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Abstract

There is a need to increase the options for vitamin D fortification. We have developed a method to fortify hard cheese with

vitamin D. Our aim was to characterize the bioavailability of vitamin D from fortified cheeses. Eighty adults were

randomized to weekly servings of fortified cheddar cheese (DC) (34 g; n¼ 20); fortified low-fat cheese (DLF) (41 g; n¼ 10);

liquid vitamin D supplement (1 mL), taken with food (DS1) (n ¼ 20) or without food (DS2) (n ¼ 10); placebo cheddar

cheese (n ¼ 10); or placebo supplement (n ¼ 10). The treatments contained 28,000 IU cholecalciferol (vitamin D3),

equivalent to 4000 IU (100 mg/d). The primary outcome was the comparison of vitamin D bioavailability, as measured by

the serum 25-hydroxyvitamin D [25(OH)D] response, between fortified cheeses and supplement. In the placebo groups,

initial 25(OH)D, 55.0 6 25.3 nmol/L, declined over the 8-wk winter protocol, to 50.7 6 24.2 nmol/L (P ¼ 0.046). In the

vitamin D-treated groups, the mean increases in 25(OH)D over 8 wk were: 65.3 6 24.1 (DC), 69.4 6 21.7 (DLF), 59.3 6

23.3 (DS1), and 59.3 6 19.6 nmol/L (DS2); these changes differed from the placebo groups (P , 0.0001) but not from one

another (P¼ 0.62). Compared with baseline, serum parathyroid hormone decreased with both fortification (P¼ 0.003) and

supplementation (P ¼ 0.012). These data demonstrate that vitamin D is equally bioavailable from fortified hard cheeses

and supplements, making cheese suitable for vitamin D fortification. J. Nutr. 138: 1365–1371, 2008.

Introduction

Vitamin D insufficiency constitutes a largely unrecognized and
widespread public health problem (1–8). Chronic vitamin D
insufficiency prevents the proper mineralization of bone, leading
to rickets in children and osteomalacia or osteoporosis in adults.
Recent evidence indicates that low levels of 25-hydroxyvita-
min D [25(OH)D],8 the accepted clinical measure of vitamin D
status, are associated with an increased risk of incident cancers,
along with a higher mortality from these cancers (9–13). Evidence
also exists of a beneficial effect of vitamin D on other diseases,
including multiple sclerosis (14–16), diabetes (17–19), cardio-
vascular disease (20,21), rheumatoid arthritis (22), and micro-
bial infections (23–25). Evaluation of most relationships of
vitamin D with health and disease lead to the conclusion that a

sufficient 25(OH)D concentration is $75 nmol/L (2,26), sug-
gesting that the prevalence of vitamin D insufficiency is higher
than anticipated.

There is strong evidence indicating that current vitamin D
intakes in adults are inadequate (27–29). Cutaneous synthesis of
vitamin D by UV-B sunlight, the major contributor to vitamin D
status, is limited by environmental, cultural, and physiologic
factors, including latitude, season, clothing, sunscreen, glass
shielding, age, and skin pigmentation (30–34). Vitamin D is dif-
ficult to obtain from the diet, because it is not naturally present
in many foods. Thus, populations in North America often rely
on fortified foods and dietary supplements to meet their vitamin
D needs during times of insufficient sunlight. Vitamin D
fortification is mandatory in Canada for beverage milk (100
IU/250 mL)9 and margarine (53 IU/10 g) (35) and optional in the
United States for milk, breakfast cereals, and calcium-fortified
fruit juices (40–140 IU/serving) (36). However, cross-sectional
studies suggest that current North American fortification prac-
tices are not effective in preventing vitamin D insufficiency,
because fortified foods provide inadequate amounts of vitamin
D and are often underfortified (1,27,37–39). Furthermore, milk
consumption has declined considerably since the 1980s (40) and
lactose intolerance is a common problem, particularly among
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populations that are at greatest risk of vitamin D deficiency (e.g.
Blacks, Asians, Native Americans) (41,42). Clearly, additional
foods need to be fortified with vitamin D to increase the
availability of this essential nutrient for the general population.

