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ABSTRACT

Green tea contains folate and epigallocatechin gallate (EGCg), which is suggested to be an antifolate. In this study, we
examined whether green tea was a good source of folate in a folate depletion/repletion rat model. Rats fed a folate
deficient diet for 4 weeks were supplied with folate for 7 days, and then folate repletion effects were evaluated in
terms of increase in total folate level in plasma, liver, and bone marrow and decrease in plasma homocysteine level.
In this model, the folic acid treatment effect was observed to be dose-dependent and an appropriate dose of folic acid
was 40 pg/kg/day or greater. Based on this finding, green tea as well as spinach, chicken liver, and folic acid as a
reference were applied to this model. Increase in tissue folate level in response to the food samples varied among
tissues, with bone marrow showing the smallest response. Increase in tissue folate level was in the order of spinach >
chicken liver > green tea, which produced only a slight increase in tissue folate level and further diminished bone
marrow folate level. EGCg administered by intragastric gavage at an approximate dose of 8 mg/kg did not attenu-
ate the increase in tissue folate level when repletion was performed with folic acid. These results suggested that
green tea is a poor source of food folate, but EGCg in green tea at a low dose has little effect on folic acid absorp-
tion.

Keywords: Green Tea; Food Folate; Folic Acid; Epigallocatechin Gallate; Rat Model

1. Introduction pending on the food [1,5]. Excess intake of folic acid is
of concern due to the possibility masking of vitamin B,
deficiency [1], increasing the risk of cancer growth when
a tumor is present [4], and childhood asthma when taken
in late pregnancy [6]. Generally, it is desirable to obtain
folate from food because this approach minimizes exces-
sive intake of this important vitamin. However, bioa-
vailability of natural folate from foods is reported to vary
greatly [5] due to differences between foods in the form
of folate present, the food matrix in which it exists, and
the presence of factors affecting its absorption and me-
tabolism.

Intake of green tea (Camellia sinensis) has attracted a
great deal of attention because it has been suggested to
have health benefits in terms of protecting against vascu-
lar disease and some types of cancer due to the presence
of catechins [7]. Green tea also contains natural folate
and is regarded as one of the sources of folate, along with
vegetables and fruit, in the Japanese diet [8]. However,
green tea catechins including (—)-epigallocatechin gallate
(EGCg) are reported to inhibit uptake of folic acid by
Caco-2 cell monolayers [9] and inhibit dihydrofolate
“Corresponding author. reductase (DHFR) activity in vitro [10]. Dihydrofolate

Folate has a role in the transfer and utilization of one-
carbon groups and is involved in the de novo synthesis of
nucleic acid bases and amino acids. Folate deficiency can
lead to megaloblastic anemia [1], and low periconcep-
tional folate status in women is related to an increased
risk of fetal abnormalities such as neural tube defects
(NTDs) [2]. In addition, low folate status leads to an in-
crease in plasma homocysteine level, which is a risk fac-
tor for atherosclerosis, and impairs DNA synthesis and
repair, resulting in increased DNA damage and conse-
quently cancer initiation [3,4].

Folate naturally occurring in food (“natural folate™)
mainly occurs in the polyglutamated form, but is con-
verted to the monoglutamate form before absorption by
deconjugation in the intestine. In contrast, synthetic folic
acid (pteroylmonoglutamic acid), which is used for die-
tary supplementation and in fortified food, is the most
oxidized and stable form, and is highly bioavailable. The
bioavailability of folic acid is estimated to be, on average,
about 2 times that of natural folate, but this varies de-
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reductase is an important enzyme because it catalyzes the
reduction of folic acid to 7,8-dihydrofolate (DHF) and
5,6,7,8-tetrahydrofolate (THF), which acts as a coen-
zyme for several one-carbon group transfer reactions
after its conversion to 5,10-methylenetarthydrofolate and
5-methyltetrahydro-folate [10]. A cross-sectional study
reported a correlation between low serum folate concen-
tration and high consumption of green tea or oolong tea
during pregnancy [11]. Further, intake of green tea ex-
tract at 0.9 g/day has been shown to decrease maximum
concentration and area under the blood concentration
time curve of folic acid in human subjects [12]. On the
other hand, consumption of green tea catechin (approxi-
mately 670 mg/day) did not influence plasma folate con-
centration in healthy men, and only high-dose green tea
catechins (0.5% in diet) simultaneously added to folic
acid in the diet decreased serum folic acid level in rats
[13]. Accordingly, it remains unclear whether 1) natural
folate in green tea is bioavailable, and 2) EGCg at the
low dose found in green tea attenuates folic acid utilize-
tion in vivo. In this study, we examined the above ques-
tions in a modified folate depletion/repletion rat model
[14].

