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Abstract

Abnormalities of intestinal calcium absorption and the vitamin
D axis in the spontaneously hypertensive rat (SHR) are contro-
versial. The present report documents a reduction in circulating
1,25-dihydroxyvitamin D3 (1,25(OH)2D3) in the 12-14-wk-old
male SHR with evidence of its functional significance. Both
plasma 1,25(OH)2D3 and mucosa-to-serosa duodenal calcium
flux (J,,<), measured by the Ussing chamber, were significantly
lower (-60% of value in Wistar-Kyoto rats IWKYI) in SHRon
both normal (1%) and low (0.1%) calcium diets than in corre-
sponding control WKY. Low dietary calcium increased both
1,25(OH)2D3 and J,, by -80% in SHRand WKY, with levels
of both parameters rising in the SHRto levels found in the WKY
under baseline conditions. The latter fact suggests the improb-
ability of intestinal resistance to the action of 1,25(OH)2D3 in
the SHR. Plasma 25-hydroxyvitamin D3 (25(OH)D3) was not
significantly different between the strains. Intraperitoneal
1,25(OH)2D3 increased J,,. in 12-14-wk-old SHRto levels ob-
served in equivalent WKY. In 20-24-wk-old SHR, calcium de-
privation was associated with significantly reduced J,, compared
with equivalent WKY. Bone density and bone calcium content
in 20-30-wk-old SHRwere significantly reduced. In summary,
we provide evidence that the SHRwas unable to sustain appro-
priate circulating levels of 1,25(OH)2D3, an impairment which
resulted in reduced duodenal calcium absorption.

Introduction

In a variety of experimental systems, the spontaneously hyper-
tensive rat (SHR)' has been shown to exhibit abnormalities in
calcium metabolism (1-5). Intestinal calcium transport has been
studied in the SHRby several investigators using a variety of
methods and found to be either increased (6, 7), unchanged (8),
or decreased (7, 9) compared with its normotensive control, the
Wistar-Kyoto rat (WKY). However, the considerable diversity
in diets administered, as well as differences in age and sex of
animals investigated, has made effective comparison of the stud-
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ies difficult. The important questions as to the integrity of the
vitamin D endocrine system and the possibility of intesti-
nal resistance to the action of 1,25-dihydroxyvitamin D3
(1,25(OH)2D3) have been raised by several investigators (6-9),
but a consensus has yet to emerge.

Wehave recently reported our use of the modified Ussing
chamber to obtain a precise measure of 1,25(OH)2D3-dependent
active calcium transport in the SHR(10). Both mucosa-to-serosa
flux (Jm-s) and net flux (J.,) were significantly reduced in the
duodenum-proximal jejunum of the 12-14-wk-old SHR as
compared with the WKY.

In the present study, we have confirmed this finding and
extended it by investigating calcium transport under conditions
of normal and reduced dietary calcium intake in animals at two
different stages of development. Moreover, we have determined
serum 1,25(OH)2D3 concentrations in SHRand WKYsubject
to normal and reduced dietary calcium to evaluate the regulation
of the vitamin D axis and to address the question of intestinal
response to circulating 1,25(OH)2D3. Finally, bone densitometry
and determinations of bone calcium content were carried out
as indices of the overall calcium status of this experimental model
of hypertension.

Methods

Animals. For the transport and vitamin D studies, male SHRand WKY
were obtained at the age of 6 wk from IFFA CREDO(Centre de Re-
cherche et d'Elevage des Oncins, L'Arbresle, France). Up to the time of
receipt at the age of 6 wk, the animals received diets containing 2.0 IU/
g vitamin D3, 0.66% phosphorus, and 0.75% calcium (% dry weight). In
all experiments described, the animals were maintained in well-lit rooms
(12 h: 12 h light/dark cycle) and allowed free access to food and water
up to the time they were killed (transport studies) or underwent sampling
(vitamin D3 metabolite determinations). SHRand WKYrats used for
bone densitometry and bone calcium content determinations were ob-
tained from Charles River Breeding Laboratories, Inc., (Boston, MA).

Vitamin D3 metabolite determinations. Eight SHRand eight WKY
rats were raised from the age of 6 wk on a diet containing 0.45% sodium,
0.46% phosphorus, and 1.0% calcium (% dry weight); 20%dietary protein
as casein; vitamin D2, 2.2 IU/g food until the age of 12-14 wk. A further
eight SHRand eight WKYwere simultaneously raised on a low calcium
diet (0.1 %calcium) otherwise identical to that taken by the first group.
3-5 ml of blood was obtained via the subclavian vein from each animal
between 9 a.m. and 11 a.m. on two separate occasions, I wk apart. Sera
were extracted and stored at -70°C for subsequent 25-hydroxyvitamin
D3 (25(OH)D3) and 1,25(OH)2D3 determinations.

