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a bleeding tendency is the classic symptom of vitamin K deficiency.
There are also proteins that are vitamin K-dependently y-car-
boxylated in tissues other than the liver, and many of these may
have functional significance. Recently, vitamin K deficiency in
extra-hepatic tissues has also been reported to be associated with
health problems.*>

Osteocalcin is a vitamin K-dependent Gla protein, and is the
most abundant non-collagenous bone matrix protein produced by
osteoblasts. Through y-carboxylation, osteocalcin gains the ability
to bind hydroxyapatite, and regulates bone mineralization.* Recent
clinical evidences strongly suggest that skeletal vitamin K defi-
ciency increases the risk of fractures.® Matrix Gla protein (MGP);
another vitamin K-dependent protein, is an inhibitor of vascular
calcification.”® Therefore, vitamin K deficiency is associated with
health problems in a tissue-specific manner, and thus leads to
a bleeding tendency, osteoporosis, and vascular calcification due to
vitamin K deficiency in the liver, skeleton, and vasculature,
respectively.

Previous studies have indicated that the bleeding tendency is
a serious clinical problem in SMID patients.® Additionally, subjects
with neurodevelopmental disabilities are reported to be at a high
risk of fractures.!®!! Nevertheless, reports on the incidence of vita-
min K deficiency in these patients are scarce.!? These considerations
led us to examine the vitamin K status in patients with SMID.

2. Subjects and methods
2.1. Subjects

The study subjects were 82 SMID patients (41 males and 41
females) living in the residential hospital, the Biwako Gakuen
Kusatsu Medical and Welfare Center for Children and Persons with
SMID. Detailed information about this study was provided to the
subjects or their proxy, and written consent was obtained for their
participation in this study. The study protocol was approved by the
ethics committee of the institution described above. The exclusion
criteria were treatment with vitamin K, warfarin, or multivitamin
supplementation. Patients with pre-existing liver or bone disease
were also excluded.

Of the 102 subjects residing in the above facility, written
informed consent was obtained from 85 cases. Three subjects were
excluded because they were taking vitamin K or warfarin. None of
the subjects had experienced overt signs or symptoms attributable
to vitamin K deficiency. In addition, none of the subjects were being
treated with any drugs that may have interfered with the vitamin K
metabolism. Mechanical ventilation support and tracheostomy
were required in 7 and 18 subjects, respectively.

2.2. Biochemical measurements

Blood was obtained from each patient after an overnight fasting.
After centrifugation, the serum was maintained at —30 °C until the
analysis. The serum levels of protein induced by vitamin K absence-
I (PIVKA-II) and undercarboxylated osteocalcin (ucOC) were
measured by an electro chemiluminescence immunoassay (ECLIA)
(EIDIA Co., Ltd, Tokyo, Japan), which are vitamin K-dependent he-
patic and bone markers, respectively. In the current study, the
reference range for PIVKA-II was defined to be less than 28 mAU/
mL, which is 2SD above the mean value of 14.2 mAU/mL."> Sim-
ilarly, the reference range for ucOC was 5.37 ng/mL for women, and
5.47 ng/mL for men, respectively, which are 2SD above the corre-
sponding mean values (2.51 ng/mL for men and 3.01 ng/mL for
women)."* The platelet count and international normalized ratio
(INR), were also measured. The laboratory reference range was
0.90—1.14.

2.3. Assessment of the nutrients intake

The 7-day nutrient intake was assessed by the food record
method. The intake of vitamin K was calculated by multiplying the
amount of vitamin K supplied from the institution by the average
percentage intake. Based on these records, the intake of vitamin K
by the patients was calculated using a software program (Healthy
Maker Pro 501, Mushroom Software Corp, Okayama, Japan). The
vitamin K intake/kg body weight was also calculated.””

2.4. Statistical analyses

Statistical analyses were performed using the SPSS 18.0 J soft-
ware program for Windows (SPSS, Japan Inc., Tokyo, Japan). The
associations between the variables were analyzed by the Spear-
man’s correlation coefficient. The multiple regression analyses
were performed to identify the independent variables that affect
the vitamin K status. The differences between four independent
groups were analyzed by the Mann—Whitney U test with the
Bonferroni correction. The breakpoint for vitamin K intake was
decided as follows. Subjects were divided into two groups; those
with their vitamin K intake (ug/BW kg/day) above the pre-
determined cut-off value and those below it. Various cut-off
values were screened starting from 1.0 pg/BW kg/day to 6.0 pg/
BW kg/day with 0.5 ug/BW kg/day intervals. Then, comparison was
made between the two groups on the serum concentrations of
PIVKA-II and ucOC. The breakpoint was so determined as the cut-
off level of vitamin K intake with the most significant difference,
which was defined as the minimum p value or maximum absolute t
value in Student’s t-test.!®

3. Results

3.1. The baseline patient characteristics and data from blood
examinations

The baseline characteristics of the study subjects and the data
from blood examination are shown in Table 1. Because of their

Table 1
Characteristics of subjects.

Number/data Duration (y)  Reference range
Bedridden state 63 (77) 38 +12(37)
Enteral feeding 36 (44) 16 + 11 (14.5)
Long-term antibiotic 19 (23) 6.3 +£3.9(7.0)
treatment
AED administration 71 (87) 36 + 14 (35)
Monotherapy 21 (26) 41 + 14 (43)
Combined therapy 50 (61) 34 £ 13 (33)
Age (y) 394 + 12,6 (39.0)
Male/female 41/41
Height (cm) 147.6 = 10.5 (148.5)
Weight (kg) 344 + 5.6 (34.4)
BMI (kg/m?) 15.8 + 2.2 (15.7)
INR 1.02 + 0.10 (1.01) 0.90-1.14
Serum albumin (g/dL) 4.0 + 0.4 (4.0) 3.7-53
Serum total cholesterol 166 + 29 (164) 130-219
(mg/dL)
Serum triglyceride 80 +39(71) 35-149
(mg/dL)
Cholinesterase 307 (256, 360) 200—465
GOT (U/L) 22 (18, 28) 10-40
GPT (U/L) 19 (14, 24) 6—40
YGTP (U/L) 57 (32, 94) <48
Creatinine 0.40 + 0.13 (0.42) MO0.6—-1.15/
F0.45-0.85
C-reactive protein 0.29 (0.13, 1.00) <0.30

Mean = SD (Med), Median (Q1—Q3).
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neurological deficits, 63 and 19 subjects were bedridden or
remained in a sitting position, respectively. The underlying diseases
were cerebral palsy (CP) coupled with mental retardation in 66
patients, degenerative diseases in 11, anoxic encephalopathy in
four, and sequelae of encephalitis in one patient. Forty-six subjects
were able to receive nutrition by oral intake (OI). The remaining 36
subjects were enterally fed via the intragastric and jejunal routes in
27 and 9 subjects, respectively. All subjects with enteral nutrition
(EN) received a polymeric diet.

Nineteen and 71 subjects were under long-term treatment with
antibiotics and anti-epileptic drugs (AEDs), respectively. The mean
duration of antibiotic treatment was 7.0 years. Although the sub-
jects’ BMIs were apparently low (average; 16 kg/m?), they were
within the reference range for those with SMID (1518 kg/m?)."”
The INR was within the reference range for all except two subjects.

3.2. Distribution of PIVKA-II and ucOC

The serum concentrations of PIVKA-II and ucOC were
60.9 + 106.5 mAU/mL (median: 29.0 min—max; 10—632 mAU/mL)
and 5.44 + 5.70 ng/mL (median: 3.49; min—max; 0.39—32.56),
respectively (Fig. 1).

In 52% of the subjects, the serum PIVKA-II level was above the
upper normal range of 28 mAU/mL. In 30% of the subjects, the
serum level of ucOC was above the upper reference range.

3.3. Comparison of the vitamin K status between subjects based on
their type of feeding or drug treatment

The multiple regression analyses were performed to identify the
determinants of the vitamin K status. For PIVKA-II, the R* was
0.229, and EN and antibiotic use were the independent predictors
of the PIVKA-II level, the §-coefficient being 0.221 for EN and 0.327
for antibiotic use, respectively. In contrast, antibiotic treatment was
the only significant determinant for the ucOC concentration with
the R% of 0.270 and the -coefficient of 0.428.

AsshowninTable 2, the percentage of energy intake from protein
was higher and that from fat was lower in subjects receiving EN than
in those with Ol The energy intake from carbohydrates was not

3

significantly different between these two groups. The average vita-
min K intake, including that from EN, was 4.5 pg/BW/day in the
whole subjects. The intake was significantly lower (2.0 ug/BW/day)
in those receiving EN than in those with OI (5.7 ug/BW/day).

