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The Worldwide Obesity Epidemic

e 39.6% of the US population are clinically obese (BMI > 30)
- Hales al, NCHS Data Brief 288, 2017 (4% increase since 2015)
- 37.9% male vs 41.1% female
- Disproportionately affects minority gropus
- 46.8% African American, 47% Hispanic, only 12.7% Asian

e Obesity accounts for a huge fraction of healthcare costs
- $85.7 billion annually in US (2005), $147 billion (2009)
- New model (J. Health Economics, 2012) - $209.7 billion in 2008 $
e 20.6% of US healthcare costs.

e QObesity is associated with increases in
e Metabolic syndrome -> type 2 diabetes
e cardiovascular disease
e hypertension
e Stroke
e cancers



How does obesity occur ?

e Prevailing wisdom - “couch potato syndrome”
- Positive energy balance, i.e., too much food, too little exercise



Any history
of diet or exercise
n your family?
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A dramatic rise in obesity has occurred among humans within the last several decades. Little 1s known
about whether similar increases in obesity have occurred in amimals inhabiting human-influenced
environments. We examined samples collectuvely consisting of over 20 000 animals from 24 populatons
(12 divided separately into males and females) of amimals representung eight species living with or around
humans 1in industrialized societies. In all populations, the estimated coefficient for the trend of body
welght over time was positive (l.e. increasing). The probability of all trends being in the same direction
by chance is 1.2 x 107 7. Surprisingly, we find that over the past several decades, average mid-life body
welghts have risen among primates and rodents living in research colomies, as well as among feral rodents
and domestic dogs and cats. The consistency of these findings among animals living in varying environ-
ments, suggests the inriguing possibility that the aetiology of increasing body weight may involve several
as-of-yet unidentified and/or poorly understood factors (e.g. viral pathogens, epigenetic factors). This
finding mayv eventually enhance the discovery and fuller elucidation of other factors that have contributed
to the recent rise in obesity rates.
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e QOur pet cats and dogs are getting fat, but so are feral
rats in cities and, crucially, 4 species of research
animals living in controlled environments.

e Something about living in proximity to humans is
making animals fat.
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Ssummary

Background: To determine whether the relationship between caloric intake,
macronutrient intake, and physical activity with obesity has changed over time.
Methods: Dietary data from 36,377 U.5. adults from the Mational Health and Mutri-
tion Survey (NHANES) between 1971 and 2008 was used. Physical activity frequency
data was only available in 14,419 adults between 1988 and 2006. Generalised linear
models were used to examine if the association between total caloric intake, per-
cent dietary macronutrient intake and physical activity with body mass index (BMI)
was different over time.

Results: Between 1971 and 2008, BMI, total caloric intake and carbohydrate intake
increased 10—14%, and fat and protein intake decreased 5—9%. Between 1988 and
2006, frequency of leisure time physical activity increased 47— 120%. However, for a
given amount of caloric intake, macronutrient intake or leisure time physical activ-
ity, the predicted BMI was up to 2.3 kg/m?* higher in 2006 that in 1988 in the mutually
adjusted model (P< 0.05).



Ssummary

Background: To determine whether the relationship between caloric intake,
macronutrient intake, and physical activity with obesity has changed over time.
Methods: Dietary data from 36,377 U.5. adults from the Mational Health and Mutri-
tion Survey (NHANES) between 1971 and 2008 was used. Physical activity frequency
data was only available in 14,419 adults between 1988 and 2006. Generalised linear
models were used to examine if the association between total caloric intake, per-
cent dietary macronutrient intake and physical activity with body mass index (BMI)
was different over time.

Results: Between 1971 and 2008, BMI, total caloric intake and carbohydrate intake
increased 10—14%, and fat and protein intake decreased 5—9%. Between 1988 and
2006, frequency of leisure time physical activity increased 47— 120%. However, for a
given amount of caloric intake, macronutrient intake or leisure time physical activ-
ity, the predicted BMI was up to 2.3 kg/m?* higher in 2006 that in 1988 in the mutually
adjusted model (P< 0.05).

e Physical activity is INCREASING, not DECREASING

e Energy balance model is insufficient to explain rise in
BMI between 1988 and 2006



How does obesity occur ?