2. Materials and Methods
2.1. Chemicals and Diet

Folic acid and EGCg were obtained from Wako Pure
Chemical Ltd. (Osaka, Japan). For the folate microbe-
ological assay, folinic acid calcium salt pentahydrate,
Lactobacillus thamnosus (strain ATCC 27773) and folic
acid casei medium were obtained from Fluka (Buchs,
Switzerland), the American Type Culture Collection
(Rockville, MD, USA), and Becton Dickinson (Sparks,
MD, USA), respectively. A folate-deficient diet (Dyets
version of the Clifford/Kuory folate-deficient amino acid
rodent diet, #517777) was purchased from Dyets (Beth-
lehem, PA, USA). This diet is composed of folate-free
amino acids with the recommended amount of vitamins
except folate, and the addition of 1% succinylsulfathia-
zole to minimize intestinal folate synthesis. Powdered
green tea (matcha), spinach, and chicken liver were pur-
chased at local grocery stores (Tokyo, Japan). The spin-
ach and chicken liver were lyophilized, ground finely
with a mortar and pestle, and stored at —80°C until use.
Total folate content in food samples (ug/g dry weight)
was 10.2 in powdered green tea, 23.2 in freeze-dried
spinach, and 57.0 in chicken liver. Food samples or folic
acid were added to the folate-deficient diet at a folate
concentration of 800 pg/kg diet. The percentage of food
sample in the diet was 7.8% for powdered green tea,

3.4% for freeze-dried spinach, and 1.4% for chicken liver.

The catechin content in powdered green tea was 22 mg/g,
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and these catechins were composed of 50% EGCg, 14%
(—)-epicatechin gallate, 13% (—)-epigallocatechin, 13%
(+)-catechin, 6% (—)-epicatechin, and 3% (—)-catechin
gallate.

2.2. Animals

Male Wistar rats purchased from Japan Clea (Tokyo,
Japan) were housed individually in wire bottomed cages
in a room maintained at a constant temperature of 23°C £+
1°C with a 12-hour light-dark cycle. Following the ex-
periments, the rats were euthanized with sodium pento-
barbital, blood was taken from the abdominal aorta with
a heparinized syringe, and the liver, femurs, and tibiae
were removed. Bone marrow cell samples were prepared
from the femurs and tibiae according to a method re-
ported previously [15]. All procedures were in accor-
dance with the National Institute of Health and Nutrition
guidelines for the Care and Use of Laboratory Animals,
and they were approved by the ethical committee of the
National Institute of Health and Nutrition.

2.3. Folate Depletion/Repletion Model

The folate depletion/repletion procedure was performed
as reported previously [14] with the exception that the
present study used a shorter 7-day repletion period, in
order to determine the initial difference in how folate in
diverse test samples is incorporated into the body. Rats
(4 - 5 weeks old) were given ad libitum access to a
folate-deficient diet for 4 weeks, and then given the same
diet with supplementary folic acid or food samples for 7
days (each group consisted of 5 - 6 rats). A preliminary
study showed that plasma folate transiently increased
from 0.5 to 6 hours after an excess folic acid administra-
tion (330 pg/kg body weight), but returned to the basal
level at 8 hours. Based on this finding, blood and tissue
samples were taken 24 hours after each intragastric ga-
vage administration of folic acid, or after overnight fast-
ing when dietary folate supplementation was given. Dur-
ing the study, body weights and dietary intakes were
measured every day.