In both Canada and the United States, industrial milk des-
tined for processing (e.g. baking or making yogurt, ice cream,
and cheeses) is not fortified with vitamin D and fortification of
the final product is not required (27). Cheese is a good source of
calcium and has only traces of lactose, making it a viable source
of vitamin D and calcium for individuals with lactose intoler-
ance and those who do not otherwise drink milk. Furthermore,
cheese is potentially an ideal vehicle for vitamin D, because its
dietary fat content might promote the stability and absorption of
fat-soluble vitamin D (43). Lastly, cheese is a widely consumed
food and its per capita consumption has increased steadily since
the 1980s and is expected to continue to do so in the future
(40,44). In a previous phase of our work, we demonstrated that
a cheese-like matrix could be efficiently fortified with vitamin D
(45). However, cheese contains certain components (e.g. the
milk proteins b-lactoglobulin A and b-casein) that can bind
strongly to vitamin D (46,47) and this may affect its bioavail-
ability.

We investigated in a double-blind, randomized, controlled trial
whether vitamin D is bioavailable from fortified hard cheeses
and whether accompanying food might affect vitamin D bio-
availability.

Materials and Methods

The study protocol was approved by the Research Ethics Boards of the

University of Toronto and of Mount Sinai Hospital (Toronto, Canada).

All study subjects signed a form indicating their informed consent.

Subjects and recruitment criteria. Subjects were recruited through the

use of an Internet posting on the University of Toronto email-log-on

notice board. Healthy men and women between 18 and 60 y of age were

candidates for inclusion in the study. They were not admitted to the study
if any of the following criteria were present: 1) a history of any medical

disorders that might affect vitamin D or mineral metabolism; 2) use of

vitamin D supplements in excess of 400 IU/d; 3) use of medications that
could interfere with vitamin D metabolism; 4) potential for significant

sun exposure (e.g. travel to a sunny locale or use of tanning beds) within

the month prior to or during the study; or 5) unwillingness to return

for follow-up. Between November 2006 and January 2007, we recruited
40 men and 40 women meeting the eligibility requirements, most of

whom were students at the University of Toronto (latitude 43�N).

Study design. The 80 eligible subjects were randomly assigned to 1 of 6

interventions (outlined in Fig. 1): 1) vitamin D-fortified regular-fat

cheddar cheese (DC) (33.6 g/serving); 2) vitamin D-fortified low-fat

cheese (DLF) (41.4 g/serving); 3) vitamin D supplement (as an ethanolic
solution) to be taken with food (i.e. during a meal) (DS1); 4) vitamin D

supplement (as an ethanolic solution) to be taken without food (i.e. just

before bedtime) (DS2); 5) placebo cheese, a regular-fat cheddar cheese

(33.6 g/serving) containing no vitamin D (PC); and 6) placebo supple-
ment, an ethanolic solution containing no vitamin D (PS). Fortified

cheeses and supplements contained 28,000 IU of cholecalciferol (vitamin

D3) per serving or dose. Each serving or dose was consumed orally once
a week at home for a total of 8 wk; this weekly dose is equivalent to a

daily dose of 4000 IU cholecalciferol (48).

The protocol began in the fourth week of January and ended in the

first week of April, a time of the year during which cutaneous synthesis of
vitamin D from UV-B sunlight would be negligible (30). Subjects

attended Mount Sinai Hospital biweekly for a total of 5 visits. At each

visit, we obtained venous blood and urine samples from each subject for

biochemical testing and provided each subject with individual servings of
cheese or supplement.

