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Abstract: Objective: The aim of the present study is to perform a systemic review of the previous studies executed on the association between
obesity and folate.
Method: In the present research, the selected keywords were scanned on the PubMed, Web of Science, Cochrane and Lilac databases between
May and June, 2017 through Gazi University’s network. In total, 4236 clinical, randomized controlled, cross-sectional and prospective studies
were determined and 17 of these that specifically fit the aims of the present research were reviewed. This study involved an electronic
literature search of databases on folic acid and obesity published in the English language between 2000 and 2016.
Results: Of the 17 studies, 5 were based on folic acid supplementation and 12 were related with participants’ folate status. As a general
consequence of both intake and serum/status measurements of folic acid supplementation: It was found that obesity-associated metabolic
changes might affect individual folate use and obese individuals had lower serum folate levels, although there was no change in folate intake.
Conclusion: Overweight and obese individuals have lower serum folate concentrations when compared with individuals with normal weight. It is
explained by increased use of folic acid, urinary excretion, dilution of blood volume, different levels in different tissues and changes in the
endocrine functions of folate. Individuals with higher Body Mass Indexes have less supplement use, unhealthier diets and donot consume
sufficient vegetables and fruits, all of which can affect decrease in folate levels. Furthermore, adiposity may affect folate absorption by
intestinal epithelium.
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Introduction

Folate and folate derivatives are involved in important
biochemical reactions, such as metabolism of purine,
pyrimidine, homocysteine and methionine amino acids.
Therefore, folate is among the essential vitamins in tissues
with rapid DNA formation and catabolism [1]. It is known
that obese individuals have lower folate and vitamin B12

levels [2–4]. Serum folate level is affected primarily by diet
and some studies indicate an association between a lower
serum folate level and higher body mass index (BMI)
[5–8]. Bradbury et al. [9] reported that a 1% decrease in
serum folate concentration associated with every increase
of 1 unit in BMI [9]. Although there are many study about
the association between serum folate level and BMI; these
studies are insufficient to explain the relationship. Some
hypotheses suggest that modifications in plasma volume
may affect the distribution, transportation and endocrine
functions of folate [10, 11]. Some hypothesis suggest that

obese individuals requirements are greater than individuals
with normal body mass index [12]. There is an additional
recommendation for all women of childbearing age to
consume 400mg folic acid/day. These recommendations
are valid for all women regardless of BMI [13].

Also it has been shown that inwomenof reproductive age
BMI is a positive indicator for S-adenosylmethionine and
S-adenosylhomocysteine; the transmethylation pathways
of these have close associations with the metabolism of
homocysteine [14]. Another study detected higher plasma
concentrations of homocysteine in obese individuals when
compared with the control group [15]. Another explanation
for the association between low folate status and obesity is
the dietary habits. Obese individuals eating less fruit, veg-
etables and cereals result in low folic acid intake [12]. Lower
folate levels, which are associated with higher BMI levels,
have significant health effects, such as neuraltubedefects
[16] and other birth defects [17, 18]. Therefore, research
onmethylenetetrahydrofolate reductase (MTHFR)enzyme
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gene polymorphism is important to determine the cause
and direction of the association between low folate levels
and higher BMI levels [12]. MTFHR plays a central role in
folate metabolism as a catalyst during the conversion of
5,10-methylenetetrahydrofolateto 5-methyltetrahydrofo-
late, which is the primary circulating formof folate and acts
as a co-substrate in themethylation of homocysteine (Hcy)
[19]. Researchers have observed a relation between
(MTHFR) C677T TT genotype and reduced folate levels
and obesity [19–21]. It is notable that low folate levels affect
DNAmethylation negatively in humans [22, 23]. Epigenetic
modifications which is including methylation, are con-
nected with adulthood obesity [24]. We analyzed the
studies with the intent of identifying differences in
approaches, rather than to define a golden standard. A pri-
mary aim of the present study is to perform a systemic
reviewondataobtained fromstudies investigating theasso-
ciation between obesity and folate. A secondary aim was to
describe the inevitable inaccuracy that arises from the use
of different definitions of, for example, red-blood cells
folate levels, folate concentrations in blood serum, folate
concentrations in plasma and folate intake.

Method

A retrospective scan was performed without any limitation
on dates and appropriate articles were reviewed. The
literature search of databases involved articles on folic acid
and obesity published in the English language between
2000 and 2016. The keywords “folic acid, folate, tetrahy-
drofolate, tetrahydrofolic acid, folic acid supplementation,
pteroylglutamicacid, homocysteine, obesity, obese, adi-
pose tissue, adiposity, weight gain and BMI”were scanned
on the PubMed, Web of Science, Cochrane and Lilac
databases between May and June, 2017 through the access
network of Gazi University. The scan was performed by
inserting “and” and “or” between the keywords to assess
association of folate with obesity. Articles which did not
allow an automatic scan were searched manually.

The scans were conducted by two different researchers
(4236 articles). Thus, 102 articles were identified as dupli-
cates and 4134 articles were evaluated. Later, article titles
were reviewed during evaluation of the articles and articles
with inappropriate titles were excluded. As a result of this
process, remaining 102 articles were reviewed within the
scope of the present study. The titles and abstracts of the
identified reports were used to exclude studies that clearly
did not meet the inclusion criteria. For studies deemed
potentially eligible for inclusion, we obtained the full paper.
We screened the full articles of selected studies to confirm
eligibility and resolved any disagreements by discussion.
Our intent was not to exclude studies based on strict

scientific criteria, or to perform a traditional quality assess-
ment, but to make the studies as comparable as possible.
Finally, the summaries and methods of the articles were
evaluated and included as appropriate (17 articles)
(Figure 1). The present review involved cohort, case-
control, intervention, clinical, randomized controlled, cross
sectional and prospective studies carried out with animals.

This review excluded reviews, meta-analyses, in-vitro
studies, animals, theses, verbal and poster assertions
presented in conferences and articles written in other
languages than English. This paper complies with the
PRISMA recommendations [25].

Results

The electronic literature searches identified 4236 citations.
Once duplicates were deleted, 4134 articles remained.
Seventeen articles met the inclusion criteria and 17 unique
studies representing 15966 adults (morbidly obese, obese
or non-obese) were included in the systematic review.

The designs of the studies evaluated within the scope of
the research are cohort (2), cross-sectional (6), randomized
controlled study (3), intervention (1) and case-control (1).
Four studies designs are not specified. In these studies,
observational study (Table I) and supplementation studies
(Table II) are given separately.

When observational studies are evaluated, the follow-up
period varies between 1 year [26, 27] and 6 weeks [28].
Supplementation studies showed that a single dose of
1.1–12.5 mg folate [29] or 400 mg folate [13] was given
1–5 mg/dayfolate (Asami) for 8 weeks and 5 mg folate
[30] for 12 weeks.

The studies were about dietary intake or additional sup-
plementation of folate in the case of obesity. The results
of cross-sectional or randomized controlled studies, which
formed the majority, were found to be similar.

Folate intake and serum folate levels were evaluated
through food consumption records; these were associated
with body weight and BMI in the studies. In addition, some
studies analysed different biochemical indicators as well as
blood lipids, homocysteine and insulin levels. As a result of
the review, folate intake were adjusted for BMI and it was
found that folate intake was reversely associated with
BMI, that folate levels decreased when BMI increased and
that folate requirements increased in case of obesity.

Discussion

Obesity causes metabolic disorders that contribute to the
pathogenesis of diabetes and cardiovascular diseases;
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furthermore, it is associated with a significant increase in
risk ofmortality andmorbidity [27]. Obesity-inducedmeta-
bolic modifications may affect individual’s folate use and
increase their folate requirements. The studies showed that
obese individuals have lower serum folate levels, although
they did not have any difference in folate intake [6–8].
Although their folate intake was at suggested levels, the
suggested dose might be insufficient due to the obesity-
induced modification in folate metabolism. The risk of

insufficiency may develop even when folate is supported
by diet and supplement [31].

Serum folic acid level and obesity

There is a reverse relation between obesity and folate insuf-
ficiency [27]. Recent studies on folic acid fortification show
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Figure 1. The literature search of PubMed, Web of Science, Cochrane and Lilac involved articles on folic acid and obesity published in the English
language between 2000 and 2016.

�2019 Hogrefe Int J Vitam Nutr Res (2020), 90 (3–4), 353–364

S. Köse et al., Obesity is associated with folate metabolism 355



Ta
bl
e
I.
O
ve
rv
ie
w

of
O
bs

er
va

ti
on

al
S
tu
di
es

In
cl
ud

ed
in

th
e
R
ev
ie
w

H
um

an
st
ud

ie
s

Ye
ar

S
am

p
le

S
tu
d
y
d
es

ig
n

A
im

M
et
ho

d
D
ur
at
io
n

C
ou

nt
ry

O
ut
co

m
e

In
cl
us

io
n

E
xc

lu
si
on

R
es

ul
ts

M
ec

h
an

is
m

M
ar
tí
ne

z,
J.

