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Abstract

.�1� &$�#��� ��� ���� )� "&�#/&$� ���&�� #�&%�� ��� ���#���� �#����� ��+����/�(
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%#&��� #���1#$��� ��� ���&�� #�&%	� �����"���� ��/�� ��� ���� &$!����%� "&�#/&$� &�� $��
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+��+���&�$���� ���� &$!����%�"&�#/&$� ��#�� &�����%�#$%������%� &$� ����0�%�	�*���1���

%����&0�%�&$���&������&��#&/������0�#&$�#�0�������$%����#$%&$!��������+�����������#�

%����/&$�� ���� 0&�#"#&�#0&�&��� ��� ���&�� #�&%	� �� 0������ �$%����#$%&$!� ��� �����

+���������1&������+� ���+��%&���1������� ��/�� ���%��#���0������ ����������� ���&�� #�&%

��#$�������	

*����!����� ��&�� ����&��� G���&�� #�&%G� ������� ��� ���� �?&%&,�%� ���/� ��� ���� "&�#/&$�

/���������%�#��#���++��/�$�����&$����%�����&�&�#�&�$	� G���#��G�����������������%���%

%��&"#�&"����#��+����$��&$����%��#$%�&$�������/#$�0�%�	�*���+��%�/&$#$����%���%

%��&"#�&"��� #��� %&��%�����#��� ;���<�� ����#��%�����#��� ;*��<�� 7(/���������#��%��(

���#��� ;7(�*��<�� 7�:4(/������$�����#��%�����#��� ;7�:4(��*��<�� #$%� 7(

���/������#(��%�����#��� ;7(�*��<	� ���#��� /#�� ��$�#&$� /���� ��#$� �$�� !���#/#��

���&%��	� �$�%�&�������� ����/������#�� ���������� ��� ���&�� #�&%� #$%� &��� %��&"#�&"��� &�

���1$	

Figure 1.1 Molecular structure of monoglutamyl folic acid (PteGlu). Double bonds at positions 5, 6, 7,
and 8 can be reduced to 5,6-dihydrofolate (DHF) or 5,6,7,8-tetrahydrofolate (THF). At position X the
following one-carbon groups can be bound: methyl (CH3): 5-MTHF, mehylene (CH2): 5,10-MeTHF, or
formyl (CHO): 5-FTHF. Monoglutamyl folic acid and its derivatives can be bound to a polyglutamyl chain
(PteGlun).
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*�&��
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Figure 1.2 Overview of folate metabolism. Folate is derived from the diet, mainly as a polyglutamate

(PteGlun). Folate γ-glutamyl carboxypeptidase (FGCP) converts it to the monoglutamate form. Ingested
folate is metabolized to its derivatives 5-methyl-tetraydrofolate (5-MTHF), tetrahdrofolate (THF) and
5,10-methylene-tetrahydrofolate (5,10-MeTHF). MTHFR = methylene-tetrahydrofolate reductase; SHMT
= Serine hydroxymethyltransferase; MS = methionine synthase; DMG = dimethylglycine; BHMT =
betaine homocysteine methyltransferase; AdoMet = adenosyl methionine; AdoHcy = adenosyl

homocysteine; SAM = S-adenosyl methionine; CBS = cystathionine β-synthase; B2 = vitamin B2

(riboflavin); B6 = vitamin B6 (pyridoxal 5'-phosphate); B12 = vitamin B12 (methylcobalamin).
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Table 1.1 Factors affecting folate bioavailability, bioconversion and bioefficacy.58

S
Species of folate
Bioavailability, bioconversion and bioefficacy of reduced forms of folate (5-MTHF, DHF,
THF, 5-FTHF, 5,10-methylene-THF) may differ from the oxidized form (folic acid). Some
studies show higher bioavailability of the reduced forms,50,71-73 others show no
difference.62,74,75

L
Linking to a polyglutamate chain
Some studies show lower bioavailability of polyglutamyl relative to monoglutamyl folic
acid,53,64,66-69 others show no difference.62,63,65,70 The effect of a polyglutamate chain on
bioconversion and thus bioefficacy is not known.

A
Amount of folate
The relative response of serum folate and erythrocyte folate concentrations to low doses
(<200 µg/d) of folic acid is higher than that to higher doses.76-78 Doses >500 µg provide no
further effect in lowering of homocysteine concentrations.30

M
Matrix of the food (encapsulation and binding)
Sauberlich et al. in 198759 found that the bioavailability of folate from a mixed diet was 50%.
When a diet rich in vegetables and fruits was consumed, bioavailability ranged from 60 to
98%, depending on the parameter measured.35 Disruption of the vegetable matrix, by
chopping or enzymatically, increases folate bioavailability from spinach.79,80

E
Effect modifiers
Bioavailability of folate is reduced by food constituents, such as dietary fibre.62,64,81,82 The
activity of folylpoly γ-glutamyl carboxypeptidase (FGCP) is pH dependent (pH optimum: 6.5-
7.0)47,83 and can be inhibited by tomatoes and orange juice,84 and by citrate.85 Alcohol may
inhibit folate absorption.86-91 Since FGCP requires zinc for activity,92 bioavailability of dietary
polyglutamate folate is dependent on the amount of zinc in the diet.93

N
Nutrient status of the body
Folate deficiency can alter the partition of folate between body tissues94-97 but it is not clear
whether this affects bioefficacy of folate. Low vitamin B12 status affects the bioconversion of
folate in the body because it is required for the activity of methionine synthase, that transfers
the methyl group of 5-MTHF to homocysteine to form methionine.44,98 Zinc status influences
the absorption of polyglutamate folates.93,99

G
Genetic factors
The reduced folate carrier gene (RFC-I) regulates folate absorption.48,100 Polymorphism in
the glutamate carboxypeptidase II gene (GCPII) has been reported to reduce FGCP
activity.101 A common polymorphism in the gene encoding for methylene tetrahydrofolate
reductase (MTHFR 677C>T) affects the bioconversion of folate derivatives in the body and
thereby its bioefficacy.102,103

H
Host-related factors
Age has no influence on folate bioavailability.68 Folate requirements are increased
periconceptionally to prevent neural tube defects7,8 and during pregnancy104,105. Folate
bioavailability has been shown to be impaired in women who have previously had a child
with a neural tube defect,106 but other studies have not shown this.107,108 Folate absorption
has been shown to be lower in gastro-intestinal disease.109

I
Mathematical Interactions
The combined effect of factors summarised above may be different than the product of the
effect of single factors.

�
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Figure 1.3 Schematic overview of the folate bioavailability issues studied in this thesis.

�'5'2�/���
��$�6����������
���������	
������
�
�	
��	���

"��1$
�� �9���������� �$�� ��6�����������,��
�������� #�	��	��
��	� ��	��� 
���� 	����

�$�����
�
�	
��	���������	
��8

�$���%��� ��� ���%�� ��&��� ;���
���� /� #� �#$%�/&,�%�+�#��0�(��$������%�%��0��(

0�&$%� &$���"�$�&�$� ��&#��1#�� �#��&�%� ����1&��� :84� ��0'����� #!�%� 74(C7� �	� ��0'����

��$��/�%��#���%#��#��#+�������$�#&$&$!�#���1�%�������/�$�!���#/������&��#�&%��#

��1� %���� ��� +���!���#/��� ���&�� #�&%�� ��� #� +�#��0�� ���� :3� 1	� )&�#"#&�#0&�&��� 1#�

�#����#��%����/��������#�&"�����+�$���������#���&$�����/�#$%���������������1�&������

��#$!���&$�+�#�/#���/������&$����$��$��#�&�$��1�������%�����#����#���0&����&�#��	

�

FOLATE IN THE DIET

FOLATE BIOAVAILABILITY
Serum folate

Erythrocyte folate

Folate status

Plasma
homocysteine

Polyglutamate vs.
monoglutamate

FOOD
PROCESSING

Ch.3

GENETICS

Amount of
folic acid

Ch.6Ch.4,
Ch.7Ch.5

Intervention
studies

Ch.2



Dietary folate: Bioavailability studies in humans 

22

�����#�	����#$��������$���������� ��!"������
��������	
������
�
�	
��	���8

�$� ���
���� "�� 1�� ��/+#��%� ���� 0&�#"#&�#0&�&��� ��� ��+�#!���#/��� ���&�� #�&%

���#�&"�������#�����/�$�!���#/������&��#�&%�#/�$!�������:79:
A*�!�$���+��	�*�&�

1#��%�$����&$!�%#�#��0�#&$�%����/�����&$���"�$�&�$����%��%����&0�%�&$�
�#+����B	

�
��1������	�#�
���
	&	
��	���
�	�������#�����$������������������
�����	�
�	��%#�#

�����	
������
�
�	
��	�������$��
���������
�	��������������������,����8

�$���$��#�������#���&$!��������%&���&$"��"&$!��#�!��$�/0���������0'�����������#�

��#�� %����&0�%� &$� 
�#+���� B� 1&��� :84� ��0'������ 1�� �#"�� %�"���+�%� #� /����%� ��

/�#����� ���#��� 0&�#"#&�#0&�&��� ��&$!� "���� ��1� %����� ��� M:2
::N(/�$�!���#/��� ���&�

#�&%�#$%�M:2
9N(��?#!���#/������&��#�&%	�*������%��&$"��"�%�34���0'�����#!�%�34(74

��#$%��#���%�38�%#��	

��1����$� ��	��� 
���� ��� ��6������ ��� 	�1��� #	
��
� $������������ ��������
�����


��6�
��	�8

*��#$�1�����&��@����&�$��1����$%����%�#�:3(1�%���(�&$%&$!����%���$����&��#�&%

#$%� #%�@�#��� ��1��&$!� ��� +�#�/#� ��/������&$�� ��$��$��#�&�$�� #/�$!� 2:9� /�$

#$%�1�/�$�#!�%�74(C7���;���
����'<	

*��� �&$#�� 
�#+���� ��� ��&�� ����&�� ;���
���� )<� +��"&%��� #� !�$��#�� %&�����&�$�

��$����&�$��#$%�&/+�&�#�&�$�����/��������%&���%����&0�%	��������/�������!!���&�$�

���������������#����#���/#%���0��#����&$���&�$���:�$��
��1����������6���������
����

�
�����1�����:	



  Introduction

                                                                                                                                23

B
io

av
ai

la
b

ili
ty

85
-9

0%

10
0%

54
-6

3%

10
0%

80
%

F
in

d
in

g
s

B
io

av
ai

la
bi

lit
y:

P
te

G
lu

3,
 8

5%
; P

te
G

lu
7,

90
%

N
o 

di
ffe

re
nc

e 
in

w
at

er
 a

nd
 s

pi
na

ch
P

te
G

lu
7<

 P
te

G
lu

1 
w

ith
br

an
;

B
io

av
ai

la
bi

lit
y:

U
rin

e,
 6

3%
;

se
ru

m
, 5

4%

Ile
os

to
m

y 
ex

cr
et

io
n:

A
, 7

3%
; B

, 8
5%

;
C

, 9
1%

B
io

av
ai

la
bi

lit
y:

A
, 8

1%
; B

, 8
2%

U
rin

ar
y 

re
co

ve
ry

:
P

te
G

lu
1,

 7
1±

13
%

;
P

te
G

lu
7,

 5
6±

11
%

;
P

<
0.

