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Abstract The prevalence of obesity and type 2 diabetes
mellitus epidemics presents a great health problem world-
wide. Beside the changes in diet and decreased physical
activity, there is growing interest in endocrine disrupting
chemicals that may have effects on these conditions.
Among them, the role of certain phthalates and bisphenol A
is confirmed. We have summarized the existing literature on
this issue including cross-sectional, follow up epidemiolo-
gical studies and in vivo and in vitro studies. Most data
support the effects of bisphenol A and some phthalates,
such as di-2-ethyl-hexyl phthalate, diethyl phthalate, dibu-
thyl phthalate, dimethyl phthalate, dibenzyl phthalate, dii-
sononyl phthalate and others on the development obesity
and type 2 diabetes mellitus. These endocrine disrupting
chemicals interfere with different cell signaling pathways
involved in weight and glucose homeostasis. Since the data
are rather inconsistent, there is a need for new, well-
designed prospective studies.
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Introduction

Obesity and diabetes epidemics represent a real concern
worldwide. There are about 2 billion overweight adults, out
of which over 600 million are obese [1]. A particular pro-
blem presents the increased frequency of obesity observed
in children and adolescents [2]. Based on National Health
and Nutrition Examination Survey (NHANES) reports, it
has been estimated that in USA only, in the 2000s, among
adults older than 20, 66 % is overweight while 28 % males
and 33 % females were obese. According to the reports of
the Center for Disease Control (CDC) between 1960s and
2000s, body weight of both men and women has increased
for about 11kg in average, while the body mass index
(BMI) has risen approximately for 3 kg/m? for both genders.
In the same period the average values of waist cir-
cumference (WC) has been increased for 6 cm among man
and 2cm among women [3]. Moreover, worldwide the
number of adults with BMI over 25 kg/m” (which is classi-
fied as overweight according to World Health Organization)
has been dramatically increased in the period 1980-2013
from 28.8 to 36.9% in men and from 29.8 to 38 % in
women. Overweight and obesity, especially the visceral type,
are associated with well-known cardiovascular risk factors
such as hypertension, dyslipidemia, insulin resistance (IR),
endothelial dysfunction and nonalcoholic fatty liver disease
[4]. However, it is not simple to estimate obesity, especially
on BMI only. Although it is globally accepted that general
population should be classified according to the BMI values
in the following categories: underweight (BMI<
18.5 kg/m?), normal weight (BMI 18.5-24.9 kg/m?), class I
obesity—overweight (BMI 25.0-29.9 kg/m?), class II obesity
—obesity (BMI 30.0-39.9 kg/m?), class III obesity—extreme
obesity (BMI > 40 kg/m?), the problem of defining obesity is
much more complex. The percentage of body fat (PBF) is
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currently being recognized as a measure of obesity with
possible cut-off points: 23—-25 % range for men and 30-35 %
for women. There are some important discrepancies in defi-
nition of obesity when BMI and PBF are taken in account.
For example, 30 % of women aged between 30 and 40 can be
classified as obese according to the BMI, while based on PBF
82 % can be considered obese. WC, waist-to-hip ratio and
waist-to-height ratio have also been observed as quantities for
measuring obesity. One of the proposals for the definition of
obesity is the definition of four phenotypes of obese indivi-
duals: normal weight obese, metabolically obese normal
weight, metabolically healthy obese and metabolically
unhealthy obese. Each phenotype is being classified strictly
based on BMI, WC, PBF, but also on triglyceride, high-
density lipoprotein, low-density lipoprotein, total cholesterol,
glucose and insulin serum levels as well as on high sensi-
tivity C-reactive protein plasma values [5].

Nowadays more than 387 million people in the world
suffer from type 2 diabetes mellitus (T2DM) with a pre-
valence of 8.3 %. By the end of 2035, 592 million people
are expected to suffer from T2DM [6]. Epidemiological
studies report an increased number of the patients within the
younger population [2, 7]. The patients with obesity and
T2DM have a considerably higher risk of cardiovascular
morbidity and mortality, too. The complex network of the
mechanisms involved in obesity and T2DM have not
completely been defined yet. Beside the genetic predis-
position and the lifestyle, today there is a growing interest in
the impact of the environmental factors in the pathogenesis
of both obesity and diabetes. In the last two decades, the
increased importance in the development of obesity and
T2DM has been attributed to the endocrine disruptors
(EDCs) as epigenetic factors [8]. By definition of the US
Environmental Protection Agency (EPA), EDCs are “exo-
genous agents that interfere with synthesis, secretion,
transport, metabolism, binding action or elimination of
natural blood-borne hormones that are present in the body
and are responsible for homeostasis, reproduction and
developmental process” [8, 9]. Some characteristics of
endocrine disruption [8, 10-12] are shown in the Fig. 1.
Phthalates and bisphenol A (BPA), are EDCs, shown to
have a role in the development of obesity and glucose
metabolism disorders [9, 12].

