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Association between Exposure to p,p0-DDT and Its Metabolite p,p0-DDE with
Obesity: Integrated Systematic Review and Meta-Analysis
German Cano-Sancho,1 Andrew G. Salmon,2 and Michele A. La Merrill1
1Department of Environmental Toxicology, University of California, Davis, Davis, California, USA
2Office of Environmental Health Hazard Assessment, California Environmental Protection Agency, Oakland, California, USA

BACKGROUND: The prevalence of obesity is increasing in all countries, becoming a substantial public health concern worldwide. Increasing evidence
has associated obesity with persistent pollutants such as the pesticide DDT and its metabolite p,p0-DDE.
OBJECTIVES: Our objective was to systematically review the literature on the association between exposure to the pesticide DDT and its metabolites
and obesity to develop hazard identification conclusions.
METHODS: We applied a systematic review-based strategy to identify and integrate evidence from epidemiological, in vivo, and in vitro studies. The
evidence from prospective epidemiological studies was quantitatively synthesized by meta-analysis. We rated the body of evidence and integrated the
streams of evidence to systematically develop hazard identification conclusions.

RESULTS: We identified seven epidemiological studies reporting prospective associations between exposure to p,p0-DDE and adiposity assessed by
body mass index (BMI) z-score. The results from the meta-analysis revealed positive associations between exposure to p,p 0-DDE and BMI z-score
(b=0:13 BMI z-score (95% CI: 0.01, 0.25) per log increase of p,p 0-DDE). Two studies constituted the primary in vivo evidence. Both studies reported
positive associations between exposure to p,p0-DDT and increased adiposity in rodents. We identified 19 in vivo studies and 7 in vitro studies that
supported the biological plausibility of the obesogenic effects of p,p0-DDT and p,p0-DDE.
CONCLUSIONS:We classified p,p0-DDT and p,p0-DDE as “presumed” to be obesogenic for humans, based on a moderate level of primary human evi-
dence, a moderate level of primary in vivo evidence, and a moderate level of supporting evidence from in vivo and in vitro studies. https://doi.org/
10.1289/EHP527

Introduction
The Obesity Society defines obesity as a disease characterized by
an excess of body fat, either total body fat or a particular depot of
body fat, which increases the likelihood of comorbidities such as
diabetes, hypertension, coronary heart disease, stroke, some can-
cers, obstructive sleep apnea, or osteoarthritis (Allison et al.
2008; Arnold et al. 2015; Jokinen 2015). Obesity has been
increasing in all countries, with prevalence doubling during the
past three decades to become a substantial public health concern
worldwide (Ogden et al. 2014; WHO 2014). Among children and
adolescents, the prevalence of obesity follows similar time trends
and those akin comorbidities are also diagnosed at early ages
(I’Allemand et al. 2008).

Excess caloric consumption and sedentary behavior are
some of the risk factors traditionally identified as the main pro-
moters of obesity and overweight. These risks alone do not
explain the increased body weight and odds of obesity have
also been observed among primates and rodents serving as ex-
perimental controls, feral rodents, and domestic dogs and cats
across recent decades in the United States (Klimentidis et al.
2011). Instead the complex etiology of this condition involves
multiple interrelated causes, such as genetic, social, and envi-
ronmental factors (Speakman and O’Rahilly 2012; WHO 2014).

Some environmental pollutants, including lipophilic persistent
organic pollutants, have been associated with an increased risk
of overweight and obesity in epidemiological and experimental
studies (Lee et al. 2014; Taylor et al. 2013; Thayer et al.
2012). This evidence supports the “obesogen” hypothesis,
which predicts that some xenobiotic chemicals “inappropriately
regulate lipid metabolism and adipogenesis to promote obesity”
(Grün and Blumberg 2006). Extensive data in support of this
hypothesis illustrates that the developmental period is a vulner-
able window during which transient environmental exposures
may inappropriately regulate energy balance or adiposity over
the long term (Grün and Blumberg 2006; La Merrill and
Birnbaum 2011).

The body of evidence for obesogenic effects of the pesti-
cide dichlorodiphenyltrichloroethane (DDT) and its metabolite
dichlorodiphenyldichloroethylene (DDE) has increased notably
in the last decade, with a particular focus on exposure during
prenatal development. Technical DDT is a persistent organic
pesticide mixture of three isoforms, p,p0-DDT, o,p0-DDT, and
p,p0-DDD. In the present paper we use the term DDTs to iden-
tify the molecular family including these DDT isoforms and
their metabolites (e.g., p,p0-DDE). The commercial formulation
was widely used for the control of disease (e.g., malaria, ty-
phus) vectors in most countries from the mid-1940s to the late
20th century. DDT is still manufactured in India for control of
malaria primarily in India and Africa, where the quantity used for
vector control (71% of total) has not changed substantially since
the Stockholm Convention restricted its use (ATSDR 2002;
Rogan and Chen 2005; UNEP 2010). Moreover, due to the
extremely high persistence and lipophilicity of DDTs, internal
exposure to DDTs remains ubiquitous in many countries decades
after the ban was enforced (Rogan and Chen 2005; Smith 1999).

DDTs are listed by the California Environmental Protection
Agency (CalEPA) as causing developmental and reproductive
toxicity and have recently been classified by the International
Agency for Research on Cancer (IARC) as probably carcinogenic
to humans (Cal/EPA-OEHHA 2016; Loomis et al. 2015), yet no
study of its obesogenic effects has attempted to deliver hazard
identification conclusions by means of a systematic approach to
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integrate all the evidence. The advantages of applying a Grading
of Recommendations Assessment, Development, and Evaluation
(GRADE) working group approach has been extensively demon-
strated in fields such as clinical medicine and public health, and
some recent studies have depicted the benefits of its implementa-
tion in environmental health assessment to increase the transpar-
ency, rigor, and reproducibility on the decision-making process
(Lam et al. 2014; Morgan et al. 2016; Sheehan and Lam 2015;
Woodruff and Sutton 2014). Thus, the main objective of this
study was to systematically review and integrate the available lit-
erature on the association between exposure to the pesticide DDT
and obesity to deliver hazard identification conclusions.

Materials and Methods
We applied a systematic review–based strategy to evaluate and inte-
grate evidence from epidemiological, in vivo, and in vitro studies.
The methodological approach is based on the National Toxicology
Program Office of Health Assessment and Translation’s (NTP/
OHAT) Handbook for Conducting a Literature-Based Health
Assessment with support of the Navigation Guide, both of which
provide a standardized methodology to implement the GRADE
approach to environmental health assessments (OHAT 2015a;
Rooney et al. 2014). We followed a pre-specified protocol (see “1.
SYSTEMATIC REVIEW PROTOCOL” in the Supplemental
Material) that was slightly modified throughout an iterative process
to refine the integrated systematic review seeking to answer the
study question.

In terms of logistics, the NTP/OHAT Handbook considers
two valid approaches depending on the size and complexity of
the project: the main review maybe either a) independently con-
ducted by two members of the review team; or b) conducted by
one member of the review team, with a second member of the
team confirming the exclusion determination of the first reviewer.
Accordingly, we implemented the second approach, where the
screening, data extraction, and data synthesis process were per-
formed by one reviewer (G.C.-S.) after checking the reproduci-
bility, reliability and validity of outcomes by means of a full-
duplicated pilot trial where two reviewers (G.C.-S. and M.A.L.)
performed the entire process in a subsample of studies and com-
pared the outcomes. Results from the pilot trial demonstrated that
no improvement of accuracy and reliability nor reduction of
errors were observed when we compared the results from both
reviewers. Discrepancies were discussed with a third reviewer
(A.G.S.) and external expert advisors. The confidence on the
body of evidence rating was performed through a panel discus-
sion with the presence and final agreement of the reviewers.

Study Question and Eligibility Criteria
We formulated the search question: “Does exposure to DDT
increase obesity in humans?” Accordingly, we defined the eligi-
bility criteria for the key elements (population, exposure, compa-
rators, and outcomes; PECO) summarized in the PECO statement
(Table 1).

