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Abstract The present study was conducted to systematically
review, analyze, and interpret all the relevant evidence in the
literature on the possible link between exposure to bisphenol
A (BPA) and the risk of type-2 diabetes mellitus (T2DM). We
developed a comprehensive search strategy and used it to
search Web of Science, Scopus, PubMed, and Google
Scholar up to March 31, 2016, producing 3108 hits, of which
13 original papers were included. Findings of these studies
were quite controversial; few studies indicated a significant
positive association between BPA exposure and T2DM, while
some other failed to detect such a relationship. Overall, it can
be suggested that chance is unlikely the plausible explanation
for the observed association between BPA exposure and
T2DM. This was mainly because even in the negative studies
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some clues could be found in favor of a statistically significant
relationship between BPA and T2DM. Additionally, some of
the studies had shortcomings in defining the exposure and
outcome measures, which, if present, might have led to
underestimating the relationship between BPA exposure and
T2DM. The theoretical plausibility of such a relationship
found earlier in animal studies also supports this point.
However, more definitive answer requires the conduct of fu-
ture longitudinal studies, in which the possible association
between BPA exposure and T2DM is assessed over much
longer periods of time with more temporally robust BPA mea-
surements. In addition, it would be quite beneficial if future
studies be conducted in areas where data is still lacking (e.g.,
South America, Australia/Oceania, and Europe).

Keywords Bisphenol A - Type-2 diabetes mellitus -
Systematic review

Introduction

Bisphenol A (2,2’ — bis[4 — hydroxyphenyl]propane), also
known as BPA, is a synthetic compound that is produced in
very large volumes worldwide; reports indicate an annual pro-
duction rate of over 2 million metric tons, with a 6-10 %
annual increase in its demand (Burridge 2003). BPA is mostly
used in the production of polycarbonate plastic and epoxy
resins, both of which are used in drinks containers, food pack-
aging, and dental sealants (Arenholt-Bindslev et al. 1999;
Calafat et al. 2005; Howe et al. 1998; Sajiki and Yonekubo
2003), where it can rapidly leach into the surrounding envi-
ronment (Vandenberg et al. 2010). Studies have also indicated
that BPA is released into the atmosphere in amounts as high as
100 t per year (Vandenberg et al. 2009). Consequently, detect-
able levels of BPA have been found in water, wastewater,
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indoor and outdoor air, and dust (Loganathan and Kannan
2011; Tsai 2006; Vandenberg et al. 2007), leading to human
exposure to BPA in a vast majority of different populations
(Calafat et al. 2005, 2008; Vandenberg et al. 2007).

A number of epidemiological studies have so far been
conducted to evaluate the possible association between
exposure to BPA and the risk of T2DM in human sub-
jects. However, results from these studies have been con-
troversial; some studies have found a statistically signifi-
cant relationship between human exposure to BPA and
increased risk of developing T2DM (for example, (Silver
et al. 2011)), while others have found no clear association
between the two (for instance, (Kim and Park 2013)). So
far, four systematic reviews have also been published ex-
ploring the relationship between BPA and T2DM (Kuo
et al. 2013; LaKind et al. 2014; Ranciére et al. 2015;
Song et al. 2015). In the earliest work by Kuo et al.
(2013), exposure to a number of chemicals, including
BPA, was explored for their possible link with T2DM.
This review had included four relevant studies, all of
which were based on the National Health and Nutrition
Examination Survey (NHNES) data. In addition, the qual-
ity of evidence and risk of bias were not considered in
that review, as stated by the authors. Furthermore, their
systematic search was performed in only one database,
Medline, although at least two databases should be
searched when conducting a systematic review. In a
more recent systematic review, LaKind et al. (2014) eval-
uated the possible link between BPA and obesity, glucose
metabolism, T2DM, and cardiovascular disease. This re-
view included seven relevant studies for the association
between BPA exposure and the risk of developing T2DM,
of which five were based on the NHNES data, one was
from China (Ning et al. 2011) and one was from South
Korea (Kim and Park 2013). The authors concluded that
data source was the likely reason for the discrepancies
observed in the findings of different studies. They stated
that the 2003—-2004 NHNES data, in which urinary BPA
concentrations were high, was responsible for observing a
positive association between BPA and T2DM in the rele-
vant studies included in their systematic review, which
was not supported by NHNES data for other years as well
as data from different countries. In the study by Song
et al. (2015), the authors evaluated the association be-
tween exposure to endocrine disturbing chemicals
(EDCs), including dioxin, polychlorinated biphenyl
(PCBs), chlorinated pesticide, BPA, and phthalate, and
the risk of developing T2DM and related metabolic traits.
Searching up to March 2014, the authors were able to
locate only five relevant papers directly evaluating the
association between exposure to BPA and the risk of de-
veloping T2DM. Additionally, the quality of evidence and
risk of bias were not considered in that review. Moreover,
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their systematic search was performed in only one data-
base, i.e., Medline. Finally, in the most recent systematic
review conducted by Ranciere et al. (2015), the authors
evaluated the association between exposure to BPA and
the risk of developing cardiometabolic disorders, includ-
ing diabetes, hyperglycemia, measures of anthropometry,
cardiovascular diseases, and hypertension. The authors
performed a systematic search up to August 2014 and
found eight relevant papers directly assessing the associ-
ation between exposure to BPA and the risk of developing
T2DM. Of the nine papers included, the meta-analysis
was conducted on only three of the papers (pooled OR
1.47 (95 % CI 1.21-1.80)), mainly because inclusion of
other studies significantly increased the heterogeneity of
the results.