Prevailing wisdom - ““couch potato syndrome”
- Positive energy balance, i.e., too much food, too little exercise

Are there other factors in obesity ?
- Stress (elevated glucocorticoids)
- Inadequate sleep (stress?)
- “Thrifty” genes which evolved to make the most of scarce calories
- Viruses, gut microbes, SNPs

What about role of prenatal nutrition or in utero experience?
- Southampton studies - Barker “thrifty phenotype hypothesis”
- Dutch “Hunger Winter” studies
- Maternal smoking decreases birth weight and increases obesity

Is there a role for industrial chemicals in rise of obesity?
- Baillie-Hamilton (2002) postulated a role for chemical toxins
- Heindel (2003) “Endocrine Disruptors and the Obesity Epidemic™



Hormonal control of weight

e Hormonal control of appetite and metabolism
- Leptin, adiponectin, ghrelin are key players o
- Leptin, adiponectin - adipocytes
- Grehlin - stomach o Y
- Thyroid hormone/receptor :'f"’
e Sets basal metabolic rate |

('Y Thyroxine & T3
WA (thyroid)

[ Ghrelin
(stomach)

/ \
PYY GLP-1 CCK
(intestine)

e Hormonal control of fat cell
development and lipid balance

- Regulated through nuclear
hormone receptors RXR, PPARY

- PPARYy - master regulator of
fat cell development

e Increased fat cell differentiation Mo
e Increased storage in existing cells

e Increased insulin Sensitivity From Nature Medicine 10, 355 - 361 (2004)



Endocrine Disrupting Chemicals (EDCs)

affect many organ systems

e “Endocrine Disruptor - an exogenous
chemical, or mixture of chemicals,
that interferes with any aspect of

hormone action.” - The Endocrine
Society, 2012

- Wrong signal, loss of signal, wrong
place at wrong time

- Hormones work at low
concentrations and so do EDCs

e How are we exposed to EDCs?
- persistent pollutants (food, water)
- dietary components (pesticides)
- food packaging
- personal care products
- cleaning materials




Endocrine Disrupting Chemicals (EDCs)

INSECTICIDES

HERBICIDES
2,4,-D
2,4,5,-T
Alachlor

Amitro
Atrazine
Linuron
Metribuzin
Nitrofen
Trifluralin

FUNGICIDES
Benomyl
Ethylene thiourea
Fenarimol
Hexachlorobenzene
Mancozeb
Maneb
Metiram - complex
Tributyltin
Vinclozolin
Zineb

METALS

Aldicarb
beta-HCH
Carbaryl
Chlordane
Chlordecone
DBCP
Dicofol
Dieldrin
DDT and metabolites
Endosulfan
Heptachlor / H-epoxide
Lindane (gamma-HCH)
Malathion
Methomyl
Methoxychlor
Oxychlordane
Parathion
Synthetic pyrethroids
Transnonachlor
Toxaphene

INDUSTRIAL CHEMICALS
Bisphenol - A
Polycarbonates

Butylhydroxyanisole
Cadmium
Chloro- & Bromo-diphenyl
Dioxins
Furans
Lead
Manganese
Methyl mercury
Nonylphenol
Octylphenol
PBDEs
PCBs
Pentachlorophenol
Penta- to Nonylphenols
Perchlorate
PFOA
p-tert-Pentylphenol

Styrene

Thyroid hormone disruptor

Estrogen receptor agonist
Androgen receptor antagonist
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Endocrine Disrupting Chemicals (EDCs)

Pesticides
Alachlor

Amitro

Herbicides

NITroren
Trifluralin

Fungicides
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Fenarimol
Hexachlorobenzene

Solvents
Tributyltin-
Vinclozolin

Zineb

METALS

INDU”
Flame Retardants Plastics
Carbaryl : Butylhydroxyanisole
Chlordane Cadmium
P! Chloro~~ = ==
Industrial byproducts Plasticizers
plerarin Lead
DDT and metabolites Manganese
Endonciilfan Mpfh\ll mareLiryy
Surface protectors Cosmetics
Methomyl PCBs
Methoxychlor Pentachlorophenol
Sunscreens Over 1,000 EDCs