We initially included human prospective studies reporting
associations between DDTs and health outcomes related to
increased adiposity, overweight, and obesity, considering contin-
uous body mass index (BMI) and its z-score (BMI-z) as a primary
outcome. The preferred choice of BMI-z and BMI among clini-
cians and their extensive use in epidemiology prompted us to
choose these outcomes as primary. Cross-sectional studies were
excluded to avoid potential reverse causality that can result from
the effect of adiposity on circulating lipophilic chemical levels
(La Merrill et al. 2013). The metabolite p,p0-DDE was considered

the major biomarker of exposure to DDT given its high occur-
rence, but we also explored the associations with other isoforms.

We retained in vivo studies reporting associations between
DDTs (excluding mixtures with other pollutants) and adiposity as
the main stream of evidence. The use of crude body weight has
limited applicability to characterize obesity in animal models if
adiposity or other related outcomes are not measured, and risk of
misclassification has already been demonstrated (Nascimento
et al. 2008; Woods et al. 2003).

Based on a preliminary literature search, we anticipated a lim-
ited number of studies addressing our primary research question
with animals, and expanded the evidence with health outcomes
directly related to adiposity. The supporting body of evidence
included in vivo studies detailing associations between DDTs and
energy imbalance; on the basis that an imbalance between energy
intake and energy expenditure is considered the primary etiology
for excess fat accumulation (Drenowatz 2015; Martinez 2000),
measurements of thermogenesis and energy expenditure were
considered directly applicable. We considered abnormal lipids
(circulating and hepatic) as additional supporting outcomes
because dyslipidemia is a principal metabolic comorbidity associ-
ated with obesity (Bays et al. 2013). Adipokines were also con-
sidered secondary to adiposity because of the association of
adiponectin with adipocyte differentiation and the proportional
relationship between circulating levels of leptin and fat mass
(Stern et al. 2016).

As depicted in the NTP/OHAT framework, we also consid-
ered supporting evidence from in vitro studies that addressed
mechanisms underlying the causes of obesity. Among in vitro
studies, we considered enhanced adipogenic differentiation of
cells, including lipid, protein, and RNA changes associated with
this process. Additionally, we considered the adipokines as reli-
able markers of in vitro adipocyte expansion for their high associ-
ation with differentiation and regulatory role on lipid homeostasis
(Fu et al. 2005; Stern et al. 2016).

Concerning the publication type, we only considered reports
that contained original data and were peer-reviewed, thus excluding
reviews. All publication dates were considered and articles not writ-
ten in English were excluded. Conference papers were excluded.

Search Strategy
The search string (see “1.3.2. SEARCH” in the Supplemental
Material) was applied to three electronic literature databases
[MEDLINE (http://www.ncbi.nlm.nih.gov/pubmed), EMBASE
(https://www.embase.com), and Scopus (http://www.scopus.
com)] on 23 March 2015, and a follow-up search was performed
on 8 January 2016. The search strategy was developed to identify
human, in vivo, and in vitro studies reporting original data on the
associations of DDTs with obesity given that some outcomes of
interest here may be indexed under co-morbidities of obesity
such as diabetes, dyslipidemia, and metabolic syndrome. We also
searched for measures of energy imbalance, and adipogenic dif-
ferentiation, as well as protein and RNA measures associated
with these processes, as indicators of mechanisms underlying
the potential causes of obesity. The search was run without fil-
ters and without limitation on publication date. The records
were pooled in Endnote X7 and screened manually to eliminate
duplicates. The resulting library was uploaded to DistillerSR
online software (Evidence Partners) to carry out the selection of
studies.

Selection of Studies
The selection was performed in DistillerSR (Evidence Partners)
software in a two-step process: During the first step, the studies
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were screened based on the title and abstract. The included and
doubtful studies were screened in a second step, using the full-
text to conclude if the studies meet the inclusion criteria.

Data Extraction
The data was extracted using data forms specifically designed for
human, in vivo, and in vitro studies (see “5. DATA FORMS” in
the Supplemental Material) in DistillerSR and exported to Excel.
The data was extracted by a main reviewer (G.C.-S.) and checked
by an additional external reviewer (M.A.L.) to ensure accuracy.
Discrepancies and controversial issues were discussed by the
reviewer team, and external advice was requested when it was
required. We contacted the authors to request additional data
when it was required.

Data Synthesis and Meta-Analysis
We synthesized the data from human epidemiological studies by
means of meta-analysis of effect estimates. Data from in vivo and
in vitro studies were synthesized and displayed to summarize the
direction of the effect while comparing of doses among studies
using forest plots adapted from Thayer et al. (2012). The effect
estimates initially considered for pooling the data were beta
regression coefficients (b) for continuous outcomes, and risk
ratios (RR) and/or odds ratios (OR) for dichotomous outcomes.
However, the different methodological approaches, metrics, and
outcomes used in the different studies only allowed pooling b
estimates for continuous models with BMI-z as the dependent
variable and p,p0-DDE as the independent variable with the corre-
sponding covariables. The effect sizes were summarized using
the inverse variance method for random-effects meta-analysis
(DerSimonian and Laird 1986). Studies also provided the meas-
ures of variance of the effect size, such as confidence intervals
(CI). Between-study variance in a random-effects meta-analysis
was represented by tau squared (s2). Heterogeneity was assessed
with the I2 statistic, which quantifies the heterogeneity and
degree of inconsistency among studies. The results were inter-
preted according Cochrane’s criteria: I2 between 0% and 40%:

heterogeneity might not be important; between 30% and 60%:
may represent moderate heterogeneity; between 50% and 90%:
may represent substantial heterogeneity; and between 75% and
100%: considerable heterogeneity (Higgins and Green 2011).
Potential small-study bias was evaluated by funnel plots and
Egger’s test (Harbord et al. 2006). The influence of each individ-
ual study in a meta-analysis was investigated by omitting each
study in turn and reestimating the summary estimate.

Rating and Integrating the Evidence for Hazard
Identification
We applied the NTP/OHAT framework (OHAT 2015a), based
on the GRADE approach (Guyatt et al. 2011a), to rate the confi-
dence in the body of evidence, translate to a level of evidence,
and integrate the different streams of evidence to deliver the haz-
ard identification conclusions. The overall work-flow process is
illustrated in Figure 1, considering two primary bodies of evi-
dence from human studies (increased BMI-z) and animal studies
(increased adiposity). Two additional bodies of evidence (second-
ary outcomes from in vivo and in vitro studies) were included as
complementary information to support the associations and its bi-
ological plausibility. The confidence and level of evidence was
evaluated independently for each body of evidence (e.g., human
primary outcomes, in vivo primary outcomes, in vivo secondary
outcomes, and in vitro secondary outcomes), establishing an ini-
tial confidence rating based on key study design features. The
body of evidence from in vivo and in vitro studies were initially
rated with high confidence because they control the exposure lev-
els, which in turn are prior to the outcome, the outcome measure
is collected at the individual level, and a comparison group equal
in all conditions save the exposure is always used. In contrast, the
body of evidence composed of human prospective studies was
initially classified as moderate confidence because observational
studies fail to control the exposure levels or provide a comparison
group known to be absolutely free of all sources of confounding
(compared with randomized controlled trials). Despite the limita-
tions related to the uncontrolled exposure, the prospective

Table 1. PECO statement.

Study type Population Exposure Comparators Outcomes

Epidemiological
studies

Humans studied prospectively
without restrictions on country,
race, religion, sex.

Exposure to DDT and derivatives or
isoforms based on administered
dose or concentrations, environ-
mental measures or indirect meas-
ures. The exposure must be
measured individually using direct
validated biomonitoring methods.
We excluded studies to assess the
therapeutic use of o,p 0-DDD iso-
form, commercially known as
mitotane or lysodren.

Reference groups of population
exposed at lower levels of
DDTs than the rest of popula-
tion groups.

Primary outcome: body mass
index (BMI) and z-score,
overweight, and obesity.

All ages and/or life-stage at
exposure or outcome assess-
ment were included with excep-
tion of newborn (birth outcomes
were excluded).

