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ABSTRACT
Background: The findings of animal and human studies suggest that
a certain component in milk enhances food folate bioavailability.
Objective: The objective was to evaluate whether cow milk en-
hances the bioavailability of food folate in humans.
Design: Thirty-one young women were fed low-folate diets on a 4-d
rotation with (n � 17) or without (n � 14) cow milk for 8 wk. Plasma
and erythrocyte folate and plasma total homocysteine (tHcy) con-
centrations were monitored.
Results: Plasma folate concentrations steadily declined in both the
milk and the nonmilk groups; however, the declines were not sig-
nificantly different between groups (P � 0.09). In contrast, eryth-
rocyte folate concentrations declined only in the nonmilk group and
remained unchanged in the milk group; the difference between the 2
groups was significant (P � 0.01). Plasma tHcy concentrations
significantly increased in the nonmilk group and remained un-
changed in the milk group; the difference between the 2 groups was
significant (P � 0.02).
Conclusion: The inclusion of cow milk in the diet enhanced the
bioavailability of food folate as assessed by the changes in erythro-
cyte folate and plasma tHcy concentrations but not in plasma folate
concentrations. The mechanisms of action by the components of cow
milk remain to be investigated. Am J Clin Nutr 2004;80:1565–9.
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INTRODUCTION

The importance of adequate folate nutrition for the mainte-
nance of health and the prevention of various diseases, such as
neural tube defects and occlusive vascular disease, has been well
recognized in recent years (1, 2). However, it is difficult to
accurately assess the dietary folate intake of the general popula-
tion because of the inadequate availability of accurate food folate
values (3). Furthermore, information on food folate bioavailabil-
ity and the factors affecting it in our diets is extremely scarce (4).

Several groups of researchers using various animal models
have evaluated the influence of the components of milk on the
bioavailability of folate (5–10). Colman et al (6) reported that the
uptake of folic acid (pteroylglutamic acid) bound to goat milk
folate-binding protein (FBP) was twice that of unbound folic acid
in the isolated rat intestinal mucosal cells. Mason and Selhub (7)
reported a similar observation using an in vivo intestinal loop
technique. Iwai et al’s group (8, 9) subsequently suggested that
bovine milk FBP plays an important role in folate bioavailability
in rats. Swiatlo et al (10) later showed that the addition of human
or cow milk to diets increased folate bioavailability in rats, al-
though what constituent in milk has such an effect is unknown.

Recently, an Australian group showed that FBP stabilizes tetra-
hydrofolates in vitro and increases dietary folate bioavailability
in vivo in rats when it is given with other whey proteins or soluble
casein (11, 12). Furthermore, Said et al (13) and Verwei et al (14),
using the everted-rat-intestinal sac and an artificial gastrointes-
tinal model, respectively, reported findings suggesting the role of
milk FBP in regulating intestinal folate absorption and bioavail-
ability. In addition to the evaluation of folate absorption at the site
of the intestinal mucosa, Ford (15) reported the possible impor-
tance of milk FBP in the economy of the vitamin in the intestine
through its interaction with gut flora.

To our knowledge, however, only one human study has been
performed to evaluate the effect of milk on folate bioavailability.
Smith et al (16) showed in infants that folate bioavailability in
human or cow milk is higher than that in foods without milk
products. The data of that study together with the findings of the
animal studies reviewed above suggest that a certain component
in milk enhances folate absorption and bioavailability, that milk
folate may be more bioavailable than is folate in nonmilk-
containing food, or both.

In the current study, we hypothesized that the bioavailability
of food folate is enhanced by the presence of cow milk. To test
this hypothesis, we conducted a study to evaluate the effect of
cow milk on folate bioavailability in young women who were fed
low-folate diets with or without cow milk for 8 wk. This was
estimated by monitoring plasma and erythrocyte folate concen-
trations, the most commonly used means to assess folate nutri-
tional adequacy and plasma total homocysteine (tHcy) concen-
trations—a folate functional test.