S
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Transnonachlor
Toxaphene

p-tert-Pentylphenol

Styrene

Thyroid hormone disruptor

Estrogen receptor agonist
Androgen receptor antagonist




Endocrine Disrupting Chemicals (EDCs)

e Are EDC-mediated disturbances in endocrine signaling
pathways involved in adipogenesis and obesity
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EDCs and the obesogen hypothesis

Obesogens - chemicals that inappropriately stimulate adipogenesis
and fat storage, disturb adipose tissue homeostasis, or alter control
of appetite/satiety to lead to weight gain and obesity

Pre- and postnatal exposure to EDCs such as environmental estrogens
(ER) increases weight

- DES, genistein, bisphenol A

Thiazolidinedione anti-diabetic drugs (PPARY)#"
- Increase fat storage and fat cell number at all

Urinary phthalates correlate
resistance in humans

- Many chemicals linked with obes

several compounds cause adipocyte di
- phthalates, BPA, aklylphenols, PF

Existence of obesogens is plausible N S



Endocrine disruption by organotins

Imposex hos konksnegl

Organotins -> imposex mollusks

Ovarie

Sex reverses genetically female e T ;@

- ardajelsesKIirte | . " e
flounder and zebrafish -> males - i
Which hormone receptors % e

Szdleder

might be organotin targets?

We found that tributyltin (TBT)

- Binds and activates at ppb
(low nM) two nuclear receptors, RXR and
PPARYy critical for adipogenesis

- TBT induced adipogenesis in cell culture .
models (nM) sn—,  Tributyltin-ClI

- Prenatal TBT exposure led to weight f \\\\
gain in mice, In vivo

- Prenatal exposure epigenetically

reprograms MSC fate toward fat lineage  Grun etal., Molec Endocrinol, 2006
Kirchner et al, Molec Endocrinol 2010



Are effects of TBT exposure heritable ?

TREATMENTS

FEMALE PO
PRE-TREATMENT | MATING DMSO

ROSI 0.5 uM
TBT 5.42 nM (50x < NOAEL)
TBT 54.2 nM (5x < NOAEL)

b\ TBT 542 nM
—>F1
S~ MULTI-GENERATIONAL

k///L\\“ EFFECT
|

Sacrificed Mating —— F2

Results | . TRANS-GENERATIONAL
= No increase in body weight EFFECT
= Increased WAT weight l

= Increased adipocyte size .. .
= Increased WAT number sacrificed  Mating F3

= Whitened BAT l
= Adipogenic bias in MSCs
= Fatty liver Sacrificed

Chamorro-Garcia et al., Environ Health Perspect, 2013



How does TBT exposure elicit transgenerational effects?

TREATMENTS

DMSO

TBT 5 nM (~50x < NOAEL)
TBT 50 nM ( ~5x < NOAEL)

MULTI-GENERATIONAL
EFFECT

Sacrificed Mating ——mr0«> F2
TRANS-GENERATIONAL
/K EFFECT
ENDPOINTS Sacrificed Mating — > F3
8 weeks old - MSCs
e Transcriptomics /K‘
« Methylomics

