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ABSTRACT  The purpose of this study was to deter-
mine the effect of food restriction on age-related changes
in serum 1,25-dihydroxyvitamin D and PTH, two important
regulators of Ca metabolism. Starting at 6 wk, male F344
rats were fed a purified diet either ad libitum (non-re-
stricted) or 60% of ad libitum (restricted). Rats from each
group were killed at 5, 13, 22 and 28 mo of age. Dietary
restriction increased the median lifespan from 24 to 31
mo. It delayed the rapid decrease in serum 1,25-dihydroxy-
vitamin D from 1.5—5.0 mo in the non-restricted group to
5—13 mo in the restricted group. It also completely sup-
pressed the marked rise in serum PTH which occurred at
22 and 28 mo in the non-restricted group. Dietary restric-
tion had these effects even though both groups of animals
consumed the same amount of Ca per gram body weight.
Diet had no effect on serum Ca and P, except at 28 mo.
These effects of dietary restriction on serum 1,25-dihy-
droxyvitamin D and PTH may result in altered Ca metab-
olism in dietary restricted F344 rats. J. Nutr. 118: 1360—
1365, 1988.
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Food restriction has been shown by a number of lab-
oratories to increase the mean and maximal lifespan of
laboratory animals (1-3). In addition, it delays a wide
range of diseases and physiological changes that are
associated with aging (4—7). It has been suggested that
dietary restriction modulates the rate of aging itself (8).
Therefore, dietary restriction may be a useful experi-
mental tool for differentiating between time-dependent
and aging-dependent changes in physiological function.

Serum Ca must be maintained at about 10 mg/100
ml throughout the lifespan for proper function of nerve,
muscle and bone. Ca homeostasis and skeletal metab-
olism are maintained by a complex regulatory mech-
anism involving primarily the hormones 1,25-dihy-
droxyvitamin D and parathyroid hormone (PTH) with
calcitonin (CT) playing a lesser role (9). In young ani-
mals, PTH enhances the resorption of Ca from bone,
and it stimulates the production of 1,25-dihydroxyvi-
tamin D from 25-hydroxyvitamin D by the kidney (10).
1,25-Dihydroxyvitamin D, the hormonal form of vi-
tamin D, stimulates the intestinal absorption of Ca and
modulates bone resorption.

The serum levels of 1,25-dihydroxyvitamin D and
PTH change with age in both laboratory animals and
humans. Serum 1,25-dihydroxyvitamin D decreases with
age while serum PTH and CT increase with age (11—
13). These changes affect Ca homeostasis and may con-
tribute to the loss of bone which is seen with age. For
these reasons, it is of interest to determine whether the
age-related changes in these calcium-regulating hor-
mones can be influenced by dietary restriction.

Only one study on the effect of dietary restriction on
calcium-regulating hormones has been reported (14, 15).
The basic protocol of this study was to restrict the diet
of a group of male Fischer 344 rats by feeding them
60% of the diet consumed by an ad libitum group. Di-
etary restriction abolished the rise in serum PTH seen
in later life (15) and the increase in serum CT seen
throughout life (14). Dietary restriction also abolished
the loss of bone seen in the oldest group of animals
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(15). The serum 1,25-dihydroxyvitamin D levels of the
animals in this study were not reported. However, the
diet of the food-restricted rats was supplemented with
vitamins and minerals. Thus, the food-restricted rats
ingested more dietary Ca per body weight than the ad
libitum group. The authors of this study suggested that
the increased dietary Ca could account for the benefi-
cial effects of the restricted diet (15).

The purposes of the dietary restriction studies re-
ported here were twofold. First, we wished to study the
effect of dietary restriction on serum 1,25-dihydroxy-
vitamin D, because 1,25-dihydroxyvitamin D is an im-
portant regulator of Ca homeostasis. Second, we wished
to determine whether the effect of dietary restriction
on Ca homeostasis was independent of the Ca content
of the diet. Thus, we used the same dietary protocol
that the previous study used (14, 15), but we did not
supplement the diet of the restricted group with Ca.

