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Obesity is increasing in developed countries 
and is a commonly known risk for disorders 
such as impaired glucose tolerance, meta-
bolic syndrome, diabetes mellitus, liver and 
cardiovascular disease (CVD), and cancer 
(Ludescher et al. 2009). Adipose tissue (AT) 
has historically been considered a simple stor-
age tissue; however, its physiological func-
tions have been appreciably reassessed over 
the last decade (Lafontan 2012), and evidence 
for metabolic and endocrine functions of AT 
has accumulated. More is known about the 
histological architecture of AT and the role 
of AT stroma, including immune cells. The 
pathological contribution of AT to obesity 
and metabolic disorders such as type 2 diabe-
tes is gaining more attention. Recently, vari-
ous interactions between AT and persistent 
organic pollutants (POPs) have been reported, 
suggesting that this tissue plays a significant 
role in the kinetics and the toxicity of POPs 
(Kim et al. 2011, 2012). 

On the basis of these studies, we propose 
that AT, in addition to its other metabolic 
and endocrine functions, has diverse toxico-
logical functions: a) AT can store a variety 

of hydrophobic xenobiotic chemicals, in par-
ticular POPs; b) AT constitutes a low-grade 
internal source of stored POPs leading to 
continuous exposure of other tissues; and 
c) AT can be a target for the effects of a xeno
biotic chemical that alters AT functions, 
increases AT inflammation, and/or modulates 
the differentiation of AT precursor cells. For 
instance, obesogens are exogenous chemi-
cals (from a nutritional, pharmaceutical, or 
environmental origin) that directly or indi-
rectly increase obesity through disruption 
of metabolic, hormonal, or developmental 
processes (Grun and Blumberg 2007; Schug 
et al. 2011). Conversely, several POPs are 
known to induce cachexia, particularly at 
high doses. In this review, we discuss these 
issues and present evidence that supports a 
complex, previously unsuspected role of AT 
in toxicology.

Metabolic and Endocrine 
Functions of AT
AT is classically viewed as the main reservoir of 
energy mobilized from the body. In fact, AT is 
not merely an energy depot, it is essential for 

normal carbohydrate and lipid homeostasis. 
When stimulated by insulin, adipocytes store 
glucose as triglycerides in lipid droplets (Stolic 
et al. 2002). Adipocytes meet the energy needs 
in states of metabolic stress, such as fasting, by 
releasing fatty acids through lipolytic processes 
(Lafontan 2012). In addition to the energy-
storing function of AT, adipocytes secrete 
several endocrine factors such as leptin and 
adiponectin, which regulate appetite as well 
as metabolic and inflammatory functions 
(reviewed by Galic et al. 2010). AT has sub
stantial functional breadth in part because of 
the great diversity of cells within this tissue, 
such as adipocyte precursors (preadipocytes) 
in different states of differentiation, vascular 
cells, central nervous system cells, fibroblasts, 
and immune cells. In addition to adipocytes, 
AT is a site of storage and production of 
various substances with autocrine, paracrine, 
and neuroendocrine actions that influence 
behavior, energy regulation, lipid oxidation, 
immune and vascular function, and hormonal 
status, as well as its own metabolism and cellu
larity (reviewed by Galic et al. 2010; Ouchi 
et al. 2011). 

Obesity is characterized by adipocyte 
hypertrophy but also by the accumulation of 
macrophages in AT depots. Accumulation of 
macrophages in the visceral AT depot, but not 

Address correspondence to R. Barouki, Université 
Paris Descartes, INSERM UMRS 747, Centre 
Universitaire des Saints-Pères, 45 rue des Saints Pères, 
75270 Paris, Cedex 06, France. Telephone: 33 (0)1 
42 86 20 75. E-mail: robert.barouki@parisdescartes.fr 

This study was funded by INSERM (Institut 
National de la Santé et de la Recherche Médicale), 
the National Institute of Environmental Health 
Sciences (NIEHS), the Université Paris Descartes, the 
Université Pierre et Marie Curie, and INRA (Institut 
National de la Recherche Agronomique). 

The information in this document has been 
reviewed by the NIEHS and approved for publication. 
Approval does not signify that the contents necessarily 
reflect the views of the agency, nor does the mention 
of trade names or commercial products constitute 
endorsement or recommendation for use.

C.E. is employed by BioSimulation Consulting 
Inc., Newark, DE. The authors declare they have no 
actual or potential competing financial interests.

Received 17 May 2012; accepted 4 December 2012.

Toxicological Function of Adipose Tissue: Focus on Persistent Organic 
Pollutants
Michele La Merrill,1 Claude Emond,2,3 Min Ji Kim,4,5,6,7 Jean-Philippe Antignac,8 Bruno Le Bizec,8 
Karine Clément,9,10,11,12 Linda S. Birnbaum,13,14 and Robert Barouki4,5,6

1Department of Preventive Medicine, Mount Sinai School of Medicine, New York, New York, USA; 2BioSimulation Consulting Inc., 
Newark, Delaware, USA; 3Département de santé environnementale et santé au travail, Université de Montréal, Montréal, Québec, 
Canada; 4INSERM UMR-S 747, Paris, France; 5Université Paris Descartes, Centre Universitaire des Saints-Pères, Paris, France; 6Assistance 
Publique-Hôpitaux de Paris, Hôpital Necker-Enfants Malades, Paris, France; 7Université Paris 13, Sorbonne Paris Cité, INSERM U698, 
Bobigny, France; 8ONIRIS, USC 2013 INRA, LABERCA, Atlanpole-La Chantrerie, Nantes, France; 9INSERM, U872, Nutriomique équipe 7, 
Paris, France; 10Centre de Recherche des Cordeliers, Université Pierre et Marie Curie-Paris 6, UMR S 872, Paris, France; 11Assistance 
Publique-Hôpitaux de Paris, Hôpital Pitié-Salpêtrière, Département Nutrition et Endocrinologie, Paris, France; 12CRNH-Ile de France, Paris, 
France; 13National Cancer Institute, and 14National Institute of Environmental Health Sciences, National Institutes of Health, Department of 
Health and Human Services, Research Triangle Park, North Carolina, USA 

Background: Adipose tissue (AT) is involved in several physiological functions, including metabolic 
regulation, energy storage, and endocrine functions. 

Objectives: In this review we examined the evidence that an additional function of AT is to modulate 
persistent organic pollutant (POP) toxicity through several mechanisms.

Methods: We reviewed the literature on the interaction of AT with POPs to provide a comprehensive 
model for this additional function of AT.

Discussion: As a storage compartment for lipophilic POPs, AT plays a critical role in the toxico­
kinetics of a variety of drugs and pollutants, in particular, POPs. By sequestering POPs, AT can 
protect other organs and tissues from POPs overload. However, this protective function could 
prove to be a threat in the long run. The accumulation of lipophilic POPs will increase total body 
burden. These accumulated POPs are slowly released into the bloodstream, and more so during 
weight loss. Thus, AT constitutes a continual source of internal exposure to POPs. In addition to its 
buffering function, AT is also a target of POPs and may mediate part of their metabolic effects. This 
is particularly relevant because many POPs induce obesogenic effects that may lead to quantitative 
and qualitative alterations of AT. Some POPs also induce a proinflammatory state in AT, which 
may lead to detrimental metabolic effects. 

Conclusion: AT appears to play diverse functions both as a modulator and as a target of POPs 
toxicity.

Key words: adipose tissue, aryl hydrocarbon receptor, development, diabetes, dioxin, inflamma­
tion, obesity, obesogens, polychlorinated biphenyls, toxicity, toxicokinetics. Environ Health Perspect 
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the subcutaneous depot, is associated with liver 
injury (Tordjman et al. 2012). In vitro experi-
ments have shown that macrophage secretions 
profoundly perturb adipose cell biology, pro-
moting a proliferative, proinflammatory, and 
profibrotic state of preadipocytes, as well as 
an insulin-resistant state of mature adipocytes 
(Dalmas et al. 2011). Lymphocytes, natural 
killer cells, and mast cells are found in AT 
parenchyma in obese people, and also in fibro-
sis depots that accumulate in obese subjects 
(Divoux et al. 2010). 

AT is much more than just an energy 
storehouse for the body or a repository for 
lipophilic chemicals. Obesity affects not only 
AT structure but its function. Thus, because 
of these critical AT functions, the interaction 
of POPs with AT could lead to substantial 
metabolic and endocrine disruption. 

