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1  | INTRODUC TION

The global prevalence of obesity is rapidly increasing with an esti-
mated 2.1 billion people considered overweight or obese (Tremmel, 
Gerdtham, Nilsson, & Saha, 2017). Obesity is a metabolic disorder 
that involves complex interactions between genetics and the en-
vironment and increases the risk for developing type 2 diabetes 

mellitus (T2DM), cardiovascular diseases, respiratory disorders, 
infertility, cancer, and social and psychological problems (Pozza 
& Isidori, 2018). The global economic cost attributed to obesity 
is approximated to be two trillion US dollars per annum, posing a 
significant health and financial burden, particularly to low- and mid-
dle-income countries with already struggling healthcare systems 
(Tremmel et al., 2017).
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Abstract
Obesity rates continue to rise in an unprecedented manner in what could be the most 
rapid population-scale shift in human phenotype ever to occur. Increased consump-
tion of unhealthy, calorie-dense foods, coupled with sedentary lifestyles, is the main 
factor contributing to a positive energy balance and the development of obesity. 
Leptin	and	insulin	are	key	hormones	implicated	in	pathogenesis	of	this	disorder	and	
are crucial for controlling whole-body energy homeostasis. Their respective function 
is mediated by the counterbalance of anorexigenic and orexigenic neurons located 
within the hypothalamic arcuate nucleus. Dysregulation of leptin and insulin signal-
ing pathways within this brain region may contribute not only to the development 
of obesity, but also systemically affect the peripheral organs, thereby manifesting 
as	metabolic	diseases.	Although	 the	exact	mechanisms	detailing	how	 these	hypo-
thalamic nuclei contribute to disease pathology are still unclear, increasing evidence 
suggests	that	altered	DNA	methylation	may	be	involved.	This	review	evaluates	ani-
mal	studies	that	have	demonstrated	diet‐induced	DNA	methylation	changes	in	genes	
that regulate energy homeostasis within the arcuate nucleus, and elucidates possible 
mechanisms causing hypothalamic leptin and insulin resistance leading to the devel-
opment of obesity and metabolic diseases.
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The increased consumption of unhealthy, energy-dense foods 
together with physical inactivity is widely regarded as the driving 
factors behind the current obesity epidemic. These factors are as-
sociated with energy imbalance due to prolonged energy intake 
exceeding energy expenditure, a hallmark of obesity (Romieu et al., 
2017). Energy homeostasis involves co-ordination of various met-
abolic signals emanating from the peripheral organs as well as the 
central	nervous	system	(Lenard	&	Berthoud,	2008;	Pimentel	et	al.,	
2012). Centrally, the hypothalamus plays an integral role in regulat-
ing whole-body energy metabolism and controls many important 
physiological	functions,	with	neurons	of	the	arcuate	nucleus	(ARC)	
being essential for controlling food intake and energy expenditure 
(Lenard	&	Berthoud,	2008).	The	function	of	these	neurons	is	mod-
ulated through the action of several hormones including leptin and 
insulin, both of which are involved in controlling energy homeosta-
sis, playing crucial roles in regulating lipid and glucose metabolism, 
respectively (Belgardt & Bruning, 2010). Hypothalamic repression of 

their hormonal function results in dysregulated signaling, systemi-
cally affecting the major organs, manifesting as obesity, and meta-
bolic syndrome (MeS) (Marino, Xu, & Hill, 2011; Morton & Schwartz, 
2011).

Increasing evidence shows the involvement of diet-induced epi-
genetic modulation of gene expression in the pathophysiology of 
obesity	 (Alegría‐Torres,	 Baccarelli,	 &	 Bollati,	 2011).	 Indeed,	 over-
nutrition with unhealthy energy-dense diets can elicit epigenetic 
alterations and thereby modulate gene expression (Vickers, 2014). 
Epigenetics can be defined as the study of changes in gene expres-
sion due to chromosome changes without any alterations occur-
ring	within	 the	DNA	sequence	 (Berger,	Kouzarides,	 Shiekhattar,	&	
Shilatifard, 2009; He et al., 2019). Epigenetic modifications include 
DNA	methylation,	noncoding	RNAs,	histone	modification,	and	chro-
matin remodeling, all of which plays a significant role in regulating 
tissue‐specific	gene	expression	(Holliday,	2006).	Any	modifications	
altering these processes can induce long-term changes in gene 

F I G U R E  1  Leptin	and	insulin	in	whole‐body	energy	metabolism.	Leptin	and	insulin	have	receptors	within	the	hypothalamus	to	facilitate	
their role in regulating food intake. These hormones also have peripheral functions, such as controlling lipid and glucose metabolism within 
the liver, muscle, and adipose tissues. In the heart, leptin and insulin are involved in maintaining cardiovascular homeostasis and promoting 
cardiac	efficiency.	Leptin	also	plays	a	role	in	bone	formation
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function and metabolism, which may persist throughout the life of 
an individual and may be potentially inherited across generations 
(Sales, Ferguson-Smith, & Patti, 2017).

A	further	understanding	of	leptin	and	insulin	signaling	within	the	
hypothalamic	ARC	and	 the	contribution	of	epigenetic	mechanisms	
to the onset of obesity and related complications could aid in the 
development of novel antiobesity strategies. The mechanisms for 
maintaining energy homeostasis is complex, and several important 
hormones and neuropeptides are involved. This review will focus on 
DNA	methylation	 as	 a	 possible	mechanism	 regulating,	 specifically,	
leptin	and	insulin	signaling	within	the	hypothalamic	ARC	during	the	
pathogenesis of obesity.

2  | LEPTIN AND INSULIN A S REGUL ATORS 
OF ENERGY HOMEOSTA SIS

Leptin	and	insulin	are	produced	by	the	adipose	tissues	and	pancre-
atic β cells in relation to lipid and blood glucose levels (Belgardt & 
Bruning, 2010). These are transported across the blood–brain bar-
rier	 where	 they	 bind	 to	 the	 leptin	 (Lep‐R)	 and	 insulin	 receptors	
(Ins‐R),	respectively,	which	are	abundantly	expressed	within	the	ARC	
(Roh, Song, & Kim, 2016; Schwartz, Woods, Porte, Seeley, & Baskin, 
2000).	Apart	from	a	common	functional	role	in	hypothalamic	control	
of food intake and energy expenditure, leptin signaling and insulin 
signaling are involved in controlling important functions within the 
major organs as depicted in Figure 1.

In the peripheral tissues, insulin is the primary signal for fat 
storage	 (Isganaitis	 &	 Lustig,	 2005)	 and	 is	 involved	 in	 regulating	
blood glucose levels through increasing whole-body glucose up-
take	(Roder,	Wu,	Liu,	&	Han,	2016).	Leptin,	 in	turn,	regulates	he-
patic gluconeogenesis, skeletal muscle glucose uptake, and lipid 
oxidation (Paz-Filho et al., 2012). Insulin inhibits lipolysis and pro-
motes	thermogenesis	in	brown	adipose	tissue	(Sanchez‐Alavez	et	
al., 2010), while leptin promotes glucose uptake in brown adipose 
tissue	 and	 tissue	 lipolysis	 in	 white	 adipose	 tissue	 (Park,	 Ahn,	 &	
Kim,	 2010;	 Sanchez‐Lasheras,	 Konner,	 &	 Bruning,	 2010).	 In	 the	
heart, insulin affects substrate utilization through promoting glu-
cose metabolism through glycolysis, which diminishes myocardial 
O2 consumption and promotes cardiac efficiency (El-Shenawy, 

Moharram, El-Noamany, & El-Gohary, 2013). Under pathological 
conditions such as T2DM, myocardial ischemia, and cardiac hyper-
trophy, insulin signal transduction pathways are abrogated (Iliadis, 
Kadoglou, & Didangelos, 2011).

Leptin	also	functions	to	inhibit	inflammation	and	enhance	the	
immune response, plays a role in coagulation, neurogenesis, plate-
let aggregation, fibrinolysis, affects reproduction and controls car-
diovascular homeostasis, and is involved in tissue remodeling as 
well as bone formation (Chehab, 2014; Kelesidis, Kelesidis, Chou, 
& Mantzoros, 2010; Koh, Park, & Quon, 2008; McNay, Briancon, 
Kokoeva, Maratos-Flier, & Flier, 2012; Paz-Filho, Mastronardi, 
Delibasi,	Wong,	&	Licinio,	2010;	Paz‐Filho,	Wong,	&	Licinio,	2011;	
Upadhyay, Farr, & Mantzoros, 2015). Perturbed leptin signaling 
stimulates oxidative stress, vascular inflammation, and vascular 
smooth muscle hypertrophy, that may contribute to the patho-
genesis of T2DM, hypertension, atherosclerosis, and coronary 
heart disease (Bell, Harlan, Morgan, Guo, & Rahmouni, 2018; Koh 
et al., 2008).

It could be hypothesized that functional resistance to leptin and 
insulin	within	the	hypothalamic	ARC	results	in	leptinemia	and	insu-
linemia,	thereby	affecting	the	peripheral	tissues	subsequently	mani-
festing as obesity and related metabolic diseases.

3  | THE ARCUATE NUCLEUS AND ENERGY 
HOMEOSTA SIS

The	 ARC	 is	 located	 within	 the	 mediobasal	 hypothalamus	 and	 is	
the critical brain region regulating energy homeostasis (McNay et 
al., 2012). It is optimally positioned for its function and is often de-
scribed as a “window” to sense nutrients and hormonal signals in 
circulation and therefore able to mediate appropriate metabolic re-
sponses	 (Langlet,	 2014;	 Rahmouni,	 2016).	 The	ARC	 contains	 both	
anorexigenic and orexigenic neurons which perform opposing func-
tions in order to control appetite and regulate energy metabolism 
(Benite-Ribeiro, Putt, Soares-Filho, & Santos, 2016). The anorexi-
genic neurons act to promote satiety, while the orexigenic neurons 
stimulate appetite, which is achieved through combined functions of 
insulin and leptin and their stimulation of these respective neurons. 
The neural–hormonal circuitry between leptin and insulin and the 

F I G U R E  2   Hypothalamic arcuate 
nucleus and energy homeostasis. During a 
normal physiological state, levels of insulin 
and leptin rise after a meal and elicit the 
anorexigenic	neurons	to	release	CART	
and	POMC	triggering	satiety.	Leptin	also	
suppresses	the	orexigenic	NPY	and	AgRP	
neurons to decrease appetite
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ARC	neurons	 controlling	 food	 intake	 and	 energy	metabolism	 is	 il-
lustrated in Figure 2.

These neuronal populations are characterized by the expression 
of specific neuropeptides that have potent effects on energy homeo-
stasis (Bell et al., 2018; Varela & Horvath, 2012). The anorexigenic 
effect is elicited through the action of proopiomelanocortin (POMC) 
and	cocaine‐	and	amphetamine‐regulated	transcript	(CART),	which	
are neuropeptides known to decrease food intake and body weight 
(Millington,	 2007).	 Opposingly,	 agouti‐related	 peptide	 (AgRP)	 and	
neuropeptide Y (NPY) mediate an orexigenic effect, which stimu-
lates appetite (Varela & Horvath, 2012).

The mechanisms detailing leptin and insulin signaling within 
the	hypothalamic	ARC	have	been	reviewed	by	Varela	and	Horvath	
(2012). Briefly, after a meal, the rise in blood glucose levels causes 
an increase in the secretion of insulin from pancreatic β cells, which 
then stimulate leptin synthesis and secretion from adipose tissues 
(Paz-Filho et al., 2012). The increase in leptin and insulin levels elic-
its	 the	 anorexigenic	 neurons	 to	 express	 CART	 and	 POMC,	which	
then produces α-melanocyte-stimulating hormone, thereby trigger-
ing satiety and increasing energy expenditure (Millington, 2007). 
Simultaneously, leptin suppresses the orexigenic neurons NPY and 
AgRP,	thereby	decreasing	appetite	(Coll,	Farooqi,	&	O'Rahilly,	2007).	
In a fasted state, there is a reduction in insulin and leptin levels which 
causes	 the	 orexigenic	 neurons	 to	 secrete	NPY	 and	AgRP,	 thereby	
stimulating appetite and increasing energy intake (Timper & Brüning, 
2017). During obesity, there is an imbalance between insulin-stim-
ulated	 leptin‐induced	 anorexigenic	 and	 orexigenic	 signaling.	 As	
such,	an	overexpression	of	NPY/AgRP	with	a	concomitant	reduction	
of	POMC/CART	results	 in	a	diminished	satiety	signal	that	 leads	to	
an increased appetite and decreased energy expenditure (Bergen, 
Mizuno, Taylor, & Mobbs, 1999).

4  | DNA METHYL ATION IN OBESIT Y

Obesity can be defined as a disorder in which excess body fat accu-
mulation is accompanied by profound changes in physiological func-
tion (Kopelman, 2000). It represents a modifiable risk factor that is 
an underlying and reoccurring theme within development of several 
major noncommunicable diseases. The early onset of obesity drasti-
cally increases the likelihood of developing related disorders later in 
life (Dietz, 1994).

In recent times, the epigenetic control of gene expression has 
been increasingly investigated as a mechanism to explain the eti-
ology	 of	 this	 complex	 disease	 (He	 et	 al.,	 2019).	Accumulating	 evi-
dences	 has	 implicated	 altered	 DNA	methylation	 profiles	 with	 the	
development of various human diseases, including obesity as well 
as T2DM, cardiovascular disease, cancer, and neurodegenerative 
diseases	 (Davegårdh,	García‐Calzón,	Bacos,	&	Ling,	 2018;	Koch	et	
al.,	2018;	Lopomo,	Burgio,	&	Migliore,	2016;	Lu,	Liu,	Deng,	&	Qing,	
2013;	Portela	&	Esteller,	 2010;	Zhang	&	Zeng,	 2016).	DNA	meth-
ylation is the most extensively studied and best characterized epi-
genetic mechanism and involves the addition of a methyl group to 

the 5th carbon of the cytosine pyrimidine ring within CpG nucleo-
tides	by	DNA	methyltransferases	(DNMTs)	(Krasilnikova	et	al.,	2018;	
Weinhold,	2006).	DNA	methylation	often	occurs	within	regulatory	
regions of genes and serves as an impasse for transcription factors 
and the transcriptional machinery, thereby modulating gene expres-
sion	(Long,	Smiraglia,	&	Campbell,	2017).	The	epigenetic	phenotype	
can be influenced by environmental factors, such as nutrition, phys-
ical activity, working habits, behavior, stress, smoking, and alcohol 
consumption	(Alegría‐Torres	et	al.,	2011).