MATERIALS AND METHODS

Rat maintenance and dietary restriction. Male Fischer
344 rats, purchased from Harlan Industries (Indianap-
olis, IN) at 4 wk of age, were used in these studies.
They were housed individually in plastic cages (14" x
10" x 5"), and the cages were placed in laminar flow
racks (Lab Products, Rochelle Park, NJ). The laminar-
flow filtration system consisted of a prefilter and a high-
efficiency, particulate-absorption (HEPA)) filter capable
of filtering 99.9% of particulate matter greater than 0.3
pm. The temperature was maintained at 22—24°C with
a relative humidity of 50%. The animals were main-
tained on a 12-h light/dark cycle (lights on at 0630 h/
lights off at 1830 h). The racks were kept in a single
room which was isolated from all other animals. Entry
to the room was restricted to the laboratory personnel
who maintained the animals, and all personnel wore
protective clothing while in the room. Cages and as-
sociated equipment were periodically sterilized, and
sterilized corn cob bedding was used.

Rats were initially fed ad libitum on a purified diet
which has been previously described (7). The diet (TD
80012) was obtained from Teklad Test Diets (Madison,
WI) and consisted of the following: 21% casein, 15%
sucrose, 43.6% dextran, 5% corn oil, 5% lard, 3% cel-
lulose, 0.15% DL-methionine, 0.2% choline chloride,
and mixtures of minerals (TD 80013) and vitamins (TD
80014). The diet contained 0.75% Ca, 0.45% P, and 2.2
1U of vitamin D-3 per g diet. Rats were also given dis-
tilled, acidified water ad libitum.

At 6 wk of age, the rats were divided into two groups.
The first group was fed the diet ad libitum throughout
life (non-restricted). The second group (restricted) was
fed 60% of the diet consumed by the ad libitum group.
The diet fed the second group was identical to the diet

fed the first group. It was not specially fortified with
vitamins, Na, P, and Ca to match the daily intake of
these substances by the first group. In this way, the
present study is significantly different from previous
studies (3, 14, 15).

At the beginning of the study, 206 rats were placed
in the non-restricted group, and 130 rats were placed
in the restricted group. At 5, 13, 22 and 28 mo of age,
eight rats from each diet group were killed for bio-
chemical measurements. A group of 6-wk-old (1.5 mo)
rats fed the ad libitum diet was also killed. This group
was used to obtain initial biochemical measurements
prior to the start of the dietary restriction study.

Collection of blood and urine. Unfasted rats were
anesthetized with diethyl ether, and the abdominal cav-
ity was exposed by a midline incision. Blood was with-
drawn from the inferior vena cava using a syringe and
allowed to clot on ice for 30 min. The clotted blood
was then centrifuged, and the serum was removed and
frozen for later analysis.

Urine was collected for a 24-h period before the an-
imals were killed. Urine was collected by housing an-
imals individually in stainless steel metabolic cages.
Urine was collected into test tubes containing 1 ml of
1 N HCL

Analytical measurements. Serum Ca was deter-
mined using a fluorometric technique (16). Serum and
urinary P were measured by the method of Fiske and
Subbarow (17). Serum and urinary creatinine were
measured by a colorimetric method (18). Glomerular
filtration rate was estimated from creatinine clearance,
and percentage of tubular reabsorption of P was cal-
culated as previously described (19).

Serum 1,25-Dihydroxyvitamin D was measured by
competitive binding assay as previously described (20).
1,25-Dihydroxyvitamin D was partially purified by C-
18 and silica Sep-Pak cartridges (Waters Associates,
Milford, MA). Intestinal cytosol from rabbits was used
as the source of binding protein. The standard curve
was linear over the region 1.25-50 pg/tube. The lower
limit of detection in serum was 4 pg/ml.