The serum levels of PIVKA-II and ucOC in subjects receiving EN
were significantly higher than those in subjects with OL The serum
levels of PIVKA-II and ucOC were both significantly higher in sub-
jects undergoing antibiotic treatment than in those without. Of
interest, the subjects who were receiving antibiotics had a sig-
nificantly lower vitamin K intake compared to those without
antibiotic treatment. There were no differences in the markers for
a bleeding tendency between subjects based on their type of
feeding or drug treatment.

3.4. The combined effects of antibiotic treatment and EN on the
vitamin K status

Then, subjects were divided into four groups based on the
presence or absence of EN and antibiotic treatment (Fig. 2). In those
with both factors (EN/AB+ group), the serum PIVKA-II and ucOC
concentrations were higher than those in the other three groups.
There were significant differences between the EN/AB+ group and
the OI/AB— group in all parameters. In the EN group, the serum
ucOC concentration was significantly different between the pa-
tients receiving antibiotics and those who were not.

We next examined the interaction of antibiotics with EN. The
effects of antibiotics on the levels of PIVKA-II and ucOC were sig-
nificantly different between patients receiving EN and who had OI
(interaction p value of PIVKA-II; p = 0.06, ucOC; p = 0.02).

3.5. Determination of breakpoints of vitamin K for serum levels of
PIVKA-II and ucOC

Next, we studied the breakpoint of vitamin K intake for PIVKA-II
and ucOC. Considering the significant interaction between anti-
biotic use and vitamin K intake, only the data from the subjects
without antibiotic treatment were used for analyses. In Fig. 3,
vitamin K intake was significantly and inversely correlated with the
serum PIVKA-II (r = —0.448, p < 0.001). The negative correlation
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Fig. 1. Distribution of PIVKA-II and ucOC. The left and right panels show the distribution of the serum PIVKA-II and ucOC levels, respectively, in the SMID patients. The min—max

value was 10—632 mAU/mL for PIVKA-II and was 0.4—32.6 ng/mL for ucOC.
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Table 2
Comparison of the vitamin K status between subjects based on their type of feeding or drug treatment.
All (n = 82) OI (n = 46) EN (n = 36) P-value —Antibiotics (n = 63) +Antibiotics (n = 19)  P-value

OI/EN 46/36 = = = 44/19 2/17 0.001
Antibiotics (+/-) 19/63 2/44 17/19 0.001 — - —
AEDs (+/-) 71/11 39/7 32/4 0.590 54/9 17/2 0.675
Energy intake (kcal) 1219 £ 270 (1213) 1379 £192(1372) 1015 + 207 (1000) 0.000 1274 + 252 (1290) 1036 =+ 242 (1000) 0.001
Protein intake (g) 54 4+ 10 (56) 58 + 6.5 (58) 48 + 12.1 (49) - 55 =10 (56) 51 4+ 11 (53) =
Protein intake (E%) 179 #= 2.5 ({12.5) 170+ 1.0(17.1) 191 £ 3.2 (202) 0.000 173 +£23(174) 19.8 £ 2.1 (20.7) 0.000
Fat intake (g) 32 +£9.8(35) 39 +4.9(39) 25419.2(23) - 35.4 +85(37) 24.0 £ 9.0 (22.1) -
Fat intake (E%) 23.9 + 4.1 (24) 254 + 1.8 (25.2) 220+52(211) 0.000 249 + 3.3 (24.6) 20.5 +4.5(20.7) 0.000
Carbohydrates intake (g) 175 + 40 (169) 196 + 34 (192) 147 + 28 (143) - 181 £ 37(177) 154 + 40 (153) =
Carbohydrates (E%) 58.2 + 3.5 (57.0) 57.6 &+ 2.5 (56.9) 58.9 + 4.4 (57.1) 0.150 56.9 + 2.8 (57.0) 59.3 £ 6.2 (57.1) 0.151
V.K intake (ug/day) 161 (74, 214) 208 (177, 222) 70 (54, 82) - 180 (90, 218) 67 (54, 82) -
VK intake/BW (ug/BW kg/day) 4.5 (2.0, 6.1) 5.7 (5.0, 6.3) 2.0(1.6,24) 0.000 53(2.5,6.2) 22(14,25) 0.000
PIVKA-II (mAU/mL) 29 (22, 44) 24 (20,29) 51(33,98) 0.000 25 (21, 35) 60 (24, 156) 0.001
ucOC (ng/mL) 34(23,6.1) 3.3(2.1,4.0) 4.8(2.9,10.3) 0.005 3.3(2.2,4.7) 7.2(2.9,19.3) 0.007
INR 1.02 £0.10(1.01)  1.00 = 0.06 1.05 +0.14 0.118 1.01 £ 0.06 1.07 £ 0.19 0.175

Mean =+ SD (Med) or median (Q1, Q3). Unpaired t-test or Mann—Whitney U test depending on normality.

between serum ucOC level and vitamin K intake had borderline
significance (r = —0.247, p = 0.051). INR was not significantly cor-
related with vitamin K intake in SMID subjects. The breakpoints of
vitamin K intake for PIVKA-II and ucOC were 2.5 pg/BW/day and
5.5 pug/BW/day, respectively.

4. Discussion

Few studies have previously examined the prevalence of vita-
min K deficiency in SMID patients. Yoshikawa et al. reported a high
prevalence of vitamin K deficiency in SMID children based on their
serum PIVKA-II level.'? In the current study, we have studied both
serum levels of PIVKA-II and ucOC. As a result, serum concentra-
tions of PIVKA-II and ucOC were above mean + 2SD of the healthy
subjects in 52% and 30% of the patients, respectively. Thus, we have
shown that SMID patients had high prevalence of vitamin K defi-
ciency based on both hepatic and bone markers.

In order to identify the determinants of the vitamin K status, the
multiple regression analyses were performed, which revealed that
the route of energy and nutrient administration and antibiotic use
contributed to the blood levels of PIVKA-II and ucOC. On the basis of

PIVKA- II (mAU/mL)

this result, the subjects were divided into four groups based on the
presence or absence of EN and antibiotic use (Fig. 2). Those
receiving both EN and antibiotic therapy had the poorest vitamin K
status.

The association of EN with a poorer vitamin K status may be
explained by the much lower vitamin K intake in these subjects.
With regard to antibiotic use, two underlying mechanisms might
be considered. One is the possible interference with the vitamin K
cycle by the antibiotics. When acting as the co-factor for y-car-
boxylase, vitamin K is oxidized to the epoxiside form, which is then
re-utilized through its reduction to the hydroquinone form by re-
ductases. Some antibiotics are known to interfere with this cycle,
and may decrease the efficacy of vitamin K utilization. For example,
cepharosporins with N-methylthiotetrazole (nMTT), thiadiazole-
thiol, or the methylthiadiazolethiol chemical structure, directly
inhibit vitamin K epoxide reductase activity.'® Another possible
mechanism is their effect on the intestinal flora.!® Intestinal bac-
teria are known to produce the long-chain forms of menaquinones.
The bacterial contribution to the overall vitamin K status is not
considered to be large when sufficient vitamin K is supplied from
the diet. However, in situations where the food-derived vitamin K

ucOC (ng/mL)
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Fig. 2. The effects of antibiotic use and enteral nutrition on the vitamin K status. The abbreviations used are as follows; OI/AB(-); the subjects with oral intake who were antibiotic
free, OI/AB(+); the subjects with oral intake and antibiotic use, EN/AB(-); the subjects with enteral nutrition who were antibiotic free, and EN/AB(+); the subjects with enteral
nutrition and antibiotic use. The number of patients is shown below each group. The differences between the four independent groups were analyzed by the Mann—Whitney U test

with a Bonferroni correction.
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Fig. 3. Correlations between vitamin K intake and the PIVKA-II and ucOC levels. The correlations between vitamin K intake and biomarkers for vitamin K deficiency in subjects

without antibiotic treatment were analyzed by Spearman’s correlation.

intake is limited, intestinal bacteria can make a significant con-
tribution to the overall vitamin K status. Although the relative
contribution of these two factors is still to be decided in our study,
antibiotic use increases the risk for vitamin K deficiency, and it is
likely that subjects having both EN and antibiotic use are at the
highest risk for vitamin K deficiency.