In vivo studies Any animal model, sex, age,
lifestage at exposure or outcome
assessment.

Exposure to all types of DDT and
derivatives or isoforms and their
mixtures, including all ranges of
concentrations, duration, and routes
of exposure.

Experimental animals receiving
vehicle-only treatment.

Primary outcome: adiposity (e.g.,
relative or absolute weight,
DXA, EchoMRI).

We excluded studies including DDT
in mixtures with other pollutants.

Secondary outcomes: dyslipide-
mia, abnormal lipids, other
markers of metabolic homeosta-
sis, energy balance.

In vitro studies Any cell lines and/or in vitro
procedures.

Exposure to all types of DDT and
derivatives or isoforms and mix-
tures, including all ranges of con-
centrations, duration, and routes of
exposure.

Cells receiving vehicle-only
treatment.

Adipogenic differentiation, gene
expression of metabolic regula-
tors, adipokines.

We excluded studies including DDT
in mixtures with other pollutants.

Environmental Health Perspectives 096002-3



observational studies are considered reliable approaches to estab-
lish causative associations between pollutant exposures and dis-
ease. Moreover, given the ethical limitations on carrying out
controlled trials with pollutants in humans, this epidemiological
design is considered the most feasible and reliable approach
(Johnson et al. 2014).

Subsequently, these initial ratings were subjected to a sequen-
tial process considering those factors that may affect (upgrading
or downgrading) the confidence, including the risk of bias, impre-
cision, publication bias, indirectness, magnitude, dose response,
plausible confounding, and consistency across populations and
models (Figure 1). The risk of bias was evaluated by means of
risk of bias tools specifically designed for human epidemiolog-
ical studies and animal studies and slightly adapted for DDTs
and obesity outcomes (Koustas et al. 2014; OHAT 2015b).
The rationale for risk of bias rating and results may be
found in the Supplemental Material for humans (see “6.
INSTRUCTIONS TO ASSESS THE RISK OF BIAS OF
HUMAN EPIDEMIOLOGICAL STUDIES” and Tables S10–
S17) and animal studies (see “7. INSTRUCTIONS TO
ASSESS THE RISK OF BIAS OF IN VIVO STUDIES” and
Tables S24–S32). The extended rationale for rating the
confidence and integrating the evidence is reported in the
protocol (see “1.4. RATING THE BODY OF EVIDENCE”
and “1.5. INTEGRATION OF EVIDENCE AND HAZARD
IDENTIFICATION CONCLUSIONS” in the Supplemental
Material). We did not assess the risk of bias of in vitro

studies because of the lack of risk of bias tools or guidance
to assess the internal quality; however, we considered the
remaining confidence factors (Figure 1) to rate the confidence
in the in vitro body of evidence (Rooney et al. 2016). In
brief, the NTP/OHAT’s risk of bias tiered approach considers
key elements or risk of bias domains to establish the risk of
bias classification for each individual study (Tier 1 to 3).
Individual studies are classified in the Tier 1 when the key
elements are considered as having “definitely low” or “prob-
ably low” risk of bias, and classified in the Tier 3 when the
key elements are considered as having “definitely high” or
“probably high” risk of bias (see “1.4. RATING THE BODY
OF EVIDENCE” in the Supplemental Material). In the sec-
ond level of risk of bias evaluation, the rating of the overall
risk of bias in the body of evidence is classified as “not
likely,” “serious” or “very serious,” depending on whether
most information is gathered from studies classified as Tier 1,
2 or 3, respectively (see Table S2). The confidence rating pro-
cess was completed considering the upgrading and downgrad-
ing factors and balanced together to deliver a final rating for
each of the four bodies of evidence (Figure 1). This final con-
fidence rating for each body of evidence (human, in vivo pri-
mary, in vivo supporting, and in vitro supporting) was
translated to a level of evidence (low, moderate, or high) for
each of the primary evidence streams and for the supporting
evidence stream, considering additionally the nature and
direction of the effect (“health effect” and “no health effect”).

Figure 1. Flow chart for rating the quality and integration of evidence from human and animal evidence, and the judgments of primary and supporting evi-
dence for hazard identification conclusions.

Environmental Health Perspectives 096002-4



The two primary bodies of evidence were integrated using the
hazard identification scheme to provide a preliminary classifica-
tion of the obesogen hazard identified for DDTs (“known,” “pre-
sumed,” “suspected,” or “not classifiable” hazard for humans;
Figure 1). The final level of evidence (low, moderate, or high)
from the supporting body of evidence (in vivo secondary out-
comes and in vitro secondary outcomes) was considered for its
indication that evidence exploring biological plausibility war-
ranted an upgrade or downgrade of the preliminary hazard
classification.

Software
The libraries were created in Endnote X7 (Thomson Reuters) and
Excel 2010 (Microsoft Windows). The selection and data extrac-
tion was managed by the on-line software DistillerSR (Evidence
Partners, Ottawa, CAD) and exported to Excel. Statistical meta-
analysis was performed with Stata version 14 (StataCorp,
College Station, TX, USA).

Results

Study Acquisition
Initially 5,024 articles were identified from PubMed (n=662
articles), Scopus (n=2,198 articles), and Embase (n=2,164
articles), which were reduced to 3,585 after manual removal of
1,439 duplicates (Figure 2). After screening the titles and
abstracts, we retained 330 records for full-text screening, result-
ing in 39 full-text peer-reviewed articles retained for data extrac-
tion, which comprised 13 human studies, 19 in vivo studies, and
7 in vitro studies. Among the 13 human studies that met the eligi-
bility criteria only 7 studies were retained for quantitative synthe-
sis in the meta-analysis. We were unable to include 6 prospective
studies (see Table S18) in the meta-analysis due to heterogeneity
introduced by the reported outcomes, for example, beta estimates
of BMI, and risk and trend estimates for overweight and obesity.
In addition, there was no formal guidance for the qualitative syn-
thesis of those studies in the NTP/OHAT handbook. For space
considerations, the study characteristics were placed in the
Supplemental Material data for each stream of evidence quanti-
tated here, for example, human studies (see Table S8) and nonhu-
man studies (see Tables S19–S21).

Evidence from Human Epidemiological Studies
Study characteristics. The effect estimates initially considered
for pooling the data were b regression coefficients for continu-
ous outcomes, and risk ratios and/or odds ratios for dichoto-
mous outcomes. However, the paucity of many possible
exposure metrics and outcomes used in the studies led us to
conduct the meta-analysis on the most prevalently reported ex-
posure and outcome combination: b estimates for continuous
models with BMI-z as a dependent variable and p,p 0-DDE as
an independent variable.

The population size varied among the seven included pro-
spective human studies, ranging from 114 (Delvaux et al. 2014)
to 788 participants (Cupul-Uicab et al. 2010). Most studies
reported the results pooled for males and females, and only three
studies provided stratified or independent results for each gender
(Cupul-Uicab et al. 2010; Tang-Péronard et al. 2015; Warner
et al. 2014). The rates of participation ranged from 36% (Høyer
et al. 2014) to 91% (Cupul-Uicab et al. 2010). The cohorts were
from the United States (Warner et al. 2014), Spain (Agay-Shay
et al. 2015), Belgium (Delvaux et al. 2014), Greece (Vafeiadi
et al. 2015), Greenland (Høyer et al. 2014), Poland (Høyer et al.
2014), Ukraine (Høyer et al. 2014), Mexico (Cupul-Uicab et al.
2010), and Denmark (Tang-Péronard et al. 2015).

Health outcome assessment. The anthropometric measure-
ments were performed by clinicians, primarily on children
between 4 and 9 y of age (Agay-Shay et al. 2015; Delvaux et al.
2014; Høyer et al. 2014; Warner et al. 2014), though two studies
focused on the early, up to 2.5 y (Cupul-Uicab et al. 2010), or
later, 20 y (Tang-Péronard et al. 2015), stages of life. Given the
early age of participants in most studies, obesity and/or over-
weight were often ascertained by means of standardized anthro-
pometric measurements, such as the body mass index (BMI)
z-scores. Due to the lack of unified criteria among clinicians, dif-
ferent reference charts and guidelines were used to calculate
BMI-z scores, including standards such as the 2000 Centers for
Disease Control and Prevention (CDC) Growth Charts (Cupul-
Uicab et al. 2010; Warner et al. 2014), the International Obesity
Task Force Growth Charts (Vafeiadi et al. 2015), or the British
growth reference data (Delvaux et al. 2014).