SUBJECTS AND METHODS

Subjects and blood samples

The study was approved by the Pennsylvania State University,
Office for Regulatory Compliance, and signed informed consent
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was obtained from each subject. The study was performed be-
tween February and November 1999. Two African American
and 29 white women (mean age: 22.3 y; range: 19–33 y) partic-
ipated in the study. Women were excluded if they were pregnant,
were lactating, were a smoker, were users of oral contraceptives
or other medications that could possibly interfere with folate
metabolism, were unwilling to discontinue taking nutritional
supplements, had abnormal results from clinical tests (including
plasma folate and vitamin B-12 concentrations �11 nmol/L and
150 pmol/L, respectively), and had a medical history indicating
serious disease. The subjects were asked to refrain from the
consumption of alcoholic drinks during the study, because alco-
hol intake is known to perturb folate metabolism (17). Pregnancy
tests were done at the beginning of the study and at 4 wk of the
study.

The subjects were randomly assigned to 1 of 2 dietary groups.
One group received diets with skim milk (0% fat; milk group,
n � 17) and the other received diets containing no milk, which
was replaced with apple juice and egg substitutes (nonmilk
group, n � 14) for 8 wk. The characteristics of the subjects were
similar in both groups (Table 1).

Fasting blood samples were initially collected at the beginning
of the first week (baseline) and then at the end of each week with
the use of evacuated tubes containing EDTA (BD Vacutainer;
Preanalytical Solutions, Franklin Lake, NJ). Blood samples were
kept on ice, and portions of samples were separated for hemat-
ocrit and erythrocyte folate analyses before plasma separation.
Samples were kept at �70 °C until assayed.

Meals and supplements

At the Metabolic Diet Study Center at Pennsylvania State
University, 4-d rotation meals (3 meals and 1 snack daily) were
prepared by using the NUTRITIONIST V database (First Data-
Bank, San Bruno, CA). The ingredients low in folate were se-
lected to keep the total daily folate intake �0.45 �mol (200 �g),
and any product fortified with folic acid was avoided. Meals
prepared for the milk group contained three 245-mL servings of
skim milk daily, which was replaced with three 245-mL servings
of apple juice and egg substitutes (20 g egg whites and 78 g Egg
Beaters; ConAgra Foods, Omaha) in the nonmilk group. Exam-
ples of the 2 menus are shown in Table 2. These meals contained
daily energy supplies ranging from 8640 to 11 500 kJ (15% of
energy from protein, 55% from carbohydrates, and 30% from
fat), and the energy content of the meals given depended on the
body weight of the subjects. Unit foods (muffins, 420 kJ each)

were used to further adjust energy intake to maintain the initial
weight. The subjects consumed breakfast and dinner at the Met-
abolic Diet Study Center during weekdays, whereas lunches and
weekend meals were provided to be eaten away from the center.
The subjects received a custom-formulated dietary supplement
(Tishcon, Salisbury, MD) that contained all essential micronu-
trients with the exception of folic acid. The supplement provided
6.0 �g cyanocobalamin/d and 2.0 mg vitamin B-6 hydrochlo-
ride/d. In addition, the subjects in the nonmilk group received
calcium supplements (250 mg as calcium carbonate 3 times
daily) to substitute for the amount of calcium in each glass of
milk.