Next, we examined the breakpoint of vitamin K intake for
PIVKA-II and ucOC using data from subjects without antibiotic
treatment. It was 2.5 ug/BW kg/day for PIVKA-IL. In contrast, the
breakpoint for ucOC was 5.5 pug/BW/day, which is markedly higher
than that for PIVKA-IL This difference is likely to be due to the “first
pass effect”, wherein vitamin K, absorbed from the intestine, is first
utilized in the liver, and then becomes available in the extra-hepatic
tissues such as bone. For this reason, bone is considered to be more
susceptible to vitamin K deficiency.?®?! As shown in Fig. 2 analysis
of data from the subjects without long-term antibiotic use has
shown that the serum PIVKA-II level was significantly higher in
subjects with EN than those with Ol In contrast, there was no
significant difference in serum ucOC level between these two
groups. Such difference would be accounted for by the difference in
the percentage of subjects with vitamin K intake below the
breakpoint. Median vitamin K intake (pg/BW/day) with Q1 and Q3
in the parentheses was 2.0 (1.6, 2.4) and 5.7 (5.0, 6.3) in those with
EN and OI, respectively. Thus, vitamin K intake was below the
breakpoint of 2.5 ng/BW/day for PIVKA-II in most patients with EN,
whereas it was far above it in practically all subjects with OL In
contrast, vitamin K intake was far below the breakpoint of 5.5 pg/
BW/day for ucOC in most subjects with EN, whereas the median
intake was just around the breakpoint in those with OL

We have to mention some limitations of this study. First, this
study was devoid of the control group. Thus, the reference ranges
for serum PIVKA-II and ucOC levels were arbitrarily decided to be
2SD above the mean level. Second, circulating vitamin K concen-
tration was not measured in the present study. Recently, a novel
measurement procedure with LC/MS/MS technology has been
developed.?? It is, however, highly time-consuming and requires
special instruments, and is not easily applicable to epidemiological
or clinical use. Additionally, there are multiple circulating forms of
vitamin K such as phylloquinones (vitamin K;) and various mena-
quinones (vitamin K3). Thus, we believe that lack of data on the
blood levels of vitamin K is not a serious drawback of our study.

Vitamin K deficiency in patients with neurodevelopmental
disabilities, to which little attention has been paid, is likely to be of
clinical relevance including coagulation problems or increased
fracture risk. Although various therapeutic drugs are available with

robust evidence for fracture prevention, most of them are not easily
applicable to SMID patients. For example, bisphosphonates are not
indicated to those with dysphagia, and selective estrogen receptor
modifier (SERM) is not recommended to bedridden subjects con-
sidering the risk of venous thromboembolism. Thus, vitamin K
could be a reasonable candidate to be given to the SMID subjects for
the prevention of fracture. Further studies including the cohort and
intervention ones are advocated to clarify the clinical significance
of vitamin K in SMID subjects.

In summary, SMID patients showed a high prevalence of vitamin
K deficiency as judged by the markers for the vitamin K status both
in the liver and bone, to which EN and antibiotic use were signifi-
cant contributing factors. Those with the co-existence of both
conditions were at an even higher risk for vitamin K deficiency.
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Summary We have determined the Dietary Reference Intakes for fat-soluble vitamins
(vitamin A, vitamin D, vitamin E, and vitamin K) for the Japanese. Regarding vitamin A, the
estimated average requirement (EAR) and the recommended dietary allowance (RDA) were
defined for those aged 1 y old and over. For vitamin D, vitamin E, and vitamin K, the EAR or
RDA was not adopted, because of the insufficient data available. Thus, the adequate intake
(AI) was determined for those vitamins based on the food surveillance data and biomarkers
for each vitamin. The Al for vitamin D was decided as the median intake of vitamin D in
the population with a circulating 25-hydroxy vitamin D level which was high enough for
bone health. The basis for the Al for vitamin E was the median intake of a-tocopherol in the
healthy population considering the lack of unfavorable health consequences attributable
to its deficiency. The Al for vitamin K was determined as the vitamin K intake, required to
avoid blood coagulation abnormalities. The tolerable upper intake level (UL) was determined
for vitamin A, vitamin D and vitamin E, but not for vitamin K, since no adverse effects have
been reported even with its high dosage.

Key Words vitamin A, vitamin D, vitamin E, vitamin K

Vitamin A
Background information

Compounds with potent vitamin A activity in vivo
after oral intake include retinol; retinal; carotenoids; and
50 different types of provitamin A carotenoids, includ-
ing B-carotene, a-carotene, and B-cryptoxanthin. The
retinol equivalent (RE) is the vitamin A unit used in
Dietary Reference Intakes for Japanese (DRIs-]) 2010,
the most current Dietary Reference Intakes (DRIs)
for the Japanese. Retinoic acid, a hormone bind-
ing to the nuclear receptor, is responsible for the
majority of vitamin A activity in vivo, but is not con-
verted to retinal or retinol in vivo, and its content
in food is relatively low. Retinylester provitamin A
carotenoids are the main forms of vitamin A con-
tained in animal and plant foods, respectively. Retinyl-
ester hydrolase in the intestinal brush border catalyzes
the hydrolysis of retinylester to retinol, which is then
absorbed at a rate that ranges from 70% to 90% (1, 2).
Cleavage of carotenoids yields 2 molecules of vitamin A
(retinal) from B-carotene (3) and 1 molecule from other
provitamin A carotenoids.

In the DRIs-] 2010, the absorption rate of B-carotene
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is 1/6 of its total value, which is in accordance with
rate in the DRIs for the United States and Canada (4).
Assuming that the conversion rate of B-carotene to reti-
nol is 50%, the bioavailability of B-carotene as vitamin
Ais 1/12 (1/6X1/2), such that 12 ug of food-derived
B-carotene would correspond to 1 ug in RE units. Thus,
the following formula can be used to convert the value
of food-derived vitamin A-related compounds into RE
units:
Retinol equivalent (ug RE)
=retinol (ug)+ B-carotene (ug)x1/12

+a-carotene (ug) X 1/24+ B-cryptoxantin (ug)

X 1/24+other provitamin A carotenoids (ug)

xX1/24.
A word of caution is indicated when calculating the
value for oil-solubilized B-carotene, as its bioavailability
as a form of vitamin A is 1/2 of its total value, such that
2 ug of fat-solubilized B-carotene would correspond to
1 ug of retinol.
Determining DRIs

Classical vitamin A deficiency leads to corneal xerosis

in infants and possibly to blindness and to night blind-
ness in adults. Other deficiency signs include growth
retardation; skeletal and neurological development
defects; disturbed growth and differentiation of epi-
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thelial cells; dryness, thickening, and keratinization of
the skin; immunodeficiency; and susceptibility to infec-
tion (5). Due to the abundant storage of vitamin A in
the liver, inadequate intake does not lead to decreased
plasma retinol concentration unless hepatic vitamin A

storage is below 20 ug/g (6, 7). Thus, plasma retinol -

concentration cannot be used as an index of vitamin
A status. Theoretically, hepatic vitamin A storage is the
best index, but its measurement is highly invasive and
not applicable to humans. Thus, the vitamin A intake
required to maintain minimal hepatic vitamin A stor-
age has been used for estimating the Estimated Average
Requirement (EAR) for vitamin A.

Compartment analysis assuming the existence of
3 compartments—serum, liver, and other tissues—
has shown that the daily disposal rate of vitamin A is
approximately 2% (8, 9). Using this percentage, the
daily disposal amount (DDA), daily disposal rate (DDR),
body storage (BS) according to body weight (BW), and
hepatic storage (HS) of vitamin A can be calculated as
follows: ‘

DDA (ug/d)=BS (ug)XDDR (2%/d (10)).

BS/BW (ug/kg BW)

=HS (=20 ng/g)Xliver weight/BW (21 g/kg BW)
x10/9,
where 90% of the body storage of vitamin A is in the
liver (10, 11).
DDA/BW (ug/[kg BW-d])
=BS (=20 ug/gx21 g/kgX10/9)XDDR (2/100)
=9.3 ug/kg BW.

Thus, the amount of vitamin A intake required to
compensate for its daily elimination, thereby ensuring
that hepatic storage of vitamin A is maintained and
vitamin A deficiency is avoided, is estimated to be 9.3 ug
RE/kg BW/d.

