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ADIPOTOXICOLOGY OF OBESITY AND RELATED DISEASES
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The human genome project s big promise was that it could improve our understanding of the pathogenesis and therapy of dis-
eases. However, the genes have been found to account for only about 10% of diseases, and the remaining causes appear to be
from environmental exposures, hence the exposure science (exposome concept) emerges. Indeed, Homo sapiens is exposed to
an overwhelming number of chemical contaminants circulating every day in the air, water, food, and general environment. The
body is a well-equipped entity with capabilities to excrete water-soluble pollutants, but not as well-equipped to excrete some
of the lipid-soluble xenobiotics. Here we present data that adipose tissue may be an important participant in the environmental
molecular toxicology. Numerous evidence demonstrates that the exposure to persistent organic pollutants may contribute to
the pathogenesis of obesity and its related diseases. Noteworthy, these pollutants accumulate mainly in the adipose tissue. And
xenobiotic-metabolizing cytochromes p450 (CYP) are expressed in adipose tissue, where CYP1A1 and CYP1BI can bioactivate
carcinogenic polycyclic aromatic hydrocarbons and xenoestrogens. Altogether, the present review highlights an adipocentric
approach in molecular toxicology. It is conceptualized as adipotoxicology, that is, the study of accumulation, metabolism, and
release of xenobiotics in adipose tissue in health and disease. Biomed Rev 20125 23: 53-60.
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INTRODUCTION

Homo sapiens seems to be the only species that expresses an The human genome project’s big promise was that it could
obese phenotype (1), hence the term Homo obesus was recently improve our understanding of the pathogenesis and therapy of
introduced (2). Current epidemiological data show a dramatic diseases. However, the genes have been found to account for
increase in obesity globally; similar trends are also apparent only about 10% of diseases, and the remaining causes appear
in children. Overall, obesity and related diseases are a major to be from environmental exposures. Indeed, today’s man is
personal and public health concern. exposed to an overwhelming number of chemical contaminants
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every day in our air, water, food, and general environment. The
body is a well-equipped to excrete water soluble pollutants, but
not as well-equipped to excrete some of the lipid-soluble ones.
According to the European Environmental Agency in the late
1990’s more than 100 000 chemical substances were registered
in the European Catalogue of Commercialized Chemical Sub-
stances. However, less is known about late toxicity effects of
the majority of these compounds. There is relatively enough
toxicological data for only 14% of these 100 000 substances
to ensure their safety. Moreover, many fat-soluble chemicals
tend to accumulate in the body’s adipose tissue, where they
may persist indefinitely. Thus, over 300 foreign chemicals
have been identified in human adipose tissue (and breast milk).

Interactions between foreign chemicals (xenobiotics) and
living systems occur in several phases. The first is the exposure
phase where the living organism is exposed to the chemical and
which may or may not be followed by uptake of the chemical
into the organism. In the next phase the chemical is distributed
throughout the organism. After delivery of the chemical to
various parts of the organism, the next phase is metabolism
mediated by enzymes, where chemical changes may or may not
occur. These phases are termed “toxicokinetics,” whereas the
next phase is the toxicodynamic phase in which the chemical
and its metabolites interact with constituents of the organism.
This sequence may then be followed by a phase in which
pathological or functional changes occur

Environmental toxins interfere with glucose and cholesterol
metabolism, as well as with adipokine secretion, and induce
insulin resistance and cell proliferation, thus implicated in
the pathogenesis of cardiometabolic and malignant diseases.

ADIPOSE TISSUE

There are two main type of adipose tissue, white adipose
tissue (WAT) and brown adipose tissue (BAT). Both are a
dynamic assembly of adipocytes (fat cells), non-fat cells and
extracellular matrix components. In humans, adipose tissue
(hereafter to be considered WAT) is partitioned into two large
depots (subcutaneous and visceral) and many small depots
associated with heart, blood vessels, major lymph nodes, pan-
creas, prostate gland, ovaries, and thymus. The discovery of
adipocyte-secreted leptin in 1994 was a paradigm shift event
in adipobiology. It included a new direction in the evaluation
of secretory function of adipose tissue, that is, adipoendocri-
nology and adipoparacrinology, both dealing with the patho-
genesis of obesity-related diseases (3-16).

The so-called “brite” (brown-in-white) adipocytes were
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recognized recently. These are of particular medical relevance,
because current data indicate that higher amounts of brown adi-
pose tissue are positively associated with resistance to obesity
and related diseases, and that “browning” of the adipose tissue
may be of therapeutic significance for these disorders (17,18).