In this article, we have reviewed the current literature
data, to highlight the newest evidences on the possible
influence of phthalates and BPA on the obesity develop-
ment and glucose metabolism disorders. Many papers have
been published in which is examined phthalates and BPA
influence on obesity, glucose metabolism and metabolic
syndrome (MetS). On Pubmed database only can be found a
large amount of evidence published between 2004 and 2016
that links phthalate with obesity (over 80 publications) and
glucose metabolism (over 70 published results) as well as
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Fig. 1 Main characteristic of EDCs effects on human

BPA with obesity (over 120 papers) and glucose metabo-
lism (over 80 papers) conducted on laboratory animals,
wildlife, and in vitro models, as well as human studies.
Relevant articles were identified by searching the PubMed
database, MEDLINE and EMBASE, limited to articles
published in the English language but not date-restricted.
Selected articles referenced in these publications were also
examined. Finally, in this paper we observed only peer-
reviewed epidemiological, cross-sectional, prospective
cohort and randomized clinical trial studies regarding BPA
and phthalate (prenatal, childhood, and adult) exposure
influence on obesity and glucose metabolism. Animal and
in vitro studies are also cited, but in order to explain the
possible mechanism of BPA and phthalate influence on
obesity development and glucose metabolism disorders.
The authors have selected 25 recently published papers,
which link phthalate and BPA exposure with obesity and 20
manuscripts in which phthalate and BPA exposure has been
associated with glucose metabolism disorders in humans. In
some of them both EDCs are examined, while in some of
the papers it has been observed the influence of only
phthalate or BPA but on both adverse effects, weight gain
and IR and/or T2DM development.

Phthalates and BPA as EDCs
Phthalates as EDCs

Phthalates, often called plasticizers, are diesters of 1,2-ben-
zendicarboxylic acid. They have been used in hundreds of
consumer products such as vinyl flooring, adhesives, deter-
gents, lubricating oils, automotive plastics, toys, plastic
clothes (raincoats), blood-storage containers, medical tubing,
medications, personal-care products, etc. [13—16]. Phthalates’
half-life is short in outdoor environment, 50 % degradation
occurs in 28 days [17]. However, the phthalates’ significant
effect is the result of their mass production—11 billion
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pounds worldwide every year and the possible cumulative
effect in the body [18, 19]. People are commonly exposed to
phthalates orally, or by inhalation, intravenously, or by skin
absorption. Approximately 60 % of the ingested phthalates
are metabolized within 24 h and the residue in less than 48 h.
The maximum amount of metabolites is excreted with the
urine, and may be present in blood, saliva, feces, amniotic
fluid and breast milk [20, 21]. Low molecular weight
phthalates (LMW), such as diethyl phthalate, di-n-butyl
phthalate (DBP) are subjected to hydrolysis, resulting in
monoesters during the I phase of biotransformation, which
are mainly excreted in urine. High molecular weight phtha-
lates (MW) such as dimethyl hexyl phthalate (DEHP), di-
isononyl phthalate (DINP) and di-isodecyl phthalate (DIDP)
are metabolized in hydrolytic monoesters which can be
excreted or enter the II phase of biotransformation forming
much potent, oxidized metabolites that can be excreted via
urine or glucuronized prior to excretion [20].

The epidemiological studies and animal studies have
shown that phthalates, as EDCs, have a significant role in the
occurrence of obesity and T2DM, as well as in the disorders
of thyroid gland, liver, fertility, immune disorders, malignant
diseases, etc. [8, 22, 23]. DEHP, DEP and DBP are the
phthalates that have the greatest impact on the development
of metabolic disorders. In 2004 Silva at al. published the
NHANES results conducted in the 1999-2000, including
2540 participants between the ages of 6—80 [24]. Monoethyl
phthalate (MEP), mono buthylphthalate (MBP), monobenzyl
phthalate (MBzP) were detected in the urine >97 % patients,
and monoethyl hexyl phthalate (MEHP) in >75 % partici-
pants, which confirmed the great exposure of the US popu-
lation to DEP, DBP, BzBP and DEHP. In our research, nine
urinary phthalate metabolites (MMP, MEP, MPP, MnBP,
MNAP, MCHP, MBzP, MOP, MEHP) were detected above
the quantification levels with 49.5 % MEP and MEHP pre-
valence in 305 participants (unpublished data).

Regarding the great exposure and deteriorating influence
of certain phthalates on human health, WHO, US EPA and
EU (European Union) defined and regulated by law the
permitted concentrations of them [25-29]. The biomoni-
toring results of 15 urinary phthalate metabolites of the
American population [16] showed that MEP was present in
the greatest quantity, which is in accordance with the
obtained results in our research (unpublished data). The
introduction of legislation and preventive measures, has
probably at least partially led to the lower exposure to
certain harmful phthalate metabolites [30-32].