Exposure assessment. Most studies evaluated the association
of obesity with prenatal exposure to p,p0-DDE in mothers’ sera,
yet one study explored the associations with postnatal (at age
8–10 y) exposure to p,p0-DDE in the index children’s serum
(Tang-Péronard et al. 2015). Most studies were performed in the
framework of national biomonitoring programs, providing exter-
nal references on the validity and analytical performance of meth-
odological procedures. These methodologies commonly utilized
gas chromatography–high resolution mass spectrometry, which is
able to detect nearly 100% of p,p0-DDE. The exposure levels var-
ied largely among studies (see Table S9). Among those studies
reporting the exposure levels of p,p0-DDE standardized by lipid
content, the median concentrations ranged between 1:1 ng=g
(Warner et al. 2014) and 2,700 ng=g (Cupul-Uicab et al. 2010).
For those studies reporting exposures by their wet-based values,
the median exposure levels of p,p0-DDE presented narrower esti-
mates ranging from 0:24 lg=L (Delvaux et al. 2014) to 1:9 lg=L
(Vafeiadi et al. 2015). Beyond the absolute differences in the
exposure levels between cohorts, especially large differences
were noticed between the arbitrary boundaries of exposure and
reference groups when comparing the different studies (see
Table S9).

Lipid adjustment. The complex relationships between the
levels of DDTs and other lipophilic pollutants, serum lipids,
and obesity are not fully understood (La Merrill et al. 2013),
and researchers commonly infer assumptions about these

Figure 2. Flow chart of the systematic review process.
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relationships to formulate their causal models. The three most
common approaches are to a) model the exposure levels in
lipid basis (e.g., ratio of pollutant levels by the triglyceride and
cholesterol content), b) include the blood lipid content as a
covariate in the regression model, or c) use the unadjusted wet-
weight values (Li et al. 2013). Some simulation studies
revealed that the first approach (ratio chemical exposure by
lipids) may bias the estimates compared with the other
approaches (Gaskins and Schisterman 2009; Schisterman et al.
2005). However, there is no consensus on which is the best
approach to apply in complex scenarios such as the obesogenic
effect of DDTs, where a lipophilic compound is causally
related with an obesity outcome and circulating lipid levels
(Patel et al. 2012). The two main approaches were present
among the studies included in the present meta-analysis, with
five studies modeling the exposure concentration levels stand-
ardized by lipids (lw) as a ratio of p,p 0-DDE/serum lipid levels
(Agay-Shay et al. 2015; Cupul-Uicab et al. 2010; Høyer et al.
2014; Tang-Péronard et al. 2015; Warner et al. 2014), and two
studies modeling the wet-weight (ww) levels of p,p 0-DDE
(Delvaux et al. 2014; Vafeiadi et al. 2015), while including the
lipid content as a covariate (see Table S8).

Confounding bias. The studies retained for meta-analysis
addressed potential confounding bias by adjusting for known
confounders in multivariate regression models (see Table S8).
Most studies adjusted for maternal BMI, or occasionally for
maternal weight and/or height. Most analyses also included
adjustment for maternal age, education, parity, and breastfeeding
and an indicator of socioeconomic status (race, education,
income, social class, and/or socioeconomic index). Birth weight
was also included in the model of two studies (Agay-Shay et al.
2015; Vafeiadi et al. 2015). Physical activity and/or diet were
adjusted in models of three studies (Agay-Shay et al. 2015;
Høyer et al. 2014; Tang-Péronard et al. 2015). Maternal smoking
was modeled as a confounder in the majority of studies retained
here (Cupul-Uicab et al. 2010; Delvaux et al. 2014; Høyer et al.
2014; Vafeiadi et al. 2015) with the exception of one study in
which maternal smoking did not modify the effect estimate
(Warner et al. 2014). One study concluded that risk of obesity
associated with DDTs would be exacerbated by maternal smok-
ing (Cupul-Uicab et al. 2010). Maternal alcohol consumption
was included as a confounder in the regression models of one
study (Høyer et al. 2014).

Sex. The estrogenic effect of o,p0-DDT and the anti-androgenic
effects of p,p-DDT and p,p0-DDE emphasize the potential effect
modification of sex and most studies anticipated this by adjusting
the model by sex (Agay-Shay et al. 2015; Delvaux et al. 2014;
Høyer et al. 2014; Vafeiadi et al. 2015) and/or modeling the data
stratified by sex after testing the interaction of sex with p,p0-DDE
(Tang-Péronard et al. 2015; Warner et al. 2014; Delvaux et al.
2014). However, the interaction results of individual studies
demonstrated no consistent sex-specific trends. Whereas two
studies indicated males were more at risk of an association
between DDTs and obesity measures (Tang-Péronard et al.
2015; Warner et al. 2014), another study indicated females
were more at risk of an association between DDTs and obesity
measures (Delvaux et al. 2014).

Results from the meta-analysis. Seven studies reporting asso-
ciations between blood p,p0-DDE and continuous BMI-z by
means of adjusted b coefficients were included in the meta-
analysis. The associations of BMI-z with the exposure to the
other DDTs were by far less evaluated, and the meta-analysis of
such subsamples was not feasible. Similarly, other health out-
comes were reported (e.g., BMI, waist circumference, over-
weight, and obesity) by few studies with heterogeneous

methodologies, making the meta-analysis underpowered and
inaccurate (see Table S18). The pooled b coefficients for males
and females were selected for all studies with the exception of
Tang-Péronard et al. (2015), where a gender interaction was
reported and thus was plotted individually. In the case of
Delvaux et al. (2014), we detected a typo in the manuscript and
contacted the authors who provided the correct estimate (b=0:22
instead of 0.95 BMI-z, 95% CI: −0:06, 0.51). When the studies
provided different b values for different percentiles or tertiles of
p,p0-DDE instead of continuous trends, we selected the highest
estimate (worst-case scenario).

The overall association between exposure to p,p0-DDE and
BMI-z was significantly positive with a b of 0.13 BMI-z per log
increase of p,p0-DDE (95% CI: 0.01, 0.25 BMI-z; n=7 studies;
Figure 3). The stratified analysis of units (lipid weight vs. wet
weight) indicated the associations were on a similar scale across
these units and suitable for pooling, supported by the global het-
erogeneity (I2 of 39.5%). A sensitivity analysis excluding one
study each time showed the confidence intervals overlapped the
null in five of the eight possible combinations (see Figure S5).
Despite the low number of studies, the funnel plots did not show
marked asymmetry and Egger’s test did not reveal statistically
significant small-study effects (see Figure S6).

Confidence in the body of evidence and level of evidence.
The full rationale and results for rating the confidence in the body
of evidence are provided in “4.2. RATING THE CONFIDENCE
IN THE OF BODY OF EVIDENCE FROM HUMAN STUDIES
AND LEVEL OF EVIDENCE FOR HEALTH EFFECT” in the
Supplemental Material, and the results of the confidence rating
process are summarized in Figure 1 for each stream of evidence
considering those upgrading and downgrading factors, as well as
the initial and final confidence rating decisions and integration of
evidence. We provided a preliminary rating for the confidence
with the body of evidence of “moderate” for human studies based
on the intrinsic characteristics of observational prospective stud-
ies (OHAT 2015a).

We considered risk of bias, unexplained inconsistency,
indirectness, imprecision, and publication bias among the
downgrading factors (Figure 1). The rationale and results from
risk of bias assessment from each individual study are
described in Tables S10–S17). The risk of bias domains we
most critically considered were confounding bias, performance
bias, and detection bias.

