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ABSTRACT Fish-eating mammals, such as seals, ap-
pear to ingest levels of vitamin D that are toxic to most
mammals. To determine how seals cope with high vitamin
D intakes, the metabolism of tritiated cholecalciferol ([*H|D,)
was investigated in hooded seal (Cystophora cristata) pups
during their postweaning fast and pups and aduits con-
suming herring alone or supplemented with 400,000 w D,
daily. [*H]D; was metabolized to 25-[*H]JOHD, and 24,25-
[3H](OH),D,. 1,25-[>°H](OH),D, was not detected, but
plasma levels of 1,25-(OH),D were similar to those in other
mammals and were not affected by vitamin D intake. Plasma
vitamin D, 25-OHD and 24,25-(OH),D increased with vi-
tamin D intake, but 25-OHD did not increase to the extent
seen in other mammals. The supplemented seals showed
no evidence of toxicity. Levels of 24,25-(OH),D were higher
in the unsuppiemented seals (4 to 33 ng/mL) than reported
in other mammals with similar 25-OHD levels and did not
decrease with 25-OHD. High levels of 24,25-(OH).D rel-
ative to 25-OHD have also been found in hooded seals in
the wild. The half-lives of vitamin D, 25-OHD and 24,25-
(OH),D were shorter than those reported for most other
mammals. Increased conversion of 25-OHD to 24,25-
(OH).D and a high capacity for vitamin D storage in their
large blubber mass appeared to be factors in the resistance
of seals to vitamin D toxicity. J. Nutr. 118: 332-341,
1988.
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Fish-eating mammals, such as seals, appear to ingest
vitamin D at levels that are toxic to most mammals.
Seals, however, do not appear to suffer from vitamin D
toxicity even though their principal food, fish, is the
highest known natural source of the vitamin. Vitamin
D metabolism was investigated in the hooded seal (Cys-
tophora cristata) to determine how seals cope with high
vitamin D intakes.

The hooded seal is a migratory pelagic seal of the
North Atlantic and Arctic oceans. As hooded seals are
relatively inaccessible during most of the year, little is

known about their feeding habits. During the breeding
and moult periods, when the seals are accessible, they
are fasting. Known prey items include a variety of fish
and invertebrate species (1).

Vitamin D metabolism was investigated in weaned
pups during the postweaning fast and in pups and adults
ingesting fish with and without cholecalciferol (Dj)
supplements. The study was designed to examine the
following hypotheses concerning the tolerance of seals
to vitamin D: 1) their intestinal absorption of vitamin
D is decreased when intake is high; 2) they have a high
capacity to convert 25-OHD to less toxic metabolites;
3) they rapidly excrete vitamin D and/or its metabo-
lites; 4) they have a large capacity for storage of vitamin
D and/or its metabolites in their large blubber mass.

MATERIALS AND METHODS

Seven weaned pups (age 2—3 wk) and three adults
were captured in the Gulf of St. Lawrence. The seals,
except for two pups that were fasted, were fed whole
herring (Clupea harengus) supplemented with NaCl and
vitamins,? excluding vitamin D. The herring contained
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Research Council of Canada and scholarships (University of
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3Weekly intake: 1400 mg vitamin B-1, 4116 mg vitamin E (ICN
Canada, Toronto, Ont.), 22.5 mg retinol and 45 mg B-carotene (No-
vopharm, Toronto, Ont.}, 14 Novo-B tablets (Novopharm) each con-
taining 10 pg vitamin B-12, 35 mg vitamin B-1, 15 mg vitamin B-2,
5 mg vitamin B-6, 50 mg niacinamide, 20 mg Ca d-pantothenate, 300
mg vitamin C and 4 (adults) or 2 (pups) Stresstabs (Cyanamid Canada,
Montreal, Que.) each containing 600 mg vitamin C, 30 mg vitamin
E, 4 mg folic acid, 15 mg vitamin B-1, 15 mg vitamin B-2, 100 mg
niacinamide, 5 mg vitamin B-6, 12 pg vitamin B-12, 45 pg biotin, 20
mg pantothenic acid and 27 mg ferrous fumarate.
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0.38% Ca and 0.43% P (pups) or 0.43% Ca and 0.54%
P (adults). The seals were held in continuous flow (132
L/min) freshwater tanks with access to dry ledges and
received their natural photoperiod. All sources of ul-
traviolet (UV) radiation, as measured by a Blak-ray ul-
traviolet meter (Ultra-violet Products, San Gabriel, CA),
were eliminated 6 mo prior to the experiments. Body
mass was measured weekly with dynamometers.