G
.,

R
ui
z,

F.
A
.,
&

C
an

di
l,
S
.
D
.
[2
6]

20
06

M
or
bi
dl
y
ob

es
e
n
=

18
2;

gr
ou

p
1
(r
es

po
nd

in
g
to

th
e
tr
ea

tm
en

t)
n
=

21
;

gr
ou

p
2
(n
ot

re
sp

on
d
in
g

to
th
e
tr
ea

tm
en

t)
;
n
=

16
1

C
oh

or
t
(a

lo
ng

it
ud

in
al

pr
os

pe
ct
iv
e
st
ud

y)

E
va

lu
at
io
n
of

th
e

ou
tc
om

es
of

di
et

an
d

ex
er
ci
se

tr
ea

tm
en

t
in

m
or
bi
dl
y
ob

es
e

in
di
vi
du

al
s
fo
r
on

e
ye
ar
.

N
at
io
na

l
In
st
it
ut
es

of
H
ea

lt
h

R
ec

om
m
en

d
at
io
ns

an
d
a
di
et

pr
og

ra
m

ad
op

te
d
fr
om

th
e

M
ed

it
er
ra
ne

an
di
et

w
er
e
ap

pl
ie
d
to

th
e
in
di
vi
du

al
s.

O
rl
is
ta
t
an

d
si
bu

tr
am

in
e
w
er
e
pr
es

cr
ib
ed

fo
r

th
os

e
w
ho

co
ul
d
no

t
ac

hi
ev
e
a
w
ei
gh

t
lo
ss

of
5%

in
3
m
on

th
s.

B
as

ic
in
di
ca

to
rs

of
a
w
ei
gh

t
lo
ss

of
10

%
w
er
e
in
ve
st
ig
at
ed

.S
er
um

fo
la
te

le
ve
ls

w
er
e
an

al
ys
ed

th
ro
ug

h
E
le
ct
ro
ch

em
ilu

m
in
om

et
ri
c
m
et
ho

ds
.

1
ye
ar

S
pa

in
S
er
um

fo
la
te
;
B
M
I;

A
lb
um

in
;
Th

yr
oi
d

ho
rm

on
e
te
st
s;

O
G
TT

;
tr
an

sf
er
ri
n,

pr
ea

lb
u
m
in
,R
B
P
,
Z
n,

B
12

,
C
a,

P
,
M
g,

25
-

di
hy

dr
ox

yv
it
am

in
D
3.

Th
os

e
be

tw
ee

n
18

an
d
55

ye
ar
s
of

ag
e
w
it
h
a
B
M
I
�

40
kg

/m
2
w
it
h
hi
gh

m
ot
iv
at
io
n

In
di
vi
du

al
s
w
it
h
m
ed

ic
al

or
ps

yc
hi
at
ri
c

co
nt
ra
in
di
ca

ti
on

s
fo
r

ba
ri
at
ri
c
su

rg
er
y

A
n
in
cr
ea

se
of

1
ng

/m
l
in

se
ru
m

fo
la
te

in
cr
ea

se
d
th
e

ac
hi
ev
em

en
t
of

th
e

tr
ea

tm
en

t
by

28
%

(9
5%

C
I

4.
58

)

H
ig
he

r
se

ru
m

fo
la
te

le
ve
l

in
di
ca

te
s
a
he

al
th
y

nu
tr
it
io
n
ha

bi
t
as

w
el
la

s
an

in
cr
ea

se
in

ve
ge

ta
bl
e-
fr
u
it

co
ns

um
pt
io
n.

M
oj
ta
b
ai
,
R
.
[7
]

20
04

N
H
A
N
E
S
III

n
=

50
18

;
N
H
A
N
E
S
19

9
9-
20

00
n
=

13
51

;
fe
m
al
e
in
di
vi
du

al
s

4
gr
ou

ps
de

pe
nd

in
g
on

B
M
I
va

lu
es

;
G
1:

<
20

.0
,

G
2:
20

.0
–
26

.9
,
G
3:
27

.0
–

29
.9
,
G
4:

�
30

.0

D
at
a
fr
om

cr
os

s-
se

ct
io
na

l
re
se

ar
ch

w
as

us
ed

(N
H
A
N
E
S
III
,

N
H
A
N
E
S
1
99

9-
20

00
)

A
lt
ho

ug
h
th
e

m
ec

ha
ni
sm

is
un

cl
ea

r,
hi
gh

er
B
M
I
is

a
ri
sk

fa
ct
or

fo
r
ne

ur
al

tu
be

de
fe
ct
s.

E
va

lu
at
io
n
of

th
e
as

so
ci
at
io
n

be
tw

ee
n
fo
la
te

le
ve
l

an
d
B
M
I.

In
di
vi
du

al
s
w
it
h
di
ff
er
en

t
B
M
I
va

lu
es

w
er
e
as

se
ss

ed
by

di
vi
ng

th
em

in
to

4
gr
ou

ps
.
Fo

od
co

ns
um

pt
io
n
re
co

rd
s

fo
r
24

ho
ur
s
w
er
e
ob

ta
in
ed

th
ro
ug

h
th
e
re
m
in
di
ng

te
ch

ni
qu

e.
Th

os
e
w
it
h

fo
la
te

su
pp

le
m
en

ta
ti
on

w
er
e

in
ve
st
ig
at
ed

an
d
re
po

rt
ed

.
Fo

la
te

(B
io
-R

ad
La

bo
ra
to
ri
es

Q
ua

nt
ap

h
as

e
Fo

la
te
/v
it
am

in
B
12

ra
di
oa

ss
ay

K
it
)

w
as

m
ea

su
re
d.

–
U
S
A

B
M
I;
R
B
C
fo
la
te
;

S
er
um

fo
la
te
;

H
om

oc
ys
te
in
e

N
on

-p
re
gn

an
t

fe
m
al
e
in
di
vi
du

al
s

be
tw

ee
n
17

an
d

49
ye
ar
s
of

ag
e

w
ho

se
se

ru
m

fo
la
te

an
d
B
M
I

le
ve
ls

co
ul
d
be

ac
ce

ss
ed

th
ro
ug

h
N
H
A
N
E
S
st
ud

ie
s

P
re
gn

an
t

Th
e
in
cr
ea

se
of

B
M
I
in

w
om

en
at

re
pr
od

uc
ti
ve

ag
e

w
as

fo
un

d
to

be
as

so
ci
at
ed

w
it
h
lo
w
er

se
ru
m

fo
la
te

le
ve
ls

(p
<
0.
00

1)
.

W
om

en
w
it
h
hi
gh

er
B
M
I

ha
ve

lo
w
er

po
ss

ib
ili
ti
es

of
fo
la
te

su
pp

le
m
en

ta
ti
on

an
d

su
ff
ic
ie
nt

fo
la
te

in
ta
ke

by
di
et
.

O
rt
eg

a,
R
.
M
.,

Ló
pe

z-
S
ob

al
er
,
A
.

M
.,
A
nd

ré
s,

P
.

et
al
.
[2
8]

20
06

O
ve
rw

ei
gh

t/
ob

es
e

in
di
vi
du

al
s
D
ie
t
V:

m
or
e

ve
ge

ta
bl
e
co

ns
um

pt
io
n
n

=
28

;
D
ie
t
C
:
M
or
e

co
ns

um
pt
io
n
of

en
ri
ch

ed
ce

re
al

fo
r
br
ea

kf
as

t
n
=

29

C
oh

or
t
(a

lo
ng

it
ud

in
al

pr
os

pe
ct
iv
e
st
ud

y)

D
et
er
m
in
at
io
n
of

fo
la
te

le
ve
ls

in
ov
er
w
ei
gh

t/
ob

es
e

w
om

en
w
ho

im
pl
em

en
te
d
tw

o
di
ff
er
en

t
hy

po
ca

lo
ri
c

di
et
s.

Fo
od

co
ns

um
pt
io
n
re
co

rd
s
fo
r
3
da

ys
fr
om

in
di
vi
du

al
s
w
ho

w
er
e
as

se
ss

ed
w
it
hi
n
tw

o
gr
ou

ps
ac

co
rd
in
g
to

ve
ge

ta
bl
e
an

d
gr
ai
n
co

ns
um

pt
io
n.

P
hy

si
ca

l
ac

ti
vi
ty

re
co

rd
s
w
er
e

ob
ta
in
ed

.
Th

e
in
di
vi
du

al
s
in

th
e
gr
ai
n

gr
ou

p
re
ce

iv
ed

25
0–

30
0
μg

/1
00

g
fo
la
te
.
D
ru
gs

,
su

pp
le
m
en

ts
,
al
co

ho
l

an
d
sm

ok
in
g,

w
hi
ch

af
fe
ct

fo
la
te

st
at
us

,
w
er
e
in
ve
st
ig
at
ed

.
Fo

la
te

in
ta
ke

s
w
er
e
re
co

rd
ed

as
di
et

fo
la
te

eq
ui
va

le
nt
.
S
er
um

fo
la
te

le
ve
ls

w
er
e

an
al
ys
ed

th
ro
ug

h
R
IA
.