AT as a Mechanism 
of Protection
Evidence of a protective function of AT. One 
of the most critical survival functions in a 
complex chemical environment is the ability 
of cells and organisms to detoxify and elimi-
nate xenobiotic chemicals. The best studied 
detoxification machinery is the xenobiotic 
metabolizing system, which includes recep-
tors, metabolizing enzymes, and transporters, 
and which tends to prevent absorption, 
increase water solubility, or decrease reactiv-
ity of xenobiotic chemicals, thus leading to 
their detoxification and elimination from the 
body (Barouki 2010). However, POPs are 
an important class of xenobiotic chemicals 
that are resistant to metabolism. POPs are 
environmentally and biologically persistent, 
which leads to their bioaccumulation and bio-
magnification up the food chain. Fatty foods 
of animal origin (e.g., meat, fish, dairy) are 
important vectors of several classes of POPs, 
including dioxins and polychlorinated biphe-
nyls (PCBs) (Bergkvist et al. 2008). POPs 
include certain organochlorine pesticides; 
polyhalogenated dibenzo-p-dioxins, furans, 
and biphenyls; and certain polybrominated 
flame retardants and perfluorinated chemicals. 
POPs do not readily undergo degradation 
by xenobiotic metabolizing enzymes, largely 
because of their high degrees of halogena-
tion. However, some POPs bind—often with 
high affinity—to certain xenobiotic recep-
tors, as well as to certain xenobiotic metabo
lizing enzymes such as CYP1A2 (cytochrome 
P450 1A2), without undergoing catalytic 
transformation (Diliberto et al. 1999). Such 
binding plays a significant role in the dis-
tribution of POPs. Because of their hydro
phobicity, POPs tend to distribute into 
lipophilic compartments, particularly the AT. 

POPs are taken up by adipocytes and 
localize within lipid droplets (Bourez et al. 
2012). However, the precise location of POPs 

within AT and their actual effects at the 
subcellular level are poorly understood. The 
accumulation of POPs within AT is believed 
to decrease their availability to other cells 
and tissues, thereby limiting their systemic 
toxicity. Experimental evidence supports 
such a protective function for AT. Studies 
conducted in the 1980s and 1990s showed an 
inverse correlation between POPs toxicity and 
fat mass of different animal species. Geyer 
et al. (1993) compared the 30‑day toxicity of 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
in approximately 20 terrestrial animal species 
and found a positive correlation between the 
adiposity of these species and their median 
lethal dose. These authors concluded that 
the species with the highest fat mass tended 
to display more resistance to TCDD in this 
acute toxicity test. Their conclusions were in 
line with studies showing that resistance of 
aquatic species to dioxin was also related to 
their fat mass content (Lassiter and Hallam 
1990). However, these observations should 
not be taken as evidence that adiposity is the 
only factor discriminating dioxin-sensitive 
and ‑resistant species. There is clear genetic 
evidence for a major contribution of the 
aryl hydrocarbon receptor (AhR) to dioxin 
toxicity. 

The toxicokinetic role of AT. AT plays a 
major role in the storage and toxicokinetics 
of POPs because of their lipophilicity. The 
histological and anatomical structure of differ-
ent types of AT can influence their contribu-
tion to toxicokinetics. Recently, Sbarbati et al. 
(2010) proposed a new AT classification based 
on AT organization, structure, surrounding 
tissue, and anatomical localization. Additional 
studies are needed to determine whether dif-
ferent properties of these AT subtypes could 
have a pharmacokinetic impact on POPs. 
However, there is currently no evidence for 
differences in POP content under steady-state 
conditions between different types of AT (Kim 
et al. 2011).

Despite the presence of a large number of 
AT cell types, POP storage in AT is believed 
to be primarily in the adipocytes (Bourez et al. 
2012). Adipocyte cytoplasm is almost totally 
composed of triglyceride droplets (Sbarbati 
et al. 2010). The transfer of POPs from the 
vascular environment into the cell or through 
other tissue structures implies that pharmaco
kinetic factors such as tissue volume, anatomi-
cal localization, and blood flow rate influence 
the distribution of the chemicals into AT. The 
default approach is to assume that the tissue is 
flow limited, which means that the distribu-
tion of chemicals contained in blood across 
the well-stirred tissue compartment is fast 
and homogenous. Although this assumption 
is valid for the distribution of many xeno
biotic chemicals into many tissues or organs, 
it appears to be incorrect for the movement of 

several highly lipophilic POPs across the AT 
because of their diffusion-limited (also called 
permeability limited) characteristics (Levitt 
2010). In this case, the distribution of the 
chemicals is slower and may be incomplete. 
The physical basis of this AT diffusion limita-
tion is related to the octanol:water partition 
coefficient (Kow). The diffusion limitation is 
related to the exchange rate between the blood 
and adipose lipid, which becomes rate limit-
ing if Kow is large enough (Levitt 2010). In 
addition, the diffusion limitation values take 
into account the thickness and diameter of the 
adipose capillary network, as well as diffusion 
across the membrane. At steady state, the log 
Kow predicts the capacity of the chemical to 
diffuse into AT and accumulate. 

The best prospective mathematical 
pharmacokinetic method to estimate diffu-
sion coefficients in AT is physiologically based 
pharmacokinetic (PBPK) modeling (Emond 
et  al. 2006). Using PBPK modeling, we 
assumed that the diffusion coefficient param-
eter was constant across AT for a rate ranging 
between 4.5% and 5.0% of the cardiac out-
put of 5.60 L/min (Derelanko and Hollinger 
1995). However, as previously described by 
Levitt (2010), the rate of diffusion in AT is 
usually lower than that, resulting in a delay to 
reach steady state between blood and AT. In 
the future, we may need to determine these 
parameters in different AT types because there 
is some evidence that the rate of diffusion may 
vary in different depots. 

Another important issue, especially for 
obese people, is that the classical pharmaco
kinetic analysis may lead to error in the esti-
mate of distribution volume during steady 
state (Vss). Using classical pharmacokinetic cal-
culations to model highly lipophilic POPs at 
low concentrations often leads to a substantial 
underestimation of Vss and mean residence 
time during the late terminal phase of the 
elimination time curve. An accurate determina-
tion of Vss is required in sound clinical practice 
because it is critical for the proper selection 
of a drug treatment regimen or of environ-
mental chemical distribution and kinetics 
(Berezhkovskiy 2011). Several laboratories use 
magnetic resonance imaging to more accu-
rately study the apparent diffusion coefficient, 
the distribution of AT in the body, the volume 
of AT in the different regions, and the different 
rates of diffusion (Steidle et al. 2011).

When considering POPs as obesogens, it 
is valuable to revisit the evidence pertaining 
to their lipophilicity in various tissues. 
TCDD and dichlorodiphenyltrichloroethane 
(DDT) are transported out of the gut in the 
triglyceride phase of chylomicrons (Vost and 
Maclean 1984). DDT and its metabolites 
also conjugate to hepatic fatty acids, including 
stearic, oleic, linoleic, and palmitic acids 
(Leighty et al. 1980). Although several PCBs 
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and organochlorine pesticides in blood are 
associated with the protein fraction, they are 
also associated with all major lipoprotein 
compartments [very low density lipoprotein 
(VLDL), low density lipoprotein (LDL) 
high density lipoprotein (HDL)] (Vost and 
Maclean 1984). TCDD was also found in the 
same lipoprotein compartments of apolipo
protein  E–deficient (ApoE–/–) and wild-
type mice (Dalton et  al. 2001). Although 
these POP–lipid associations are considered 
responsible for their tissue partitioning, they 
may also be partially responsible for POP 
lipotoxicity (Leighty et al. 1980). 

Recent studies have suggested that some 
heterogeneity exists with respect to both the 
distribution of POPs across AT depots (Ronn 
et al. 2011; Roos et al. 2012) and the associa-
tion of individual POPs with AT mass (Ronn 
et al. 2011; Roos et al. 2012; Yu et al. 2011). 
However, studies of the heterogeneity of POP 
distribution across AT depots need to be 
confirmed because of the limited number of 
subjects that were studied (Ronn et al. 2011; 
Roos et al. 2012). Some differences in the 
association of individual POPs with AT mass 
may be explained by differential lipophilicity 
of various POPs. For instance, circulating lev-
els of highly chlorinated PCBs have a negative 
association with AT mass (e.g., PCBs 153, 
156, 157, 169, 170, 180, 189, 194, 206, and 
209), whereas circulating levels of relatively 
low-chlorine–containing PCBs have a positive 
association with AT mass (e.g., PCBs 74, 99, 
105, and 118 (Ronn et al. 2011; Roos et al. 
2012; Yu et al. 2011). Confirmation of the 
importance of this heterogeneity may contrib-
ute to a better understanding of the relation-
ship between the POP profiles in both serum 
and AT. The utility of an environmental con-
tamination signature for the evaluation of 
food contamination needs further assessment 
in humans (Antignac et al. 2006). 