Food folate analysis

Four whole-day meals were set aside for folate analyses at 6
time points during the study. Homogenates of a total of 24 meals
were prepared by using a Waring blender with 2 volumes (�2000
mL) of potassium phosphate buffer containing ascorbic acid (1.0
g/100 mL) with a final pH of 7.0 and were shipped in aliquots on
dry ice to the University of Alabama at Birmingham. Folate
contents were measured by microbiological assay with the use of

TABLE 1
Characteristics of subjects in the milk and the nonmilk groups at
enrollment1

Milk group
(n � 17)

Nonmilk group
(n � 14)

Age (y) 23.1 � 3.7 21.4 � 1.2
Height (cm) 166 � 7 162 � 7
Weight (kg) 61.3 � 7.0 57.8 � 9.6
BMI (kg/m2) 22.3 � 2.1 21.8 � 2.9
Hematocrit (%) 40.1 � 2.4 39.1 � 1.3
Hemoglobin (g/L) 136 � 8 134 � 3
Mean corpuscular volume (fL) 92.0 � 3.7 90.4 � 4.5

1 All values are x� � SE. There were no significant differences between
the groups (Student’s t test).

TABLE 2
Menus (8640 kJ) for the milk and the nonmilk groups

Food items Milk group Nonmilk group

g
Breakfast

Skim milk 245 0
Apple juice 0 120
Butter 15 15
Muffin 100 100
Jam 28 14
Fat- and cholesterol-free egg product1 0 78
Egg whites 0 20

Lunch
Skim milk 245 0
Apple juice 0 120
Pasta 112 112
Sliced tomato 50 50
Sweet peppers 50 50
Onions, red 20 20
Black olives 28 28
Ham, cubed 28 28
Salad dressing 25 25
Peaches, diced 113 125
Wheat-free crackers 33 23

Dinner
Skim milk 245 0
Apple juice 0 120
Beef 61 110
Gravy 60 60
Potato, canned 150 125
Olive oil 7.2 7.8
Egg yolk, boiled 2.5 0
Tomato, sliced 50 50
Cucumber, peeled and sliced 50 50
Salad dressing 20 20
Apple sauce 150 155

Snack
Potato chips 18 18

1 Egg Beaters; ConAgra Foods, Omaha.
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Lactobacillus casei after trienzyme extraction (�-amylase, pro-
tease, and folate conjugase treatments) or folate conjugase treat-
ment alone (3, 18, 19). The within-day CV of the food folate
assay after trienzyme extraction was �14.2% in slices of 63
brands of sandwich bread (KE Johnston and T Tamura, unpub-
lished observations, 2004).

Laboratory analyses

Plasma and erythrocyte folate concentrations were measured
by L. casei microbiological assay as previously described (19,
20). Plasma vitamin B-12 concentrations were analyzed by using
a MAGIC Vitamin B-12 [57Co] Radioassay kit (Ciba-Corning,
Medfield, MA), and plasma pyridoxal-5'-phosphate (PLP) con-
centrations were measured by using [3H]-tyrosine (Moravek,
Brea, CA) as substrate based on the method described by Camp
et al (21) with slight modifications (22). Plasma tHcy was mea-
sured by an HPLC-fluorescence method with homocysteine thio-
lactone as a standard (23). Folate analyses were performed
weekly, whereas the assays for vitamin B-12, PLP, and tHcy
were done with the use of samples obtained at baseline and at the
end of the fourth and eighth weeks. The interassay CVs measured
with the use of pooled plasma or control samples provided by the
manufacturer were �10%, 8%, 11%, and 8% for folate, vitamin
B-12, PLP, and tHcy, respectively (23).

Statistical analyses

Student t tests were used to compare the 2 groups on baseline
concentrations of each dependent variable measured before the
subjects were randomly assigned to a group. Because direct
folate analyses of the 2 diets indicated that the milk group re-
ceived a lower daily dietary folate intake than did the nonmilk
group (mean: 0.30 compared with 0.41 �mol, respectively; P �
0.001, see Results), dietary folate intake was used as a covariate
in all analyses of treatment-related changes. We conducted a
series of mixed-models analyses on change scores (posttreat-
ment value minus pretreatment value) for each variable, with
time (week) and group (milk and nonmilk) as fixed effects with
the use of SAS PROC MIXED (version 8; SAS Institute Inc,
Cary, NC). When significant main effects and interactions were
found, Tukey-Kramer adjusted P values were used to examine
the source of these effects. To test whether the groups showed
similar rates of change over time, the analyses of change scores
were repeated, and the group factor was removed from the model.
Significant interactions of group and time from this reduced
model indicate that the rate of change is not identical in the 2
groups. Interrelations between the variables were estimated by
using Pearson’s correlation coefficients. Tables and figures de-
pict least-squares means � SEs, and P values �0.05 were con-
sidered statistically significant.