It has long been hypothesized that adverse nutritional environ-
ment in utero can cause deficiencies in body organs development, 
resulting in “programmed” susceptibility that interacts with later diet 
and environmental stressors to cause overt disease many decades 
later (Barker, Osmond, Golding, Kuh, & Wadsworth, 1989). Maternal 
diet directly influences offspring epigenome (Keleher et al., 2018; 
Oestreich & Moley, 2017; Wolff, Kodell, Moore, & Cooney, 1998) 
and thus the genetic background, which can confer susceptibility to 
disease development. It is estimated that 40%–70% of the variation 
in obesity-related phenotypes in humans is heritable (Bell, Walley, & 
Froguel,	2005;	He	et	al.,	2019;	Herrera,	Keildson,	&	Lindgren,	2011).

Epigenetic inheritance can be defined as the transmission of cer-
tain epigenetic marks to offspring (van Otterdijk & Michels, 2016), 
which can be classified by the mode of transmission and whether 
it elicits a direct or indirect effect, that is, resulting due to factors 
occurring during the lifetime of the individual or whether it occurs 
due	to	events	experienced	by	the	parents	or	grandparents	(Lacal	&	
Ventura, 2018). How these epigenetic transfers occur intra- (during a 
generation) and transgenerationally (across generations) is intriguing, 
with the latter occurring through separate pathways, such as intra-
uterine	conditions	or	through	gametes	(Lacal	&	Ventura,	2018).	The	
mechanism	of	transmission	is	not	limited	to	the	transfer	of	DNA,	but	
can	also	occur	through	noncoding	RNAs,	as	well	as	certain	protein	
and	metabolites	(Perez	&	Lehner,	2019).	There	is	an	increasing	body	
of research available, related to the role of sperm- and ejaculate-
mediated mechanisms of transgenerational epigenetic transfer, illus-
trating the importance of paternal contribution in this regard (Crean 
&	 Bonduriansky,	 2014;	 Jablonka	 &	 Raz,	 2009).	 Overwhelmingly,	
most research has evaluated maternal role in epigenetic inheritance 
(Soubry,	2015),	especially	with	 regard	 to	DNA	methylation	and	 its	
role in obesity pathophysiology.

Such studies have revealed that offspring of obese mothers 
exhibit elevated body fat, leptin cord blood, and cytokine levels 
(Catalano, Presley, Minium, & Hauguel-de Mouzon, 2009), together 
with increased insulin, cholesterol, and blood pressure (Gaillard, 
2015). The effects of maternal obesity persist into adulthood, in-
creasing the risk for cancer, metabolic disorders (Glastras, Chen, 
Pollock, & Saad, 2018), impaired cognitive and executive functions, 
and neuropsychiatric problems (Mina et al., 2017; Pugh et al., 2015). 
The effects of high-fat diet (HFD) and obesity in mice are similar to 
those in humans (Keleher et al., 2018). Numerous animal studies have 
employed dietary manipulation in rodent models to evaluate the 
effects of maternal obesity on offspring, many of which have sup-
ported the concept that maternal obesity programs the development 



     |  3135SAMODIEN Et Al.

TA
B

LE
 1

 
A
ni
m
al
	s
tu
di
es
	e
xa
m
in
in
g	
th
e	
ef
fe
ct
	o
f	o
be
so
ge
ni
c	
di
et
s	
on
	D
N
A
	m
et
hy
la
tio
n	
an
d	
ge
ne
	e
xp
re
ss
io
n	
pr
of
ile
s	
w
ith
in
	th
e	
ar
cu
at
e	
nu
cl
eu
s

 
St

ud
y 

de
si

gn
∆

 D
N

A
 

m
et

hy
la

tio
n

∆
 G

en
e 

ex
pr

es
si

on
Bi

ol
og

ic
al

 re
sp

on
se

Re
fe

re
nc

es

D
ire

ct
 e

pi
ge

ne
tic

 tr
an

sm
is

si
on

W
is

ta
r R

at
M

al
e

In
ve

st
ig

at
ed

 th
e 

ef
fe

ct
 o

f H
FD

 c
on

su
m

pt
io

n 
po

st
w

ea
n-

in
g 

to
 a

du
lth

oo
d 

(d
ay

s 
21

 to
 9

0)
 o

n 
PO

M
C 

pr
om

ot
er

 
D
N
A
	m
et
hy
la
tio
n

↑
	P

O
M

C
N

o 
ch

an
ge

 P
O

M
C

↑
	B
W

↑
	le
pt
in
	↑
	in
su
lin

M
ar

co
 e

t a
l. 

(2
01

3)

Sp
ra

gu
e 

D
aw

le
y 

Ra
t

M
al

e

In
ve

st
ig

at
e 

th
e 

se
ns

iti
vi

ty
/r

es
is

ta
nc

e 
to

 w
ei

gh
t g

ai
n 

th
ro

ug
h 

m
ea

su
rin

g 
hy

po
th

al
am

ic
 n

eu
ro

pe
pt

id
e 

tr
an

sc
rip

tio
n

↑
	P

O
M

C
N

o 
ch

an
ge

 N
PY

↓
	P
O
M
C

N
o	
ch
an
ge
	N
PY
,	A
gR
P,
	a
nd
	P
PA
R‐

γ
↑
	B
W
,	↑
	e
ne
rg
y	
in
ta
ke

ob
es

e 
ph

en
ot

yp
e

C
ifa

ni
 e

t a
l. 

(2
01

5)

W
is

ta
r R

at
Fe

m
al

e
Ex
am
in
e	
D
N
A
	m
et
hy
la
tio
n	
an
d	
m
RN
A
	le
ve
ls
	o
f	f
ee
d-

in
g-

re
la

te
d 

ne
ur

op
ep

tid
es

 in
 fe

m
al

e 
ra

ts
 fe

d 
C

D
 fo

r 
20

 w
ee

ks

N
PY

 u
nm

et
hy

la
te

d
PO

M
C 

un
m

et
hy

la
te

d

↑
	N
PY
	w
ith
in
	P
V
N
	a
nd
	V
M
N

↑
	P
O
M
C	
w
ith
in
	A
RC

↑
	e
ne
rg
y	
in
ta
ke
,	↑
	B
W

↑
	fa
t	d
ep
ot
s	
bu
t	n
o	

M
eS

La
zz
ar
in
o	
et
	a
l.	

(2
01

7)

In
di

re
ct

 e
pi

ge
ne

tic
 tr

an
sm

is
si

on

W
is

ta
r R

at
Fe

m
al

e
A
ss
es
s	
th
e	
hy
po
th
al
am
ic
	re
sp
on
se
	o
f	h
ig
h‐
fa
t‐
su
cr
os
e	

(H
FS

) d
ie

t i
n 

fe
m

al
e 

ra
ts

 e
xp

os
ed

 to
 p

re
na

ta
l s

tr
es

s 
(P

N
S)

↑
	S

LC
6A

3
↑
	P

O
M

C
↓
	S
LC
6A
3,
	↓
	N
PY
,	↓
	IN
S‐
R

↑
	P
O
M
C

PN
S	
↑
	e
ne
rg
y	
in
ta
ke

↓
	b
irt
h	
w
ei
gh
t

↓
	b
od
y	
le
ng
th
,

no
 c

ha
ng

e 
in

 fa
t m

as
s

PN
S 

w
or

se
ne

d 
ob

es
ity

↑
	a
di
po
si
ty

↑
	in
su
lin

Pa
te

rn
ai

n 
et

 a
l. 

(2
01

2)

W
is

ta
r R

at
In

du
ce

 n
eo

na
ta

l o
ve

rf
ee

di
ng

 th
ro

ug
h 

re
du

ce
d 

lit
te

r 
si
ze
	a
nd
	m
ap
pi
ng
	h
yp
ot
ha
la
m
ic
	P
O
M
C	
pr
om
ot
er
	D
N
A
	

m
et

hy
la

tio
n

↑
	P

O
M

C
↓
	P
O
M
C

↑
	B
W
	a
nd
	M
eS

↑
	le
pt
in
	↑
	in
su
lin

Pl
ag

em
an

n 
et

 a
l. 

(2
00

9)

Ku
nm

in
g 

m
ic

e
In

ve
st

ig
at

e 
th

e 
im

po
rt

an
ce

 o
f S

p1
-b

in
di

ng
 s

ite
 fo

r 
le

pt
in

-m
ed

ia
te

d 
PO

M
C 

ac
tiv

at
io

n 
in

 c
ul

tu
re

d 
ce

lls
 a

nd
 

po
st
na
ta
l	m
ic
e	
re
ar
ed
	b
y	
da
m
s	
fe
d	
C
LA
s

↑
	P

O
M

C
↓
	P
O
M
C

↑
 e

ne
rg

y 
in

ta
ke

↑
	g
lu
co
se

↓
	in
su
lin
	s
en
si
tiv
ity

Zh
an

g 
et

 a
l. 

(2
01

4)

Tr
an

sg
en

ic
 M

ic
e

In
ve

st
ig

at
e 

th
e 

ro
le

 o
f M

eC
P2

 in
 re

gu
la

tin
g 

PO
M

C 
ex

-
pr

es
si

on
 in

 P
O

M
C 

sp
ec

ifi
c 

M
eC

P2
-K

O
 m

ic
e,

 th
ro

ug
h 

ch
ar

ac
te

riz
in

g 
PO

M
C 

pr
om

ot
er

 m
et

hy
la

tio
n

↑
	P

O
M

C
↓
	P
O
M
C

↑
	B
W
	↑
	fa
t	m
as
s

↑
	fo
od
	in
ta
ke

↑
	re
sp
ira
to
ry
	e
xc
ha
ng
e	

ra
tio

W
an

g 
et

 a
l.,

 
(2

01
4)

C
57
BL
/6
J	
M
al
e	

m
ic

e
D
et
er
m
in
e	
D
N
A
	m
et
hy
la
tio
n	
an
d	
ge
ne
	e
xp
re
ss
io
n	
of
	

PO
M

C 
an

d 
M

C
4R

 in
 o

ff
sp

rin
g 

of
 d

am
s 

fe
d 

hi
gh

-f
at

 
hi

gh
-s

ug
ar

 d
ie

t d
ur

in
g 

pr
eg

na
nc

y 
an

d 
la

ct
at

io
n

N
o 

ch
an

ge
 M

C4
R

↓
	P

O
M

C
↑
	M
C
4R

↑
	P
O
M
C

↑
	B
W
	im
pa
ire
d	
gl
uc
os
e	

to
le
ra
nc
e	
↓
	in
su
lin
	

se
ns
iti
vi
ty
	a
nd
	↑
	le
pt
in

Zh
en

g 
et

 a
l.,

 
(2

01
5)

Sp
ra

gu
e 

D
aw

le
y 

Ra
t

In
ve

st
ig

at
e 

th
e 

lo
ng

-t
er

m
 e

ff
ec

ts
 o

f m
at

er
na

l H
FD

 o
n 

hy
po

th
al

am
ic

 P
om

c	
m
et
hy
la
tio
n	
of
	o
ff
sp
rin
g	
fe
d	
LF
D
	

or
 H

FD
 fo

r 2
0 

w
ee

ks

↑
	P

O
M

C
N

o 
ch

an
ge

 in
 P

O
M

C
↓
	N
PY
	a
nd
	A
gR
P

↑
	B
W
	↑
	a
di
po
si
ty
	↑
	

le
pt

in
G

al
i 

Ra
m

am
oo

rt
hy

 
et

 a
l. 

(2
01

8)

(C
on

tin
ue

s)



3136  |     SAMODIEN Et Al.

of metabolic disease in adulthood and compounds the effects of 
diet‐induced	obesity	(Glastras	et	al..,	2018).	C57BL/6J	and	C57BL/
CNG1 mice exposed to HFD during gestation have been shown to 
exhibit increased body weight, hyperglycemia, hypertension, fatty 
accumulation in the liver, and insulin resistance (IR) as adults, even 
when	fed	a	standard	diet	after	birth	(Elahi	et	al.,	2009;	Liang,	Oest,	
& Prater, 2009). The largest meta-analysis of animal studies included 
53 rodent studies confirming that maternal obesity was associated 
with	higher	body	weight	in	offspring	(Lagisz	et	al.,	2015).

The	 effect	 of	 obesogenic	 diets	 on	 altered	 DNA	 methylation	
during the pathogenesis of obesity is well documented; however, 
studies evaluating the effect of such diets on epigenetic neuronal 
signaling are limited. Understanding the contribution of diet-induced 
DNA	methylation	modifications	 occurring	 within	 the	 brain	 during	
the development of obesity could lead to risk-stratification for tar-
geted therapeutic intervention (Feinberg, 2007).

5  | DIET‐INDUCED DNA METHYL ATION 
WITHIN THE ARCUATE NUCLEUS

Challenging socioeconomic conditions increases the likelihood 
of being overweight or obese, being directly associated with the 
cost of healthy food and ultimately leading to less nutritious food 
choices (Pechey & Monsivais, 2016). Such adverse socioeconomic 
and even psychosocial factors can directly alter gene expression 
through epigenetic-mediated pathways, leading to the develop-
ment of obesity and related conditions such as excessive visceral 
fat accumulation, IR, dislipidemia, hypertension, and cardiocere-
bral diseases (Paternain et al., 2012; Rosmond & Bjorntorp, 1999). 
Several studies using rodents were conducted with the aim of elu-
cidating	 the	effect	of	 obesogenic	diets	on	 arcuate	nucleus	DNA	
methylation and gene expression profiles, with these being sum-
marized in Table 1.

In a study where male rats were fed HFD postweaning into 
adulthood, these animals exhibited increased BW with elevated 
plasma leptin and insulin levels, in addition to increased POMC 
methylation	without	any	changes	in	POMC	mRNA	expression	levels	
(Marco, Kisliouk, Weller, & Meiri, 2013). In another report where the 
susceptibility or resistance to diet-induced obesity (DIO) was inves-
tigated, five-week-old male Sprague Dawley rats were fed HFD with 
changes	hypothalamic	gene	expression	measured.	After	21	weeks	of	
HFD‐feeding,	no	changes	in	NPY	or	AgRP	expression	level	between	
the respective groups were observed, while a reduced expression 
of POMC within the DIO group was reported when compared to 
the diet resistant group. Furthermore, no changes in NPY methyla-
tion were observed, while POMC promoter methylation was reduced 
in diet resistant group compared with the DIO group (Cifani et al., 
2015). These studies provide evidence for obesogenic diet-induced 
alteration	 in	 DNA	 methylation	 of	 arcuate	 nucleus	 genes,	 such	 as	
POMC, which were associated with raised leptin and insulin levels 
and the development of obesity and MeS (Cifani et al., 2015; Marco 
et al., 2013). 