We initially considered that confounding bias could be an
issue because relevant confounding variables such as physical ac-
tivity or diet were only included in three of eight models.
However, we have not seen any evidence in the experimental lit-
erature indicating DDTs cause hyperphagia or sedentary activity
(La Merrill 2014; Howell et al. 2015). Indeed, based on a prelimi-
nary search of the literature, we generated a directed acyclic
graph (DAG) (see Figure S5) to select potential key confounders
the maternal BMI, maternal smoking, and sex, which were con-
trolled by all studies. Hence, we did not feel confounding bias
was more substantial than allowed for in the penalization of the
initial confidence rating to moderate.

We considered that another potential risk of bias was per-
formance bias due to the extended use of single-pollutant models
where simultaneous exposure to complex mixtures of xenoge-
nous chemicals was reported by the authors or highly suspected.
Only one study addressed this potential performance bias; princi-
pal component analysis identified an association of the DDE-
containing component with both increased BMI z-score and risk
of overweight, but no other components (Agay-Shay et al. 2015).
Following the OHAT risk of bias rating tool (2015b), we only
penalized studies that did not control for other exposures if the
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sample population had high exposure; however, only one study
population was occupational or acutely contaminated (Warner
et al. 2014). From this, we did not find that performance bias
was a concerning bias domain.

Detection bias was also discussed because the studies esti-
mated exposure from a single measurement; thus some risk of ex-
posure misclassification could be suspected. Yet given the
narrow windows of exposure, we judged the risk of bias to be
low due to the high correlation of exposure estimates in biologi-
cal samples collected serially across the prenatal and neonatal
periods (Longnecker et al. 1999). Further, all studies used gas
chromatography with mass spectrometry, the gold standard
method to assess DDE levels. Overall, we classified most human
studies in the Tier 1 of risk bias because we did not suspect bias
among the other domains, and the key domains of confounding
and detection bias were judged as having definitively or probably
low risk of bias, being that the overall risk of bias was considered
“not likely.”

The between-studies low heterogeneity (I2 39.5%) and var-
iance (s2 < 0:013) were not considered concerning enough to
downgrade the confidence for unexplained inconsistency. Some
inconsistencies may be explained by the sex-stratified results of
Tang-Péronard et al. (2015), the only study that reported a stat-
istically significant interaction of exposure effects with sex
effects. We did not penalize the confidence rating concerning
indirectness because the human studies prospectively assessed
obesity and adiposity outcomes associated with exposures to

DDTs. Despite large differences between the exposure groups
and reference levels across studies, the narrow confidence
intervals of the meta-estimates indicated no evidence for a lack
of precision on the meta-estimates; hence we concluded unex-
plained imprecision was not serious enough to downgrade. The
funnel plots did not show asymmetry; however, considering
the absence of private funding or conflict of interest, as well as,
the lack of potentially unpublished studies (e.g., conference
abstracts, gray literature), we determined publication bias was
not serious.

Another source of concern was the potential selection bias
associated with the exclusion of six studies (see Table S18) from
the meta-analysis solely because their outcome metrics differed
from the seven included studies. Among the six different studies
reporting results from five different cohorts, results from four
cohorts indicated some positive associations between p,p0-DDE
and measures of adiposity in both children and adults (Michigan
fisheaters, Faroe Islands, PIVUS, and AMICS-INMA-Menorca),
whereas null associations were reported in one cohort (CPP).
Overall we had no reason to suspect that those results could
threaten the confidence in the body of evidence included in the
present study or reveal new insights on the direction and magni-
tude of our estimates.

We also considered those factors that may upgrade the confi-
dence, such as the magnitude, dose response, residual confound-
ing, and consistency across populations (Figure 1). We concluded
that the magnitude of the effect was too modest to justify

Figure 3. Forest plot of the association between exposure to p,p 0-DDE with BMI-z from human prospective studies, stratified by exposure units (lipid weight
and wet weight). The effect size estimate is the adjusted coefficient regression (b) with 95% confidence intervals (units in BMI z-score per log increase of p,p 0-
DDE) for combined gender (males and female) unless the strata is specifically reported in the cohort label: (F) females or (M) males. Cohorts: CHAMACOS,
Center for the Health Assessment of Mothers and Children of Salinas; EYHS, Danish part of the European Youth Heart Study; FLEHS I, first Flemish
Environment and Health Study; RMCC, Rhea Mother–Child Cohort; INMA-Sabadell, Infancia y Medio-Ambiente Child and Environment birth cohort.
Countries: GL, Greenland; SK, Warsaw Poland; UA, Ukraine; US, United States. Age: age at outcome assessment.
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Figure 4. Forest plot of the associations between exposure to p,p 0-DDT and p,p 0-DDE and (A) energy balance, (B) circulating adipokines, (C) abnormal liver
lipids, and (D) abnormal blood lipids from in vivo studies. Symbols: upward-pointing triangle, increase effect; downward-pointing triangle, decrease effect;
circle, no statistical effect. Upward-pointing triangle means adversity of the health effect. Abbreviations: CBA, conjugated bile acids; CHO, cholesterol; DPC,
day post-coitus; F, females; FAs, fatty acids; GD, gestational day; HFD, high-fat diet; LE, lipogenic enzymes; LW, liver weight; M, males; NS, no specified;
PG, parental generation; PHO, phospholipids; PND, postnatal day; SD, Sprague-Dawley; T, temperature; TAG, triacylglycerol; TL, total lipids; TnG, transge-
nerational. Doses were approximated to the daily body weight basis using the conversion factors specified in Table S22.
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upgrading that confidence rating (see Figure S5). The presence
and shape of a dose–response trend was inconsistent across studies
(see Table S9). This may reflect a nonmonotonic trend and/or
wide variability in the levels of DDTs used to define boundaries of
reference and exposure groups across studies. We were concerned
about potential residual confounding caused by lipid adjustment of
exposure levels given that lipid adjusting the levels of contami-
nants has been demonstrated to provide more biased results than
those models using wet values and including the lipid concentra-
tion as a covariate in the model (Gaskins and Schisterman 2009;
Schisterman et al. 2005). However, if we consider the in vivo
results further expanded upon below (Figure 4), we see incon-
clusive support of the hypothesis that abnormal blood lipids
are in the causal pathway between DDTs and obesity (see
Figure S7). For instance, only half of the experimental evi-
dence available demonstrated positive relationships between
DDTs and blood triglycerides and cholesterol (Figure 4A) in
spite of the consistent lipid disruption in liver (Figure 4B); for
these reasons, we did not upgrade the residual confounding or
consistency.

After balancing the upgrading and downgrading factors,
the final rating of the confidence with the body of evidence was
finally appraised to be “moderate.” The results supported the
direction of the association towards the “health effect,” thus we
translated the confidence into a “moderate” level of evidence for
the associations between exposure to p,p0-DDE and increased ad-
iposity in humans (Figure 1).

Evidence from Primary in Vivo Studies
We retained two studies evaluating the associations between
DDTs and adiposity (La Merrill et al. 2014; Skinner et al. 2013)
as a primary body of evidence from in vivo studies (Table S19).
Due to the low number of studies, we synthetized the results
qualitatively instead of using meta-analysis.

One study evaluated adiposity longitudinally by EchoMRI™
after perinatal exposure to p,p0-DDT and o,p0-DDT (1:7 mg=kg
bw, from gestational day 11.5 to postnatal day 5). Perinatal
DDTs caused a transient increase in body and fat mass for several
months in young adult female but not male mice, and no

Figure 5. Forest plot of the association between exposure to p,p 0-DDT and p,p 0-DDE and (A) adipogenic differentiation, (B) expression of metabolic regu-
lators, and (C) adipokines from in vitro studies. Symbols: upward-pointing triangle, increase effect; downward-pointing triangle, decrease effect; circle, no
statistical effect. Upward-pointing triangle means adversity of the health effect. Abbreviations: ATGL, adipose triglyceride lipase; CEBP enhancer-binding
protein; Fabp4, Fatty acid binding protein 4; Fasn, fatty acid synthase; Insig1, Insulin-induced gene-1; LpL, lipoprotein lipase; PPAR, peroxisome prolif-
erator-activated receptor; Srebf1, sterol regulatory element-binding protein 1c.
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differences in female or male body composition when later fed
high-fat diet. The effects of perinatal DDTs on adiposity were
further explained by reductions in thermogenesis and energy ex-
penditure. The metabolic disruption by perinatal DDTs was
accompanied by dyslipidemia, glucose intolerance, hyperinsulin-
emia, and altered bile acid metabolism (La Merrill et al. 2014).