Sacrificed Mating F4

e Lineage commitment

* Body weight /K
* Body composition

e Serum analysis Diet Test | "
e Epididymal sperm

Chamorro-Garcia et al., Nature Communications,2017



Effects of diet on F4 animals

EUTHANASIA
y (WEEK 33)
BIRTH
21.6% 13.2% FAT
13.2% FAT DIET FAT DIET DIET
4H FI\A/IEIT'NG O/N FASTING
(WEEK 32) MR

Chamorro-Garcia et al., Nature Communications,2017



F4 TBT males are resistant to fasting-induced fat loss

- £ . |
@ -10- » ® . o0
e SIS
B o I
3 o -201[5% =
> 0
=
S

4H 16H 4H 16H 4H 16H
BW Lean Fat

TBT animals do not mobilize fat comparably to controls

Chamorro-Garcia et al., Nature Communications,2017



Body weight is not changed by TBT exposure

CD HFD

35 M CD I
;') 30 A ™ . Males
i e
R
) 25
; Females
=
3 20-
o

15

o>

ge (weeks

morro-Garcia et al., Nature Communications,2017



Body weight is not changed by TBT exposure

35

i e

Boc

15

CD

|| + BW-TBT

—— BW-DMSO

20-

HFD
Mﬂ |

CD |

~11 Males

Body weigh;[ IS not an acceptable

surrogate for obesity!

MU OO MOUUOUNMNO —M

e v T~ (N AN ANANANOM
Age (weeks o
Chamorro-Garcia et al., Nature Communications,2017



Higher fat diet causes obesity in F4 males

CALORIES PROVIDED BY FAT

13.2% 21.6% 13.2%

et

-

3 75 by :

2 —e— % Lean_DMSO §-3.. R
-e- % Lean_TBT '$ i

%‘ 704 —s— % Fat_DMSO

o 257 -<- % Fat_TBT

o

o 20-

i

X 15+

10-
11-
12-
13-
14-
15-

SRR L LT
TANHANANANANANANANANANOOOOM

Mouse age (weeks)

Chamorro-Garcia et al., Nature Communications,2017



Weight (Q)

Smaller effect of diet on F4 females

CALORIES PROVIDED BY FAT

13.2% 21.6% 13.2%

14+ —e»— BW_DMSO
57 -~ BW_TBT
—eo— Lean DMSO
4 --e- |lean_TB
—e— Fat_DMSO
--.- Fat_TBT
3+

ol g2 g -

104
114
124
134
14
154

R R LR I g
TAANANANANANANANANANOOOM

Mouse age (weeks)

Chamorro-Garcia et al., Nature Communications,2017



SD HFD SD

——— — |

0 19 25 33
Age (weeks)

Observations

/\

Biological <) \/olecular

Fat accumulation  DNA methylation analyses
(8 weeks) » Gene expression analyses
Response to diet
(19 weeks) m
Failure to mobilize fat MSCs Liver  Eat tissue

in fasting conditions (8 week old) (33 week old)



Differentially Methylated Regions in F4 Male WAT
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Differentially Methylated Regions in F4 Male WAT
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How do we get DMRs In F4 generation
when germline reprogramming erases
eX|st|ng methylatlon every generation?
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Methylation and Differential Gene Expression

Subset |

Subset I

Subset Il

I Hypermethylated DMW I Hypomethylated DMW

Chamorro-Garcia et al., Nature Communications,2017



ISODMBs are abundant in the genome

1wl

DMR »
DNA
| |

IsoDMB 1 5 3

%GC I |
Ref Seq Gene X B

Gene Y
0
_,___'Egg—-—'ﬂ Gene Expression

N . Overexpressed
L1 L2 H1 H2 H3 Underexpressed
|Isochores




GO enrichment of Differentially Expresssed
Genes In 1SODMBs

Lipid and fatty acid metabolism n=~100

Post-trang Iatlon | protein
mog |fcat on ell divisio
C—terminalmlno acid

modification Drug trans e transport

cAM '@ he5|s

Purine rlbo.losynthess
Nucleotjde phosphprilati
ucieofde phospnpriiation Adenylate cyelase-activating
G-protein coupl @ eptor signaling

patrway
Nuagy
Purine ribgnucleoside metabolism

Small bollsm
Fatty|acid metabolism
Puri - ianali
Regulation g brane lipid urlnerglcprr signating
dis on .
Autophagic ole assembly

Llpl
Fatty a abolism
Regulation ootein signal
F’hospholrambling tra on
Arp2/3 complé ediated actin

g-value Specificity GO enrichment: Gorilla
Visualization: REVIGO & Cytoscape

Organophos‘ter transport
Acyllism
Lip.ort
Thioeg bolism
AMIism

Carboxilic acid metabolism

Purine-c mpound

Purine-gontaining compound

e S USSP ——

« TBT alters methylation of genes involved in a variety of cellular
processes, including many lipid and fatty acid metabolism genes