Clearly, toxicokinetics and computational 
biology represent important approaches that 
are needed to understand the interaction of 
chemicals and AT. Using recent technical 
advances, a more quantitative and accurate 
assessment of these interactions will be possible 
in the future. 

AT as a Source of Chronic 
POP Exposure
As mentioned above, POPs and other lipo-
philic xenobiotic chemicals distribute accord-
ing to their affinity for proteins and lipids and 
are stored primarily in the AT. They are also 
found in blood, from which they can contami-
nate other tissues. Several observations in both 
humans and animals suggest that the release of 
pollutants from AT is an important source of 
blood POPs. 

In humans, most of the evidence has 
been gathered from studies on drastic weight 

loss in obese individuals. Such weight loss 
can be achieved through dietary changes and 
bariatric surgery and could lead to a decrease 
exceeding 30 kg of fat mass. Several indepen-
dent studies have shown an increase in blood 
POPs following fat loss elicited by dietary 
changes either alone or coupled with bariatric 
surgery (Hue et al. 2006; Kim et al. 2011). 
The role of fat mass in the control of POP 
blood levels was further supported by Lim 
et al. (2010) who demonstrated an inverse 
correlation between long-term weight changes 
and POP serum concentrations. 

If increased blood levels of POPs during 
weight loss are related to their release from 
AT, changes in AT POP content would be 
expected. This has been addressed by Kim 
et al. (2011) who determined POP concentra-
tions in both blood and AT and also assessed 
the total amount of fat in the studied indi-
viduals. Their data indicated that the POP 
concentration in AT (expressed per gram 
lipid) increased with weight loss. Although 
this may seem paradoxical, it is not surprising 
because the total amount of fat mass decreases 
considerably, thereby leading to an increased 
concentration of pollutants in AT. Released 
POPs can be taken up readily by the remain-
ing fat, which is essentially an infinite sink. 
Nevertheless, this total POP body burden 
tends to decrease by 15% after weight loss, 
at least for certain POPs (Kim et al. 2011). 
The primary excretion route of most POPs is 
feces, but routes may also include maternofetal 
transfer and lactation (Wendling et al. 1990). 

Evidence from wildlife indicates that fasting 
and AT loss increase circulating POPs. Debier 
et al. (2006) conducted observational studies 
in northern elephant seals, which accumulate 
a large amount of fat to cope with fasting that 
could last several weeks and result in a large 
amount of AT loss. The authors showed that 
fasting was accompanied by an increase in the 
serum concentration of PCBs, likely due to the 
release of PCBs from contaminated fat depots. 
Interestingly, the concentration of PCBs also 
increased in blubber because of the decrease in 
body fat mass. Thus, the mobilization of POPs 
during fasting may lead to toxic effects. 

Experimental evidence also suggests that 
fasting results in redistribution of POPs from 
their AT storage sites. Indeed, Jandacek et al. 
(2005) observed that in rodents pretreated 
with hexachlorobenzene, weight loss led to a 
time-dependent increase in the brain content 
of hexachlorobenzene. In a study in which 
mice were pretreated with DDT, weight loss 
led to increased DDT in all tissues examined 
(e.g., brain, lung, heart, spleen, kidney, liver, 
adipose tissue, blood) except muscle (Ohmiya 
and Nakai 1977). However, there was no 
evidence of a change in DDT metabolism or 
excretion. Thus, decreased AT appears to lead 
to a redistribution of certain POPs, which 

favors movement of POPs toward other lipid-
rich tissues. The enhanced localization of 
DDT in the brain was associated with toxic 
central nervous system outcomes (Ohmiya 
and Nakai 1977).

A critical issue is whether the release of 
POPs from AT during weight loss could also 
lead to toxic outcomes in other organs and tis-
sues of humans. Indirect evidence was obtained 
in humans from several studies of weight loss 
triggered by either diet or diet associated with 
bariatric surgery. Tremblay and colleagues 
(Imbeault et al. 2002; Pelletier et al. 2002; 
Tremblay and Chaput 2009) showed that 
increased serum POPs correlated with altera-
tions in resting metabolic rates, thermogenesis, 
and oxidative capacity of skeletal muscle. In 
a study by Kim et al. (2011), all individuals 
undergoing weight loss had improved blood 
lipid and liver toxicity parameters, but those 
who had the highest serum POP levels showed 
a delay in improvement of these parameters. 
This suggests that POPs may counteract the 
positive effects of weight loss on hepatic and 
serum lipids.

The concentration of POPs in breast milk 
reflects the POP body burden in an individ-
ual; indirect evidence for POP release from fat 
storage tissue in humans has been provided by 
breastfeeding studies. Many POPs and other 
xenobiotic chemicals are found in breast milk 
because of its lipid content. Because of the 
equilibrium between lipid-associated POPs in 
AT, blood, and milk, it is likely that a signifi-
cant fraction of breast milk POPs originates 
from the AT storage compartment, as well as 
from newly absorbed contaminants. In agree-
ment with this model, in a study of female 
rats, You et al. (1999) observed AT DDE con-
centrations that were two to three times greater 
at the end of gestation than after weaning of 
offspring. Milbrath et al. (2009) reported that 
the apparent half-life of dioxin in humans is 
reduced by breastfeeding. While considering 
the potential negative consequences of POP 
presence in breast milk, one should keep in 
mind the important nutritional and immune 
benefits of breastfeeding. 

Several human and animal studies have 
suggested that AT behaves as a toxicokinetic 
buffer for lipophilic pollutants (Figure 1). 
AT is a specific storage compartment for 
these pollutants. However, this is a dynamic 
situation, and release from AT occurs at a 
low basal level that can be magnified during 
weight loss. There is indirect evidence sug-
gesting that released POPs exert some toxic 
effects (Kim et  al. 2011); however, more 
direct evidence is needed. 

AT as a Target of Pollutants
POPs as obesogens. With the study of obeso-
gens still in its infancy, experimental research 
on POPs as obesogens is sparse. In a recent 
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review of the literature on developmental 
exposures that increase risk of obesity, with 
an emphasis on human exposures, we found 
that themes are already emerging (La Merrill 
and Birnbaum 2011). Development (e.g., pre-
natal, postnatal, pubertal) is likely a critical 
window of susceptibility to obesogen effects 
of toxic exposures (Figure 2). Programming 
mechanisms are still unclear but are believed to 
involve epigenetic regulation of critical genes 
that lead to adiposity later in life (Barouki et al. 
2012). Evidence suggests that developmental 
exposures to chemicals that increase the risk of 
obesity sometimes operate in a nonmonotonic 
dose–response manner; cachexia may occur at 
high doses, whereas body and/or adipose mass 
gain occurs at low doses of the same chemi-
cal. Further, there may be sex-specific effects 
of developmental toxic exposures that increase 
the risk of obesity (Tang-Peronard et al. 2011). 
Here, we focus on experimental research on 
POPs that cause obesity and dyslipidemia. 
Developmental exposures to these same POPs 
are positively associated with obesity in humans 
(Valvi et al. 2012).

Some rodent models have indicated that 
dioxin-like (DL) chemicals may be obesogens. 
Zhu et al. (2008) reported that body weights 
of adult C3H/HeN mice exposed to 100 µg 
TCDD/kg body weight once every 2 weeks for 
8 weeks were > 40% higher than those of con-
trol mice. This body weight change was seen 
only when mice were fed a high fat diet, which 
was not out of the range of an American diet. 
In a 1‑month study, chronic developmental 
exposure to the PCB mixture Aroclor 1254 
was associated with increased body weights of 
mouse pups on postnatal days (PNDs) 16–20 
(Branchi et al. 2002). In another study, adult 
mice exposed to 49 mg DL PCB‑77/kg body 
weight had an AhR-dependent increase in body 
mass (Arsenescu et al. 2008). Hennig et al. 
(2005) reported that the same dose of PCB‑77 
increased body mass, fatty liver, abdominal 
fat, and adipocyte hypertrophy in CVD mice. 
Fatty liver, attributed to increased hepatic tri
glycerides and cholesterol, was also observed 
in mice treated with 50 mg DL PCB‑169/kg 
body weight (Kohli et al. 1979). 