St
ud

y 
de

si
gn

∆
 D

N
A

 
m

et
hy

la
tio

n
∆

 G
en

e 
ex

pr
es

si
on

Bi
ol

og
ic

al
 re

sp
on

se
Re

fe
re

nc
es

Sp
ra

gu
e 

D
aw

le
y 

Ra
t

D
et

er
m

in
e 

se
x-

sp
ec

ifi
c 

ef
fe

ct
s 

of
 H

FD
 o

n 
be

fo
re

 a
nd

 
du

rin
g 

pr
eg

na
nc

y 
an

d 
la

ct
at

io
n 

on
 h

yp
ot

ha
la

m
ic

 
ge

ne
s

↑
	IN

S‐
R

↓
	IN
S‐
R

N
o	
ch
an
ge
	in
	L
EP
‐R
	a
nd
	G
LU
T‐
3

↑
	B
W
	↑
	le
pt
in
	↑
	in
su
lin

im
pa

ire
d 

O
G

TT
s 

in
 b

ot
h 

se
xe

s
↑
	in
su
lin
	re
si
st
an
ce
	in
	

m
al

es
 o

nl
y

Sc
he

llo
ng

 e
t a

l. 
(2

01
9)

W
is

ta
r R

at
In

ve
st

ig
at

ed
 m

et
hy

la
tio

n 
of

 in
su

lin
 re

ce
pt

or
 p

ro
m

ot
er

 
in

 o
ve

rf
ed

 n
eo

na
ta

l p
up

s
↑
	IN

S‐
R

↓
	IN
S‐
R

↑
	B
W
	a
nd
	M
eS

↑
	le
pt
in
	↑
	in
su
lin

Pl
ag

em
an

n 
et

 a
l. 

(2
01

0)

A
bb
re
vi
at
io
ns
:	A
gR
P,
	a
go
ut
i‐r
el
at
ed
	p
ro
te
in
;	A
RC
,	a
rc
ua
te
	n
uc
le
us
;	C
D
,	c
af
et
er
ia
	d
ie
t;	
C
LA
s,
	c
on
ju
ga
te
d	
lin
ol
ei
c	
ac
id
s;
	G
LU
T‐
3,
	g
lu
co
se
	tr
an
sp
or
te
r	3
;	H
FD
,	h
ig
h‐
fa
t	d
ie
t;	
H
FS
,	h
ig
h‐
fa
t‐
su
cr
os
e;
	IN
S‐
R,
	

in
su
lin
	re
ce
pt
or
;	K
O
,	k
no
ck
ou
t;	
LE
P‐
R,
	le
pt
in
	re
ce
pt
or
;	L
FD
,	l
ow
‐f
at
	d
ie
t;	
M
C
4R
,	m
el
an
oc
or
tin
	4
	re
ce
pt
or
;	M
eC
P2
,	m
et
hy
l‐C
pG
	b
in
di
ng
	p
ro
te
in
	2
;	M
eS
,	m
et
ab
ol
ic
	s
yn
dr
om
e;
	N
PY
,	n
eu
ro
pe
pt
id
e	
Y;
	P
N
S,
	

pr
en
at
al
	s
tr
es
s;
	P
O
M
C
,	p
ro
op
io
m
el
an
oc
or
tin
;	P
PA
R‐

γ,	
Pe
ro
xi
so
m
e	
pr
ol
ife
ra
to
r‐
ac
tiv
at
ed
	re
ce
pt
or
	g
am
m
a;
	P
V
N
,	p
ar
av
en
tr
ic
ul
ar
	n
uc
le
us
;	S
LC
6A
3,
	d
op
am
in
e	
ac
tiv
e	
tr
an
sp
or
te
r;	
V
M
N
,	v
en
tr
om
ed
ia
l	

nu
cl

eu
s.

TA
B

LE
 1

 
(C

on
tin

ue
d)



     |  3137SAMODIEN Et Al.

There has been a gender bias in the literature, with mostly males 
being used in experimental settings, particular within neurological 
sciences and a call has been made for this to be addressed (Coiro 
& Pollak, 2019). Several reports of female rats being resistant to 
DIO,	which	has	been	attributed	to	sex	hormones	(Giles,	Jackman,	&	
MacLean,	2016).	With	the	fluctuations	of	the	estrous	cycle	adding	
to the complexity, investigating such phenomenon is challenging. 
Nevertheless, it is important to perform experiments including fe-
males, which will aid in the greater understanding of gender dispari-
ties	in	disease	and	in	the	quest	for	developing	effective	therapeutics.

In	a	study	by	Lazzarino	et	al.	(2017),	female	rats	were	fed	a	caf-
eteria diet from weaning for 20 weeks. These animals displayed 
an increase in BW and presented with increased fat depots but 
interestingly,	 they	 did	 not	 develop	 MeS	 (Lazzarino	 et	 al.,	 2017).	
Methylation analysis revealed that the NPY promoter was unmeth-
ylated at an activating enhancer binding protein-2 alpha TF-binding 
site, resulting in an increase in energy intake albeit due to an orex-
igenic signal emanating from neighboring nuclei within the ventro-
medial	nucleus	and	paraventricular	nucleus.	However,	 in	 the	ARC,	
the POMC promoter was unmethylated in a Mae II site adjacent to a 
signal	transducer	and	activator	of	transcription	3	(STAT‐3)	TF‐bind-
ing	site.	POMC	is	activated	by	STAT‐3	in	response	to	leptin	signaling	
through specificity protein-1 (Sp1) promoter binding, and decreased 
POMC promoter methylation enables TF-binding to facilitate leptin 
action	within	the	ARC	neurons	(Lazzarino	et	al.,	2017).	The	observed	
increase	in	POMC	coupled	with	reduced	AgRP	expression	was	sug-
gested to counteract the orexigenic signal from the neighboring nu-
clei	thus	limiting	weight	gain.	Although	MeS	was	not	observed,	these	
animals did exhibit increased adiposity and BW, as well as altered 
POMC methylation. The reported compensatory mechanism to limit 
weight	gain	in	the	study	of	Lazzarino	et	al.	 (2017)	 is	 intriguing	and	
necessitates the need for similar female studies to further investi-
gate such scenarios.

6  | INHERITABLE ARCUATE NUCLEUS 
EPIGENETIC PROGR AMMING

Epigenetic	 marks	 can	 be	 inherited	 across	 a	 generation	 (Lacal	 &	
Ventura, 2018); thus, to investigate whether an obesogenic diet 
induces	intergenerational	effects	on	arcuate	nucleus	DNA	meth-
ylation, several studies exposing offspring to a challenging in utero 
environment have been conducted. In a study evaluating the ef-
fect of prenatal stress on the susceptibility of offspring to high-
fat-sucrose (HFS) diet-induced obesity in adult female offspring, 
it was found that stress alone induced lower birth weight and 
body length without affecting body fat mass, while also result-
ing in an increased energy intake in adulthood (Paternain et al., 
2012). HFS-diet feeding induced obesity, increased adiposity, and 
IR, which was worsened in the stress-induced group as compared 
to	the	nonstressed	DIO	group.	DNA	methylation	analysis	revealed	
that the dopamine active transporter (SLC6A3) gene promoter was 
hypermethylated	at	CpG	site	−37	bp	from	the	transcriptional	start	

site. This gene is related to the central reward neurocircuitry sys-
tem and is indicative of a mechanism whereby early-life stressors 
contribute to hedonistic cues that influence feeding behavior that 
may override metabolic demands (Paternain et al., 2012; Vucetic, 
Carlin, Totoki, & Reyes, 2012), with it being well known that a 
heightened dopamine action within the hypothalamus promotes 
food intake (Meguid et al., 2000). Furthermore, POMC was found 
to	be	hypermethylated	at	CpG	site	−167	bp,	but	only	within	 the	
nonstressed animals. This could perhaps be due to the repro-
ductive hormones potentially conferring a protective response 
(Puerta,	Nava,	Abelenda,	&	Fernandez,	1990).	Estradiol	action	 is	
achieved through binding to estrogen receptor, which is abun-
dantly	expressed	within	POMC	neurons	in	the	ARC	and	provides	a	
means to potentiate leptin and or insulin signaling (Frank, Brown, 
&	 Clegg,	 2014;	 Lazzarino	 et	 al.,	 2017;	 Mauvais‐Jarvis,	 Clegg,	 &	
Hevener, 2013; de Souza et al., 2011; Torre, Benedusi, Fontana, 
& Maggi, 2013). With the induction of stress, the estradiol-medi-
ated response could have been upregulated, leading to no POMC 
methylation alterations being observed within the stressed group. 
Although	 this	 was	 not	 investigated	 in	 this	 study,	 evaluating	 the	
role of estradiol in facilitating this effect, for the purpose of future 
modification, could be valuable.

Several other animal studies have implicated altered POMC 
methylation in obesity-related metabolic disease development. 
Indeed, overfed Wistar rat offspring exhibited an increase in POMC 
promoter hypermethylation at two specific sites, which were shown 
to be essential for leptin and insulin action (Plagemann et al., 2009). 
In a study analyzing mice offspring of dams fed conjugated linoleic 
acids	(CLAs)	to	induce	metabolic	disorders,	the	CpG	sites	−100	and	
−103	bp	of	the	Sp1‐binding	site	were	found	to	be	crucial	for	POMC	
expression	(Zhang	et	al.,	2014).	Sp1	is	a	ubiquitous	zinc‐finger	protein	
that binds GC-rich elements in the promoters of many housekeeping 
as	well	as	tissue‐specific	genes	(Paonessa,	Latifi,	Scarongella,	Cesca,	
& Benfenati, 2013; Philipsen & Suske, 1999). Using an in vitro ap-
proach, it was further demonstrated that methylation blocked the 
formation of the Sp1-promoter complex, thereby inhibiting leptin-
mediated POMC activation (Zhang et al., 2014).

Similarly, nuclear methyl-CpG binding protein 2 (MeCP2) has 
also been demonstrated to be important for POMC expression. 
Using mice with MeCP2 deletion in hypothalamic POMC neurons, 
Wang and colleagues showed that POMC promoter methylation was 
increased leading to reduced POMC expression, with these animals 
being overweight and exhibited increased adiposity, food intake, and 
respiratory exchange ratio as well as elevated leptin levels. In this 
study, a functional synergism was observed between MeCP2 and 
cAMP	responsive	element	binding	protein	1	in	positively	regulating	
the POMC	promoter	(Wang,	Lacza,	Sun,	&	Han,	2014).	Furthermore,	
in a study by Zheng et al. (2015), offspring of dams fed a high-fat 
high-sugar diet during pregnancy, lactation, and postweaning (for 
a period of 32 weeks), exhibited an increase in BW, impaired glu-
cose tolerance, decreased insulin sensitivity, and increased serum 
leptin, all of which correlated with increased POMC and MC4R ex-
pression (Zheng et al., 2015). However, no change in melanocortin 4 
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receptor (MC4R) methylation levels was detected, while consistent 
hypomethylation of POMC promoter was observed which was nega-
tively associated with glucose response.

In a recent study investigating the long-term impact of maternal 
HFD on offspring susceptibility to developing obesity, POMC meth-
ylation was investigated at weaning and after 20 weeks of exposure 
to	either	a	low‐fat	diet	(LFD)	or	HFD	(Gali	Ramamoorthy	et	al.,	2018).	
The offspring of dams fed HFD had increased BW and adiposity as 
well	as	elevated	leptin	levels	at	weaning.	In	the	offspring	subsequently	
fed	LFD,	these	animals	retained	the	increased	BW,	while	animals	fed	
HFD were severely hyperphagic and exhibited rapid weight gain with 
increased	fat	mass	and	IR.	ARC	gene	expression	analysis	showed	that	
NPY	 and	AgRP	were	 downregulated,	while	 POMC	expression	was	
unchanged. Methylation analysis revealed POMC methylation at neu-
ral enhancer 1 and neural enhancer 2 (nPE1 and nPE2) region and at 
the Sp1 site within the POMC promoter, with POMC-promoter-Sp1 
methylation being retained into adulthood. These finding highlights 
the	long‐term	effect	of	the	maternal	diet	on	the	offspring's	epigenetic	
phenotype related to impaired energy homeostasis, through disrup-
tion	of	POMC	and	leptin‐mediated	signaling	within	the	ARC.

In a study by Schellong and colleagues, the objective was to dis-
cern the contribution of sex differences to the susceptibility to DIO 
(Schellong et al., 2019). In this study, both males and female offspring 
from dams fed HFD before and during pregnancy and lactation were 
evaluated. The MeS phenotype was induced in both sexes; however, 
gender‐specific	epigenetic	alterations	were	observed.	DNA	methyl-
ation analysis revealed increased methylation at the insulin receptor 
nuclear factor CpG site of the INS‐R gene promoter, leading to de-
creased	 Ins‐R	expression,	 consequently	 resulting	 in	higher	 levels	of	
IR within the male rats only (Schellong et al., 2019). These findings 
are supported by a previous study by Plagemann and colleagues, who 
also demonstrated hypermethylation of the hypothalamic INS‐R pro-
moter methylation in response to obesogenic diet. These animals also 
presented with symptoms of MeS, including obesity, hyperleptinemia, 
hyperglycemia, and IR (Plagemann et al., 2010). These observations 
could offer an alternate but complementary mechanism to the POMC-
mediated methylation pathway, resulting in altered neuropeptide ex-
pression leading to the MeS-like phenotype (Schellong et al., 2019).

Collectively, these studies demonstrate how obesogenic diet 
predisposes the offspring to early-onset obesity, glucose insensitiv-
ity, and IR later in life. These effects are associated with alteration in 
epigenetic patterns that influence the expression of important genes 
within	 the	 ARC.	 The	 obesogenic	 diet‐induced	 effects	 seen	within	
these studies are not always consistent, regarding the effect on 
methylation as well as the resultant gene expression changes. It was 
also	not	always	possible	to	validate	the	mRNA	expression	with	the	
protein levels, which could be important due to post-translational 
modification. It is also feasible that these differing effects could 
be related to the age of the animals and the timepoint at which the 
diet was administered, as well as the length of dietary exposure, the 
type of fat used, and the epigenetic phenotypic background of the 
animals. This perhaps points to the fact that more standardization 
is	required	in	terms	of	how	the	experimentation	is	performed.	Sex	

differences in response to diet are also known to occur and could 
surely	affect	the	outcome.	Accumulating	evidence	related	to	the	pa-
ternal transmission of epigenetic information is becoming available, 
having widespread effects, with this too certainly impacting the epi-
genetic	phenotypic	background	and	therefore	requires	that	the	role	
of paternal epigenetic transmission in this regard to be taken into 
consideration when conducting this type of research.