Chamorro-Garcia et al., Nature Communications, 2017



[ Muscle system process
[ - Muscle contraction
| Striated muscle contraction
+ Skeletal muscle fiber development
| Organic acid metabolic process |
+ Myotube cell development
| IMonocarboxylic acid metabolic process|
| Muscle fiber development
[ Carboxylic acid metabolic process
| Oxoacid metabolic process
| Muscle cell differentiation
[ - Muscle structure development
¢+ Muscle cell development
— Sarcoplasmic reticulum calcium ion transport/ . . . |
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N b-oxidation gfr4 \ . G|ucose
Pyruvate \ & FEP
FA i =
ithc ¢
Mitochondria AdipoQ | actate GéP L
FA Acyl-CoA — Ve

Sic27a2
>
OO0
9
TR
o
% Y
o hxj\
v O
=

FA - - -2 » ACoA
b- oxldatlon

Peroxisome

\ DHAP

o

underexpressed

overexpressed

J

Chamorro-Garcia et al., Nature Communications, 2017



Leptin i1s Within a Hypo-methylated iIsoDMB

A. IsoDMB #1626 (475.9 Kb)
DMR 1 Chr6:28,971,601-29,446,900 5
Isochores I D R |
Ref S 4
ef Seq Lep
K f’fwfﬁg H3 Gene Expression
N s Overexpressed
B. 5 3 — DMSO — TBT
N @ . DMR1 « DMR?2
© £
X ?&:ilm.n‘ M
5 O
p
3,000 bp 3,000 bp

Chamorro-Garcia et al., Nature Communications, 2017



F4 Over-expression of Leptin mRNA and Protein

W

1200

Leptin mMRNA
(RPKMs)

o

O

1200

Leptin protein
(pg/ml)
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o
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*
°
° e
_.._
DMSO BT
* %
[ P
. A
—1
o ¢ [ ¢
== o
DMSO TBT

(only In males)

Obesity +
elevated
leptin levels

leptin resistance

Nature Communications, 2017

Chamorro-Garcia et al.,



TBT Exposure Alters Chromatin Structure Favoring
Expression of Obesity-promoting Genes

g 2 Permits/ DNA
e — facilitates methylation

Altered DNA methylation,
differential expression
% of leptin and important
. :> Alters access metabolic genes

to programing
enzymes

* 1soDMBs map to regions of increased GC content, which are
known to correspond to TADs and loops - chromatin structure

« \We observe isoDMBs rather than specific DMRs in genes

Chamorro-Garcia et al., Nature Communications, 2017



ATAC-seq of F3/F4 sperm reveals TBT-altered
local chromatin accessibility

NS EI.

Cluster Avs B

Chi-square = 4.2
p value = 0.04

Cluster A

Cluster B

® F3
. F4

® F3
B F4

‘DMSO

’ BT

D
0.12 0.08
B Observed B Observed
" B Expected [mean+SD] o B Expected [mean+SD]
0 O 0.064
o 0.08 )
< <
E ﬁ 0.04-
m i
Q 0.041 Q
® @ 0.02]
| |
. 0.00!
Inacc. Acc. Inacc. Acc. Inacc. Acc. Inacc. Acc.
F3 F4 F3 F4
Hypermethylated Hypomethylated
isoDMBs isoDMBs

 Hypomethylated isoDMBs associated
with inaccessible sperm chromatin
and vice versa

» Is accessibility in sperm related to
methylation status in somatic cells?