Serum 25-hydroxyvitamin D was measured using a
radioimmunoassay kit (INCSTAR, Stillwater, MN). The
assay uses an antibody to 25-hydroxyvitamin D which
was raised in goat. Lower limit of detection was 0.2 ng/
ml.

Immunoreactive PTH was measured in serum sam-
ples using a radioimmunoassay kit for rat PTH (INC-
STAR, Stillwater, MN). This assay uses a chicken an-
tibody raised against the mid-molecule region of human
PTH (amino acids 44—-68). Rat PTH, which reacts with
this antibody, was used as a standard. Serum PTH levels
of TPTX rats were undetectable (less than 10 pg/ml)
using this assay.

Statistics. When measurements were made on in-
dividual animals, data are reported as the mean =+
standard error (SE) of 6—8 animals per group. Statistical
analyses were performed using Student’s two-tailed t-
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test (21), and a confidence level of 95% or greater was
considered significant.

RESULTS

The survival data for the rats in the present study
(Figure 1) are similar to that reported previously for
male F344 rats fed this diet. The ad libitum rats had a
median lifespan of 24 mo, which is almost identical to
the values reported previously (3). The restricted ani-
mals had a median lifespan of 31 mo, which is some-
what less than the 35 mo reported previously. The age
at 10% survival was 26.5 mo for the non-restricted
group and 34 mo for the restricted group. At 34 mo,
the study was terminated by killing the remaining rats
for biochemical studies.

Body weight of the dietary restricted group was less
than the non-restricted group throughout the experi-
ment (Figure 2). The body weight of the non-restricted
animals increased rapidly until about 12 mo and then
plateaued. The drop in body weight between 21 and 26
mo may be due to the high rate of mortality during
that period of the lifespan (Figure 1). In the restricted
animals, body weight increased rapidly until about 12
mo of age and then increased only slightly thereafter.
These growth curves are similar to those previously
published, including the decline in weight at 20 mo of
age in the ad libitum group (3).

The food consumption of the restricted and non-
restricted rats was monitored throughout the experi-
ment (Figure 3). Initially, the restricted rats consumed
less food per gram body weight than the non-restricted.
However, by 4 mo of age, the food consumption per
gram body weight for both groups was the same and
remained the same throughout the study. The re-
stricted animals matched the food consumption per
gram body weight of the non-restricted animals by de-
creasing their rate of growth (Figure 2). Since the diet
fed the restricted group was not fortified, both the re-
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FIGURE 1 Effect of dietary restriction on survival of male
F344 rats. Starting at 8 wk of age, 130 rats were placed on
the restricted diet and 206 were fed ad libitum (non-
restricted). The experiment was ended after 34 mo.
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FIGURE 2 Effect of dietary restriction on average body
weight. Rats were weighed every 2 wk from 2 to 8 mo of age
and every 4 wk thereafter.

stricted and non-restricted animals consumed the same
amount of vitamins and minerals per gram body weight.

Serum Ca and P were not significantly affected by
dietary restriction except at 28 mo of age (Figure 4).
Serum Ca did not change significantly with age re-
gardless of diet. Serum P decreased markedly between
1.5 and 5.0 mo and then did not change until 28 mo of
age. At this age, serum P was significantly lower in the
restricted animals compared to non-restricted animals.

Dietary restriction had a significant effect on serum
1,25-dihydroxyvitamin D in all age groups studied (Fig-
ure 5). In the non-restricted animals, serum 1,25-dih-
ydroxyvitamin D decreased with age as has been pre-
viously observed (11). The greatest decrease was between
1.5 and 5.0 mo of age. In the restricted animals, this
decrease occurred between 5 and 13 mo of age. Serum
1,25-dihydroxyvitamin D levels in the restricted group
were significantly above the non-restricted group at 22
and 28 months of age.