BPA as EDCs
BPA, a diphenylmethane derivative, with over 6 billion

pounds produced each year, is one of the most produced
chemicals worldwide [33, 34]. Most of the polymers as
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polycarbonates produced from BPA as well as epoxy resins
are used as materials which are in contact with food. Medical
devices, dental materials, CD-ROM, sunglasses, building
materials, etc. are also sources of BPA. BPA is ubiquitous in
the environment, but it has a short half-life (4 days). How-
ever, BPA is considered to possess moderate bioaccumula-
tion properties. Usually, it reaches the human body since the
residues of incomplete polymerizations migrate into the food
from the resins which are used to coat the surface of food and
beverage cans. BPA is also present in leaches from dentals
sailings and composites, as well as indoor dust inhalation, or
bathing in BPA contaminated water [35].

After oral administration, BPA reaches the maximum
concentration in the blood after 80 min, while its terminal half-
life is 6 h. BPA is dominantly conjugated with glucuronic acid
in the liver and minor amount is conjugated as sulfate; it does
not undergo enterohepatic circulation and it is mainly excreted
by urine [36]. However, BPA can be measured in humans, not
only in serum and urine, but also in amniotic fluid, follicular
fluid, placental tissue, and fetal cord blood [37]. Although it is
accepted that BPA may not partition significantly from blood
to the lipophilic compartment, the BPA levels have not been
reduced as rapidly as expected after fasting, suggesting that
BPA either enters human body via non dietary routes or
accumulates in body tissues with a long elimination time [38].
The studies conducted in the USA indicated that over 91 % of
examined population was exposed to BPA, including children
[39]. The increased BPA concentrations are associated with
female and male infertility and polycystic ovary syndrome
(PCOS) [4045]. High BPA exposure during pregnancy
resulted in shorter anogenital distance in male offspring [46].
The increased BPA levels are also associated with disturbed
weight regulation, obesity promotion, lipid accumulation, IR,
changes in adiponectin secretion and glucose transport in
animal studies [47, 48] and increased prevalence of obesity,
T2DM [49, 50], hypertension and peripheral arterial disease
and in humans [51, 52]. Various biological activities of BPA
have been reviewed and documented [53].

WHO, the US Food and Drug Administration, the US
Department of Health & Human Services , and the CDC
have expressed “some concerns” about BPA based on
research [54] while in January 2015 the European Food
Safety Authority, EFSA concluded that “BPA poses no
health risk to consumers of any age group (including
unborn children, infants and adolescents) at the current
exposure levels” [55]. Hence, further researches of BPA
effects on human health are desirable and warranted.

Overview of phthalates, BPA and obesity

Summary of data study on phthalate and BPA effects on
obesity are shown in Table 1.
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Phthalates and obesity

Baillie-Hamilton was among the first researchers to point to
the connection between obesity epidemics and the increased
use of industrial chemicals in the past 40 years [56]. The
Expert panel identified 40-69 % probability that phthalate
exposure had caused 53,900 obesity cases in older women
and €15.6 billion associated cost [28].

Two big cross-sectional studies [57, 58] using NHANES
1999-2002 cycle data studied the connection between
some urinary phthalate metabolites and obesity parameters.
Stahlhut et al. showed that the WC was connected with the
increased levels of 4 phthalates (MBzP, MEHHP, MEOHP,
MEP) [57]. While the connection between the MEHP oxi-
dative metabolites (MEHHP and MEOHP) was significant,
the connection between MEHP and WC was insignificant
one. That fact could be explained by shorter MEHP half-life
and less potency in relation to its oxidative metabolites.
Hatch et al. showed the differences according to gender and
age regarding the connection between six urinary phthalate
metabolites and obesity parameters (BMI and WC) [58].
There was a significant positive correlation of BMI and WC
with MBzP, MEOHP, MEHHP, MEP and MBP in the adult
males. BMI and WC had a significant positive correlation
with MEP only in the adolescent females and insignificant
one in the adult women. The correlation between MEHP,
WC and BMI was negative and insignificant one in
both genders. The associations of BMI and WC among
60-80 ages declined with the increased levels of phthalate
metabolites.