However, after these reviews, a number of original pa-
pers have been published, the association between expo-
sure to BPA and the risk of developing T2DM in new
populations, warranting a re-evaluation of current body
of evidence. Therefore, in the present work, we set out
to systematically review, analyze, and interpret the most
recent, relevant evidence in the literature on the possible
link between exposure to BPA and the risk of T2DM.

Methodology

In the present systematic review, we followed the methods
used in our previous work (Sowlat et al. 2014), which was
originally suggested by Khan et al. (2003). We first formulat-
ed the framing question as follows: Is there an association
between exposure to BPA and the risk of developing
T2DM? Based on this framing question, we then formulated
a comprehensive search strategy to locate all the relevant ev-
idence on the topic. The systematic search used in this review
is as follows:

(“Bisphenol A” OR BPA OR “2,2-bis(4-
hydroxyphenyl)propane” OR “4,4'-dihydroxy-2,2-
diphenylpropane” OR “diphenylolpropane” OR
“(CHj3),C(CcH40H),”) AND (“Type-2 Diabetes” OR
“Diabetes Mellitus” OR T2D OR T2DM OR NIDDM OR
MODY OR “Diabetes type-2” OR “Diabetes type-1I” OR
“type-1I Diabetes” OR “Non-insulin-dependent” OR
“Insulin resistance” OR hyperglyc* OR “prediabetic state”).

We searched in Web of Science, Scopus, PubMed, and
Google Scholar using the abovementioned strategy up to
March 31, 2016. Additional potentially relevant papers were
also located by reviewing the reference list of the relevant
papers (backward citation). We also searched and located the
papers in which those most relevant studies had been cited
(forward citation).

Afterwards, we defined a set of inclusion and exclusion
criteria, based on which we screened the potentially relevant
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papers retrieved by the search. These criteria are presented in
detail in Table 1. We included papers evaluating the associa-
tion between exposure to BPA and the risk of T2DM in human
subjects. We included papers published in English or any oth-
er language. We did not set any limitation regarding the time
of publication or study design. We, however, excluded exper-
imental studies conducted on laboratory animals or those eval-
uating health outcomes other than T2DM. Title, Abstract, and
keywords of the retrieved papers were independently
reviewed for relevance by two reviewers. If a decision on
the relevance could not be made at this step, the paper was
retrieved in full text and a decision was made based on the
whole paper.

In the next step, we developed a checklist to systematically
assess the quality of the relevant papers (critical appraisal).
Since studies included in this systematic review were either
cross-sectional or case-control (both observational) in design,
we developed two quality assessment checklists based on the
STROBE statement (www.strobe-statement.org), which has
different checklists for critical appraisal of different types of
observational studies. Tables 2 and 3 present the developed
checklists used to assess the quality of the papers included in
this systematic review. Each question in the checklists was
given one score (yes = 1, no = 0), thereby the final score
ranging from 1 to 7. We only included those papers that had
acquired a score of four or above. This step was also done by
two reviewers assessing the quality of the papers
independently.

In the next step, we developed a comprehensive data ex-
traction form for unbiased and impartial extraction of the rel-
evant information from the included papers. Two reviewers
separately extracted information pertaining to the study pop-
ulation, year of conduct, mean age and age range of the par-
ticipants, sample size, measure of exposure, outcome mea-
sure, confounding variables considered in the study, and the
effect size of the relationship. It is noteworthy that in all of the
steps mentioned above (i.e., screening, quality assessment,

Table 1  Detailed inclusion and exclusion criteria

Inclusion criteria
Studies published in peer-reviewed journals
Studies published as an original article

Studies evaluating the association between exposure to BPA and
increased risk of T2DM

Studies conducted on human subjects

Studies published in English or any other language
Exclusion criteria

Books, reviews, presentations, and letter to the editors

Studies evaluating the association between exposure to BPA and other
health outcomes

Studies conducted on laboratory animals

and data extraction), consensus was reached in case of dis-
agreement between the reviewers.