There is limited evidence of increased adi-
posity in animal studies of non‑DL POPs; 
however, body fat is seldom assessed in studies 
reporting no increased body mass after POP 
exposure (La Merrill and Birnbaum 2011). 
Prenatal exposure to a major polybrominated 
diethyl ether (BDE-99; 2,2´,4,4´,5-penta-BDE) 
increased mouse birth weight (Lilienthal et al. 
2006), and prenatal and postnatal exposure 
to BDE‑47 (2,2´,4,4´-tetra-BDE) increased 
rat body weights from birth to puberty (when 
the study ended) (Suvorov et al. 2009). In 
the longest study of developmental PBDE 
exposure to examine body weights, Gee and 
Moser (2008) found that male mice exposed 

to BDE‑47 10 days after birth had increased 
body weights from PND47 until the end of 
the study, when animals were 4 months of 
age. These studies all indicate significant effects 
in body composition after perinatal exposure 
to PBDEs; however, the mechanisms remain 
unclear and the data should be interpreted 
with caution because certain preparations of 
BDEs could be contaminated with DL chemi
cals. After perinatal exposure to perfluoro
octanoic acid (PFOA), obesogenic effects do 
not appear until later in life. Mature mice that 
were exposed to low levels of PFOA in utero 
had increased body mass, with an inverted 

U‑shaped dose–response curve (Hines et al. 
2009). When mice reached 18 months of age, 
there was no longer an effect on mouse weight; 
however, the authors observed a positive dose–
response relationship between in utero PFOA 
exposure levels and abdominal brown AT mass 
but a negative relationship between PFOA and 
white AT mass. Consistent with experimental 
findings, a recent prospective human study 
demonstrated that maternal PFOA levels dur-
ing pregnancy were associated with obesity 
in the daughters 20 years later (Halldorsson 
et al. 2012). Organochlorine pesticides may 
also increase adiposity. For example, Rivett 

Figure 1. Dual role of AT in the regulation of POP kinetics. Upon exposure to POPs, these lipophilic pollut-
ants are stored in liver and AT (left); this prevents the action of these pollutants in other sensitive tissues 
and may be protective to a certain extent. POPs released from their storage site in AT constitute a source 
of low-level internal exposure (right). 
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Figure 2. POPs as obesogens and as disruptors of AT structure and function. Strong evidence from both 
in vivo and in vitro studies suggests that POPs can influence the development of AT, particularly at low 
doses. These programming events take place in early life (e.g., fetal, neonatal), probably through epigenetic 
mechanisms, and could have an impact on diseases in adulthood. In addition, POPs can alter AT func-
tion and structure later in life; this occurs primarily through metabolic disruption and inflammation. These 
effects favor the development of metabolic diseases. 
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et al. (1978) reported that low doses of lindane 
elevated the body weights of dogs. Likewise, 
oral DDT exposure increased the body weights 
of female mice and their offspring in a two-
generation chronic-exposure study (Tomatis 
et al. 1972). 

Evidence and implications of lipotoxicity. 
The accumulation of lipids in non-adipose 
tissues has toxic effects on tissue function, and 
this lipotoxicity may lead to diabetes, hyper-
tension, and heart disease. Many of the POPs 
that associate with lipids disrupt their homeo-
stasis. Lipotoxicity and dyslipidemia induced 
by dioxin and DL PCBs occur even in the 
absence of an obese phenotype. For example, 
PCB‑77 has been shown to elevate serum 
VLDL in ApoE–/– mice (Arsenescu et  al. 
2008; Dalton et al. 2001). Similarly, TCDD 
caused an AhR-dependent increase in the 
cholesterol content of atherosclerotic plaques 
and elevated serum LDL in ApoE–/– mice 
(Arsenescu et al. 2008; Dalton et al. 2001; 
Wu et al. 2011). The AhR appears to have an 
innate role in lipid homeostasis. The AhR is 
activated by LDL, and AhR-knockout mice 
have higher levels of serum LDL (McMillan 
and Bradfield 2007). Further, AhR knock-
out Caenorhabditis elegans larva have elevated 
fatty acids (Aarnio et al. 2010). There is also 
evidence to suggest that activity of the AhR 
nuclear translocator (ARNT; which forms a 
heterodimer with AhR) is required for lipo
genesis and glycolysis (Pillai et al. 2011; Wang 
et al. 2009). 

Experimental organochlorine pesticide 
exposures cause systemic lipotoxicity. DDT 
exposure increased cholesterol and triglycerides 
in both serum and AT (Sanyal et al. 1982), and 
increased hepatic triglyceride synthesis (Sanyal 
et al. 1982). Similarly, increased triglyceride 
synthesis was observed in dieldrin-exposed 
rats (Bhatia and Venkitasubramanian 1972). 
Hepatic fatty acid composition and utilization 
was also altered when DDT, endosulfan, or 
dieldrin were administered to rats (Kohli et al. 
1975; Narayan et al. 1990).

Lipotoxicity has also been observed after 
exposure to brominated flame retardants 
and perfluorinated chemicals. Both male 
and female rats exposed to a commercial 
penta‑BDE mixture exhibited a dose-related 
increase in plasma cholesterol (van der Ven 
et al. 2008). In another study of rats exposed 
to a commercial penta-BDE mixture, lipo
lysis rates were increased in ex vivo adipocytes 
(Hoppe and Carey 2007). However, low doses 
of PFOA reduced total cholesterol and tri
glycerides in adult rats; however, in mice, low-
dose PFOA had no effect on cholesterol but 
increased triglycerides (Loveless et al. 2006). 
Although the lipid-lowering effect of PFOA 
exposure in these rodent studies is consis-
tent with peroxisome proliferator-activated 
receptor a (PPARa) agonism (Klaunig et al. 

2003), PFOA is consistently associated with 
elevated cholesterol in humans (Steenland 
et al. 2010). Results of PFOA and perfluoro
octane sulfonate (PFOS) exposures in PPARα 
knock-out mice have shown changes in gene 
expression indicative of lipotoxicity (Rosen 
et al. 2008; Rosen et al. 2010) and altered fatty 
acid metabolism (Rosen et al. 2008). Similarly, 
PFOS-exposed mice had altered gene expres-
sion associated with lipid metabolism (Rosen 
et al. 2010).

These experimental findings have impor-
tant implications for epidemiology studies: 
POP levels in a given tissue are often normal-
ized to lipid content of that tissue. By assum-
ing that the total body burden of POPs is 
evenly distributed in all lipid stores, POP con-
centrations in different matrices can be easily 
compared. Unfortunately, the assumption of 
even distribution of POPs is not always valid. 
In addition, the correlation and attributable 
variation of POPs to lipids varies across studies 
(Guo et al. 1987; Porta et al. 2009), which is 
partially due to variation in the lipid extraction 
methods used by investigators. If some POPs 
cause both obesity and dyslipidemia through 
a common causal pathway, normalizing POPs 
to lipids may inadvertently adjust the effect of 
POPs toward the null. Indeed, in a recent lon-
gitudinal epidemiology study, Lee et al. (2011) 
found weaker, but still significant, associations 
between POPs and obesity when adjusting for 
serum triglycerides and cholesterol; this sug-
gests that analysis of lipid-adjusted POPs may 
represent an overadjustment, given that these 
chemicals may also perturb lipid metabolism. 
In the absence of definitive information about 
the causal pathway of the effects of POPs on 
outcomes for which dyslipidemia may be on 
the causal pathway (including obesity, dia-
betes, CVD, and the cancers for which obe-
sity and diabetes increase risk, such as breast 
cancer), we recommend presenting analyses 
of POPs both with and without lipid adjust-
ment, which is supported by other scientists 
(Porta et al. 2009).

Disruption of AT function and adipocyte 
differentiation. The mechanisms through 
which POPs could induce the disruption of 
AT function, metabolism, and adipose cell 
differentiation are diverse. Here we present only 
a few of these issues. Results of in vitro studies 
are consistent with a positive role of POPs in 
the risk of obesity. In addition, POPs can act 
by altering the activity of metabolic enzymes. 
For example, both TCDD and PCB‑77 have 
been reported to reduce lipoprotein lipase 
(LPL) activity in vitro unless AhR antagonists 
were present (Hegele 2009; Olsen et al. 1998). 
LPL mutations are associated with severe 
hyperlipidemia in humans.

POPs can also alter adipocyte differen-
tiation; however, the literature in this field 
is somewhat contradictory. Arsenescu et al. 

