Environ. Health 
Perspect. 121(11–12), 1273–1281 (2013).

129 Zheng Z, Xu X, Zhang X et al. Exposure to 
ambient particulate matter induces a 
NASH-like phenotype and impairs hepatic 
glucose metabolism in an animal 
model. J. Hepatol. 58(1), 148–154 (2013).



Diabetes Manag. (2015) 5(4)14

review Starling & Hoppin

future science group

130 SØrensen M, Andersen ZJ, Nordsborg RB 
et al. Long-term exposure to road traffic noise 
and incident diabetes: a cohort study. 
Environ. Health Perspect. 121(2), 217–222 
(2013).

131 Grube A, Donaldson D, Wu L. Pesticides 
Industry Sales and Usage: 2006 and 2007 
Market Estimates. Environmental Protection 
Agency, Washington, DC, USA (2011).

132 Barr DB, Allen R, Olsson AO et al. 
Concentrations of selective metabolites of 
organophosphorus pesticides in the United 
States population. Environ. Res. 99(3), 
314–326 (2005).

133 Morgan MK. Children’s exposures to 
pyrethroid insecticides at home: a review of 
data collected in published exposure 
measurement studies conducted in the United 
States. Int. J. Environ. Res. Public Health 9(8), 
2964–2985 (2012).

134 Saldana TM, Basso O, Hoppin JA et al. 
Pesticide exposure and self-reported 
gestational diabetes mellitus in the 
Agricultural Health Study. Diabetes 
Care 30(3), 529–534 (2007).

135 Fourth National Report on Human Exposure to 
Environmental Chemicals, Updated Tables, 
February 2011. Centers for Disease Control 
and Prevention, GA, USA (2011).

136 Acker CI, Nogueira CW. Chlorpyrifos acute 
exposure induces hyperglycemia and 
hyperlipidemia in rats. Chemosphere 89(5), 
602–608 (2012).

137 Adigun AA, Wrench N, Levin ED, Seidler FJ, 
Slotkin TA. Neonatal parathion exposure and 
interactions with a high-fat diet in adulthood: 
adenylyl cyclase-mediated cell signaling in 
heart, liver and cerebellum. Brain Res. 
Bull. 81(6), 605–612 (2010).

138 Lassiter TL, Ryde IT, Mackillop EA et al. 
Exposure of neonatal rats to parathion elicits 
sex-selective reprogramming of metabolism 
and alters the response to a high-fat diet in 
adulthood. Environ. Health Perspect. 116(11), 
1456–1462 (2008).

139 Slotkin TA. Does early-life exposure to 
organophosphate insecticides lead to 
prediabetes and obesity? Reprod. 
Toxicol. 31(3), 297–301 (2011).

140 Pyrethroids and Pyrethrins. US Environmental 
Protection Agency, Washington, DC, USA 
(2013).

141 Wang J, Zhu Y, Cai X, Yu J, Yang X, Cheng J. 
Abnormal glucose regulation in pyrethroid 
pesticide factory workers. Chemosphere 82(7), 
1080–1082 (2011).

142 Hansen MR, JØrs E, Lander F, Condarco G, 
Schlünssen V. Is cumulated pyrethroid 

exposure associated with prediabetes? a 
cross-sectional study. J. Agromedicine. 19(4), 
417–426 (2014).

143 Cremer JE, Seville MP. Changes in regional 
cerebral blood flow and glucose metabolism 
associated with symptoms of pyrethroid 
toxicity. Neurotoxicology 6(3), 1–12 (1985).

144 Kim J, Park Y, Yoon KS, Clark JM. 
Permethrin alters adipogenesis in 3T3-L1 
adipocytes and causes insulin resistance in 
C2C12 myotubes. J. Biochem. Mol. 
Toxicol. 28(9), 418–424 (2014).

145 Kanuga S. Bisphenol A (BPA) may be released 
in the oral cavity after sealant placement. 
J. Am. Dent. Assoc. 145(12), 1272–1273 
(2014).

•	 A	cross-sectional	study	of	pesticide	sprayers	
in	Bolivia	linking	cumulative	exposure	to	
pyrethroids	with	abnormal	glucose	
regulation.

146 Lakind JS, Naiman DQ. Daily intake of 
bisphenol A and potential sources of 
exposure: 2005–2006 National Health and 
Nutrition Examination Survey. J. Expo. Sci. 
Environ. Epidemiol. 21(3), 272–279 (2011).