Results

Figure 1 illustrates the flow diagram of the process we used
for locating and selecting the relevant studies included in this
systematic review. As shown in the figure, 3108 hits were
produced by the systematic search strategy we used, of which
326 were from Web of Science, 2148 were from Scopus, 134
were from PubMed, and 500 were from Google Scholar. After
a thorough review of the title, abstract, keywords, and, when
necessary, the full text of the potentially relevant papers for
their relevance, an overall of 13 papers were included in this
review.

Tables 4 and 5 present the summary of the information
extracted from the 13 papers included. As given in Tables 4
and 5, of the studies included in this systematic review, one
had been conducted on a Chinese population (Ning et al.
2011), one on a Korean population (Kim and Park 2013),
one on an Iranian population (Ahmadkhaniha et al. 2014),
one on a Thai population (Aekplakorn et al. 2015), one on a
Cypriot population (Andra et al. 2015), and eight on American
populations (Casey and Neidell 2013; LaKind et al. 2012;
Lang et al. 2008; Melzer et al. 2010; Sabanayagam et al.
2013; Shankar and Teppala 2011; Silver et al. 2011; Sun
etal. 2014). Of the latter studies, seven were based on the data
from the National Health and Nutrition Examination Survey
(NHNES), spanning from 2003 to 2008 and one was based on
data from Nurses’ Health Study (NHS) and NHSII cohorts
(Sun et al. 2014).

In all of the included studies, except for the one in which
serum BPA was measured (Acekplakorn et al. 2015), urinary
BPA was considered as the exposure measure (determined
from spot urine samples), while the outcome measure was
somewhat different in different studies; in some of the studies,
T2DM was determined based on self-reports, prior doctor
diagnosis, or current use of diabetic treatments, while in some
other studies, these factors were accompanied by laboratory
test of fasting blood glucose or HbA Ic, or either of the last two
were used alone. The outcome measure even varied in the
studies conducted using NHNES data. One of the studies
had also considered prediabetes as the outcome measure
(Sabanayagam et al. 2013). This combined with the fact that
different variables were considered as confounders in different
studies that suggested a high level of heterogeneity in the
findings of the included studies.

Of the studies included in this review, seven were based on
the NHNES data. Four of the NHNES-based studies reported
a statistically significant association between BPA exposure
and increased risk of T2DM for 2003-2008 data (Lang et al.
2008; Melzer et al. 2010; Shankar and Teppala 2011; Silver
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Table 2 The checklist developed

to assess the quality of cross- Quality assessment criteria

Yes No

sectional studies

Are the setting, locations, and relevant dates (e.g., periods of recruitment, exposure, follow up, and
data collection), if applicable, clearly described?
Are the eligibility criteria clearly mentioned?

Are the outcomes, exposures, predictors, potential confounders clearly described?

Are sources of data and methods of assessment/measurement mentioned in details?

Was the sample size representative of the target population?

Are the statistical methods clearly mentioned?

Have the authors mentioned and efforts to address potential sources of bias?

Total score

etal. 2011). This was due mainly to the increased BPA level in
the case group of the 2003—-2004 cycles, although the ORs for
the years 2005-2006 and 2007-2008 were not statistically
significant (due to the smaller difference in urinary BPA con-
centration between the diabetes and control groups and, there-
fore, the reduced statistical power). Sabanayagam et al. (2013)
also found a statistically significant relationship between BPA
exposure and prediabetes in 2003—-2008 cycles of the NHNES
data. LaKind et al. (2012), however, evaluated the possible
link between BPA exposure and T2DM in 2003-2010
NHNES data, but found no such a relationship between the
two. Casey and Neidell (2013) also used 2003—2008 NHNES
data to further explore the possible association between BPA
exposure and T2DM using two different approaches: first,
calculation of OR based on 1-SD increase in BPA concentra-
tion; and second, OR calculation based on a ten-fold increase
in BPA concentration. The first approach did not show a sig-
nificant relationship (an OR and 95 % CI of 1.065 (0.973—
1.166)), while the second approach revealed a positive asso-
ciation between BPA exposure and T2DM (an OR and 95 %
CI of 1.202 (1.049-1.377)).

The study of Ahmadkhaniha et al. (2014) found a significant
relationship between exposure to BPA and T2DM in an Iranian
population, with the OR (95 % CI) being as high as 57.60
(21.10-157.05). Aekplakorn et al. (2015) also found a signifi-
cant association between BPA exposure and T2DM, with OR