In brief, adipose tissue is involved in lipid and energy
storage and secretion of numerous adipokines (WAT) and to
thermogenesis (brown and “brite” adipose tissue). However,
it is more than that.

ADIPOSE TISSUE AS A SAFETY OR HARMFUL XENOBIOTICS
STORAGE SITE

Safety xenobiotics site

In case of acute poisoning with different xenobiotics adipose
tissue contributes to body detoxication and survival. Body
distribution of different xenobiotics largely depends on their
solubility in lipids or water. In this respect the quantity of a
particular xenobiotic in adipose tissue will depend from its
n-octanol:water partition coefficient and the ratio of lipid in
adipose tissue and blood. For human this last ratio is around
200 for most environmental pollutants (19). The uptake of
polychlorinated biphenyls (PCB) was directly linked to the
triglyceride content of adipocytes and did not depend on the
presence of caveolin-1 (20). This data set adipose tissue as the
main body site for xenobiotics distribution. In a person who is
obese, up to 50% of his/her weight is lipid. As a comparison,
only 10% fat will be found in someone who is starving. Hence
a higher dose of a particularly lipophilic drug would be needed
for someone who is overweight. In some cases, storage of
lipophilic chemicals in adipose tissues appears to sequester
the chemicals from their toxicity target tissue, and thus obesity
may be protective (21). There are few data on the distribution
of war nerve agents in animal adipose tissue. Thus after whole
body vapor exposure of minipigs to sarin only trace amount
could be found in adipose tissue (22).

Adipose tissue contributes considerably to overall
body xenobiotics detoxication

A set of xenobiotic-metabolizing enzymes are found in
adipose tissue. These include paraoxonases (human PON3)
(23), carboxylesterases (24) and some isozymes of UDP-
glucuronosyltransferases (25,26). Several cytochrome p450
(CYP) isozymes are also expressed in adipocytes and their
activity was induced by typical lipophilic inducers: CYP
1B1 (metabolism of steroid hormones, induced by dioxin
and highly expressed also in breast cancer cells); CYP 2U1
(involved in fatty acids metabolism) (27); CYP 1Al (induced
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by B-naphthoflavone); CYP 2B’s and CYP 3A’s (induced by
phenobarbital and dexamethasone); CYP 2E1 (induced by
fasting condition) (28). Aromatase (CYP19) is also expressed
in human adipose tissue and play crucial role in estrogen
biosynthesis in postmenopausal women and breast cancer de-
velopment (29). Downregulation of male-specific cytochrome
P450 aromatase by profenofos was found (30).

Harmful xenobiotics site

Adipose tissue is preferential depot of various lipophilic envi-
ronmental pollutants, especially of those which are resistant to
biological and chemical degradation, the so-called persistent
organic pollutants (POP); these are also accumulated in high
levels of the food chain. Thus food, especially fatty fish, meat
and milk products, is the main source of human exposure to
POP. The variability of the stored amount of particular POP in
adipose tissue depends on dietary exposure. It is determined by
adipose size and by changes in adiposity. Weight loss results in
an increase of their concentration in reduced adipose tissue and
their elimination rate is consequently decreased significantly
with increasing body fat content.

Examples of environmental contaminants are trichloroethyl-
ene (31), alkylphenols (32), dioxins (33), polycyclic aromatic
hydrocarbons (PAH) and synthetic musk compounds (SMC)
(34). Recent study of Lind ef al. (35) demonstrated that the
body distribution of highly chlorinated PCB was related to
the VAT/SAT ratio. In large scale epidemiological survey in
women was shown that circulating concentrations of mono-
isobutyl phthalate were positively related to increased fat
amount in the subcutaneous abdominal region (36).

Studies show that adipose tissue stored xenobiotics can be
mobilized in persons under the influences of heat exposure
(rapid weight reduction in athletes), exercise, emotional
stress, illness and the overnight fast during sleep. Thus they
could cause some difficulty understandable pathological re-
actions. Some factors that could influence the response are:
severity of bioaccumulation, individual sensitivities, genetic
predisposition, diet and the age of patient. In some cases
with organophosphate poisoning the conventional treatment
caused a recurrence of symptoms attributed to mobilization
of the organophosphate stored in adipose tissue (37). For
instance, a case of fenitrothion poisoning promptly treated
by conventional treatment caused a recurrence of symptoms
attributed to mobilization of the organophosphate stored in
adipose tissue (38).

When studying the reasons of sever neurotoxicity in veter-
ans from Vietnam war, several investigators found out that it
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could not be attributed to defoliant exposure (so called Agent
Orange) because the average level of 2,3,7,8-TCDD in their
adipose tissue was not significantly different from that of the
non-Vietnam veterans or the civilians (39).