The maximum vitamin D intake of wild hooded seals,
based on the vitamin D content of halibut (Hippoglos-
sus hippoglossus) (2), the estimated energy required for
maintenance of the captive seals and the energy con-
tent of halibut, was estimated at approximately 400,000
1u/d. As the estimated energy requirements of the pups
for maintenance (14,644—18,828 kJ/d) overlapped the
range of estimates for the adults (17,991-48,116 kJ/d)
and included no allowance for growth, the calculated
mean energy requirement of the adults (31,798 kj/d)
was used to calculate the intake of halibut by both pups
and adults.

Pups were divided into three groups: fasting (n = 2),
fed herring (n = 2) and fed herring plus 400,000 v D,
daily (n = 3). Supplementation with D; began when
the pups consistently consumed enough whole herring
(approximately 2 kg/d at age 15 wk) to maintain a con-
stant body weight. D; (Sigma Chemical, St. Louis, MO)
was dissolved in 1 mL corn oil and stored in gelatin
capsules at —80°C.

After 1 mo in captivity, the fasting pups were injected
with [3H|D,, specific activity 38.5 Ci/mmol (New Eng-
land Nuclear, Boston, MA). Fed pups were injected with
[BH]D; when the D; supplements had been fed for 2
wk. [(H]D; was injected into the extradural vein in 1.0
mL 100% ethanol followed by 1.0 mL ethanol to rinse
the syringe. The [*H|D; was >94% pure as determined
by high-performance liquid chromatography (HPLC).
The amount of [*H|D; injected, age, body mass, vitamin
D and herring intakes are given in Table 1.

Blood samples (10—50 mL) were obtained in heparin-
ized tubes from the hindflipper plexus prior to injection
of [*H|D; and postinjection at 5, 15 and 30 min and 1,
2, 4, 6, 12 and 24 h, then every 24 h until 168 h. Seals

receiving the D; supplements were bled prior to and
after 1 wk of supplementation. Plasma was stored at
—-80°C.

Urine and feces were collected for 24 h every second
day by placing the seals in wooden boxes situated in a
refrigerated room (3). As blood samples could not be
obtained from seals in the boxes, collections were not
made until 48 h postinjection.

The pups were euthanized with sodium pentobar-
bital (18 mg/kg) and tissues were collected to determine
distribution of radioactivity. Kidneys of fed and two
supplemented pups were examined for calcification.

The adults fed herring alone were injected with [*H|D,
(specific activity 18.3 Ci/mmol, Amersham Canada,
QOakville, Ont.) and their blood, urine and feces were
collected as for the pups. When plasma radioactivity
had declined to undetectable levels (<50 dpm/mL) they
were supplemented with 400,000 ru D; daily. After 2
wk, they were again injected with [*H]D; and blood,
urine and feces were collected.

Sample analyses. The analytical procedures used did
not distinguish between D, and ergocalciferol. It was
assumed that only D; compounds were present as er-
gocalciferol has not been found in oils from marine
fishes (4, 5). Radioactivity was counted in a Beckman
LS 7800 liquid scintillation counter (Beckman Instru-
ments, Fullerton, CA) equipped with automatic quench
correction. Plasma Ca was determined with a Corning
Ca analyzer (Corning Scientific Instruments, Medfield,
MA).

Vitamin D and its metabolites in plasma were sep-
arated on a Dupont Zorbax-Sil column (4.6 mm X 25
cm, Maynard Scientific, Weston, Ont.) using a 254-nm
interference filter, solvent flow 2 mL/min and absorb-
ance units full scale 0.005. All solvents used were HPLC
grade. Reference standards for D; (Sigma Chemical), 25-
OHD;, 24,25-(OH),D; and 1,25-(OH),D; (kindly sup-
plied by M. R. Uskokovic, Hoffman-LaRoche, Nutley,
NJ) were purified by HPLC and quantitated with a Gil-
ford 250 spectrophotometer (Gilford Instrument Lab-
oratories, Oberlin, OH) at 264 nm.

The percentage of total plasma radioactivity as D;,

TABLE 1

Amount of [*H|D, injected, age, body mass, vitamin D intake and herring intake of the seals!

[*HI|D,3 Body Vitamin Herring
Diet injected Age mass D intake intake
wCi kg w/d g/d
Pups
Fasting 25.9,24.4 1.5 mo 29.0, 34.0 0 0
Herring 30.6, 30.3 4.2 mo 33.0, 42.5 1,001, 990 2,002, 1,980
Herring + D, supplement? 31.8 + 0.1 4.2 mo 39.2 + 1.6 400,965 + 25 1,930 = 50
Adults
Herring 413 + 4.7 >4 yr 192 =19 874 * 265 4,370 + 1,324
Herring + D, supplement? 68.4 + 20.1 >4 yr 248 =+ 27 400,609 + 108 3,047 = 541

!Means + SEM are given when n = 3.
2400,000 ru/d.
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25-OHD;, 24,25-(OH),D; and 1,25-(OH),D; was deter-
mined using 0.5—-1.0 mL plasma. D, was extracted with
methanol/methylene chloride (6) and subjected to HPLC
(7). All radioactivity in the D; extract coeluted with
standard D;.