7  | POMC METHYL ATION AND OBESIT Y

The importance of POMC methylation status in obesity pathology 
cannot be overstated, with this locus being identified along with 
several other candidate genes in linking maternal nutrient expo-
sure	to	adverse	health	in	human	intergenerational	studies	(James	et	
al.,	2018).	All	sequenced	mammalian	POMC genes consist of three 
exons, separated by two large introns (Millington, 2007). In humans, 
POMC methylation is established in the early embryonic stage, influ-
ences body mass index, and is regarded as the cause of, rather than 
a	consequence	of,	obesity	(Kuhnen	et	al.,	2016).	As	in	animals,	the	
methylation status at specific CpG sites is important for TF-binding 
and can thereby inhibit POMC transcription (Kuehnen et al., 2012; 
Zhang et al., 2014). In humans, methylation occurring at the intron 
2/exon 3 border of POMC has also been implicated in reduced P300 
TF-binding and thereby POMC transduction (Kuehnen et al., 2012). 
The methylated regions of POMC within mice and human genes, as-
sociated with reduced TF-binding, are illustrated in Figure 3.

POMC methylation, particularly on the Sp1 binding site within the 
promoter, is consistently linked with disease pathology in both intra-
uterine and postweaning exposure to obesogenic diets. POMC controls 
several important physiological processes such as lactation, regulation 
of sexual behavior, reproductive cycles, and sexual function as well as 
mediating the immune system and stress response and possibly central 
cardiovascular	functioning	(Catania,	Airaghi,	Colombo,	&	Lipton,	2000;	
Millington & Buckingham, 1992; Van der Ploeg et al., 2002).

In the studies evaluated herein, no methylation changes were 
observed for NPY, MC4R, or PPAR‐γ when investigated (Cifani et 
al., 2015; Zheng et al., 2015), while the methylation status of POMC 
was consistently found to be altered and positively associated with 
increased levels of leptin and insulin and the development of the 
obesity phenotype and symptoms of MeS (Cifani et al., 2015; Gali 
Ramamoorthy	et	al.,	2018;	Marco	et	al.,	2013;	Andreas	Plagemann	
et al., 2009; Wang et al., 2014; Zhang et al., 2014; Zheng et al., 2015). 
With POMC-mediated leptin and insulin function playing a major 
role in the pathological development of obesity and MeS, the meth-
ylation status of POMC thus represents a pivotal therapeutic target.

8  | LIFEST YLE MODIFIC ATION 
INTERVENTIONS

As	 the	obesity	 epidemic	 rages	 on,	with	many	obesity	 drugs	 avail-
able but no real effective treatment, the pursuit for therapeutics 
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continues. From a gene-culture evolutionary perspective, the global 
increase in obesity prevalence is unprecedented, perhaps represent-
ing the most rapid population-scale shift in human phenotype ever 
to	occur	(Bentley,	Ormerod,	&	Ruck,	2018).	Lifestyle	modification	to	
date remains the best way to achieve healthy outcomes, with diet 
and exercise being critically important, with such preventative ap-
proaches being astoundingly underrepresented (Schellong et al., 
2019). Exercise is a powerful antiobesity tool, with several studies 
indicating that exercise can have positive outcomes through affect-
ing epigenetics (Brown, 2015; Nitert et al., 2012; Ronn et al., 2013). 
In a study using mice, it was reported that exercise had positive 
effects	 on	 restoring	 POMC	 action	 impaired	 by	 HFD	 (Laing	 et	 al.,	
2016). It would be interesting to investigate whether this effect was 
achieved through modulation of POMC	DNA	methylation	patterns.

He et al. (2018) recently demonstrated, utilizing neuron-specific 
transgenic mice models for patch-clamp electrophysiology experi-
ments, that exercise depolarized and increased the firing rate of ar-
cuate nucleus POMC neurons, with leptin playing an integral role 
in the synaptic reorganization (He et al., 2018). POMC neurons ex-
pressing leptin receptors were found to have increased sensitivity to 
exercise-induced biophysical changes, while opposingly, NPY neu-
rons were inhibited postexercise (He et al., 2018).

Diet	 is	 equally	 important,	 especially	 nutrient‐rich	 diets	 con-
taining elevated levels of phytochemicals, which has been asso-
ciated with reduced incidence of cardiovascular disease, cancer, 

neurodegenerative diseases, and psychiatric disorders among oth-
ers (Gomez-Pinilla & Nguyen, 2012). Phytochemicals are natural 
compounds that have been increasingly investigated for their health 
benefits	and	with	further	inquiry	could	prove	these	to	be	cheaper	al-
ternative therapies. Many of such nutraceuticals are widely available 
and have been proven to be safe, often eliciting beneficial effects in 
modulating disease by the activation of various protective mecha-
nisms (Vasileva, Marchev, & Georgiev, 2018).

Much like exercise, such plant products possess the poten-
tial to affect the methylome, with several classes of these com-
pounds shown to be able to reverse methylation, which could 
prove favorable in restoring normal gene expression (Fang, Chen, 
& Yang, 2007; Santos, Tewari, & Benite-Ribeiro, 2014; Yang, Fang, 
Lambert,	Yan,	&	Huang,	2008).	In	a	study	employing	the	adminis-
tration of a tea saponin extract to mice fed a HFD, it was seen that 
treatment was able to enhance leptin action through increased 
POMC expression, which was attributed in part to mitigating hy-
pothalamic	inflammation,	with	the	effect	on	DNA	methylation	not	
investigated	(Yu	et	al.,	2013).	Also,	synergistic	effects	of	combin-
ing exercise and plant phytochemicals to intensify their individual 
metabolic effects in an animal model of established obesity and 
IR	have	also	been	reported	(Lambert	et	al.,	2018).	Further	evalua-
tion of the combined potential of exercise and phytochemicals to 
modulate methylation patterns in diet-induced models of obesity 
could be valuable.

F I G U R E  3   POMC methylation in 
obesity. The studies by Zhang et al., (2014) 
and Kuhnen et al. (2016), have shown 
that hypermethylation of transcription 
factor binding sites for Sp1 and P300 
within POMC results in repressed gene 
expression.	Sequences	of	the	(a)	mouse	
and (b) human POMC gene were obtained 
from Ensembl (GRCh38.p12 and GRCm38.
p6 builds, respectively). The chromosome 
location, the transcriptional start site, 
intronic regions (pink or blue), exonic 
regions (bolded letters), and putative CpG 
sites (underlined) are indicated
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Even with a multiplex of diet and exercise programs to treat 
obesity available, the potential of alternate and complementary 
medicinal therapies are increasingly being explored (Esteghamati, 
Mazaheri, Vahidi Rad, & Noshad, 2015). Obesity has been treated 
using acupuncture from ancient to modern times, with several re-
ports showing its therapeutic efficacy on simple obesity (Belivani et 
al.,	2013;	Kokosar	et	al.,	2018;	Leng	et	al.,	2018;	Sui	et	al.,	2012).	In	
a study, Sprague Dawley rats were fed HFD and then treated with 
electroacupuncture	 (EA),	 followed	by	the	examination	of	hypotha-
lamic expression of obesity-related factors. DIO increased tuberous 
sclerosis complex 1 (TSC1) promoter methylation which increased 
mammalian target of rapamycin expression leading to increased ap-
petite,	food	intake,	and	weight	gain	(Leng	et	al.,	2018;	Zhang,	Li,	He,	
&	Hu,	2015).	This	was	due	to	increased	expression	of	AgRP	and	NPY	
while	 POMC	was	 downregulated.	 EA	 treatment	 promoted	weight	
loss, with this being accompanied by the demethylation of the TSC1, 
leading to the inhibition of mammalian target of rapamycin complex 
1. The TSC1 gene regulates mammalian target of rapamycin signaling 
partly through perception of upstream stimuli such as intracellular 
and extracellular growth factors, environmental changes, energies, 
and nutrients; however, further studies evaluating the importance 
of TSC1	methylation	status	in	obesity	are	required	(Leng	et	al.,	2018).

9  | FUTURE CONSIDER ATIONS

Epigenetic mechanisms have increasingly been implicated in obesity 
pathology, and attempts at modification of these processes have 
rightfully	been	investigated	as	therapeutic	strategies.	An	important	
feature	 of	 DNA	methylation	 is	 that	 it	 is	 reversible	 (Ramchandani,	
Bhattacharya, Cervoni, & Szyf, 1999; Yang et al., 2008), with this 
characteristic making it an attractive therapeutic target for preven-
tion and treatment of obesity and related illnesses. Indeed, some 
success has been reported in this regard, with studies showing that 
the	manipulation	of	the	epigenetic	machinery,	such	as	DNA	methyl-
transferase‐1	(DNMT1)	and	DNA	methyltransferase‐3a	(DNMT3a),	
could be a useful strategy in treating obesity (Bruggeman, Garretson, 
Wu, Shi, & Xue, 2018; Kohno et al., 2014). The inhibition of DNMT1 
using aurintricarboxylic acid was shown to result in reduced activity 
within the pancreatic β cells of T2DM mice, contributing to lowered 
blood glucose and improved insulin signaling, with this finding hold-
ing	 therapeutic	promise	 for	 the	 treatment	of	diabetes	 (Chen,	Liao,	
Tsai, & Tsai, 2016).

Further understanding of epigenetic mechanisms contributing to 
obesity-related disease pathophysiology could be useful in assessing 
risk-stratification and pave the way for the application of personalized 
therapies.	Additional	research	aimed	at	exploring	the	possibility	of	re-
programming of maternal diet-induced arcuate nucleus epigenetic phe-
notypes	through	postweaning	interventions	is	still	required.	Although	
the health benefit of breastfeeding for both mother and child has 
long been known (Kramer & Kakuma, 2012), more awareness and en-
couragement	are	still	required	to	draw	attention	to	the	importance	of	
breastfeeding. Even though, according to World Health Organization, 

all infants should be exclusively breastfed from birth up to 6 months 
of age, most countries are still not doing enough to support mothers 
despite the potential health benefits as well as positive economic im-
plications (Prell & Koletzko, 2016; Walters, Phan, & Mathisen, 2019). 
Breastfeeding is crucial to establish optimal or reference intake values 
for leptin during lactation, thereby designing personalized patterns of 
nutrition achieved through postnatal programming of a healthy phe-
notype in early childhood that will remain into adulthood (Palou, Pico, 
& Palou, 2018).

Furthermore, phytochemicals are known to affect epigenetics 
could thus represent suitable candidates in postweaning experimenta-
tion, with curcumin, genistein, epigallocatechin gallate, resveratrol, and 
equol	able	to	inhibit	DNMT	activity	(Ayissi,	Ebrahimi,	&	Schluesenner,	
2014),	with	such	endeavors	remaining	largely	unexplored.	Additionally,	
gender	differences	observed	in	DNA	methylation	patterns,	in	the	re-
sponse to DIO as well as the action of plant compounds, have been ob-
served (Ratnu, Emami, & Bredy, 2017; Shiina et al., 2019; Zore, Palafox, 
& Reue, 2018), highlighting the importance of considering gender for 
future research endeavors.

10  | CONCLUSION

A	high‐energy	obesogenic	environment	can	elicit	epigenetic	modifica-
tions	that	alter	promoter	DNA	methylation	patterns,	thereby	modulat-
ing	gene	expression.	Diet‐induced	DNA	methylation	changes	occurring	
within	ARC	genes,	 particularly	POMC and INS‐R, which prevents an 
appropriate response to leptin and insulin, thereby affecting energy 
homeostasis,	subsequently	leading	to	the	development	of	obesity	and	
MeS. Overnutrition in early stages of life via maternal diet can predis-
pose offspring to the development of obesity throughout their lives. 
Through the implementation of healthy lifestyle practices, attempts 
to	reverse	aberrant	DNA	methylation	of	crucial	arcuate	nucleus	genes	
could be useful in the treatment of obesity.

ACKNOWLEDG EMENTS

The preparation of this manuscript was supported by the National 
Research	 Foundation	 (ZAR)	 Professional	 Development	 Program	
(NRF-PDP) grant UID 104912 and Biomedical Research and 
Innovation	Platform	(BRIP),	South	African	Medical	Research	Council	
(SA	MRC),	and	Baseline	funding.	The	authors	would	like	to	acknowl-
edge	the	support	of	colleagues	at	BRIP,	SA	MRC

CONFLIC T OF INTERE S T

The authors declare there is no conflict of interests.

E THIC AL APPROVAL

This manuscript submission is in accordance with the stipulated 
publication	ethical	 guidelines.	This	 review	article	does	not	 require	
ethical clearance since no animal and human testing was performed.



     |  3141SAMODIEN Et Al.

ORCID

Ebrahim Samodien  https://orcid.org/0000-0002-8973-7329 

Lawrence Mabasa  https://orcid.org/0000-0001-6499-3396 

R E FE R E N C E S

Alegría‐Torres,	 J.	 A.,	 Baccarelli,	 A.,	 &	 Bollati,	 V.	 (2011).	 Epigenetics	
and lifestyle. Epigenomics, 3(3), 267–277. https ://doi.org/10.2217/
epi.11.22

Ayissi,	 B.,	 Ebrahimi,	 A.,	 &	 Schluesenner,	 H.	 (2014).	 Epigenetic	 effects	
of	 natural	 polyphenols:	 A	 focus	 on	 SIRT1‐mediated	 mechanisms.	
Molecular Nutrition & Food Research, 58(1), 22–32. https ://doi.
org/10.1002/mnfr.20130 0195

Barker,	D.	J.,	Osmond,	C.,	Golding,	J.,	Kuh,	D.,	&	Wadsworth,	M.	E.	(1989).	
Growth in utero, blood pressure in childhood and adult life, and mor-
tality from cardiovascular disease. BMJ, 298(6673), 564–567.