and 95 % CI for the fourth quartile being 1.82 (1.12-2.95).
However, Ning et al. (2011) and Kim and Park (2013) did
not find a significant association between BPA exposure and
T2DM. Nonetheless, it is noteworthy that in the study of Ning
et al. (2011), although the test of trend was not significant, the
ORs in two of the four BPA concentration categories were
significantly higher than one. Additionally, in the study of
Kim and Park (2013), higher prevalence of T2DM was ob-
served in categories with higher BPA concentrations
(p = 0.035). It is also worth considering that in these two stud-
ies, the difference in BPA concentration between the diabetes
and control groups was marginal, especially in the case of the
study of Ning et al. (2011). Sun et al. (2014) conducted a nested
case-control study on the Nurses’ Health Study (NHS) and
NHSII cohorts to assess the possible link between BPA expo-
sure and T2DM. Results from this study indicated a significant
positive association in the NHSII population (OR and 95 % CI
for the fourth quartile 2.08 (1.17, 3.69) (p = 0.02)), while such a
relationship was not found in the NHS cohort (OR and 95 % CI
for the fourth quartile 0.81 (0.48, 1.38) (p = 0.45)). Finally,
Andra et al. (2015) performed a similar study to evaluate the
association between mono-chlorinated and total BPA and
T2DM in a Cypriot population. Results from this study re-
vealed a positive relationship between exposure to mono-
chlorinated BPA and increased risk of T2DM (OR and 95 %
CI 5.06 (1.29-25.4)), while the authors did not observe a

Table 3 The checklist developed

to assess the quality of case- Quality assessment criteria

Yes No

control studies

Are the setting, locations, and relevant dates (e.g., periods of recruitment, exposure, follow up, and
data collection), if applicable, clearly described?
Are the eligibility criteria clearly mentioned?

Are the outcomes, exposures, predictors, potential confounders clearly described?

Are sources of data and methods of assessment/measurement mentioned in details?

Were the individuals in the case and control groups appropriately selected?

Are the statistical methods clearly mentioned?

Have the authors mentioned and efforts to address potential sources of bias?

Total score
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Fig. 1 The flow diagram of the
process used for selecting the
primary studies included in this
systematic review

Potentially relevant studies identified by
the search strategy (n =3108)

from Web of Science (n =326)

from Scopus (n =2148)

from Pubmed (n= 134)

from Google Scholar (n =500)

Studies identified by reviewing the
reference lists of the potentially relevant
full texts (n=17)

Studies excluded because of
duplication (n = 620)

Studies excluded based on title,
abstract, and keywords
irrelevance (n = 2428)

Review studies excluded (n=20)

Studies excluded based on title,
—p| abstract, and keywords
irrelevance (n = 10)

A

Reference lists
reviewed

7

Full texts retrieved (n = 40)

Full texts retrieved (n = 7)

H_J

Overall full texts retrieved
and screened screened for
relevance (n =47)

(n=26)

letters (n=2)

issues (n = 0)

Studies excluded due to irrelevance
Studies excluded because they were

Studies excluded because of quality

significant association in case of total BPA (OR and 95 % CI
10.6 (0.36-2.79)).

In the present systematic review, we could not perform a
meta-analysis, synthesizing the ORs presented in different stud-
ies on the association between BPA exposure and T2DM. As
can be seen in Table 5, this was mainly due to the fact that in
each study, authors had adopted a different approach to calculate
the OR; for example, Kim and Park (2013) had calculated the
OR for different quartiles of BPA concentration, while Lang
et al. (2008) had calculated the OR based on a 1-SD increase
in BPA concentration (see section 4 for a more detailed
discussion).

Alternatively, we set out to perform a meta-analysis, calcu-
lating the overall standardized mean difference (SMD) of BPA
concentration between the diabetes and control groups.
However, the values of chi-squared (Xz), Tau-squared (Tz),
and I-squared (1) tests (P < 0.0001, 0.542 and 97.7 %, respec-
tively) suggested considerable heterogeneity in the findings of
the included studies and, therefore, the inappropriateness of
synthesizing the data. In addition, the data presented in different
papers did not match. For instance, in the study of Ning et al.
(2011), BPA concentrations in the diabetes and the control
groups were given as medium (interquartile range) rather than
as mean (SD, SE, or CI). In some others, such information had
not been presented at all (for example, (Sun et al. 2014)).

A 4

Primary studies included in
this systematic review
(n=14)

Therefore, exclusion of such studies from the meta-analysis
would have resulted in bias in the results.

Discussion

Comparison with previous review studies and implications
of the findings

As mentioned above, prior to the present work, four other
systematic reviews had been published exploring the relation-
ship between BPA and T2DM (Kuo et al. 2013; LaKind et al.
2014; Ranciere et al. 2015; Song et al. 2015). In the study of
Kuo et al. (2013), authors explored exposure to a number of
chemicals, including BPA, for their possible link with T2DM,
including four relevant studies, all of which were based on the
National Health and Nutrition Examination Survey (NHNES)
data. In addition, the quality of evidence and risk of bias were
not considered in that review. Another drawback was that their
systematic search was performed in only one database,
Medline, although at least two databases should be searched
when conducting a systematic review.