Extraction of metabolites, prepurification for HPLC
and separation by HPLC were accomplished by the
method of Fraher et al. (8) with modifications. The
method frequently resulted in poor recovery of radio-
activity (<50%), believed to be due in part to the high
lipid content of the seal plasma (6.8—14.2 mg/mL). To
improve recovery, all solvent volumes were doubled
and the plasma was reextracted with acetonitrile/water
(1:1, vol/vol). Radioactivity was found to coelute with
D;, 25-OHD; and 24,25-(OH),D;. As expected from the
small amounts of 1,25-(OH),D present in plasma and
of [*H]D; injected and the loss of half the tritium label
during 1-hydroxylation, no 1,25-[3H](OH),D; could be
detected.

Plasma levels of vitamin D and its metabolites were
determined by competitive protein binding assay. Prior
to extraction, 9000-12,000 dpm of [*H]D;, 25-[26,27-
3H|OHD;, 1,25-[26,27-3H|(OH),D; (New England Nu-
clear) or 24,25-[23,24-3H)(OH),D; (Amersham Canada)
was added to the plasma and recovery estimated fol-
lowing purification by HPLC.

Vitamin D in plasma (1.0-6.0 mL) was extracted as
previously described. The extract was shaken with 2
volumes of acetonitrile/water (1:1, vol/vol) to remove
polar compounds, then chromatographed on a Lipidex
column (hydroxyalkoxypropyl-dextran, Sigma Chemi-
cal) (9) and purified by HPLC (10). Vitamin D was de-
termined by the method of Horst et al. (11) using rat
plasma as a source of binding protein.

Plasma samples (0.5-2.0 mL) were assayed for 25-
OHD and 24,25-(OH),D by the method of Lambert et
al. (9) with modifications as described by Gibson et al.
(12). 1,25-(OH),D was assayed using the assay system
of Amersham Canada.

Possible interference of 25-OHD-26,23-lactone in the
assay procedure for 24,25-(OH),D was investigated us-
ing plasma from three D;-supplemented, two herring-
fed and two fasting seals. The 24,25-(OH),D fractions
from HPLC were rechromatographed using a 2:98 (vol/
vol) isopropanol/methylene chloride solvent system (13)
and the fractions that coeluted with standard 25-OHD-
26,23-lactone (kindly supplied by R. L. Horst, Ames,
IA) and 24,25-(OH),D; were collected and assayed using
the 24,25-(OH),D assay procedure. No 25-OHD-26,23-
lactone was found in the 24,25-(OH),D fractions; the
possibility that it was present in the plasma before pu-
rification was not investigated.

Plasma samples from healthy human adults were as-
sayed for vitamin D (n = 1), 25-OHD (n = 3), 24,25-
(OH),D (n = 3) and 1,25-(OH),D (n = 3) as reference
standards. A pooled sample (n = 4) from children (age
4-7 yr) was also assayed for 25-OHD, 24,25-(OH),D
and 1,25-(OH),D.

Four Greenland halibut (Reinhardtius hippoglos-
soides, mass 1680—2080 g) and five Atlantic cod (Gadus
morhua, mass 515-1255 g), caught in the Davis Strait
off Greenland, and 20 herring each from those fed to
the pups and adults were analyzed for gross energy us-
ing an oxygen bomb calorimeter (Parr Instruments, Mo-
line, IL), for Ca by atomic absorption spectrophotom-
etry and for P by a modification of the method of Fiske
and Subbarow (14). Samples were pooled for each spe-
cies and the vitamin D content was determined by chick
bioassay, using the ash content of the left tibias (15).
The vitamin D content of fresh herring (n = 10) was
also measured to determine whether deterioration of
vitamin D had occurred during prolonged storage in the
herring fed to the seals.

Data analyses. Differences in plasma Ca levels and
in plasma levels, half-lives and turnover rates of vita-
min D and its metabolites were analyzed using t-tests.
Paired t-tests were used to examine differences between
animals before and after supplementation. Level of sig-
nificance used was P < 0.05 for all analyses. Values are
reported as the mean + SEM when n > 2.