There were 4 parts to the study (Figure 1). In the time-
dependent study, the folate-depleted rats (n = 6) were
administered folic acid daily by intragastric gavage. The
folic acid was dissolved in 0.1 M sodium bicarbonate at a
dose of 330 npg/kg body weight, and blood was taken
every day 24 hours after each folic acid administration.
In the dose-response study, the folate-depleted rats were
divided into 4 groups (n =5 - 6) to be administered one
of 4 doses of folic acid daily (0, 4, 40, or 400 pg/kg body
weight/day) by intragastric gavage. In the dietary folate
supplementation study, the folate-depleted rats were di-
vided into 5 groups (n = 5 - 6): one group underwent
monitoring of folate status in the depletion phase, and the
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other 4 were fed a diet containing powdered green tea,
spinach, chicken liver, or folic acid. Folate intake in each
group was adjusted from the amount of food intake dur-
ing the previous days (about 11.5 g/day), and the calcu-
lated dose was set at 40 pg/kg body weight. The pow-
dered green tea diet contained about 1.73 g of total cate-
chins/kg diet, and the estimated total catechin dose was
approximately 90 mg/kg body weight. In the study to
evaluate the effect of EGCg on folic acid absorption,
folate-depleted rats were divided into 3 groups (n =15 - 6)
to be given folic acid (31 pg/kg body weight), EGCg (8
mg/kg body weight), or folic acid with EGCg (folic acid
31 ug and EGCg 8 mg/kg body weight) daily by intra-
gastric gavage.

2.4. Analytical Methods

For hematocrit measurements, blood was transferred to a
capillary tube and centrifuged at 10,000 g for 10 minutes.
Plasma was prepared by centrifugation at 1500 g for 15
minutes at 4°C. Whole blood and plasma were immedi-
ately mixed with 0.5% ascorbic acid to stabilize folate
and stored at —80°C until folate analysis. The liver and
bone marrow cell samples were homogenized or soni-
cated with 9 volumes of folate extraction buffer (50 mM
phosphate buffer, 0.5% ascorbic acid, final pH 6.1). Total
folate concentration in the plasma and conjugase-treated
liver and bone marrow samples was analyzed using the
microbiological assay described elsewhere [16]. Eryth-
rocyte folate concentration was calculated using the fol-
lowing formula: [whole blood folate-{plasma folate x (1-
hematocrit)} /hematocrit. Plasma homocysteine was meas-
ured by HPLC using a fluorescence detector [17]. Protein
was measured using a BCA protein assay kit (Pierce,
Rockford, IL, USA). Folate content in food samples was
determined by microbiological assay with the tri-en-
zyme treatment method [18]. The catechin content in
powdered green tea was analyzed by the HPLC method
[19].

(1) Time-dependent study

1 group [ Depletion (4 weeks) | Repletion (7 days)
(6rats) 1dose of folic acid (gavage).

(2) Dose-response study

4 groups|_Depletion (4 weeks Repletion (7 days
(5-6 rats/group) 4 dose of folic acid (gavage)

€

(3) Dietary folate study
5 groups |_Depletion (4 weeks Repletion (7 days)
(5-6 rats/group) powderde green tea, spinach,
chicken liver, folic acid (diet)

|

(4) Evaluation of EGCg effect on folic acid absorption

3 groups [Depletion (4 weeks) ] Repletion (7 days)
(5-6 rats/group) folic acid, EGCg,
folic acid + EGCg (gavage)

Figure 1. Animal treatment in this study. Rats were sacri-
ficed at the time point shown as an arrow.
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2.5. Statistical Analyses

Data are presented as the mean + standard deviation (SD)
for individual groups. Data were analyzed by one-way
analysis of variance followed by Dunnett’s multiple com-
parison test. Pearson’s correlation coefficient was used to
determine the association between tissue folate and plas-
ma total homocysteine. These statistical analyses were
performed using GraphPad Prism version 5.01 (Graph-
Pad Software, Inc., San Diego, CA, USA). Values of p <
0.05 were considered significant.