Completely different data were obtained in our research
on the correlation between urinary MEP and MEHP and
BMI, WC and lipids and lipoproteins in serum [59]. In the
cross-section study, the only positive significant correlation
was found between MEHP and WC. MEHP also had a
significant negative correlation with the age. Regarding
serum lipids and lipoproteins there was no significant cor-
relation between cholesterol triglycerides and LDL with the
observed urinary metabolites. Significant negative correla-
tion was found between MEHP and HDL. Taking into
account that we conducted the study in healthy normally fed
participants, our data suggested the possible influence of
MEHP in the development of (MetS). Possible differences
regarding the connection between MEHP and obesity
parameters related to two previous studies originated from
significantly higher levels of urinary MEHP in our partici-
pants which was almost ten times higher, as well as from the
differences in the study design and the participant number.
The Prospective Investigation of the Vasculature in Uppsala
Seniors (PIVUS) study examined 10 phthalates metabolites
in serum, and positive correlations with BMI and WC,
subcutaneous and visceral fat tissue were established [60].
Only MiBP, MMP, MEHP and MEP were found to be

beyond the detection limits. However, only in women there
was more significant connection between MiBP and sub-
cutaneous fat tissue. Although Hatch at al. described
negative correlation between MEHP and BMI and WC in
elderly population, in PIVUS study positive, but weak
correlation was found [58]. In Song et al. follow-up
study lasting 10 years, the correlation between weight-
gain and increased urinary MBzP and MBP levels was
confirmed [61].

Phthalates influence the development of obesity and fat
distribution in children [62, 63]. Two big cross-section stu-
dies confirmed that the exposure to phthalates contributed
to the increase BW in newborns [64, 65]. Longitudinal
Canadian Maternal-Infant Research on Environmental
Chemicals Study (MIREC) evaluated the relationship
between levels of eleven maternal urinary phthalate meta-
bolites, leptin and adiponectin umbilical cord levels [66]. The
results of this study showed significantly increased risk of
high leptin among male newborns with moderate and ele-
vated mono-(3-carboxyhexyl) phthalate (MCPP) maternal
exposure levels. The exposure of fetus in utero to EDCs
presents a risk for the development of the obesity later in
childhood and adult period [11].

Different results on the effects of phthalates on obesity
were obtained from animal studies [67]. Administration of
DEP and MEP to rats during 2 weeks, but did not cause
increase of BW when compared with control animals. BW
of the rats treated with DBP, DINP, BBzP, MEHP and
phthalate acid even decreased when compared with control
animals.

BPA and obesity

The Expert panel [28] estimated that the prenatal BPA
exposure caused 42,400 cases of childhood obesity with
20-69 % probability which cost €1.54 billion.

A cross-section study with NHANES 2003-2006 cycle
data determined that urinary BPA was associated with
general and central obesity. After multivariate adjust-
ments, participants of the three upper quartiles had 39-62
% higher odds of being abdominally obese compared to
the lowest BPA quartile participants [68]. In another cross-
sectional study based on NHANES 2003-2008 cycle data,
a higher urinary BPA level was positively associated with
both BMI and WC in the whole group and in the sub-
groups determined by race and gender [69]. Wang et al.
reported positive association between urinary BPA and
obesity, serum BPA and obesity, as well as between
urinary BPA and abdominal obesity among the Chinese
aged 40+ [70]. In the study conducted in Japan higher
serum BPA concentrations were observed in the obese and
non-obese women with PCOS and in the obese women
without PCOS [71]. Our recent study indicated higher
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urinary BPA concentrations among the overweight/
obese subjects in comparison with the normal weight
women with the highest BPA concentration detected in the
obese subgroup and higher urinary BPA levels among
women aged 240 [72]. Our results confirmed the findings
of Zhao et al. who observed statistically significant
linear trend between BPA exposure and fat mass and
BPA exposure and leptin in healthy premenopausal
women [73].

Higher urinary BPA concentrations were detected in
children aged 6-11 based on Canadian Health Measure
Survey 2007-2009 data [74]. Moreover, in the cross-
sectional study in the children from 2003-2004,
2005-2006, and 2007-2008 NHANES cycles statistically
significant linear trend was found between urinary BPA
levels and BMI in gender and age adjusted models of the
whole population and in non-Hispanic white boys, while
non-significant among other subgroups [75]. These findings
are consistent with NHANES 2003-2008 survey where
after multivariate-adjustments, it was determined that
participants of the three upper quartiles had 10-22 % higher
odds of being obese compared to the lowest BPA quartile.
When divided in subgroups, the positive statistically
significant association between urinary BPA levels and
obesity was found only among the white race participants
[76]. A study based on the data pooled from the NHANES
2003-2010 cycles for children reported higher odds of
being obese and having an abnormal waist circumference-
to-height ratio in three upper quartiles in comparison
with the first one [77]. In a study conducted in China on
school-age children, the increased BPA levels among
female students entering puberty (9-12 years) enhanced
the risk of being overweight. Higher urinary BPA con-
centration was detected in younger children [78]. Positive
linear correlation with good statistical quality was deter-
mined between urinary BPA and BMI in the Chinese
children (8-15 years) and higher urinary BPA was
detected in the obese group [79]. The negative association
between BPA and obesity in children detected in two stu-
dies conducted in India and US, respectively due to
small samples could be discussed carefully and with caution
[80, 81].