RESULTS

As radioactive D; levels decreased, 25-[*HJOHD,; lev-
els increased in both pups (Fig. 1) and adults (Fig 2).
Radioactive 25-OHD; was detected in the plasma of all
seals by 72 h postinjection, but 24,25-[3H|(OH),D; was
detected only in the fasted and herring-fed pups and
one D;-supplemented adult. Radioactive 1,25-(OH),D,
was not detected. Recoveries of plasma radioactivity
were 87 + 1% (n = 129) after extraction and 76 *+ 1%
(n = 129) after HPLC.

The rate constants used to calculate the half-lives
and turnover rates were obtained from the relationships
between specific activities and time (Fig. 3). The de-
cline in specific activity of vitamin D after 12 h post-
injection was monophasic except in three pups in which
it was biphasic. When it was biphasic, the inflection
point occurred at 72 h. The decay of vitamin D from
12 to 72 h was corrected for the decay from 72 to 168
h according to Gurpide (16). The decline in specific
activity of 25-OHD and 24,25-(OH),D was monophasic.

The half-lives of plasma vitamin D, 25-OHD and 24,25-
(OH),D are presented in Table 2. The half-life of vita-
min D in the adults was significantly increased by D,
supplementation from 12 to 72 h but was not affected
in the pups from 12 to 72 h or 72 to 168 h. The half-
life of 25-OHD in the pups also was not significantly
affected by vitamin D intake. The half-life of 24,25-
(OH),D appeared to be similar to that of 25-OHD. How-
ever, the specific activity of 24,25-(OH),D was still in-
creasing in the fasted pups at 120 h; therefore the de-
cline in specific activity of 24,25-(OH),D was measurable
only in three seals over a short period (herring-fed pups
72-168 h, adult 72-120 h).
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FIGURE 1 Relationships between mean plasma radioac-
tivity as D, (@), 25-OHD; ([(7) and 24,25-(OH),D, (l) and time
postinjection in pups that were (A) fasting (n = 2), (B) fed
herring alone (n = 2) or (C) supplemented with D, (n = 3).
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FIGURE 2 Relationships between mean plasma radioac-
tivity as D, (@), 25-OHD; ([(J) and 24,25-(OH),D, (ll) and time
postinjection in the adults (n = 3) (A) fed herring alone or (B)
supplemented with D,.

10
1.0 1

0.1

L] L}
o 80 160 180
Time post-injection (h)

FIGURE 3 Relationships between mean specific activity
of vitamin D (@), 25-OHD ([J) and 24,25-(OH),D () and time
postinjection, plotted on a semilogarithmic scale, in pups that
were (A) fasting (n = 2), (B) fed herring alone (n = 2) or (C)
supplemented with D, (n = 3).

The turnover rates of vitamin D, 25-OHD and 24,25-
(OH),D are presented in Table 3. Vitamin D turnover
in the pups was increased 11-fold over the fasting value
by feeding herring and a further 154-fold by supple-
menting with D;. The turnover of 25-OHD was in-
creased 13- and 7-fold, respectively. In the fasting pups,
25-OHD turnover was higher than that of vitamin D,
while in the pups fed herring alone there was no clear
difference. Vitamin D turnover in the D;-supplemented
pups was markedly greater than that of 25-OHD. Re-
flecting their much greater body mass, the increment
in turnover of the vitamin following supplementation
in the adults was about half that of the pups.

Urinary radioactivity over the 7-d postinjection pe-
riod accounted for <3% of injected radioactivity. Urine
and feces were not obtainable from all seals and the
relationship between excretion and time could be es-


http://jn.nutrition.org/

JN THE JOURNAL OF NUTRITION

336 KEIVER, DRAPER AND RONALD

TABLE 2
Half-lives of vitamin D, 25-OHD and 24,25-{(OH),D in plasma of individual seals

Half-life!
Vitamin D
12-72 h 72-168 h
Diet postinjection postinjection 25-OHD 24,25-(OH),D
d

Pups

Fasting 12,09 1.0, 1.5 6.5, 11.5

Herring 03,06 2.1 6.9,11.5 8.4,59

Herring + D, 1.7,09, 1.4 15,29, 24 34,64
Adults

Herring 06,08, 1.2 0.8

Herring + D, 22,22,20 2.4,46,26 8.9 10.8
'Blank spaces indicate that data were unobtainable.