In a more recent systematic review, LaKind et al. (2014)
evaluated the possible link between BPA and obesity, glucose
metabolism, T2DM, and cardiovascular disease, including
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seven relevant studies for the association between BPA expo-
sure and the risk of developing T2DM, of which five were
based on the NHNES data, one was from China (Ning et al.
2011), and one was from South Korea (Kim and Park 2013).
The authors concluded that data source was the likely reason
for the discrepancies observed in the findings of different
studies. They stated that the 2003—2004 NHNES data, in
which urinary BPA concentrations were high, was responsible
for observing a positive association between BPA and T2DM
in the relevant studies included in their systematic review,
which was not supported by NHNES data for other years as
well as data from different countries.

In the study by Song et al. (2015), the authors evaluated the
association between exposure to endocrine disturbing
chemicals (EDCs), including dioxin, polychlorinated biphe-
nyl (PCBs), chlorinated pesticide, BPA, and phthalate, and
the risk of developing T2DM and related metabolic traits.
Searching up to March 2014, the authors were able to locate
only five relevant papers directly evaluating the association
between exposure to BPA and the risk of developing T2DM.
Additionally, the quality of evidence and risk of bias were not
considered in that review. Moreover, their systematic search
was performed in only one database, i.e., Medline. Finally, in
the most recent systematic review conducted by Ranciere et al.
(2015), the authors evaluated the association between expo-
sure to BPA and the risk of developing cardiometabolic dis-
orders, including diabetes, hyperglycemia, measures of an-
thropometry, cardiovascular diseases, and hypertension. The
authors performed a systematic search up to August 2014, and
found eight relevant papers directly assessing the association
between exposure to BPA and the risk of developing T2DM.
Of the nine papers included, the meta-analysis was conducted
on only three of the papers (pooled OR 1.47 (95 % CI 1.21-
1.80)), mainly because inclusion of other studies significantly
increased the heterogeneity of the results.

The present systematic review was conducted to gather all
the relevant evidence on the possible link between exposure to
BPA and increased risk of developing T2DM in adults.
Results from the included studies were quite controversial;
some of the studies indicated a statistically significant associ-
ation between BPA exposure and T2DM (for instance,
(Ahmadkhaniha et al. 2014; Lang et al. 2008; Melzer et al.
2010; Shankar and Teppala 2011; Silver et al. 2011)), while
others two failed to detect such a relationship (for example,
(Kim and Park 2013; Ning et al. 2011)). This controversy even
exists in case of studies performed on the NHNES data. The
first four studies published in this domain using the NHNES
data all indicated a significant positive association between
BPA and T2DM (Lang et al. 2008; Melzer et al. 2010;
Shankar and Teppala 2011; Silver et al. 2011) for 2003—
2008 cycles. In fact, a significant association was observed
only in case of the 2003—2004 NHNES data, while each year
cycles were analyzed separately; the BPA exposure levels in

the year 2003—2004 were so high that when the data for 2003—
2008 were pooled, the resulting OR was significantly higher
than the unity. More recently, LaKind et al. (2012) conducted
the same study using the 2003-2010 NHNES data but found
no significant association between BPA exposure and T2DM,
even in case of the 2003-2004 cycle. The authors argued that
this discrepancy was as a result of using different exclusion
criteria than those of other studies, mainly whether or not
individuals with prediabetes should be included in the case
group. Casey and Neidell (2013) also performed a study on
the 20032008 NHNES data using different statistical ap-
proaches to assess the possible link between BPA exposure
and T2DM. The authors concluded that the results (observing
or failing to observe a significant association between BPA
exposure and T2DM) were sensitive to both the statistical
model used and the eligibility criteria set. Therefore, the
authors suggested that when the NHNES data are used for
such studies, researchers should explicitly report any
specification and assumption they have made to allow for
recognition of the reasons behind inconsistencies observed
in the results.

Studies conducted on populations other than the NHNES
have also reported inconsistent results. Ahmadkhaniha et al.
(2014) and Ackplakorn et al. (2015) both reported a signifi-
cant positive association between exposure to BPA and
increased risk of T2DM in Iranian and Thai populations,
respectively. Sun et al. (2014) found a significant association
between BPA exposure and T2DM in the NHSII cohort, while
such a relationship was not observed in case of the NHS.
Andra et al. (2015) also found a significant relationship be-
tween exposure to mono-chlorinated BPA and T2DM in a
Cypriot population, while such an association was not
observed for total BPA. On the other hand, Ning et al.
(2011) and Kim and Park (2013) did not find a significant
relationship between BPA exposure and increased risk of
T2DM in Chinese and Korean populations, respectively.
Nonetheless, it is noteworthy that even in the case of some
of the negative studies, some clues could be found in favor of
a positive relationship. For example, in the study of Ning et al.
(2011), although the test of trend was not significant, the ORs
in two of the four BPA concentration categories were signifi-
cantly higher than one. Additionally, in the study of Kim and
Park (2013), higher prevalence of T2DM was observed in
categories with higher BPA concentrations (p = 0.035).
Therefore, chance might not be the plausible explanation for
observing such a relationship between BPA exposure and
T2DM. The theoretical plausibility of such a relationship
found earlier in animal studies also supports this view.