The serum 25(OH)D metabolite is the appropriate measure of the

success of vitamin D supplementation or fortification (49). Thus, we

measured serum 25(OH)D at 2-wk intervals for 8 wk to assess bio-
availability from the various vehicles and methods for providing vitamin

D. The primary outcome was the comparison of serum 25(OH)D

concentrations among groups at the 8-wk time point. The primary

outcome comparison was between the DC group and the DS1 group.
Two smaller groups (i.e. DS2 and DLF) were designed to investigate

subgroup effects, namely whether accompanying food or differences in

the fat content of cheese, respectively, might affect vitamin D bioavail-

ability. Secondary outcome measures included serum calcium, creatinine,
phosphate, parathyroid hormone (PTH), alkaline phosphatase (ALP),

and c-telopeptide (CTX), as well as urine calcium, creatinine, and

phosphate. We tested the following hypotheses, which were set a priori:
1) the change in serum 25(OH)D (from baseline to 8 wk) will be

significantly greater in the vitamin D-treated groups compared with

placebo; and 2) the change in serum 25(OH)D will not differ among any

of methods for providing vitamin D.
To have an 80% chance of detecting as significant (at the 2-sided 5%

level) a 18-nmol/L difference in the mean change in serum 25(OH)D

(from baseline to 8 wk) between the 2 main treatment groups (i.e. DC vs.

DS1), assuming a SD of 20 nmol/L, 20 subjects in each group (40 in
total) were required (50).

The randomization sequence was generated by the principal inves-

tigator, who was not involved in the implementation of the assignments,
using computer software to produce randomly permutated blocks of 6

allocations [Random Allocation Software 1.0 (2004), by M. Saghaei].

With these blocks, random assignment was stratified by gender, so that

equal numbers of males and females were allocated to each intervention
group. Subject names and their corresponding cheese or supplement

were numerically coded so that both the investigators and the subjects

did not know whether or not the cheese or supplement samples provided

to each subject contained vitamin D. The code was revealed to the
researchers once recruitment, data collection, and laboratory analyses

were complete.

Materials. USP-grade cholecalciferol (vitamin D3) was purchased in

crystalline form from Sigma and dissolved in USP-grade ethanol. The
molar concentration of vitamin D was adjusted to 1823 mmol/L (28,000

IU/1-mL dose). Quantitation of vitamin D was based on an absorbance

at 265 nm (33.36 absorbance units based upon a molar extinction
coefficient of 18,300 absorbance units�mol21�L21). Spectroscopy was

performed with an 8352A diode array spectrophotometer (Hewlett-

Packard) using a 1-cm quartz cuvette. Appropriately blanked UV ab-

sorption spectra of the ethanolic solution of vitamin D supplements were
measured before and after the study and the concentrations remained

identical. PS consisted of USP-grade ethanol without vitamin D. DS1,

DS2, and PS were physically identical and unidentifiable. They were

consumed weekly by each subject by mixing 1 mL of the ethanolic
solution into juice or water just before drinking it.

All cheeses were industrially manufactured by Agropur Cooperative

using standard cheese-making methodologies. The preliminary produc-
tion step involved the addition of vitamin D to the whole milk [3.8% fat

(wt:wt)] or skim milk [0.8% fat (wt:wt)] destined for cheddar or low-fat

cheese manufacture, respectively. We fortified each kind of milk to a level

of 111 IU vitamin D/g using Vitamin D3 Premix (208,000 IU/mL), a
conventional emulsified concentrate of cholecalciferol that is used in the

dairy industry (Kingsway Chocolate). The vitamin D content of cheese

samples was measured as previously described (45), with some modi-

fications: 1) the mass of cheese samples and distilled water was reduced
5-fold; 2) an internal standard, USP-grade 25(OH)D (Sigma) was used;

and 3) sample preparation, heated saponification, and lipid extraction

steps were all performed in a single test tube.
The mean vitamin D concentration of the DC was 833.88 IU/g and of

the DLF was 676.09 IU/g. The PC contained no vitamin D. Random sites

were sampled from 2-kg cheese blocks and measured vitamin D content

was confirmed to be homogeneous throughout the cheeses. After
analysis, the cheese was portioned into weekly servings of DC (33.6

g/serving) and DLF (41.4 g/serving), corresponding to 28,000 IU vitamin

D/serving. All cheeses were vacuum-packaged in plastic food bags,
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numerically coded so as not to disclose dosage on the package, and kept

refrigerated at 4–8�C. The vitamin D content of the cheeses did not

change over the course of the study. The tastes of the fortified cheeses
were indistinguishable from that of their unfortified counterparts, as was

the physical appearance of all the cheeses.