Increased risk of lower birth weight, smaller size
for gestational age and adverse effects of leptin and
adiponectin were observed in male neonates whose mothers
had the highest quartile of serum BPA levels [82].
Furthermore, the prenatal BPA exposure was associated
with the decreased BMI and percent body fat in the
9 year-old girls, but not in the boys. However, the postnatal
urinary BPA concentrations at the age of 9 in both
genders were positively associated with the increased BMI
z score, WC, and body fat and increased odds of obesity/
overweight [83].

@ Springer

Overview of phthalates, BPA and glucose
metabolism

Phthalate and BPA effects on glucose metabolism disorders
are summarized in Table 2.

Phthalates and glucose metabolism

The association of some phthalate metabolites with gly-
cemic parameters was documented in several epidemiolo-
gical studies, but the data are often inconsistent.

Stahlhut et al. in the NHANES cross-section study found
the higher urinary MBP, MEP and MBzP associated with
increased log HOMA-IR [57]. Among the DEHP metabo-
lites, MEHP showed lower correlation with the glycemic
parameters compared to the MEHHP and MEOHP oxidized
metabolites. The PIVUS results showed a correlation
between MEP, MMP, MiBP and increased diabetes pre-
valence. Only MMP and MEP showed a significant corre-
lation with IR. The association between MEHP and
increased diabetes incidence was not found in this study
[84]. Olsen et al. found a significant MiBP positive corre-
lation and poor MEHP, MMP and MEP correlation with
fasting glycemia [85]. Huang et al. using the CDC
NHANES (2001 and 2008) data found a significant MnBP,
MiBP, MCPP and XDEHP correlation with glycemia,
insulinemia and IR, as well as a positive MBzP correlation
with glycemia [86]. After gender and racial subgroups were
formed, the significant relationship between MiBP and
MBZzP and insulinemia was found in female participants
who otherwise had higher levels of urinary phthalate
metabolites in relation to male participants. In men, there
was a significant correlation between XDEHP and glycemia
and between MCPP and IR. There were racial differences in
the level and type of phthalate metabolites.

The KEEP (The Korean Elderly Environmental Panel)
follow-up study 2008-2010 showed a significant correlation
mole sum between MEHHP and MEOHP (ZDEHP) and
HOMA-IR [87]. This correlation was significantly higher in
women than in men and in the diabetic patients compared to
the non-diabetics. There was no connection between MBnP
and IR. Todd et al. using NHANES study (2001 and 2008),
showed that women with the highest MnBP, MiBP, MBzP,
MCPP levels and the sum of three DEHP metabolites
(MEHP, MEHHP and MEOHHP) had a higher probability
to develop diabetes [88]. In a prospective study conducted
among the US nurses only in middle-aged women the sig-
nificant correlation between metabolites of butyl phthalate
(MBP, MiBP, MBZP) and DEHP (MEHP, MEHHP,
MECPP, MEOHP) with T2DM was found [89].

Svensson et al. found significantly higher concentrations
of ZDEHP and MECPP in the Mexican women with
T2DM, but there was the correlation between XDEHP and
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Age Effect

Number Gender

EDCs

Table 2 continued

Study

@ Springer

BPA positively associated with insulin resistance. Highest insulin resistance

Both

3390

BPA

Wang et al. [70]

prevalence in the upper BPA quartile in whole group and in the normal weight

one

BPA positively associated with MetS

Both

2104
1455

BPA
BPA

Teppala et al. [96]

BPA positively associated with T2DM

18-74

Both

Lang et al. [97]

BPA positively associated with cardiovascular diagnose

BPA positively associated with T2DM in whole group and in 20034

NHANES cycle

18-74

Both

2948

BPA

Melzer at al. [98]

BPA positively associated with coronary heart disease

urinary BPA positively correlated with HbAlc

Both 29-74
40-69

239

Ahmadkhaniha et al. [99] BPA
Kim and Park [100]

Ning et al. [101]

BPA positively associated with T2DM (not statistically significant)

Both

1210
3423

BPA
BPA

Increased prevalence of T2DM in second and fourth BPA quartile (not in third

quartile)

Both

IR only in the women without T2DM [90]. Hines et al.
studied the American breastfeeding women and found
higher MECPP concentrations in the serum and urine of the
breastfeeding women with gestational diabetes [91]. Urin-
ary DEHP metabolites (MECPP, MEHP, MEHHP and
MEOHP) had a positive correlation with serum glucose,
contrary to the PIVUS study [84].