Serum samples (I ml) were extracted according to the dual cartridge
method of Kao and Heser (11). The 1,25(OH)2D3 fraction was further
purified by normal-phase high-performance liquid chromatography
(Partisil 5 Z developed in hexane: 2 propanol:methanol 90:5:5 vol/vol/
vol). The eluant volume corresponding to 1,25(OH)2D3 was collected
and the quantity of 1,25(OH)2D3 was measured by radioimmunoassay
using antiserum 02282. This antiserum does not cross-react with vitamin
D2 metabolites and displays approximately equal cross-reactivity with
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the major metabolites of vitamin D3. It was also utilized as the ligand
binding agent for the radioimmunoassay of the 25(OH)D3 fraction. An-
tiserum 02282 was kindly provided by Prof. A. D. Care, University of
Leeds, United Kingdom. Results are expressed as the mean of two de-
terminations per animal. Within-assay variations (CV, coefficient of
variation) (given as mean±SD): 25(OH)2D3 assay: at 8.8 ng/ml±0.76,
CV = 8.6%, n = 6; at 27.2± 1.47 ng/ml, CV = 5.4%, n = 11. 1,25(OH)2D3
assay: at 26.0 pg/ml±4.0, CV = 15.6%, n = 5; at 58.5 pg/ml±7.1, CV
= 12.8%, n = 4. Between-assay variations: 25(OH)D3 assay: at 7.4 ng/
ml±0.6, CV = 8.3%, n = 7; at 24.5 ng/ml+2.2, CV = 9.2%, n = 9.
1,25(OH)2D3 assay: at 29.1 pg/ml±3.9, CV = 13.5%, n = 9; at 77.8
pg/ml±6.3, CV = 8.1%, n = 10.

Ussing chamber experiments. Intestinal transmural calcium fluxes
were determined using the modified Ussing apparatus (12). Duodenal
segments 10 cm in length, immediately distal to the pylorus, were dis-
sected. The segments were then excised, opened along the mesenteric
border and mounted unstripped in the modified Ussing chambers. Tissue
apertures were 0.5 cm2. Tissues from SHRand WKYwere studied in
random order, the sequence of which was unknown to the operator.

The mounted intestinal segment was bathed in a phosphate-free
Krebs-Ringer bicarbonate solution maintained at pH 7.4 and 37°C (Na+
145, K+ 4.7, Ca2+ 1.25, Mg2+ 1.2, C1- 127.2, HCO- 25, SO3- 1.2, D-
glucose 11 mmol/liter). Each hemichamber compartment contained 10
ml of electrolyte solution and was aerated with 95%02/5% CO2through-
out the experiment. The solutions bathing the mucosal and serosal sides
were connected via agar bridges to calomel electrodes for the direct mea-
surement of the potential difference (PD) and to Ag-AgCl electrodes for
the passage of direct current through the tissue, using an automatic voltage
clamp (dual-voltage clamp: 616C-3 Bioengineering, The University of
Iowa). The short-circuit current (Isc) was recorded in the absence of PD
after appropriate corrections for the resistance of the fluid between the
two PD-sensing bridges. Conductance (G) was calculated from I,c and
PD. Mucosa-to-serosa (Jm,s) and serosa-to-mucosa (Jsm) fluxes were paired
employing the 30% conductance-matching criterion of Walling and
Kimberg (13).

After the steady state had been reached (60 min), 30 ACi of 45Ca2+
was added to either the serosal or the mucosal side of the paired chambers.
1 -ml samples were taken from the "cold" side at 20-min intervals for
1 h. Each aliquot removed was replaced with the same solution without
45Ca2+. Each aliquot removed was counted in 5 ml of scintillation fluid
(Pico-Fluor TM30, United Technologies, Packard Instrument Company,
Inc., Downers Grove, IL) with an LKB 1212 RackBeta Wallac liquid
scintillation counter (LKB Instruments, Gaithersburg, MD). Calcium
fluxes were calculated as described by Schultz and Zalusky (14) and
expressed as nanomoles/cm2 per hour. Steady-state values were reached
after 20 min and are reported as the mean of the fluxes in the two sub-
sequent 20-min periods. Net flux was calculated on paired tissues from
the same animal (Jnet = Jm-, -J..)