TABLE 3
Turnover rates of vitamin D, 25-OHD and 24,25-{OH).D in plasma of individual seals
Rate of turnover!
Vitamin D
12-72 h 72-168 h
Diet postinjection postinjection 25-OHD 24,25-(OH),D
ng/(mL-d)

Pups

Fasting 0.12, 0.08 0.14, 0.05 0.32, 0.24

Herring 8.1, 2.5 1.0 44, 3.1 16,19

Herring + D, 190, 295, 282 206, 93, 162 35, 15
Adults

Herring 24,10, 1.1 1.7

Herring + D, 97,97, 127 91, 45, 95 6.9 2.1

'Blank spaces indicate that data were unobtainable.

timated individually only for the D;-supplemented pups.
Samples from the other seals were pooled for each treat-
ment. Fecal excretion averaged 44% of the dose in the
pups fed herring alone, 40 + 5% (range 32—-50%) in the
D;-supplemented pups and 24 and 26% in the adults
fed herring alone and with D; supplements, respec-
tively. There was no apparent effect of vitamin D intake
on urinary or fecal excretion of radioactivity. Fasting
pups produced very little urine and feces and excretion
of injected radioactivity was negligible.
Concentrations of radioactivity were highest in the
plasma, liver and lung in the fasting pups and pups fed
herring alone and highest in the liver and blubber in
the D;-supplemented pups. The plasma volume deter-
mined for one D,-supplemented pup (17) at age 7 mo
was used to estimate the radioactivity in the plasma
compartment of all pups. As the pups were younger
than 7 mo at the time of [*H]D; injection, plasma vol-
ume was probably overestimated by approximately 15%.
The highest percentages of injected radioactivity were
found in the plasma and blubber (Table 4). The high
concentrations in the fasting pups reflect a lack of ex-

cretion. Plasma radioactivity decreased with increased
vitamin D intake. Blubber was the predominant site of
radioactivity in the D,-supplemented pups.
Recoveries of vitamin D, 25-OHD, 24,25-(OH),D and
1,25-(OH),D in plasma prior to assay were 79 + 1% (n
=63),75 £ 1% (n = 88),65 = 1% (n = 79) and 67

TABLE 4
Distribution of radioactivity in the tissues of individual pups at
7 d postinjection
Herring
Tissue Fasting diet Herring + D,
% of dose

Plasma 60, 41 20, 17 3,3
Blubber 35, 27 11, 10 24,23
Liver 9,3 1,2 2,2
Voluntary muscle 9,3 0,0 0,0
Skin and hair 58 3,3 3,2
Lung 3,2 0.8,04 0.5, 0.9
Kidney 0.9, 0.6 0.2, 0.2 0.1, 0.1
Heart 0.5, 0.3 0.1, 0.1 0.1, 0.1
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TABLE 5
Plasma levels of vitamin D, 25-OHD, 24,25-{OH),D and 1,25{OH),D in the pups*

24,25-(OH),D
Diet Vitamin D 25-OHD 24,25-(OH),D 1,25<(OH),D 25-OHD
ng/mL ng/mL ng/mL pg/mL

Fasting

When captured 7,11 9, 16 13,15

3 wk 3,4

4 wk <03, <0.2 3,3 4,15 10, 27 1.3,5.0
Herring

When captured 9,17 14, 18 1.6, 1.1

10 wk 42, 48 20, 14

11 wk 3,2 45, 54 18, 17 96, 62 0.44, 0.30
Herring + D,

When captured 12+ 4 15 £ 0.9 1.6 = 05

Presupplement (herring) 2 +03 59 =7 18 £5 37 10 0.30 + 0.08

1 wk supplementation 383 + 58 133 + 7 46 = 4 0.35 + 0.04

2 wk supplementation 580 + 57 129 = 53 + 4 0.41 = 0.01

3 wk supplementation 365 = 37 164 = 24 70+7 24 = 4 0.43 = 0.03

!Means (+ seM) are given when n = 3. Blank spaces indicate that no measurements were taken.

+ 1% (n = 20), respectively. Intra-assay coefficients of
variation (n = 5) were 13, 5 and 5% and interassay
coefficients (n = 5) were 12, 5 and 6% for vitamin D,
25-OHD and 24,25-(OH),D, respectively. Assay values
for adult human plasma were 0.7 ng/mL for vitamin D,
13-15 ng/mL for 25-OHD, 1-2 ng/mL for 24,25-(OH),D
and 20-27 pg/mL for 1,25-(OH),D. Metabolite values
for the pooled plasma of four children were 24 ng/mL,
3 ng/mL and 90 pg/mL, respectively. These values are
within the range of normal values for young and adult
humans (18-20).