05

S
u

b
je

ct
s 

an
d

 d
es

ig
n

S
ub

je
ct

s:
  6

 m
al

es
D

os
es

:a    
 7

50
 µ

g 
- 

2.
0 

m
g 

P
te

G
lu

3,
 P

te
G

lu
7 

or
 P

te
G

lu
1

D
es

ig
n:

   
 C

ro
ss

-o
ve

r 
(p

re
-lo

ad
in

g:
 2

-1
0 

m
g 

P
te

G
lu

1)
O

ut
co

m
e:

 U
rin

ar
y 

fo
la

te
 e

xc
re

tio
n 

(2
4 

h)

S
ub

je
ct

s:
  9

 a
du

lts
D

os
es

:a    
 7

50
 µ

g 
P

te
G

lu
1 

or
 P

te
G

lu
7 

ad
de

d 
to

 b
ra

n 
ce

re
al

, s
pi

na
ch

 o
r 

w
at

er
D

es
ig

n:
   

 C
ro

ss
-o

ve
r

O
ut

co
m

e:
 P

la
sm

a 
fo

la
te

 A
re

a 
U

nd
er

 C
ur

ve
 (

A
U

C
),

 8
 h

S
ub

je
ct

s:
  7

 m
al

es
D

os
es

:a    
 5

00
 µ

g 
P

te
G

lu
1 

or
 P

te
G

lu
7 

ad
de

d 
to

 a
 fo

rm
ul

a 
m

ea
l, 

w
hi

te
 b

ea
ns

, o
r

   
   

   
   

  w
he

at
 b

ra
n 

(9
 d

).
D

es
ig

n:
   

 C
ro

ss
-o

ve
r 

(c
on

st
an

t l
oa

di
ng

: 5
00

 µ
g 

P
te

G
lu

1/
d)

. F
ol

at
e 

ab
so

rp
tio

n 
te

st
s

   
   

   
   

   
on

 a
lte

rn
at

e 
da

ys
 d

ur
in

g 
la

st
 fo

ur
 d

ay
s

   
   

   
   

   
of

 e
ac

h 
9-

d 
pe

rio
d

O
ut

co
m

e:
 U

rin
ar

y 
ex

cr
et

io
n 

(2
4 

h)
 a

nd
 s

er
um

 fo
la

te
 A

U
C

 (
1-

2 
h)

S
ub

je
ct

s:
 1

2 
he

al
th

y 
ile

os
to

m
y 

su
bj

ec
ts

D
os

es
:a    

 A
) 

43
6 

µ
g 

sp
in

ac
h 

fo
la

te
 (

60
%

 p
ol

yg
lu

ta
m

at
es

);
 B

) 
36

2 
µ

g 
sp

in
ac

h
   

   
   

   
  f

ol
at

e 
(1

00
%

 m
on

og
lu

ta
m

at
es

);
 o

r 
C

) 
50

0 
µ

g 
P

te
G

lu
1

D
es

ig
n:

   
 C

ro
ss

-o
ve

r
O

ut
co

m
e:

 S
er

um
 fo

la
te

 A
U

C
 (

9 
h)

; i
le

os
to

m
y 

fo
la

te
 e

xc
re

tio
n 

(2
4-

h)

S
ub

je
ct

s:
 1

1 
ad

ul
ts

D
os

es
:a    

 ~
26

5 
µ

g 
[3 H

]P
te

G
lu

1 
or

 [14
C

]P
te

G
lu

7 
in

 3
00

 m
L 

w
at

er
.

D
es

ig
n:

   
 C

ro
ss

-o
ve

r 
(in

tr
am

us
cu

la
r 

flu
sh

in
g 

do
se

 P
te

G
lu

1 
4 

h 
af

te
r 

do
si

ng
)

O
ut

co
m

e:
 U

rin
ar

y 
ex

cr
et

io
n 

(4
8 

h)

A
p

p
en

d
ix

. B
io

av
ai

la
bi

lit
y 

of
 p

ol
yg

lu
ta

m
yl

 fo
lic

 a
ci

d 
re

la
tiv

e 
to

 th
at

 o
f m

on
og

lu
ta

m
yl

 fo
lic

 a
ci

d.

R
ef

er
en

ce

S
tu

di
es

 u
si

ng
 u

nl
ab

el
le

d 
fo

lic
 a

ci
d

T
am

ur
a 

&
S

to
ks

ta
d,

19
73

62

B
ai

le
y 

et
 a

l,
19

88
63

K
ea

gy
 e

t a
l,

19
88

64

K
on

in
gs

 e
t a

l,
20

02
65

S
tu

di
es

 u
si

ng
 is

ot
op

e 
la

be
lle

d 
fo

lic
 a

ci
d

G
od

w
in

 &
R

os
en

be
rg

,
19

75
69



Dietary folate: Bioavailability studies in humans 

24

B
io

av
ai

la
b

ili
ty

71
%

P
te

G
lu

7 
<

 P
te

G
lu

1

E
ld

er
ly

, 8
1%

;
yo

un
g,

 7
2%

46
%

In
 w

at
er

, t
om

at
o,

lim
a 

be
an

, a
nd

ci
tr

at
e 

bu
ffe

r,
 1

00
%

;
in

 o
ra

ng
e 

ju
ic

e,
67

%

F
in

d
in

g
s

P
te

G
lu

1,
 7

5%
;

P
te

G
lu

7,
 5

3%
; P

<
0.

00
1

U
rin

ar
y 

re
co

ve
ry

 o
f P

te
G

lu
1 

>
P

te
G

lu
7,

 P
<

0.
00

1

E
ld

er
ly

:
P

te
G

lu
1,

 6
3%

;
P

te
G

lu
7,

 5
1%

Y
ou

ng
:

P
te

G
lu

1,
 6

7%
;

P
te

G
lu

7,
 4

8%

E
xc

re
tio

n 
ra

tio
s:

P
te

G
lu

1 
 (

d 2
/d

4)
, 1

.4
5;

P
te

G
lu

6 
/ P

te
G

lu
1,

 0
.6

7

P
te

G
lu

6 
/P

te
G

lu
1:

~
1.

0 
fo

r 
th

e 
co

nt
ro

l, 
to

m
at

o,
lim

a 
be

an
 a

nd
 c

itr
at

e 
bu

ffe
r 

~
0.

67
 fo

r 
or

an
ge

 ju
ic

e

S
u

b
je

ct
s 

an
d

 d
es

ig
n

S
ub

je
ct

s:
  5

 a
du

lts
D

os
es

:a    
 3

60
 µ

g 
[3 H

]P
te

G
lu

1 
or

 [14
C

]P
te

G
lu

7 
in

 3
00

 m
L 

w
at

er
D

es
ig

n:
   

 J
ej

un
al

 p
er

fu
si

on
O

ut
co

m
e:

 L
um

in
al

 is
ot

op
e 

re
co

ve
ry

S
ub

je
ct

s:
 1

0 
ad

ul
ts

 (
4 

pa
tie

nt
s 

w
ith

 c
oe

lia
c 

sp
ru

e)
D

os
es

:a    
 4

00
 µ

g 
[3 H

]P
te

G
lu

1 
or

 [14
C

]P
te

G
lu

6 
in

 s
ol

ut
io

n
D

es
ig

n:
   

 J
ej

un
al

 p
er

fu
si

on
 (

in
tr

am
us

cu
la

r 
flu

sh
in

g 
do

se
: 1

5 
m

g 
P

te
G

lu
1)

O
ut

co
m

e:
 U

rin
ar

y 
is

ot
op

e 
re

co
ve

ry
 (

48
 h

).

S
ub

je
ct

s:
  1

3 
m

al
es

 (
8 

el
de

rly
, 5

 y
ou

ng
)

D
os

es
:a    

 1
35

0 
µ

g 
[3 H

]P
te

G
lu

1 
or

 [14
C

]P
te

G
lu

7 
in

 s
ol

ut
io

n
D

es
ig

n:
   

 J
ej

un
al

 p
er

fu
si

on
 (

in
tr

am
us

cu
la

r 
flu

sh
in

g 
do

se
: 1

5 
m

g 
P

te
G

lu
1)

O
ut

co
m

e:
 L

um
in

al
 d

is
ap

pe
ar

an
ce

 a
nd

 u
rin

ar
y 

re
co

ve
ry

 (
48

 h
)

S
ub

je
ct

s:
  7

 m
al

es
D

os
es

:a    
 3

00
 µ

g 
d 2

-P
te

G
lu

1 
or

 d
2-

P
te

G
lu

6 
in

 a
pp

le
 ju

ic
e 

+
 in

tr
av

en
ou

s 
in

je
ct

io
n

   
   

   
   

  w
ith

 2
50

 µ
g 

d 4
-P

te
G

lu
1.

D
es

ig
n:

   
 C

ro
ss

-o
ve

r 
(p

re
-lo

ad
in

g:
 2

 m
g 

P
te

G
lu

1/
d)

O
ut

co
m

e:
 U

rin
ar

y 
is

ot
op

e 
ex

cr
et

io
n 

(4
8 

h)

S
ub

je
ct

s:
  7

 m
al

es
D

os
es

:a    
 ~

30
0 

µg
 d

4-
P

te
G

lu
1 

or
 d

2-
P

te
G

lu
6 

in
 w

at
er

; o
ra

ng
e 

ju
ic

e;
 to

m
at

oe
s;

   
   

   
   

   
lim

a 
be

an
s;

 c
itr

at
e 

so
lu

tio
n;

 w
at

er
 a

ga
in

D
es

ig
n 

   
 C

ro
ss

-o
ve

r 
(p

re
-lo

ad
in

g:
 2

-1
0 

m
g 

P
te

G
lu

1/
d)

O
ut

co
m

e:
 P

la
sm

a 
fo

la
te

 c
on

ce
nt

ra
tio

ns
; u

rin
ar

y 
is

ot
op

e 
ex

cr
et

io
n.

C
o

n
ti

n
u

at
io

n
 o

f 
ap

p
en

d
ix

R
ef

er
en

ce

H
al

st
ed

 e
t a

l,
19

75
66

H
al

st
ed

 e
t a

l,
19

78
67

B
ai

le
y 

et
 a

l,
19

84
68

G
re

go
ry

 e
t a

l,
19

91
53

W
ei

 e
t a

l,
19

96
70

a  P
te

G
lu

n 
=

 p
te

ro
yl

gl
ut

am
ic

 a
ci

d,
 o

r 
fo

lic
 a

ci
d;

 n
 =

 n
um

be
r 

of
 g

lu
ta

m
at

e 
re

si
du

es
.



  Introduction

                                                                                                                                25

+��������


1. Seyoum E, Selhub J. Combined affinity and ion pair column chromatographies for the analysis of

food folate. J Nutr Biochem 1993;4:488-94.

2. Konings EJM, Roomans H, Dorant E, Goldbohm R, Saris W, van den Brandt P. Folate intake of

the Dutch population based on newly established liquid chromatography data for foods. Am J Clin

Nutr 2001;73:765-76.

3. Blakley RL, Benkovic SJ. Folates and pterins. Vol.1 Chemistry and biochemistry of folates. New

York: John Wiley & Sons, Inc., 1984.

4. Herbert V. Biochemical and hematologic lesions in folic acid deficiency. Am J Clin Nutr

1967;20:562-9.

5. Hines JD, Halsted CH, Griggs RC, Harris JW. Megaloblastic anemia secondary to folate

deficiency associated with hypothyroidism. Ann Intern Med 1968;68:792-805.

6. Smithells RW, Sheppard S, Schorah CJ. Vitamin deficiencies and neural tube defects. Arch Dis

Child 1976;51:944-9.

7. Czeizel AE, Dudás I. Prevention of the first occurrence of neural-tube defects by periconceptional

vitamin supplementation. N Engl J Med 1992;327:1832-5.

8. MRC Vitamin Study Research Group. Prevention of neural tube defects: results of the Medical

Research Council Vitamin Study. Lancet 1991;338:131-7.