3. Results

3.1. Confirmation of the Folate
Depletion/Repletion Rat Model

Rats were fed a folate-deficient diet for 4 weeks to
minimize the background level of plasma folate, and they
were then given folic acid at 330 pg/kg body weight/day
by intragastric gavage, daily for 7 days. Before admini-
stration of folic acid (on day O of repletion), plasma
folate levels decreased to about 10% of those in the con-
trol diet rats. Levels then increased with the consecutive
daily administration of folic acid, by 4-fold on day 5 and
by 7-fold on day 7 (data not shown). Next, folate-de-
pleted rats (maintained on the folate-deficient diet for 4
weeks) were intragastrically administered various doses
of folic acid (0, 4, 40, or 400 pg/kg body weight/day) for
7 days. Changes in body weight during the experimental
period are shown in Figure 2. Final body weight was
significantly higher in rats given high doses of folic acid.
The administration of folic acid increased folate levels in
plasma, liver, and bone marrow in a dose-dependent
manner and decreased plasma homocysteine level (Fig-
ure 3). Plasma total homocysteine level was negatively
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Figure 2. Changes in body weight in rats fed a folate-defi-
cient diet followed by repletion with various doses of folic
acid. Rats fed a folate-deficient diet for 4 weeks were intra-
gastrically given various doses of folic acid while maintain-
ing the same folate-deficient diet for 7 days. m: Depletion
phase, ®: 0 pg/kg body weight/day, A: 4 npg/kg body
weight/day, o: 40 pg/kg body weight/day, A: 400 pg/kg
body weight/day. Values are mean £ SD,n=5- 6.
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Figure 3. Dose-dependent repletion effect of folic acid on
body weight, folate level in tissues, and homocysteine level
in plasma in a folate depletion/repletion rat model. Rats fed
a folate-deficient diet for 4 weeks were intragastrically
given various doses of folic acid (0, 4, 40, or 400 pg/kg body
weight/day) for 7 days. (a) Body weight; (b) plasma folate
level; (c) erythrocyte folate level; (d) liver folate level; (e)
bone marrow folate level; (f) plasma total homocysteine
level. Values are mean = SD, n = 5 - 6. *Significantly differ-
ent from 0 pg/kg body weight/day group (p < 0.05).

correlated with folate level in plasma, liver, and bone
marrow (r = —0.75, —0.74, —0.86, respectively, p < 0.05
for all), but not with erythrocyte folate level, which was
only significantly increased at the highest dose of folic
acid (i.e., 400 pg/kg body weight/day). Significant chan-
ges in folate and homocysteine levels were detected at a
folic acid dose of 40 pg/kg body weight/day or greater.

3.2. Absorption of Powdered Green Tea Folate
Relative to Folate in Spinach and Liver, and
to Folic Acid

Diets containing either natural folates or folic acid (with
the dose of folate set at 40 pg/kg body weight/day) were
given to folate-depleted rats to cause folate repletion.
Repletion with folic acid increased plasma and liver
folate levels, and decreased plasma homocysteine levels
when compared with those in the depletion phase (Table
1). Repletion with natural folate increased folate levels in
the plasma and liver, but not in the bone marrow. In con-
trast to liver and plasma folate levels, bone marrow folate
level was further diminished in the rats fed the powdered
green tea and chicken liver diets. No significant increase
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in erythrocyte folate level was detected following the
treatments (data not shown). When compared to the folic
acid group, relative changes in folate levels among
plasma, liver, and bone marrow in the depletion phase
ranged from 27% to 88% in the spinach group, —13% to
42% in the chicken liver group and —61% to 21% in the
powdered green tea group.

3.3. Effect of EGCg on Folic Acid Utilization

Influence of low-dose EGCg on folic acid utilization was
evaluated in the folate depletion/repletion rat model. The
folate-depleted rats were given intragastrically either fo-
lic acid (31 pg/kg body weight), EGCg (8 mg/kg body
weight), or folic acid with EGCg, on a daily basis. Folic
acid administration increased folate concentration in plas-
ma, liver, and bone marrow and decreased plasma ho-
mocysteine level (Figure 4). Such changes resulting
from folic acid treatment were also detected in the pres-
ence of EGCg, suggesting that EGCg at the tested dose
did not influence utilization of folic acid.

4. Discussion

In the present study, we showed that natural folate from
green tea was less bioavailable than folate from other
sources in a folate depletion/repletion rat model. Food
folate bioavailability estimated based on the increase in
plasma and liver folate concentration would be only 17% -
21% for green tea folate, 27% - 42% for chicken liver
folate, and 57% - 88% for spinach folate, when compared
to folic acid as a reference. Our estimation of spinach
folate bioavailability is comparable to that reported by
Clifford [20], who showed that bioavailability of folate in
spinach is 70% - 90% of that of folic acid in a deple-
tion/repletion rat model. The present findings suggest
that green tea is a poor source of folate and in fact could
negatively impact folate status. The present study sup-
ports an epidemiological study that showed an associa-
tion between low plasma folate level and high consump-
tion of green tea [21].