Few mechanisms have been proposed for the effect of BPA
on metabolic homeostasis by laboratory studies conducted on
rodents and human tissue culture models. The first proposed
mechanism is that overstimulation of the estrogen receptor
ER« in pancreatic 3-cells can occur due to BPA exposure,
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which leads to alteration in the biosynthesis and secretion of
insulin in pancreatic 3-cells (Alonso-Magdalena et al. 2006;
Nadal et al. 2009a, b). Second, studies have indicated that
BPA imitates estradiol (E2), another hormone which is critical
for maintaining -cells function and insulin sensitivity
(Livingstone and Collison 2002; Louet et al. 2004). It was
reported that the glucose tolerance and insulin resistance of
male mice treated with either BPA or E2 were altered, and the
mice exhibited hyperinsulinemia (Alonso-Magdalena et al.
2006; Alonso-Magdalena et al. 2008; Ropero et al. 2008).
Lastly, it is suggested that BPA is capable of suppressing
adiponectin (Ben-Jonathan et al. 2009; Hugo et al. 2008).
Adiponecin is another important hormone that is responsible
for maintaining insulin sensitivity (Whitehead et al. 2006). It
has been reported that the levels of this hormone decrease
before the development of T2DM (Trujillo and Scherer 2005).

Methodological concerns on the included studies

As mentioned in the “Results” section, we faced a high level
of heterogeneity in the studies included in this systematic re-
view, which could have been caused by several factors.
Firstly, as presented in Table 5, each study had included indi-
viduals with a different age range. For example, Kim and Park
(2013) had included those in the age range of 40-69 years,
while in the NHNES studies, individuals in the age range of
18-74 (in one case, up to 84 years old) had been included.
Since age is one of the influential factors affecting the portion
of the sample population having developed T2DM, this dif-
ference in the age range could have caused heterogeneity in
the findings of the included studies. Although the effect of age
was adjusted for in almost every single study that was includ-
ed in this systematic review, the between-study difference in
the age range, as one of the possible factors causing the
between-study heterogeneity (shown by the value of I test),
would still remain unsolved. This was because we tried to
obtain a pooled SMD of raw (not adjusted) BPA concentra-
tions between the two groups rather than a pooled value of
ORs adjusted for confounders.

Another source of heterogeneity in the findings reported by
different studies might have been the different exposure levels
in the case (exposure) and control groups. Since different
studies had conducted their analysis on different populations
and given that BPA concentrations varied in the urine samples
collected from different populations, this had resulted in a
wide range in urine BPA concentrations in both exposure
and control groups among different studies. For instance, as
can be seen in Table 5, in the study of Kim and Park (2013)
conducted on Korean adult population, the BPA concentra-
tions were in the range of 1.92-2.14 and 2.04-2.82 ng/ml in
the control and exposure groups, respectively. However, in the
study of Lang et al. (2008), the corresponding ranges for the

@ Springer

control and exposure groups were 3.8-4.9 and 5.2—-10.3 ng/ml,
respectively.

The different populations included in the studies included
in the present systematic review can also be viewed from
another perspective. There exist some interesting findings that
may suggest the involvement of racial/ethnic or genetic fac-
tors in the like between BPA exposure and T2DM. As pre-
sented in Table 5, two studies had been conducted on eastern
Asian populations, i.e., the study of Kim and Park (2013)
conducted on a Korean adult population and the study of
Ning et al. (2011) conducted on a Chinese adult population,
and neither of them observed a positive like between exposure
to BPA and an increased risk of developing T2DM. This may
be an indication of involvement of racial/ethnic or genetic
factors when exploring the possible association between
BPA exposure and developing T2DM. However, no study
has so far provided any evidence in support of this theory
and, therefore, it is worth looking into more deeply in future
studies.

Another important factor that may have contributed in the
heterogeneity observed in the findings of the included studies
was the inconsistency in measuring the outcome. As presented
in Table 5, some of the studies had determined the outcome as
self-reported or doctor-diagnosed diabetes or the current use
of diabetic pills (Kim and Park 2013), while some other stud-
ies had relied on laboratory tests such as fasting blood glucose
or HbAlc (Ahmadkhaniha et al. 2014; Shankar and Teppala
2011; Silver et al. 2011). This inconsistency was even ob-
served in studies based on NHNES data. This might have
resulted in different rates of T2DM in the participants and,
therefore, might have resulted in heterogeneity in the findings.