Altogether, the accumulation and metabolism of environ-
mental toxins in adipose tissue was implicated in the patho-
genesis of cardiometabolic and malignant diseases. Thus, a
concept of adipotoxicology and adipose tissue as “toxicrine”
organ has emerged (40).

ENVIRONMENTAL OBESOGENS

Nowadays, the number of environmental toxicants showed
as potential obesogens continuously increases. In fact, Grun
and Blumberg coined the term obesogen, in 2006 (41).
These authors discovered that tin-based compounds known
as organotins predisposed laboratory mice to gain weight.
Obesogens as well as endocrine disruptors are defined func-
tionally as chemicals (natural, pharmaceutical, or xenobiotic)
that promote obesity by increasing the number and/or size of
adipocytes or fat storage into the existing adipocytes (42-46).

The process by which adipose cells are derived from a
mesenchymal pre-adipocyte involves an orchestrated series
of differentiation steps mediated by a cascade of specific tran-
scription factors. Of particular importance is the activation of
the nuclear receptor (NR) peroxisome proliferator-activated
receptor-gamma (PPARY) that heterodimers with another NR,
the retinoic X receptor (RXR) and binds to specific promoter
region of target genes of the pre-adipocyte and regulates its
expression (47-49). By this way the PPARy and RXR recep-
tor dimer is involved in the transcriptional control of energy,
lipid, and glucose homeostasis and is the main cellular target
of environmental obesogens (50).

Examples of potential environmental obesogens acting
mainly through activation of retinoid X receptors (RXRa,f,
and y) and PPARY include:

Organotins (biocides, heat stabilisers and chemical cata-
lysts (41,42,51) are potent nanomolar agonist ligands for the
NRs RXR and PPARY. In vitro and in vivo studies on animals
showed that they could activate RXR/PPARy-dependent
pre-adipocytes gene network and regulate adipocytes num-
ber, size and function. Polychlorinated biphenyls (PCB)
(52); Phthalates (53-55); Bisphenol A (BPA) — widely used
plasticizer (56) with potent estrogen activity (57); Polybro-
minated diphenyl ether (PBDE) and halogenated deriva-
tives of BPA - flame-retardants (58,59); Dichloro-diphenyl-
trichloroethane (DDT) (60); Butylparaben — antimicrobial
preservative in cosmetics and flavoring additive in food (61);
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Phenylsulfamide family of fungicides (Tolylfluanid), used
in antifouling paints as well as on fruit crops in agriculture
(62); Perfluorooctanoic acid (PFOA) — surfactant with
large industrial usage (63,64); Heavy metals — arsenite (65).
Drugs — diethylstilbestrol, a synthetic form of estrogen (66),
olanzapine (atypical anti-psychotic drug), selective serotonin
reuptake inhibitors, tricyclic antidepressants, the thiazolidin-
edione anti-diabetic drug rosiglitazone (67).

In clinical trials the beneficial metabolic (antidiabetic)
effects of angiotensin type | receptor blocker Losartan was
shown to be due to its active metabolite EXP3174 acting as
partial PPARY agonist (68). The body weight loss observed
after the use of anticancer drug adriamycin was shown to
be due to inhibition of adipogenesis by down-regulation the
expression of PPARy (69).

XENOBIOTICS AND SECRETION OF ADIPOKINES

All PPARg-activating chemicals inducing adipocyte differ-
entiation were able to affect leptin, adiponectin, and resistin
release during terminal differentiation of adipocytes, and of
these the majority also induced lipid accumulation. For ex-
ample, bisphenol A (BPA), at environmentally relevant doses,
inhibit adiponectin and stimulate the release of inflammatory
adipokines such as interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-a) (70), including from breast adipose and
abdominal subcutaneous adipose explants (71). Exposure to
p,p’-dichlorodiphenyldichloroethylene (DDE) significantly
increased the release of leptin, resistin, and adiponectin from
mature adipocytes (72). Neonatal parathion exposure uncou-
pled serum leptin levels from their dependence on body weight,
suppressed adiponectin and elevated TNF-a in adipose tissue
(73). Long-term and low-concentration human body exposure
to triclosan, an antimicrobial agent used in some toothpastes
and shampoos, can inhibits adipocyte differentiation of human
mesenchymal stem cells (74). Aluminum toxicity leads to an
increased iron (Fe) concentration in the serum of the body.
Note that high blood Fe levels causes the liver and adipose
tissue to secrete hepcidin, a Fe homeostasis regulator that
signals the decrease in Fe absorption by enterocytes as well as
a decrease in Fe release from cellular stores such as red blood
cells thus induced anemia (75).