(2008) observed that low doses of TCDD and 
PCB‑77 could induce adipocyte differentia-
tion in vitro, with greater potency of PCB-77 
than its toxic equivalency factor (TEF) would 
suggest. In different studies, overexpression 
of the AhR was shown to decrease adipocyte 
differentiation and expression of PPARg, a 
marker of adipocyte terminal differentiation 
(Cho et al. 2005; Tontonoz and Spiegelman 
2008). Additional evidence suggests multiple 
and often antagonistic interactions between 
the AhR and the PPARg pathways (Remillard 
and Bunce 2002). Other mechanisms have 
also been suggested to account for the effect 
of DL chemicals on adipocyte differentiation; 
these include the interaction with hormonal 
or retinoic acid receptors or through the regu-
lation of CCAAT/enhancer binding protein 
(C/EBP) protein family isoforms (Mullerova 
and Kopecky 2007; Vogel et  al. 2004). In 
certain cellular systems, large-scale studies 
suggested cooperative antiadipogenic effects 
of dioxin and growth factors (Hanlon et al. 
2005). It is likely that some of the apparently 
contradictory data are due to different cellular 
systems, different developmental stages, differ-
ent species, and different xenobiotic chemical 
doses. For example, DL chemicals may pro-
mote adipocyte differentiation at low doses 
and display an opposite effect at higher doses. 

Cellular and animal studies examin-
ing other POPs also indicate pro‑obesogenic 
effects. PPARg agonism is commonly associ-
ated with most candidate obesogens, including 
perfluoroalkyls, DDT, organotin, phthalates, 
and thiazolidinediones (Kopec et al. 2010; 
La Merrill and Birnbaum 2011). For instance, 
DDT is capable of inducing dose-dependent 
adipocyte differentiation through increased 
PPARg expression (Moreno-Aliaga and 
Matsumura 2002). These mechanistic studies 
suggest complex, multiple, and dose-depen-
dent effects of POPs on AT differentiation. 
Whereas the AhR pathway is clearly impli-
cated, other pathways are also involved, leading 
to nonmonotonic dose–effect relationships. 
Future research should clarify these complex 
and sometimes contradictory effects. 

Because of the importance of the inflam
matory phenotype in metabolic diseases, one 
possible action of POPs would be induction 
of AT inflammation. Many POPs are well-
characterized immunotoxicants. Several 
studies have shown that POPs increase the 
expression of inflammatory genes in adipose 
cells (Arsenescu et al. 2008; Kern et al. 2002; 
Li et al. 2008). We have recently shown, in 
a human model of preadipocytes and adipo
cytes, that the primary effect of TCDD on 
gene expression was the induction of the 
inflammatory pathway (Kim et  al. 2012). 
Furthermore, treatment of mice with 10 µg/kg  
body weight of TCDD led to increased 
gene expression of several cytokines as well 
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as other inflammatory mediators in AT, 
and, importantly, increased the number of 
macrophages in this tissue (Kim et al. 2012). 
Interestingly, in obese individuals, increased 
AT inflammation correlates with increased 
metabolic disruption such as insulin resistance 
and diabetes. These observations suggest 
that, in addition to their effects on obesity, 
POPs may contribute to AT inflammation, 
thereby increasing the likelihood of metabolic 
disruption (Figure 2). 

The mechanisms of DL chemical regula-
tion of inflammation are complex and may 
depend on the system that is studied. Both 
anti-inflammatory and proinflammatory 
effects have been described. Because of the 
endogenous role of the AhR in the regulation 
of immunity, exogenous AhR ligands could 
either mimic or disrupt these pathways thereby 
influencing the regulation of inflammatory 
gene expression (Esser et al. 2009) (Figure 3). 
In addition, complex interactions between 
the AhR and critical transcription factors are 
involved in the regulation of inflammation, 
such as nuclear factor of kappa light poly
peptide gene enhancer in B cells (NFkB) (Tian 
2009; Vondracek et al. 2011). These inter
actions can also be observed in the absence 
of xenobiotics. For instance, the AhR forms 
a complex with signal transducer and activa-
tor of transcription 1 (STAT1) and NFkB to 
negatively regulate the innate inflammatory 
response even in the absence of an exogenous 
ligand (Kimura et al. 2009) (Figure 3). The 
interactions of the AhR with nuclear factor, 
erythroid derived 2, like 2 (NFE2L2) signal-
ing could also account for its regulation of 
inflammation both in adipocytes and in other 
cells (Haarmann-Stemmann et al. 2012; Shin 

et al. 2007). The AhR and its ligands clearly 
modulate the inflammatory response. These 
effects could be due to the perturbation of an 
endogenous function of this receptor, as well 
as to additional effects triggered by xenobiotic 
activation.

Conclusion 
The studies discussed here indicate that AT 
plays a central role in POP toxicology. This 
role is complex and may seem paradoxical. 
Indeed, there is evidence that AT is protective 
under conditions of acute or subacute expo-
sure to POPs. Storage in the lipid droplets has 
a buffering effect and prevents the persistence 
of high blood levels of these POPs and also 
prevents high POP exposure of other more 
sensitive lipophilic tissues such as the brain. 

Furthermore, it is presently unclear where 
and how POPs are stored within the lipid 
droplet, whether associations between POPs 
and lipids alter lipid dynamics, and whether 
adipocytes or other AT cells are exposed to 
higher concentrations of POPs because of 
increased residence time in tissues. If this lon-
ger residence time is responsible for higher 
POP concentrations in AT cells, the storage 
function of AT may lead to increased toxicity 
of POPs toward this tissue. If confirmed, this 
would indicate that the effects of POPs on 
metabolic diseases such as diabetes could be 
explained by primary toxicity to AT, including 
inflammation, disruption of metabolism, and 
altered differentiation. Another likely conse-
quence of the POP-storage function of AT is 
that this tissue constitutes an internal source of 
low‑level chronic exposure of the organism to 
POPs. This is best illustrated by studies of dras-
tic weight loss in which a release of POPs into 
the bloodstream is associated with metabolic 
and liver toxicity (Kim et al. 2011). 

There is ample evidence that AT is also a 
direct or indirect target of POP toxicity. The 
obesogen concept, which highlights the vulner-
ability of the fetal and childhood periods of life 
in which tissue and organ development take 
place, suggests that AT development could 
be a specific target of POP exposure (Barouki 
et al. 2012). It is unclear whether increased 
adiposity is a direct effect, as suggested by 
in vitro studies, or an indirect effect mediated 
by metabolic disruption elicited by certain 
POPs (Arsenescu et al. 2008; Kim et al. 2012). 
There are a number of possible explanations 
for the obesogenic effects of POPs. One possi-
bility is that these effects may be linked to the 
storage function of AT and thus that increased 
adipose mass is a long-term adaptive response 
to POP exposure. It is also intriguing that 
both POP exposure and nutritional imbalance 
disrupt metabolic programming leading to 
obesity and metabolic diseases. Whether these 
have similar mechanisms is a matter for fur-
ther study. POPs not only display quantitative 

effects on AT (increased fat mass) but they 
also alter AT quality, notably through inflam-
mation (Figure 2). These alterations are known 
to increase the risk of obesity.

Several unanswered questions still need to 
be addressed. 

Obesogens and epigenetics. •	 The obesogen 
concept needs to be supported by relevant 
mechanisms of action. To date, epigenetic 
alterations appear to be the most likely 
mechanisms that could explain perinatal 
programming leading to later-life obesity 
and metabolic diseases (Barouki et al. 2012). 
Although several POPs have been shown to 
elicit modifications in DNA methylation 
or microRNA expression (Baccarelli et al. 
2009; Manikkam et  al. 2012; McClure 
et al. 2011), it is still unclear whether such 
alterations are directly implicated in the obe-
sogenic effect. Research should primarily 
focus on these issues. It is also important to 
assess the effects of POPs on stem cells and 
to identify the most relevant in vitro sys-
tems. Clearly the validation of a predictive 
in vitro system to test putative obesogenic 
compounds is an important target for future 
research. 
POP location and dynamics.•	  Additional 
studies should assess the actual localiza-
tion of POPs within the adipose cell and 
lipid droplet, as well as the dynamics of 
POPs following their storage in the AT and 
after weight loss. These studies should also 
account for heterogeneity of POP distribu-
tion that is dependent on variation both 
within and between the class of POPs as 
well as on their physiochemical properties. 
Mechanisms of action. •	 Experimental 
studies should attempt to identify the 
mechanisms involved in POP action on the 
AT. In many cases, these mechanisms are 
somewhat contradictory (e.g., both pro
inflammatory and anti-inflammatory effects). 
Understanding these issues is critical. They 
may be related to, for example, dose, cellular 
target, or physiological context. The presence 
of multiple mechanisms could explain non
monotonic dose–response curves. 
Endogenous functions. •	 The possible 
involvement of the AhR, as well as other 
target receptors, in endogenous functions 
suggest that xenobiotic ligands may disrupt 
these endogenous functions and/or lead 
to additional toxic effects. Delineation of 
these effects in vitro and in vivo is critical to 
improve our knowledge in this field. 
Human studies. •	 Biomonitoring of POPs 
within clinical and epidemiological studies 
is critical to validate experimental observa-
tions reviewed here and to support public 
health action. Prospective longitudinal stud-
ies are the most useful tools in establishing 
causal relationships with POP exposures. In 
addition, investigations that include a more 