EAR and Recommended Dietary Allowance (RDA) for adults

The EAR for vitamin A for those aged 18 y and above,
as calculated by multiplication of the reference value
of 9.3 ug RE/kg BW/d and the reference BW, is 550
to 600 ug RE/d for males and 450 to 500 ug RE/d for
females. Assuming the inter-individual variability in
vitamin A requirement to be 20% (4), multiplication of
these EAR values by 1.4 yields an RDA of 800 to 850 ug
RE/d for males and 650 to 700 ug RE/d for females.
EAR and RDA for children

The RDA for children aged 6 to 17 y was determined
by extrapolation from the EAR for adults aged 18to 29 y
by the 0.75th power of the BW ratio, which represents
the ratio of body surface area (4). Extrapolation of the
adult EAR to preschool children based on BW ratio may
yield values that maintain plasma retinol levels below
20 pug/100 mL, and thus render children susceptible
to corneal xerosis (12). Therefore, the RDA for children
aged less than 5 y must be at least 200 ug RE/d to avoid
this unfavorable outcome; therefore, for children aged
less than 5 y, the DDA was calculated as follows, assum-
ing the ratio of liver weight/BW to be 42 g/kg BW (10):

DDA/BW (ug/kg BW/d)

=BS (=20 ug/gx42 g/kgx10/9)XDDR (2/100)
=18.7 ug/kg BW.
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Using the value obtained, the EAR for children aged 1 to
5 y was calculated as follows:
EAR=18.7 ug/kg BW/dXreference BW X (1+growth
factor)
=EARX1.4.
Adequate Intake of infants aged 0 to 5 mo

Vitamin A concentration in breast milk is highest dur-
ing the first 10 d after delivery, after which it gradually
decreases (13, 14). Based on the values for average vita-
min A concentration (411 ug RE/L) (14) and daily milk
intake (0.78 L/d) (15, 16), vitamin A intake in breast
milk-fed infants aged O to 5 mo was estimated at 320 ug
RE/d. Thus, adequate intake (Al) for this age group was
determined to be 300 upg/d. The level of provitamin A
carotenoids was not taken into account because its
availability is unknown.

Al of infants 6 to 11 mo

Based on extrapolation from the Al for infants aged 0
to 5 mo, the Al for infants aged 6 to 11 mo was deter-
mined to be 400 ug RE/d. The level of provitamin A
carotenoids was not taken into account because its
availability is unknown.

Amount to be added during pregnancy

The amount of vitamin A transported to the fetus
through the placenta must be taken into account when
estimating the vitamin A requirement for pregnant
women. At the late-stage of a fetus, the amount of vita-
min A deposited in the fetal liver was 1,800 pg (17, 18)
so that the total amount of vitamin A transported to the
fetus during pregnancy is estimated at 3,600 ug. Using
this value, the EAR value for the additional amount
of vitamin A required during the late stage was deter-
mined to be 60 ug RE/d, which, assuming an inter-
individual variability of 20% (4), yielded an RDA value
of 80 ug RE/d during the late-stage. The additional
amount required during the early- and mid-stage was
not determined.

Amount to be added during lactation

Based on measurement of the amount of vitamin A
secreted in breast milk, the EAR value for the additional
amount of vitamin A required during lactation was
estimated at 300 ug RE/d, which, assuming an inter-
individual variability of 20%, yielded an RDA value of
450 ug RE/d (4).

Tolerable upper intake level

An elevated plasma level of retinoic acid is considered
responsible for most clinical signs (19) and symptoms
of vitamin A intoxication, such as headache. Based
on reported fetal abnormalities due to excessive intake
of vitamin A, (20, 21) the no observable adverse effect
level (NOAEL) during pregnancy was estimated at
4,500 ug RE/d, which, assuming an uncertainty factor
of 1.5 and taking the additional amount into account,
yielded an upper level (UL) of 3,000 ug RE/d.

Based on research into hepatotoxicity caused by
the excessive vitamin A deposition (22), the NOAEL in
adults was estimated at 13,500 pg RE/d, which, assum-
ing an uncertainty factor of 5, yielded a UL of 2,700 ug
RE/d. Based on clinical observation of increased intra-
cranial pressure in infants caused by excessive vitamin




Japanese DRIs for Fat-Soluble Vitamins S59
Table 1. DRIs for vitamin A (ug RE/d).!
Sex Males Females
Age EAR? RDA? AP UL’ EAR? RDA ? A3 UL}
0-5 mo —_ — 300 600 — — 300 600
611 mo — — 400 600 —_ — 400 600
1-2y 300 400 — 600 250 350 — 600
3-5y 300 450 — 700 300 450 e 700
6-7y 300 450 — 900 300 400 e 900
89y 350 500 — 1,200 350 500 — 1,200
10-11y 450 600 — 1,500 400 550 — 1,500
12-14y 550 750 — 2,000 500 700 — 2,000
15-17y 650 900 — 2,500 450 650 — 2,500
18-29y 600 850 — 2,700 450 650 — 2,700
30-49y 600 850 — 2,700 500 700 — 2,700
50-69y 600 850 — 2,700 500 700 — 2,700
=70y 550 800 e 2,700 450 650 — 2,700
Pregnant women
(amount to be added)
Early-stage +0 +0 — —
Mid-stage +0 +0 — —
Late-stage +60 +80 — —
Lactating women
(amount to be added) 300 430 - o

DRIs, Dietary Reference Intakes; RE, retinol equivalents; EAR, estimated average requirement; RDA, recommended dietary
allowance; Al, adequate intake; UL, tolerable upper intake level.
1 Retinol equivalent (ug RE)=retinol (ug)+ B-carotene (ug)X 1/12+a-carotene (ug)X 1/24+ B-cryptoxanthin (ug)x1/24

+other provitamin A carotenoids (ug)Xx1/24.
2 Including provitamin A carotenoids.
3 Excluding provitamin A carotenoids.

A intake (23), the NOAEL in infants was estimated at
6,000 pg RE/d, which, assuming an uncertainty factor
of 10, yielded a UL of 600 ug RE/d.

The UL for children aged 1 to 17 y was determined by
extrapolation from the UL for adults based on the ratio
of body surface area. For safety reasons, the values for
men were applied to women. Extrapolation to infants
aged 1 to 2y old yielded a UL of 500 ug RE/d, which
is lower than that for infants aged 6 to 11 mo (600 ug
RE/d). Thus, the UL for infants aged 1 to 2 y old was
revised to 600 ug RE/d. Although a recent study found
that ingesting approximately 1,500 wg RE/d of retinol
for 30 y doubled the fracture risk in the elderly (24),
data from other studies contradicted this finding. Thus,
determination of a separate UL for vitamin A for the
elderly was not considered in developing the most recent
DRIs. Moreover, as excessive intake of B-carotene has not
been reported to be associated with the unfavorable con-
sequences of vitamin A intoxication described above, the
level of provitamin A carotenoids was also not included
in the estimation of UL.

Remarks regarding carotenoids

Due to the strict regulation of their conversion into
vitamin A, provitamin A carotenoids, when ingested
orally, cannot cause vitamin A intoxication. Uncon-
verted provitamin A carotenoids, as well as carotenoids
that are not metabolized to vitamin A are stored in vivo

as they are. Beneficial actions have been reported with
ingestion of these carotenoids, including anti-oxidant
activity and immune potentiation and photoprotec-
tion of skin by anti-oxidation. Regarding the benefits of
specific carotenoids, prevention of prostate cancer by
lycopene, improvement in age-related macular degen-
eration by lutein and zeaxanthin, and the maintenance
of retinal pigment by lutein and zeaxanthin have also
been reported. Although the results of cohort studies
suggest that higher intake of carotenoids is associated
with lower incidence of lung cancer (25), supplemen-
tary intervention has been reported to be ineffective or
even harmful in the prevention of cancer, especially lung
cancer (26-29). Thus, further research into the efficacy
and safety of carotenoids is required. In developing the
current DRIs, the carotenoids were not separately con-
sidered because their deficiency has not been reported.
DRI values for vitamin A are listed in Table 1.

Vitamin D
Background information

Vitamin D, and vitamin D3 are naturally occurring
compounds with potent vitamin D activity. The indices
for the DRI of vitamin D is based on the summation
of the values of these 2 compounds. The human body
obtains vitamin D from 2 sources. One is exposure to
ultraviolet irradiation, which converts pro-vitamin Ds
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(7-dehydrocholesterol) in the skin to pre-vitamin Ds,
which in turn is converted into vitamin D; by thermal
isomerization. The other is dietary intake of vitamin D»
and vitamin D3 from such sources as mushrooms and
fish; good sources for vitamin D and vitamin D3, respec-
tively. The current DRIs do not discriminate between
vitamin D> and D3 intake because the compounds have
similar characteristics and a similar molecular weight
and exert an almost equal level of biological activity.