ENVIRONMENTAL CONTAMINANTS AND PRENATAL AND
PERINATAL METABOLIC PROGRAMMING

The Environmental Working Group study found the average
newborn has 287 chemicals in the umbilical cord blood, 217
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of which are neurotoxic (76). Thus pregnant women with
chronic exposure to environmental toxins are with potential
risk to have obesity generation in later life (77). For instance,
organotin exposure during prenatal adipose tissue development
leads to an increased number of preadipocytes from immortal
stem cells. This could correspondingly increase the steady
state number of adipocytes in the adult, which could favor
the development of obesity over time (78,79). Same action
was find out in animals for DDT and other organochlorine
compounds (60,80,81), bisphenol A (56,82,83), tributyltin
(84), organophosphate pesticides (85), nicotine from ma-
ternal smoking (86) and, in general, POP (87,88). The main
conclusion from these studies is that the adipocyte number is
refractory to change once established in the prenatal period
of developmental programming.

On important conclusion from already known facts is that
although the effects of obesogens of early-life exposure are
irreversible such people can reduce later harmful health effects
by controlling their life style eating organic, drinking filter
water, minimize plastic in their life. As Dr Thayer stressed at
Workshop dedicated to “Environmental Chemicals in Diabetes
and Obesity”: “We were surprised at the number of chemicals
that seem to be interacting with signaling pathways involved in
weight regulation”, also diabetes and metabolic syndrome (89).

CONCLUSION

The genes have been found to account for only about 10% of
diseases, and the remaining causes appear to be from envi-
ronmental exposures, hence the exposome concept emerges.
Indeed, Homo sapiens is exposed to an overwhelming number
of chemical contaminants circulating every day in the air,
water, food, and general environment. We have provided
evidence that adipose tissue may be an important participant
in the environmental molecular toxicology. And conceptual-
ized that as adipotoxicology. “Adipotoxicology” connotes the
study of accumulation, metabolism, and release of xenobiotics
in adipose tissue in health and disease. Arguably, the need for
human biomonitoring of xenobiotics accumulation in adipose
tissue is mandatory. Because, / am I and my exposome, para-
phrasing Ortega y Gasset’s famous maxim (90).

REFERENCES
1. Johnson PJ, Ganjam SK, Messer TIV, Turk JR, Keisler
DH, Buff PR, ef al. Obesity paradigm: An introduction to

the emerging discipline of adipobiology. AAEP Proc 2006;
32: 41-50.



Adipotoxicology of disease

57

10.

I1.

12.

13.

14

15.

Chaldakov GN, Fiore M, Tonchev AB, Dimitrov D,
Pancheva R, Rancic G, ef al. Homo obesus: a metabotro-
phin-deficient species. Pharmacology and nutrition insight.
Curr Pharm Des 2007; 13: 2176-2179.

Chaldakov GN, Stankulov IS, Hristova M, Ghenev PI. Adi-
pobiology of disease: adipokines and adipokine-targeted
pharmacology. Curr Pharm Des 2003; 9: 1023-1031.
Gollasch M, Dubrovska G. Paracrine role for periadventi-
tial adipose tissue in the regulation of arterial tone. Trends
Pharmacol Sci 2004; 25: 647-653.

Yudkin JS, Eringa E, Stehouwer CD. ,,Vasocrine® signal-
ling from perivascular fat: a mechanism linking insulin
resistance to vascular disease. Lancet 2005; 365: 1817-
1820.

Tore F, Tonchev AB, Fiore M, Tuncel N, Atanassova P,
Aloe L, et al. From adipose tissue protein secretion to
adipopharmacology of disease. Immunol Endocr Metab
Agents Med Chem 2007; 7: 149-155.

Fesus G, Dubrovska G, Gorzelniak K, Kluge R, Huang Y,
Luft FC, et al. Adiponectin is a novel humoral vasodilator.
Cardiovasc Res 2007; 75: 719-727.

Frithbeck G, Becerril S, Sainz N, Garrastachu P, Garcia-
Velloso MJ. BAT: a new target for human obesity? Trends
Pharmacol Sci 2009; 30: 387-396.

Trayhurn P, de Heredia FP, Wang B, de Oliveira C,
Gonzalez-Muniesa P, Wood IS. Cellular hypoxia: a key
modulator of adipocyte function in obesity? Adipobiology
2009; 1: 19-26.