9. Clarke R, Smith AD, Jobst KA, Refsum H, Sutton L, Ueland PM. Folate, vitamin B12, and serum

total homocysteine levels in confirmed Alzheimer disease. Arch Neurol 1998;55:1449-55.

10. Selhub J, Bagley LC, Miller J, Rosenberg IH. B vitamins, homocysteine, and neurocognitive

function in the elderly. Am J Clin Nutr 2000;71:614S-20S.

11. Miller JW. Homocysteine, Alzheimer's disease, and cognitive function. Nutrition. 2000;16:675-7.

12. Seshadri S, Beiser A, Selhub J et al. Plasma homocysteine as a risk factor for dementia and

Alzheimer's disease. N Engl J Med 2002;346:476-83.

13. Mason JB, Levesque T. Folate: effects on carcinogenesis and the potential for cancer

chemoprevention. Oncology (Huntingt.) 1996;10:1727-3.

14. Stolzenberg-Solomon RZ, Pietinen P, Barrett MJ, Taylor RR, Virtamo J, Albanes D. Dietary and

other methyl-group availability factors and pancreatic cancer risk in a cohort of male smokers. Am

J Epidemiol 2001;153:680-7.

15. Choi SW, Mason JB. Folate and carcinogenesis: an integrated scheme. J Nutr 2000;130:129-32.

16. Choi SW, Mason JB. Folate status: effects on pathways of colorectal carcinogenesis. J Nutr

2002;132:2413S-8S.

17. Kang SS, Wong PWK, Norusis M. Homocysteinemia due to folate deficiency. Metabolism

1987;36:458-62.

18. The Homocysteine Studies Collaboration. Homocysteine and risk of ischemic heart disease and

stroke. J Am Med Ass 2002;288:2015-22.

19. Ueland PM, Refsum H, Beresford SAA, Vollset SE. The controversy over homocysteine and

cardiovascular risk. Am J Clin Nutr 2000;72:324-32.

�



Dietary folate: Bioavailability studies in humans 

26

20. Vermeulen EG, Stehouwer CD, Twisk JW et al. Effect of homocysteine-lowering treatment with

folic acid plus vitamin B6 on progression of subclinical atherosclerosis: a randomised, placebo-

controlled trial. Lancet 2000;355:517-22.

21. Schnyder G, Roffi M, Pin R et al. Decreased rate of coronary restenosis after lowering of plasma

homocysteine levels. N Engl J Med 2001;345:1593-600.

22. Klerk M, Verhoef P, Clarke R et al. MTHFR 677C->T polymorphism and risk of coronary heart

disease: a meta-analysis. J Am Med Ass 2002;288:2023-31.

23. Wald DS, Law M, Morris JK. Homocysteine and cardiovascular disease: evidence on causality

from a meta-analysis. Brit Med J 2002;325:1202-6.

24. Schnyder G, Roffi M, Flammer Y, Pin R, Hess OM. Effect of homocysteine-lowering therapy with

folic acid, vitamin B12, and vitamin B6 on clinical outcome after percutaneous coronary

intervention: the Swiss Heart study a randomized controlled trial. J Am Med Ass 2002;288:973-9.

25. Thambyrajah J, Townend JN. Homocysteine and atherothrombosis - mechanisms for injury. Eur

Heart J 2000;21:967-74.

26. Boger RH, Bode-Boger SM, Sydow K, Heistad DD, Lentz SR. Plasma concentration of

asymmetric dimethylarginine, an endogenous inhibitor of nitric oxide synthase, is elevated in

monkeys with hyperhomocyst(e)inemia or hypercholesterolemia. Arterioscler Thromb Vasc Biol

2000;20:1557-64.

27. Jakubowski H. Metabolism of homocysteine thiolactone in human cell cultures. Possible

mechanism for pathological consequences of elevated homocysteine levels. J Biol Chem

1997;272:1935-42.

28. Brattstrom L, Wilcken DE. Homocysteine and cardiovascular disease: cause or effect? Am J Clin

Nutr 2000;72:315-23.

29. Bostom AG. Homocysteine: "expensive creatinine" or important, modifiable risk factor for

arteriosclerotic outcomes in renal transplant recipients? J Am Soc Nephrol 2000;11:149-51.

30. Homocysteine Lowering Trialists' Collaboration. Lowering blood homocysteine with folic acid

based supplements: meta-analysis of randomised trials. Brit Med J 1998;316:894-8.

31. Ward M, McNulty H, McPartlin J, Strain JJ, Weir DG, Scott JM. Plasma homocysteine, a risk

factor for cardiovascular disease, is lowered by physiological doses of folic acid. Q J Med

1997;90:519-24.

32. Bronstrup A, Hages M, Pietrzik K. Lowering of homocysteine concentrations in elderly men and

women. Int J Vitam Nutr Res 1999;69:187-93.

33. Dierkes J, Kroesen M, Pietrzik K. Folic acid and vitamin B6 supplementation and plasma

homocysteine concentrations in healthy young women. Int J Vit Res 1998;82:98-103.

34. Brouwer IA, van Dusseldorp M, Thomas CMG et al. Low-dose folic acid supplementation

decreases plasma homocysteine: a randomized trial. Am J Clin Nutr 1999;69:99-104.

35. Brouwer IA, van Dusseldorp M, West CE et al. Dietary folate from vegetables and citrus fruit

decreases plasma homocysteine concentrations in humans in a dietary controlled study. J Nutr

1999;129:1135-9.

36. Health Council of the Netherlands. Dietary reference intakes: vitamin B6, folate and vitamin B12.

The Hague: Health Council of the Netherlands, 2003.



  Introduction

                                                                                                                                27

37. Health Council of the Netherlands. Risks of folic acid fortification. The Hague: Health Council of

the Netherlands, 2000.

38. Bausch-Goldbohm RA, Hulshof KFA, Brants HA, van den Berg H, Bouman M. The intake of folic

acid by different population groups in the Netherlands before and after fortification of certain

foods. Zeist: 1995.

39. Krishnaswamy K, Nair KM. Importance of folate in human nutrition. Br J Nutr 2001;85:S115-S124.

40. Monge-Rojas R. Marginal vitamin and mineral intake of Costa Rican adolescents. Arch Med Res

2001;32:70-8.

41. Van der Jagt DJ, Spelman K, Ambe J et al. Folate and vitamin B12 status of adolescent girls in

northern Nigeria. J Natl Med Assoc 2000;92:334-40.

42. van den Broek NR, Letsky EA. Etiology of anemia in pregnancy in south Malawi. Am J Clin Nutr

2000;72:247S-56S.

43. Institute of Medicine. Dietary reference intakes: thiamin, riboflavin, niacin, vitamin B6, folate,

vitamin B12, pantothenic acid, biotin and choline. Washington DC: National Academy Press, 1998.

44. Savage DG, Lindenbaum JL. Folate-cobalamin interactions. In: Bailey LB, ed. Folate in health and

disease. New York: Marcel Dekker 1995:237-85.

45. Kariluoto S, Vahteristo LT, Finglas PM, de Meer K, Nau H, Kehlenbach U. Population estimates of

folate intake from food analyses. Am J Clin Nutr 2002;76:689-90.

46. Rosenberg IH, Godwin HA. The digestion and absorption of dietary folate. Gastroenterol

1971;60:445-63.

47. Halsted CH. The intestinal absorption of folates. Am J Clin Nutr 1979;32:846-55.

48. Sirotnak FM, Tolner B. Carrier-mediated membrane transport of folates in mammalian cells. Annu

Rev Nutr 1999;19:91-122.

49. Gregory JF. The bioavailibility of folate. In: Bailey LB, ed. Folates in health and disease. New

York: Marcel Dekker, Inc. 1995:195-235.

50. Perry J, Chanarin I. Intestinal absorption of reduced folate compounds in man. Br J Haematol

1970;18:329-39.

51. Kelly P, McPartlin JM, Goggins M, Weir DG, Scott JM. Unmetabolized folic acid in serum: acute

studies in subjects consuming fortified food and supplements. Am J Clin Nutr 1997;65:1790-5.

52. Crews H, Alink G, Andersen V et al. A critical assessment of some biomarker approaches linked

with dietary intake. Br J Nutr 2001;86:S5-S35.

53. Gregory JF, Bhandari SD, Bailey LB, Toth JP, Baumgartner TG, Cerda JJ. Relative bioavailability

of deuterium-labeled monoglutamyl and hexaglutamyl folates in human subjects. Am J Clin Nutr

1991;53:736-40.

54. Selhub J. Determination of tissue folate composition by affinity chromatography followed by high-

pressure ion pair liquid chromatography. Anal Biochem 1989;182:84-93.

55. Kelly PJ, McPartlin JM, Scott JM. A combined High-Performance Liquid Chromatographic-

microbiological assay for serum folic acid. Anal Biochem 1996;238:179-83.

56. Garbis SD, Melse-Boonstra A, West CE, van-Breemen RB. Determination of folates in human

plasma using hydrophilic interaction chromatography-tandem mass spectrometry. Anal Chem

2001;73:5358-64.

�



Dietary folate: Bioavailability studies in humans 

28

57. Kang SS, Wong PW, Malinow MR. Hyperhomocyst(e)inemia as a risk factor for occlusive vascular

disease. Ann Rev Nutr 1992;12:279-98.

58. Brouwer IA, van Dusseldorp M, West CE, Steegers-Theunissen RPM. Bioavailability and

bioefficacy of folate and folic acid in humans. Nutr Res Rev 2001;14:267-93.

59. Sauberlich HE, Kretsch MJ, Skala JH, Johnson HL, Taylor PC. Folate requirement and

metabolism in nonpregnant women. Am J Clin Nutr 1987;46:1016-28.

60. Castenmiller JJ, West CE. Bioavailability and bioconversion of carotenoids. Annu Rev Nutr

1998;18:19-38.

61. Gregory III JF. Bioavailability of folate. Eur J Clin Nutr 1997;51:S54-S59.

62. Tamura T, Stokstad ELR. The availability of food folate in man. Br J Haematol 1973;25:513-32.

63. Bailey LB, Barton LE, Hillier SE, Cerda JJ. Bioavailability of mono and polyglutamyl folate in

human subjects. Nutr Reports Int 1988;38:509-18.

64. Keagy PM, Shane B, Oace SM. Folate bioavailability in humans: effects of wheat bran and beans.

Am J Clin Nutr 1988;47:80-8.

65. Konings EJM, Troost FJ, Castenmiller JJM, Roomans H, Van den Brandt P, Saris W. Intestinal

absorption of different types of folate in healthy subjects with an ileostomy. Br J Nutr 2002;88:235-

42.

66. Halsted CH, Baugh CM, Butterworth-CE J. Jejunal perfusion of simple and conjugated folates in

man. Gastroenterol 1975;68:261-9.

67. Halsted CH, Reisenauer AM, Shane B, Tamura T. Availability of monoglutamyl and polyglutamyl

folates in normal subjects and in patients with coeliac sprue. Gut 1978;19:886-91.

68. Bailey LB, Cerda JJ, Bloch BS et al. Effect of age on poly- and monoglutamyl folacin absorption in

human subjects. J Nutr 1984;114:1770-6.

69. Godwin HA, Rosenberg IH. Comparative studies of the intestinal absorption of

[3H]pteroylmonoglutamate and [3H]pteroylheptaglutamate in man. Gastroenterol 1975;69:364-73.

70. Wei MM, Bailey LB, Toth JP, Gregory JF. Bioavailability for humans of deuterium-labeled

monoglutamyl and polyglutamyl folates is affected by selected foods. J Nutr 1996;126:3100-8.

71. Brown JP, Scott JM, Foster FG, Weir DG. Ingestion and absorption of naturally occurring

pteroylmonoglutamates (folates) in man. Gastroenterol 1973;64:223-32.