Belgardt,	 B.	 F.,	 &	 Bruning,	 J.	 C.	 (2010).	 CNS	 leptin	 and	 insu-
lin action in the control of energy homeostasis. Annals of 
the New York Academy of Sciences, 1212, 97–113. https ://doi.
org/10.1111/j.1749-6632.2010.05799.x

Belivani,	M.,	Dimitroula,	C.,	Katsiki,	N.,	Apostolopoulou,	M.,	Cummings,	
M.,	&	Hatzitolios,	A.	I.	(2013).	Acupuncture	in	the	treatment	of	obe-
sity:	 A	 narrative	 review	 of	 the	 literature.	Acupuncture in Medicine, 
31(1), 88–97. https ://doi.org/10.1136/acupm ed-2012-010247

Bell,	 B.	 B.,	 Harlan,	 S.	 M.,	 Morgan,	 D.	 A.,	 Guo,	 D.	 F.,	 &	 Rahmouni,	
K.	 (2018).	 Differential	 contribution	 of	 POMC	 and	 AgRP	 neu-
rons to the regulation of regional autonomic nerve activity by 
leptin. Molecular Metabolism, 8, 1–12. https ://doi.org/10.1016/j.
molmet.2017.12.006

Bell,	C.	G.,	Walley,	A.	J.,	&	Froguel,	P.	(2005).	The	genetics	of	human	obe-
sity. Nature Reviews Genetics, 6(3), 221–234. https ://doi.org/10.1038/
nrg1556

Benite‐Ribeiro,	 S.	 A.,	 Putt,	 D.	 A.,	 Soares‐Filho,	M.	 C.,	 &	 Santos,	 J.	M.	
(2016). The link between hypothalamic epigenetic modifications 
and long-term feeding control. Appetite, 107, 445–453. https ://doi.
org/10.1016/j.appet.2016.08.111

Bentley,	 R.	 A.,	 Ormerod,	 P.,	 &	 Ruck,	 D.	 J.	 (2018).	 Recent	 origin	 and	
evolution of obesity-income correlation across the United States. 
Palgrave Communications, 4(1), 146. https ://doi.org/10.1057/
s41599-018-0201-x

Bergen,	H.	T.,	Mizuno,	T.,	Taylor,	 J.,	&	Mobbs,	C.	V.	 (1999).	Resistance	
to diet-induced obesity is associated with increased proopiomelano-
cortin	mRNA	and	decreased	neuropeptide	Y	mRNA	in	the	hypothal-
amus. Brain Research, 851(1–2), 198–203. https ://doi.org/10.1016/
S0006-8993(99)02186-1

Berger,	S.	L.,	Kouzarides,	T.,	Shiekhattar,	R.,	&	Shilatifard,	A.	(2009).	An	
operational definition of epigenetics. Genes & Development, 23(7), 
781–783. https ://doi.org/10.1101/gad.1787609

Brown,	W.	M.	 (2015).	Exercise‐associated	DNA	methylation	 change	 in	
skeletal	muscle	and	the	importance	of	 imprinted	genes:	A	bioinfor-
matics meta-analysis. British Journal of Sports Medicine, 49(24), 1567–
1578. https ://doi.org/10.1136/bjspo rts-2014-094073

Bruggeman,	 E.	 C.,	 Garretson,	 J.	 T.,	Wu,	 R.,	 Shi,	 H.,	 &	 Xue,	 B.	 (2018).	
Neuronal Dnmt1 deficiency attenuates diet-induced obesity in 
mice. Endocrinology, 159(1), 145–162. https ://doi.org/10.1210/
en.2017-00267 

Catalano,	P.	M.,	Presley,	L.,	Minium,	J.,	&	Hauguel‐de	Mouzon,	S.	(2009).	
Fetuses of obese mothers develop insulin resistance in utero. Diabetes 
Care, 32(6), 1076–1080. https ://doi.org/10.2337/dc08-2077

Catania,	A.,	Airaghi,	L.,	Colombo,	G.,	&	Lipton,	J.	M.	(2000).	Alpha‐me-
lanocyte-stimulating hormone in normal human physiology and dis-
ease states. Trends in Endocrinology and Metabolism, 11(8), 304–308.

Chehab,	F.	F.	(2014).	Leptin	and	reproduction:	Past	milestones,	present	
undertakings and future endeavors. Journal of Endocrinology, 223(1), 
T37–T48.	https	://doi.org/10.1530/JOE‐14‐0413

Chen,	Y.‐T.,	Liao,	J.‐W.,	Tsai,	Y.‐C.,	&	Tsai,	F.‐J.	(2016).	Inhibition	of	DNA	
methyltransferase 1 increases nuclear receptor subfamily 4 group 
A	member	1	expression	and	decreases	blood	glucose	 in	 type	2	di-
abetes. Oncotarget, 7(26), 39162–39170. https ://doi.org/10.18632/ 
oncot arget.10043 

Cifani, C., Micioni Di Bonaventura, M. V., Pucci, M., Giusepponi, M. E., 
Romano,	A.,	Di	Francesco,	A.,	…	D'Addario,	C.	(2015).	Regulation	of	
hypothalamic neuropeptides gene expression in diet induced obe-
sity resistant rats: Possible targets for obesity prediction? Frontiers 
in Neuroscience, 9, 187. https ://doi.org/10.3389/fnins.2015.00187 

Coiro, P., & Pollak, D. D. (2019). Sex and gender bias in the experimen-
tal neurosciences: The case of the maternal immune activation 
model. Translational Psychiatry, 9(1), 90. https ://doi.org/10.1038/
s41398-019-0423-8

Coll,	 A.	 P.,	 Farooqi,	 I.	 S.,	 &	O'Rahilly,	 S.	 (2007).	 The	 hormonal	 control	
of food intake. Cell, 129(2), 251–262. https ://doi.org/10.1016/j.
cell.2007.04.001

Crean,	A.	J.,	&	Bonduriansky,	R.	(2014).	What	is	a	paternal	effect?	Trends 
in Ecology & Evolution, 29(10), 554–559. https ://doi.org/10.1016/j.
tree.2014.07.009

Davegårdh,	 C.,	 García‐Calzón,	 S.,	 Bacos,	 K.,	 &	 Ling,	 C.	 (2018).	 DNA	
methylation in the pathogenesis of type 2 diabetes in humans. 
Molecular Metabolism, 14, 12–25. https ://doi.org/10.1016/j.
molmet.2018.01.022

de	 Souza,	 F.	 S.,	 Nasif,	 S.,	 Lopez‐Leal,	 R.,	 Levi,	 D.	 H.,	 Low,	 M.	 J.,	 &	
Rubinsten, M. (2011). The estrogen receptor alpha colocalizes with 
proopiomelanocortin in hypothalamic neurons and binds to a con-
served motif present in the neuron-specific enhancer nPE2. European 
Journal of Pharmacology, 660(1), 181–187. https ://doi.org/10.1016/j.
ejphar.2010.10.114

Dietz, W. H. (1994). Critical periods in childhood for the development of 
obesity. American Journal of Clinical Nutrition, 59(5), 955–959. https ://
doi.org/10.1093/ajcn/59.5.955

Elahi,	M.	M.,	Cagampang,	F.	R.,	Mukhtar,	D.,	Anthony,	F.	W.,	Ohri,	S.	K.,	
&	Hanson,	M.	A.	 (2009).	Long‐term	maternal	high‐fat	feeding	from	
weaning through pregnancy and lactation predisposes offspring 
to hypertension, raised plasma lipids and fatty liver in mice. British 
Journal of Nutrition, 102(4), 514–519. https ://doi.org/10.1017/s0007 
11450 820749x

El‐Shenawy,	R.,	Moharram,	A.,	El‐Noamany,	M.,	&	El‐Gohary,	T.	(2013).	
Tight glycemic control in acute coronary syndromes: Prognostic im-
plications. Egyptian Journal of Critical Care Medicine, 1(1), 5–12. https 
://doi.org/10.1016/j.ejccm.2012.12.001

Esteghamati,	 A.,	 Mazaheri,	 T.,	 Vahidi	 Rad,	 M.,	 &	 Noshad,	 S.	 (2015).	
Complementary and alternative medicine for the treatment of 
obesity:	A	critical	 review.	 International Journal of Endocrinology and 
Metabolism, 13(2), e19678. https ://doi.org/10.5812/ijem.19678 

Fang, M., Chen, D., & Yang, C. S. (2007). Dietary polyphenols may af-
fect	DNA	methylation.	Journal of Nutrition, 137(1 Suppl), 223s–228s. 
https ://doi.org/10.1093/jn/137.1.223S

Feinberg,	A.	P.	(2007).	Phenotypic	plasticity	and	the	epigenetics	of	human	
disease. Nature, 447(7143), 433–440. https ://doi.org/10.1038/natur 
e05919

Frank,	 A.,	 Brown,	 L.	 M.,	 &	 Clegg,	 D.	 J.	 (2014).	 The	 role	 of	 hypotha-
lamic estrogen receptors in metabolic regulation. Frontiers in 
Neuroendocrinology, 35(4), 550–557. https ://doi.org/10.1016/j.
yfrne.2014.05.002

Gaillard, R. (2015). Maternal obesity during pregnancy and cardiovas-
cular development and disease in the offspring. European Journal 
of Epidemiology, 30(11), 1141–1152. https ://doi.org/10.1007/
s10654-015-0085-7

https://orcid.org/0000-0002-8973-7329
https://orcid.org/0000-0002-8973-7329
https://orcid.org/0000-0001-6499-3396
https://orcid.org/0000-0001-6499-3396
https://doi.org/10.2217/epi.11.22
https://doi.org/10.2217/epi.11.22
https://doi.org/10.1002/mnfr.201300195
https://doi.org/10.1002/mnfr.201300195
https://doi.org/10.1111/j.1749-6632.2010.05799.x
https://doi.org/10.1111/j.1749-6632.2010.05799.x
https://doi.org/10.1136/acupmed-2012-010247
https://doi.org/10.1016/j.molmet.2017.12.006
https://doi.org/10.1016/j.molmet.2017.12.006
https://doi.org/10.1038/nrg1556
https://doi.org/10.1038/nrg1556
https://doi.org/10.1016/j.appet.2016.08.111
https://doi.org/10.1016/j.appet.2016.08.111
https://doi.org/10.1057/s41599-018-0201-x
https://doi.org/10.1057/s41599-018-0201-x
https://doi.org/10.1016/S0006-8993(99)02186-1
https://doi.org/10.1016/S0006-8993(99)02186-1
https://doi.org/10.1101/gad.1787609
https://doi.org/10.1136/bjsports-2014-094073
https://doi.org/10.1210/en.2017-00267
https://doi.org/10.1210/en.2017-00267
https://doi.org/10.2337/dc08-2077
https://doi.org/10.1530/JOE-14-0413
https://doi.org/10.18632/oncotarget.10043
https://doi.org/10.18632/oncotarget.10043
https://doi.org/10.3389/fnins.2015.00187
https://doi.org/10.1038/s41398-019-0423-8
https://doi.org/10.1038/s41398-019-0423-8
https://doi.org/10.1016/j.cell.2007.04.001
https://doi.org/10.1016/j.cell.2007.04.001
https://doi.org/10.1016/j.tree.2014.07.009
https://doi.org/10.1016/j.tree.2014.07.009
https://doi.org/10.1016/j.molmet.2018.01.022
https://doi.org/10.1016/j.molmet.2018.01.022
https://doi.org/10.1016/j.ejphar.2010.10.114
https://doi.org/10.1016/j.ejphar.2010.10.114
https://doi.org/10.1093/ajcn/59.5.955
https://doi.org/10.1093/ajcn/59.5.955
https://doi.org/10.1017/s000711450820749x
https://doi.org/10.1017/s000711450820749x
https://doi.org/10.1016/j.ejccm.2012.12.001
https://doi.org/10.1016/j.ejccm.2012.12.001
https://doi.org/10.5812/ijem.19678
https://doi.org/10.1093/jn/137.1.223S
https://doi.org/10.1038/nature05919
https://doi.org/10.1038/nature05919
https://doi.org/10.1016/j.yfrne.2014.05.002
https://doi.org/10.1016/j.yfrne.2014.05.002
https://doi.org/10.1007/s10654-015-0085-7
https://doi.org/10.1007/s10654-015-0085-7


3142  |     SAMODIEN Et Al.

Gali	 Ramamoorthy,	 T.,	 Allen,	 T.	 J.,	 Davies,	 A.,	 Harno,	 E.,	 Sefton,	 C.,	
Murgatroyd,	C.,	&	White,	A.	(2018).	Maternal	overnutrition	programs	
epigenetic changes in the regulatory regions of hypothalamic Pomc 
in the offspring of rats. International Journal of Obesity, 42(8), 1431–
1444. https ://doi.org/10.1038/s41366-018-0094-1

Giles,	E.	D.,	Jackman,	M.	R.,	&	MacLean,	P.	S.	 (2016).	Modeling	diet‐in-
duced obesity with obesity-prone rats: Implications for studies 
in females. Frontiers in Nutrition, 3, 50. https ://doi.org/10.3389/
fnut.2016.00050 

Glastras,	 S.,	Chen,	H.,	Pollock,	C.	A.,	&	Saad,	 S.	 (2018).	Maternal	obe-
sity increases the risk of metabolic disease and impacts renal health 
in offspring. Bioscience Reports, 38(2), BSR20180050. https ://doi.
org/10.1042/BSR20 180050

Gomez-Pinilla, F., & Nguyen, T. T. (2012). Natural mood foods: The actions 
of polyphenols against psychiatric and cognitive disorders. Nutritional 
Neuroscience, 15(3), 127–133. https ://doi.org/10.1179/14768 
30511y.00000 00035 

He,	F.,	Berg,	A.,	Imamura	Kawasawa,	Y.,	Bixler,	E.	O.,	Fernandez‐Mendoza,	
J.,	Whitsel,	E.	A.,	&	Liao,	D.	(2019).	Association	between	DNA	meth-
ylation in obesity-related genes and body mass index percentile in 
adolescents. Scientific Reports, 9(1), 2079. https ://doi.org/10.1038/
s41598-019-38587-7

He,	Z.,	Gao,	Y.,	Alhadeff,	A.	L.,	Castorena,	C.	M.,	Huang,	Y.,	Lieu,	L.,	…	
Williams, K. W. (2018). Cellular and synaptic reorganization of arcuate 
NPY/AgRP	and	POMC	neurons	after	exercise.	Molecular Metabolism, 
18, 107–119. https ://doi.org/10.1016/j.molmet.2018.08.011

Herrera,	B.	M.,	Keildson,	S.,	&	Lindgren,	C.	M.	(2011).	Genetics	and	epi-
genetics of obesity. Maturitas, 69(1), 41–49. https ://doi.org/10.1016/j.
matur itas.2011.02.018