Gomez R, Conde J, Scotece M, Gomez-Reino JJ, Lago F,
Gualillo O. What‘s new in our understanding of the role
of adipokines in rheumatic diseases? Nat Rev Rheumatol
2011; 7: 528-536.

Verhagen SN, Visseren FL. Perivascular adipose tissue as
a cause of atherosclerosis. Atherosclerosis 2011;214: 3-10.
Kaser A, Tilg H. ,,Metabolic aspects” in inflammatory
bowel diseases. Curr Drug Deliv 2012; 9: 326-332.
Chaldakov GN, Tuncel N, Beltowski J, Fiore M, Rancic
G, Tonchev AB, et al. Adipoparacrinology: an emerging
field in biomedical research. Balkan Med J 2012; 29: 2-9.

. Hausman GJ, Dodson MV. Stromal vascular cells and

adipogenesis: Cells within adipose depots regulate adipo-
genesis. J Genomics 2012; 1: 56-66.

Catalan V, Gomez-Ambrosi J, Rodriguez A, Salvador J,
Fruhbeck G. Adipokines in the treatment of diabetes mel-
litus and obesity. Expert Opin Pharmacother 2009; 10:
239-254.

Biomed Rev 23, 2012

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Gertler A. Leptin and Leptin Antagonists. Landes Biosci-
ence, Austin, Texas, USA, 2009.

Pisani DF, Djedaini M, Beranger GE, Elabd C, Scheideler
M, Ailhaud G, et al. Differentiation of human adipose-de-
rived stem cells into ,,brite* (brown-in-white) adipocytes.
Front Endocrinol (Lausanne) 2011; 2: 87, DOI: 10.3389/
fendo.2011.00087.

Cinti S. The adipose organ at a glance. Dis Model Mech
2012; 5: 588-594.

Haddad S, Poulin P, Krishnan K. Relative lipid con-
tent as the sole mechanistic determinant of the adipose
tissue:blood partition coefficients of highly lipophilic
organic chemicals. Chemosphere 2000; 40: 839-843.
Bourez S, Le LS, Van den DC, Louis C, Larondelle Y,
Thome JP, et al. Accumulation of polychlorinated biphe-
nyls in adipocytes: selective targeting to lipid droplets
and role of caveolin-1. PLoS.One. 2012; 7: €31834. URL:
PM:22363745

Zaleski J, Kwei GY, Thurman RG, Kauffman FC. Sup-
pression of benzo[a]pyrene metabolism by accumulation
of triacylglycerols in rat hepatocytes: effect of high-fat and
food-restricted diets. Carcinogenesis 1991; 12: 2073-2079.
Hulet SW, et al. Toxic effects of a whole-body inhalation
sarin (GB) vapor exposure in the Gottingen minipig. US
Army Edgewood Chemical and Biological Center (ECBC)
Report. 2004, Aberdeen Proving Ground, MD, USA, 1-19.
Draganov DI. Human PON3, effects beyond the HDL:
clues from human PON3 transgenic mice. Circ Res 2007;
100: 1104-1105.

Tsujita T, Okuda H. Fatty acid ethyl ester synthase in rat
adipose tissue and its relationship to carboxylesterase. J
Biol Chem 1992; 267: 23489-23494.

Tchernof A, Levesque E, Beaulieu M, Couture P, Despres
JP, Hum DW, et al. Expression of the androgen metabo-
lizing enzyme UGT2B15 in adipose tissue and relative
expression measurement using a competitive RT-PCR
method. Clin Endocrinol (Oxf) 1999; 50: 637-642.
Ohno S, Nakajin S. Determination of mRNA Expression
of human UDP-glucuronosyltransferases and application
for localization in various human tissues by real-time
reverse transcriptase-polymerase chain reaction. Drug
Metab Dispos 2009; 37: 32-40.

Ellero S, Chakhtoura G, Barreau C, Langouet S, Benelli C,
Penicaud L, et al. Xenobiotic-metabolizing cytochromes
P450 in human white adipose tissue: expression and in-
duction. Drug Metab Dispos 2010; 38: 679-686.



58

Yanev and Chaldakov

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yoshinari K, Sato T, Okino N, Sugatani J, Miwa M. Ex-
pression and induction of cytochromes P450 in rat white
adipose tissue. J Pharmacol Exp Ther 2004;311: 147-154.
Bulun SE, Chen D, Lu M, Zhao H, Cheng Y, Demura M,
et al. Aromatase excess in cancers of breast, endometrium
and ovary. J Steroid Biochem Mol Biol 2007; 106: 81-96.
Moustafa GG, Ibrahim ZS, Ahmed MM, Ghoneim MH,
Sakamoto KQ, Ishizuka M, et al. Downregulation of
male-specific cytochrome P450 by profenofos. Jpn J Vet
Res 2008; 56: 109-118.