Figure 3. Major signaling mechanisms involved in 
the effects of DL POPs on AT. Abbreviations: ER, 
estrogen receptor; RAR, retinoic acid receptor. 
Most, if not all, of the effects of DL compounds 
are mediated by the AhR. Only genomic effects 
are shown. The AhR could directly regulate tar-
get genes as a heterodimer with ARNT. Several 
interactions with transcription factors or nuclear 
receptors that have been described are shown 
here. POPs could either trigger these interactions 
or disrupt existing interactions between the AhR 
and other signaling factors.
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detailed characterization of exposures (espe-
cially perinatal exposures) are invaluable 
to help identify obesogens and metabolic 
disruptors.
Overall, AT appears to be a major player in 

the toxicological responses to POP exposure, 
both in terms of adaptation and toxic effects. 
We hope that the toxicological community 
will give further attention to this important 
tissue when examining the detrimental effects 
of pollutants and drugs.

References

Aarnio V, Storvik M, Lehtonen M, Asikainen S, Reisner K, 
Callaway J, et al. 2010. Fatty acid composition and gene 
expression profiles are altered in aryl hydrocarbon 
receptor-1 mutant Caenorhabditis elegans. Comp Biochem 
Physiol C Toxicol Pharmacol 151:318–324.

Antignac JP, Marchand P, Gade C, Matayron G, Qannari EM, 
Le Bizec B, et al. 2006. Studying variations in the PCDD/
PCDF profile across various food products using multi
variate statistical analysis. Anal Bioanal Chem 384:271–279.

Arsenescu V, Arsenescu RI, King V, Swanson H, Cassis LA. 
2008. Polychlorinated biphenyl-77 induces adipocyte dif-
ferentiation and proinflammatory adipokines and promotes 
obesity and atherosclerosis. Environ Health Perspect 
116:761–768.

Baccarelli A, Wright RO, Bollati V, Tarantini L, Litonjua AA, 
Suh HH, et al. 2009. Rapid DNA methylation changes after 
exposure to traffic particles. Am J Respir Crit Care Med 
179:572–578.

Barouki R. 2010. Linking long-term toxicity of xeno-chemicals with 
short-term biological adaptation. Biochimie 92:1222–1226.

Barouki R, Gluckman PD, Grandjean P, Hanson M, Heindel JJ. 
2012. Developmental origins of non-communicable disease: 
implications for research and public health. Environ Health 
11:42; doi:10.1186/1476-069X-11-42 [Online 27 June 2012].

Berezhkovskiy LM. 2011. On the accuracy of estimation of basic 
pharmacokinetic parameters by the traditional noncom-
partmental equations and the prediction of the steady-state 
volume of distribution in obese patients based upon data 
derived from normal subjects. J Pharm Sci 100:2482–2497.

Bergkvist C, Oberg M, Appelgren M, Becker W, Aune M, 
Ankarberg EH, et al. 2008. Exposure to dioxin-like pollutants 
via different food commodities in Swedish children and 
young adults. Food Chem Toxicol 46:3360–3367.

Bhatia SC, Venkitasubramanian TA. 1972. Mechanism of dieldrin-
induced fat accumulation in rat liver. J Agric Food Chem 
20:993–996.

Bourez S, Le Lay S, Van den Daelen C, Louis C, Larondelle Y, 
Thomé JP, et al. 2012. Accumulation of polychlorinated 
biphenyls in adipocytes: selective targeting to lipid droplets 
and role of caveolin-1. PLoS One 7:e31834; doi:10.1371/
journal.pone.0031834 [Online 20 February 2012].

Branchi I, Alleva E, Costa LG. 2002. Effects of perinatal expo-
sure to a polybrominated diphenyl ether (PBDE 99) on 
mouse neurobehavioural development. Neurotoxicology 
23:375–384.

Cho YC, Zheng W, Yamamoto M, Liu X, Hanlon PR, Jefcoate CR. 
2005. Differentiation of pluripotent C3H10T1/2 cells rapidly 
elevates CYP1B1 through a novel process that overcomes 
a loss of AH receptor. Arch Biochem Biophys 439:139–153.

Dalmas E, Clément K, Guerre-Millo M. 2011. Defining macro-
phage phenotype and function in adipose tissue. Trends 
Immunol 32(7):307–314.

Dalton TP, Kerzee JK, Wang B, Miller M, Dieter MZ, Lorenz JN, 
et al. 2001. Dioxin exposure is an environmental risk factor 
for ischemic heart disease. Cardiovasc Toxicol 1:285–298.

Debier C, Chalon C, Le Boeuf BJ, de Tillesse T, Larondelle Y, 
Thomé JP. 2006. Mobilization of PCBs from blubber to 
blood in northern elephant seals (Mirounga angustirostris) 
during the post-weaning fast. Aquat Toxicol 80:149–157.

Derelanko MJ, Hollinger MA. 1995. CRC Handbook of Toxicology. 
Baco Raton, FL:CRC Press.

Diliberto JJ, Burgin DE, Birnbaum LS. 1999. Effects of CYP1A2 on 
disposition of 2,3,7, 8-tetrachlorodibenzo-p-dioxin, 2,3,4,7,8-
pentachlorodibenzofuran, and 2,2’,4,4’,5,5’-hexachloro
biphenyl in CYP1A2 knockout and parental (C57BL/6N and 
129/Sv) strains of mice. Toxicol Appl Pharmacol 159:52–64.

Divoux A, Tordjman J, Lacasa D, Veyrie N, Hugol D, Aissat A, 
et al. 2010. Fibrosis in human adipose tissue: composition, 
distribution, and link with lipid metabolism and fat mass 
loss. Diabetes 59:2817–2825.

Emond C, Birnbaum LS, DeVito MJ. 2006. Use of a physiologically 
based pharmacokinetic model for rats to study the influence 
of body fat mass and induction of CYP1A2 on the pharmaco
kinetics of TCDD. Environ Health Perspect 114:1394–1400.

Esser C, Rannug A, Stockinger B. 2009. The aryl hydrocarbon 
receptor in immunity. Trends Immunol 30:447–454.

Galic S, Oakhill JS, Steinberg GR. 2010. Adipose tissue as an 
endocrine organ. Mol Cell Endocrinol 316:129–139.

Gee JR, Moser VC. 2008. Acute postnatal exposure to bromi-
nated diphenylether 47 delays neuromotor ontogeny and 
alters motor activity in mice. Neurotoxicol Teratol 30:79–87.

Geyer HJ, Scheunert I, Rapp K, Gebefugi I, Steinberg C, Kettrup A. 
1993. The relevance of fat content in toxicity of lipophilic 
chemicals to terrestrial animals with special reference to 
dieldrin and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). 
Ecotoxicol Environ Saf 26:45–60.

Grun F, Blumberg B. 2007. Perturbed nuclear receptor signaling 
by environmental obesogens as emerging factors in the 
obesity crisis. Rev Endocr Metab Disord 8:161–171.

Guo YL, Emmett EA, Pellizzari ED, Rohde CA. 1987. Influence 
of serum cholesterol and albumin on partitioning of PCB 
congeners between human serum and adipose tissue. 
Toxicol Appl Pharmacol 87:48–56.

Haarmann-Stemmann T, Abel J, Fritsche E, Krutmann J. 2012. 
The AhR-Nrf2 pathway in keratinocytes: on the road to 
chemoprevention? J Invest Dermatol 132:7–9.

Halldorsson TI, Rytter D, Haug LS, Bech BH, Danielsen  I, 
Becher G, et al. 2012. Prenatal exposure to perfluoro
octanoate and risk of overweight at 20 years of age: a pros-
pective cohort study. Environ Health Perspect 120:668–673.

Hanlon PR, Cimafranca MA, Liu X, Cho YC, Jefcoate CR. 2005. 
Microarray analysis of early adipogenesis in C3H10T1/2 
cells: cooperative inhibitory effects of growth factors and 
2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicol Appl Pharmacol 
207:39–58.