Vitamin D is first metabolized to 25-hydroxy vitamin
D (250HD) before being metabolized to 1«,25-dihy-
droxy vitamin D (1,25(0OH).D), its active form. Major
actions of vitamin D include enhancing the absorption
of calcium and phosphate in the intestine and kidneys
and stimulating bone formation and growth. Circulat-
ing 250HD level is the best index of vitamin D status. As
vitamin D deficiency and resultant hypocalcemia cause
elevated levels of serum parathyroid hormone (PTH),
serum concentration of PTH can also be a good index of
vitamin D deficiency (30).
Adequate intake
Evidence for determining Al

Vitamin D deficiency impairs calcium absorption from
the intestine and kidney, thus decreases calcium avail-
ability, resulting in rickets in children and osteomalacia
in adults. In adults, especially the elderly, even so-called
“vitamin D insufficiency,” which is milder than vitamin
D deficiency, can result in increased secretion of PTH,
increased bone resorption, and decreased bone mineral
density. Therefore, the basis for determining the vitamin
D requirement is maintenance of a serum 250HD level
sufficiently high to maintain normal calcium availabil-
ity and avoid elevation of serum PTH level. Due to limi-
tations on the data available, Al was determined as the
median intake of vitamin D in a population in which the
required circulating 250HD level is maintained.
Al for adults

In a study conducted in the northern United States,
an area in which residents receive limited sunshine
exposure, serum PTH level after vitamin D administra-
tion decreased in those with a serum 250HD level below
50 nmol/L but not in those with a level above 50 nmol/L
(31). In a study in Niigata, those with a 250HD level
less than 50 nmol/L had higher serum PTH levels and
a higher prevalence of low bone mineral density (32).
Based on consideration of these results, maintenance of
a circulating 250HD level of at least 50 nmol/L is con-
sidered necessary to avoid elevation of serum PTH level
and decrease in bone mineral density. In the study con-
ducted in the northern United States, serum PTH level
exhibited seasonal variation, reaching a nadir between
August and October and a peak between March and
May. However, this variation was not observed in those
taking 5.5 ug/d or more of vitamin D (33), leading to
the conclusion that taking at least 5.5 ug/d of vitamin
D can prevent elevation of PTH in those living in areas
in which they have limited sunshine exposure.

In 7 studies that examined Japanese women (34-39)
aged 50 to 69 y, the average 250HD level was found to
exceed 50 nmol/L. In contrast, in several studies that
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examined women aged 18 to 29 y (32, 34) and women
aged 30 to 49 y (34), the average level was found to be
below 50 nmol/L. Based on these findings and the find-
ings from US studies, the median vitamin D intake of
adults aged 50 to 69 y was determined to be an appro-
priate basis for determining the adult Al. As the 2005
and 2006 National Health and Nutritional Survey
(NHNS) (40, 41) found that the median intake of vita-
min D in adults aged 50 to 69y was 5.5 ug/d, the Al
was set as 5.5 ug/d. Due to lack of data for those aged
18to 29y, 30 to 49 y, and above 70 v, as well as lack of
data for males, AI for both males and females in these
age groups was also set at 5.5 ug/d.
Al for children

As the findings regarding the relationship between
vitamin D intake and plasma 250HD concentration in
children have been inconsistent, they were considered
unsuitable as the basis for determining the vitamin D
Al for children. Thus, the median vitamin D intake, as
reported in the 2005 and 2006 NHNS (40, 41), was
used as the basis for determining the AL
Al for infants

In an epidemiological study conducted in Kyoto,
22% of neonates were found to have craniotabes, a
mineralization defect of bone, likely due to vitamin D
deficiency (42). The incidence of craniotabes exhibited
seasonal variation, with a peak and nadir between Janu-
ary and May and between July and November, respec-
tively. Circulating 250HD level was found to be below
25 nmol/L in 37% of all neonates diagnosed with cra-
niotabes at 1 mo after birth. In breast milk-fed neo-
nates, serum concentration of 250HD was found to
be less than 25 nmol/L in 57% of subjects and below
12.5 nmol/L in 17%. In contrast, none of the formula
or mixed-fed infants were found to have an inadequate
serum 250HD level. It should be noted that neonates
born in a vitamin D-deficient state may not recover to
a vitamin D-sufficient state within a short period, and
that the serum 250HD level of breast milk-fed infants
was found to decrease further during the winter months
(43), indicating that the vitamin D delivered from breast
milk may have been unsatisfactory. The vitamin D Al
for infants was determined to be 2.5 ug/d by multiply-
ing 0.78 L/d (15, 16), the average daily milk intake, by
3.05 ug/L (44), the vitamin D concentration in breast
milk as reported in the Standard Tables of Food Composi-
tion in Japan, 5th Revised and Enlarged Edition.

However, this Al value is appropriate only for infants
with adequate sun exposure, defined as 2 h/wk to the
face or 30 min/wk to the face and extremities. Breast-
milk-fed infants with little sun exposure are at higher
risk of developing rickets. Considering that previ-
ous research found that no infants developed rickets
after supplementation with 2.5 ug/d of vitamin D for
6 mo and assuming that infants receive an average of
2.38 ug/d of vitamin D from breast milk, it follows that
a daily intake of 4.88 ug/d of vitamin D is satisfactory
for avoiding rickets. Based on these data, the AI of vita-
min D for infants aged 0 to 5 mo with limited sun expo-
sure was determined to be 5 ug/d. Recently, however, a
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Table 2. DRIs for vitamin D (ug/d).
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Sex Males Females
Age EAR RDA Al UL EAR RDA Al UL
0-5 mo! — e 2.5 (5.0) 25 — — 2.5(5.0) 25
6-11 mo! — —_ 5.0 (5.0) 25 — — 5.0(5.0) 25
1-2y — e 2.5 25 e e 2.5 25
3-5y — — 2.5 30 —_ — 2.5 30
6-7y — — 2.5 30 — — 2.5 30
8-9y — — 3.0 35 — —_— 3.0 35
10-11y — — 3.5 35 — — 3.5 35
12-14 y — — 3.5 45 — — 3.5 45
15-17y — — 4.5 50 — — 4.5 50
18-29y — — 5.5 50 — — 5.5 50
30-49y — — 5.5 50 — — 5.5 50
50-69y — — 5.5 50 — — 5.5 50
=70y — — 5.5 50 — — 5.5 50
Pregnant women . . 15 .
(amount to be added) )
Lactating women - - 125 o
(amount to be added)

! Adequate intakes for an infant who is exposed to appropriate sunlight. The value in parentheses is adequate intakes for

those with less sunlight exposure.

study using a novel, highly accurate procedure found
the average vitamin D concentration in breast milk to be
only 0.6 pg/L (14). If this value is employed, the aver-
age vitamin D intake of breast-milk-fed infants would be
only 0.47 wg/d. Such discrepancies indicate the need for
further research into this value (45, 46).
Al for infants aged 6 to 11 mo

The Al of vitamin D for infants aged 6 to 11 mo with
adequate sun exposure was determined to be 5 pg/d.
This value was also applied to infants aged 6 to 11 mo
with limited sun exposure due to lack of evidence for
determining the AL
Additional amount during pregnancy

In a study of pregnant women with limited sun expo-
sure, an inadequate serum 250HD concentration was
observed in those with an average vitamin D intake of
less than 5.3 pg/d but not in those an average (47) vita-
min D intake higher than 7 ug/d (48). As these findings
indicate that pregnant women require at least 7 ug/d of
vitamin D, the additional amount of vitamin D required
for pregnant women was determined to be 1.5 pg/d.
Additional amount during lactation

Based on the findings described above, the additional
amount of vitamin D required for lactating women was
determined to be 2.5 ug/d.
Tolerable upper untake level
Basic considerations

Prolonged intake of excessive quantities of vitamin
D can lead to unfavorable outcomes, such as hypercal-
cemia, renal dysfunction, soft tissue calcification, and
growth retardation. As an increased serum 250HD
level itself does not directly cause health problems, the
presence of hypercalcemia rather than of a high serum
250HD level is considered an appropriate indicator for

determining the UL.
UL for adults

In an intervention study administering doses of vita-
min D for 3 mo, serum calcium concentration was found
to exceed the reference value in some subjects receiving
95 ug/d of vitamin D but not in those receiving 60 ug/d
of vitamin D (49). Thus, the lowest observed adverse
effect level (LOAEL) and NOAEL were determined to be
95 wpg/d and 60 wpg/d, respectively. The latter value was
divided by an uncertainty factor of 1.2 yielding a UL
for adults of 50 ug/d. Since neither administration of
45 ug/d of vitamin D to elderly subjects for 3 mo (50)
nor administration of 50 ug/d to pregnant and lactat-
ing subjects (51) was found to be associated with hyper-
calcemia, stratification by sex or age group was not
performed, and a UL of 50 wg/d was applied to all adult
groups.
UL for infants

Based on a study that observed no growth retardation
in infants administered an average of 44 ug/d of vita-
min D for 6 mo, the NOAEL for infants was determined
to be 44 pg/d (52), which, assuming an uncertainty
factor of 1.8, yielded a UL of 25 pg/d.
UL for children

As data were unavailable for this age group, the UL
for children was determined by extrapolating the UL
values for adults (50 pg/d) and infants (25 wg/d) based
on the reference body weight. Sex differences were not
considered.

DRI values for vitamin D are listed in Table 2.