Furthermore, the confounding variables whose effects were
adjusted for also varied between the studies included. There
were some factors, including age, sex, and BMI, whose effects
were adjusted for in almost every single study (Table 5).
However, there were other factors whose effects were adjusted
for in some of the studies but not in others; examples of these
factors include, but not limited to, education, smoking, hyper-
tension, serum cholesterol, serum creatinine, and waist cir-
cumference. This might have been another important factor
significantly contributing to the heterogeneity observed in the
findings of the primary studies.

There are also a couple of more factors that need to be taken
into consideration when trying to assess the possible link be-
tween exposure to BPA and increased risk of developing
T2DM. Since BPA has a very fast rate of metabolism (a
half-life of less than 6 h after oral intake), urine is the most
appropriate body fluid that can be used for assessing the ex-
posure to this compound (Dekant and Vélkel 2008). However,
since the health effects of BPA, like other compounds, are
most likely due to long-term, low-level exposure, the use of
spot measurements of urinary BPA for detecting significant
health outcomes is being questioned (Lang et al. 2008).
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Studies have indicated that urinary BPA concentrations highly
varies on a daily basis (Braun et al. 2011; Ye et al. 2011), thus
making it impossible to address the temporal variability using
single urine samples (Silver et al. 2011). This variability
would most likely result in non-differential misclassification
and, subsequently, underestimation of the strength of the as-
sociation (Lang et al. 2008; Silver et al. 2011). Hence, future
longitudinal studies with multiple sampling over longer pe-
riods of time can shed more light on the possibility of the link
between BPA exposure and T2DM. In addition, longitudinal
studies would also help detect the causality of the possible
relationship between BPA exposure and T2DM, which could
not be inferred even from the positive studies included in this
review, due mainly to their cross-sectional or case-control
nature.

There is also another major limitation in some of the pri-
mary studies included in this systematic review that may have
disturbed their findings. Some of these studies had considered
self-reported or doctor-diagnosed diabetes as the measure of
outcome (Kim and Park 2013). This way, a large number of
patients with T2DM may have been misclassified as
normoglycemic, thus leading to an underestimation of the true
association between BPA and T2DM, if present (Shankar and
Teppala 2011). However, HbAlc is believed to be a better
estimator of T2DM, because it is more stable than other
markers of glycemic indices, including fasting blood sugar.
Additionally, since it is a continuous marker, it can detect
those with undiagnosed T2DM, thus reducing the misclassifi-
cation of the outcome (Silver et al. 2011). These two short-
comings of the primary studies included in this systematic
review were other reasons for the vantage point of the authors
that chance is believed to be an unlikely explanation for the
observed association between BPA exposure and the in-
creased risk of developing T2DM.

Furthermore, when statistically assessing the association
between BPA exposure and T2DM, some of the studies (for
example, (Melzer et al. 2010)) had assumed a linear exposure-
response relationship. However, Silver et al. (2011) indicated
that the exposure-response relationship was close to log-linear
rather than linear, suggesting the inappropriateness of this as-
sumption when assessing the link between BPA exposure and
T2DM.

Moreover, none of the primary studies had collected data
on the diet or the dietary behaviors of the individuals included
in their study. Ning et al. (2011) suggested that BPA can be
considered as a marker of the consumption of sugared drinks
(like soda), due primarily to its widespread use in such con-
tainers. On the other hand, intake of such drinks has already
been linked to glucose dysregulation. Therefore, they con-
cluded that when no data on the dietary behavior is collected,
any study indicating a positive association between BPA ex-
posure and T2DM may be indicating the association between
higher consumption of sugared drinks and T2DM. Therefore,

it is suggested that data on the diet should also be collected
when conducting future studies to evaluate the association
between BPA exposure and T2DM to further assess the role
of this factor and prevent its possible confounding impact on
the findings.

It is also noteworthy that all of the primary studies had
examined the effect of BPA exposure in adult populations,
so they could not offer any information on the possible health
effects exposure to BPA can pose during critical growth pe-
riods. Studies have indicated that exposures during early
stages of life can increase the susceptibility of individuals to
developing diseases later in life (Barker 1998; Barker et al.
2002; Tang and Ho 2007). In case of BPA, an animal study
suggested that maternal exposure to BPA could alter the met-
abolic homeostasis of mice male offsprings, significantly re-
ducing their glucose tolerance and increasing their insulin re-
sistance (Alonso-Magdalena et al. 2010). Therefore, it can be
suggested that this is a very critical domain in which future
studies seem quite necessary.