Chamorro-Garcia et al., Nature Communications, 2017



Inaccessible regions in F3/F4 sperm that are
Hypomethylated in WAT contain key metabolic genes

A o B F3 Acc. F4 Acc.
Significant DAls
shared by F3 and F4 /

0.04 2 (B

o
o
L

Predicted
A [minimum and maximumy]

Predicted
[ [5th and 95th percentile]

DAI fraction
]
(=)
%]

38 36 58

0.01. I Observed
0.00.
F3 Inacc. F4 Inacc.
C
Inacc. in F3 GO term Inacc. in F4
# genes p value p value # genes

818 (0.000035 Cellular metabolic process 0.00036 134
675 (0.000095 —Cellular macromolecule metabolic process—— 0.00064 114
811 0.0013 Primary metabolic process 0.00068 92
850 0.0014 Organic substance metabolic process 0.0043 136
496 0.0015 — Organic cyclic compound metabolic process_  0.033 82
472 0.0035 — Heterocycle metabolicprocess_— 0.014 81
883 0.0037 Metabolic process 0.0048 141

483 0.018 —— Regulation of primary metabolic process____ 0.00022 92



Chromatin Accessibility is Already altered in F1 PGCs

Unsupervised|Correlation Heatmap
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Chromatin Accessibility is Already altered in F1 PGCs

FO TBT exposure leads to changes in chromatin accessibility
— Male-specific
— Occurs by E13.5

F1 PGCs are, in fact the F2 generation

TBT effects may be carried by altered chromatin
structure/accessibility in the male germline

Chromatin structure is inherited, leading to secondary
regional changes in DNA methylation and gene expression



Obesogen exposure and development

Organotins are exceptionally potent agonists of RXR and PPARy at
environmentally-relevant levels (ppb)
- ~5nM ECg, 12.5 nM K4 0n RXRa,, ~20 nM ECy, and K4 on PPARy

TBT drives adipocyte differentiation in cell culture models, and in 2
vertebrate species: mouse and Xenopus

The effects of maternal TBT exposure are transgenerational
- Fat depot size, adipocyte size, MSC gene expression, hepatic fat
- Altered DNA methylation in F3 and F4 animals
- Probable heritable, large scale changes in chromatin structure

TBT exposure induces a transgenerational, leptin-resistant “thrifty
phenotype, altering response to diet composition and fasting

- Increased fat accumulation vs. control

- TBT makes animals resistant to weight loss from fasting

- TBT animals over-express leptin and are likely leptin-resistant

Multiple potential modes of action
- PPARY-RXR (differentiation)
- Adipogenic commitment (probably RXR-dependant)
- Aromatase expression/function - estradiol levels



Implications For Human Health

e Diet and exercise alone are insufficient to explain obesity epidemic
e Obesogens inappropriately stimulate adipogenesis and fat storage
- Prescription drugs
e Thiazolidinedione anti-diabetic drugs (Actos, Avandia)
e Atypical antipsychotics, tricyclic anti-depressants
- Environmental contaminants
e organotins, estrogens (BPA, DEHP), PFOA/S, DDE, POPs
e Many fungicides, organophosphates, parabens

e Prenatal obesogen exposure reprograms exposed animals to be fat

- Epigenetic changes alter fate of stem cell compartment -> more
preadipocytes and more adipocyte progenitors

- Altered chromatin structure and accessibility leads to regional
changes in DNA methylation and gene expression favoring obesity

e (Obesogens shift paradigm from treatment to prevention during
pregnancy, childhood and puberty

- Reduced exposure to obesogens, optimized nutrition
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e (Obesogens inappropriately stimulate adipogenesis and fat storage
- Prescription drugs
e Thiazolidinedione anti-diabetic drugs (Actos, Avandia)
e Atypical antipsychotics, tricyclic anti-depressants

- Environmental contami
_ DAMN YOUJ, EPIGENOME.
e organotins, estrogel
e Many fungicides, or ’ (A

e Prenatal obesogen exposur

- Epigenetic changes alte
preadipocytes and mor:

- Altered chromatin strut
changes in DNA methylj

e Obesogens shift paradigm f eatment vention
pregnancy, childhood and pthes
- Reduced exposure to obesoggns, opti utrition




Testing for effects of chemical exposure

UM..WE DO TEST
FOR THE SARETY OF
PESTICIDES IN “ouRr Foop,

ITS KIND OF
A LONG-TERM
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Why We Fat Les$ and Excrcisc More

put Still struggle to Lose Weight

THE
OBESOGEN
EFFECT
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