72. Gregory JF, Bhandari SD, Bailey LB, Toth JP, Baumgartner TG, Cerda JJ. Relative bioavailability

of deuterium-labeled monoglutamyl tetrahydrofolates and folic acid in human subjects. Am J Clin

Nutr 1992;55:1147-53.

73. Prinz-Langenohl R, Fohr I, Tobolski O, Finglas P, Pietrzik K. Bioavailability of 6S-5-

methyltetrahydrofolate relative to folic acid. Abstract: Bioavailability 2001, Interlaken, Switzerland.

74. Pietrzik K, Remer T. Zur Bioverfugbarkeitsprufung von Mikronahrstoffen [Bioavailability study of

micronutrients]. Z Ernahrungswiss 1989;28:130-41.

75. Bostom AG, Shemin D, Bagley P et al. Controlled comparison of L-5-methyltetrahydrofolate

versus folic acid for the treatment of hyperhomocysteinemia in hemodialysis patients. Circulation

2000;101:2829-32.

76. Heseker H, Schmitt G. Effect of long-term supplementation of folate on folate status in plasma

and erythrocytes. J Nutr Sci Vitaminol 1987;33:163-8.



  Introduction

                                                                                                                                29

77. Truswell AS, Kounnavong S. Quantitative responses of serum folate to increasing intakes of folic

acid in healthy women. Eur J Clin Nutr 1997;51:839-45.

78. Malinow MR, Duell PB, Hess DL et al. Reduction of plasma homocyst(e)ine levels by breakfast

cereal fortified with folic acid in patients with coronary heart disease. N Engl J Med

1998;338:1009-15.

79. van het Hof KH, Tijburg LB, Pietrzik K, Weststrate JA. Influence of feeding different vegetables on

plasma levels of carotenoids, folate and vitamin C. Effect of disruption of the vegetable matrix. Br

J Nutr 1999;82:203-12.

80. Castenmiller JJM, van de Poll CJ, West CE, Brouwer IA, Thomas CMG, van Dusseldorp M.

Bioavailability of folate from processed spinach in humans: effect of food matrix and interaction

with carotenoids. Ann Nutr Metab 2000;44:163-9.

81. Retief FP. Urinary folate excretion after ingestion of pteroylmonoglutamic acid and food folate. Am

J Clin Nutr 1969;22:352-5.

82. Babu S, Srikantia SG. Availability of folates from some foods. Am J Clin Nutr 1976;29:376-9.

83. Mason JB. Intestinal transport of monoglutamyl folates in mammalian systems. In: Picciano MF,

Stokstad E.L.R., Gregory JF, eds. Folic acid metabolism in health and disease. New York: Wiley-

Liss 1990:47-64.

84. Bhandari SD, Gregory JF. Inhibition by selected food components of human and porcine intestinal

pteroylpolyglutamate hydrolase activity. Am J Clin Nutr 1990;51:87-94.

85. Wei MM, Gregory JF. Organic acids in selected foods inhibit intestinal brush border

pteroylpolyglutamate hydrolase in vitro: potential mechanism affecting the bioavailability of dietary

polyglutamyl folate. J Agric Food Chem 1998;46:211-9.

86. Halsted CH, Robles EA, Mezey E. Decreased jejunal uptake of labeled folic acid (3H-PGA) in

alcoholic patients: roles of alcohol and malnutrition. N Engl J Med 1971;285:701-6.

87. Eichner ER, Hillman RS. Effect of alcohol on serum folate level. J Clin Invest 1973;52:584-91.

88. Naughton CA, Chandler CJ, Duplantier RB, Halsted CH. Folate absorption in alcoholic pigs: in

vitro hydrolysis and transport at the intestinal brush border membrane. Am J Clin Nutr

1989;50:1436-41.

89. Reisenauer AM, Buffington CAT, Villanueva JA, Halsted CH. Folate absorption in alcoholic pigs:

in vivo intestinal perfusion studies. Am J Clin Nutr 1989;50:1429-35.

90. Russell RM, Rosenberg IH, Wilson PD et al. Increased urinary excretion and prolonged turnover

time of folic acid during ethanol ingestion. Am J Clin Nutr 1983;38:64-70.

91. Halsted CH. Alcohol and folate interactions: Clinical implications. In: Bailey LB, ed. Folate in

health and disease. New York: Marcel Dekker Inc. 1995:313-27.

92. Chandler CJ, Wang XL, Halsted CH. Pteroylpolyglutamate hydrolase from human jejunal brush

borders; purification and characterization. J Biol Chem 1986;261:928-33.

93. Tamura T. Nutrient interaction of folate and zinc. In: Bailey LB, ed. Folate in health and disease.

New York: Marcel Dekker, inc. 1995:287-312.

94. Richardson RE, Healy MJ, Nixon PF. Folates of rat tissue. Bioassay of tissue folylpolyglutamates

and a relationship of liver folylpolyglutamates to nutritional folate sufficiency. Biochim Biophys

Acta 1979;585:128-33.

�



Dietary folate: Bioavailability studies in humans 

30

95. Cassady IA, Budge MM, Healy MJ, Nixon PF. An inverse relationship of rat liver folate

polyglutamate chain length to nutritional folate sufficiency. Biochim Biophys Acta 1980;633:258-

68.

96. Ward GJ, Nixon PF. Modulation of pteroylpolyglutamate concentration and length in response to

altered folate nutrition in a comprehensive range of rat tissues. J Nutr 1990;120:476-84.

97. Varela-Moreiras G, Selhub J. Long-term folate deficiency alters folate content and distribution

differentially in rat tissues. J Nutr 1992;122:986-91.

98. Herbert V, Zalusky R. Interrelations of vitamin B12 and folic acid metabolism: folic acid clearance

studies. J Clin Invest 1962;41:1263-76.

99. Tamura T, Shane B, Baer MT, King JC, Margen S, Stokstad ELR. Absorption of mono- and

polyglutamyl folates in zinc-depleted man. Am J Clin Nutr 1978;31:1984-7.

100. Chiao JH, Roy K, Tolner B, Yang C-H, Sirotnak FM. RFC-1 gene expression regulates folate

absorption in mouse small intestine. J Biol Chem 1997;272:11165-70.

101. Devlin AM, Ling E, Peerson JM et al. Glutamate carboxypeptidase II: a polymorphism associated

with lower levels of serum folate and hyperhomocysteinemia. Hum Mol Genet 2000;9:2837-44.

102. Jacques PF, Bostom AG, Williams RR et al. Relation between folate status, a common mutation

in methylenetetrahydrofolate reductase, and plasma homocysteine concentrations. Circulation

1996;93:7-9.

103. Klerk M, Melse-Boonstra A, van Oort FVA, Katan MB, Verhoef P. The difference in homocysteine

response to folic acid supplementation between MTHFR 677C>T genotypes: results of a dose-

finding study. Submitted for publication.

104. Kownacki Brown PA, Wang C, Bailey LB, Toth JP, Gregory JF. Urinary excretion of deuterium-

labeled folate and the metabolite p-aminobenzoylglutamate in humans. J Nutr 1993;123:1101-8.

105. McPartlin JM, Halligan A, Scott JM, Darling MD, Weir DG. Accelerated folate breakdown in

pregnancy. Lancet 1993;341:148-9.

106. Neuhouser ML, Beresford SAA, Hickok DE, Monsen ER. Absorption of dietary folate and

supplemental folate in women with prior pregnancies with neural tube defects and controls. J Am

Coll Nutr 1998;6:625-30.

107. Bower C, Stanley FJ, Croft M, de Klerk N, Davis RE, Nicol DJ. Absorption of

pteroylpolyglutamates in mothers of infants with neural tube defects. Br J Nutr 1993;69:827-34.

108. Davis BA, Bailey LB, Gregory JF, Toth JP, Dean J, Stevenson RE. Folic acid absorption in

women with a history of pregnancy with neural tube defect. Am J Clin Nutr 1995;62:782-4.

109. Halsted CH. Intestinal absorption of dietary folates. In: Picciano MF, Stokstad E.L.R., Gregory III

JF, eds. Folic acid metabolism in health and disease. New York: Wiley-Liss 1990:23-45.

110. Vargas-Martinez C, Ordovas JM, Wilson PW, Selhub J. The glutamate carboxypeptidase gene II

(C>T) polymorphism does not affect folate status in the Framingham Offspring cohort. J Nutr

2002;132:1176-9.

111. Lievers KJA, Kluijtmans LAJ, Boers GHJ et al. Influence of a glutamate carboxypeptidase II

(GCPII) polymorphism (1561C->T) on plasma homocysteine, folate and vitamin B12 levels and its

relationship to cardiovascular disease risk. Atherosclerosis 2002;164:269-73.

�



  Introduction

                                                                                                                                31

112. Afman LA, Trijbels FJ, Blom HJ. The H475Y polymorphism in the glutamate carboxypeptidase II

gene increases plasma folate without affecting the risk for neural tube defects in humans. J Nutr

2003;133:75-7.

113. Wald DS, Bishop L, Wald NJ et al. Randomized trial of folic acid supplementation and serum

homocysteine levels. Arch Intern Med 2001;161:695-700.

�





Part I.

Folate in the diet





Chapter 2

Dietary monoglutamate and polyglutamate folate
are both associated with plasma folate concen-
trations in Dutch men and women aged 20-65 y
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ABSTRACT Dietary folate consists of monoglutamate and polyglutamate folate species. In the small
intestine, folate polyglutamate is deconjugated to the monoglutamate form before absorption takes
place. This enzymatic deconjugation might limit the bioavailability of polyglutamate folate. Until now, no
data are available on dietary intake of both folate forms and their associations with folate status.
Therefore we estimated the intake of monoglutamate and polyglutamate folate in the Dutch population,
and studied whether the association with plasma folate is different for these two folate forms. Dietary
intake of monoglutamate and polyglutamate folate from non-fortified foods was estimated for 2,435
subjects (1,275 men; 1,160 women) aged 20 to 65 years. The intake of monoglutamate folate was
about one third of total folate intake, derived mainly from bread (~20%) and meat (~18%), while two
thirds consisted of polyglutamates, derived mainly from vegetables (~25%). The predictive power of the
regression model with total folate intake as the independent variable adjusted for age, smoking, and
alcohol intake, did not increase when including the ratio of monoglutamate to polyglutamate folate
intake. In addition, linear regression models showed that both monoglutamate and polyglutamate folate
intake were associated positively with plasma folate levels. However, in men the monoglutamate folate
form appeared to be a three-fold stronger determinant of plasma folate levels than polyglutamate folate,
while in women both folate forms were equally strong determinants. This might be explained by different
food intake patterns of men and women, including alcohol intake. At present, it does not seem
necessary to distinguish between food folate forms in advice for increasing folate intake from non-
fortified foods.
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Table 2.1 General characteristics, folate intake and folate status of Dutch men and women.a

Men
(n=1,275)

Women
(n=1,160)

Age (y) 40.5 ± 12.1 40.8 ± 12.5
BMI (kg/m2) 25.4 ± 3.5 24.9 ± 4.3
Alcohol intake (g/d) 17 ± 22 5 ± 10
Smokers (%) 35 37
Plasma folate (nmol/L) 8.4 ± 4.2 (7.6) 8.1 ± 4.0 (7.3)
Total folate intake (µg/d) 232 ± 71 (198) 186 ± 52 (200)
Monoglutamate folate intake (µg/d) 87 ± 37 (70) 60 ± 22 (63)
Polyglutamate folate intake (µg/d) 145 ± 41 (126) 126 ± 34 (134)
MP ratiob 0.60 ± 0.19 (0.58) 0.48 ± 0.14 (0.46)
aArithmetric means ± SD (Geometric means; nutrient intakes are energy-adjusted). bMP-ratio is defined
as monoglutamate/ polyglutamate folate intake.