The effect of dietary restriction on serum 25-hy-
droxyvitamin D, the precursor to 1,25-dihydroxyvi-
tamin D, was also determined in pooled serum samples
from each age group (Table 1). In non-restricted rats,

e—e Non-Restricted
0--0 Restricted

Food Consumption (g/ 100 g body weight)
L3

) 2 4 ] 8 10 22
Age (months)
FIGURE 3 Effect of dietary restriction on food consump-

tion. Average food consumption was measured at the indi-
cated ages and divided by the average body weight.

610z Aenuer g1 uo Jasn Alisiealun aueny Aq $€1L8S/¥/09E L/ L L/8L | AoBASe-8o1e/ul/Wwoo dno olwapeoe)/:sdyy Wol) papeojumo



DIETARY RESTRICTION, 1,25-DIHYDROXYVITAMIN D AND PTH 1363

— 12
E o - —
w0l — g
§ Serum Ca
& e
E
Py 1 =%
2 L SerumP ";
‘é *T"  e—e Non-Restricted
§ 2 |- o0--0 Restricted
« 0 L ] ] ] 1 1
° 4 8 12 16 20 24 28

Age (months)

FIGURE 4 Effect of dietary restriction on serum Ca and P.
Data points represent the mean + st of eight animals. The
asterisk indicates a significant difference between the re-
stricted and non-restricted groups (P < 0.05, t-test).

serum 25-hydroxyvitamin D was relatively constant
from 1.5 to 13 mo, but it was markedly decreased at
22 and 28 mo. In restricted rats, there was a more grad-
ual decrease in serum 25-hydroxyvitamin D with age.

Finally, dietary restriction had a marked effect on

serum PTH levels later in the lifespan (Figure 6). In the |

non-restricted animals, serum PTH increased markedly
with age, as has been reported previously (11). This
increase was significantly blunted by dietary restriction
at 22 and 28 mo of age. Because one of the physiological
effects of PTH is to increase urinary P, tubular reab-
sorption of P (TRP) was measured at 1.5, 13 and 28 mo
of age (Table 2). There was no difference in the TRP
between diet groups at 13 mo. However, TRP was sig-
nificantly decreased in the non-restricted group at 28
mo. This decrease in TRP correlates with the increase
in serum PTH in the 28-mo-old non-restricted group

(Figure 6).

DISCUSSION

This study demonstrates that the age-related decline
in serum 1,25-dihydroxyvitamin D is delayed by dietary
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FIGURE 5 Effect of dietary restriction on serum 1,25-

dihydroxyvitamin D. Data points represent the mean + SE
of eight animals. The asterisk indicates a significant differ-
ence between the restricted and non-restricted groups (P <
0.05, t-test).

TABLE 1
Effect of dietary restriction on serum 25-hydroxyvitamin D

Serum 25-hydroxyvitamin D

Age Non-restricted Restricted
mo ng/ml

1.5 14.0 -

5 18.9 17.2
13 209 15.0
22 6.1 13.2
28 6.2 9.0
33 - 9.4

Table entries are values obtained from pooled serum. Serum was
pooled from eight rats in each age and diet group. The sk, based on
measurements of individual rats from the same group, was 7-9% of
the mean.

restriction. It also confirms the action of dietary re-
striction on serum PTH. However, in this study dietary
restriction had these effects even though both groups
of animals were consuming the same amount of Ca per
g body weight (Figure 3). These effects were not due to
a greater percentage of Ca in the restricted diet, a pos-
sible complication in the interpretation of other studies
(14, 15). It is of interest that dietary restriction in-
creased the median survival and 10% survival in this
study (Figure 1), even though the diets were not fortified
with vitamins and minerals.