Plasma vitamin D, 25-OHD, 24,25-(OH),D and 1,25-
(OH),D levels in the pups are presented in Table 5.
When they were captured, their levels of 25-OHD and
24,25-(OH),D were 11 = 2 and 15 + 1 ng/mL, respec-
tively. After 4 wk of fasting, 25-OHD levels had de-
creased to 3 ng/mL and vitamin D levels were unde-
tectable. After feeding herring, 25-OHD levels increased
significantly. Plasma 24,25-(OH),D levels showed no
consistent change when the seals were fasted or fed
herring alone. Ratios of 24,25-(OH),D to 25-OHD were
higher when the pups were captured and during fasting

than when they were fed herring. Plasma 1,25-(OH),D
levels were not significantly affected by vitamin D in-
take.

D, supplementation for 1 wk resulted in a significant
increase in plasma vitamin D and 25-OHD in the pups
(Table 5). No further increases were seen at 3 wk. Plasma
24,25-(OH),D levels increased significantly over the 3-
wk course of supplementation.

The plasma levels of vitamin D, 25-OHD and 24,25-
(OH),D in the adults fed herring (Table 6) were similar
to those of the pups and also increased with D; sup-
plementation. As in the pups, D; supplementation had
no effect on plasma 1,25-(OH),D levels.

The kidneys of the D;-supplemented pups showed
no evidence of calcification. Plasma Ca levels in the
D;-supplemented pups and adults were not signifi-
cantly different from those of the seals fed herring alone
(range 2.1-2.6 mmol/L).

The vitamin D contents of Greenland halibut and
Atlantic cod were 2.0 and 0.7 1U/g wet tissue, respec-
tively. The herring fed to the pups contained 0.5 U
vitamin D/g wet tissue and that fed to the adults 0.2

TABLE 6
Plasma levels of vitamin D, 25-OHD, 24,25{OH),D and 1,25-(OH),D in the adults*

24,25-(OH),D
Diet Vitamin D 25-OHD 24,25-(OH),D 1,25-(OH),D 25-OHD
ng/mL ng/mL ng/mL pg/mL
Herring 2+03 48 = 7 21 £ 6 044 + 0.13
Herring + D;
Presupplement (herring) 03 = 0.1 43 + 8 17+ 4 30 6 041 = 0.08
1 wk supplementation 267 + 12 54 + 10 2+7 047 = 0.27
2 wk supplementation 353 * 29 74 = 11 17 +3 0.24 = 0.07
3 wk supplementation 297 = 20 220 = 13 26 =7 47 = 5 0.23 = 0.04

'Values are means * SEM.
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1u/g). The vitamin D content of fresh herring (1.2 ru/g)
was only slightly higher than that of stored herring,
indicating that the vitamin had not deteriorated sig-
nificantly.

DISCUSSION

The same major metabolites of vitamin D were found
in seal plasma as have been found in other mammals,
although in somewhat different proportions. Conver-
sion of vitamin D to 25-OHD was reflected in an in-
crease in 25-[*HJOHD; levels as [*H]D; levels declined.
The rebound in [*H|D; that occurred in the D;-supple-
mented seals is similar to that observed in humans with
normal D status (21, 22).

The specific activity of vitamin D initially declined
rapidly, then in a monophasic or biphasic manner. The
biphasic curve may result from disequilibrium of [*H|D,
with vitamin D in the tissues. Mawer et al. (23) ob-
served that radioactive vitamin D can take up to 4 d
to equilibrate in some tissues. The biological half-life
of vitamin D (Table 2) was calculated, when possible,
after 72 h.

The half-lives of vitamin D and 25-OHD in plasma
usually increase with vitamin D status (24, 25). The
half-life of vitamin D increased with vitamin D intake
in the adult seals but not in the pups, and vitamin D
intake had no effect on the half-life of 25-OHD. Half-
lives of 0.8—7.9 d have been observed in vitamin D—-
deficient humans and rats (24, 26) and of 3-36 d in
humans in normal D status (24, 27). Regardless of vi-
tamin D intake, the half-life of vitamin D in the seals
after 72 h postinjection (0.8—4.6 d) was similar to that
in vitamin D-deficient humans and rats.

The half-life of plasma 25-OHD in the seals was also
similar to that of mammals with vitamin D deficiency.
A half-life of 10.5—12 d has been found in vitamin D—
deficient humans (24), 15-36 d in humans when D
status was normal (24, 28, 29) and 25-68 d in humans
and cows during vitamin D toxicity (25, 30).

The half-lives of 24,25-(OH),D in the plasma of the
three seals in which they could be determined (5.9-
10.8 d) were similar to those of 25-OHD. A half-life of
approximately 40 d has been reported for humans (31).
The shorter half-lives of plasma vitamin D, 25-OHD
and perhaps 24,25-(OH),D in the seals indicate that
these compounds are more actively metabolized, ex-
creted or stored in this species than in other mammals.