RESULTS

Mean (�SE) folate contents of the 24 whole-day meals were
0.30 � 0.01 �mol (134 � 3 �g) and 0.41 � 0.01 �mol (182 �
3 �g) for the milk group and the nonmilk group, respectively. The
difference between the groups was significant (P � 0.001), al-
though we intended to make folate contents in the diets similar for
both groups by using ingredients with the same lot numbers to
formulate the diets. Thus, the nonmilk group consumed 36%
more folate than did the milk group. These values were obtained
by microbiological assay after trienzyme extraction, and they

were 48% and 56% higher than those measured after the tradi-
tional treatment with folate conjugase alone in the meals for the
milk and the nonmilk groups, respectively.

There were no significant group differences in plasma (Figure
1) and erythrocyte (Figure 2) folate, plasma vitamin B-12, PLP,
and tHcy concentrations before randomization (Table 3). Plasma
folate significantly decreased during the 8-wk period in both
groups, and this decline became larger as the study progressed.
The decline in mean plasma folate in the nonmilk group was 45%
larger than in the milk group; however, this group difference was
not statistically significant. The mean declines in plasma folate
concentrations were 2.9 and 3.9 nmol/L per week in the milk and

FIGURE 1. Adjusted mean (�SE) changes in plasma folate concentra-
tions in the milk (�; n � 17) and the nonmilk (■ ; n � 14) groups. *Signif-
icantly different from baseline, P � 0.003 (Bonferroni-adjusted post hoc
test). Baseline plasma folate concentrations were 49 � 4 and 58 � 5 nmol/L
in the milk and the nonmilk groups, respectively. When change scores were
analyzed, there was a significant effect of time (P � 0.0001). Neither the
group main effect nor the time � group interaction was significant. In the
group as a whole, plasma folate concentrations were significantly different
from baseline during weeks 2–8 (P � 0.004).

FIGURE 2. Adjusted mean (�SE) changes in erythrocyte folate concen-
trations in the milk (�; n � 17) and the nonmilk (■ ; n � 14) groups. Baseline
erythrocyte folate concentrations were 1372 � 96 and 1478 � 106 nmol/L in
the milk and the nonmilk groups, respectively. When change scores were
analyzed, there were significant effects of group (P � 0.01) and time (P �
0.0001). When group was removed from the model, there was a significant
group � time interaction (P � 0.02), which indicated that change in the
groups was not parallel over time. *Significantly different from baseline, P
� 0.003 (Bonferroni-adjusted post hoc test).
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the nonmilk groups, respectively, with a mean decline of 3.4
nmol/L per week as a whole. As shown in Figure 2, erythrocyte
folate concentrations declined substantially in the nonmilk group
only over the 8-wk period, whereas the milk group showed in-
creases in erythrocyte folate concentrations. This difference be-
tween the 2 groups was indicated by a significant effect of the
diets on erythrocyte folate concentrations (P � 0.01).

There was a significant group � time interaction for change in
plasma vitamin B-12 (P � 0.03). Only the milk group showed
significant increases in plasma vitamin B-12 concentrations (P �
0.008), and this effect was only significant at the end of the 8-wk
period. In the sample as a whole, plasma PLP concentrations
increased over the 8-wk period. There was no significant group
difference in plasma PLP changes.