The results of our study with 305 participants, aged
18-50, both genders, showed the correlation between MEP
and HOMA-IR in the groups of healthy normal-weight and
obese participants and T2DM patients, where only the sta-
tistically significant correlation was found in the T2DM
group (r=0.643, p=0.018). Statistically significant corre-
lations between MEHP and fasting glucose in T2DM group
was found (r=0.404, p =0.030) (unpublished data).

Nowadays, because of the harmful effects on health,
DEHP is increasingly replaced in products by DINP and
DIDP, both HMW. Recently published data from NHANES
2009-2012 examined the correlation between LMW and
HMW phthalates as well as DEHP, DIDP and DINP and IR
in the adolescents [92]. The adolescents, classified as insulin
resistant, had the significantly higher concentrations of
HMW, DEHP and DINP metabolites. Compared the first
tertile and the third tertile of the DEHP metabolites pre-
valence of IR was present in 20.5 and 37.7 %. Only the
significant correlation between the DINP metabolites and IR
was detected. Compared the first tertile and the third tertile
of the DINP metabolites prevalence of IR was 23.4 and
37.7 %. Only MBP and MiBP had correlation with IR out of
the LMW phthalates.

The animal study results are controversial. Martinelli
et al. found a glucose tolerance disorder in the adult male
Wistar rats fed a diet containing 2 % DEHP [93]. On the
contrary, Feige et al. did not find the glucose metabolism
disorder in the dietary DEHP-exposed mice and thus con-
cluded that there was no DEHP influence on glucose
intolerance [94]. Kwack et al. followed the short-term
effects of phthalate diesters and monoesters on the male rats
and showed that the glucose level was significantly higher
in DEHP, MEHP MBP groups compared to the control
group [67]. Harmful effects in utero exposure to phthalates
was proven by Hao et al. where it was confirmed that the
prenatal exposure to MEHP in mice increased blood glu-
cose about 79 % in male offspring only and not in the
female offspring [95].

BPA and glucose metabolism

A cross-section study based on NHANES 2003-2008 data
reported positive association between urinary BPA levels
and MetS. Although this study did not provide a direct
association between BPA and disturbed glucose metabo-
lism, glucose intolerance was one of the criteria which
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confirmed the association between BPA and MetS [96].
Based on NHANES 2003-2008 data positive association
between BPA and T2DM after multivariate adjustments in
both normal weight and overweight/obese participants was
determined [49]. These data are consistent with the results
reported only in NHANES 2003-2004 study where the
higher urinary BPA concentrations were positively asso-
ciated with T2DM [97]. Although the study of Melzer et al.
which relied on the data of NHANES 2003-2006 reported
no association between BPA levels in urine samples and
T2DM for 20052006 data, an overall association was still
present in the pooled data (p =0.001) [98]. Silver et al.
confirmed positive association between BPA and T2DM in
the cycle NHANES 2003-2004, while no statistically sig-
nificant association was found for the 2005-2006 and
2007-2008 cycles. But, the data for all three observed
cycles indicated elevated glycosylated hemoglobin (HbA1c)
and T2DM in the participants with the increased BPA
levels. The geometric means of the urinary BPA in the
observed cycles differ significantly which could influence
the obtained results [50]. The study by Wang et al. reported
that the fourth quartile of urinary BPA had the highest
prevalence in IR after the multivariate adjustments. In the
obese subgroup no significance was determined between
BPA and IR, unlike with the normal weight ones [70]. The
results suggested that the association between BPA and IR
may be affected by BMI, since “the effect of higher BMI
may overwhelm that of BPA on IR in the participants with
higher BMI”. Another study observed a positive linear
correlation between HbAlc and urinary BPA [99].

In the Korean National Human Biomonitoring Survey,
the odds ratio of T2DM for the fourth BPA quartile was
increased in comparison with the first one, but it had no
statistical significance [100]. Ning et al. reported no statis-
tically significant association between BPA and the
impaired glucose regulation [101]. The odds ratios for
T2DM were inconsistently and insignificantly increased in
the upper urinary BPA quartiles. The main limitation of
both studies was subjective approach since T2DM was self-
reported. Although the NHANES 2003-2010 cycles data
regarding the children found positive association between
general and abdominal obesity and urinary BPA levels,
no correlation was found between urinary BPA levels and
IR [77].

Potential mechanism of phthalates and BPA action
on obesity and glucose metabolism distrubtion

Griin and Blumberg introduced the term “obesogens” for the
chemicals that directly or indirectly increase the fat accu-
mulation and obesity incidence, among which phthalates
and BPA are included [102]. The mechanisms of the action

of phthalates and BPA affect obesity and glucose metabo-
lism (Table 3.) are the result of the numerous different and
insufficient in vivo and in vitro studies. Different pathways
are activated by EDCs, but nuclear receptors (NR) are a
primary target. In utero and non-developmental EDCs
exposure may have quite different effects on these pathways
[103].