/�$�!���#/#��� ���#��� &$�#���� �����1�%� 0�� �!!��� /&���� "�!��#0���� #$%� ���&�	� ���

1�/�$��#������&��0�"��#!���1����#������&/+���#$������������/�$�!���#/#������#���

1�&��� �!!���/&���� "�!��#0���� #$%� ���&��1���� �@�#���� &/+���#$�� �������	���!��#0���

1��������/����&/+���#$������������+���!���#/#������#�������0����/�$�#$%�1�/�$	

)��#%��+��#�����#$%����&���%��&"���%�#���0��#$�&#��#/��$�����+���!���#/#������#�����

����%&���#��1�����1�&���/�#��#$%�/&�����$��&0���%�����	

Figure 2.1 Percentage of monoglutamate and polyglutamate folate intake from food sources.
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Figure 2.2 Plasma folate concentration (nmol/L) by quintiles of intake of monoglutamate and
polyglutamate folate in Dutch men and women aged 20-65 years. Data points are geometric quintile
means with 95% CI. The models were adjusted for intake of either polyglutamate or monoglutamate
folate and for alcohol intake, age and smoking.
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Chapter 3

Influence of processing on total, monoglutamate
and polyglutamate folate content of leeks, cauli-
flower, and green beans
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ABSTRACT Bioavailability of dietary folate might be impaired by the polyglutamate chain to which about
70% of dietary folates are bound. This chain must be removed enzymatically in the intestine before
folate is absorbed as a monoglutamate. To increase formation of monoglutamate folate in vegetables

we subjected these to various processing treatments. Treatments included freezing (−8°C, 16h) and
thawing (4°C, 24 h), and hydrostatic high-pressure treatment (200 megapascals, 5 min). Both freezing
and thawing, and high-pressure treatment increased the proportion of folate in the monoglutamate form
in leeks, cauliflower and green beans two- to threefold. However, loss of total folate after these
treatments was over 55%. We conclude that conversion of folate polyglutamate to the monoglutamate
form in vegetables is possible by certain processing treatments. Potentially this could lead to vegetables
with higher folate bioavailability. However, to prevent folate loss into processing water, processing in a
closed system should be applied.
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Table 3.1 Description of the processing treatments used in the pilot study with leeks.

Treatment Description
A Blanching Submersion of the cut and washed vegetables in boiling water

(1 L water/kg fresh vegetable weight) for 10 min using
household utensils on an electric stove.

B Freezing (-80°C), thawing Freezing at -80°C for 16 h, followed by 24 h thawing in the
refrigerator at 4°C, and then blanching (treatment A).

C Freezing (-18°C), thawing Freezing at -18°C for 16 h, followed by 24 h thawing in the
refrigerator at 4°C, and then blanching (treatment A).

D Freeze-drying Freeze-drying for 120 h, followed by re-addition of the
evaporated water, storage in the refrigerator at 4°C for 6 h,
and then blanching (treatment A).

E High-pressure treatment High-pressure treatment at 50, 100, 150, and 200 MPa for 5
min. Pressure was established by compression of glycol
surrounding the vegetable, which was vacuum, packed in a
plastic bag. The treatment was followed by storage for 6 h in
the refrigerator at 4°C, and then blanching (treatment A).
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Table 3.2 Description of the processing treatments used in the main study with leeks, cauliflower and
green beans.

Treatment Description
F Raw No treatment.
G Storage Storage for 24 h in a refrigerator at 4 °C.
H Blanching Blanching in an industrial blanching kettle (10 L water/ 200 g fresh

vegetable weight) for 5 min (leeks), 8 min (cauliflower), or 6 min
(green beans).

I Steaming Steaming in a steaming sieve of 200 g vegetable above 1 L boiling
water for 5 min (leeks), 7 min (cauliflower), or 6 min (green
beans).

J High-pressure treatment High-pressure treatment at 200 MPa for 5 min. Pressure was
established by compression of water surrounding the
vegetables.

K Freezing, thawing,
blanching

Freezing at -18°C for 16 h, followed by thawing during storage
(treatment G), and then blanching (treatment H).

L High-pressure treatment,
blanching

High-pressure treatment (treatment J) followed by storage
(treatment G), and then blanching (treatment H).

M Blanching, freezing,
thawing

Blanching (treatment H)  followed by freezing at -18°C for 16 h and
thawing during storage (treatment G).

N Blanching, high-pressure
treatment

Blanching (treatment H) followed by high-pressure treatment
(treatment J) and storage (treatment G).
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Figure 3.1 Folate content (total, monoglutamate and polyglutamate) of leeks after various processing
treatments used in the pilot study (n=1). Polyglutamate content was calculated as the total folate content
(after deconjugation) minus the monoglutamate folate content (before deconjugation). See Table 3.1 for
a detailed description of treatments: A. Blanching; B. Freezing (-80 °C), thawing; C. Freezing (-18 °C),
thawing; D. Freeze-drying; E. High-pressure treatment: E1) 50 MPa; E2) 100 MPa; E3) 150 MPa; E4)
200 MPa.
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Folate bioavailability





Chapter 4

Comparison of bioavailability of heptaglutamyl folic
acid with monoglutamyl folic acid in healthy adults
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ABSTRACT Background: Bioavailability and bioefficacy of dietary folate is estimated to be 50 to 60%
that of synthetic folic acid. Linkage to a polyglutamate chain is one of the determinants of lower folate
absorption from food but it is not yet known to what extent this reduces folate bioavailability and
bioefficacy. Objective: Our goal was to quantify the relative bioavailability and bioefficacy of low doses
of polyglutamyl folic acid relative to monoglutamyl folic acid. Design: In total, 180 men and women (50-
75 y) ingested daily capsules containing 323 nmol heptaglutamyl or 262 nmol monoglutamyl folic acid,
or placebo capsules in a randomized double-blind placebo-controlled parallel trial. Serum and
erythrocyte folate concentrations, and plasma homocysteine concentrations were determined after an
overnight fast at baseline and after 2 and 12 weeks of intervention. Results: Serum and erythrocyte
folate concentrations increased less in the polyglutamyl (6.1 and 155 nmol/L, respectively) than in the
monoglutamyl folic acid group (11.8 and 282 nmol/L, respectively). Differences remained statistical
significant (P<0.05) after correction for the difference in test doses. Plasma homocysteine
concentrations decreased similarly in both groups (polyglutamyl group: -12.1%; monoglutamyl group: -
14.1%). The relative bioavailability of polyglutamyl folic acid, corrected for the difference in test doses,
was 64% (95%-CI 52 to 75) based on serum folate and 68% (95%-CI 51 to 84) based on erythrocyte
folate. Bioefficacy, determined by changes in plasma homocysteine concentrations, was found to be
106% (95%-CI 77 to 134). Conclusion: Increasing the amount of monoglutamate folate in the food
supply may be an appropriate strategy to improve folate status in a population.
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Table 4.1 Characteristics of the study population on admission to the study.a

Placebo
n=60

Mono
n=59

Poly
n=61

Age (y) 61± 5 60± 6 59 ± 5
Body mass index (kg/m2) 26.7± 3.9 25.4 ± 3.0 26.2 ± 2.9
Sex (% M/F) 62/38 53/47 61/39
Smokers (%) 14 17 18
Plasma homocysteine (µmol/L) 10.3± 2.0 10.4 ± 2.2 10.5 ± 2.4
Serum vitamin B12 (pmol/L) 321± 94 315 ± 83 307 ± 89
Serum creatinine (µmol/L) 85± 13 81± 12 85 ± 12
aValues are means ± SD. There were no statistically significant differences among groups.
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Chapter 5

Bioavailability of polyglutamyl relative to mono-
glutamyl folic acid within glutamate carboxy-
peptidase II 1561C>T genotypes
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ABSTRACT The B vitamin folate has many essential functions in the body. Dietary folate is ingested

mainly as polyglutamate folate. In the intestinal brush border, the enzyme folylpoly-γ-glutamate
carboxypeptidase (FGCP) cleaves ingested polyglutamate folates to monoglutamates, a necessary step
before folate absorption. The 1561T allele in the glutamate carboxypeptidase II gene (GCPII), coding for
FGCP, was found to decrease enzyme activity and may therefore impair bioavailability of polyglutamate
folate. Our aim was to study the bioavailability of polyglutamyl relative to monoglutamyl folic acid in
subjects with different GCPII 1561C>T genotypes. In this randomized double blind study, 180 healthy
adults (50-75 y) received 323 nmol monoglutamyl (n=59) or 262 nmol heptaglutamyl folic acid (n=61), or
placebo (n=60) for 12 w. Concentrations of serum folate, erythrocyte folate and plasma homocysteine
were determined before and after intervention, and changes and genotypes were assessed post hoc.
Bioavailability of heptaglutamyl relative to that of monoglutamyl folic acid was calculated by dividing the
changes in serum folate concentrations in the treatment groups, after these were corrected for changes
in the placebo group and for the administered dose. No subjects with the TT-genotype were observed.
At baseline, serum and erythrocyte folate levels were higher in CT (geometric means [95% CI] 16.3
[13.7 to 19.3] and 863 [735 to 1012] nmol/L, n=19) than in CC subjects (13.7 [13.1 to 14.3] and 685 [652
to 721] nmol/L, n=161, P<0.05). Homocysteine concentrations did not differ between genotypes.
Bioavailability of heptaglutamyl relative to monoglutamyl folic acid, was 64% (95% CI: 52 to 76) in CC
and 70% (49 to 91) in CT subjects.   In conclusion, bioavailability of polyglutamyl relative to
monogluamyl folic acid is not different for CT and CC subjects. The T allele in the GCPII 1561C>T gene
is associated with higher folate status. This might be explained by expression of the GCPII gene in body
tissues other than the gut.
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Table 5.1. Baseline characteristics of the study population by treatment group.a

Placebo
(n=60)

Mono
(n=59)

Poly
(n=61)

Age, y 61 ± 5 60 ± 6 59 ± 5
BMI, kg/m2 26.7 ± 3.9 25.4 ± 3.0 26.2 ± 2.9
Male/female, % 62/38 53/47 61/39
GCPII 1561 CC/CT/TT, n 52/8/0 54/5/0 55/6/0
Plasma homocysteine, µmol/La 10.3 ± 2.0 10.4 ± 2.2 10.5 ± 2.4
Serum vitamin B12, pmol/La 321 ± 94 315 ± 83 307 ± 89
Serum creatinine, µmol/La 85 ± 13 81 ± 12 85 ± 12
aValues are means ± SD. There were no statistically significant differences among groups.
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Table 5.2. Serum folate, erythrocyte folate and plasma homocysteine concentrations at baseline by
GCPII 1561C>T genotype.a

CC
(n=161) 95% CI

CT
(n=19) 95% CI

P
valueb

Serum folate, nmol/L 13.7 13.1  to 14.3 16.3 (13.7 to 19.3) 0.05
Erythrocyte folate, nmol/L 685 (652  to 721) 863 (735  to 1012) 0.01
Plasma homocysteine, µmol/L 10.4 (10.1 to 10.7) 10.2 (9.6   to 10.7) 0.38
aValues are geometric means (95%-CI) b Differences between genotypes were tested with Pearson’s t
test.
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Figure 5.1. Percentual changes from baseline in the monoglutamyl and polylgutamyl folic acid groups
by GCPII 1561C>T genotype. SF = serum folate; EF = erythrocyte folate; tHcy = plasma homocysteine.
Changes were corrected for changes in the placebo group.
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Chapter 6