6
w
ee

ks
S
pa

in
B
W
;
B
od

y
le
ng

th
;
B
M
I;

S
er
um

fo
la
te
;

H
om

oc
ys
te
in
e

Fe
m
al
es

be
tw

ee
n

20
an

d
35

ye
ar
s
of

ag
e;

B
M
I
24

–
35

kg
/m

2
W
om

en
w
ho

ha
ve

no
t
qu

it
sm

ok
in
g
fo
r
la
st

2
m
on

th
s
an

d
ha

ve
a
re
gu

la
r

m
en

st
ru
al

cy
cl
e

D
ia
be

te
s,

hy
pe

rt
h
yr
oi
di
sm

,
m
et
ab

ol
ic

di
se

as
e,

hy
pe

rt
ri
gl
yc

er
id
em

ia
,

la
ct
os

e
an

d
gl
ut
en

in
to
le
ra
nc

e.
Th

os
e
w
ho

w
er
e
on

a
di
et

an
d
lo
st

m
or
e
th
an

4.
5
kg

2
m
on

th
s

be
fo
re

th
e
st
ud

y.
Th

os
e

w
ho

ha
d
w
ei
gh

t
ch

an
ge

m
or
e
th
an

3
kg

be
tw

ee
n

th
e
fi
rs
t
in
te
rv
ie
w

an
d

on
se

t
of

th
e
st
ud

y.
Th

os
e

w
ho

dr
in
k
m
or
e
th
an

2
gl
as

se
s
of

al
co

ho
l
pe

r
da

y.
P
re
gn

an
t
an

d
br
ea

st
fe
ed

in
g.

Th
e
w
ei
gh

t
lo
ss

in
th
e

gr
ou

p
w
ho

ha
d
en

ri
ch

ed
br
ea

kf
as

t
gr
ai
ns

w
as

hi
gh

er
th
an

th
os

e
w
ho

ha
d

ve
ge

ta
bl
e
co

ns
um

pt
io
n;

ho
w
ev
er
,
a
si
gn

if
ic
an

t
in
cr
ea

se
w
as

al
so

de
te
ct
ed

in
se

ru
m

fo
la
te

le
ve
ls

(p
<

0.
05

).

A
lt
ho

ug
h
fo
la
te

co
nt
en

t
of

th
e
ve
ge

ta
bl
es

an
d
th
e

fr
ui
ts

is
hi
gh

,
th
e
fo
la
te

lo
ss

es
du

ri
ng

th
e
co

ok
in
g

pr
oc

es
s
m
ay

ha
ve

ca
us

ed
th
e
re
su

lt
.W

ei
gh

t
ga

in
m
ay

in
cr
ea

se
re
qu

ir
em

en
ts

of
fo
la
te
.

S
he

u,
W
.
H
.
H
.,

H
un

g-
S
h
en

g,
W
.

U
.,
C
he

n-
W
en

,
W
.

A
.N
.G
.,
C
hu

-J
en

,
W
.A
.N
.,
&

W
en

-
Ja

ne
,
L.
E
.E
.
[2
7]

20
01

M
or
bi
dl
y
ob

es
e

in
di
vi
du

al
s;

M
al
e
n
=

3;
Fe

m
al
e
n
=

9

E
va

lu
at
io
n
of

ho
m
oc

ys
te
in
e
le
ve
ls

at
6t
h
m
on

th
af
te
r

ga
st
ro
pl
as

ty
th
at

ca
us

ed
in
su

ff
ic
ie
n
t

fo
od

in
ta
ke

an
d
se

ve
re

w
ei
gh

t
lo
ss

.

Th
e
in
di
vi
du

al
s
w
er
e
as

se
ss

ed
at

m
on

th
s
0,

6
an

d
12

af
te
r

ga
st
ro
pl
as

ty
.
S
er
um

fo
la
te

le
ve
ls

w
er
e
an

al
ys
ed

th
ro
ug

h
R
IA
.

M
on

th
12

C
hi
na

Fa
st
in
g
bl
oo

d
gl
uc

os
e;

Li
po

pr
ot
ei
n;

H
om

oc
ys
te
in
e;

S
er
um

Fo
la
te

an
d
B
1
2
;
H
O
M
A

IR

B
M
I
�

35
kg

/m
2

in
di
vi
du

al
s

In
di
vi
du

al
s
w
it
h
m
aj
or

ps
yc
hi
at
ri
c
di
se

as
e,

liv
er

an
d
ki
dn

ey
fa
ilu

re
,
be

lo
w

20
ye
ar
s
of

ag
e

Th
er
e
w
as

no
t
an

y
si
gn

if
ic
an

t
ch

an
ge

in
se

ru
m

fo
la
te

le
ve
ls

af
te
r

ga
st
ro
pl
as

ty

Th
e
nu

m
be

r
of

in
di
vi
du

al
s

m
ig
ht

be
in
su

ff
ic
ie
n
t
an

d
th
e
pe

ri
od

m
ig
ht

be
lim

it
ed

.
E
ar
ly

an
d
lo
ng

-t
er
m

di
et
s

w
er
e
su

gg
es

te
d
to

pr
ev
en

t
an

in
cr
ea

se
in

po
st
op

er
at
iv
e

ho
m
oc

ys
te
in
e
le
ve
ls
.

C
as

an
ue

va
,
E
.,

D
ri
ja
ns

ki
,
A
.,

Fe
m
fi
nd

ez
-

G
ax

io
la
,
A
.C
.,

M
ez

a,
C
.,
&

P
fe
ff
er
,
F.

[3
8]

20
00

11
7
fe
m
al
es

C
ro
ss

-s
ec

ti
on

al
st
ud

y
E
va

lu
at
io
n
of

th
e

as
so

ci
at
io
n
be

tw
ee

n
an

ae
m
ia

an
d
ob

es
it
y

ca
us

ed
by

fo
la
te

in
su

ff
ic
ie
n
cy
.

D
if
fe
re
nt

bi
oc

he
m
ic
al

pa
ra
m
et
er
s

w
er
e
an

al
ys
ed

in
a
5-
m
lb

lo
od

sa
m
pl
e

co
lle

ct
ed

fr
om

no
n-
pr
eg

n
an

t
an

d
no

n-
br
ea

st
fe
ed

in
g
pa

rt
ic
ip
an

ts
.

–
M
ex
ic
o

Fo
la
te
;
Ir
on

;
Vi
ta
m
in

B
12

O
es

tr
og

en
le
ve
ls

w
er
e
no

rm
al

P
re
gn

an
t
an

d
br
ea

st
fe
ed

in
g
w
om

en
w
it
h

an
y
m
et
ab

ol
ic

di
se

as
es

(D
M
,h

yp
ot
hy

ro
id
is
m
)w

hi
ch

ca
us

e
in
fe
rt
ili
ty
.
W
om

en
w
ho

us
e
Fe

,
B
12

an
d
an

y
dr
ug

or
al
co

ho
l
th
at

m
ay

af
fe
ct

fo
la
te

m
et
ab

ol
is
m
.

Th
os

e
w
ho

us
e
vi
ta
m
in

su
pp

le
m
en

ts
.W

om
en

us
in
g

or
al

co
nt
ra
ce

pt
iv
e
ag

en
ts
.

Th
e
pr
ev
al
en

ce
of

fo
la
te

in
su

ff
ic
ie
nc

y
w
as

20
.5
%

an
d
fo
la
te

in
su

ff
ic
ie
n
cy

in
ca

se
of

ob
es

it
y
w
as

fo
un

d
to

be
50

-f
ol
d
hi
gh

er
(9
5%

C
I
=

13
,3
9–

18
6,
95

).

A
re
ve
rs
e
as

so
ci
at
io
n
ex
is
ts

be
tw

ee
n
ob

es
it
y
an

d
fo
la
te

in
su

ff
ic
ie
nc

y.