Fluxes in 12-14-wk-old animals on normal dietary calcium. Nine
SHRand nine WKYwere raised from the age of 6 wk to the age of 12-
14 wk on 1.0% calcium diets identical to those taken by the animals in
which vitamin D3 determinations were carried out. Unidirectional fluxes
were determined in the Ussing chamber apparatus as described above.

Fluxes in 12-14-wk-old animals on reduced dietary calcium. Six SHR
and six WKYwere raised from the age of 6 wk to the age of 12-14 wk
on 0.1% calcium diets identical to those taken by the animals in which
vitamin D3 determinations were carried out. Unidirectional fluxes were
determined in the Ussing chamber apparatus as described above.

Fluxes in 20-24-wk animals on normal and reduced dietary calcium.
Five SHRand four WKYrats were raised to the age of 20-24 wk on
diets identical to that described above (1% calcium). They were then
sacrificed and calcium fluxes measured by the Ussing chamber technique.
Seven WKYand seven SHRwere raised to the same age on diets identical
in all respects apart from their 0.1% calcium content. Their intestinal
calcium fluxes were then measured as described above.

Administration of 1,25(OH)2D3 to SHR. Four SHRwere raised to
the age of 12-14 wk on normal dietary calcium (1%) identical to that

described above. 115 ng of (275 pmol) 1,25(OH)2D3 was administered
intraperitoneally in 50 gl of propylene glycol ( 15) daily for 4 d prior to
sacrifice. Unidirectional calcium fluxes were then determined as described
above.

Bone mineral analysis in vivo. 14 SHRand 13 WKYwere raised on
a 1.0% calcium diet, identical to that taken by the animals in the vitamin
D and Ussing chamber studies (Teklad, Madison, WI). At the age of 23
wk, bone mineral content was measured by the method reported by
Sanchez et al. (16), utilizing direct photon absorptiometry (model 278c;
Norland Instruments, Fort Atkinson, WI). Each measurement represents
the mean of five scans of the left femur of each animal and is expressed
as bone mineral content/femur width (BMC/W) in grams per cm2.

Bone mineral analysis in vitro. Five SHRand seven WKYwere
raised on 1.0% calcium diets, identical to that taken by the animals in
the vitamin D and Ussing chamber studies, to the age of 31 wk. After
sacrifice, the left femur was excised, soft tissue was removed, and the
bone was dried and ashed. Total calcium content (milligrams per gram
of dry weight) was determined by atomic absorption (Varian Instruments,
Sunnyvale, CA).

Statistics. All between-group comparisons were made utilizing the
Mann-Whitney U test apart from the in vivo BMC/Wcomparisons for
which the two-tailed t test for nonpaired observations was employed.
Results are expressed throughout as mean±standard error of the mean.

Results

Circulating levels of vitamin D3 metabolites. Serum levels of
1,25(OH)2D3 were significantly lower in SHRthan in WKY
controls at the age of 12-14 wk on a normal (1%) calcium diet,
P < 0.005. A low calcium regime (0.1%) administered to animals
12-14 wk of age was associated with -80% increased serum
1,25(OH)2D3 values in both SHRand WKY, resulting in sig-
nificantly lower values in the SHRcompared with the corre-
sponding WKY, P < 0.001. In both the normal and the low
calcium groups, the mean circulating level of 1,25(OH)2D3 in
the SHRwas -60% of that observed in the WKY(Fig. 1). For
both SHRand WKY, the difference between 1,25(OH)2D3 levels
on the normal and low calcium regimes, was highly significant
(P < 0.002). In contrast to circulating 1 ,25(OH)2D3, serum levels
of 25(OH)D3 did not differ significantly between the SHRand
the WKYon 1%calcium (31.0±1.3 vs. 27.5± 1.1 ng/ml, n = eight
pairs, P = NS) or 0.1% calcium (26.2±0.9 vs. 26.7±1.6 ng/ml,
n = eight pairs, P = NS). For the SHRon a 1% calcium diet
there was a positive correlation between 1,25(OH)2D3 and
25(OH)D3: r = 0.83, P < 0.01, which was not found in the
WKYon the 1% calcium diet nor in either strain on 0.1% cal-
cium.

Studies of intestinal calcium transport. In the 12-14-wk-old
animals on 1%calcium, duodenal Jm. (Fig. 2) and Je for calcium
were significantly lower in the SHRthan in the WKY,P< 0.02,
whereas J,,m did not differ significantly (data from McCarron et
al. [10] and additional determinations). Similarly, in 12-14-wk-
old animals on 0.1 %calcium, duodenal .Jms (Fig. 2) and J,,, for
calcium were significantly lower in the SHRthan in the WKY,
P < 0.002, whereas J,m did not differ significantly. In parallel
with the changes seen in mean serum 1,25(OH)2D3 levels, cal-
cium deprivation increased mean Jm-s by - 80% in both strains.
Furthermore, in both the normal and the low calcium groups,
the mean Jm, in the SHRwas also -60% of that observed in
the WKY(Fig. 2).