Hegele RA. 2009. Plasma lipoproteins: genetic influences and 
clinical implications. Nat Rev Genet 10:109–121.

Hennig B, Reiterer G, Toborek M, Matveev SV, Daugherty A, 
Smart E, et al. 2005. Dietary fat interacts with PCBs to induce 
changes in lipid metabolism in mice deficient in low-density 
lipoprotein receptor. Environ Health Perspect 113:83–87.

Hines EP, White SS, Stanko JP, Gibbs-Flournoy EA, Lau C, 
Fenton SE. 2009. Phenotypic dichotomy following develop
mental exposure to perfluorooctanoic acid (PFOA) in 
female CD-1 mice: low doses induce elevated serum leptin 
and insulin, and overweight in mid-life. Mol Cell Endocrinol 
304:97–105.

Hoppe AA, Carey GB. 2007. Polybrominated diphenyl ethers 
as endocrine disruptors of adipocyte metabolism. Obesity 
15:2942–2950.

Hue O, Marcotte J, Berrigan F, Simoneau M, Doré J, Marceau P, 
et al. 2006. Increased plasma levels of toxic pollutants 
accompanying weight loss induced by hypocaloric diet or by 
bariatric surgery. Obes Surg 16:1145–1154.

Imbeault P, Tremblay A, Simoneau JA, Joanisse DR. 2002. 
Weight loss-induced rise in plasma pollutant is associated 
with reduced skeletal muscle oxidative capacity. Am J 
Physiol Endocrinol Metab 282:E574–E579.

Jandacek RJ, Anderson N, Liu M, Zheng S, Yang Q, Tso P. 2005. 
Effects of yo-yo diet, caloric restriction, and olestra on 
tissue distribution of hexachlorobenzene. Am J Physiol 
Gastrointest Liver Physiol 288:G292–G299.

Kern PA, Dicker-Brown A, Said ST, Kennedy R, Fonseca VA. 2002. 
The stimulation of tumor necrosis factor and inhibition of 
glucose transport and lipoprotein lipase in adipose cells by 
2,3,7,8-tetrachlorodibenzo-p-dioxin. Metabolism 51:65–68.

Kim MJ, Marchand P, Henegar C, Antignac JP, Alili R, Poitou C, 
et al. 2011. Fate and complex pathogenic effects of dioxins 
and polychlorinated biphenyls in obese subjects before 
and after drastic weight loss. Environ Health Perspect 
119:377–383.

Kim MJ, Pelloux V, Guyot E, Tordjman J, Bui LC, Chevallier A, 
et al. 2012. Inflammatory pathway genes belong to major 
targets of persistent organic pollutants in adipose cells. 
Environ Health Perspect 120:508–514.

Kimura A, Naka T, Nakahama T, Chinen I, Masuda K, Nohara K, 
et al. 2009. Aryl hydrocarbon receptor in combination with 
Stat1 regulates LPS-induced inflammatory responses. 
J Exp Med 206:2027–2035.

Klaunig JE, Babich MA, Baetcke KP, Cook JC, Corton JC, 

David RM, et al. 2003. PPARα agonist-induced rodent 
tumors: modes of action and human relevance. Crit Rev 
Toxicol 33:655–780.

Kohli KK, Bhatia SC, Venkitasubramanian TA. 1975. Effect of 
dieldrin toxicity on acetate and palmitate metabolism in rat 
liver. Environ Physiol Biochem 5:119–125.

Kohli KK, Gupta BN, Albro PW, Mukhtar H, McKinney JD. 
1979. Biochemical effects of pure isomers of hexachloro
biphenyl: fatty livers and cell structure. Chem Biol Interact 
25:139–156.

Kopec AK, Burgoon LD, Ibrahim-Aibo D, Burg AR, Lee AW, 
Tashiro C, et al. 2010. Automated dose-response analysis 
and comparative toxicogenomic evaluation of the hepatic 
effects elicited by TCDD, TCDF, and PCB126 in C57BL/6 
mice. Toxicol Sci 118:286–297.

La Merrill M, Birnbaum LS. 2011. Childhood obesity and environ
mental chemicals. Mt Sinai J Med 78:22–48.

Lafontan M. 2012. Historical perspectives in fat cell biology: the fat 
cell as a model for the investigation of hormonal and meta
bolic pathways. Am J Physiol Cell Physiol 302:C327–C359.

Lassiter RR, Hallam TG. 1990. Survival of the fattest: implica-
tions for acute effects of lipophilic chemicals on aquatic 
populations. Environ Toxicol Chem 9:585–595.

Lee DH, Steffes MW, Sjödin A, Jones RS, Needham LL, 
Jacobs DR Jr. 2011. Low dose organochlorine pesticides 
and polychlorinated biphenyls predict obesity, dyslipidemia, 
and insulin resistance among people free of diabetes. PLoS 
One 6:e15977; doi:10.1371/journal.pone.0015977 [Online 
26 January 2011].

Leighty EG, Fentiman AF Jr, Thompson RM. 1980. Conjugation 
of fatty acids to DDT in the rat: possible mechanism for 
retention. Toxicology 15:77–82.

Levitt DG. 2010. Quantitative relationship between the octanol/
water partition coefficient and the diffusion limitation of the 
exchange between adipose and blood. BMC Clin Pharmacol 
10:1; doi:10.1186/1472-6904-10-1 [Online 7 January 2010].

Li W, Vogel CF, Fujiyoshi P, Matsumura F. 2008. Development of 
a human adipocyte model derived from human mesenchy-
mal stem cells (hMSC) as a tool for toxicological studies 
on the action of TCDD. Biol Chem 389:169–177.

Lilienthal H, Hack A, Roth-Harer A, Grande SW, Talsness CE. 
2006. Effects of developmental exposure to 2,2,4,4,5-
pentabromodiphenyl ether (PBDE-99) on sex steroids, 
sexual development, and sexually dimorphic behavior in 
rats. Environ Health Perspect 114:194–201.

Lim JS, Son HK, Park SK, Jacobs DR Jr, Lee DH. 2010. Inverse 
associations between long-term weight change and serum 
concentrations of persistent organic pollutants. Int J Obes 
35:744–747.

Loveless SE, Finlay C, Everds NE, Frame SR, Gillies PJ, 
O’Connor JC, et al. 2006. Comparative responses of rats and 
mice exposed to linear/branched, linear, or branched ammo-
nium perfluorooctanoate (APFO). Toxicology 220:203–217.

Ludescher B, Machann J, Eschweiler GW, Vanhofen S, 
Maenz C, Thamer C, et al. 2009. Correlation of fat distribu-
tion in whole body MRI with generally used anthropometric 
data. Invest Radiol 44:712–719.

Manikkam M, Guerrero-Bosagna C, Tracey R, Haque MM, 
Skinner MK. 2012. Transgenerational actions of environ
mental compounds on reproductive disease and identifi-
cation of epigenetic biomarkers of ancestral exposures. 
PLoS One 7:e31901; doi:10.1371/journal.pone.0031901 
[Online 28 February 2012].

McClure EA, North CM, Kaminski NE, Goodman JI. 2011. 
Changes in DNA methylation and gene expression during 
2,3,7,8-tetrachlorodibenzo-p-dioxin-induced suppression 
of the lipopolysaccharide-stimulated IgM response in 
splenocytes. Toxicol Sci 120:339–348.

McMillan BJ, Bradfield CA. 2007. The aryl hydrocarbon receptor 
is activated by modified low-density lipoprotein. Proc Natl 
Acad Sci USA 104:1412–1417.

Milbrath MO, Wenger Y, Chang CW, Emond C, Garabrant D, 
Gillespie BW, et al. 2009. Apparent half-lives of dioxins, 
furans, and polychlorinated biphenyls as a function of age, 
body fat, smoking status, and breast-feeding. Environ Health 
Perspect 117:417–425.

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

Mullerova D, Kopecky J. 2007. White adipose tissue: storage 
and effector site for environmental pollutants. Physiol Res 
56:375–381.

Narayan S, Dani HM, Misra UK. 1990. Changes in lipid profiles 



Toxicological function of adipose tissue

Environmental Health Perspectives  •  volume 121 | number 2 | February 2013	 169

of liver microsomes of rats following intratracheal adminis
tration of DDT or endosulfan. J Environ Sci Health B 25:243–
257.

Ohmiya Y, Nakai K. 1977. Effect of starvation on excretion, distri-
bution and metabolism of DDT in mice. Tohoku J Exp Med 
122:143–153.