An innovative dual isotopic labelling method for
studying the bioavailability of hexaglutamyl relative
to monoglutamyl folic acid in humans
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ABSTRACT Background: Folic acid is an essential nutrient and various diseases are associated with
low folate intake. Folate bioavailability can be low. One of the factors that limits folate bioavailability is
that folate in the diet has more than one glutamate moiety. These glutamate moieties need to be
removed before folate is absorbed as monoglutamate from the small intestine. Results from previous
studies on the bioavailability of polyglutamyl relative to that of monoglutamyl folic acid have been
inconsistent, possibly because of the single high-dose designs used in the studies. Objective: The aim
of the study was to develop a method in which monoglutamyl folic acid and polyglutamyl folic acid, each
specifically labelled with 13C, would be administered in multiple low doses to humans. Once the relative
isotopic enrichment in plasma folate of the two specifically labelled folic acid compounds has reached a
plateau, the ratio of the enrichment from the two sources would provide an estimate of the bioavailability
of polyglutamyl folic acid relative to that of monoglutamyl folic acid. We also aimed to establish the time
to reach plateau isotopic enrichment and between-person variation in the estimate of bioavailability. In
addition, the performance of LC-MS/MS methods for measuring the isotopic enrichment were also
examined. Methods: Each day, for 28 d, 20 subjects aged 20-50 y consumed two capsules that were
planned to contain ~ 50 nmol of [13C6]-hexaglutamyl and [13C11]-monoglutamyl folic acid. The degrees of
enrichment in plasma 5-methyltetrahydrofolate (5-MTHF) with [13C6] and [13C11] were measured by LC-
MS/MS on days 0, 1, 2, 4, 8, 15, and 28. The ratio of [13C6] to [13C11] in plasma 5-MTHF were calculated
and the time to reach a plateau was estimated visually. The ratio at 28 d was then corrected for the
[13C11] to [13C6] ratio of folic acid compounds in the capsules in order to calculate the bioavailability of
hexaglutamyl folic acid relative to that of monoglutamyl folic acid. The degree of isotopic enrichment
was measured by MS/MS in positive ionisation mode after separation on a reversed phase column, and
by MS/MS in negative ionisation mode after separation on a minibore HILIC column. Results: The ratio
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of [13C6] to [13C11] in plasma 5-MTHF reached a plateau on day 4 and was 0.66 (95% CI 0.58 to 0.74) on
day 28. The ratios determined by the two LC-MS/MS methods were similar from day 2 to 28. Due to
difficulties in measuring the [13C11] to [13C6] ratio in the folate compounds administered in the capsules it
is not yet possible to calculate the bioavailability of hexaglutamyl relative to that of monoglutamyl folic
acid. Conclusions: This dual-label isotopic labelling method provides a sensitive, accurate and efficient
method for measuring folate bioavailability. When the relative degree of enrichment in the capsules is
known, it will be possible to provide an estimate of the bioavailabiltiy of hexaglutamyl folic acid relative
to that of monoglutamyl folic acid within a 95% CI of ± 12%. It is expected that the analytical problems
will be overcome shortly. Because the ratio of isotopic enrichment reaches a plateau within 4 days,
future studies will only need to last this long.
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Figure 6.1. Chemical structure of [13C11]-monoglutamyl (left) and [13C6]-hexaglutamyl folic acid  (right).

:�����������	0���	������	 ��	 ��������	 ��	��	 ���	:���������	7'1
DC
D	�������

:�	 �������	 ��	 �����	 ������������	 ��	 �1
0(=	 �������	 ����	 ��	 ���	 �����������

������	 ��������	 ��	 ������-+
	 ���	 ��������������	 ��	 �����	 ��������	 ������

���������	#���	�������	��	��	�����	���	7F>�

)�	 �����
	 ��;���	 ��������������	 ����������	 ��	 �������	 #��	 ���������	 �����	 �

��������	�����	7G�4	'&3	������	�&�8	��	?	-�8	��	)>
	�
	O&8	I�,	@��������?


0�������
	'4
	GD4��	0��	(@7'	 ������	#��	��������	 �������	 ��	 �	W������	G�����

������	 ;���������	 ����	 ������������	 �
��������
	 
���������
	 G6��	 4�

������������	 ���������	#��	����	 ��	��������	 ����������	�����	>���	��;��������	#��

����	 ��	 ��������	 ��������	 ����������	 �
!
�	 ��	 ��<��	 ���������������	 ��

�������������	 ����������	 
!
	 �����������	 ��������	 �C5	 %++	→�&9	 ���	 P&�'+Q1�1


0(=
	
56�%.&	→	�&9	���	P&�'&&Q1�1
0(=
	
56�%+8	→	�&�	���	P&�'8Q1�1
0(=
	���


56�%+�	→	 �&�	 ���	 ���	 ��������	 ��������	 P&�'�Q1�1
0(=	 ��������	 ��	 ���	 ��������

�������	 7F>	 ��	 ����	 ������	 #��	 -81%8	 ����C7	 ���	 ���	 �����	 ��	 ;�������������

�7FW�	 #��	 +8138	 ����C7�	 0��	 �����1�����	 'E	 #��	 ���	 ���	 ����������	 #���

���#���	+�	���	38��

D������	 �����	 �������	 #���	 �������	 ���	 ��	 �����	 ��	 ����	 ���	 �������	 ��	 ���	 7'1


DC
D	 ������	 ��	 ���������	 �1
0(=	 �����������	 ��	 ������	 ��	 ���	 ��;�����

�������	 )�	 �����	 ��	 ��������	 ���	 ��������	 ��	 ���	 ������
	 �	 ���������	 7'1
DC
D

������	 �����	 ��������	 ����������	����	#��	 ���������	 ���	 ����������	 ��	 �������

�'������	��	@�������
	G���������	��	)�������
	'������
	GD4��	0���	������	��	��������

��	 ��	 ���	'������	7'1
DC
D	�������	4	 ��������	 �����������	 ��	 ����	7'1
DC
D

�������
	�����	�������	���	����������	��	�������	��	�����	��	���	4������?	��	���

���	��	����	'�������

.� �$���	#����

0��	 �����	 ��������	 #��	 ��������	 ��	 ���	 
������	  ������	 '��������	 ��

:���������	 G����������	 D��<����	 #���	 ���������	 ����	 �����	 ���	 ��������	 ��

:���������	G���������	��	�1����	��������	���	������	���������������	)�	�����
	-8

&

*

*

*

*
*

*

HO OO

OH
H

O

NHO

N

NN

HN

H2N

NH
 6

NH

O

H
OH

OHO

*

*
*

*

*

*
*

*
*

* *

H2N

HN

N N

N

O

NH

O



Dietary folate: Bioavailability studies in humans 

94

�������	 ���<����	 ����	 &31�8	 �	 #���	 ��������	 ��	 ���	 ������	  ?�������	 ��������

���������	 �������	 ��������	 ����	 ��	 �����	 �������������
	 �����	 �������	 ��	 ������1

����������	 ��������
	 ���	 ��	 �����	 ����	 ���������	 #���	 ������	 ����������
	 ���	 ��#

�����	 �������	 /&-	 ��������������	 ��&�8	 ����C7��	 D��<����	 #���	 ��������	 �����

���	 ������	 ���	 �������	 ��	 ���	 �����	 ����	 ��	 #������	 ���	 ������	 ���	 ����	 �����

#������	��������	�������	������	���	�����	����������

.� ���������������

/���	��������	�����	����	���������	#���	������������	��	�	������	������	��	�8

����	 �J-�	 I��	 P&�'&&Q1������������	 �����	 ����	 ���	 �8	 ����	 �J��	 I��	 P&�'+Q1

��?���������	�����	����	���	�������	�@�������	��	���	"�������	E�����	(�������
	 ��


���	�������������	 ?���	�������	��	��?���������	���	������������	 �����	����	 ��

���	��������	#���	�?������	��	�����5���	�������	�������	��O��
	����������	��	�����

��������	 ���	 ������
	 ��	(@7'-.	 �!)6)70
	:���������
	 ���	������������	 ���	 ��

���������������	������	�����	3�������	 �0�F	=���	���	���������	!�������
	X������

0��	 �����	 ��	 P&�'&&Q*P&�'+Q1�����	 ����	 ��	 ��������	#��	��������	��	 ���	:���������

7'1
DC
D	�������	/�����	�����	��������
	��?���������	�����	����	��	���	��������

#��	�����<������	��	���	������������	�����	0��	�����	��	��������	�����	����	��	���

��������	 #��	 ����	 ����������	 ��	 �����?1��������	 �����	 ����������	 ����5�����

�
47>)�	 ����1��1������	 �0F=�	 ����	 ������������	 �
D�	 #������	 �����

�����<�������	��	��?���������	�����	����	�����	�����	���������	��������	��	'�������

D��<����	��������	���	�������	#���	����$����	���	���	#���	������	����	���	���

%	#�	/����	#��	 ���������	 ��	 >04	�����	��	������������	 ��	 ���	�������	�����	 ��

���������	 ����	 ��	 ����	 8
	 &
	 -
	 %
	 3
	 &%
	 ���	 -3	 ��	 ������������	 ���	 &	 ���	 %	 #

�����������

>������	������	����$�	#��	��������	��	�	-%1�	������	�������	4	�������	���������

���������	 ���	 ������������	 ��	 ���������	 ��	 ����	 ����	 ��	 ���	 ����	 �#�	#��$�	 ��	 ���

�����	 ���	��$��	 ����	�����	 �����	 ����	 ����$�	 ��	 ���	��������	����	 =�����	 ����$�

#��	����������	#���	���	�������	>����	=���	'����������	0�����-3

.� �&�������
�����
������
����

D������	��	#����	�����	#���	�����������	 ���	 &8	���	��	-+88	�	#�����	�8	���

�����	 �����	 �����	 ���#��	 @�����	 #��	 ���������	 ��	 -	 �����	 ��	 &	 �7	 ���	 ������

�����������	��	 138B'	�����	 �������	���������	@�����	�������	#���	 �����������	��

���	���	��	������������	���	#���	�����	���5��	����	��������	7'1
DC
D	������������

#���	 ���������	 ��	 ���������	 ��	 ���	4������?�	 D����	 �������	/&-	 ��������������

#���	 ��������	 ��	 �	 ����������������	 �����������	 �����5��	 �)�������	 -888


>���������	 @�������	 '������
	 7��	 4������
	 '4�	 ��	 ���	 "������	 @�����������N�

7���������	��	E����



  An innovative dual isotopic labelling study design

                                                                                                                                95

.� �.�%��������������������������

=���	���	������	��������������	��	P&�'8Q1�1
0(=
	P&�'&&Q1�1
0(=
	���	P&�'+Q1

�1
0(=	��������
	 ���	 ����	 ����������	 ��	 ����	 ����	 �����	 P&�'+Q*P&�'&&Q1�1
0(=

������	 #���	 ��������	 /��������������	 ��	 ��?���������	 �����	 ����	 ��������	 ��	 ����	 ��

������������	�����	����	#��	����������	��	�����#�*

����
����������7������
4*%)��
���'���

����
��������
��������
4*%)��
��'���
(��������0��4&4

%

%

.
!$

!!
!$

� 8���

!!
!$

.
!$

QP

QP
�

 ���������	 ������	 #���	 ����������	 ��	 ���	 �������������	 ��	 ���	 ��������

��������	�������	��	���	�����	��	��������	���	����������	������	��������������	���

�?�������	 ��	 �	 �����������	
����	 ���	9��	')	 ��	 ��������	 ������	 ��	 ���	 ���������

���	��	����	�����	��	����	#���	����������	���	���	�����	��	�	#�����

0��	������������	���������	�����	#���	����	#���	����	����	��������	#���	����

7'1
DC
D	�������
	 ���	 ���	 ������	 ��	 P&�'+Q*P&�'&&Q1�1
0(=	 ��������	 #���	 ����

�������	#���	���������	E�����	#���	����������	��	������	�������������	#���	9��

')�	#���	���	�����������
	���	���	��	��	�������������	���������	#���	��������	������

#���	 ������������	 !������	 ��	 ����	 ����������	 ��	 �������	 ���	 ��������	 ��	 ���

4������?	��	���	���	��	����	'�������

&������	���

��������	 ���<����	 ���������	 ���	 �����	 ���	 �����	 �������	 ���������������	 ���

���#�	��	!�����&���	>���	����	���	���<���	#���	���������	�������	��	���	��	����1

������������	����������	#����	���	���������	#���	������	�����������	4��	���<����

���	������	�����	�������	/&-	���	������	������	�������	
���	�������	������	����$�

#��	-�9	Y	+8	�D>�	I�	���	����

Table 6.1 General characteristics of the study population (n=19)a

Characteristic Mean ± SD

Age, y 25 ± 4.7

Male/female, n 5/14
BMI, kg/m2 23.0 ± 3.1
Vitamin B12, pmol/L 285 ± 77
Dietary folate intake, µg/d 239 ± 60
Plasma folate concentration at baseline, nmol/L 9.2 ± 4.1

aValues are means ± SD.
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Figure 6.2 Concentrations of [13C11]- and [13C6]-5-MTHF in plasma as measured by LC-MS/MS (means
± 95% CI).
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Figure 6.3 Ratios of [13C6]:[
13C11]-5-MTHF in plasma as measured by LC-MS/MS (means ± SE).
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Appendix
Comparison of two LC-MS/MS methods for measuring the ratio of
differentially 13C-labelled folate compounds in plasma of humans.

1. Introduction
In order to evaluate the accuracy of LC-MS/MS measurements performed for the bioavailability study,
as described in Chapter 6, two LC-MS/MS method were developed. In this Appendix, detailed
descriptions of both methods are given. Further, the results of several pilot experiments carried out for
validation purposes are described. In the last part of this Appendix, data from the two LC-MS/MS
methods (Chapter 6) are compared.

2. Description of LC-MS/MS procedures

2.1 LC-MS/MS method developed at RIKILT, Wageningen
Sample preparation - Plasma (500 µL) was mixed with 1 mL buffer (1% w/v ascorbate, 100 mM
ammonium acetate). Sample preparation was carried out using Solid Phase Extraction (SPE) on an
Oasis® MAX cartridge (Waters, Milford, MA, USA). The column was conditioned with 1 mL methanol
followed by 1 mL buffer (1% w/v ascorbic acid, 100 mM ammonium acetate). Diluted plasma samples
were loaded on the SPE cartridge and the SPE cartridge was rinsed with 2 mL 50% v/v methanol,
vacuum dried and rinsed again with 2 mL ethyl acetate. After a second vacuum drying, the SPE
cartridge was eluated with 2 mL 3% (v/v) formic acid in methanol. The methanol fraction was dried at
50°C under a stream of nitrogen and reconstituted in 200 µL buffer (1% w/v ascorbate, 100 mM
ammonium acetate). Aliquots of 25 µL were used for LC-MS/MS analysis.
Liquid Chromatography - HPLC separation of differentially labelled 5-MTHF was performed on a
reversed phase LUNA C18 column (150 mm x 2.0 mm ID, df = 10 µm; Phenomenex, Torrance, CA,
USA). An acetonitrile-5 mM formic acid eluent was used with a 10-min linear gradient from 0 to 80 vol.%
acetonitrile, starting 2 min after injection; the flow-rate was 250 µL/min.
Mass Spectrometry - The HPLC system was directly coupled to a Quattro Ultima triple quadrupole mass
spectrometer (Micromass, Manchester, UK) equipped with an electrospray (ESI) interface, using
positive ionisation mode. The mass spectrometer was operated with ion source settings optimised for
maximum sensitivity. [13C5]-5-MTHF, labelled in the glutamyl moiety (Eprova, Schaffhausen,
Switzerland), was used as an internal standard. Data acquisition was done by multiple reactin
monitoring (MRM) of the major fragmentation reactions characteristics. The MRM transitions selected

for quantitative LC-MS/MS analysis were as follows: m/z 466 → 319 for [13C6]-5-MTHF, m/z 471 → 319

for [13C11]-5-MTHF, m/z 460 → 313 for [13C0]-5-MTHF (endogenous, non-labelled folate) and m/z 465 →
313 for the internal standard [13C5]-5-MTHF
Quality control - The limit of detection (LOD) of this method was 20-40 pmol/L, the limit of quantification
(LOQ) 60-80 pmol/L, and the within-run CV <5%. Recoveries were between 65 and 80%.

2.2 LC-MS/MS method developed at University of Illinois, Chicago
Sample preparation - After thawing, 2 mL of each plasma sample was vortex mixed with 100 µL of
antioxidant solution containing 0.1 mg/mL ascorbic acid and 0.01 mg/mL 2-mercaptoethanol. This was
done in order to prevent oxidation and decomposition of endogenous folate. For extraction of both free
and protein-bound folates while precipitating the plasma proteins, 8 mL of 25 mM ammonium acetate in
acetonitrile/water (9:1; v/v) solution was added followed by sonication for 1 min and vortex mixing for 1
min. The resulting mixture was then centrifuged for 5 min at ~10500 g at 4 °C. The resulting supernatant
solution was removed and passed through a 3 mm-OD x 0.2-µm pore size PTFE syringe filter. The

&
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filtered extract was evaporated to dryness under vacuum at room temperature. The residue was then
reconstituted in 100 µL of 25 mM ammonium acetate in acetonitrile/water (9:1; v/v) for LC-MS/MS
analyses.
Liquid chromatography - HPLC separation was carried out during LC-MS/MS using a minibore HILIC
column (The Nest Group, Southborough, MA, USA) consisting of polyhydroxyethyl aspartamide on silica
(150 mm x 1.0 mm I.D., 100��pore size, 5 µm particle size).
Mass Spectrometry - Product ion MS/MS scans of deprotonated molecules of the various folate species
were obtained following argon collision induced dissociation (CID) to identify abundant diagnostic
fragment ions for subsequent multiple reaction monitoring (MRM). The MS/MS instrument used was a
ThermoFinnigan (San Jose, CA, USA) TSQ Quantum triple quadrupole mass spectrometer. The MRM

transitions selected for quantitative LC-MS/MS analysis were as follows: m/z 464 → 335 for [13C6]-5-

MTHF, m/z 469 → 335 for [13C11]-5-MTHF, m/z 458 → 329 for [13C0]-5-MTHF and m/z 463 → 329 for the
internal standard [13C5]-5-MTHF (Eprova, Schaffhausen, Switzerland). The use of the TSQ Quantum
MS/MS instrument not only facilitated the accurate quantification of labelled and unlabelled 5-MTHF, but
also the less abundant folate species 5-formyltetrahydrofolate, 10-formyltetrahydrofolate, dihydrofolate,
and tetrahydrofolate could be measured. The concentrations of these less abundant species were 5-
17% of that of 5-MTHF.
Quality control - Folate concentrations were obtained by interpolation of their peak area ratios
(folate/internal standard) from the calibration curve. The LOD was 52 – 78 pmol/L and the LOQ was 170
– 226 pmol/L. The linear range of the calibration curve was 65 pmol/L – 22 nmol/L (mean r2 of standard
curves = 0.984). The recovery of 5-MTHF was > 95% over this concentration range. The intra-day
(RSD, n=5) and interday (RSD, n=8) precision for 5-MTHF were 2.1% and 7.2%, respectively.

3. Pilot studies
Approval of the Medical Ethical Committee of Wageningen University was obtained prior to carrying out
all pilot studies. All subjects were informed in writing and orally about the study, and all gave written
informed consent. Measurements for the pilot studies as described here were all obtained by using the
LC-MS/MS method developed at RIKILT in Wageningen.

3.1 Capability to detect 13C labelled 5-MTHF in human plasma
Objectives - 1) To test the capability of the LC-MS/MS method to detect labelled 5-MTHF in human
plasma; and 2) to assess the level of folate enrichment, i.e. the amount of labelled folate relative to that
of unlabelled folate, in plasma.
Materials – Capsules, each containing 100 nmol [13C5]-5-MTHF, labelled in the glutamyl moiety (Eprova,
Schaffhausen, Switzerland), were prepared (Gelderse Vallei Hospital, Ede).
Subjects - Three adults, - one male and two females - consumed one capsule at breakfast and one at
dinner each day for 3 w. Samples of fasting plasma were collected on days 1, 2, 5, 8, 11, 17 and 21 of
the intervention, and 3 d and one month after the intervention period.
Results - On day 21, concentrations of 5-MTHF in plasma ranged from 2.0 to 27.1 nmol/L for [13C0]-5-
MTHF, and from 300 to 800 pmol/L for [13C5]-5-MTHF. Mean CV% of duplicate measurements (one
duplicate per subject) were 39% for [13C0]-5-MTHF and 16% for [13C5]-MTHF concentrations. In Figure 1
the [13C5]-enrichment levels of plasma 5-MTHF over time can be seen.
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Figure 1 Individual [13C5]-5-MTHF enrichments (%) in plasma as measured by LC-MS/MS.

Conclusion - Plasma concentrations of [13C5]-5-MTHF could be measured and were well above the
LOD. Enrichment levels turned out to be favourably higher than the target of 1% that was set initially.
However, variation between duplicate measurements was high. Modifications to the analytical method
was required to reduce this variability.

3.2 Stability of [13C11]-folic acid in vivo
Objective - To assess loss or exchange of the labelled glutamyl moiety from [13C11]-folic acid in vivo. If
such loss or exchange should occur [13C6]-5-MTHF would be seen in addition to [13C11]-5-MTHF in
plasma. Since we aimed to administer [13C6]-hexaglutamyl folic acid simultaneously, exchange of the
13C5-glutamyl moiety with unlabelled glutamic acid would render the proposed method unusable.
Materials – Capsules each containing 100 nmol [13C11]-folic acid (ARC, Apeldoorn, the Netherlands)
were prepared.
Subjects - Three adults - one male and two females - consumed one capsule with breakfast and one
with dinner for 12 d. Fasting samples of plasma were collected on days 4, 7 and 12 of intervention for
analysis of 5-MTHF.
Results - On day 12, enrichment of [13C11]-5-MTHF ranged from 2.3 to 3.4%. No [13C6]-5-MTHF was
detected. The CV% of 5 replicate samples from each subject on day 12 was 27%.
Conclusion – No exchange or loss of labelled glutamyl from [13C11]-folic acid occurred (< LOD of 20
pmol/L).

3.3 Simultaneous measurement of [13C6]- and [13C11]-5-MTHF in human plasma
Objective - To quantify two differentially labelled 5-MTHF compounds in blood plasma with sufficient
sensitivity.
Materials – Capsules each containing 100 nmol each of [13C11]-monoglutamyl and [13C6]-hexaglutamyl
folic acid (ARC, Apeldoorn, the Netherlands) were prepared.
Subjects - Three subjects - one male and two females - consumed two capsules each day for 10 days.
Fasting samples of plasma were collected on days 3, 6 and 10.
Results - Plasma concentrations of [13C0]-5-MTHF on day 10 ranged from 3.9 to 8.8 nmol/L.
Concentrations of [13C11]-5-MTHF ranged from 490 to 890 pmol/L, and of [13C6]-5-MTHF from 350 to 630
pmol/L. The enrichment of 5-MTHF with [13C11]- and [13C6], and the [13C6]:[

13C11] ratio in 5-MTHF are
shown in Figure 2.
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The within-run coefficient of variation (CV) of the measurements was 6%. The individual ratios of
[13C6]:[

13C11] in 5-MTHF were 0.65, 0.71 and 0.71.
Conclusion – Each of the two labelled 5-MTHF compounds in plasma could be measured and their
concentrations were both well above the limit of detection. Analytical variation had been reduced to an
acceptable level.