A transgenerational study performed with adult rats exposed
to p,p0-DDT (25 and 50 mg=kg body weight) followed up obesity
status in the subsequent three generations. The classification of
obesity was established by an increase of body weight and ab-
dominal adiposity. Among DDT-exposed lineages, only male and
female offspring from the F3 generation and male offspring from
the F4 generation had an increased prevalence of obesity. The
authors concluded that the etiology of obesity in DDT-lineage
rats may be in part due to environmentally induced transgenera-
tional inheritance of differential DNA methylation regions in
sperm (Skinner et al. 2013).

Confidence in the body of evidence and level of evidence.
The initial rating of the confidence in the body of primary evi-
dence of experimental animal data was considered to be “high”
(Figure 1; see also “4.3. RATING THE CONFIDENCE IN THE
BODY OF PRIMARY EVIDENCE FROM IN VIVO STUDIES
AND LEVEL OF EVIDENCE FOR HEALTH EFFECT” in the
Supplemental Material), comparable to human randomized con-
trolled trials where the exposure levels were controlled at indi-
vidual level prior to the health outcomes, and using suitable
control groups. As with the human evidence stream, we eval-
uated those factors that could modify this preliminary classifica-
tion. Both studies were rated at low or probably low risk of
bias for most of bias domains, which included their proper con-
siderations of litter effects. The exemption was that one study
was classified as probably high risk of bias in the sequence
generation domain due to the lack of randomization of treat-
ments (see Table S24). We judged the overall risk of bias to be
of the “serious” risk of bias rating given that this rating has the
criteria that most information was from Tier 1 and 2 studies,
although plausible biases raise some doubt about the results
(Figure 1; see also Table S2). The results from both experimen-
tal studies had some relevant inconsistencies. For instance,
Skinner et al. (2013) observed obesity only in the third and
fourth generations, whereas La Merrill et al. (2014) reported
increased adiposity in the first generation. Inconsistencies in the
methodological approaches (e.g., timing, dose, and route of ex-
posure; rodent model) may explain these disparities; however,
because there are only two studies, we concluded consistency is
unknown in accordance with NTP/OHAT guidance (OHAT
2015a) and thus we did not downgrade due to inconsistency.
According GRADE guidelines, downgrading by indirectness
may be only justified when there is some compelling reason to
suspect the different biology could modify the magnitude of the
effect (Guyatt et al. 2011b). Both studies used rodent models
(C57BL/6J mice and Hsd:Sprague-Dawley rats), which are con-
sidered directly applicable to human obesity, thus we rated indi-
rectness as “not serious.” An acceptable number of animals per
treatment and controls were used in both studies (n=15, La
Merrill et al. 2014; n=30, Skinner et al. 2013), providing accu-
rate estimates with narrow error bars; accordingly, we decided
imprecision was not serious. Despite the limited number of
studies, we judged publication bias was not serious enough to
downgrade the confidence.

We further considered factors dictating an upgrade the initial
rating of the confidence, but we concluded that the limited magni-
tude of the effect, the absence of dose-response analysis, and the
absence of plausible residual confounding would not justify a de-
cision to upgrade the confidence (see “4.3. RATING THE

CONFIDENCE IN THE BODY OF PRIMARY EVIDENCE
FROM IN VIVO STUDIES AND LEVEL OF EVIDENCE FOR
HEALTH EFFECT” in the Supplemental Material). Despite the
consistent direction of results in two mammalian species, and in
turn with the human epidemiological results, we did not upgrade
for consistency because of the limited number of available studies
to conclude such a relationship.

Overall, we considered the main body of evidence from ani-
mal studies, assembled by only two studies, as having “serious”
risk of bias. Thus, we downgraded the initial confidence, finally
rating the confidence in the body of evidence as “moderate.” The
nature or direction of the effect was to a health effect, thus the
confidence was translated to a “moderate” level of evidence of
obesogenic effects of DDTs in in vivo studies (Figure 1).

Evaluating the Support for Biological Plausibility:
in Vivo Studies
We considered measures of energy imbalance such us body tem-
perature and cold intolerance, as well as associated protein and
RNA measures, as indicators of mechanisms underlying the
potential causes of obesity. We considered tissue lipid levels as
secondary outcomes in the supporting body of evidence as they
are merely correlated with an obese state. Six studies were
retained because of their reported associations with end points
closely related to metabolic homeostasis such as energy imbal-
ance and adipokines (Figure 4A,B). We retained 15 in vivo stud-
ies reporting associations between DDTs and abnormal lipids
(Figure 4C,D), which is one of the main metabolic comorbidities
associated with excessive body fat (Bays et al. 2013; Klop et al.
2013). Some studies simultaneously reported evidence of differ-
ent outcomes giving a total count of 19 studies (Tables S20 and
S21).

Markers of metabolic disruption. We considered impaired
energy expenditure and changes in circulating adipokines as
markers of metabolic disruption associated with obesity (Figure
4A,B). Two of three studies found that exposure to DDTs
decreased rectal temperature, a surrogate marker of thermogenesis
that contributes 60–90% to total energy expenditure (Landsberg
2012), in two rodent species. Perinatal exposure to DDTs
(1:7 mg=kg bw) decreased body temperature, energy expenditure
and cold tolerance of female mice (La Merrill et al. 2014), con-
sistent with risk of obesity. Those findings where mechanisti-
cally supported by the reduction of brown adipose mRNA
expression of Ppargc1a, master regulator of thermogenesis, and
Dio2, an upstream mediator of thermogenesis. In agreement
with these results, obese Sprague-Dawley rats exposed to DDT
(5:60 lgDDTs=kg body weight/d) exhibited lower core body
temperature compared with the control during HFD feeding and
subsequent 60% caloric restriction periods (Ishikawa et al.
2015). However in the third study, mice with acutely toxic DDT
exposure (535–1,821 mg=kg) had no change in rectal tempera-
ture (Ahdaya et al. 1976). The exposure of C57BL/6H mice to
p,p0-DDE at 0.4 and 2 mg=kg for 5 or 13 wk had no effect on
the serum levels of adipokines closely related with energy bal-
ance such as leptin, adiponectin, or resistin (Howell et al. 2014;
Howell et al. 2015).

Abnormal lipids. We defined abnormal lipids as elevated lip-
ids (cholesterol, triglycerides, or fatty acids) in blood or liver,
increased liver weight (as surrogate measurement of hepatic stea-
tosis), and increased activity of liver lipogenic enzymes. An over-
all positive association was seen between a wide range of DDTs
and abnormal lipids consistently in the livers of rats and mice,
where DDTs increased hepatic lipids, total liver weights, and li-
pogenic enzymes (Figure 4C). The majority of conflicting find-
ings were clustered in blood (9 null of 16 data points in blood;
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Figure 4D), suggesting weaker evidence associating DDTs with
dyslipidemia, particularly blood fatty acids. However, fatty acid
composition and distribution in adipose tissue from Wistar rats
was disrupted after oral exposure to p,p0-DDE (100 lg=kg=day)
for 12 wk (Rodríguez-Alcalá et al. 2015). Lipid homeostasis was
also disrupted by experimental treatment of DDTs in two non-
mammalian systems, sailfin mollies and Japanese quail. For
instance, the whole-body levels of total lipids and triglycerides in
sailfin mollies were reduced at the highest exposure levels of
50 lg=L o,p0-DDT (Benton et al. 1994). The DDT isoform 1,1-
di-p-chlorophenyl-2 chloroethylene (DDMU) increased the liver
weights and hepatic triglycerides of Japanese quail (Westlake
et al. 1979).