Holliday,	R.	 (2006).	Epigenetics:	A	historical	overview.	Epigenetics, 1(2), 
76–80. https ://doi.org/10.4161/epi.1.2.2762

Iliadis, F., Kadoglou, N., & Didangelos, T. (2011). Insulin and the heart. 
Diabetes Research and Clinical Practice, 93, S86–S91. https ://doi.
org/10.1016/S0168-8227(11)70019-5

Isganaitis,	E.,	&	Lustig,	R.	H.	 (2005).	Fast	food,	central	nervous	system	
insulin resistance, and obesity. Arteriosclerosis, Thrombosis, and 
Vascular Biology, 25(12), 2451–2462. https ://doi.org/10.1161/01.
atv.00001 86208.06964.91

Jablonka,	E.,	&	Raz,	G.	(2009).	Transgenerational	epigenetic	inheritance:	
Prevalence, mechanisms, and implications for the study of heredity 
and evolution. Quarterly Review of Biology, 84(2), 131–176. https ://
doi.org/10.1086/598822

James,	P.,	Sajjadi,	S.,	Tomar,	A.	S.,	Saffari,	A.,	Fall,	C.	H.	D.,	Prentice,	A.	M.,	
…	Yajnik,	C.	S.	(2018).	Candidate	genes	linking	maternal	nutrient	ex-
posure	to	offspring	health	via	DNA	methylation:	A	review	of	existing	
evidence in humans with specific focus on one-carbon metabolism. 
International Journal of Epidemiology, 47(6), 1910–1937. https ://doi.
org/10.1093/ije/dyy153

Keleher, M. R., Zaidi, R., Shah, S., Oakley, M. E., Pavlatos, C., El Idrissi, 
S.,	…	Cheverud,	J.	M.	(2018).	Maternal	high‐fat	diet	associated	with	
altered	gene	expression,	DNA	methylation,	and	obesity	risk	in	mouse	
offspring. PLoS ONE, 13(2), e0192606. https ://doi.org/10.1371/journ 
al.pone.0192606

Kelesidis, T., Kelesidis, I., Chou, S., & Mantzoros, C. S. (2010). Narrative 
review: The role of leptin in human physiology: Emerging clinical ap-
plications. Annals of Internal Medicine, 152(2), 93–100. https ://doi.
org/10.7326/0003-4819-152-2-20100 1190-00008 

Koch,	A.,	Joosten,	S.	C.,	Feng,	Z.,	de	Ruijter,	T.	C.,	Draht,	M.	X.,	Melotte,	
V.,	…	van	Engeland,	M.	(2018).	Analysis	of	DNA	methylation	in	can-
cer:	Location	revisited.	Nature Reviews Clinical Oncology, 15(7), 459–
466. https ://doi.org/10.1038/s41571-018-0004-4

Koh,	K.	K.,	Park,	S.	M.,	&	Quon,	M.	 J.	 (2008).	 Leptin	and	cardiovascu-
lar disease: response to therapeutic interventions. Circulation, 
117(25),	 3238–3249.	 https	://doi.org/10.1161/CIRCU	LATIO	
NAHA.107.741645

Kohno,	 D.,	 Lee,	 S.,	 Harper,	 M.	 J.,	 Kim,	 K.	 W.,	 Sone,	 H.,	 Sasaki,	 T.,	 …	
Elmquist,	 J.	 K.	 (2014).	 Dnmt3a	 in	 Sim1	 neurons	 is	 necessary	 for	
normal energy homeostasis. Journal of Neuroscience, 34(46), 15288–
15296.	https	://doi.org/10.1523/JNEUR	OSCI.1316‐14.2014

Kokosar,	M.,	Benrick,	A.,	Perfilyev,	A.,	Nilsson,	E.,	Källman,	T.,	Ohlsson,	
C.,	…	Stener‐Victorin,	E.	(2018).	A	single	bout	of	electroacupuncture	
remodels epigenetic and transcriptional changes in adipose tissue in 
polycystic ovary syndrome. Scientific Reports, 8(1), 1878. https ://doi.
org/10.1038/s41598-017-17919-5

Kopelman, P. G. (2000). Obesity as a medical problem. Nature, 404, 635. 
https ://doi.org/10.1038/35007508

Kramer, M. S., & Kakuma, R. (2012). Optimal duration of exclusive breast-
feeding. Cochrane Database of Systematic Reviews, (8), CD003517. 
https ://doi.org/10.1002/14651 858.CD003 517.pub2

Krasilnikova,	J.,	Lauberte,	L.,	Stoyanova,	E.,	Abadjieva,	D.,	Chervenkov,	
M.,	Mori,	M.,	…	Kistanova,	 E.	 (2018).	Oregonin	 from	Alnus	 incana	
bark	 affects	 DNA	 methyltransferases	 expression	 and	 mitochon-
drial	DNA	copies	in	mouse	embryonic	fibroblasts.	Journal of Enzyme 
Inhibition and Medicinal Chemistry, 33(1), 1055–1063. https ://doi.
org/10.1080/14756 366.2018.1476504

Kuehnen,	 P.,	Mischke,	M.,	Wiegand,	 S.,	 Sers,	 C.,	Horsthemke,	 B.,	 Lau,	
S.,	 …	 Krude,	 H.	 (2012).	 An	 Alu	 element‐associated	 hypermethyl-
ation variant of the POMC gene is associated with childhood obe-
sity. PLoS Genetics, 8(3), e1002543. https ://doi.org/10.1371/journ 
al.pgen.1002543

Kühnen,	P.,	Handke,	D.,	Waterland,	R.	A.,	Hennig,	B.	J.,	Silver,	M.,	Fulford,	
A.	 J.,	…	Krude,	H.	 (2016).	 Interindividual	 variation	 in	DNA	methyl-
ation at a putative POMC metastable epiallele is associated with 
obesity. Cell Metabolism, 24(3), 502–509. https ://doi.org/10.1016/j.
cmet.2016.08.001

Lacal,	I.,	&	Ventura,	R.	(2018).	Epigenetic	inheritance:	Concepts,	mecha-
nisms and perspectives. Frontiers in Molecular Neuroscience, 11, 292–
292. https ://doi.org/10.3389/fnmol.2018.00292 

Lagisz,	M.,	Blair,	H.,	Kenyon,	P.,	Uller,	T.,	Raubenheimer,	D.,	&	Nakagawa,	
S.	(2015).	Little	appetite	for	obesity:	Meta‐analysis	of	the	effects	of	
maternal obesogenic diets on offspring food intake and body mass 
in rodents. International Journal of Obesity, 39, 1669. https ://doi.
org/10.1038/ijo.2015.160

Laing,	B.	T.,	Do,	K.,	Matsubara,	T.,	Wert,	D.	W.,	Avery,	M.	J.,	Langdon,	
E.	M.,	…	Huang,	H.	U.	(2016).	Voluntary	exercise	improves	hypotha-
lamic and metabolic function in obese mice. Journal of Endocrinology, 
229(2), 109–122. https ://doi.org/10.1530/joe-15-0510

Lambert,	K.,	Hokayem,	M.,	Thomas,	C.,	Fabre,	O.,	Cassan,	C.,	Bourret,	
A.,	 …	 Bisbal,	 C.	 (2018).	 Combination	 of	 nutritional	 polyphenols	
supplementation with exercise training counteracts insulin re-
sistance and improves endurance in high-fat diet-induced obese 
rats. Scientific Reports, 8(1), 2885. https ://doi.org/10.1038/
s41598-018-21287-z

Langlet,	 F.	 (2014).	 Tanycytes:	 A	 gateway	 to	 the	 metabolic	 hypothala-
mus. Journal of Neuroendocrinology, 26(11), 753–760. https ://doi.
org/10.1111/jne.12191 

Lazzarino,	G.	P.,	Andreoli,	M.	F.,	Rossetti,	M.	F.,	Stoker,	C.,	Tschopp,	M.	
V.,	Luque,	E.	H.,	&	Ramos,	J.	G.	 (2017).	Cafeteria	diet	differentially	
alters	the	expression	of	feeding‐related	genes	through	DNA	meth-
ylation mechanisms in individual hypothalamic nuclei. Molecular 
and Cellular Endocrinology, 450, 113–125. https ://doi.org/10.1016/j.
mce.2017.05.005

Lenard,	N.	 R.,	 &	Berthoud,	H.	 R.	 (2008).	 Central	 and	 peripheral	 regu-
lation of food intake and physical activity: Pathways and genes. 
Obesity (Silver Spring), 16(Suppl 3), S11–22. https ://doi.org/10.1038/
oby.2008.511

Leng,	 J.,	 Xiong,	 F.,	 Yao,	 J.,	 Dai,	 X.,	 Luo,	 Y.,	 Hu,	 M.,	 …	 Li,	 Y.	 (2018).	
Electroacupuncture reduces weight in diet-induced obese rats 
via hypothalamic Tsc1 promoter demethylation and inhibition 
of the activity of mTORC1 signaling pathway. Evidence‐based 

https://doi.org/10.1038/s41366-018-0094-1
https://doi.org/10.3389/fnut.2016.00050
https://doi.org/10.3389/fnut.2016.00050
https://doi.org/10.1042/BSR20180050
https://doi.org/10.1042/BSR20180050
https://doi.org/10.1179/1476830511y.0000000035
https://doi.org/10.1179/1476830511y.0000000035
https://doi.org/10.1038/s41598-019-38587-7
https://doi.org/10.1038/s41598-019-38587-7
https://doi.org/10.1016/j.molmet.2018.08.011
https://doi.org/10.1016/j.maturitas.2011.02.018
https://doi.org/10.1016/j.maturitas.2011.02.018
https://doi.org/10.4161/epi.1.2.2762
https://doi.org/10.1016/S0168-8227(11)70019-5
https://doi.org/10.1016/S0168-8227(11)70019-5
https://doi.org/10.1161/01.atv.0000186208.06964.91
https://doi.org/10.1161/01.atv.0000186208.06964.91
https://doi.org/10.1086/598822
https://doi.org/10.1086/598822
https://doi.org/10.1093/ije/dyy153
https://doi.org/10.1093/ije/dyy153
https://doi.org/10.1371/journal.pone.0192606
https://doi.org/10.1371/journal.pone.0192606
https://doi.org/10.7326/0003-4819-152-2-201001190-00008
https://doi.org/10.7326/0003-4819-152-2-201001190-00008
https://doi.org/10.1038/s41571-018-0004-4
https://doi.org/10.1161/CIRCULATIONAHA.107.741645
https://doi.org/10.1161/CIRCULATIONAHA.107.741645
https://doi.org/10.1523/JNEUROSCI.1316-14.2014
https://doi.org/10.1038/s41598-017-17919-5
https://doi.org/10.1038/s41598-017-17919-5
https://doi.org/10.1038/35007508
https://doi.org/10.1002/14651858.CD003517.pub2
https://doi.org/10.1080/14756366.2018.1476504
https://doi.org/10.1080/14756366.2018.1476504
https://doi.org/10.1371/journal.pgen.1002543
https://doi.org/10.1371/journal.pgen.1002543
https://doi.org/10.1016/j.cmet.2016.08.001
https://doi.org/10.1016/j.cmet.2016.08.001
https://doi.org/10.3389/fnmol.2018.00292
https://doi.org/10.1038/ijo.2015.160
https://doi.org/10.1038/ijo.2015.160
https://doi.org/10.1530/joe-15-0510
https://doi.org/10.1038/s41598-018-21287-z
https://doi.org/10.1038/s41598-018-21287-z
https://doi.org/10.1111/jne.12191
https://doi.org/10.1111/jne.12191
https://doi.org/10.1016/j.mce.2017.05.005
https://doi.org/10.1016/j.mce.2017.05.005
https://doi.org/10.1038/oby.2008.511
https://doi.org/10.1038/oby.2008.511


     |  3143SAMODIEN Et Al.

Complementary and Alternative Medicine, 2018, 1–10. https ://doi.
org/10.1155/2018/3039783

Liang,	C.,	Oest,	M.	E.,	&	Prater,	M.	R.	 (2009).	 Intrauterine	exposure	 to	
high saturated fat diet elevates risk of adult-onset chronic diseases 
in	C57BL/6	mice.	Birth Defects Research Part B: Developmental and 
Reproductive Toxicology, 86(5), 377–384. https ://doi.org/10.1002/
bdrb.20206 

Long,	M.	D.,	Smiraglia,	D.	J.,	&	Campbell,	M.	J.	(2017).	The	genomic	im-
pact	 of	 DNA	 CpG	 methylation	 on	 gene	 expression:	 Relationships	
in prostate cancer. Biomolecules, 7(1), 15. https ://doi.org/10.3390/
biom7 010015

Lopomo,	 A.,	 Burgio,	 E.,	 &	 Migliore,	 L.	 (2016).	 Epigenetics	 of	 obesity.	
Progress in Molecular Biology and Translational Science, 140, 151–184. 
https ://doi.org/10.1016/bs.pmbts.2016.02.002

Lu,	H.,	Liu,	X.,	Deng,	Y.,	&	Qing,	H.	(2013).	DNA	methylation,	a	hand	be-
hind neurodegenerative diseases. Frontiers in Aging Neuroscience, 5, 
85–85. https ://doi.org/10.3389/fnagi.2013.00085 

Marco,	A.,	Kisliouk,	T.,	Weller,	A.,	&	Meiri,	N.	(2013).	High	fat	diet	induces	
hypermethylation of the hypothalamic Pomc promoter and obesity 
in post-weaning rats. Psychoneuroendocrinology, 38(12), 2844–2853. 
https ://doi.org/10.1016/j.psyne uen.2013.07.011

Marino,	J.	S.,	Xu,	Y.,	&	Hill,	J.	W.	(2011).	Central	insulin	and	leptin‐mediated	
autonomic control of glucose homeostasis. Trends in Endocrinology 
and Metabolism, 22(7), 275–285. https ://doi.org/10.1016/j.
tem.2011.03.001

Mauvais‐Jarvis,	F.,	Clegg,	D.	J.,	&	Hevener,	A.	L.	(2013).	The	role	of	estro-
gens in control of energy balance and glucose homeostasis. Endocrine 
Reviews, 34(3), 309–338. https ://doi.org/10.1210/er.2012-1055

McNay,	D.	E.,	Briancon,	N.,	Kokoeva,	M.	V.,	Maratos‐Flier,	E.,	&	Flier,	J.	S.	
(2012). Remodeling of the arcuate nucleus energy-balance circuit is 
inhibited in obese mice. Journal of Clinical Investigation, 122(1), 142–
152. https ://doi.org/10.1172/jci43134