(C
on

ti
nu

ed
on

ne
xt

pa
ge

)

Int J Vitam Nutr Res (2020), 90 (3–4), 353–364 �2019 Hogrefe

356 S. Köse et al., Obesity is associated with folate metabolism



Ta
bl
e
I.
(C
on

ti
n
ue

d)

H
um

an
st
ud

ie
s

Ye
ar

S
am

pl
e

S
tu
dy

de
si
gn

A
im

M
et
ho

d
D
ur
at
io
n

C
ou

nt
ry

O
ut
co

m
e

In
cl
us

io
n

E
xc
lu
si
on

R
es

ul
ts

M
ec

ha
ni
sm

Va
ya

,
A
.
R
iv
er
a,

L.
H
er
na

nd
ez

-
M
ija

re
s,

A
.F

ue
nt
e,

M
.,
S
ol
a,

E
.,

R
om

ag
no

li,
M
.,

A
lis

c,
R
.,
&

La
iz
,B

.
[4
1]

20
12

66
m
or
bi
dl
y
ob

es
e

in
di
vi
du

al
s
(4
7
fe
m
al
es

,
19

m
al
es

)6
6
co

nt
ro
ls

(4
3

fe
m
al
es

,
23

m
al
es

)

A
ra
nd

om
iz
ed

co
nt
ro
lle

d
st
ud

y
To

an
al
ys
e

ho
m
oc

ys
te
in
e
le
ve
ls

of
m
or
bi
dl
y
ob

es
e

in
di
vi
du

al
s
an

d
in
di
vi
du

al
s
w
it
h

no
rm

al
B
M
I
an

d
ev
al
ua

te
ho

m
oc

ys
te
in
e
le
ve
ls

ac
co

rd
in
g
to

m
et
ab

ol
ic

sy
nd

ro
m
e.

B
lo
od

sa
m
pl
es

w
er
e
co

lle
ct
ed

fo
r

m
et
ab

ol
ic

sy
nd

ro
m
e
in
di
ca

to
rs

an
d

an
th
ro
po

m
et
ri
c
m
ea

su
re
m
en

ts
w
er
e

ta
ke

n.

–
S
pa

in
G
lu
co

se
H
O
M
A
,

Le
pt
in
,
Tr
ig
ly
ce

ri
d
es

H
D
L
Fi
br
in
og

en
,
C

re
ac

ti
ve

pr
ot
ei
n
(C
R
P
)

B
12

vi
ta
m
in
;F

ol
ic

ac
id

w
ai
st

ci
rc
um

fe
re
nc

e

Th
os

e
w
it
h
m
al
ig
n,

ha
em

at
ol
og

ic
al
,

in
fe
ct
io
u
s
or

in
fl
am

m
at
or
y

di
se

as
es

.
In
di
vi
du

al
s

w
it
h
a
m
ed

ic
al

hi
st
or
y

of
is
ch

em
ic

he
ar
t

di
se

as
e
or

st
ro
ke

,
th
ro
m
bo

em
bo

lis
m

or
se

co
nd

ar
y
ob

es
it
y.

In
di
vi
du

al
s
w
ho

us
e

fo
la
te

or
vi
ta
m
in

B
12

su
pp

le
m
en

t.

H
ig
he

r
ho

m
oc

ys
te
in
e

le
ve
ls

w
er
e

ge
ne

ra
lly

fo
un

d
as

so
ci
at
ed

w
it
h

ab
do

m
in
al

ob
es

it
y

(p
=

0,
03

1)
an

d
in
su

lin
re
si
st
an

ce
(p

=
0.
04

2)
an

d
ho

m
oc

ys
te
in
e
w
as

fo
un

d
re
ve
rs
el
y

as
so

ci
at
ed

w
it
h

fo
la
te

le
ve
ls
.

S
in
ce

fo
la
te

is
us

ed
as

a
co

fa
ct
or

in
m
et
ab

ol
is
m

of
ho

m
oc

ys
te
in
e,

th
e

de
cr
ea

se
in

fo
la
te

le
ve
ls

in
cr
ea

se
s

ho
m
oc

ys
te
in
e

le
ve
ls
.

M
ah

ab
ir
,
S
.,

E
tt
in
ge

r,
S
.,

Jo
hn

so
n,

L.
,
B
ae

r,
D
.J
.,
C
le
vi
de

n
ce

,B
.

A
.,
H
ar
tm

an
,
T.
J.
,

&
Ta

yl
or
,
P
.R
.
[3
9]

20
08

51
po

st
m
en

op
au

sa
l

w
om

en
C
ro
ss

-s
ec

ti
on

al
st
ud

y
E
va

lu
at
io
n
of

th
e

as
so

ci
at
io
n
be

tw
ee

n
se

ru
m

fo
la
te

co
nc

en
tr
at
io
ns

an
d

ad
ip
os

it
y
in

po
st
m
en

op
au

sa
l

w
om

en
.

O
ra
ng

e
ju
ic
e
in
cl
ud

in
g
0,

15
or

30
gr
am

s
of

et
ha

no
l
w
er
e
gi
ve
n
to

th
e

pa
rt
ic
ip
an

ts
ra
nd

om
ly

w
it
h
th
re
e

di
ff
er
en

t
co

nt
ro
lle

d
di
et
s
fo
r
8
w
ee

ks
.

E
ac

h
di
et

pe
ri
od

w
as

se
pa

ra
te
d
w
it
h

a
tw

o-
to

fi
ve
-w

ee
k
di
sc

ha
rg
e
pe

ri
od

.
B
od

y
co

m
po

si
ti
on

w
as

m
ea

su
re
d
w
it
h

D
XA

.
E
ac

h
di
et

pe
ri
od

w
as

as
se

ss
ed

th
ro
ug

h
bi
oc

he
m
ic
al

pa
ra
m
et
er
s
at

th
e
en

d.

30
w
ee

ks
U
S
A

Fo
la
te
;
B
1
2

H
om

oc
ys
te
in
e;

M
et
hy

lm
al
on

ic
ac

id

Fe
m
al
es

�
49

ye
ar
s
of

ag
e.

P
os

tm
en

op
au

sa
l.

Th
os

e
w
ho

do
no

t
us

e
ho

rm
on

e
re
pl
ac

em
en

t
th
er
ap

y
or

an
y

ot
he

r
dr
ug

th
at

w
ou

ld
af
fe
ct

w
or
ki
ng

.
Th

os
e

w
ho

ar
e
di
sp

os
ed

to
fo
llo

w
th
e
di
et

an
d
ot
he

r
fo
od

s
an

d
be

ve
ra
ge

s,
w
it
ho

ut
an

y
al
co

ho
l
us

e
or

sm
ok

in
g

pe
rs
on

al
ly

an
d
in

th
e
fa
m
ily
.

A
lt
ho

ug
h
th
ey

ha
d

th
e
sa

m
e
di
et
s,

ov
er
w
ei
gh

t
w
om

en
ha

d
lo
w
er

se
ru
m

fo
la
te

le
ve
ls

by
12

%
(p

=
0.
08

)a
nd

ob
es

e
w
om

en
ha

d
lo
w
er

se
ru
m

fo
la
te

le
ve
ls

by
22

%
(p

=
0.
02

)
w
he

n
co

m
pa

re
d
w
it
h

no
rm

al
w
ei
gh

t
w
om

en
.
Th

e
in
cr
ea

se
in

B
M
I

an
d
bo

dy
fa
t

pe
rc
en

ta
ge

,
as

w
el
l
as

ab
do

m
in
al

an
d
pe

ri
ph

er
al

lip
id
os

is
,
ar
e

as
so

ci
at
ed

w
it
h
a

de
cr
ea

se
in

se
ru
m

fo
la
te

le
ve
ls
.

Lo
w
er

se
ru
m

fo
la
te

co
nc

en
tr
at
io
ns

ob
se

rv
ed

in
ob

es
e

in
di
vi
du

al
s
m
ay

be
ex
pl
ai
ne

d
by

in
cr
ea

se
d
us

e
an

d
ur
in
ar
y
ex
cr
et
io
n;

fu
rt
he

rm
or
e,

oe
st
ro
ge

n
co

nc
en

tr
at
io
ns

de
ri
ve
d
fr
om

in
cr
ea

se
d
ad

ip
os

e
ti
ss

ue
m
ay

be
an

ot
he

r
ca

us
e
of

fo
la
te

de
fi
ci
en

cy
.

S
et
ti
n,

A
.A
.,

A
lg
as

ha
m
,
A
.,

D
ow

ai
da

r,
M
.,
&

Is
m
ai
l,
H
.
[1
9]

20
09

13
0
m
ild

ly
ov
er
w
ei
gh

t
an

d
ob

es
e
in
di
vi
du

al
s;

11
1
no

rm
al

in
di
vi
du

al
s

C
ro
ss

-s
ec

ti
on

al
ca

se
co

nt
ro
l
st
ud

y
To

ev
al
ua

te
th
e

as
so

ci
at
io
n
of

ob
es

it
y

an
d

m
et
hy

le
ne

te
tr
ah

yd
ro
fo
la
te

re
du

ct
as

e
(M

TH
FR

)
an

d
an

gi
ot
en

si
n
co

nv
er
ti
ng

en
zy
m
e
(A
C
E
)
ge

ne
-a
ss

oc
ia
te
d

po
ly
m
or
ph

is
m
.

D
N
A
of

pa
rt
ic
ip
an

ts
w
as

an
al
ys
ed

th
ro
ug

h
re
al
-t
im

e
P
C
R
fo
r

M
TH

FR

po
ly
m
or
ph

is
m
s.