The turnover rates of vitamin D and 25-OHD in-
creased markedly with vitamin D intake. The higher
turnover of 25-OHD than of vitamin D in the fasting
pups indicates that 25-OHD levels were decreasing. This
indication was consistent with 25-OHD values ob-
tained over time. The higher turnover rate of 25-OHD
than of 24,25-(OH),D presumably reflects a difference
in rates of production, as their half-lives were similar.
Some 25-OHD may have been excreted or stored.

Since feeding herring increased the turnover rate of
vitamin D in the pup plasma 11-fold and that of 25-
OHD 13-fold with no change in the half-life of 25-OHD,
the fractional conversion of vitamin D to 25-OHD must
have been similar in the fasting and fed pups. The much
greater increase in the turnover of vitamin D than of
25-OHD resulting from D; supplementation indicates
that the fractional conversion of vitamin D to 25-OHD
decreased in the D;-supplemented pups, even when al-
lowances are made for the increase in their plasma 25-
OHD levels (Table 5). This conclusion is consistent
with similar findings on other mammals (32, 33). As
the large turnover of vitamin D in the plasma of the
D;-supplemented pups was not accounted for by con-
version to 25-OHD, the vitamin D must have been
excreted or stored.

As in other mammals (21, 34, 35), the primary route
of excretion of vitamin D and its metabolites in the
seals appeared to be through the feces via the bile and
was unaffected by vitamin D intake. The excretion of
radioactivity in the feces over 7 d (24—50% ) was higher
than that found for most mammals. Biliary excretion
ranges from 3 to 16.6% of injected radioactivity over 1
to 3 d in humans and rats (21, 23, 34—-36). Most of the
radioactivity is excreted in the first 2 d (21, 35). The
data suggest that seals may excrete a higher proportion
of vitamin D and/or its metabolites through bile than
do other mammals.

The concentration of radioactivity in the tissues of
the seals indicated that, as in other mammals, vitamin
D was not actively stored in any tissue. Accumulation
of vitamin D and its metabolites occurs by passive pro-
cesses rather than by active storage (37). Fatty tissues
accumulate a higher concentration of vitamin D than
nonfatty tissues and vitamin D is more readily accu-
mulated than 25-OHD (23, 26). Blubber therefore would
be expected to accumulate radioactivity in proportion
to the amount of radioactive vitamin D in the plasma,
and this was apparently the case in the supplemented
pups versus those fed herring alone (Fig. 1, Table 4).
The high concentration of radioactivity in blubber of
the fasting pups suggests that their blubber represented
a greater proportion of their total body fat than in the
other pups. Seal pups that fast on ice or in water, such
as hooded seal pups, appear to deplete visceral fat de-
pots in preference to blubber for thermoregulatory rea-
sons (38). The visceral fat depots of the fasting pups
therefore were probably depleted. The higher percent-
age of total body mass as blubber in the fasting pups
(36—50% ) compared to the other pups (28—30% ) is con-
sistent with this conclusion.

The pups accumulated 10-35% of injected radioactiv-
ity in their blubber alone. Adipose tissue has been re-
ported to accumulate 5 to 12% of injected radioactive
vitamin D in the human and rat (23, 37). The large amount
of adipose tissue in seals and its high lipid content (39)
may enable seals to accumulate more vitamin D than
other mammals, thereby lowering plasma levels of vi-
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tamin D and 25-OHD in response to vitamin D intake
and reducing the half-life of plasma vitamin D.

Fasting for 4 wk in the absence of UV radiation re-
sulted in undetectable levels of vitamin D in the plasma
of the pups and a decrease in 25-OHD to levels that
would indicate suboptimal D status in other mammals
(40). Plasma 1,25-(OH),D levels in the fasting pups were
similar to those found in 2- to 12-yr-old children (19,
20). Vitamin D, 25-OHD and 1,25-(OH),D levels in the
plasma of the seals fed herring were comparable to those
of wild hooded seals (41) and to levels considered nor-
mal for other mammals (7, 19, 42, 43).

Plasma 24,25-(OH),D levels in the fasting pups (4-
16 ng/mL) and the seals fed herring alone (8—33 ng/
mL) were higher than those found in most mammals
(0.2—10.8 ng/mL) with similar 25-OHD levels (18, 33,
40, 42). The ratios of plasma 24,25-(OH),D to 25-OHD
in the seals (0.23—5.0) were higher than those (0.05—
0.27) found in other species (33, 40, 43). Since the half-
life of 24,25-(OH),D in the seal plasma was not longer
than that in other mammals, these high ratios may
have resulted from a greater specific activity or syn-
thesis of the 24-hydroxylase enzyme. It is also possible
that pathways for the metabolism of 25-OHD to com-
pounds such as 25,26-(OH),D or 25-OHD-26,23-lactone
are lacking in seals, resulting in an increase in the amount
of substrate available for 24-hydroxylation.