147 Schecter A, Malik N, Haffner D et al. 
Bisphenol A (BPA) in U.S. food. Environ. Sci. 
Technol. 44(24), 9425–9430 (2010).

148 Cao XL, Popovic S, Arbuckle TE, Fraser 
WD. Determination of free and total 
bisphenol A in human milk samples from 
Canadian women using a sensitive and 
selective GC-MS method. Food Addit. 
Contam. Part A. Chem. Anal. Control. Expo. 
Risk Assess. 32(1), 120–125 (2015).

149 Lang IA, Galloway TS, Scarlett A et al. 
Association of urinary bisphenol A 
concentration with medical disorders and 
laboratory abnormalities in adults. 
JAMA 300(11), 1303–1310 (2008).

150 Melzer D, Rice NE, Lewis C, Henley WE, 
Galloway TS. Association of urinary 
bisphenol a concentration with heart disease: 
evidence from NHANES 2003/06. PLoS 
ONE 5(1), e8673 (2010).

151 Silver MK, O’Neill MS, Sowers MR, Park 
SK. Urinary Bisphenol A and Type-2 Diabetes 
in U.S. Adults: data from NHANES 
2003– 2008. PLoS ONE 6(10), e26868 
(2011).

152 Shankar A, Teppala S. Relationship between 
urinary bisphenol A levels and diabetes 
mellitus. J. Clin. Endocrinol. Metab. 96(12), 
3822–3826 (2011).

153 Lakind JS, Goodman M, Naiman DQ. Use of 
NHANES data to link chemical exposures to 
chronic diseases: a cautionary tale. PLoS 
ONE 7(12), e51086 (2012).

154 Kim K, Park H. Association between urinary 
concentrations of bisphenol A and Type 2 
diabetes in Korean adults: a population-based 
cross-sectional study. Int. J. Hyg. Environ. 
Health. 216(4), 467–471 (2013).

155 Ning G, Bi Y, Wang T et al. Relationship of 
urinary bisphenol A concentration to risk for 
prevalent Type 2 diabetes in Chinese adults: a 
cross-sectional analysis. Ann. Intern. 
Med. 155(6), 368–374 (2011).

156 Sun Q, Cornelis MC, Townsend MK et al. 
Association of urinary concentrations of 
bisphenol A and phthalate metabolites with 
risk of Type 2 diabetes: a prospective 
investigation in the Nurses’ Health Study 
(NHS) and NHSII cohorts. Environ. Health 
Perspect. 122(6), 616–623 (2014).

157 Carwile JL, Michels KB. Urinary bisphenol A 
and obesity: NHANES 2003– 2006. Environ. 
Res. 111(6), 825–830 (2011).

158 Wang T, Li M, Chen B et al. Urinary 
bisphenol A (BPA) concentration associates 
with obesity and insulin resistance. J. Clin. 
Endocrinol. Metab. 97(2), E223–E227 
(2012).

159 Wang HX, Zhou Y, Tang CX, Wu JG, Chen 
Y, Jiang QW. Association between bisphenol 
A exposure and body mass index in Chinese 
school children: a cross-sectional study. 
Environ. Health 11, 9 (2012).

160 Trasande L, Attina TM, Blustein J. 
Association between urinary bisphenol A 
concentration and obesity prevalence in 
children and adolescents. JAMA 308(11), 
1113–1121 (2012).

161 Shankar A, Teppala S, Sabanayagam C. 
Urinary bisphenol A levels and measures of 
obesity: results from the national health and 
nutrition examination survey 2003–2008. 
ISRN Endocrinol. 2012, 965243 (2012).

162 Song Y, Hauser R, Hu FB, Franke A, Liu S, 
Sun Q. Urinary concentrations of bisphenol a 
and phthalate metabolites and weight change: 
a prospective investigation in US women. Int. 
J. Obes. (Lond.) 38(12), 1532–1537 (2014).

163 Boucher JG, Boudreau A, Atlas E. Bisphenol 
A induces differentiation of human 
preadipocytes in the absence of glucocorticoid 
and is inhibited by an estrogen-receptor 
antagonist. Nutr. Diabetes. 4, e102 (2014).