Albanese R, Banks H, Evans M, Potter L. Physiologi-
cally based pharmacokinetic models for the transport of
trichloroethylene in adipose tissue. B Math Biol 2002; 64:
97-131.

Ferrara F, Ademollo N, Orru MA, Silvestroni L, Funari
E. Alkylphenols in adipose tissues of Italian population.
Chemosphere 2011; 82: 1044-1049.

Irigaray P, Newby JA, Lacomme S, Belpomme D. Over-
weight/obesity and cancer genesis: more than a biological
link. Biomed Pharmacother 2007; 61: 665-678.

Moon HB, Lee DH, Lee YS, Kannan K. Occurrence and
accumulation patterns of polycyclic aromatic hydrocar-
bons and synthetic musk compounds in adipose tissues
of Korean females. Chemosphere 2012; 86: 485-490.
Lind PM, van BB, Salihovic S, Lind L. Circulating levels
of persistent organic pollutants (POPs) and carotid athero-
sclerosis in the elderly. Environ Health Persp 2012; 120:
38-43.

Lind PM, Roos V, Ronn M, Johansson L, Ahlstrom H,
Kullberg J, et al. Serum concentrations of phthalate me-
tabolites are related to abdominal fat distribution two years
later in elderly women. Environ Health 2012; 11: 21-28.
van der Schans MJ, Lander BJ, van der WH, Langenberg
JP, Benschop HP. Toxicokinetics of the nerve agent (+/-
)-VX in anesthetized and atropinized hairless guinea
pigs and marmosets after intravenous and percutaneous
administration. Toxicol Appl Pharmacol 2003; 191: 48-62.
Yoshida M, Shimada E, Yamanaka S, Aoyama H, Yama-
mura Y, Owada S. A case of acute poisoning with feni-
trothion (Sumithion). Hum Toxicol 1987; 6: 403-406.
Kang HK, Watanabe KK, Breen J, Remmers J, Conomos
MG, Stanley J, et al. Dioxins and dibenzofurans in adipose
tissue of US Vietnam veterans and controls. 4m J Public
Health 1991; 81: 344-349.

Chaldakov GN, Yanev S, and Georgiev V, Toxicology of
adipose tissue (adipotoxicology), or adipose tissue as a

Biomed Rev 23, 2012

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Htoxicrine® organ. Proceedings of the NATO ARW, Yalta,
Springer, 2012 (in press).

Grun F, Blumberg B. Environmental obesogens: or-
ganotins and endocrine disruption via nuclear receptor
signaling. Endocrinology 2006; 147: S50-S55.

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

Grun F, Blumberg B. Endocrine disrupters as obesogens.
Mol Cell Endocrinol 2009; 304: 19-29.

Newbold RR, Padilla-Banks E, Jefferson WN. Environ-
mental estrogens and obesity. Mol Cell Endocrinol 2009;
304: 84-89.

Frye CA, Bo E, Calamandrei G, Calza L, Dessi-Fulgheri
F, Fernandez M, et al. Endocrine disrupters: a review of
some sources, effects, and mechanisms of actions on be-
haviour and neuroendocrine systems. J Neuroendocrinol
2012; 24: 144-159.

Tabb MM, Blumberg B. New modes of action for endo-
crine-disrupting chemicals. Mol Endocrinol 2006; 20:
475-482.

Lemberger T, Braissant O, Juge-Aubry C, Keller H,
Saladin R, Staels B, et al. PPAR tissue distribution and
interactions with other hormone-signaling pathways. Ann
NY Acad Sci 1996; 804: 231-251.

Sander K. Peroxisome proliferator activated receptors and
obesity. Eur J Pharmacol 2002; 440: 223-234.

Bai P, Houten SM, Huber A, Schreiber V, Watanabe M,
Kiss B, et al. Peroxisome proliferator-activated receptor
(PPAR)-2 controls adipocyte differentiation and adipose
tissue function through the regulation of the activity of
the retinoid X receptor/PPARY heterodimer. J Biol Chem
2007; 282: 37738-37746.

Janesick A, Blumberg B. Minireview: PPARgamma as
the target of obesogens. J Steroid Biochem Mol Biol 2011;
127: 4-8.

Kanayama T, Kobayashi N, Mamiya S, Nakanishi T,
Nishikawa J. Organotin compounds promote adipocyte
differentiation as agonists of the peroxisome proliferator-
activated receptor y/retinoid X receptor pathway. Mol
Pharmacol 2005; 67: 766-774.