The very high ratios of 24,25-(OH),D to 25-OHD ob-
served in the fasting pups are similar to those found in
the plasma of fasting gray (Halichoerus grypus) and harp
(Phoca groenlandica) seal pups (41) but not in the young
of nonpinniped species (44). Also in contrast to other
mammals (18, 40, 45), the reduction in 25-OHD levels
during fasting was not accompanied by a decrease in
plasma 24,25-(OH),D in the seal pups. Information on
vitamin D metabolite levels in fasting mammals other
than pinnipeds appears to be unavailable. Accumula-
tion of 24,25-(OH),D caused by decreased bile flow dur-
ing fasting is not indicated as the half-life of 25-OHD
was not different between fasting and fed pups.

On a body mass basis, the D;-supplemented seals
received 10,275 1u/(kg-d) (pups) or 1648 1u/(kg-d) (adults)
for 3 wk. Human studies (46, 47) indicate that vitamin
D intakes greater than 2000 1u/(kg-d) would produce
toxic symptoms in 3 wk. Calcification of soft tissues
within 6-30 d has been observed in animals receiving
7300-100,000 1u/(kg-d) (48—-51). These studies indicate
that the level of D; supplementation used in the present
study should have produced toxicity within 3 wk in
the pups (but not necessarily in the adults) if the seals
did not have greater tolerance than other mammals for
high vitamin D intakes.

Plasma levels of vitamin D and its metabolites, ex-
cept 1,25-(OH),D, increased with D; supplementation,
indicating that the tolerance of seals to high vitamin
D intakes is not due to decreased intestinal absorption.
Plasma 25-OHD reached levels (>100 ng/mL) that have
been associated with toxicity in humans (47); however,

toxicity in mammals is more often associated with lev-
els >200 ng/mL (25, 52).

Vitamin D toxicity is generally believed to be caused
by high levels of 25-OHD in the plasma (53, 54). Plasma
25-OHD in the seals did not increase in response to D,
supplementation to the extent observed in other mam-
mals. Young pigs receiving 12,480 1u/(kg-d) (an intake
similar to that of the D;-supplemented pups) exhibited
reduced growth, hypercalcemia and plasma 25-OHD
levels of approximately 340 ng/mL within 28 d (52).
Quarterman et al. (48) found reduced food intakes in
young pigs receiving 11,013 ru/(kg-d) after 15 d and
hypercalcemia, calcification of kidneys and lungs and
aortic lesions by 4 wk. Humans receiving 533 1u/(kg-d)
of vitamin D for 3 wk (55, 56) showed plasma 25-OHD
levels of 90 to 110 ng/mL. The D,-supplemented adult
seals had similar plasma 25-OHD levels after 3 wk of
supplementation, but were receiving three times the
intake of vitamin D on a body mass basis. The results
indicate that the smaller response of plasma 25-OHD
to vitamin D intake in the seals may be the result of
greater conversion of 25-OHD to 24,25-(OH),D, in-
creased excretion of vitamin D and/or its metabolites
in the feces and greater storage of vitamin D in adipose
tissue.

The vitamin D contents of Greenland halibut, At-
lantic cod and Atlantic herring were low compared to
reported values (2, 57, 58) and may be due to the small
size of the fish analyzed (<2.1 kg). Vitamin D content
of fish usually increases with age (59, 60). The vitamin
D content of fish of a size likely to be consumed by
seals ranges from 1.4 to 10.0 1u/g wet tissue for halibut
up to 11 kg (61), 0.42 to 4.01 1u/g for Atlantic cod up
to 7 kg (60) and 3.3 to 21.6 1u/g for herring (2, 57, 58).

Based on the highest reported value for vitamin D in
herring of 21.6 /g (58), the adult seals would have
ingested ~600 1u/(kg-d) and the pups ~3000 1u/(kg-d)
(115,000 ru/d). These levels, at least in the case of the
pups, are above the intake considered toxic for other
mammals on a body mass basis. However, the much
lower values for the vitamin D content of the herring
fed in this study and the values reported for various
species of fish by other investigators indicate that the
usual intake of vitamin D by seals does not exceed the
amount tolerated by other mammals. The resistance of
the seals in this experiment to a supplement of 400,000
1u/d nevertheless indicates a tolerance for much higher
intakes than may normally be consumed. The results
also suggest that this tolerance may be due to a capacity
of seals for innocuous storage of vitamin D in their
large blubber mass and for rapid conversion of excess
25-OHD to catabolic metabolites.
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