Phthalates and BPA act as ligands altering NR signaling
involved in the regulation of energy homeostasis and the
metabolism as complete or partial agonists or antagonists.
The main NR targeted by EDCs are the peroxisome
proliferator-activated receptors (PPARa«,y), the androgen
receptors, the estrogen receptors (ERa,f), estrogen-related
receptors, the thyroid hormone receptors (TRa,p) and the
pregnane X receptor (PXR) [104].

PPAR has a key role in the regulation of adipocyte dif-
ferentiation and adipogenesis, lipid metabolism and glucose
homeostasis by improving insulin sensitivity. The disrup-
tion of regulatory pathways controlled by PPARs may be
involved in the onset of diabetes and adiposity. The acti-
vation of PPARa can lead to decrease in the fat mass and
weight. The in vitro study [104] confirmed that MEHP
acted on human cell lines as PPARa and PPARy agonist
while BPA had a weak influence on PPARs. Some animal
studies showed a reduction in fat mass when exposed to
DEHP [105], which would indicate PPARa activation. On
the contrary, the epidemiological studies indicated the cor-
relation of some phthalates (MEHP, MEP) [59] with
weight-gain in their presence that suggested the mechanism
of PPARY. These differences in the phthalate mechanism on
adipose tissue partly depend on the biological species, cell
type and dosage which can activate different types of
PPARs [105, 106]. This was also confirmed by animal
studies where there was an increase in BW and white fat
only on humanized, but not on wild mice after exposure to
DEHP [94]. The effect of DEHP and its metabolites and
DINP metabolites in increased blood glucose level and IR
was demonstrated in the human and animal studies [57, 60,
107]. Although BPA is considered to have weak influence
on PPARs [104] there are some evidence that BPA induces
PPARYy activity [108, 109]. Both oral and injected low BPA
chronic exposure, as well as low and high single dose BPA
injection, induces hyperinsulinemia, hypoglycaemia, dis-
turbed p-cell function, glucose intolerance and IR in rodents
[47, 110, 111]. The in vitro studies suggested that BPA
caused triglyceride content increment, enhanced lipoprotein
lipase and glycerol-3-phosphate dehydrogenase activity,
lipid droplets coalescence, lipid accumulation and induced
differentiation of preadipocytes into adipocytes. Simulta-
neous activity of BPA and insulin emphasized and accel-
erated the adverse effects [112].

In both sexes, sexual hormones have an important role in
determining the sex-dependent pattern of body fat

@ Springer
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Fatty acid uptake and oxidation, gluconeogenesis

Effect

No sufficient data

BPA

Phthalate

Table 3 Possible mechanism of phthalates and BPA in obesity and insulin resistance development

PPARa Agonist [104]

@ Springer

Adipocyte differentiation and adipogenesis, increased insulin sensitivity

Agonist [108, 109]

PPARYy Agonist [104]

ER«x

Lipid accumulation and induced differentiation of preadipocytes into adipocytes

Partial agonist [104]
Partial agonist [104]

Agonist [117]

Activator of PXR mediated transcription Activator of PXR mediated transcription

Agonist [104]

ERp inhibits ERa when co-expressed

Partial agonist [102]

ERB

Disturbed energy homeostasis

ERRy No sufficient data

PXR

Obesity and insulin resistance

[104, 119]

[104]

Insulin resistance and glycemic control disorders

Antagonist [121, 122]

Antagonist [120]

TR

Impaired appetite control

Up-regulation [128]

Up-regulation [129]

NPY

Diminished insulin secretion, disturbed p-cell function and glucose metabolism

Down-regulation [132]

Down-regulation [130]
Formation [123, 124]
No sufficient data

Pdx-1

Lipid peroxidation, disrupted insulin signaling in adipose tissue and favored glucose intolerance

No sufficient data
Release [125]

ROS
IL-6

Promotes lipolysis, suppresses adiponectin release, downregulates lipoprotein lipase activity and

inhibits insulin-stimulated glucose uptake

Stimulates lipolysis, suppresses insulin receptors expression and antagonizes insulin sensitivity

Release [125]