Vitamin E
Background information
Vitamin E is composed of § analogues: «-, 8-, y- and
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Table 3. DRIs for vitamin E (mg/d).!
Sex Males Females
Age EAR RDA Al UL EAR RDA Al UL
0-5 mo — — 3.0 — — — 3.0 —
6~11 mo — — 3.5 — — —_ 3.5 —
1-2y — — 3.5 150 — — 3.5 150
3-5y — — 4.5 200 - — 4.5 200
6-7y — — 5.0 300 e — 5.0 300
89y — — 6.0 350 — — 5.5 350
10-11y — — 6.5 450 — — 6.0 450
12-14y — — 7.0 600 — — 7.0 600
15-17y — — 8.0 750 — — 7.0 650
18-29y — — 7.0 800 — — 6.5 650
3049y — — 7.0 900 — — 6.5 700
50-69y —_ — 7.0 850 — — 6.5 700
=70y — — 7.0 750 — — 6.5 650
Pregnant women
(amount to be added) o - +0.0 o
Lactating women . . 430
{amount to be added) ) -

! Computation was made on a-tocopherol, not including vitamins E other than a-tocopherol.

S-forms, of tocopherol and tocotrienol. After intestinal
absorption, vitamin E is packaged into chylomicron,
transformed into chylomicron remnant by lipoprotein
lipase, and transported to the liver. Of the 8 analogues,
only a-tocopherol is preferentially bound to a-tocoph-
erol binding protein, whereas the other analogues are
metabolized in the liver. Alpha-tocopherol is then formed
into very low-density lipoprotein (VLDL), converted into
low-density lipoprotein (LDL), and distributed to various
tissues (53). Due to these metabolic processes, a-tocoph-
erol constitutes the predominant vitamin E analogues
present in the blood and various tissues. Based on these
facts, only a-tocopherol was considered when determin-
ing the current DRI for vitamin E.
Determining DRI
Basis for determining Al

Erythrocytes are susceptible to hemolybls by hydro-
gen peroxide when the circulating o-tocopherol level is
between 6 and 12 wmol/L (54), but resistant to it when
the serum a-tocopherol level is higher than 14 pmol/L
(55). Although the data from an intervention study
that administered graded doses of vitamin E to vitamin
E-deficient subjects are available (56), they were not
considered appropriate for estimating the EAR and RDA
because they were collected many years ago. Several
studies that simultaneously studied vitamin E intake
and serum «a-tocopherol level consistently reported
that the average serum a-tocopherol level exceeded
22 umol/L in all study populations (40, 41, 57-59).
Average vitamin E intake in these studies ranged from
5.6 to 11.1 mg/d, a range that encompasses the 2005
and 2006 NHNS values (40, 41) of an average vitamin
E intake of 7.0 mg/d in men and 6.5 mg/d in women.
As these findings indicate that the median intake of the
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Japanese likely yields an adequate vitamin E status, the
Al was determined to be the 2005 and 2006 NHNS
median values stratified by sex and age group (40, 41).
Al for adults

As described above, Al was determined to be the
2005 and 2006 NHNS median values for those aged
18 to 29 y stratified by sex and age group, specifically
7.0 mg/d for men and 6.5 mg/d for women, as these
values are expected to yield a blood a-tocopherol level
exceeding 12 umol/L (40, 41). As aging has not been
reported to be associated with compromised absorption
or utilization of vitamin E, the same values were applied
to the elderly.
Al for children

The 2005 and 2006 NHNS median values for chil-
dren stratified by sex and age group were used as the
basis for determining the AI for children, as they had
been for adults.
Al for infants aged O to 5 mo

The Al for infants aged O to 5 mo was determined to
be 3.0 mg/d by multiplying the average a-tocopherol
concentration in breast milk (3.5 to 4.0 mg/L) (14, 60)
by the average milk intake (0.78 L/d) (15, 16).
Al for infants aged 6 to 11 mo

The AI for infants aged 6 to 11 mo old was deter-
mined to be 3.5 mg/d by extrapolation from the adult
value by the 0.75th power of the BW ratio.
Al during pregnancy

The Al for pregnant women was determined to be the
same as that for non-pregnant women because vitamin
E deficiency during pregnancy has not been reported.
Additional amount during lactation

Since the average a-tocopherol content provided in
breast milk is approximately 3.0 mg/d (14, 60), the Al
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during lactation was determined to be 3 mg/d.
Tolerable upper intake level

The basis for determining the UL for vitamin E is its
possible effect on bleeding tendency. Based on the finding
that supplementation with 800 mg/d of a-tocopherol
for 28 d did not increase bleeding tendency in healthy
males (average body weight, 62.2 kg) (61), the NOAEL
was determined to be 800 mg/d. Assuming an uncer-
tainty factor of 1.0 and considering that no data regard-
ing LOAEL are available, the sex- and age-group strati-
fied UL was calculated by correcting the 800 mg/d value
by BW ratio. Because few data are available regarding
the UL for infants aged 0 to 11 mo and because typical
feeding with breast milk or baby food does not cause
excessive intake, the UL was not determined for this age
group.
Additional remarks

Although numerous intervention studies have exam-
ined the effect of vitamin E supplementation on the
risk of coronary heart diseases, the findings have been
inconsistent (62-65).

DRI values for vitamin E are listed in Table 3.

Vitamin K
Basic considerations

Naturally occurring vitamin K consists of phylloqui-
nones (PKs; vitamin K;) and menaquinones (MKs; vita-
min K3). Menaquinones are further subdivided into 11
analogues depending on the number of isoprene units
(4—14) in the prenyl side chain. Among the menaqui-
nones, of nutritional importance are menaquinone-4
(MK-4), which is ubiquitously present in animal foods,
and menaquinone-7 (MK-7), which is abundantly pres-
ent in natto, a traditional Japanese food made from soy-
beans fermented with Bacillus subtilis. At present, data
are scarce for determining the relative biological activ-
ity of these analogues, and no corrections have been
made for PK and MK-4 with similar molecular weights.
MK-7, which has a much larger molecular weight, can
be converted into its MK-4 equivalent using the follow-
ing formula:

MK-4 equivalent (mg)=MK-7 (mg)x444.7/649.

The sum of the quantity of PX, MK-4, and MK-7 as
corrected above was employed in determining the DRI
for vitamin K. Although long-chain MKs are produced
by intestinal bacteria and MK-4 is also produced by
enzymatic conversion from PK, their contribution was
not considered sufficiently large to contribute to fulfill-
ing this requirement. Although antibiotic treatment can
impair vitamin X status by decreasing the production of
MKs by intestinal flora and decreasing vitamin K utili-
zation by inhibiting the enzymatic activity of vitamin K
epoxide reductase (66), antibiotic treatment itself does
not cause vitamin K deficiency if average vitamin K
intake is maintained (67).

The principal biological action of vitamin K is acti-
vation of prothrombin and other serum coagulation
factors, thereby enhancing blood coagulation. Other
actions include the modulation of bone formation by
activation of osteocalcin, a bone matrix protein, and
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inhibition of arterial calcification by activation of
matrix gla protein (MGP), another vitamin-K-dependent
matrix protein.
Determining DRI
Evidence for determining Al

Since delayed blood coagulation is the only clinically
manifested abnormality attributable to vitamin K defi-
ciency, the intake necessary to maintain normal serum
coagulation was considered an appropriate basis for
determining the AI for vitamin K. In Japan, however,
coagulation abnormalities due to vitamin K deficiency
are rarely observed in healthy subjects. An interven-
tion study of young vitamin K-deficient male volunteers
weighing 72 kg found that administration of 40 and
32 pg/d of vitamin resulted in a decrease in serum PK
level and an elevation in undercarboxylated prothrom-
bin, a serum marker for vitamin K deficiency, respec-
tively, but that administration of 82 ug/d of vitamin K
returned these levels to normal values (68). Based on
these findings, the vitamin K requirement for healthy
adults was determined to be approximately 1 pg/[kg-d].