As shown in Table 3, changes in plasma tHcy concentrations
showed a different pattern, which increased significantly in the
nonmilk group (by 2.3 � 0.6 �mol/L; P � 0.0004) but did not
change significantly in the milk group (�0.07 � 0.05 �mol/L;
P � 0.89). Furthermore, the group difference in change in tHcy
concentrations was statistically significant (P � 0.02).

Regardless of the type of diets consumed during the 8-wk
period, subjects with the largest reductions in plasma folate con-
centrations at the end of 8 wk had the largest increases in tHcy
concentrations (r � �0.51, P � 0.004) and the largest decreases
in erythrocyte folate concentrations (r � 0.40, P � 0.05). In
addition, changes in plasma vitamin B-12 were inversely cor-
related with changes in plasma tHcy (r � �0.42, P � 0.02)
and changes in erythrocyte folate concentrations (r � �0.48,
P � 0.02).

DISCUSSION

We found that the inclusion of skim milk to the diet enhanced
the bioavailability of food folate as assessed by the changes in
erythrocyte folate and plasma tHcy concentrations in a total of 31
young women who were fed diets with or without milk for 8 wk.
As for the two 4-d rotation diets, the subjects received mean daily
folate intakes of 134 and 182 �g in the milk and the nonmilk
groups, respectively. The main difference between the 2 groups
was the substitution of skim milk with apple juice and egg sub-
stitutes. The reason for the difference in folate content in the 2
diets is unknown because the folate content of each food was not
independently assayed. We found that folate values in the meals
were on average �50% higher after trienzyme treatment than

after folate conjugase treatment alone. The data suggest that for
the folate assay in the mixed diet, the trienzyme-extraction
method should be used to obtain the highest values detectable as
suggested previously (3, 18).

Because we provided low-folate diets, plasma folate concen-
trations steadily declined in both the milk and the nonmilk groups
during the 8-wk study period (Figure 1). Because the dietary
folate intakes were different between the groups, we analyzed the
decline in plasma folate with folate intake as a covariate; we
found that the declines were similar in the milk and the nonmilk
groups (P � 0.09). In contrast, the decline in erythrocyte folate
was found only in the nonmilk group (Figure 2), and erythrocyte
folate concentrations remained unchanged over the 8-wk period
in the milk group. This difference between the 2 groups indicated
a significant effect of the diets on erythrocyte folate concentra-
tions (P � 0.01). Considering that the life span of erythrocytes is
120 d, it was unexpected that such a large difference in erythro-
cyte folate, but not in plasma folate, was observed between the 2
groups after only an 8-wk period (56 d) because only �50% of
erythrocytes turned over during the study. However, the wide
variation in both plasma and erythrocyte folate concentrations is
the likely cause of such an inconsistency. The difference in
plasma folate response to the 2 diets was large; however, vari-
ability was also high. As a result, our study may not have been
adequately powered to test the effects of the diets on plasma
folate concentrations with 14–17 subjects per group. Retrospec-
tive analyses showed that statistical power was 0.21 for testing
group differences in plasma folate in the current study. In con-
trast, variability was substantially lower and power was much
higher (0.90) for testing group differences in erythrocyte folate
concentrations. Future studies are needed to examine the sources
of individual variation in plasma folate concentrations, and sub-
sequent studies may need to include larger samples to compen-
sate for variability in plasma folate.

Furthermore, it remains to be determined whether continuing
treatment for a longer period of time would have produced sig-
nificant changes in plasma folate. The interpretation of data
might have been easier if the folate intakes from the 2 diets had been
similar. Would it have been possible to observe the difference in
plasma folate concentrations between the groups if we had used 2
diets containing an equal amount of folate or diets with slightly
higher amounts of folate than used in the current study? In well-
controlled folate-depletion experiments, such as reviewed below,
investigators have used only one folate intake (24–26).