TNFa No sufficient data

distribution [102, 103]. Absence of androgens has obesogen
effect. DEP/MEP has inconsistent, DEHP/MEHP moderate,
while DBP/MBP and BBzP/MBzP have strong antiandro-
gen effect [103, 113, 114]. The in vitro study [104]
demonstrated that butyl benzyl phthalate (BBzP) was full
ERa and partial ERf agonist, while BPA was partial ERa
and ERpP agonist and full estrogen-related receptors y
(ERRy) and PXR agonist. BPA also bound to a trans-
membrane ER called G protein-coupled receptor 30
(GPR30) [115, 116]. Estrogens were involved in deter-
mining the number of adult adipocytes and ERa were
expressed in preadipocytes and adipocytes and ERp antag-
onizes ERa mediated effects including fat reduction when
co-expressed [104, 115]. Fat tissue expressed also ERRy
and GPR30 which had a significant role in regulating
energy homeostasis so BPA mediated ERRY activation
might favor obesity [116-118]. PXR had an important
protective role in endocrine systems from EDCs by sensing
the presence of xenobiotics including EDCs and stimulating
detoxification which decreased the EDCs interactions with
NR. Enhanced PXR activation could increase the risk for
metabolic diseases [114]. BPA was full agonist of PXP
[104, 119]. Moreover, BPA in low and very high doses
suppressed adiponectin release from the breast explants,
subcutaneous and abdominal human fat samples more
effectively than estradiol (dose-response curve was U
shaped) [48].

Thyroid hormones and TSH have a significant impact on
the metabolic processes and are involved in the regulation
of energy homeostasis. Although the study results were
inconsistent, the antagonistic effects of phthalates [120] and
BPA [121] on the TR and the suppression of thyroid hor-
mone could contribute to the development of obesity, IR
and glycemic control disorders [22, 23]. Prenatal and
postnatal dietary BPA exposure increased serum T4 total in
the rodent offspring due to antagonizing -TR [122].

There are also other disorders that result in obesity, IR
and abnormal glucose regulation such as oxidative stress.
DEHP induced ROS (reactive oxygen species) formation
and lipid peroxidation, disrupted insulin signaling in adi-
pose tissue and favored glucose intolerance [123, 124].
BPA stimulated the release of two inflammatory cytokines,
IL-6 and TNFa« [125]. IL-6 promoted lipolysis, suppressed
adiponectin release, downregulated lipoprotein lipase
activity and inhibited insulin-stimulated glucose uptake
[126]. TNFa downregulated glucose transporter genes
expression including Glut4, suppressed insulin receptors
expression and diminished insulin sensitivity, stimulated
lipolysis in concentration-dependant manner and increased
the free fatty acid content [127].

There are insufficient data on how phthalates and BPA
affect neuroendocrine pathways that are involved in control
of appetite, obesity and glucose metabolism. Both, BPA
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[128] and DEHP [129] could affect neuropeptide Y (NPY)
expression in the midbrain of the rats which contributed to
the change in feeding behavior. Beside the influence of
BPA and phthalates through classical peptidergic signals,
today, little is known about their impact on the endo-
cannabinoid system which has an orexogenic role in the
hypothalamus and regulates metabolic functions and per-
ipheral tissue [106].

In utero BPA exposure may result in obesity develop-
ment via ERs. Alterations of maternal estrogen levels dur-
ing gestation increased adipocyte number and impaired their
function [103]. Lin et al. showed disturbed expression of
key genes (Pdx-1, Ucp-2) included in the pancreatic
development and P-cell function in the DEHP-treated off-
spring rats which could be the potential cause of T2DM in
adults [130]. In female the DEHP-exposed offsprings
increased blood glucose, decreased serum insulin, impaired
glucose tolerance and insulin secretion were observed in
adult age, while in the male DEHP-exposed offsprings only
elevated serum insulin levels were detected. These and
other studies showed that prenatal and perinatal phthalate
exposure might induce p-cell disfunction and glucose
metabolism disturbance [130, 131]. Prenatal and perinatal
BPA exposure of the Wistar rats increased BW, elevated
serum insulin and glucose intolerance of the offsprings,
both on normal and HFD with accompanied dyslipidemia,
hyperleptindemia and glucose intolerance. Regardless of the
applied diet, BPA exposure reduced Pdx-1 levels which
could be responsible for diminished insulin secretion,
decreased Glut2 expression and structural abnormalities in
the pancreatic f-cells. The adverse effects were detected
only when the offsprings were exposed to the lowest dose
of BPA and multiplied by HFD [132]. Prenatal and peri-
natal BPA exposure of rodents resulted in obesity devel-
opment, hyperlipidemia and IR in the offsprings [133-135].
Moreover, BPA may cause multigenerational glucose
metabolism disruption [136].

Conclusion

The role of some phthalates and BPA in the development of
obesity and T2DM is indisputable, although the results of
previous studies have partially been inconsistent due to
study design (cross-sectional), population, gender and racial
differences, but also due to the wuse of different
methodologies.

The necessary task of the future well-designed, follow-up
prospective studies is to evaluate prenatal and neonatal
exposure to the individual phthalates and BPA in a better
way, but at the same time, the exposure (mixture of expo-
sures) to other EDCs. In regard to the mechanisms of action,
beside the influence on the NR, it is necessary to evaluate

other endocrine signaling pathways. All of these studies
should contribute to the better understanding of the harmful
effects of phthalate and BPA and this would lead to better
prevention of the development of obesity and T2DM.
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