It is important to define the system by which the
bioavailability of green tea folate is estimated. In our
system, rats were fed a folate-deficient diet for 4 weeks
and then given test samples for 7 days, and folate bio-
availability was estimated from the increase in the con-
centration of folate in plasma, liver, and bone marrow
and the decrease in the concentration of plasma homo-
cysteine. The folate-depletion period is the same as that
described in previous reports [14], but our repletion time
was shorter (7 days versus 4 weeks). We considered the
7-day repletion period useful to detect initial differences
in how folate in diverse test samples is incorporated into
the body, and to minimize the effect of substances other
than folate in test food samples, particularly those with in
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Table 1. Effect of folate repletion from powdered green tea relative to spinach, chicken liver, and folic acid in a folate deple-

tion/repletion rat model.

After 7 days’ repletion

Before repletion

Folic acid  Powdered green tea Spinach Chicken liver
Body weight (g) 212+£0.2 215+9.8 211+7.0 213 +£8.7 216 +8.5
Folate
Plasma concentration (nM) 2.17+£039 9.28+2.20 341 +1.19° 6.19 +1.42° 4,10+ 1.37°
Change from depletion phase (nM) - +7.1 +1.2 +4.0 +1.9
Relative to folic acid group (%) 100 17 57 27
Liver concentration (pmol/mg protein) 733+1.8 309+6.9 123 +2.1° 28.1+£8.6 17.2+3.9°
Change from depletion phase(pmol/mg protein) - +23.6 +5.0 +20.1 +9.9
Relative to folic acid group (%) 100 21 88 42
Bone marrow concentration (pmol/mg protein) 424+0.7 7.55+1.7 221+04 5.13+1.0 3.80 +2.0°
Change from depletion phase(pmol/mg protein) - +3.3 -2.0 +0.9 -0.4
Relative to folic acid group (%) 100 —61 27 -13
Plasma total homocysteine (LM) 12.4+1.8 52+1.8 6.1+0.9 10.6 +£1.9* 9.8 +4.4*
Change from depletion phase(uM) - =7.0 —6.1 -1.6 2.4
Relative to folic acid group (%) 100 87 23 34

Rats fed a folate-deficient diet for 4 weeks were divided into 5 groups: one group was killed to monitor the folate levels in the depletion phase, and the other 4
groups were given the same folate-deficient diet supplemented with one of 4 test foods/substances (folic acid as a reference, powdered green tea, spinach, and
chicken liver) for 7 days. The folate intake dose was set at 40 pg/kg body weight/day. Values are the means = SD, n = 5 - 6. “Significantly different from folic

acid (p <0.05).
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Figure 4. Influence of EGCg on repletion of folic acid in a
folate depletion/repletion rat model. Rats fed a folate-defi-
cient diet for 4 weeks were intragastrically given either folic
acid (31 pg/kg body weight), EGCg (8 mg/kg body weight)
or folic acid + EGCg, while maintaining the same folate-
deficient diet for 7 days. (a) Plasma folate level; (b) liver
folate level; (c) bone marrow folate level; (d) plasma total
homocysteine level. Values are mean = SD, n = 5 - 6. *Sig-
nificantly different from folic acid group (p < 0.05).
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low folate concentration. In the case of powdered green
tea, the folate concentration in the test diet was 7.8%. In
the present study, the repletion effect with folic acid was
consistently observed among plasma, liver, and bone
marrow, while that with test food samples differed
among these tissues. Changes in bone marrow folate
status appeared delayed compared with those in plasma
and liver, particularly for powdered green tea, which
caused further depletion of bone marrow folate following
the 7-day repletion period. These findings suggest that
changes in bone marrow folate may be more evident later
than examined here, and that green tea is not a good
source of folate. Although we did not validate our test
system against a human model, our rat model provides a
practical initial approach to elucidating the bioavailabil-
ity of green tea folate.