164 Ben-Jonathan N, Hugo ER, Brandebourg 
TD. Effects of bisphenol A on adipokine 
release from human adipose tissue: 
implications for the metabolic syndrome. 
Mol. Cell. Endocrinol. 304(1–2), 49–54 
(2009).

165 Ropero AB, Alonso-Magdalena P, García-
García E, Ripoll C, Fuentes E, Nadal A. 



15future science group www.futuremedicine.com

Environmental chemical risk factors for Type 2 diabetes review

Bisphenol-A disruption of the endocrine 
pancreas and blood glucose homeostasis. Int. 
J. Androl. 31(2), 194–200 (2008).

166 Nadal A, Alonso-Magdalena P, Soriano S, 
Quesada I, Ropero AB. The pancreatic 
beta-cell as a target of estrogens and 
xenoestrogens: implications for blood glucose 
homeostasis and diabetes. Mol. Cell. 
Endocrinol. 304(1–2), 63–68 (2009).

167 Völkel W, Colnot T, Csanády GA, Filser JG, 
Dekant W. Metabolism and kinetics of 
bisphenol a in humans at low doses following 
oral administration. Chem. Res. 
Toxicol. 15(10), 1281–1287 (2002).

168 Engel LS, Buckley JP, Yang G et al. Predictors 
and variability of repeat measurements of 
urinary phenols and parabens in a cohort of 
shanghai women and men. Environ. Health 
Perspect. 122(7), 733–740 (2014).

169 Serrano SE, Braun J, Trasande L, Dills R, 
Sathyanarayana S. Phthalates and diet: a 
review of the food monitoring and 
epidemiology data. Environ. Health 13(1), 43 
(2014).

170 Kelley KE, Hernández-Díaz S, Chaplin EL, 
Hauser R, Mitchell AA. Identification of 
phthalates in medications and dietary 
supplement formulations in the United States 
and Canada. Environ. Health Perspect. 120(3), 
379–384 (2012).

171 Parlett LE, Calafat AM, Swan SH. Women’s 
exposure to phthalates in relation to use of 
personal care products. J. Expo. Sci. Environ. 
Epidemiol. 23(2), 197–206 (2013).

172 Buckley JP, Palmieri RT, Matuszewski JM 
et al. Consumer product exposures associated 
with urinary phthalate levels in pregnant 
women. J. Expo. Sci. Environ. 
Epidemiol. 22(5), 468–475 (2012).

173 Bornehag CG, Lundgren B, Weschler CJ, 
Sigsgaard T, Hagerhed-Engman L, Sundell J. 
Phthalates in indoor dust and their association 
with building characteristics. Environ. Health 
Perspect. 113(10), 1399–1404 (2005).

174 James-Todd T, Stahlhut R, Meeker JD et al. 
Urinary phthalate metabolite concentrations 
and diabetes among women in the National 
Health and Nutrition Examination Survey 
(NHANES) 2001–2008. Environ. Health 
Perspect. 120(9), 1307–1313 (2012).

175 Lind PM, Zethelius B, Lind L. Circulating 
levels of phthalate metabolites are associated 
with prevalent diabetes in the elderly. Diabetes 
Care. 35(7), 1519–1524 (2012).

176 Svensson K, Hernández-Ramírez RU, 
Burguete-García A et al. Phthalate exposure 
associated with self-reported diabetes among 
Mexican women. Environ. Res. 111(6), 
792–796 (2011).

177 Wang YX. PPARs: diverse regulators in 
energy metabolism and metabolic diseases. 
Cell Res. 20(2), 124–137 (2010).

178 Desvergne B, Feige JN, Casals-Casas C. 
PPAR-mediated activity of phthalates: a link 
to the obesity epidemic? Mol. Cell. 
Endocrinol. 304(1–2), 43–48 (2009).

179 Swan SH, Main KM, Liu F et al. Decrease in 
anogenital distance among male infants with 
prenatal phthalate exposure. Environ. Health 
Perspect. 113(8), 1056–1061 (2005).

180 Srinivasan C, Khan AI, Balaji V, Selvaraj J, 
Balasubramanian K. Diethyl hexyl phthalate-
induced changes in insulin signaling 
molecules and the protective role of 
antioxidant vitamins in gastrocnemius muscle 
of adult male rat. Toxicol. Appl. 
Pharmacol. 257(2), 155–164 (2011).