Measurements. We measured the anthropometrics of each subject (i.e.

age, weight, and height) at the baseline visit. At each visit, we collected
the empty vials and plastic cheese packages from each subject to monitor

compliance. At the end of each study month, subjects completed a FFQ,

which was used to calculate the mean background daily intake of

vitamin D and calcium from food and supplements. The food compo-
sition database used for the FFQ was the most recent version of the

Canadian Nutrient File (51). Validation of the FFQ was performed against

7-d food records and 25(OH)D concentrations of 104 subjects during the

winter (S. J. Whiting, H. Wu, A. Godzik, and E. Parra, unpublished
data). Subjects were instructed to maintain their typical dietary habits

throughout the study.

Serum 25(OH)D was measured by radioimmunoassay (DiaSorin).

The assay has a limit of detection of 3.75 nmol/L, an intra-assay CV of
8%, and an interassay CV of 16%. For serum 25(OH)D, all samples

from a single subject were measured within the same run to minimize

assay variation.
Serum calcium, phosphate, creatinine, PTH, ALP, and CTX, as well as

urine calcium, phosphate, and creatinine were measured on the Modular

Analytics Serum Work Area (Roche) immediately after obtaining the

blood and urine samples. Urinary calcium excretion was calculated as the
ratio of millimolar concentrations of urine calcium and urine creatinine.

Statistical analyses. The results are means 6 SD. All data were

analyzed with SPSS software (version 13.0). Graphs were created with

GraphPad Prism 5 for Windows. One-way ANOVA were used to
compare the baseline characteristics among the groups. Associations

between biochemical measures were examined by means of the Pearson

correlation coefficient. Within-group changes in serum and urine bio-

chemical variables over time were analyzed with paired 2-tailed t tests.
Between-group differences in mean serum and urine biochemical

variables at various time points, as well as between-group differences

in the changes in serum and urine biochemical values, were analyzed

with 1-way ANOVA followed by Tukey’s honestly significant difference
post hoc testing. Differences between genders in mean 25(OH)D

concentrations at various time points were analyzed with independent-

sample 2-tailed t tests. The criterion for significance was set at P , 0.05.

Results

Characteristics of subjects. The flow of participants through
each stage of the study is illustrated (Fig. 1). All enrolled subjects
completed the entire protocol, with 0 missed visits. Compliance,
measured by counts of empty vials and cheese packages returned
by the subjects, was 98%. The analysis was intention-to-treat
and involved all 80 subjects who were randomly assigned to groups.
The demographics and baseline characteristics of the partici-
pants were very similar for the different intervention groups
(Table 1). Intake of vitamin D and calcium (from food and
supplements) did not differ among the groups. At baseline,
serum 25(OH)D and CTX values (r ¼ 20.23; P ¼ 0.044) were
correlated, as were serum ALP and serum CTX values (r¼ 0.23;
P ¼ 0.041). In the total group (n ¼ 80), the baseline serum
25(OH)D concentration was 54.2 6 24.0 nmol/L. Of these
subjects, 65 (81.3%) had less than desirable 25(OH)D concen-
trations (,75 nmol/L), 39 (48.8%) had low concentrations
(,50 nmol/L), and 5 (6.3%) had concentrations that could
indicate osteomalacia (,25 nmol/L).