Recent studies have suggested that skeletal vitamin K
deficiency is a risk factor for fracture (69, 70), indicat-
ing that a much higher vitamin X intake is necessary for
skeletal action. Although a recent meta-analysis found
that vitamin K administration significantly reduced
fracture incidence, it employed a high dosage (45 mg/d)
of MK-4, which is considered to be pharmacological
rather than nutritional (71). Based on the findings of
previous research, a vitamin K intake of approximately
1.0 ng/[kg-d] was determined to be satisfactory to avoid
even mild deficiency, and thus set as the Al for vitamin
K.
Al for adults

As described above, a vitamin K intake of 82 ug/din
those weighing 72 kg was found sufficient to avoid defi-
ciency (68). Extrapolation of this value by the 0.75th
power of the BW ratio was used as the basis for deter-
mining the adult AL Although the elderly may be more
susceptible to vitamin K deficiency due to various fac-
tors such as impaired intestinal absorption of vitamin
K, at present, the data are scarce, and thus the Al for the
elderly was the same as that for those aged 50 to 69 y.
Al for children

The AI for children was determined by extrapolating
the Al for adults by the 0.7 5th power of the BW ratio.
Al for infants aged O to 5 mo

Neonates are susceptible to vitamin K deficiency for
various reasons, such as poor transplacental vitamin
K transport (72), low vitamin K content in the breast
milk (14, 73), or low production of vitamin K in the
intestinal flora (74). As neonatal vitamin K deficiency
is known to cause neonatal melena, a form of gastroin-
testinal bleeding, and intracranial bleeding, vitamin K is
orally administered just after birth for their prevention.
The Al of 4.0 wpg/d for this age group was determined
by multiplying the average milk intake (0.78 L/d) by
the average vitamin K content of milk (5.17 ug/L) and
assuming oral administration of vitamin K just after
birth in the clinical setting.
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Table 4. DRIs for Vitamin K (ug/d).

TANAKA K et al.

Sex Males Females

Age EAR RDA Al UL EAR RDA Al UL

0-5mo — — 4 — — — 4 —

6-11 mo — — 7 — — — 7 —

1-2y — — 25 — —_ — 25 —

3-5y — — 30 — e — 30 —

6-7y — — 40 — —_— — 40 e

8-9y - — 45 — — e 45 e

10-11y — — 55 e — — 55 —

12-14y e — 70 e — o 65 —

15-17y e — 80 — e — 60 —

18-29y — - 75 — — — 60 —

30-49 y — — 75 — — —— 65 —

50-69y — — 75 —— — — 65 —

=70y — — 75 — e — 65 —

Pregnant women - . +0 o
(amount to be added)

Lactating women . . +0 .
(amount to be added)

Al for infants aged 6 to 11 mo

The Al was determined to be 7 pg/d by considering
the amount of vitamin K received from sources other
than breast milk.
Additional amount during pregnancy

Increased requirements for vitamin K or alterations
in circulating vitamin K levels in pregnant women have
not been reported. Because of poor transplacental trans-
port, vitamin K intake in pregnant women is unlikely to
affect vitamin K status in the fetuses or neonates. Thus,
no additional amount required for pregnant women was
determined.
Additional amount during lactation

Since lactating women have not been reported to be
at higher risk for vitamin K deficiency, no additional
amount required for lactating women was determined.
Tolerable upper intake level

Although menadione, a vitamin K metabolite, can
cause toxicity. no toxicity has been reported regarding
PKs and MKs. As 45 mg/d of MK-4 is clinically admin-
istered to many patients in Japan with osteoporosis with
no reports of serious adverse events, the UL for vitamin
K was not determined.
Other remarks

Due to the abundant vitamin K content of natto, its
intake is contraindicated in patients treated with war-
farin, In contrast, patients undergoing long-term anti-
biotic treatment or experiencing chronic obstruction of
the biliary tract or impaired fat absorption are at higher
risk of vitamin K deficiency.

DRI values for vitamin K are listed in Table 4.
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Case Report

Clinical decision-making for vitamin K-1 and K-2 deficiency and
coronary artery calcification with warfarin therapy: are diet, factor Xa

inhibitors or both the answer?
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Coronary artery calcification is a recognised risk factor for ischaemic heart disease and mortality. Evidence is
now strong that Ménckeberg’s arteriosclerosis, a form of vascular calcification, can be attributable to vitamin K
deficiency, but that vitamin K-2, especially the MK-4 form from foods like cheese can be protective. Warfarin
blocks the recycling of hepatic and peripheral vitamin K leading to secondary vitamin K deficiency with adverse
effects on vasculature, bone, kidneys, brain and other tissues and systems (inflammatory, immune function and
neoplasia at least). There is individual susceptibility to vitamin K deficiency and warfarin sensitivity, partly expli-
cable in terms of genetic polymorphisms, epigenetics, diet and pharmacotherapy. The emergence of extensive
coronary calcification in a man with atrial fibrillation treated for a decade with warfarin is described by way of il-
lustration and to raise the present clinical management conundrums. Finally, a putative set of recommendations is

provided.

Key Words: vitamin K deficiency syndromes, coronary artery calcification, warfarin therapy, cheese and natto, apixa-

ban

INDEX CASE STUDY

At 61 years a Caucasian man developed atrial fibrillation
(AF) and went on warfarin as an anticoagulant and vera-
pamil for rate control. Despite 3 attempts at cardioversion
the arrhythmia became persistent. There were no apparent
risk factors for the AF - no ischaemic or theumatic heart
disease, no thyroid disease, minimal social use of alcohol,
no diabetes and no evidence of cardiomyopathy. His diet
was varied and of a plant-food orientation, with fish and
beans 2-3 times per week, daily whole grains and green
leafy vegetables, with low fat dairy and little cheese, and
low in salt (<5 g/day). He was variably on an H-2 recep-
tor antagonist or a proton pump inhibitor (PPI) for gastro-
oesophageal reflux, which has been considered a risk fac-
tor for AF. There were no cardiovascular risk factors apart
from a BMI of 26.8 kg/m?, with blood pressure (BP) gen-
erally about 135/85, fasting cholesterol 5.3, HDL choles-
terol 1.3, triglyceride 1.8 and glucose 4.8 mmol/L. He
was a non-smoker. Non-invasive monitoring of neck and
peripheral arteries was unremarkable. A year later, he
developed angina in stressful circumstances and on sus-
tained effort, but not on formal exercise ECG and echo-
cardiogram testing. Coronary angiography revealed a
single lesion which was stented. Calcification was not in
evidence in any radiographic investigation. Post-stent he
had triple anti-hemostatic with warfarin, clopidogre! and
aspirin for 6 months; he has remained on aspirin. For 8
years after commencement of warfarin, angina-on-effort

was occasional, but never during weekly yoga-aerobic
and strength training sessions or rarely on recreational
hiking. A cardiac thallium scan at this time, because of
increased angina frequency revealed a reversible is-
chaemic region in the infero-lateral myocardium. A sec-
ond stent was placed at a left coronary-diagonal artery
bifurcation and when increased luminal irregularity was
noted; triple anti-hemostatic therapy was again imple-
mented, but for 12 months. A post-stent thallium perfu-
sion study showed little benefit from the stent. On warfa-
rin for 10 years and aged 71 years, a cardiac CT showed
extensive calcification of the coronary circulation, but
quantification was limited by the presence of AF. Imaging
also showed peripheral medium distributing arteries (ilio-
femoral) to be patchily calcified (Figures 1 and 2).
Throughout the decade of warfarin therapy, INR (Interna-
tional Normalised Ratio) has been maintained well into
the therapeutic range, almost always between 2.0 and 2.5,
on doses of about 7 mg daily. There have been 2 episodes
of major soft tissue bruising as a result of moderate trauma.
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Figure 1. Arrows indicate extensive calcification of the left
coronary artery on the cardiac computer tomography (CT).

Figure 2. Arrows indicate multiple patchily calcified sites on
the distal descending aorta and bilateral ilio-femoral arteries
on the limb vascular CT.

Intercurrent illnesses during this decade have included
herpes zoster (C2) and temporal arteritis (2 courses of
high dose prednisolone with the need for an angiotensin
receptor inhibitor, irbesartan for BP control).

The questions now are 1) is the arterial calcification at-
tributable to vitamin K deficiency, both primary (diet) and
secondary (warfarin), and is it medial rather than intimal?
2) what, if any, dietary changes might be helpful should
vitamin K deficiency be a problem? 3) is the reduced risk
of thromboembolic phenomena with warfarin outweighed
by the risks of arterial calcification — and the risks of oth-
er vitamin K deficiency disorders affecting bone, brain,
kidney small vessels and more? 4) is there individual sus-
ceptibility to vitamin deficiency which this patient might
have exhibited? 5) does this patient’s pharmacotherapy
represent interactions or synergies which might have ex-
acerbated the risk to vascular biology of warfarin eg aspi-
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rin, PPIs, antiarrhythmic agents (verapamil); 6) could an
increased intake of vitamin K-2 from foods rich in it re-
duce the risk of coronary calcification, even in the pres-
ence of warfarin therapy? 7) should warfarin use in AF be
avoided or used for limited periods only and factor Xa
inhibitors like apixaban used instead?