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



Adipotoxicology of disease

59

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Ellero-Simatos S, Claus SP, Benelli C, Forest C, Le-
tourneur F, Cagnard N, et al. Combined transcriptomic-'H
NMR metabonomic study reveals that monoethylhexyl
phthalate stimulates adipogenesis and glyceroneogenesis
in human adipocytes. J Proteome Res 2011; 10: 5493-
5502.

Desvergne B, Feige JN, Casals-Casas C. PPAR-mediated
activity of phthalates: A link to the obesity epidemic? Mol
Cell Endocrinol 2009; 304: 43-48.

Hurst CH, Waxman DJ. Activation of PPARa and PPARy
by environmental phthalate monoesters. Toxicol Sci 2003;
74:297-308.

Somm E, Schwitzgebel VM, Toulotte A, Cederroth CR,
Combescure C, Nef S, et al. Perinatal exposure to bisphe-
nol A alters early adipogenesis in the rat. Environ Health
Persp 2009; 117:

Alonso-Magdalena P, Ropero AB, Soriano S, Garcia-
Arevalo M, Ripoll C, Fuentes E, et al. Bisphenol-A acts
as a potent estrogen via non-classical estrogen triggered
pathways. Mol Cell Endocrinol 2012; 355: 201-207.
Hoppe AA, Carey GB. Polybrominated diphenyl ethers
as endocrine disruptors of adipocyte metabolism. Obesity
2007; 15: 2942-2950.

Riu A, Grimaldi M, le MA, Bey G, Phillips K, Boulahtouf
A, et al. Peroxisome proliferator-activated receptor
gamma is a target for halogenated analogs of bisphenol
A. Environ Health Persp 2011; 119: 1227-1232.

Valvi D, Mendez MA, Martinez D, Grimalt JO, Torrent M,
Sunyer J, et al. Prenatal concentrations of polychlorinated
biphenyls, DDE, and DDT and overweight in children:
A prospective birth cohort study. Environ Health Persp
2012; 120: 451-457.

Taxvig C, Dreisig K, Boberg J, Nellemann C, Schelde AB,
Pedersen D, et al. Differential effects of environmental
chemicals and food contaminants on adipocyte differen-
tiation, biomarker release, and PPAR activation. Reprod
Toxicol 2011; 32: 152.

Sargis RM, Johnson DN, Choudhury RA, Brady MJ.
Environmental endocrine disruptors promote adipo-
genesis in the 3T3-L1 cell line through glucocorticoid
receptor activation. Obesity (Silver Spring) 2010; 18:
1283-1288.

White SS, Fenton SE, Hines EP. Endocrine disrupting
properties of perfluorooctanoic acid. J Steroid Biochem
Mol Biol 2011; 127: 16-26.

Takacs ML, Abbott BD. Activation of mouse and human

Biomed Rev 23, 2012

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

peroxisome proliferator-activated receptors (o, B/d, v)
by perfluorooctanoic acid and perfluorooctane sulfonate.
Toxicol Sci 2007; 95: 108-117.

Salazard B, Bellon L, Jean S, Maraninchi M, El-Yazidi C,
Orsiere T, et al. Low-level arsenite activates the transcrip-
tion of genes involved in adipose differentiation. Cell Biol
Toxicol 2004; 20: 375-385.

Harris RM, Waring RH. Diethylstilboestrol--a long-term
legacy. Maturitas 2012; 72: 108-112.

Leyvraz C, Suter M, Verdumo C, Calmes JM, Paroz A, Da-
rimont C, et al. Selective effects of PPAR gamma agonists
and antagonists on human pre-adipocyte differentiation.
Diabetes Obes Metab 2010; 12: 195-203.

Schupp M, Lee LD, Frost N, Umbreen S, Schmidt B,
Unger T, et al. Regulation of peroxisome proliferator-
activated receptor gamma activity by losartan metabolites.
Hypertension 2006; 47: 586-589.

Arunachalam S, Kim SY, Kim MS, Yi HK, Yun BS, Lee
DY, et al. Adriamycin inhibits adipogenesis through the
modulation of PPARgamma and restoration of adriamy-
cin-mediated inhibition of adipogenesis by PPARgamma
over-expression. Toxicol Mech Methods 2012; 22: 540-
546.

Ben-Jonathan N, Hugo ER, Brandebourg TD. Effects of
bisphenol A on adipokine release from human adipose
tissue: Implications for the metabolic syndrome. Mol Cell
Endocrinol 2009; 304: 49-54.