Serum 25(OH)D concentrations. In the combined placebo
groups (PBO) (n¼ 20), serum 25(OH)D decreased from baseline
to 8 wk (55.0 6 25.3 to 50.7 6 24.2 nmol/L; P¼ 0.046) (Fig. 2).
In all vitamin D-treated groups, serum 25(OH)D increased
from baseline to 8 wk by over 100% (P , 0.0001) (Fig. 2).
Serum 25(OH)D concentrations in all vitamin D-treated groups
were higher in 3 comparisons: 1) at each visit (excluding
baseline) compared with PBO (P , 0.005); 2) at each visit
compared with baseline (P , 0.005); and 3) at each visit
compared with the previous visit (P , 0.05). The 25(OH)D
concentration attained at each visit did not differ among any of
the groups that received vitamin D (P . 0.50). Serum 25(OH)D
concentrations did not differ between men and women at any
time point (P . 0.10). Upon completion of the 8-wk interven-
tion, a 25(OH)D concentration of $75 nmol/L was attained in
18 of the 20 (90%) subjects consuming DC, 9 of the 10 (90%)
subjects consuming DLF, 19 of the 20 (95%) subjects consuming
DS1, and 9 of the 10 (90%) subjects consuming DS2.

FIGURE 1 Trial profile. *Enrollment

was limited to 40 subjects per gender.
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Changes in serum 25(OH)D concentrations [D25(OH)D;
nmol/L], calculated as the difference between baseline and wk 8,
were higher in the DC (65.3 6 24.1), DLF (69.4 6 21.7), DS1

(59.3 6 23.3), and DS2 (59.3 6 19.6) groups than in the PBO
group (24.3 6 9.0) (P , 0.0001; Fig. 3). The D25(OH)D did not
differ among any of the groups that received vitamin D (P ¼
0.62) and did not differ between genders in those groups (P ¼
0.53). It was not correlated with BMI (r ¼ 0.09; P ¼ 0.49), but
in groups that received vitamin D, it was negatively correlated
with the serum 25(OH)D concentration at baseline (r ¼ 20.38;
P ¼ 0.003).

Secondary outcome measures. Because both types of forti-
fied cheeses and both routes of vitamin D supplementation
exhibited equal bioavailability, data were recoded into 3 groups
(i.e. fortified cheese, vitamin D supplement, and placebo) for the
assessment of secondary outcome measures. The changes (from
baseline to 8 wk) in biochemical variables in these groups are
summarized (Table 2). Serum creatinine, ALP, and CTX and
urine biochemical measures did not differ from baseline to 8 wk
within or between any of the groups (P . 0.05). Serum
phosphate decreased from baseline to 8 wk in the placebo and
vitamin D supplement groups (P , 0.05), but not in the fortified
cheese group (P ¼ 0.29); however, the changes in serum
phosphate did not differ between any of the groups (P ¼
0.59). Serum PTH decreased by 25% in the fortified cheese
group (P ¼ 0.003) and by 21% in the vitamin D supplement
group (P ¼ 0.012) compared with baseline values (Table 2).
There was no change in PTH concentrations in the placebo
group (P ¼ 0.75). At the final visit, serum 25(OH)D and PTH
values were negatively correlated (r¼20.34; P¼ 0.002). Serum
calcium decreased from baseline to 8 wk in the placebo group
(P ¼ 0.004) but remained unchanged in the fortified cheese
and vitamin D supplement groups (P . 0.5). The change in
serum calcium in the fortified cheese group was not different

from the change in the vitamin D supplement group (P ¼ 0.82),
but it was greater than the change in the placebo group (P ¼
0.02); however, the latter difference was due to a decrease in the
placebo group, not a change in the treatment group. In all
subjects (n ¼ 80), serum calcium concentrations remained
within the normal reference range (2.2–2.6 mmol/L) at each time
point. No subject developed hypercalcemia (serum calcium .

2.75 mmol/L) or hypercalciuria (millimolar ratio of urine
calcium:urine creatinine . 1). None of the subjects reported
any adverse effects.