Olsen H, Enan E, Matsumura F. 1998. 2,3,7,8-Tetrachlorodibenzo-
p-dioxin mechanism of action to reduce lipoprotein lipase 
activity in the 3T3-L1 preadipocyte cell line. J Biochem Mol 
Toxicol 12:29–39.

Ouchi N, Parker JL, Lugus JJ, Walsh K. 2011. Adipokines in 
inflammation and metabolic disease. Nat Rev Immunol 
11:85–97.

Pelletier C, Després JP, Tremblay A. 2002. Plasma organo-
chlorine concentrations in endurance athletes and obese 
individuals. Med Sci Sports Exerc 34:1971–1975.

Pillai R, Huypens P, Huang M, Schaefer S, Sheinin T, Wettig SD, 
et al. 2011. Aryl hydrocarbon receptor nuclear translocator/
hypoxia-inducible factor-1β plays a critical role in main-
taining glucose-stimulated anaplerosis and insulin release 
from pancreatic β-cells. J Biol Chem 286:1014–1024.

Porta M, Jariod M, Lopez T, Pumarega J, Puigdomenech E, 
Marco E, et al. 2009. Correcting serum concentrations of 
organochlorine compounds by lipids: alternatives to the 
organochlorine/total lipids ratio. Environ Int 35:1080–1085.

Remillard RB, Bunce NJ. 2002. Linking dioxins to diabetes: 
epidemiology and biologic plausibility. Environ Health 
Perspect 110:853–858.

Rivett KF, Chesterman H, Kellett DN, Newman AJ, Worden AN. 
1978. Effects of feeding lindane to dogs for periods of up to 
2 years. Toxicology 9:273–289.

Ronn M, Lind L, van Bavel B, Salihovic S, Michaelsson K, 
Lind PM. 2011. Circulating levels of persistent organic pol-
lutants associate in divergent ways to fat mass measured 
by DXA in humans. Chemosphere 85:335–343.

Roos V, Rönn M, Salihovic S, Lind L, van Bavel B, Kullberg J, 
et al. 2012. Circulating levels of persistent organic pol-
lutants in relation to visceral and subcutaneous adipose 
tissue by abdominal MRI. Obesity; doi:10.1038/oby.2012.123 
[Online 4 May 2012]

Rosen MB, Lee JS, Ren H, Vallanat B, Liu J, Waalkes MP, et al. 
2008. Toxicogenomic dissection of the perfluorooctanoic 
acid transcript profile in mouse liver: evidence for the 
involvement of nuclear receptors PPARα and CAR. Toxicol 
Sci 103:46–56.

Rosen MB, Schmid JR, Corton JC, Zehr RD, Das KP, Abbott BD, 

et al. 2010. Gene expression profiling in wild-type and 
PPARα-null mice exposed to perfluorooctane sulfonate 
reveals PPARα-independent effects. PPAR Res 2010; 
doi:10.1155/2010/794739.

Sanyal S, Agarwal N, Dudeja PK, Mahmood A, Subrahmanyam D. 
1982. Effect of a single oral dose of DDT on lipid metabolism 
in protein-calorie malnourished monkeys. Indian J Biochem 
Biophys 19:111–114.

Sbarbati A, Accorsi D, Benati D, Marchetti L, Orsini G, Rigotti G, 
et al. 2010. Subcutaneous adipose tissue classification. 
Eur J Histochem 54:e48; doi:10.4081/ejh.2010.e48.

Schug TT, Janesick A, Blumberg B, Heindel JJ. 2011. Endocrine 
disrupting chemicals and disease susceptibility. J Steroid 
Biochem Mol Biol 127:204–215.

Shin S, Wakabayashi N, Misra V, Biswal S, Lee GH, 
Agoston ES, et al. 2007. NRF2 modulates aryl hydrocarbon 
receptor signaling: influence on adipogenesis. Mol Cell 
Biol 27:7188–7197.

Steenland K, Fletcher T, Savitz DA. 2010. Epidemiologic evidence 
on the health effects of perfluorooctanoic acid (PFOA). 
Environ Health Perspect 118:1100–1108.

Steidle G, Eibofner F, Schick F. 2011. Quantitative diffusion 
imaging of adipose tissue in the human lower leg at 1.5 T. 
Magn Reson Med 65:1118–1124.

Stolic M, Russell A, Hutley L, Fielding G, Hay J, MacDonald G, 
et al. 2002. Glucose uptake and insulin action in human 
adipose tissue—influence of BMI, anatomical depot 
and body fat distribution. Int J Obes Relat Metab Disord 
26:17–23.

Suvorov A, Battista MC, Takser L. 2009. Perinatal exposure to 
low-dose 2,2’,4,4’-tetrabromodiphenyl ether affects growth 
in rat offspring: what is the role of IGF-1? Toxicology 
260:126–131.

Tang-Peronard JL, Andersen HR, Jensen TK, Heitmann BL. 
2011. Endocrine-disrupting chemicals and obesity develop
ment in humans: a review. Obes Rev 12:622–636.

Tian Y. 2009. Ah receptor and NF-κB interplay on the stage of 
epigenome. Biochem Pharmacol 77:670–680.

Tomatis L, Turusov V, Day N, Charles RT. 1972. The effect of long-
term exposure to DDT on CF-1 MICE. Int J Cancer 10:489–506.

Tontonoz P, Spiegelman BM. 2008. Fat and beyond: the diverse 
biology of PPARγ. Annu Rev Biochem77:289–312.

Tordjman J, Divoux A, Prifti E, Poitou C, Pelloux V, Hugol D, 
et al. 2012. Structural and inflammatory heterogeneity in 
subcutaneous adipose tissue: relation with liver histo
pathology in morbid obesity. J Hepatol 56:1152–1158.

Tremblay A, Chaput JP. 2009. Adaptive reduction in thermo-
genesis and resistance to lose fat in obese men. Br J Nutr 
102:488–492.

Valvi D, Mendez MA, Martinez D, Grimalt JO, Torrent M, Sunyer J, 
et al. 2012. Prenatal concentrations of polychlorinated biphe-
nyls, DDE, and DDT and overweight in children: a prospec-
tive birth cohort study. Environ Health Perspect 120:451–457.

van der Ven LT, van de Kuil T, Verhoef A, Leonards PE, Slob W, 
Canton RF, et al. 2008. A 28-day oral dose toxicity study 
enhanced to detect endocrine effects of a purified tech-
nical pentabromodiphenyl ether (pentaBDE) mixture in 
Wistar rats. Toxicology 245:109–122.

Vogel CF, Sciullo E, Park S, Liedtke C, Trautwein C, Matsumura F. 
2004. Dioxin increases C/EBPβ transcription by activating 
cAMP/protein kinase A. J Biol Chem 279:8886–8894.

Vondracek J, Umannova L, Machala M. 2011. Interactions of the 
aryl hydrocarbon receptor with inflammatory mediators: 
beyond CYP1A regulation. Curr Drug Metab 12:89–103.

Vost A, Maclean N. 1984. Hydrocarbon transport in chylomicrons 
and high-density lipoproteins in rat. Lipids 19:423–435.

Wang XL, Suzuki R, Lee K, Tran T, Gunton JE, Saha AK, et al. 
2009. Ablation of ARNT/HIF1β in liver alters gluconeo
genesis, lipogenic gene expression, and serum ketones. 
Cell Metab 9:428–439.

Wendling JM, Orth RG, Poiger H. 1990. Determination of 
[3H]‑2,3,7,8-tetrachlorodibenzo-p-dioxin in human feces 
to ascertain its relative metabolism in man. Anal Chem 
62:796–800.

Wu D, Nishimura N, Kuo V, Fiehn O, Shahbaz S, Van Winkle L, 
et al. 2011. Activation of aryl hydrocarbon receptor induces 
vascular inflammation and promotes atherosclerosis in 
apolipoprotein E–/– mice. Arterioscler Thromb Vasc Biol 
31:1260–1267.

You L, Gazi E, Archibeque-Engle S, Casanova M, Conolly RB, 
Heck HA. 1999. Transplacental and lactational transfer of 
p,p’-DDE in Sprague-Dawley rats. Toxicol Appl Pharmacol 
157:134–144.

Yu GW, Laseter J, Mylander C. 2011. Persistent organic pollutants 
in serum and several different fat compartments in humans. 
J Environ Public Health 2011: doi:10.1155/2011/417980. 

Zhu BT, Gallo MA, Burger CW Jr, Meeker RJ, Cai MX, Xu S, 
et al. 2008. Effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin 
administration and high-fat diet on the body weight and 
hepatic estrogen metabolism in female C3H/HeN mice. 
Toxicol Appl Pharmacol 226:107–118.