Confidence in the body of evidence and level of evidence.
We established a preliminary rating of “high” confidence with
the body of evidence based on the features of animal study design
(Figure 1; see also “4.4. RATING THE CONFIDENCE IN THE
BODY OF SUPPORTING EVIDENCE FROM IN VIVO
STUDIES”). Considering most studies have “probably high” risk
of bias for randomization, concealment, and blinding when these
methods are not reported, we downgraded the confidence based
on risk of bias (Figure 1). The central role of energy imbalance in
causing obesity and the close relationship of lipid abnormalities
with adiposity were the main rationale to judge the directness suf-
ficient. We did not consider imprecision serious and had no rea-
son to suspect publication bias.

The available evidence for the increased hepatic lipids and
impaired thermogenesis by DDTs was consistent across two
mammalian species (Figure 4) and with the expectations from the
positive meta-estimates of the associations of p,p0-DDE with adi-
posity in human studies (Figure 3). However, because of the
lack of consistency of blood lipid disruption and absence of
effects on adipokine levels, we did not upgrade due to consis-
tency. There was no justification for upgrading confidence
based on the modest magnitude of effects in most studies, the
infrequent assessment of dose response, and unlikelihood of
residual confounding. After assessing the different factors that
may affect the confidence, we modified the initial confidence
rating of “high” to “moderate” as the final rating of confidence
and level of evidence for in vivo supporting evidence consider-
ing the direction of the effect to the presence of “health
effects” (Figure 1).

Evaluating the Support for Biological Plausibility:
in Vitro Studies
Typical phenotypic changes during pathological fat expansion
may include increased adipogenesis (number of differentiated
cells and/or quantity of fat accumulation), disruption of lipid me-
tabolism (lipolytic and lipogenic processes) and disruption of adi-
pokines involved in energy balance (e.g., leptin and adiponectin)
(Bays et al. 2013). The most reported mechanism of action for
obesogen compounds involve the disruption of PPAR-c, which
is considered a master regulator of adipogenesis and lipid ho-
meostasis (Gore et al. 2015). Reflecting on these prior obser-
vations, we considered measures of enhanced adipogenic
differentiation—as well as lipid, protein, and RNA measures
associated with this process—as those mechanisms evidencing
a potential cause of obesity.

Adipocyte differentiation and lipogenesis.We retained seven
references reporting associations between exposure to DDTs and
outcomes related to adiposity using in vitro models (see Table
S23). Exposure to p,p0-DDT consistently increased the adipo-
genic differentiation (Figure 5A) of 3T3-L1 preadipocytes
(Moreno-Aliaga and Matsumura 2002) and mesenchymal stem
cells (MSCs) (Strong et al. 2015). The presence of p,p0-DDT also

initially accelerated the differentiation process of 3T3-F442A
cells; however, their differentiation was not complete (Moreno-
Aliaga and Matsumura 2002). The adipogenic effect of p,p0-DDT
may relate to its estrogen receptor agonism (Nelson 1974), given
that adipogenic differentiation of MSCs was strongly inhibited by
the estrogen receptor inhibitor fulvestrant (Strong et al. 2015).

Unlike p,p0-DDT, exposure to p,p0-DDE showed inconsistent
effects on adipogenesis (Figure 5A). Although one study found
insignificant effects on adipogenic differentiation up to 100 lM
p,p0-DDE (Taxvig et al. 2012), two studies reported significant
effects at low (0:01–2 lM) and high (10–100 lM) concentrations
(Ibrahim et al. 2011; Mangum et al. 2015). Mangum et al. (2015)
argued that some methodological limitations could justify the
null results in their previous study (Howell and Mangum 2011).
Furthermore, p,p0-DDE increased the fatty acid uptake in
NIH3T3-L1 and increased the proliferation of human preadipo-
cytes (Chapados et al. 2011; Howell and Mangum 2011).

Expression of metabolic regulators. Overall, positive associ-
ations between exposure to either p,p0-DDT or p,p0-DDE and
both adipokines and master regulators of adipogenesis were
reported in mice preadipocytes and human MSCs (Figure 5B,C).

Consistent with increased adipogenesis, the master regulator
of adipocyte differentiation PPAR-c, was more highly expressed
in p,p0-DDT treated cells than the controls in differentiated 3T3-
L1 cells (Moreno-Aliaga and Matsumura 2002) and mesenchy-
mal stem cells (Strong et al. 2015). The effect of p,p0-DDE was
not consistent; whereas one study did not show statistically sig-
nificant effects (Mangum et al. 2015), the other showed decreased
activation at the highest doses (Taxvig et al. 2012). Srebf1 RNA,
encoding the downstream target of PPAR-c and mediator of adi-
pogenic differentiation SREBP1C, was also overexpressed in
cells treated with p,p0-DDE (Mangum et al. 2015). Protein
C=EBP-a, considered with PPAR-c the key transcription regula-
tion factors in adipogenesis and lipogenesis, was also increased
after incubation with p,p0-DDT, but the expression of C=EBP-b
was unaffected (Moreno-Aliaga and Matsumura 2002). Above
these doses of DDTs, the activation of PPAR-c was reduced in
NIH-3T3 cells (Taxvig et al. 2012).

The majority of studies found increased adipokine parameters
in pre- and differentiated adipocytes by DDTs (Howell and
Mangum 2011; Mangum et al. 2015; Taxvig et al. 2012), with
the exception of one study whose authors found a decrease of
resistin at the lowest concentration tested (5 lM) (Taxvig et al.
2012).

Confidence in the body of evidence and level of evidence.
Similar to the in vivo studies, we classified the body of evidence
from in vitro studies with an initial high level of confidence based
on the features of routine in vitro study designs (Figure 1; see
also “4.5. RATING THE CONFIDENCE IN THE BODY OF
SUPPORTING EVIDENCE FROM IN VITRO STUDIES” in the
Supplemental Material). Among downgrading and upgrading fac-
tors, we noted a lack of consistency among the results of adipo-
genic differentiation caused by p,p0-DDE. Only half of the results
showed statistically significant increases, and the positive results
were not consistent acoss overlapping dosing concentrations
(Ibrahim et al. 2011; Mangum et al. 2015; Taxvig et al. 2012).
Similarly, lack of consistency extended to the effects of p,p0-
DDE on mRNA expression of the main master regulator of adi-
pogenic differentiation PPAR-c (Figure 5B). We contrasted these
p,p0-DDE inconsistencies with the generally consistent increased
differentiation and Pparg expression with p,p0-DDT exposure
that supported the main in vivo evidence. We decided to down-
grade due to the inconsistency observed in p,p0-DDE (Figure 1)
given that its relevance to the human stream of evidence and that
risk of bias could not be assessed here but was deemed serious in
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all other experimental streams of evidence evaluated. The
remaining downgrading and upgrading factors were not consid-
ered compelling enough to modify the overall evaluation (see
“4.5. RATING THE CONFIDENCE IN THE BODY OF
SUPPORTING EVIDENCE FROM IN VITRO STUDIES” in the
Supplemental Material), including the applicability of the tested
doses (see Figure S9). For example, although adipokine parame-
ters were consistent across all in vitro studies, their lack of con-
sistency with in vivo secondary outcomes precluded upgrade on
this basis. The balance led to “moderate” as the final rating of
confidence and level of evidence, accounting for the presence of
“health effects” as the nature of the associations (Figure 1).

Integration of the Body Evidence and Hazard Identification
We first integrated the two streams of primary evidence—moder-
ate level of human evidence and moderate level of in vivo evi-
dence—and thus we classified p,p0-DDT and p,p0-DDE as
“presumed” obesogens to humans (Figure 1). We applied a sys-
tematic approach to integrate the supporting evidence with the
preliminary classification of the human and in vivo primary evi-
dence. According our conceptual framework, a high or low level
of supporting evidence of biological plausibility from in vitro
and/or in vivo studies may justify upgrading or downgrading the
preliminary classification, respectively. In this regard, the moder-
ate supporting evidence from in vivo and in vitro studies did not
justify any modification of the preliminary hazard classification
(Figure 1). Thus, the final hazard identification conclusion was
that p,p0-DDT and p,p0-DDE are “presumed” to be obesogenic in
humans, based on a moderate level of primary human evidence, a
moderate level of primary in vivo evidence, and a moderate level
of evidence from in vivo and in vitro studies that supported the bi-
ological plausibility of the association.