TABLE 1 Baseline characteristics in each group of subjects1

Fortified cheese Supplement Placebo

DC DLF DS1 DS2 PC PS

n 20 10 20 10 10 10

Age, y 28.7 6 11.4 30.6 6 11.7 31.8 6 12.5 23.6 6 3.5 26.2 6 6.5 24.6 6 4.5

BMI, kg�m22 25.2 6 5.0 24.2 6 3.3 23.4 6 3.8 23.8 6 5.2 22.9 6 3.9 21.7 6 2.5

Vitamin D intake,2 IU/d 119.5 6 104.6 232.4 6 156.9 207.8 6 196.0 102.7 6 77.6 135.5 6 83.8 176.9 6 150.5

Calcium intake,2 mg/d 599.5 6 278.4 886.7 6 379.8 630.3 6 305.2 713.7 6 502.9 687.0 6 268.2 952.6 6 874.7

Serum 25(OH)D, nmol/L 50.7 6 18.9 57.5 6 18.4 55.7 6 21.2 53.4 6 40.1 52.4 6 22.7 57.6 6 28.7

,75 nmol/L, n (%) 16 (80) 8 (80) 16 (80) 9 (90) 8 (80) 8 (80)

,50 nmol/L, n (%) 11 (55) 3 (30) 8 (40) 7 (70) 4 (40) 6 (60)

,25 nmol/L, n (%) 1 (5) 0 (0) 1 (5) 1 (10) 1 (10) 0 (0)

Serum calcium, mmol/L 2.38 6 0.08 2.35 6 0.06 2.37 6 0.07 2.40 6 0.08 2.42 6 0.09 2.42 6 0.06

Urine calcium, mmol/L 2.77 6 2.20 2.04 6 2.34 3.34 6 2.44 3.63 6 1.50 5.22 6 4.37 2.51 6 1.71

Serum creatinine, mmol/L 71.90 6 9.85 70.5 6 9.12 76.05 6 11.52 71.6 6 11.32 74.6 6 18.33 71.8 6 13.70

Urine creatinine, mmol/L 11.42 6 6.50 7.98 6 7.63 13.12 6 7.6 15.03 6 8.85 13.52 6 6.56 7.35 6 4.85

Urinary calcium excretion,3 mmol:mmol creatinine 0.28 6 0.23 0.34 6 0.33 0.33 6 0.26 0.31 6 0.15 0.38 6 0.26 0.39 6 0.17

Serum phosphate, mmol/L 1.24 6 0.17 1.2 6 0.13 1.19 6 0.13 1.14 6 0.13 1.21 6 0.19 1.24 6 0.11

Urine phosphate, mmol/L 17.01 6 10.50 12.32 6 14.87 18.03 6 10.92 12.9 6 15.75 20.15 6 11.41 10.53 6 8.93

Serum PTH, pmol/L 5.11 6 3.32 3.9 6 0.73 4.57 6 2.11 3.77 6 1.29 4.44 6 2.47 4.34 6 1.50

Serum ALP, U/L 66.85 6 19.94 59.9 6 13.66 61.4 6 13.11 70.7 6 25.10 66.1 6 15.98 68.3 6 18.29

Serum CTX, mg/L 0.27 6 0.17 0.26 6 0.12 0.22 6 0.17 0.25 6 0.10 0.30 6 0.16 0.32 6 0.24

1 Values are means 6 SD. Baseline values did not differ among groups, P . 0.05.
2 Mean total intake from the diet and supplements (excluding intervention), as assessed by monthly FFQ.
3 Expressed as a ratio of millimolar concentrations of urine calcium and urine creatinine.

FIGURE 2 Serum 25(OH)D concentrations in subjects consuming

fortified cheese, a vitamin D supplement with or without food, or

placebo for 8 wk. Values are means 6 SEM, n ¼ 10 (DLF, DS2) or 20

(DC, DS1, PBO). **Different from baseline, P , 0.005, and from the

previous time point, P , 0.05, in all vitamin D-treated groups;

*different from baseline, P , 0.05, in the placebo group).
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Discussion

Our results show that vitamin D is bioavailable from fortified
cheddar and low-fat cheese. The change in 25(OH)D from
baseline to 8 wk was significantly greater in the subjects
consuming fortified cheddar or low-fat cheese compared with
those consuming the placebo. Furthermore, the fortified cheeses
produced a change in 25(OH)D that did not differ from vitamin
D supplement, demonstrating that vitamin D is equally bio-
available from fortified cheese and supplement. These findings
are similar to those of Natri et al. (52), who showed that bread
fortified with cholecalciferol increases serum 25(OH)D as
effectively as a supplement.