The changes in serum 1,25-dihydroxyvitamin D with
age and dietary restriction are not explicable by changes
in serum 25-hydroxyvitamin D. For example, at 5 mo
of age there is a twofold difference in serum 1,25-hy-
droxyvitamin D levels between diet groups (Figure 5).
However, there is no difference in serum 25-hydroxy-
vitamin D levels at this age (Table 1). Likewise, the
greatest decrease in serum 1,25-dihydroxyvitamin D is
in the 1.5-13 mo age range in both age groups, but
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FIGURE 6 Effect of dietary restriction on serum PTH. Data

points represent the mean =+ sk of eight animals. The asterisk

indicates a significant difference between the restricted and
non-restricted groups (P < 0.05, t-test).
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TABLE 2
Effect of dietary restriction on tubular reabsorption of phosphorus

Tubular reabsorption of phosphorus

1.5 Months 13 Months 28 Months
%
Non-restricted 73 £ 2 75«5 63 +4
Restricted - 79 £ 4 83 + 2!

1Significantly different from non-restricted (P < 0.05, t-test). Table
entries are the mean + St of eight animals.

serum 25-hydroxyvitamin D is relatively constant (14—
21 ng/ml) in these animals. However, in the 22-33 mo
age range, serum 25-hydroxyvitamin D levels are con-
sistantly higher in the restricted animals. This may
contribute to the increased 1,25-dihydroxyvitamin D
levels seen in these animals.

The mechanism by which dietary restriction delays
the decrease in serum 1,25-dihydroxyvitamin D (Figure
5) is not clear. It may be that dietary restriction en-
hances production of 1,25-dihydroxyvitamin D by the
kidney or that it decreases the rate of 1,25-dihydroxy-
vitamin D degradation. Three factors that have been
implicated in the regulation of renal 1,25-dihydroxy-
vitamin D production are serum PTH, serum Ca and
serum P (10). The greatest effect of dietary restriction
is at 5 mo of age (Figure 5). At this age the serum 1,25-
dihydroxyvitamin D levels of the restricted group are
more than twice as high as those of the non-restricted.
However, there is no significant difference in the serum
levels of PTH, Ca or P between restricted and non-
restricted animals at this age (Figures 4 and 6). This
suggests that some other factor may be stimulating
renal 1,25-dihydroxyvitamin D production at 5 mo.

Dietary restriction also suppresses the rise in serum
PTH which is seen in later life (Figure 6). This effect
of dietary restriction is similar to the results of a pre-
vious study (15). In both studies there was a marked
increase in serum PTH after 12—13 mo of age in the
ad libitum group and no increase in the restricted group.

The mechanism by which dietary restriction pre-
vents the late rise in serum PTH is unclear. Serum Ca
is thought to be the major regulator of PTH secretion
by the parathyroid glands (22). Serum Ca did not change
with age or diet in these studies (Figure 4). However,
dietary restriction may retard the age-related decrease
in the sensitivity of the parathyroid glands to Ca (23).
Another possibility is that the high serum PTH levels
in the older animals are due to the presence of renal
lesions, which could result in decreased clearance of
PTH. Dietary restriction may decrease PTH levels by
decreasing renal lesions (3) and increasing PTH clear-
ance. The serum PTH in the ad libitum animals appears
to be biologically active, since the TRP of these animals
is decreased (Table 2). Interestingly, the high serum
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PTH levels in these animals did not result in increased
serum 1,25-dihydroxyvitamin D levels. This may re-
flect the fact that the adult and old kidney are refractory
to PTH in terms of increased 1,25-dihydroxyvitamin D
production (20).

The effects of dietary restriction on Ca homeostasis
are interesting since the changes observed—increased
serum 1,25-dihydroxyvitamin D and decreased serum
PTH—would be expected to preserve bone mineral.
Indeed, it has been reported that dietary restriction
abolishes the bone loss that is seen late in the lifespan
of the F344 rat (15). It is possible that dietary restriction
decreases bone loss by first enhancing renal production
of 1,25-dihydroxyvitamin D. The resulting increase in
serum 1,25-dihydroxyvitamin D then enhances the in-
testinal absorption of Ca. The increased supply of Ca
via the intestine then suppresses PTH secretion and
the mobilization of Ca from bone. To test this hypoth-
esis further, studies of the effect of dietary restriction
on renal 1,25-dihydroxyvitamin D production, intes-
tinal Ca absorption, and PTH secretion are needed.
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