Limitations and strengths

In the present systematic review, as mentioned earlier, we
failed to conduct a meta-analysis, synthesizing a pooled OR
for the possible association between BPA exposure and
T2DM. This was mainly due to the fact that each of the
included studies had calculated the OR with a different
approach. For example, Kim and Park (2013) had divided
the BPA concentration into quartiles and then calculated the
OR for each of the quartiles by comparison with the reference
quartile. Melzer et al. (2010), on the other hand, had calculated
the OR based on a 1-SD increase in BPA concentration, while
Silver et al. (2011) had used a two-fold increase in BPA con-
centration for calculating the OR. To overcome this inconsis-
tency, we contacted the authors of each study separately
through e-mail and asked them to re-calculate the OR with
the same approach, say, unit increments in BPA concentration.
However, we did not receive any response from them. It is
noteworthy that “author contact” is a well-established, reliable
tool for systematic reviews to overcome lack of information in
the primary studies included, but it requires the collaboration
of authors conducting those primary researches.

Consequently, we decided, alternatively, to use another ap-
proach, which was performing a meta-analysis to obtain a
pooled estimate of SMD in BPA concentration between the
diabetes and control groups. However, all three of the relevant
tests indicated considerable heterogeneity in the findings of
the included studies, suggesting the inappropriateness of
pooling the data. This high level of heterogeneity was most
likely caused by the methodological issues discussed in-depth
above.

Sutton et al. (2000) suggest that significant challenges arise
when trying to perform a meta-analysis on the results from
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observational studies. This is mainly due to considerable het-
erogeneity in the findings, which itself can be attributed to
different designs, different populations sampled, different def-
initions of exposure and outcome, adjustments for different
confounders, and, finally, sensitivity to different types of bias
from which randomized controlled trials (RCTSs) are immune.
Notwithstanding, Tu and Greenwood (2012) state that even if
the primary studies are conducted in the same manner (i.e.,
regarding the factors mentioned above), the outcomes may be
presented in different ways. For example, some studies may
have presented the outcome as relative risks (RRs), while
others might have reported ORs. For continuous exposures,
RRs or ORs may have been calculated based on a unit incre-
ment of the exposure, or they may have been calculated for
different categories (like quartiles) of exposure. This inconsis-
tency, per se, prevents the conduct of meta-analysis, as ob-
served in case of the present systematic review.

Finally, it is noteworthy that although some of the studies
included in this systematic review have reported a positive
association between exposure to BPA and increased risk of
developing T2DM, inference on the causal relationship be-
tween the two cannot be made based solely on the current
body of evidence and future longitudinal epidemiological
studies are required to shed more light on the association be-
tween BPA exposure and T2DM to enable us to infer causality
in the association, if there is any.

Conclusions

The present systematic review was conducted to collect and
analyze all the relevant evidence in the literature on the asso-
ciation between BPA exposure and T2DM in adults. Findings
from the primary studies in this domain were quite controver-
sial; few studies indicated a significant positive association
between BPA exposure and T2DM, while few others failed
to detect such a relationship. Overall, it can at least be sug-
gested that chance is not likely to be the plausible explanation
for the observed association between BPA exposure and
T2DM. The theoretical plausibility of such a relationship
which was found earlier in animal studies also supports this
view. However, in this review, we could not perform a meta-
analysis to estimate the overall size effect of the relationship.
This was mainly because the ORs from the primary studies
were reported in different fashions that were not
synthesizable. Nonetheless, the heterogeneity was so signifi-
cant that, if done, would have made the meta-analysis scien-
tifically unsound. This heterogeneity arose most likely due to
the effect of the different populations sampled, the different
age ranges considered, the different outcome measures used,
and the different confounders considered. Furthermore, using
single measurements of urinary BPA and the use of self-
reported and doctor-diagnosed diabetes as the outcome in
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some of the studies may have biased the findings in favor of
finding no association between BPA exposure and T2DM,
while multiple measurements of urinary BPA and the use of
a continuous measure for detection of T2DM (like HbAlc)
can provide more accurate estimations of the measures of
exposure and outcome. On the other hand, lack of data collec-
tion on dietary behavior of the individuals may have biased
the findings towards observing a significant association be-
tween BPA exposure and T2DM, which in fact indicates the
association between consumption of sugared drinks and
T2DM. These points should be considered in, and the limita-
tions can be resolved by conducting longitudinal studies in
future to shed more light on the association between BPA
exposure and T2DM. This specific study design also enables
us to infer causality in the association, if there is any. It is also
suggested that in the future, studies calculate the size effect in
the same manner to increase their synthesizability in future
systematic reviews. In addition, it is proposed that future stud-
ies use almost the same setting (i.e., characteristics of the
population, measures of exposure and outcome, confounding
variables considered, etc.) to decrease the level heterogeneity
and, therefore, increase the chance of conducting a meta-
analysis to have a pooled estimate of the size effect. Finally,
an intriguing research domain that needs special attention by
the researchers is the possible impact BPA exposure in critical
growth periods can have on human subjects later in life, espe-
cially with respect to developing T2DM. It should be noted
that the current body of evidence on the possible link between
exposure to BPA and the risk of developing T2DM is not
extensive enough to be the basis for making relevant policies
and develop practice guidelines, again warranting further re-
search in this domain in the areas suggested above.
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