Conclusions
Obesity is characterized by the expansion of adipose tissue mass,
which is often accompanied by metabolic dysfunctions. Results
from this meta-analysis, limited to prospective epidemiological
studies, demonstrated a significant positive association between
exposure to p,p0-DDE and adiposity. These epidemiological
observations were integrated with experimental evidence of
increased rodent adiposity, impaired energy expenditure, fatty
liver, and adipogenic expansion that were estimated to fall within
the range of the human exposures from prospective studies (see
Figures S8 and S9).

The risk of obesity was observed among human populations
exposed to p,p0-DDE, mainly during the prenatal period although
one study also provided estimates from postnatal exposure. The
increased risk of human obesity due to prenatal exposure to p,p0-
DDE was also in agreement with in vivo primary evidence, dem-
onstrating prenatal exposure to DDTs increases the adiposity of
subsequent generations of rodents. In accordance with the pri-
mary in vivo evidence, the limited in vitro studies available
reported higher adipogenic differentiation among preadipocytes
exposed to p,p0-DDT but inconsistently so when exposed to p,p0-
DDE.

Developmental exposure is one of the main pillars of the obe-
sogenic hypothesis because the vulnerability of developing tis-
sues to adult metabolic disease (Barker 1990; La Merrill and
Birnbaum 2011). The latency of developmental exposure effects
on obesity is postulated to result from impaired adipocyte differ-
entiation (La Merrill et al. 2013) and/or epigenetic changes
(Heindel et al. 2015), both evidenced here. For example, in the
rats whose obesity was associated with the exposure of their
ancestors to DDT, DNA methylation of sperm differed according

to that trans-generational DDT exposure (Skinner et al. 2013).
The potential human relevance of that provocative finding is sug-
gested by the recent demonstration that both obesity and surgical
weight loss also cause dramatic changes in the DNA methylation
of sperm collected from men (Donkin et al. 2016).

Obesity is ultimately the result of energy imbalance, and
energy expenditure via thermogenesis was impaired in two mam-
malian species exposed to DDTs. Although the mechanism(s)
underlying this physiological phenomenon were sparsely studied,
one in vivo study further supported biological plausibility by
demonstrating a decrease in brown adipose RNA responsible for
regulating thermogenesis (La Merrill et al. 2014).

Epidemiological Research Needs
The research on DDTs has focused on the associations between
obesity outcomes and the major metabolite p,p0-DDE however
comparatively little is known about the role of the primary com-
mercially important parent compound p,p0-DDT. Given that p,p0-
DDT exposure is primarily due to its manufacture or use, whereas
p,p0-DDE exposure can be attributed to contamination of the
environment and food supply, distinguishing the causal obesogen
among them would have substantial implications for public
health policies. The meta-analysis of dose–response profiles
across populations remains analytically prohibitive with respect
to the variable background exposure levels and increments
between exposure categories. Improvements in both the quantita-
tion and statistical analysis tools for the exposome can address
these needs.

Several potential residual confounding factors should be con-
sidered in future models because of their relevant role in obesity
etiology. For example, few epidemiological studies controlled for
poor diet or sedentary lifestyle, two substantial obesity risk fac-
tors. However, we found no evidence that DDTs reduce exercise
or cause hyperphagia (Howell et al. 2015; La Merrill et al. 2014).
Future epidemiological studies should evaluate measures of
energy intake and expenditure as potential confounders of the
association between DDTs and obesity given the current paucity
of this investigation.

Experimental Research Needs
There is a substantial need for further in vivo and in vitro mecha-
nistic studies to demonstrate biological plausibility of the associa-
tion between DDTs and obesity. For instance, the causal role of
the endocrine system (e.g., insulin, thyroid, estrogen, and andro-
gen axes (Chen et al. 1997; Kelce et al. 1995; La Merrill et al.
2014; Nelson 1974) on obesity associated with exposure to
DDTs is uncharacterized despite evidence that both exposure and
outcome are associated with these endocrine systems. Indeed
mechanistic questions involving DDTs and obesity related out-
comes should be conducted at numerous doses relevant to the
human condition in multiple species. For example, in vitro stud-
ies of human cells are urged to demonstrate that mechanistic find-
ings exhibited in mouse cells can operate in humans. Such efforts
will allow for more rigorous dose–response analyses, and for
stronger evidence of consistency.

Future experimental obesogen studies with animals must
measure adiposity directly. The use of crude body weight has
very limited applicability to characterize obesity in animal mod-
els if adiposity or other related outcomes are not measured and
greatly limited the number of primary in vivo studies analyzed
here (Nascimento et al. 2008; Woods et al. 2003). The body
of evidence from animal studies addressing primary outcomes
also needs to be strengthened by corroborating existing results,
especially considering dose relevance and transgenerational
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outcomes. Better mechanistic characterization of the effects of
DDTs on diseases often comorbid with obesity, for example, type
2 diabetes, dyslipidemia, and hepatic steatosis, will also be criti-
cal in informing causal models underlying epidemiological
analyses.

Primary Limitations and Strengths of This Study
Limitations

• This study relied on a search strategy designed to address
multiple outcomes from multiple streams of evidence, focus-
ing on high sensitivity rather specificity. More specific
search strategies may better characterize mechanistic path-
ways; nonetheless, we did not suspect we missed relevant
publications.

• The paucity of prospective epidemiological data on DDTs
and adiposity outcomes did not allow us to parse out robust
stratified meta-analysis. For instance, comparing effect mod-
ification between DDTs, lipid adjustment, and exposure and
outcome windows.

• The variable and narrow range of exposure to DDTs across
studied human populations is likely a poor reflection of the
entire dose-response relationship. The impact this has on
variability in the defined range of reference groups, the ab-
sence of p,p0-DDT data in humans, and the possibility of
non-monotonic dose–response among populations could
underestimate the meta-estimate effect size.

• Judgmental inference was required to rate the confidence
and integrate evidence. Potential subjective influence was
minimized by critical review of multiple coauthors itera-
tively until consensus was reached.

• Risk of bias tools and guidelines were unavailable for in
vitro studies. They are needed for applying the evidence-
based framework to in vitro data here and to the growing
body of evidence from high-throughput screening programs.

Strengths
• The meta-analysis of human evidence, limited to prospective
studies determined with quantitative biomonitoring techni-
ques, exhibited moderate heterogeneity and statistically sig-
nificant positive associations.

• Experimental evidence from in vivo studies, limited to adi-
posity as primary outcome, was consistent with impaired
thermogenesis, a secondary outcome relevant to obesity
etiology.

• In this study, we applied a systematic and structured
approach to data collection, data analysis, evidence rating,
and integration using the GRADE-based NTP/OHAT proto-
col to draw hazard identification conclusions on the obeso-
genic effects of DDTs; that increases the rigor, transparency,
and reproducibility.

To the best of our knowledge, this is the first study to systemati-
cally integrate evidence about the obesogenic effects of the pesti-
cide DDT and its metabolite DDE. We integrated different
streams of evidence from human, primary in vivo, and secondary
in vivo and in vitro studies, and determined that each provides a
moderate level of evidence supporting our conclusion that DDT
and DDE exposures during the developmental period can be clas-
sified as “presumed” human obesogens. This is essential to
inform decisions in the ongoing cost–benefit debate of the contin-
ued use of DDT as an insecticide (Conis 2010). Further, this
study also highlights metabolic disruption triggered by environ-
mental pollutants as a novel end point to be considered in risk
assessment frameworks. Finally, it has been estimated that the an-
nual economic impact of obesity as a consequence of exposure to
DDT and DDE is 62 million USD in the European Union and
United States (Attina et al. 2016). Thus, policy makers should

also consider the preventive strategies reducing the exposure to
obesogen compounds in overall disease and budget management.
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