We also found that differences in the fat content of the
fortified cheeses did not affect vitamin D bioavailability. The
increases in serum 25(OH)D did not differ between subjects
consuming fortified regular-fat cheddar cheese, comprised of
;33% fat, or fortified low-fat cheese, comprised of ;7% fat.
These observations are consistent with those of Tangpricha et al.
(53) in which peak serum vitamin D concentrations did not

differ significantly after the ingestion of vitamin D in whole
milk, skim milk, or corn oil on toast. We also did not observe any
significant changes in serum 25(OH)D between subjects con-
suming vitamin D supplemented with food and those consuming
it without food. We conclude that taking a vitamin D supple-
ment together with food also does not alter its bioavailability.

All of the differences in the mean change in 25(OH)D among
vitamin D-treated groups were less than one-half of what the
present study had been powered to detect. For example, the
largest difference in 25(OH)D response between treatment
groups was 10 nmol/L (DLF compared with DS2). If this differ-
ence were true, an appropriately powered experiment to confirm
this 10-nmol/L difference would require 2 groups of 71 study
subjects (50). An efficacy difference requiring this large a sample
size would not be clinically relevant. Taken together, our results
demonstrate that vitamin D bioavailability is equivalent from
the various methods for providing vitamin D that we tested.

Serum and urine calcium concentrations are the classic safety
indices for vitamin D excess and those remained unchanged by
the intervention. None of the subjects reported any untoward
side effects. Ingestion of vitamin D from fortified cheese and
vitamin D supplements lowered PTH concentrations over the
period of 8 wk. Other markers of bone and mineral metabolism,
including serum and urine phosphate, serum ALP, and serum
CTX were not affected by the consumption of fortified cheese or
vitamin D supplement. These bone variables should be expected
to improve with vitamin D supplementation, but this would be
more likely to occur in an older population than the one we
studied. The results confirm previous reports of the safety and
efficacy of vitamin D supplementation at doses $4000 IU/d
(14,54,55).

We designed our study so that the vitamin D would be
consumed once per week instead of daily, because the expected
improvement in adherence to the protocol (56) would minimize
variability. We achieved a 98% adherence to dose intake. Our
weekly dosing protocol delivered 28,000 IU of cholecalciferol
per weekly serving, which is equivalent to a daily vitamin D
intake of 4000 IU. Weekly dosing with vitamin D is consistent
with basic pharmacology. Suitable dosing intervals usually
approximate the half-life of the administered agent (57). De-
pending on how it is characterized (tracer kinetics or decline
upon discontinuation of input), serum 25(OH)D has a half-life
of between 2 wk and 2 mo (48). Thus, weekly supplementation
with cholecalciferol is effective and appropriate (48).

TABLE 2 Biochemical responses in subjects consuming fortified cheese, vitamin D supplement,
or placebo over 8 wk1

Fortified cheese, n ¼ 30 Supplement, n ¼ 30 Placebo, n ¼ 20

Baseline Change Baseline Change Baseline Change

Serum calcium, mmol/L 2.37 6 0.07 0 6 0.08a 2.38 6 0.07 20.01 6 0.12ab 2.42 6 0.07 20.08 6 0.11y,b

Urine calcium, mmol/L 2.53 6 2.24 0.35 6 2.74a 3.44 6 2.15 20.10 6 2.66a 3.86 6 3.52 20.27 6 3.04a

Serum creatinine, mmol/L 71.43 6 9.48 1.0 6 6.59a 74.57 6 11.46 20.60 6 6.71a 73.2 6 15.82 0.05 6 5.79a