–
S
au

di
A
ra
bi
a

67
7C

/T
12

98
A
/C

A
C
E
;
I/
D
ge

ne
s

Th
er
e
w
er
e
no

t
an

y
st
at
is
ti
ca

lly
si
gn

if
ic
an

t
di
ff
er
en

ce
s
de

te
ct
ed

in
ge

no
ty
pe

s
an

d
al
le
le
s
of

ov
er
w
ei
gh

t/
ob

es
e

in
di
vi
du

al
s
w
he

n
co

m
pa

re
d
w
it
h
th
e

co
nt
ro
l
gr
ou

p;
ho

w
ev
er
,

B
M
I
w
as

ob
se

rv
ed

as
hi
gh

er
in

po
ly
m
or
p
hi
sm

st
at
us

,
bu

t
w
as

no
t

st
at
is
ti
ca

lly
si
gn

if
ic
an

t.

G
en

et
ic

po
ly
m
or
ph

is
m
s

ar
e
no

t
us

ua
lly

as
so

ci
at
ed

w
it
h

ob
es

it
y
on

ly
,
bu

t
al
so

w
it
h
ob

es
it
y-

as
so

ci
at
ed

di
se

as
es

.
Fu

rt
he

rm
or
e,

di
ff
er
en

ce
s
m
ay

ap
pe

ar
ac

co
rd
in
g

to
et
hn

ic
it
y
an

d
ge

ne
ti
c
fo
rm

at
io
n.

(C
on

ti
n
ue

d
on

ne
xt

pa
ge

)

�2019 Hogrefe Int J Vitam Nutr Res (2020), 90 (3–4), 353–364

S. Köse et al., Obesity is associated with folate metabolism 357



Ta
bl
e
I.
(C
on

ti
nu

ed
)

H
um

an
st
ud

ie
s

Ye
ar

S
am

pl
e

S
tu
dy

de
si
gn

A
im

M
et
ho

d
D
ur
at
io
n

C
ou

nt
ry

O
ut
co

m
e

In
cl
us

io
n

E
xc
lu
si
on

R
es

ul
ts

M
ec

ha
ni
sm

Th
aw

na
sh

om
,
K
.,

Tu
ng

tr
on

gc
hi
tr
,
R
.,

P
et
m
it
r,
S
.,

P
on

gp
ae

w
,
P
.,

P
ho

nr
at
,
B
.,

Tu
ng

tr
on

gc
hi
tr
,
A
.,

&
S
ch

el
p
,F

.P
.
[2
1]

20
05

14
9
ob

es
e
an

d
11

3
no

rm
al

in
di
vi
du

al
s

C
ro
ss

-s
ec

ti
on

al
ca

se
co

nt
ro
l
st
ud

y
M
TH

FR
(C
67

7T
)
To

ev
al
ua

te
th
e

as
so

ci
at
io
n
be

tw
ee

n
ge

ne
po

ly
m
or
ph

is
m

an
d
se

ru
m

co
nc

en
tr
at
io
ns

of
ho

m
oc

ys
te
in
e,

se
ru
m

fo
la
te

an
d
vi
ta
m
in

B
1
2

A
ft
er

on
e
ni
gh

t
of

fa
st
in
g,

10
m
l
of

ve
no

us
bl
oo

d
sa

m
pl
es

w
er
e
co

lle
ct
ed

an
d
vi
ta
m
in

B
12

,
fo
la
te

an
d

ho
m
oc

ys
te
in
e
le
ve
ls

w
er
e
an

al
ys
ed

.
Th

e
D
N
A
w
as

an
al
ys
ed

fr
om

bu
ff
y

co
at

fr
ac

ti
on

,
w
hi
ch

is
ri
ch

in
pe

ri
ph

er
al

bl
oo

d
le
uk

oc
yt
es

of
th
e

w
ho

le
bl
oo

d,
an

d
w
as

ce
nt
ri
fu
ge

d
an

d
tr
ea

te
d
by

E
D
TA

.

–
Th

ai
la
nd

H
ea

lt
hy

in
di
vi
du

al
s
w
ho

ha
ve

m
ild

di
se

as
es

su
ch

as
hy

pe
rt
en

si
on

,
m
ild

ca
rd
io
va

sc
u
la
r

di
se

as
e
an

d
in
su

lin
-

in
de

pe
nd

en
t

di
ab

et
es

.

P
hy

si
ca

l
an

d
bi
oc

he
m
ic
al

la
bo

ra
to
ry

te
st
s
w
er
e

as
se

ss
ed

fo
r
in
cl
us

io
n

cr
it
er
ia
.

Th
e
as

so
ci
at
io
n

be
tw

ee
n
fo
la
te

an
d
ge

ne
po

ly
m
or
ph

is
m

w
as

fo
un

d
si
gn

if
ic
an

t
in

th
e
ov
er
w
ei
gh

t/
ob

es
e
an

d
co

nt
ro
l

gr
ou

ps
(p

<
0.
05

).

H
ig
h

ho
m
oc

ys
te
in
e
m
ay

ca
us

e
m
ut
at
io
n
in

th
e
ge

ne
s

se
ar
ch

ed
.

B
ir
d
et

al
.
[4
]

20
15

H
ea

lt
hy

ad
ul
ts

(n
=
37

67
,

N
H
A
N
E
S
)

-
To

de
te
rm

in
e
th
e

as
so

ci
at
io
n
be

tw
ee

n
bl
oo

d
fo
la
te

st
at
us

an
d
B
M
I,
ob

es
it
y
an

d
m
et
ab

ol
ic

fa
ct
or
s.

S
er
um

an
d
R
B
C
fo
la
te

le
ve
ls
,B

io
-R

ad
ra
di
ol
og

ic
al

m
ea

su
re
m
en

ts
,
fo
od

co
ns

u
m
pt
io
n
re
co

rd
s
fo
r
la
st

2
da

ys
.

–
U
S
A

S
er
um

fo
la
te
,
R
B
C
,

se
ru
m

tr
ig
ly
ce

ri
de

,
gl
uc

os
e
le
ve
l,
w
ai
st

ci
rc
um

fe
re
n
ce

.

C
hi
ld
re
n,

ad
ol
es

ce
n
ts
,

pr
eg

na
nt

w
om

en
an

d
th
in

in
di
vi
du

al
s.

S
er
um

fo
la
te

le
ve
ls

w
er
e
fo
un

d
lo
w
er

in
ob

es
e

in
di
vi
du

al
s
w
he

n
co

m
pa

re
d
w
it
h

no
rm

al
an

d
ov
er
w
ei
gh

t
(p

<
0.
00

1)
in
di
vi
du

al
s;

a
po

si
ti
ve

as
so

ci
at
io
n

be
tw

ee
n
B
M
I
an

d
R
B
C
fo
la
te

le
ve
ls

an
d
a
ne

ga
ti
ve

as
so

ci
at
io
n
w
it
h

B
M
I
an

d
fo
la
te

le
ve
ls
.

D
ilu

ti
on

of
bl
oo

d
vo
lu
m
e
ad

ip
os

it
y

af
fe
ct
s
fo
la
te

ab
so

rp
ti
on

fr
om

fo
la
te

ep
it
he

liu
m
.

Lo
w
er

se
ru
m

fo
la
te

le
ve
ls

m
ay

st
im

ul
at
e
fo
la
te

up
ta
ke

of
th
e
R
B
C
.

M
eh

m
et
oğ

lu
et

al
.

[3
]

20
12

M
or
bi
dl
y
ob

es
e
(n

=
96

)
an

d
no

rm
al

w
ei
gh

t
(n

=
65

)
in
di
vi
du

al
s
(2
1
to

60
ye
ar
s
of

ag
e)

–
To

ev
al
ua

te
ca

rd
io
va

sc
ul
ar

ri
sk

fa
ct
or
s
in
cl
ud

in
g

pl
as

m
a
w
-3

FA
an

d
w
-

6
FA

an
d
tH

cy
in

m
or
bi
d
ly

ob
es

e
in
di
vi
du

al
s.

S
er
um

B
12

an
d
fo
la
te

le
ve
ls

w
er
e

an
al
ys
ed

us
in
g
E
17

0
an

al
ys
er
.S

er
um

tH
cy

H
P
LC

.

–
Tu

rk
ey

P
la
sm

a
fa
tt
y
ac

id
co

m
po

si
ti
on

,
se

ru
m

tH
cy
,
vi
ta
m
in

B
12

an
d

fo
la
te
.

Th
os

e
w
it
h
m
al
ig
n

di
se

as
es

,
ch

ro
ni
c
liv
er

di
se

as
e,

ch
ro
ni
c

ki
dn

ey
di
se

as
e,

in
fe
ct
io
u
s
di
se

as
es

,
hy

pe
rt
en

si
on

,
ca

rd
io
va

sc
ul
ar

di
se

as
e
hi
st
or
y
an

d
th
os

e
us

in
g
fi
sh

oi
l

su
pp

le
m
en

ts
.