Erythrocyte folate level is well known as a stable in-
dicator of body folate stores, and we confirmed this in
the present study; erythrocyte folate level was quite sta-
ble even after 4 weeks of folate depletion. This stability
is due to the relatively long life span of the erythrocyte
(about 60 days in the rat [22]) after it emerges from the
bone marrow and enters the bloodstream. On the other
hand, the concentration of folate in bone marrow, which,
like the liver, contains high amounts of folate [23],
clearly changed due to depletion and repletion of folic
acid, indicating that folate was taken up by the develop-
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ing erythrocytes in the bone marrow. The results indicate
that an increase in bone marrow folate is a good indicator
of the availability of both folic acid and natural folate.
Moreover, an increase in the concentration of tissue
folate was accompanied by a decrease in the concentra-
tion of plasma homocysteine when the repletion was
performed with folic acid, but such a correlation was not
observed with the food samples, particularly powdered
green tea. This may be due to contributions of other sub-
stances within food samples that affect the metabolism of
homocysteine. For example, tea catechin has been shown
to reduce plasma homocysteine by increasing its catabo-
lism in mice [24].

The reduced bioavailability of green tea folate might
be related to the chemical structure of folates and the
presence of reactive catechins in green tea. Wang et al.
[25] reported that green tea catechins inhibited pancreatic
phospholipase A2 and intestinal absorption of lipids in
ovariectomized rats. Similarly, tea catechins, particularly
EGCg, might also inhibit folate conjugase, an enzyme
needed to absorb natural folate. We did not clarify the
chemical structure of folates within green tea, and it is
possible that the folate might be in a highly polygluta-
mated form that needs to be broken down by conjugase
into monoglutamate for uptake from the intestinal tract.
In a randomized double-blind controlled study, intake of
high-dose tea catechin (1069 mg/day) for 1 week as a
capsule with normal diet in volunteers aged 40 - 63 years
was associated with a decrease in folate levels and in-
crease in total homocysteine levels in serum [26]. There-
fore, inhibition of folate conjugase by tea catechin could
be a mechanism of action that explains the reduced sup-
ply of natural folate in green tea.

An inhibitory effect of EGCg on dihydrofolate reduce-
tase (DHFR) may be also involved in the reduced bio-
availability of green tea folate. In Caco-2 cells, EGCg
was shown to inhibit DHFR [10], which reduces folic
acid to DHF and THF after absorption in the small intes-
tine [5,12]. In a rat study in which animals were fed 2 mg
folic acid with various doses of green tea catechins for 42
days, Augustin et al. [13] reported that the plasma con-
centration of 5-methyl-tetrahydrofolate was reduced by
the intake of green tea catechins (5 g/kg diet), but not
when catechin dose was less than at 1 g/kg diet. In our
present study, powdered green tea samples contained
catechin at 1.73 g/kg diet. Thus, an inhibitory effect of
tea catechin on DHFR may be another mechanism by
which folate uptake into tissues is reduced during reple-
tion with powdered green tea. In green tea, the content of
EGCg is approximately 6 - 13 mg/100 mL [27]. If we
consider a higher intake, such as 6 bottles of 500 mL of
green tea beverage, this equates to an estimated EGCg
intake of 8 mg/kg body weight. In the present study, pure
EGCg at a dose of 8 mg/kg body weight did not affect
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the increase in tissue folate or decrease in plasma homo-
cysteine when repletion was performed with folic acid,
suggesting that absorption of folic acid is unaffected by
low-dose EGCg. Therefore, folic acid supplementation of
bottled green tea beverages may be a practical approach
to minimize any negative effect of EGCg on folate status.

Periconceptional use of folic acid supplements is well
known to reduce the risk of NTDs in infants [28]. In ad-
dition, serum folate levels were inversely related to tea
consumption during pregnancy in Japan [11], and daily
tea drinking during the periconceptional period was as-
sociated with an elevated risk of NTDs in a Chinese
population [29]. Some young Japanese women who may
become pregnant consume a green tea beverage with a
high-strength tea catechin content for weight loss. Hence,
infants born to these women may be at risk for NTDs. As
shown in the present study, low-dose EGCg did not af-
fect the supplementary effect of folic acid. Thus, it may
be necessary to fortify with folic acid beverages contain-
ing tea catechin to counteract the negative effect of green
tea on folic acid status.

In conclusion, we showed that natural folate in green
tea was less bioavailable than that in other food sources,
but EGCg at the dose found in green tea did not affect
the uptake of folic acid into tissues in a folate deple-
tion/repletion model. Our rat in vivo assay model with a
7-day repletion phase after 4 weeks’ depletion appears
suitable to study the different bioavailability of folate in
food samples compared with folic acid.
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