Urine creatinine, mmol/L 10.28 6 6.96 0.20 6 7.17a 13.76 6 7.93 21.46 6 7.18a 10.43 6 6.45 1.16 6 8.66a

Urinary calcium excretion,

mmol:mmol creatinine

0.30 6 0.26 0.05 6 0.23a 0.32 6 0.22 0.02 6 0.21a 0.38 6 0.22 20.03 6 0.18a

Serum phosphate, mmol/L 1.22 6 0.16 20.04 6 0.19a 1.17 6 0.13 20.06 6 0.14y,a 1.22 6 0.15 20.09 6 0.15y,a

Urine phosphate, mmol/L 15.45 6 12.08 23.07 6 11.67a 16.32 6 12.69 23.79 6 13.13a 15.34 6 11.13 21.87 6 12.40a

Serum PTH, pmol/L 4.71 6 2.78 21.17 6 1.97y,a 4.30 6 1.89 20.90 6 1.83y,a 4.39 6 1.99 0.22 6 2.91a

Serum ALP, U/L 64.53 6 18.15 0.53 6 6.23a 64.50 6 18.11 0.10 6 7.25a 67.20 6 16.75 2.05 6 7.29a

Serum CTX, mg/L 0.27 6 0.15 0.02 6 0.20a 0.23 6 0.15 20.01 6 0.10a 0.31 6 0.20 20.01 6 0.11a

1 Values are means 6 SD. Mean changes in a row with superscripts without a common letter differ, P , 0.05. yDifferent from baseline,

P , 0.05.

FIGURE 3 Changes in serum 25(OH)D concentrations in subjects

consuming fortified cheese, a vitamin D supplement with or without

food, or placebo for 8 wk. Boxes represent the range of the central

50% of the sample population, the whiskers show the highest and

lowest values, the line indicates the median, and the 1 represents the

mean, n ¼ 10 (DLF, DS2) or 20 (DC, DS1, PBO). Means without a

common letter differ, P , 0.05.
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The amount of vitamin D fortification we used for this study
protocol was substantially higher than what would be added to
foods. A more conventional dose would have been 100–400 IU
vitamin D/30–50 g serving of cheese, the usual fortification level
permitted by North American food regulations. However,
Johnson et al. (58) demonstrated that in elderly subjects, daily
consumption of fortified processed cheese containing 600 IU of
vitamin D for 2 mo did not produce a detectable increase in
serum 25(OH)D. Their results were surprising, because they pro-
vided the adequate intake of vitamin D for the elderly (. 70 y)
(49), which should have produced a measurable change, at least
in theory. Nevertheless, their findings are consistent with
previous reports that suggest that 600 IU vitamin D/d is insuf-
ficient to increase serum 25(OH)D in the elderly (1,54,55). In
contrast to Johnson et al. (58), we studied a younger population,
fortified different types of cheeses, and administered a higher
dose of cholecalciferol (equivalent to 4000 IU/d). The higher
vitamin D intake was chosen to produce a rise in serum
25(OH)D that would increase the statistical power to detect pos-
sible differences in bioavailability among our treatment groups.

Ingestion of 4000 IU/d cholecalciferol from fortified cheese or
supplement safely increased the vitamin D status of our subjects,
ensuring a serum 25(OH)D concentration of $75 nmol/L in
over 90% of the vitamin D-treated subjects, and significantly
decreased mean PTH levels. We would not expect a lower dose
to produce as effective a rise in 25(OH)D as that here. Even so, a
daily dose of 400 IU vitamin D can improve vitamin D status, as
was shown with vitamin D-fortified bread (52).

In conclusion, we found that fortified cheese enhances vita-
min D status as effectively as a supplement. The extension of
vitamin D fortification to cheese and other such foods that are
widely distributed, frequently consumed, and exhibit good
bioavailability is an inexpensive and effective approach for in-
creasing the availability of vitamin D in the diet. This will
improve vitamin D intakes in the population and could help to
bring about the public health benefits that many experts are now
proposing may result from a greater consumption of vitamin D.
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