S
er
um

vi
ta
m
in

B
12

(p
<
0.
01

)
an

d
fo
la
te

(p
<
0.
05

)
le
ve
ls

w
er
e
lo
w
er

in
ob

es
e

in
di
vi
du

al
s;

fu
rt
he

rm
or
e,

th
er
e

w
as

a
po

si
ti
ve

co
rr
el
at
io
n

be
tw

ee
n
w
-3

FA
s

of
se

ru
m

fo
la
te

le
ve
l
(p

<
0.
01

).

E
at
in
g
ha

bi
ts
,

ge
ne

ti
c
an

d
au

to
im

m
u
ne

fa
ct
or
s.

N
ak

az
at
o
et

al
.

[3
7]

20
11

H
ea

lt
hy

ad
ul
ts

(n
=

43
4)

E
va

lu
at
io
n
of

th
e

as
so

ci
at
io
n
be

tw
ee

n
B
M
I
an

d
fo
la
te

an
d

to
ta
l
ho

m
oc

ys
te
in
e

co
nc

en
tr
at
io
ns

in
th
e

bl
oo

d.

H
ea

lt
hy

fe
m
al
es

(n
=

34
3)

an
d
m
al
es

(n
=

91
).
S
er
um

tH
cy

H
P
LC

.
–

Ja
pa

n
P
la
sm

a
fo
la
te
,
tH

cy
,

er
yt
hr
oc

yt
e
fo
la
te

le
ve
l

S
m
ok

in
g,

th
os

e
w
it
h

se
ve
re

di
se

as
es

A
ne

ga
ti
ve

co
rr
el
at
io
n
w
as

de
te
ct
ed

be
tw

ee
n

B
M
I
an

d
pl
as

m
a

fo
la
te

le
ve
ls

(p
<

0.
00

1)
;
no

di
ff
er
en

ce
w
as

ob
se

rv
ed

in
B
M
I

le
ve
ls

by
m
ea

n
er
yt
hr
oc

yt
e
fo
la
te

an
d
pl
as

m
a
tH

cy
.

D
ilu

ti
on

in
th
e

bl
oo

d
vo
lu
m
e,

di
ff
er
en

t
fo
la
te

le
ve
ls

in
di
ff
er
en

t
ti
ss

ue
s.

B
M
I:
B
od

y
m
as

s
in
de

x;
O
G
TT

:O
ra
lg

lu
co

se
to
le
ra
nc

e
te
st
;R

B
P
:R

et
in
ol
-b

in
di
ng

pr
ot
ei
n;

Z
n:

Z
in
c;

C
a:

C
al
ci
um

;P
:P

ho
sp

ho
r;
M
g:

M
ag

ne
si
um

;C
I:
C
on

fi
de

nc
e
in
te
rv
al
;G

1-
4:

G
ru
p
1-
4;

R
B
C
fo
la
te
;R

ed
-b

lo
od

ce
ll

fo
la
te
;
B
W
:
B
od

y
w
ei
gh

t
D
M
:
D
ia
be

te
s
M
el
lit
us

;
M
TH

FR
:
M
et
hy

le
ne

te
tr
ah

yd
ro
fo
la
te

re
du

ct
as

e;
A
C
E
:
A
ng

io
te
ns

in
co

nv
er
ti
ng

en
zy
m
e;

tH
cy
:
To

ta
l
ho

m
oc

ys
te
in
e.

Int J Vitam Nutr Res (2020), 90 (3–4), 353–364 �2019 Hogrefe

358 S. Köse et al., Obesity is associated with folate metabolism



Ta
bl
e
II.

O
ve
rv
ie
w

of
S
up

pl
em

en
ta
ti
on

S
tu
di
es

In
cl
ud

ed
in

th
e
R
ev
ie
w

H
um

an
st
ud

ie
s

Ye
ar

S
am

p
le

S
tu
d
y

d
es

ig
n

A
im

M
et
h
od

S
up

p
le
m
en

t
D
ur
at
io
n

C
ou

nt
ry

O
ut
co

m
e

In
cl
us

io
n

E
xc

lu
si
on

R
es

ul
ts

M
ec

h
an

is
m

S
te
rn
,
S
.J
.,

M
at
ok

,
I.,

K
ap

ur
,
B
.,
&

K
or
en

,
G
.
[2
9]

20
11

O
be

se
(n

=
12

)
N
on

-o
be

se
(n

=
12

)

C
as

e-
co

nt
ro
l

To
de

te
rm

in
e
th
e
ef
fe
ct
s

of
si
ng

le
do

se
fo
la
te

ad
m
in
is
tr
at
io
n
in

no
rm

al
w
ei
gh

t
an

d
ob

es
e

in
di
vi
du

al
s.

A
dd

it
io
na

l
fo
la
te

w
as

ad
m
in
is
tr
at
ed

w
it
h
a
di
et

in
cl
ud

in
g
a
st
an

da
rd

fo
la
te

le
ve
ls

(0
.0
6
m
g)
.

S
er
um

fo
la
te
.
Th

e
fo
la
te

w
as

an
al
ys
ed

vi
a
as

sa
y

sy
st
em

.
A
U
C
w
as

ca
lc
ul
at
ed

ac
co

rd
in
g
to

tr
ap

ez
e
ru
le
.

In
eq

ua
l
qu

an
ti
ti
es

pe
r

kg
fo
r
al
l
in
di
vi
du

al
s

(0
.0
15

3
to

0.
09

17
m
g/
kg

)
or

(1
.1

to
12

.5
m
g
fo
la
te
)

S
in
gl
e
do

se
C
an

ad
a

Fo
la
te

co
nc

en
tr
at
io
ns

.
Le

an
bo

dy
m
as

s.
A
U
C

va
lu
es

.

W
om

en
of

re
pr
od

uc
ti
ve

ag
e
be

tw
ee

n
18

an
d
45

ye
ar
s
of

ag
e.

In
di
vi
du

al
s

w
ho

di
d
no

t
ha

ve
an

y
m
ul
ti
vi
ta
m
in

or
fo
la
te

su
pp

le
m
en

ts
fo
r
at

le
as

t
6
m
on

th
s.

Th
os

e
w
it
h
ch

ro
ni
c

di
se

as
es

an
d
th
os

e
us

in
g
an

y
dr
ug

th
at

af
fe
ct
s
m
et
ab

ol
is
m

an
d

ph
ar
m
ac

ok
in
et
ic
s
of

fo
la
te
.

C
m
a
x
A
U
C
an

d
LB

W
w
er
e

fo
un

d
hi
gh

er
in

ob
es

e
in
di
vi
du

al
s
(p

=
0.
00

8)
.

Fr
ee

di
st
ri
bu

ti
on

of
fo
la
te

in
ad

ip
os

e
ti
ss

ue
m
ay

be
ef
fe
ct
iv
e
in

di
ff
er
en

t
di
st
ri
bu

ti
on

be
tw

ee
n
ti
ss

ue
s.

D
et
er
m
in
at
io
n
of

pe
ri
co

nc
ep

ti
on

al
fo
la
te

su
pp

le
m
en

t
do

sa
ge

s
ac

co
rd
in
g

to
le
an

bo
dy

m
as

s
w
ou

ld
be

m
or
e

ac
cu

ra
te

in
ob

es
e

in
di
vi
du

al
s.

Ti
nk

er
,
S
.C
.,

H
am

ne
r,
H
.C
.,

B
er
ry
,
R
.J
.,

B
ai
le
y,

L.
B
.,
&

P
fe
if
fe
r,
C
.
M
.

[2
]

20
12

n
=

42
72

D
at
a
fr
om

cr
os

s-
se

ct
io
na

l
re
se

ar
ch

.N
H
A
N
E
S

20
03

–
20

04
,2

00
5–

20
06

,
20

07
–
20

08

E
va

lu
at
io
n
of

fo
la
te

st
at
e

an
d
us

e
of

fo
la
te

su
pp

le
m
en

ts
in

in
di
vi
du

al
s
w
it
h
di
ff
er
en

t
B
M
I
le
ve
ls
.

S
up

pl
em

en
t
us

e
w
it
hi
n

la
st

1
m
on

th
(t
yp

e,
do

se
,

fr
eq

ue
nc

y)
w
as

as
se

ss
ed

.
S
er
um

an
d

R
B
C
fo
la
te
.
B
io
-R

ad
Q
ua

nt
ap

ha
se

II
ra
di
oa

ss
ay

(B
R
)
an

d
m
ic
ro
bi
ol
og

ic
al

te
st
s

w
er
e
us

ed
fo
r
ev
al
ua

ti
on

.
Fo

od
co

ns
um

pt
io
n

re
co

rd
s
fo
r
24

ho
ur
s

w
er
e
ob

ta
in
ed

th
ro
ug

h
re
m
in
di
ng

te
ch

ni
qu

e.
Fo

la
te

in
ta
ke

s
w
er
e

re
co

rd
ed

as
di
et

fo
la
te

eq
ui
va

le
nt
.