Hugo ER, Brandebourg TD, Woo JG, Loftus J, Alexander
JW, Ben-Jonathan N. Bisphenol A at environmentally
relevant doses inhibits adiponectin release from human
adipose tissue explants and adipocytes. Environ Health
Persp 2008; 116: 1642-1647.

Howell III G, Mangum L. Exposure to bioaccumulative
organochlorine compounds alters adipogenesis, fatty acid
uptake, and adipokine production in NIH3T3-L1 cells.
Toxicol in Vitro 2011; 25: 394-402.

Lassiter TL, Ryde IT, Levin ED, Seidler FJ, Slotkin TA.
Neonatal exposure to parathion alters lipid metabolism
in adulthood: Interactions with dietary fat intake and
implications for neurodevelopmental deficits. Brain Res
Bull 2010; 81: 85-91.

Guo LW, Wu Q, Green B, Nolen G, Shi L, LoSurdo J, ez al.
Cytotoxicity and inhibitory effects of low-concentration
triclosan on adipogenic differentiation of human mesen-
chymal stem cells. Toxicol Appl Pharmacol 2012; 262:
117-123.



60

Yanev and Chaldakov

75.

76.

77.

78.

79.

80.

81.

82.

Bignucolo A, Lemire J, Auger Ch, Castonguay Z, Ap-
panna V, Appanna VD. The molecular connection between
aluminum toxicity, anemia, inflammation and obesity:
therapeutic cues. In: Silverberg DS, editor. Anemia. In-
Tech, 2012; 403-424.

Hyman M. Systems biology, toxins, obesity, and functional
medicine. Altern Ther Health Med 2007; 13: S134-S139.
La MM, Birnbaum LS. Childhood obesity and environ-
mental chemicals. Mt.Sinai J Med 2011; 78: 22-48.
Blumberg B. Obesogens, stem cells and the maternal
programming of obesity. J Dev Orig Health Dis 2011; 2:
3-8.

Porta M, Lee DH, Puigdomenech E. Transgenerational
inheritance of environmental obesogens. Occup Environ
Med 2009; 66: 141-142.

Waliszewski SM, Aguirre AA, Infanzon RM, Silva CS,
Siliceo J. Organochlorine pesticide levels in maternal
adipose tissue, maternal blood serum, umbilical blood
serum, and milk from inhabitants of Veracruz, Mexico.
Arch Environ Con Tox 2001; 40: 432-438.

Mendez MA, Garcia-Esteban R, Guxens M, Vrijheid
M, Kogevinas M, Goni F, ef al. Prenatal organochlorine
compound exposure, rapid weight gain, and overweight
in infancy. Environ Health Persp 2011; 119: 272-278.
Fernandez MF, Arrebola JP, Taoufiki J, Navalon A, Bal-
lesteros O, Pulgar R, ef al. Bisphenol-A and chlorinated
derivatives in adipose tissue of women. Reprod Toxicol

Biomed Rev 23, 2012

83.

84.

85.

86.

87.

88.

2007; 24: 259-2064.

von Saal FS, Nagel SC, Coe BL, Angle BM, Taylor JA.
The estrogenic endocrine disrupting chemical bisphenol
A (BPA) and obesity. Mol Cell Endocrinol 2012; 354:
74-84.

Kirchner S, Kieu T, Chow C, Casey S, Blumberg B. Pre-
natal exposure to the environmental obesogen tributyltin
predisposes multipotent stem cells to become adipocytes.
Mol Endocrinol 2010; 24: 526-539.

Slotkin TA. Does early-life exposure to organophosphate
insecticides lead to prediabetes and obesity? Reprod Toxi-
col 2011; 31: 297-301.

Power C, Jefferis BJ. Fetal environment and subsequent
obesity: a study of maternal smoking. Int J Epidemiol
2002; 31: 413-419.

Miillerova D, Kopecky J. White adipose tissue: Storage
and effector site for environmental pollutants. Physiol Res
2007; 56: 375-381.

Principles of Biochemical Toxicology. 4™ edition. Tim-
brell JA, editor. Healthcare USA, Inc. 2009.

89. Thayer KA, Heindel JJ, Bucher JR, Gallo MA. Role of en-

90.

vironmental chemicals in diabetes and obesity: A National
Toxicology Program Workshop Report. Environ Health
Persp 2012; 1-47. DOI1:10.1289/ehp.1104597.

Frithbeck G, Chaldakov GN. Would-be-worlds of adi-
pobiology in the exposome of globesity. Adipobiology
2012; 4:107-110.