TABLE 3
Vitamin and total homocysteine concentrations at baseline and change scores at 4 and 8 wk of dietary intervention in the milk and the nonmilk groups1

Milk group (n � 17) Nonmilk group (n � 14)

Baseline 4 wk 8 wk Baseline 4 wk 8 wk

Vitamin B-12 (pmol/L)2 300 � 27 41 � 27 76 � 273 246 � 31 35 � 33 24 � 33
Pyroxidal-5'-phosphate (nmol/L)4 76 � 10 16 � 17 14 � 17 63 � 11 44 � 20 28 � 20
Total homocysteine (�mol/L)5,6 6.1 � 0.3 �0.0 � 0.5 �0.1 � 0.5 5.4 � 0.3 2.5 � 0.63 2.0 � 0.63

1 All values are least-squares x� � SE.
2 Significant group � time interaction, P � 0.03 (mixed-models analysis of change scores).
3 Significant change from baseline, P � 0.05 (Bonferroni adjustment).
4 Significant main effect of time, P � 0.05 (mixed-models analysis of change scores).
5 Significant main effect of group, P � 0.02 (mixed-models analysis of change scores).
6 Significant group � time interactions in a model in which group was removed, which indicated that the change in the 2 groups was not parallel over time,

P � 0.04.
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In addition, plasma tHcy concentrations, a functional test for
folate nutriture, showed a significant increase in the nonmilk
group but no change in the milk group. Of the 3 indexes of folate
nutriture measured in this study, 2 indexes (erythrocyte folate
and plasma tHcy concentrations) indicated that the subjects in the
milk group had better folate nutriture at the end the 8-wk period,
despite the lower folate intake than in those in the nonmilk group.
These findings agree with those of several studies, which showed
that a component of milk enhances folate absorption and bio-
availability in both animals (6–12, 14) and humans (16).

Our observation of a decline in plasma folate (3.5 nmol/L per
week) is similar to the results found by others, who used the
trienzyme extraction method to obtain dietary folate values. In 8
postmenopausal women, Jacob et al (24) reported that the con-
sumption of a low-folate diet containing152 �g folate for 21 d
resulted in a significant reduction in plasma folate concentrations
at a rate of �3.7 nmol/L per week. The folate content in the diets
used by Jacob et al (24) was similar to the content in the diet used
in the current study. Also, Kauwell et al (25) conducted a study
in 17 elderly women who were fed a diet containing 118 �g
folate/d for 7 wk; they found that plasma folate decreased at a
weekly rate of 3.8 nmol/L. In a 7-wk study in 41 young females,
Shelnutt et al (26) found that the mean plasma folate concentra-
tion declined at a rate of �4.2 nmol/L per week when the subjects
were fed diets providing 115 �g folate/d. These data together
indicate that plasma folate concentrations decline at the rate of
3.5–4.2 nmol/L when subjects are fed a low-folate diet providing
115–160 �g folate/d.

We observed increases in both plasma vitamin B-12 and PLP
concentrations. This may indicate that the daily doses of vitamins
B-12 and B-6 (6.0 �g as cyanocobalamin and 2.0 mg as B-6
hydrochloride) in addition to the diets were sufficient to improve
their baseline nutriture of the vitamins among our subjects.

In summary, the inclusion of cow milk to the diet enhances the
bioavailability of food folate as assessed by the changes in eryth-
rocyte folate and plasma tHcy concentrations, but not plasma
folate concentrations, in a total of 31 young women who were fed
diets with or without milk for 8 wk. The mechanisms of such
action by the components of cow milk remain to be explored.
Furthermore, future studies should address how much milk is
needed to affect dietary folate bioavailability.
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sections of the manuscript. ALR assisted with the implementation of the
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and interpretation. GZ conducted the statistical analyses. KEJ performed all
of the laboratory analyses. DHM supervised subject recruitment and adher-
ence to the study design as the Clinical Coordinator. VKF planned the prep-
aration of the experimental diets. DBD helped to establish the conceptual
aspect of the study. TT supervised the laboratory analyses and wrote the
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