G
ro
up

1:
th
os

e
w
ho

di
d

no
t
us

e
fo
la
te

su
pp

le
m
en

ts
.G

ro
up

2:
�

40
0m

cg
/d

fo
la
te
.
G
ro
up

3:
>
40

0m
cg

/d
fo
la
te
.

–
U
S
A

S
er
um

fo
la
te
.
R
B
C

fo
la
te
.
To

ta
l
pl
as

m
a

ho
m
oc

ys
te
in
e

co
nc

en
tr
at
io
n.

Fe
m
al
e
in
di
vi
du

al
s

be
tw

ee
n
15

an
d
44

ye
ar
s

of
ag

e

W
om

en
w
ho

di
d
no

t
pa

rt
ic
ip
at
e
in

ph
ys
ic
al

ex
am

in
at
io
n
an

d
co

ul
d

no
t
pr
ov
id
e
fo
od

co
ns

um
pt
io
n
re
co

rd
s,

P
re
gn

an
t
w
om

en
.

W
om

en
w
ho

di
d
no

t
us

e
an

y
su

pp
le
m
en

ts
,

in
cl
ud

in
g
fo
la
te
.
ha

d
a

re
ve
rs
e
as

so
ci
at
io
n

be
tw

ee
n
B
M
I
an

d
se

ru
m

fo
la
te

le
ve
ls
.
Th

er
e
w
as

no
t
an

y
si
gn

if
ic
an

t
di
ff
er
en

ce
de

te
ct
ed

in
th
os

e
us

in
g

su
pp

le
m
en

ts
.

H
om

oc
ys
te
in
e
le
ve
ls

w
er
e
no

t
si
gn

if
ic
an

t
be

tw
ee

n
th
e
gr
ou

ps
.

A
n
in
cr
ea

se
in

B
M
I

m
ay

ch
an

ge
ce

llu
la
r
fo
la
te

up
ta
ke

an
d

di
st
ri
bu

ti
on

in
ti
ss

ue
s.

C
ha

ng
e
in

ti
ss

ue
di
st
ri
bu

ti
on

m
ay

re
su

lt
al
on

g
w
it
h
a
de

cr
ea

se
in

fo
la
te
.

A
se

m
i,
Z
.,

K
ar
am

al
i,
M
.,

& E
sm

ai
llz

ad
eh

,
A
.
[4
2]

20
14

81
ob

es
e

w
om

en
A
ra
nd

om
iz
ed

do
ub

le
-b

lin
d

pl
ac

eb
o
co

nt
ro
lle

d
st
ud

y

Th
e
ai
m

of
th
is

st
ud

y
w
as

to
de

te
rm

in
e
th
e

ef
fe
ct
s
of

fo
la
te

su
pp

le
m
en

ta
ti
on

on
m
et
ab

ol
ic

pr
of
ile

s
in

ob
es

e
w
om

en
w
it
h

po
ly
cy
st
ic

ov
ar
ia
n

sy
nd

ro
m
e.

Th
e
pa

rt
ic
ip
an

ts
w
er
e

di
vi
de

d
in
to

th
re
e
gr
ou

ps
w
hi
ch

w
er
e
se

le
ct
ed

ra
nd

om
ly
,
in
cl
ud

in
g
tw

o
st
ud

y
gr
ou

ps
an

d
on

e
pl
ac

eb
o
gr
ou

p.
B
lo
od

sa
m
pl
es

w
er
e
co

lle
ct
ed

fr
om

th
e
pa

rt
ic
ip
an

ts
at

th
e
be

gi
nn

in
g
an

d
en

d
of

th
e
st
ud

y.

G
ro
up

1:
1
m
g/
da

y
fo
la
te

G
ro
up

2:
5
m
g/
da

y
fo
la
te

G
ro
up

3:
P
la
ce

bo

8
w
ee

ks
Ir
an

Fo
od

co
ns

um
pt
io
n.

C
ho

le
st
er
ol
.
Vi
ta
m
in

B
6.

Fo
la
te
.
Vi
ta
m
in

B
12

.

W
om

en
di
ag

no
se

d
w
it
h

P
C
O
S
ac

co
rd
in
g
to

R
ot
te
rd
am

cr
it
er
ia
.

W
om

en
<
18

ye
ar
s
of

ag
e.

W
om

en
>
40

ye
ar
s

of
ag

e.
In
di
vi
du

al
s
w
it
h
a

B
M
Io

f
>
25

kg
/m

2
.T

ho
se

w
ho

ha
ve

ne
op

la
st
ic
,

he
pa

ti
c,

re
na

l
or

ca
rd
io
va

sc
ul
ar

di
so

rd
er
s

an
d
m
al
ab

so
rp
ti
ve

di
so

rd
er
s.

Th
os

e
w
ho

us
e
ho

rm
on

es
,

an
ti
di
ab

et
ic

or
an

ti
-

ob
es

it
y
dr
ug

s.

Fo
la
te

su
pp

le
m
en

t
of

5
m
g
pe

r
da

y
w
as

po
si
ti
ve
ly

ef
fe
ct
iv
e
on

pl
as

m
a
H
cy

(p
=

0.
00

9)
,

se
ru
m

in
su

lin
,
to
ta
l-
,

LD
L(
p
=

0.
00

7)
–
an

d
H
D
L-
ch

ol
es

te
ro
l
(p

<
0.
00

1)
le
ve
ls

as
w
el
l
as

H
O
M
A
-I
R
le
ve
l
in

th
e

w
om

en
w
it
h
P
C
O
S
.
B
od

y
w
ei
gh

ts
an

d
B
M
I

di
ff
er
en

ce
s
of

th
e

pa
rt
ic
ip
an

ts
w
er
e
fo
un

d
to

be
lo
w
er

in
th
e
st
ud

y
gr
ou

ps
th
an

th
e
pl
ac

eb
o

gr
ou

p;
ho

w
ev
er
,
th
is

w
as

no
t
st
at
is
ti
ca

lly
si
gn

if
ic
an

t.
P
ho

sp
ha

ti
dy

lin
os

it
ol

3-
ki
na

se
is

in
hi
bi
te
d
in

fo
la
te

de
fi
ci
en

cy
.
S
er
um

in
su

lin
an

d
in
su

lin
re
si
st
an

ce
th
er
eb

y
in
cr
ea

se
.

(C
on

ti
nu

ed
on

ne
xt

pa
ge

)

�2019 Hogrefe Int J Vitam Nutr Res (2020), 90 (3–4), 353–364

S. Köse et al., Obesity is associated with folate metabolism 359



that obese individuals also show lower fasting serum folate
concentrations, but, paradoxically, their red blood cell
(RBC) folate concentrations and MeFox (5-methyltetrahy-
drofolate oxidation product) are significantly higher, when
comparedwith non-obese individuals [4, 32]. Furthermore,
obesity is also found to be associatedwith increased activity
of cytochrome P450 (CYP) 2E1, a monooxygenase enzyme
that can use folic acid as a substrate [33].

Many obesity risk factors, such as being a member
of black race [4], having a low birth weight/preterm
birth [34], a winter (or cold weather) birth [35] or physical
inactivity [36], are related to decreased sweat-gland func-
tion. This is also supported by the finding that an equiva-
lent dose of folic acid (by body weight) caused a greater
increase in serum folate in obese people than non-obese
individuals [29]. Given that obesity is associated with
folate-degrading enzyme CYP2E1 [33], the association of
increased serumMeFox andRBC folate levels and low fast-
ing serum folate levels in obesity may reflect a severe folic
acid overload.

Nakazato et al. [37] detected a negative correlation
between BMI and mean plasma folate levels in their study
executed on 434 healthy individuals (p < 0.01). Another
research revealed that folate insufficiency was 50-fold
higher in obese individuals and noted an increase in folate
requirements following an increase in body weight [38].
Mahabir et al. demonstrated that overweight and obese
individuals have lower serum folate concentrations when
comparedwith individualswithnormalweight. Sucheffects
are explained by increased use of folic acid, urinary excre-
tion [39], dilution of the blood volume, different levels in
different tissues and changes [37] in the endocrine func-
tions for folate. Furthermore, the use of folate increases
by methylation requirements through catechol-o-methyl-
transferase (COMT). The increase in oestrogen concentra-
tions due to increased fat tissue was reported as another
cause for increased folate deficiency [40]. Martinez et al.
evaluated the treatment outcomes of obese individuals
who had diet and exercise therapies for 1 year in their
prospective study and detected that the individuals with
the highest serum folate levels (7.2 ng/ml) experienced a
weight loss of �10% from their initial body weights; this
weight loss was 8.5-times more in the group with a folate
level <4.7 ng/ml [24]. Another study found no significant
changes in individuals’ serum folate levels (n = 12) at the
sixth month after gastroplasty with insufficient food intake
and severe weight loss. However it was stated that the
results might have been affected by the number of the indi-
viduals and the short study period [27].