Meguid,	M.	M.,	Fetissov,	S.	O.,	Varma,	M.,	Sato,	T.,	Zhang,	L.,	Laviano,	A.,	
& Rossi-Fanelli, F. (2000). Hypothalamic dopamine and serotonin in 
the regulation of food intake. Nutrition, 16(10), 843–857. https ://doi.
org/10.1016/S0899-9007(00)00449-4

Millington, G. W. (2007). The role of proopiomelanocortin (POMC) neu-
rones in feeding behaviour. Nutrition & Metabolism, 4, 18. https ://doi.
org/10.1186/1743-7075-4-18

Millington,	G.,	&	Buckingham,	J.	C.	(1992).	Thymic	peptides	and	neuro-
endocrine-immune communication. Journal of Endocrinology, 133(2), 
163–168. https ://doi.org/10.1677/joe.0.1330163

Mina,	T.	H.,	Lahti,	M.,	Drake,	A.	J.,	Räikkönen,	K.,	Minnis,	H.,	Denison,	
F.	 C.,	 …	 Reynolds,	 R.	M.	 (2017).	 Prenatal	 exposure	 to	 very	 severe	
maternal obesity is associated with adverse neuropsychiatric out-
comes in children. Psychological Medicine, 47(2), 353–362. https ://
doi.org/10.1017/s0033 29171 6002452

Morton,	G.	J.,	&	Schwartz,	M.	W.	(2011).	Leptin	and	the	central	nervous	
system control of glucose metabolism. Physiological Reviews, 91(2), 
389–411. https ://doi.org/10.1152/physr ev.00007.2010

Nitert,	M.	D.,	Dayeh,	T.,	Volkov,	P.,	Elgzyri,	T.,	Hall,	E.,	Nilsson,	E.,	…	Ling,	
C.	 (2012).	 Impact	of	 an	exercise	 intervention	on	DNA	methylation	
in skeletal muscle from first-degree relatives of patients with type 
2 diabetes. Diabetes, 61(12), 3322–3332. https ://doi.org/10.2337/
db11-1653

Oestreich,	A.	K.,	&	Moley,	K.	H.	(2017).	Developmental	and	transmitta-
ble origins of obesity-associated health disorders. Trends in Genetics, 
33(6), 399–407. https ://doi.org/10.1016/j.tig.2017.03.008

Palou,	M.,	Pico,	C.,	&	Palou,	A.	(2018).	Leptin	as	a	breast	milk	component	
for the prevention of obesity. Nutrition Reviews, 76(12), 875–892. 
https ://doi.org/10.1093/nutri t/nuy046

Paonessa,	F.,	Latifi,	S.,	Scarongella,	H.,	Cesca,	F.,	&	Benfenati,	F.	(2013).	
Specificity protein 1 (Sp1)-dependent activation of the synapsin 
I gene (SYN1) is modulated by RE1-silencing transcription factor 
(REST)	and	5'‐cytosine‐phosphoguanine	 (CpG)	methylation.	Journal 

of Biological Chemistry, 288(5), 3227–3239. https ://doi.org/10.1074/
jbc.M112.399782

Park,	S.,	Ahn,	I.	S.,	&	Kim,	D.	S.	(2010).	Central	infusion	of	leptin	improves	
insulin resistance and suppresses beta-cell function, but not beta-
cell mass, primarily through the sympathetic nervous system in a 
type 2 diabetic rat model. Life Sciences, 86(23–24), 854–862. https ://
doi.org/10.1016/j.lfs.2010.03.021

Paternain,	L.,	Batlle,	M.	A.,	De	la	Garza,	A.	L.,	Milagro,	F.	I.,	Martinez,	J.	A.,	
&	Campion,	J.	(2012).	Transcriptomic	and	epigenetic	changes	in	the	
hypothalamus are involved in an increased susceptibility to a high-fat-
sucrose diet in prenatally stressed female rats. Neuroendocrinology, 
96(3), 249–260. https ://doi.org/10.1159/00034 1684

Paz‐Filho,	 G.,	 Mastronardi,	 C.,	 Delibasi,	 T.,	 Wong,	 M.‐L.,	 &	 Licinio,	
J.	 (2010).	 Congenital	 leptin	 deficiency:	 Diagnosis	 and	 effects	 of	
leptin replacement therapy. Arquivos Brasileiros De Endocrinologia & 
Metabologia, 54(8), 690–697. https ://doi.org/10.1590/S0004-27302 
01000 0800005

Paz‐Filho,	G.,	Mastronardi,	C.,	Franco,	C.	B.,	Wang,	K.	B.,	Wong,	M.	L.,	
&	 Licinio,	 J.	 (2012).	 Leptin:	 Molecular	 mechanisms,	 systemic	 pro‐
inflammatory effects, and clinical implications. Arquivos Brasileiros 
De Endocrinologia & Metabologia, 56(9), 597–607. https ://doi.
org/10.1590/S0004-27302 01200 0900001

Paz‐Filho,	G.,	Wong,	M.	 L.,	&	 Licinio,	 J.	 (2011).	 Ten	 years	 of	 leptin	 re-
placement therapy. Obesity Reviews, 12(5), e315–e323. https ://doi.
org/10.1111/j.1467-789X.2010.00840.x

Pechey,	 R.,	 &	 Monsivais,	 P.	 (2016).	 Socioeconomic	 inequalities	 in	
the healthiness of food choices: Exploring the contributions of 
food expenditures. Preventive Medicine, 88, 203–209. https ://doi.
org/10.1016/j.ypmed.2016.04.012

Perez,	M.	F.,	&	Lehner,	B.	(2019).	Intergenerational	and	transgenerational	
epigenetic inheritance in animals. Nature Cell Biology, 21(2), 143–151. 
https ://doi.org/10.1038/s41556-018-0242-9

Philipsen,	S.,	&	Suske,	G.	 (1999).	A	 tale	of	 three	 fingers:	The	 family	of	
mammalian	 Sp/XKLF	 transcription	 factors.	Nucleic Acids Research, 
27(15), 2991–3000. https ://doi.org/10.1093/nar/27.15.2991

Pimentel,	 G.	 D.,	 Micheletti,	 T.	 O.,	 Pace,	 F.,	 Rosa,	 J.	 C.,	 Santos,	 R.	 V.,	
&	 Lira,	 F.	 S.	 (2012).	 Gut‐central	 nervous	 system	 axis	 is	 a	 target	
for nutritional therapies. Nutrition Journal, 11(1), 22. https ://doi.
org/10.1186/1475-2891-11-22

Plagemann,	A.,	Harder,	T.,	Brunn,	M.,	Harder,	A.,	Roepke,	K.,	Wittrock‐
Staar,	 M.,	 …	 Dudenhausen,	 J.	 W.	 (2009).	 Hypothalamic	 proopi-
omelanocortin promoter methylation becomes altered by early 
overfeeding:	 An	 epigenetic	 model	 of	 obesity	 and	 the	 metabolic	
syndrome. Journal of Physiology, 587(Pt 20), 4963–4976. https ://doi.
org/10.1113/jphys iol.2009.176156

Plagemann,	A.,	Roepke,	K.,	Harder,	T.,	Brunn,	M.,	Harder,	A.,	Wittrock‐
Staar,	 M.,	 …	 Dudenhausen,	 J.	 W.	 (2010).	 Epigenetic	 malprogram-
ming of the insulin receptor promoter due to developmental over-
feeding. Journal of Perinatal Medicine, 38(4), 393–400. https ://doi.
org/10.1515/jpm.2010.051

Portela,	A.,	&	Esteller,	M.	 (2010).	 Epigenetic	modifications	 and	human	
disease. Nature Biotechnology, 28(10), 1057–1068. https ://doi.
org/10.1038/nbt.1685

Pozza,	C.,	&	 Isidori,	A.	M.	 (2018).	What's	behind	the	obesity	epidemic.	
In	A.	Laghi,	&	M.	Rengo	(Eds.),	 Imaging in bariatric surgery (pp. 1–8). 
Cham, Switzerland: Springer International Publishing.

Prell, C., & Koletzko, B. (2016). Breastfeeding and complementary feed-
ing. Deutsches Aerzteblatt Online, 113(25), 435–444. https ://doi.
org/10.3238/arzte bl.2016.0435

Puerta,	 M.	 L.,	 Nava,	 M.	 P.,	 Abelenda,	 M.,	 &	 Fernandez,	 A.	 (1990).	
Inactivation of brown adipose tissue thermogenesis by oestradiol 
treatment in cold-acclimated rats. Pflugers Archiv: European Journal 
of Physiology, 416(6), 659–662. https ://doi.org/10.1007/BF003 70611 

Pugh,	 S.	 J.,	 Richardson,	 G.	 A.,	 Hutcheon,	 J.	 A.,	 Himes,	 K.	 P.,	 Brooks,	
M.	 M.,	 Day,	 N.	 L.,	 &	 Bodnar,	 L.	 M.	 (2015).	 Maternal	 obesity	 and	

https://doi.org/10.1155/2018/3039783
https://doi.org/10.1155/2018/3039783
https://doi.org/10.1002/bdrb.20206
https://doi.org/10.1002/bdrb.20206
https://doi.org/10.3390/biom7010015
https://doi.org/10.3390/biom7010015
https://doi.org/10.1016/bs.pmbts.2016.02.002
https://doi.org/10.3389/fnagi.2013.00085
https://doi.org/10.1016/j.psyneuen.2013.07.011
https://doi.org/10.1016/j.tem.2011.03.001
https://doi.org/10.1016/j.tem.2011.03.001
https://doi.org/10.1210/er.2012-1055
https://doi.org/10.1172/jci43134
https://doi.org/10.1016/S0899-9007(00)00449-4
https://doi.org/10.1016/S0899-9007(00)00449-4
https://doi.org/10.1186/1743-7075-4-18
https://doi.org/10.1186/1743-7075-4-18
https://doi.org/10.1677/joe.0.1330163
https://doi.org/10.1017/s0033291716002452
https://doi.org/10.1017/s0033291716002452
https://doi.org/10.1152/physrev.00007.2010
https://doi.org/10.2337/db11-1653
https://doi.org/10.2337/db11-1653
https://doi.org/10.1016/j.tig.2017.03.008
https://doi.org/10.1093/nutrit/nuy046
https://doi.org/10.1074/jbc.M112.399782
https://doi.org/10.1074/jbc.M112.399782
https://doi.org/10.1016/j.lfs.2010.03.021
https://doi.org/10.1016/j.lfs.2010.03.021
https://doi.org/10.1159/000341684
https://doi.org/10.1590/S0004-27302010000800005
https://doi.org/10.1590/S0004-27302010000800005
https://doi.org/10.1590/S0004-27302012000900001
https://doi.org/10.1590/S0004-27302012000900001
https://doi.org/10.1111/j.1467-789X.2010.00840.x
https://doi.org/10.1111/j.1467-789X.2010.00840.x
https://doi.org/10.1016/j.ypmed.2016.04.012
https://doi.org/10.1016/j.ypmed.2016.04.012
https://doi.org/10.1038/s41556-018-0242-9
https://doi.org/10.1093/nar/27.15.2991
https://doi.org/10.1186/1475-2891-11-22
https://doi.org/10.1186/1475-2891-11-22
https://doi.org/10.1113/jphysiol.2009.176156
https://doi.org/10.1113/jphysiol.2009.176156
https://doi.org/10.1515/jpm.2010.051
https://doi.org/10.1515/jpm.2010.051
https://doi.org/10.1038/nbt.1685
https://doi.org/10.1038/nbt.1685
https://doi.org/10.3238/arztebl.2016.0435
https://doi.org/10.3238/arztebl.2016.0435
https://doi.org/10.1007/BF00370611


3144  |     SAMODIEN Et Al.

excessive gestational weight gain are associated with components of 
child cognition. Journal of Nutrition, 145(11), 2562–2569. https ://doi.
org/10.3945/jn.115.215525

Rahmouni, K. (2016). Cardiovascular regulation by the arcuate nu-
cleus of the hypothalamus: Neurocircuitry and signaling systems. 
Hypertension, 67(6), 1064–1071. https ://doi.org/10.1161/hyper tensi 
onaha.115.06425 

Ramchandani, S., Bhattacharya, S. K., Cervoni, N., & Szyf, M. (1999). 
DNA	 methylation	 is	 a	 reversible	 biological	 signal.	 Proceedings of 
the National Academy of Sciences, 96(11), 6107–6112. https ://doi.
org/10.1073/pnas.96.11.6107

Ratnu, V. S., Emami, M. R., & Bredy, T. W. (2017). Genetic and epigenetic 
factors underlying sex differences in the regulation of gene expres-
sion in the brain. Journal of Neuroscience Research, 95(1–2), 301–310. 
https ://doi.org/10.1002/jnr.23886 

Roder,	P.	V.,	Wu,	B.,	Liu,	Y.,	&	Han,	W.	(2016).	Pancreatic	regulation	of	glu-
cose homeostasis. Experimental & Molecular Medicine, 48, e219. https 
://doi.org/10.1038/emm.2016.6

Roh, E., Song, D. K., & Kim, M. S. (2016). Emerging role of the brain 
in the homeostatic regulation of energy and glucose metabo-
lism. Experimental & Molecular Medicine, 48, e216. https ://doi.
org/10.1038/emm.2016.4

Romieu,	I.,	Dossus,	L.,	Barquera,	S.,	Blottière,	H.	M.,	Franks,	P.	W.,	Gunter,	
M.,	…	Willett,	W.	C.	(2017).	Energy	balance	and	obesity:	What	are	the	
main drivers? Cancer Causes & Control, 28(3), 247–258. https ://doi.
org/10.1007/s10552-017-0869-z

Rönn,	 T.,	 Volkov,	 P.,	 Davegårdh,	 C.,	 Dayeh,	 T.,	 Hall,	 E.,	 Olsson,	 A.	 H.,	
…	 Ling,	 C.	 (2013).	 A	 six	 months	 exercise	 intervention	 influences	
the	 genome‐wide	DNA	methylation	 pattern	 in	 human	 adipose	 tis-
sue. PLoS Genetics, 9(6), e1003572. https ://doi.org/10.1371/journ 
al.pgen.1003572

Rosmond, R., & Bjorntorp, P. (1999). Psychosocial and socio-economic 
factors in women and their relationship to obesity and regional 
body fat distribution. International Journal of Obesity and Related 
Metabolic Disorders, 23(2), 138–145. https ://doi.org/10.1038/
sj.ijo.0800782