Figure 2 [13C11]- and [13C6]-5-MTHF enrichments (%) (left) and ratios of [13C6]:[
13C11]-5-MTHF (right) in

plasma.

4. Comparison of LC-MS/MS and HPLC methods
Objective - To assess the accuracy of the LC-MS/MS procedure used to quantify the bioavailability of
[13C6]-hexaglutamyl folic acid relative to [13C11]-monoglutamyl folic acid.
Subjects and Materials - See Chapter 6.
Biochemical measurements – LC-MS/MS measurements were performed as described in § 2 of this
Appendix. Additionally, total 5-MTHF in plasma was measured by HPLC with fluorescence detection at
the Division of Human Nutrition, Wageningen University. Ascorbic acid (1%) was added to plasma as an
anti-oxidant and perchloric acid (60%) was used for deprotonisation. Total plasma 5-MTHF
concentrations – the sum of [13C0], [

13C11]- and [13C6]-5-MTHF - as measured by LC-MS/MS methods
were compared to total plasma 5-MTHF concentrations obtained by HPLC.
Results - Results of the LC-MS/MS method developed at the University of Illinois, Chicago, are reported
in this Appendix. Results obtained by the LC-MS/MS method developed at RIKILT, Wageningen, are
described in Chapter 6 and are reported here in italics within parantheses.
On day 0, [13C11]- and [13C6]-5-MTHF concentrations were under the LOD except for one subject.
Concentrations of [13C11]- and [13C6]-5-MTHF in plasma increased rapidly until day 8 and then stabilized
until concentrations of 1140 pmol/L (95%-CI 990 to 1290) and 810 (680 to 950) pmol/L were reached on
day 28, respectively (Figure 3) (Wageningen: 690 (580 to 800) and 440 (360-520) pmol/L, see Figure
6.2 at page 96).
Plasma 5-MTHF, both labelled and unlabelled as measured by HPLC, and the sums of [13C0]-, [

13C11]-,
and [13C6]-5-MTHF as measured by LC-MS/MS at RIKILT, Wageningen, were very similar. At the
University of Illionois, Chicago, consistently higher concentrations were measured (Figure 4). The levels
of folate enrichment in plasma were 6.3% (95%-CI 5.7to 6.9) for [13C11]-5-MTHF and 4.5% (3.9 to 5.1)
for 13C6-5’-MTHF at day 28. (Wageningen: 6.3% (5.6 to 7.0) and 4.0% (3.5 to 4.5).
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Figure 3 Plasma concentrations of [13C11]- and [13C6]-5-MTHF, measured in Chicago (means, 95% CI).

Ratios of [13C6]:[
13C11]-5-MTHF in plasma obtained by the two laboratories were found to be similar as

from day 2 (Figure 5).
Conclusion - Measurement of absolute concentrations of labelled and unlabelled 5-MTHF are
consistently higher by the LC-MS/MS method developed in Chicago. This is probably due to the release
of protein-bound folate (Figures 3 and 4). However, the ratio of the two labelled compounds in plasma
measured by both methods are similar. Therefore, we conclude that the ratio of [13C6]:[

13C11]-5-MTHF in
plasma can be measured accurately by these two LC-MS/MS methods.

Figure 4 Plasma concentrations of 5-MTHF as measured by HPLC and by the two LC-MS/MS methods
(means with 95% CI). Concentrations measured by LC-MS/MS methods were calculated as the sums of
[13C0]-, [

13C11]- and [13C6]-5-MTHF concentrations.
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Figure 5 Ratios of [13C6]:[
13C11]-5-MTHF in plasma as measured by LC-MS/MS at the RIKILT,

Wageningen and at the University of Illinois, Chicago (means ± SE).
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Chapter 7

Folic acid and plasma homocysteine reduction in
older adults: a dose finding study
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ABSTRACT Background: High homocysteine concentrations – a possible risk factor for cardiovascular
disease - can be lowered effectively with folic acid. However, potential adverse effects of excessive
doses of folic acid in vulnerable sub-groups give rise to concern. The minimum dose of folic acid that
can lower homocysteine concentrations maximally is not yet known reliably. Objective: We aimed to
determine the lowest folic acid dose that lowers plasma homocysteine concentrations adequately in
healthy older adults. Design: A randomized, double-blind, parallel group, placebo-controlled dose-
finding trial was carried out among 316 men and women (50 to 75 y). Subjects received daily one of six

different folic acid doses, namely 50, 100, 200, 400, 600, and 800 µg/d or placebo for 12 w. The relative
changes in plasma homocysteine concentration in response to increasing doses of folic acid were used
to calculate the dose response curve. An adequate dose of folic acid was defined as the dose that
induced at least 90% of the maximal reduction in homocysteine concentration. Results: The relative
decrease in plasma homocysteine concentration was associated exponentially with increasing doses of

folic acid. From the dose response curve, the adequate dose of folic acid was estimated to be 392 µg/d,
which induced a reduction in plasma homocysteine concentrations of 22%. Conclusions: Daily intake of
folic acid in older adults effectively lowered plasma homocysteine concentrations, with a dose of about

400 µg/d being the minimum dose required for adequate homocysteine reduction.
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Figure 7.1. Flow schedule of recruitment procedure
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Table 7.1 Mean serum and erythrocyte folate concentrations before and after 4 and 12 w of
intervention; and the absolute changes after 12 w, by intervention group.

N Week 0 Week 4 Week 12 Change after 12 w
(nmol/L)

Serum folate (nmol/L)a

Placebo 51 13.3 ± 3.6 12.9 ± 3.8 14.2 ± 4.2 1.0   (0.1 to 2.0)

50 µg/day 42 12.0 ± 3.1 14.7 ± 3.7 16.3 ± 4.4 4.3   (3.2 to 5.3)

100 µg/day 41 12.7 ± 4.6 17.4 ± 6.2 19.9 ± 7.6 7.2   (5.7 to 8.7)

200 µg/day 43 12.3 ± 4.2 19.8 ± 5.7 24.6 ± 7.5 12.3 (10.7 to 13.8)

400 µg/day 43 13.8 ± 5.3 31.9 ± 15.3 43.2 ± 21.0 29.4 (23.4 to 35.4)

600 µg/day 43 12.9 ± 4.9 41.4 ± 19.4 55.6 ± 24.5 42.7 (35.2 to 50.3)

800 µg/day 43 12.9 ± 3.6 53.4 ± 28.3 74.8 ± 43.3 61.9 (48.5 to 75.4)

Red blood cell folate (nmol/L)a

Placebo 50 721 ± 257 - 733 ± 231 14  (-17 to 46)

50 µg/day 42 701 ± 223 - 755 ± 184 53   (21 to 86)

100 µg/day 39 722 ± 271 - 837 ± 242 120   (83 to 157)

200 µg/day 43 695 ± 251 - 979 ± 283 284 (245 to 322)

400 µg/day 42 836 ± 286 - 1381 ± 366 531 (466 to 595)

600 µg/day 38 679 ± 231 - 1350 ± 293 674 (604 to 745)

800 µg/day 42 761 ± 237 - 1593 ± 380 832 (750 to 914)
aMean ± SD, or change (95% CI).
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Figure 7.2 Left panel - The change in plasma homocysteine concentration (%) after 12 w of intervention

by dose of folic acid (µg/d). The black boxes with error bars are the mean relative changes (%) and their
95% CIs. Solid line: the best fitting curve through data points; dotted lines: 95% CI for the curve.
Goodness of fit: R2=0.9997.
Right panel - The change in plasma homocysteine concentration (%) after 12 w of intervention by doses

of folic acid (µg/d). The solid line indicates the best fitting curve. The dotted lines indicate the minimum
dose of folic acid required to achieve 80%, 90%, or 95% of the maximal lowering of plasma
homocysteine concentration.
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* Folic acid is the oxidized form of the vitamin that is used for supplements and food fortification,
whereas folate generally refers to the reduced forms as present in the diet and in biological tissues
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Table 8.1 Overview of research questions and main findings

Part I. Folate in the diet

Ch.2 What is the daily intake of monoglutamate folate and polyglutamate folate from the diet and
how does such intake relate to folate status?
Dietary folate intake:
- 2/3 polyglutamate folate: main sources are vegetables, bread, fruits, potatoes
- 1/3 monoglutamate folate; main sources are bread, meat, dairy, alcoholic beverages
Associations with plasma folate:
- Men: 3x stronger with intake of monoglutamate than with intake of polyglutamate folate
- Women: no differences

Ch.3 Can vegetables be processed in such a way that the content of monoglutamate folate is
increased?
Processing (freezing and thawing, high-pressure treatment):
- 2-3 fold increase in the proportion of monoglutamate folate in vegetables
- High losses of total folate (>55%)
Thus, processing in a closed system (vacuum-packed, microwave) is recommended

Part II. Folate bioavailability

Ch.4 To what extent does the required deconjugation of polyglutamyl folic acid limit the
bioavailability of folate?
Bioavailability of heptaglutamyl relative to that of monoglutamyl folic acid: ~66%
Thus, deconjugation of polyglutamyl folic acid limits folate bioavailability.

Ch.5 Does polymorphism of the GCPII 1561C>T gene affect folate bioavailability?
GCPII 1561 CT genotype: 20-25% higher folate concentrations
No evidence that the T allele-coded enzyme decreases FGCP activity in vivo

Ch.6 Can we develop a dual-label stable isotope method in order to obtain reliable data on folate
bioavailability in humans using a limited number of subjects?
Ratio of [13C6]:[

13C11]-5-MTHF can be used as a sensitive and accurate measure for measuring
folate bioavailability
Ratio becomes stable after 4 d of intervention
Data on capsule content still not available: thus bioavailability cannot yet be calculated.

Ch.7 How much folic acid is required to lower plasma homocysteine concentrations adequately?

Dose of folic acid required for maximal lowering of homocysteine (↓22%): 400 µg/d
Doses < 400 µg/d reduce plasma homocysteine concentrations substantially

)
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Calculation of the impact of the polyglutamate chain on dietary folate bioavailability
Assumptions:

1) Chain length is the only determinant of folate bioavailability
2) Bioavailability of monoglutamate folate from the diet = 100%

Average dietary folate intake: 300 µg/d (1/3 monoglutamate, 2/3 polyglutamate)
Amount bioavailable: 100 µg monoglutamate = 100 µg

200 µg polyglutamate * 0.66 = 132 µg
    232 µg

232/300 * 100% ~ 77%
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Appendix

The optimal time interval between repeated blood
sampling for measurements of total homocysteine
in healthy subjects
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Table 1. Biological variation in plasma homocysteine concentrations according to several studies using
weekly through monthly sampling strategies.

Design Subjects
(n)

Biological CV
(%)

Reference

Weekly sampling during 5 weeks 24 8.1 6

Weekly sampling during 4 weeks 20 8.3 7

Sampling at 2-month interval during 1 year 96 8.9 8

Biweekly sampling at 4 visits 44 9.4 9

Weekly sampling during 4 weeks 20 7.0 10
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Figure 1. Coefficient of variation of total homocysteine concentrations within individuals as a function of
time interval between repeat fasting blood collections in days. Day ‘zero’ refers to the within-run
analytical variance for duplicate samples.
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