In a study comparing serum B12 and folate levels of mor-
bidly obese (n = 96) and normal weight (n = 65) individuals,
serum B12 (p < 0.01) and folate (0.05) levels were found to
be lower in the formergroup.Furthermore, itwasalso found
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that obese individuals’ total homocysteine levels were
higher than those of normal weight individuals (p > 0.05)
[3]. Higher homocysteine levels were generally found to
be associated with abdominal obesity and insulin resis-
tance; it is known that homocysteine is reversely associated
with folate levels. Decreases in individuals’ folate levels led
to increased homocysteine levels [41]. Asemi et al. found
that folate supplementation had positive effects on plasma
homocysteine, serum insulin, total cholesterol, LDL-K
and HDL-K levels and HOMA-IR. Phosphatidylinositol
3-kinase is inhibited in folate deficiency. Folate insuffi-
ciency thereby increases serum insulin and insulin resis-
tance [42]. In another study, there was not any significant
difference in plasma tHcy levels, though severely obese
individuals had lower vitamin B12 and folate levels.
Although the underlying mechanism of the finding was
not clearly explained, it is possible that obese individuals
prefer fatty foods instead of vegetables and fruit [8].

Serum folate levels have a positive correlation with a diet
including fruits, vegetables, grains and poultry meat and a
negative correlationwith excessive intake of redmeat, fatty
milk products and refined grains [43]. Ortega et al. [28]
assessed folate levels in mild overweight/obese women,

applied two different hypocaloric diets and evaluated these
in two groups according to vegetable (n = 28) and grain (n =
29) consumption. The first groupwas asked to eat breakfast
cereals at least 3 times a day and the second group was
asked to eat vegetables at least 3 times a day; all individuals
were informed to avoid foods with high energy content.
Increases in folate intake were expected by increasing the
aforesaid food consumption groups. At the endof the study,
the decrease in body weight was higher in the group who
had enriched breakfast cereal in their diet. Furthermore, a
significant increase was detected in the homocysteine and
serumfolate levels in thegroupconsumingbreakfast cereal.
The grain group was asked to eat grains, including 250 to
300 mg/100 g folate but there was not any quantity men-
tioned in the vegetable group. Furthermore, homocysteine
levels are affected by group B vitamins and the increase of
vitaminB intakewasassumed tohaveaffected thedecrease
inhomocysteine levels. Inaddition, although thevegetables
and fruits were rich sources of folate, the serum folic acid
level increased more in the cereal consuming group [28].
It is thought that the increase in folic acid levels in the cereal
consuming group may be due to possible folic acid losses
during cooking [44].

Figure 2. Mechanism between obesity and low folate status.
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Folic acid supplementation and
obesity

Along with the assessment of studies, supplementation
studies also explored the relationship between body weight
and folate levels. In a study of the association between BMI
levels and folate levels inwomenof reproductive age, lower
serum folate levels were found in individuals with higher
BMI. Each 10 kg/m2 increase in BMI decreased serum
folate levels by 15.6%. It was predicted that obese individu-
als with a BMI > 30 kg/m2 should be supported by 350mg
additional folate per day to match the folate levels of the
individuals with a BMI < 20 kg/m2 [7]. Tinker et al. [2]
assessed folate levels and folate supplement use in individ-
uals with different BMI values by investigating type, dose
and frequency. A reverse association was found between
BMI and serum folate levels of the women who did not
use supplements, whereas no difference was detected in
serum folate levels among the women with different BMI
levels who used supplements [2]. These outcomes do not
support the association between folate intake, folate indica-
tors and BMI. In line with increases in BMI, increases in fat
mass may affect cellular uptake and the tissue distribution
of folate; thismay be compensated by supplement use [44].

Silva et al. [13] assessed serum and red blood cell folate
levels in 32 women according to body weight after oral
folate supplementation at 400 μg/day. The initial fasting
folate levels were determined lower (p < 0.05), red blood
cell folate was found higher (p = 0.05) and overall serum
folate responses were found lower (p = 0.01) in obese indi-
viduals in comparison with individuals with normal weight.
This study was the first experimental study to evaluate the
pharmacokinetic effect of currently recommended folate
doses to obese and normal weight women at pre-reproduc-
tive age. It has not been mentioned which measurement is
better. However, Folate content in RBC is known to reflect
long-term average consumption and tissue stores because
RBC only accumulates folate during erythropoiesis [45]. It
is not clear if the lower serum folate concentrations
observed inobesewomenwerecausedbydilutedbloodvol-
ume or by differences of serum folate uptake affected by
high adiposity. The higher red blood cell folate levels
observed in obese women when compared to normal
weight women [2] are like those detected in the NHANES
study and the results support the potential differences in
cellular uptake. Folate concentrations in red blood cellsare
an indicator for long term folate intake; this is consideredan
indicator for folate tissue concentrations [46]. Further-
more, high basal folate concentrations in the red blood cells
indicated that obesity did not disrupt absorption of folate in
thediet andmay cause redistribution of the vitamin into the
tissues [13].

Sheu et al. [30] included obese women in their study and
divided participants into two groups. The researchers
applied a weight loss diet to both groups and folate supple-
mentation was applied to one group (5 mg folate for 12
weeks); they assessed the effects on serum tHcy concentra-
tions and serum folate levels. The weight loss was 7.7% in
the study group and 8.9% in the control group There was
not any association between the decrease of serum homo-
cysteine levels in obese individuals with higher homocys-
teine levels and serum folate levels (p = 0.646).
Therefore, it was considered that the folate requirements
of obese individuals might change depending on obesity-
inducedmetabolic changes; this should be assessed during
calculation of the requirements. Stern et al. [29] assessed
the pharmacokinetic effects of single dose folate supple-
mentation onobese individuals (n = 12) in their case-control
study; each individual received amounts of folate supple-
mentation for each 1 kg of body weight. Furthermore, a
standard diet, including 0.06 μg folate, was implemented
to individuals. The Cmax, AUC values and lean bodyweight
(LBW) were found higher in obese individuals when com-
pared with the control group. This was considered to be
caused by free distribution of the folate in adipose tissue,
which might be effective in changing distribution between
tissues. It was reported that administration of the pericon-
ceptional folate supplementationdoseaccording to the total
body weight resulted in an administration higher than the
requirement; therefore, calculation should be carried out
according to lean bodyweight rather than total bodyweight
in obese individuals [29].

Lower serum folate and vitamin B12 levels may be
affected by eating habits in obese individuals when
compared with normal weight individuals; genetic and
autoimmune factors may also be influential (Figure 2).
MTHFR irreversibly catalyses the transformation of
5,10methylenetetrahydrofolate into 5-methyltetrahydrofo-
late and plays a central role in folate metabolism [47].
Thawnashom et al. [21] reported that folate and gene poly-
morphism were significantly associated in overweight and
obese individuals when compared with control groups;
higher homocysteine levels might cause mutation in
MTHFR genes. Settin et al. [19], in their study of MTHFR
polymorphism in overweight and obese individuals,
detected that individuals with higher BMI had higher
MTFHR 677 T allelepolymorphism rates. (p > 0.05) How-
ever, such genetic polymorphism may not be associated
withobesityonly, butalsowithobesity-relateddiseases; fur-
ther studies on this topic are needed [19].

This study is important in terms of establishing the rela-
tionship between folic acid and obesity that mainly based
on the result of the negative energy balance. There are lim-
ited studies with sufficient data to support whether serum
folate levels are lower in obese individuals in terms of noted
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an increase in folate requirements following an increase in
body weight. Moreover, these studies used different folate
levels (serum, blood), which cause the evaluation of activity
of folate to be difficult and these studies involve quite
heterogeneous data. Therefore, larger well-designed, ran-
domised controlled studies are needed to examine the
effects of folic acid levels on obesity. The elucidation of
folate and homocysteine and their mechanisms in obese
individuals are also worthy for further researches.

Conclusion and Suggestions

The underlying paradox in the mechanism for folate meta-
bolism in overweight and obese individuals has not been
clearly understood. As a result of the assessment studies,
it is possible that individualswith higher bodymass indexes
have unhealthy eating habits and prefer high energy foods
rather than vegetables and fruits, which are significant
sources of folate. It was found that individuals with higher
body mass indexes presented symptoms of insufficiency
as a result of obesity-induced metabolic changes, even
when they had folate supplementation. This is important
for calculating the required doses. Folic acid supplementa-
tiondoesnot only increase folic acid levels. It is also thought
that folic acid supplementation may also help to improve
metabolic markers such as insulin resistance and lipid pro-
file disorders related to obesity.

Consequently, adoption of healthy diet habits, supple-
mentation for individualswhocannotmeet the requirement
with foods, detection of supplementation dose based on
lean body weight and under supervision of a physician are
recommended. Further studies on this topic are also
needed.
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