181 Koch HM, Christensen KL, Harth V, Lorber 
M, Brüning T. Di-n-butyl phthalate (DnBP) 
and diisobutyl phthalate (DiBP) metabolism 
in a human volunteer after single oral doses. 
Arch. Toxicol. 86(12), 1829–1839 (2012).

182 Koch HM, Bolt HM, Preuss R, Angerer J. 
New metabolites of di(2-ethylhexyl)phthalate 
(DEHP) in human urine and serum after 
single oral doses of deuterium-labelled DEHP. 
Arch. Toxicol. 79(7), 367–376 (2005).

183 Kim JH, Hong YC. GSTM1, GSTT1, and 
GSTP1 polymorphisms and associations 
between air pollutants and markers of insulin 
resistance in elderly Koreans. Environ. Health 
Perspect. 120(10), 1378–1384 (2012).

184 Drobná Z, Del Razo LM, García-Vargas GG 
et al. Environmental exposure to arsenic, 
AS3MT polymorphism and prevalence of 
diabetes in Mexico. J. Expo. Sci. Environ. 
Epidemiol. 23(2), 151–155 (2013).

185 Hernández A, Marcos R. Genetic variations 
associated with interindividual sensitivity in 
the response to arsenic exposure. 
Pharmacogenomics 9(8), 1113–1132 (2008).

186 Pan WC, Kile ML, Seow WJ et al. Genetic 
susceptible locus in NOTCH2 interacts with 
arsenic in drinking water on risk of Type 2 
diabetes. PLoS ONE 8(8), e70792 (2013).

187 Díaz-Villaseñor A, Cruz L, Cebrián A et al. 
Arsenic exposure and calpain-10 

polymorphisms impair the function of 
pancreatic beta-cells in humans: a pilot study 
of risk factors for T2DM. PLoS ONE 8(1), 
e51642 (2013).

188 Zeka A, Sullivan JR, Vokonas PS, Sparrow D, 
Schwartz J. Inflammatory markers and 
particulate air pollution: characterizing the 
pathway to disease. Int. J. Epidemiol. 35(5), 
1347–1354 (2006).

189 Janesick A, Blumberg B. Endocrine disrupting 
chemicals and the developmental 
programming of adipogenesis and obesity. 
Birth Defects Res. C Embryo Today 93(1), 
34–50 (2011).

190 Mendez MA, Garcia-Esteban R, Guxens M 
et al. Prenatal organochlorine compound 
exposure, rapid weight gain, and overweight 
in infancy. Environ. Health Perspect. 119(2), 
272–278 (2011).

191 Mendez MA, Torrent M, Ferrer C, Ribas-Fitó 
N, Sunyer J. Maternal smoking very early in 
pregnancy is related to child overweight at age 
5–7 y. Am. J. Clin. Nutr. 87(6), 1906–1913 
(2008).

192 Cupul-Uicab LA, Skjaerven R, Haug K, 
Melve KK, Engel SM, Longnecker MP. In 
utero exposure to maternal tobacco smoke and 
subsequent obesity, hypertension, and 
gestational diabetes among women in the 
MoBa cohort. Environ. Health 
Perspect. 120(3), 355–360 (2012).

193 Oken E, Levitan EB, Gillman MW. Maternal 
smoking during pregnancy and child 
overweight: systematic review and meta-
analysis. Int. J. Obes. (Lond.) 32(2), 201–210 
(2008).

194 Warner M, Schall RA, Harley KG, Bradman 
A, Barr D, Eskenazi B. In utero DDT and 
DDE exposure and obesity status of 7 
year-old Mexican-American children in the 
CHAMACOS cohort. Environ. Health 
Perspect. 121(5), 631–636 (2013).

195 Harley KG, Aguilar Schall R, Chevrier J et al. 
Prenatal and postnatal bisphenol A exposure 
and body mass index in childhood in the 
CHAMACOS cohort. Environ. Health 
Perspect. 121(4), 514–520 (2013).

196 Campioli E, Martinez-Arguelles DB, 
Papadopoulos V. In utero exposure to the 
endocrine disruptor di-(2-ethylhexyl) 
phthalate promotes local adipose and systemic 
inflammation in adult male offspring. Nutr. 
Diabetes. 4, e115 (2014).