THE ESSENTIALITY OF VITAMINS K-1 AND K-2
IS PLEIOTROPIC WITH STRUCTURAL AND
FUNCTIONAL DIFFERENCES

Vitamin K carboxylates, post-translationally, the amino
acid glutamate (Glu) in proteins, which then become
gamma-carboxy-glutamate (Gla) residues. These residues
in turn chelate calcium.'

There are 2 naturally-occurring forms of vitamin K, K-
1 or phylloquinone (also known as phytomenadione) and
K-2 or menaquinone which itself has several forms des-
ignated MK-n, where n is the number of side chain iso-
prenoid residues.'?

Vitamin K-1 is recycled between the reduced hydro-
quinone and the oxidized epoxide, with epoxide reductase
(VKOR) responsible for the formation of the hydroqui-
none and which can be blocked by warfarin. In this way,
warfarin can create an effective vitamin K deficiency in
liver and in peripheral tissues. It is the hepatic coagulant
proteins II, VIL, IX and X which are therapeutically com-
promised by warfarin in anticoagulation. But so are Gla
proteins in other tissues, like osteocalcin in bone and the
vascular wall calcification —inhibiting matrix Gla protein
MGP and the growth arrest specific gene 6 protein Gas6,
among others. In some way, vitamin K deficiency in the
CNS, perhaps because of less good transport in apo-E4
lipoproteins, may exacerbate cognitive impairment. Inter-
estingly, whereas vitamin K-1 is transported in VLDL, K-
2 is transported in LDL and HDL>* which may make vit-
amin K-2 of particular relevance for brain. Gas6 plays a
role in inflammation, renal function and cell differentia-
tion.” There is preferential accumulation of vitamin K-2
in peripheral tissues like the vasculature.’ But it appears
that it is the MK-4 type which can prevent arterial calcifi-
cation.” Thus, the pleiotropic functions of vitamin K are
evident and, as yet, not fully recognised.®

There is evidence that the clinical manifestations of
vitamin K deficiency may be more evident in some tis-
sues, like bone”!”!! and the vasculature,'? than others like
liver. Some of this difference may reflect the tissue speci-
ficities of the different forms of vitamin K and the local
food culture to deliver the forms required.

FOOD AND MICROBIOMIC SOURCES OF VITA-
MIN K
Vitamin K-1 comes mainly from green leafy vegetables
because of its role in photosynthesis. It can be converted
to vitamin K-2 of the MK-4 type in animal tissues includ-
ing the pancreas, testes and vasculature. Other forms of
MK-n are produced by bacteria in fermented foods like
natto (from soy), cheese and fermented vegetables (eg
kimchi and sauerkraut), but are also found in eggs and
chicken liver.

Broad spectrum antibiotics can markedly reduce vita-
min K status which presumably indicates a major gut mi-
crobial source of vitamin K, but the conversion of K-1 to
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K-2 may take place in the gut wall." With the present
surge in gut microbiomic research, its role in vitamin K
nutrition should become clearer.

VITAMIN K DEFICIENCY SYNDROMES
Vitamin K deficiency is widespread among some popula-
tions, especially the elderly, even where the food supply
would be thought to be adequate as in Japan."

It will be clear from the pleiotropic effects of vitamin K
through vitamin K dependent proteins (VKDPs) that its
deficiency, whether primary as dietary inadequacy or sec-
ondary through the use of the coumarin warfarin, could
produce a spectrum of clinical sequelae. But the recogni-
tion of vitamin K syndromes is unusual in practice. This
probably results from a lack of awareness of food sources
of vitamin K-2 as well as the better known K-1, and their
differential tissue specificities.

VKDP osteocalcin status is compromised by poor vit-
amin K intakes as well as warfarin therapy which need to
be taken into account in osteoporosis management. For
the prevention of vascular calcification, it may be the
MK-4 form of K-2 which is most important, with cheese
a particularly useful source. Foods like natto and cheese
provide other MK-ns as well both MK-4 and MK-7 are
favourable for osteocalcin and bone health. This may be
indirectly relevant to arterial health. Bone is increasingly
recognised as an endocrine organ in its own right with
osteocalcin being involved in energy regulation, insulin
resistance and cardiovascular risk.'*"

Vascular calcification may be an important feature of
vitamin K deficiency ° and of warfarin therapy.'® Never-
theless, anecdotally, not all patients on warfarin develop
arterial calcification, although the incidence and risk are
not quantified in any available study. But, presumptively,
there would seem to be predisposing factors which might
include genetic and epigenetic mechanisms, background
diet and use of medications which themselves alter vita-
min K status or sensitivity."” Renal impairment is itself
associated with vascular calcification and sufferers will
constitute one of the more susceptible groups to vitamin
K deficiency.’” Abdominal obesity and diabetes also in-
crease the likelihood of vascular calcification.'>"

For drug interactions, broad spectrum antibiotics (alter-
ing the vitamin K producing and transforming gut micro-
biome), PPIs (which alter divalent cation metabolism,
especially of magnesium, and increases risk of fracture),
salicylates (which inhibit K-2 less than K-2), steroids
(with their osteopenic effects), antihypertensives (which
may be associated with vascular calcification although
circumstantially) statins (which may protect against vas-
cular calcification and osteoporosis,'*'® and vitamin D
supplements (through hyperphosphatemia). Thus, it is
difficult to isolate warfarin effects alone in the pathogene-
sis of vascular calcification, although the mechanisms are
highly plausible.

CORONARY ARTERY CALCIFICATION: IS ME-
DIAL ARTERIAL (MONCKEBERG'S) CALCIFI-
CATION ACCEPTABLE?

In the longitudinal Rotterdam study, increased intake of
vitamin K-2, but not K-1, was inversely related to all-
cause mortality and aortic calcification.” This has been
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supported by the Beulens cross-sectional study of post-
menopausal women.*’

The pathology is that of medial calcification, known as
Ménckeberg's arteriosclerosis, which is not that of athero-
sclerosis.'>"?!

Coronary artery calcification is a significant predictor
of risk for ischaemic heart disease and mortality. It would
appear that this applies to Mdonckeberg's arteriosclerosis
as well as to intimal or imtimo-medial calcification, alt-
hough the relative risks of these types of calcification has
not been evaluated.

IS INCREASED VITAMIN K-2 INTAKE A WAY TO
REDUCE CORONARY CALCIFICATION WITH
WARFARIN?

The available experimental and population studies would
suggest that higher intakes of vitamin K-2 would reduce
the risk of vascular calcification and that they may even
allow some reversal.?' Since foods like cheese might pro-
vide a way to this, present ideas about such fatty foods
and cardiovascular disease (CVD) might need review,
especially since there is no evidence that these foods in
their own right present a CVD risk. It is conceivable that
they might achieve this in the face of effective warfarin
anticoagulation through its hepatic effects, while mini-
mising its adverse vascular effects.

CAN FACTOR XA INHIBITORS (LIKE APIXA-
BAN) REDUCE THE RISKS OF VITAMIN K DEFI-
CIENCY?

If anticoagulation can be confined to factor X, it should
allow the other non-coagulant functions of vitamin K to
be met by diet and the avoidance of vitamin K deficiency-
related vascular calcification, along with other functions
as with bone health. At present apixaban looks the most
promising agent in this category insofar as reversibility of
its action and side effects are concerned, at least insofar
as AF is concerned (especially in the presence of is-
chaemic heart disease). But time will tell whether there
are long term, as yet unrecognised complications and
whether all-cause and disease-specific mortalities are
favourable.

SHOULD WARFARIN BE USED FOR MORE THAN
SHORT-TERM THERAPY?

It may be that warfarin could be used for limited time
periods with little consequence through vitamin K defi-
ciency, or that its safety might be improved by judicious
simultaneous use of vitamin K-2. But, at present, we have
little information as to time to effect.

CONCLUSIONS AND RECOMMENDATIONS

1. There is substantial evidence that warfarin-induced
vitamin K deficiency can lead to a spectrum of vitamin
K deficiency disorders, including vascular calcification.

. The risk for vitamin K deficiency-related vascular cal-
cification may be minimised by higher intakes of vit-
amin K-2 which may be sourced from cheese, eggs
and fermented foods like natto, although the different
MK-n forms of vitamin K-2 may have benefit differen-
tials; cheese with MK-4 has the most evidence at pre-
sent, challenging the conventional wisdom that cardio-
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vascular-protective foods need to be invariably low fat
(as has been recognized for fatty fish, nuts and other
seed-foods).

. The clinical identification of individuals susceptible to

vascular calcification, by diet, disease or associated
pharmacotherapy, may allow better risk-benefit eval-
uation of warfarin therapy especially in AF.

. Individuals susceptible to vascular calcification should

have a baseline coronary artery calcification assess-
ment and review.

. Individuals susceptible to vascular calcification with

AF are candidates for factor X antagonists instead of
warfarin.
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