Sales,	 V.	 M.,	 Ferguson‐Smith,	 A.	 C.,	 &	 Patti,	 M.	 E.	 (2017).	 Epigenetic	
mechanisms of transmission of metabolic disease across genera-
tions. Cell Metabolism, 25(3), 559–571. https ://doi.org/10.1016/j.
cmet.2017.02.016

Sanchez‐Alavez,	M.,	Tabarean,	I.	V.,	Osborn,	O.,	Mitsukawa,	K.,	Schaefer,	
J.,	 Dubins,	 J.,	 …	 Bartfai,	 T.	 (2010).	 Insulin	 causes	 hyperthermia	 by	
direct inhibition of warm-sensitive neurons. Diabetes, 59(1), 43–50. 
https ://doi.org/10.2337/db09-1128

Sanchez‐Lasheras,	C.,	Konner,	A.	C.,	&	Bruning,	J.	C.	(2010).	Integrative	
neurobiology of energy homeostasis-neurocircuits, signals and 
mediators. Frontiers in Neuroendocrinology, 31(1), 4–15. https ://doi.
org/10.1016/j.yfrne.2009.08.002

Santos,	 J.	 M.,	 Tewari,	 S.,	 &	 Benite‐Ribeiro,	 S.	 A.	 (2014).	 The	 effect	
of exercise on epigenetic modifications of PGC1: The impact on 
type 2 diabetes. Medical Hypotheses, 82(6), 748–753. https ://doi.
org/10.1016/j.mehy.2014.03.018

Schellong, K., Melchior, K., Ziska, T., Ott, R., Henrich, W., Rancourt, R. 
C.,	&	Plagemann,	A.	 (2019).	Hypothalamic	 insulin	 receptor	 expres-
sion	and	DNA	promoter	methylation	are	 sex‐specifically	 altered	 in	
adult offspring of high-fat diet (HFD)-overfed mother rats. Journal 
of Nutritional Biochemistry, 67, 28–35. https ://doi.org/10.1016/j.jnutb 
io.2019.01.014

Schwartz,	M.	W.,	Woods,	S.	C.,	Porte,	D.	 Jr,	Seeley,	R.	 J.,	&	Baskin,	D.	
G. (2000). Central nervous system control of food intake. Nature, 
404(6778), 661–671. https ://doi.org/10.1038/35007534

Shiina, K., Tomiyama, H., Matsumoto, C., Komatsu, S., Natsume, M., Oba, 
C.,	…	Yamashina,	A.	(2019).	Gender	difference	in	the	effects	of	cacao	
polyphenols on blood pressure and glucose/lipid metabolism in pre-
diabetic	subjects:	A	double‐blinded,	randomized,	placebo‐controlled	

crossover trial. Hypertension Research, 42(7), 1083–1085. https ://doi.
org/10.1038/s41440-019-0208-8

Soubry,	 A.	 (2015).	 Epigenetic	 inheritance	 and	 evolution:	 A	 pater-
nal perspective on dietary influences. Progress in Biophysics and 
Molecular Biology, 118(1–2), 79–85. https ://doi.org/10.1016/j.pbiom 
olbio.2015.02.008

Sui,	Y.,	Zhao,	H.	L.,	Wong,	V.	C.	W.,	Brown,	N.,	Li,	X.	L.,	Kwan,	A.	K.	L.,	…	
Chan,	J.	C.	N.	(2012).	A	systematic	review	on	use	of	Chinese	medicine	
and acupuncture for treatment of obesity. Obesity Reviews, 13(5), 
409–430. https ://doi.org/10.1111/j.1467-789X.2011.00979.x

Timper,	K.,	&	Brüning,	J.	C.	(2017).	Hypothalamic	circuits	regulating	appe-
tite and energy homeostasis: Pathways to obesity. Disease Models & 
Mechanisms, 10(6), 679–689. https ://doi.org/10.1242/dmm.026609

Torre,	S.	D.,	Benedusi,	V.,	Fontana,	R.,	&	Maggi,	A.	 (2013).	Energy	me-
tabolism and fertility—a balance preserved for female health. 
Nature Reviews Endocrinology, 10, 13. https ://doi.org/10.1038/
nrendo.2013.203

Tremmel, M., Gerdtham, U. G., Nilsson, P. M., & Saha, S. (2017). Economic 
burden	 of	 obesity:	 A	 systematic	 literature	 review.	 International 
Journal of Environmental Research and Public Health, 14(4), 435. https 
://doi.org/10.3390/ijerp h1404 0435

Upadhyay,	J.,	Farr,	O.	M.,	&	Mantzoros,	C.	S.	(2015).	The	role	of	leptin	in	
regulating bone metabolism. Metabolism, 64(1), 105–113. https ://doi.
org/10.1016/j.metab ol.2014.10.021

Van	 der	 Ploeg,	 L.	 H.	 T.,	Martin,	W.	 J.,	 Howard,	 A.	 D.,	 Nargund,	 R.	 P.,	
Austin,	C.	P.,	Guan,	X.,	…	MacIntyre,	D.	E.	(2002).	A	role	for	the	me-
lanocortin 4 receptor in sexual function. Proceedings of the National 
Academy of Sciences, 99(17), 11381–11386. https ://doi.org/10.1073/
pnas.17237 8699

van Otterdijk, S. D., & Michels, K. B. (2016). Transgenerational epigenetic 
inheritance in mammals: How good is the evidence? FASEB Journal, 
30(7), 2457–2465. https ://doi.org/10.1096/fj.20150 0083

Varela,	L.,	&	Horvath,	T.	L.	(2012).	Leptin	and	insulin	pathways	in	POMC	
and	AgRP	neurons	that	modulate	energy	balance	and	glucose	homeo-
stasis. EMBO Reports, 13(12), 1079–1086. https ://doi.org/10.1038/
embor.2012.174

Vasileva,	L.	V.,	Marchev,	A.	S.,	&	Georgiev,	M.	I.	(2018).	Causes	and	solu-
tions to "globesity": The new fa(s)t alarming global epidemic. Food 
and Chemical Toxicology, 121, 173–193. https ://doi.org/10.1016/j.
fct.2018.08.071

Vickers, M. H. (2014). Early life nutrition, epigenetics and program-
ming of later life disease. Nutrients, 6(6), 2165–2178. https ://doi.
org/10.3390/nu606 2165

Vucetic,	 Z.,	 Carlin,	 J.	 L.,	 Totoki,	 K.,	 &	 Reyes,	 T.	 M.	 (2012).	 Epigenetic	
dysregulation of the dopamine system in diet-induced obe-
sity. Journal of Neurochemistry, 120(6), 891–898. https ://doi.
org/10.1111/j.1471-4159.2012.07649.x

Walters,	 D.	D.,	 Phan,	 L.	 T.	 H.,	 &	Mathisen,	 R.	 (2019).	 The	 cost	 of	 not	
breastfeeding: Global results from a new tool. Health Policy and 
Planning, https ://doi.org/10.1093/heapo l/czz050

Wang,	 X.,	 Lacza,	 Z.,	 Sun,	 Y.	 E.,	 &	 Han,	 W.	 (2014).	 Leptin	 resistance	
and obesity in mice with deletion of methyl-CpG-binding pro-
tein 2 (MeCP2) in hypothalamic pro-opiomelanocortin (POMC) 
neurons. Diabetologia, 57(1), 236–245. https ://doi.org/10.1007/
s00125-013-3072-0

Weinhold, B. (2006). Epigenetics: The science of change. Environmental 
Health Perspectives, 114(3), 160–167. https ://doi.org/10.1289/
ehp.114-a160

Wolff,	G.	L.,	Kodell,	R.	L.,	Moore,	S.	R.,	&	Cooney,	C.	A.	(1998).	Maternal	
epigenetics and methyl supplements affect agouti gene expression in 
Avy/a	mice.	FASEB Journal, 12(11), 949–957.

Yang,	C.	S.,	Fang,	M.,	Lambert,	J.	D.,	Yan,	P.,	&	Huang,	T.	H.	M.	(2008).	
Reversal of hypermethylation and reactivation of genes by dietary 
polyphenolic compounds. Nutrition Reviews, 66(Suppl 1), S18–S20. 
https ://doi.org/10.1111/j.1753-4887.2008.00059.x

https://doi.org/10.3945/jn.115.215525
https://doi.org/10.3945/jn.115.215525
https://doi.org/10.1161/hypertensionaha.115.06425
https://doi.org/10.1161/hypertensionaha.115.06425
https://doi.org/10.1073/pnas.96.11.6107
https://doi.org/10.1073/pnas.96.11.6107
https://doi.org/10.1002/jnr.23886
https://doi.org/10.1038/emm.2016.6
https://doi.org/10.1038/emm.2016.6
https://doi.org/10.1038/emm.2016.4
https://doi.org/10.1038/emm.2016.4
https://doi.org/10.1007/s10552-017-0869-z
https://doi.org/10.1007/s10552-017-0869-z
https://doi.org/10.1371/journal.pgen.1003572
https://doi.org/10.1371/journal.pgen.1003572
https://doi.org/10.1038/sj.ijo.0800782
https://doi.org/10.1038/sj.ijo.0800782
https://doi.org/10.1016/j.cmet.2017.02.016
https://doi.org/10.1016/j.cmet.2017.02.016
https://doi.org/10.2337/db09-1128
https://doi.org/10.1016/j.yfrne.2009.08.002
https://doi.org/10.1016/j.yfrne.2009.08.002
https://doi.org/10.1016/j.mehy.2014.03.018
https://doi.org/10.1016/j.mehy.2014.03.018
https://doi.org/10.1016/j.jnutbio.2019.01.014
https://doi.org/10.1016/j.jnutbio.2019.01.014
https://doi.org/10.1038/35007534
https://doi.org/10.1038/s41440-019-0208-8
https://doi.org/10.1038/s41440-019-0208-8
https://doi.org/10.1016/j.pbiomolbio.2015.02.008
https://doi.org/10.1016/j.pbiomolbio.2015.02.008
https://doi.org/10.1111/j.1467-789X.2011.00979.x
https://doi.org/10.1242/dmm.026609
https://doi.org/10.1038/nrendo.2013.203
https://doi.org/10.1038/nrendo.2013.203
https://doi.org/10.3390/ijerph14040435
https://doi.org/10.3390/ijerph14040435
https://doi.org/10.1016/j.metabol.2014.10.021
https://doi.org/10.1016/j.metabol.2014.10.021
https://doi.org/10.1073/pnas.172378699
https://doi.org/10.1073/pnas.172378699
https://doi.org/10.1096/fj.201500083
https://doi.org/10.1038/embor.2012.174
https://doi.org/10.1038/embor.2012.174
https://doi.org/10.1016/j.fct.2018.08.071
https://doi.org/10.1016/j.fct.2018.08.071
https://doi.org/10.3390/nu6062165
https://doi.org/10.3390/nu6062165
https://doi.org/10.1111/j.1471-4159.2012.07649.x
https://doi.org/10.1111/j.1471-4159.2012.07649.x
https://doi.org/10.1093/heapol/czz050
https://doi.org/10.1007/s00125-013-3072-0
https://doi.org/10.1007/s00125-013-3072-0
https://doi.org/10.1289/ehp.114-a160
https://doi.org/10.1289/ehp.114-a160
https://doi.org/10.1111/j.1753-4887.2008.00059.x


     |  3145SAMODIEN Et Al.

Yu,	Y.,	Wu,	Y.,	Szabo,	A.,	Wu,	Z.,	Wang,	H.,	Li,	D.,	&	Huang,	X.	F.	(2013).	
Teasaponin reduces inflammation and central leptin resistance in 
diet-induced obese male mice. Endocrinology, 154(9), 3130–3140. 
https ://doi.org/10.1210/en.2013-1218

Zhang,	L.,	Li,	K.,	He,	H.,	&	Hu,	M.	Q.	(2015).	Tsc1	promoter	methylation	
rate, mTOR expression in food-induced obese rat hypothalamus. 
Sichuan Da Xue Xue Bao Yi Xue Ban, 46(1), 47–50.

Zhang,	X.,	Yang,	R.,	Jia,	Y.,	Cai,	D.,	Zhou,	B.,	Qu,	X.,	…	Yang,	G.	 (2014).	
Hypermethylation of Sp1 binding site suppresses hypothalamic 
POMC in neonates and may contribute to metabolic disorders in 
adults:	Impact	of	maternal	dietary	CLAs.	Diabetes, 63(5), 1475–1487. 
https ://doi.org/10.2337/db13-1221

Zhang,	Y.,	&	Zeng,	C.	 (2016).	Role	of	DNA	methylation	 in	cardiovascu-
lar diseases. Clinical and Experimental Hypertension, 38(3), 261–267. 
https ://doi.org/10.3109/10641 963.2015.1107087

Zheng,	J.,	Xiao,	X.,	Zhang,	Q.,	Yu,	M.,	Xu,	J.,	Wang,	Z.,	…	Wang,	T.	(2015).	
Maternal and post-weaning high-fat, high-sucrose diet modulates 
glucose homeostasis and hypothalamic POMC promoter methylation 

in mouse offspring. Metabolic Brain Disease, 30(5), 1129–1137. https 
://doi.org/10.1007/s11011-015-9678-9

Zore, T., Palafox, M., & Reue, K. (2018). Sex differences in obesity, 
lipid	 metabolism,	 and	 inflammation‐A	 role	 for	 the	 sex	 chromo-
somes? Molecular Metabolism, 15, 35–44. https ://doi.org/10.1016/j.
molmet.2018.04.003

How to cite this article: Samodien E, Pheiffer C, Erasmus M, 
Mabasa	L,	Louw	J,	Johnson	R.	Diet‐induced	DNA	methylation	
within the hypothalamic arcuate nucleus and dysregulated 
leptin and insulin signaling in the pathophysiology of obesity. 
Food Sci Nutr. 2019;7:3131–3145. https ://doi.org/10.1002/
fsn3.1169

https://doi.org/10.1210/en.2013-1218
https://doi.org/10.2337/db13-1221
https://doi.org/10.3109/10641963.2015.1107087
https://doi.org/10.1007/s11011-015-9678-9
https://doi.org/10.1007/s11011-015-9678-9
https://doi.org/10.1016/j.molmet.2018.04.003
https://doi.org/10.1016/j.molmet.2018.04.003
https://doi.org/10.1002/fsn3.1169
https://doi.org/10.1002/fsn3.1169