Comparing the responses to low dietary calcium at the age
of 20-24 wk in the SHRand WKY, there was a small increase
in duodenal Jms, from 29.5±4.2 on 1% calcium to 37.2±8.1
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Figure 1. Circulating 1,25(OH)2D3 in 12-14-wk-old WKYand SHR
raised on 1% and 0.1% calcium diets. Results are expressed as
mean±SEM. On each regimen, serum 1,25(OH)2D3 was significantly
lower in the SHRthan in the WKY(P < 0.005). For each rat strain,
low dietary calcium was associated with a significant increase in serum
1,25(OH)2D3 (P < 0.002).

nmol/cm2 - h on 0.1% calcium (NS) in the SHR, whereas a sig-
nificant increase occurred in the WKY, from 30.6±4.0 on 1%
calcium to 83.1 ± 10.5 nmol/cm2 * h on 0. 1%calcium (P < 0.01).
Thus in SHRof 20-24 weeks of age, dietary calcium deprivation
was associated with lower Jm-s than that observed in correspond-

150 p
135.0
±10.4 .

ing WKY, P < 0.005 (Fig. 3). Administration of 1,25(OH)2D3
to the 12-14-wk-old SHRraised on 1%calcium was associated
with a mean duodenal Jm-s of 100.1±20.1 nmol/cm2 * h, signif-
icantly higher than in corresponding untreated SHR, P < 0.01
(Table I) and indicating an intestinal response to exogenous
1 ,25(OH)2D3.

Short circuit current (ISC) recorded after a 60-min equilibra-
tion, was significantly lower in SHRof 12-14 wk of age on 0.1%
calcium and in the 20-24-wk-old SHRon 1%and 0.1% calcium
than in the corresponding WKY. Lower dietary calcium led to
significant reductions in ISC in both WKYand SHRof 20-24
wk of age. The difference between SHRand WKYin animals
on 1% dietary calcium did not reach statistical significance. Al-
though at present a matter for speculation, the lower IC in the
SHRcould reflect differences in intestinal transport of sodium,
which could be related to the differences in circulating
1,25(OH)2D3 (17) or possibly to differences in intracellular cal-
cium concentration (18).

Bone densitometry and calcium content. Both in vivo and
in vitro parameters of bone calcium status were significantly
reduced in the SHRcompared with WKY. Bone density, ex-
pressed as the ratio of mineral content to width of the rat femur,
measured in vivo in animals of 23 wk of age, was 0.231±0.004
g/cm2 in the SHRcompared with 0.244±0.004 g/cm2 in the
WKY, P < 0.001 (Fig. 4). Bone calcium content, determined
after sacrifice at 31 wk of age, was 220.9±2.1 mgcalcium/g dry
bone in the SHRcompared with 269.7±5.2 mgcalcium/g dry
bone in the WKYj P < 0.002 (Fig. 4).

Body weights of animals used in studies. There was no con-
sistent pattern in the differences between the mean weights of
SHRand WKYin the groups studied and differences observed
between weights of SHRand WKYwere not significantly dif-
ferent (Table II).

Discussion
The present report documents the finding of reduced circulating
1 ,25(OH)2D3 levels as well as decreased duodenal Jm-s and Jnet
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1% and 0.1% dietary calcium. Results are expressed as mean+SEM.

Jm. was significantly lower in the SHRthan in the WKYon 1% cal-
cium, P < 0.02, and on 0.1% calcium, P < 0.002. For corresponding
J,,m and Jn, see Table I.
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Figure 3. Mucosa-to-serosa calcium flux (Jm.s) in duodena from
20-24-wk-old WKYand SHRraised on 1% and 0.1% dietary calcium.
Results are expressed as mean±SEM. On 1% dietary calcium Jm. did
not differ between SHRand WKY. On 0.1% calcium, the difference
was significant, P < 0.005. Low dietary calcium was associated with a
significant increase in Jm.s in the WKY, P < 0.01, but not in the SHR.
For corresponding Jsm and J.,, see Table I.
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Table I. Ussing Chamber Determinations of Intestinal Calcium Fluxes, Short Circuit Current and Electrical Conductance

Dietary
Age calcium Type of rat n J., J,. J,ec GC

wk % nmol/crm2- h nmol/cm2- h nmol/cm2.- h gA/cM2 mS/cm2

12-14 1 WKY 9 75.2±7.3 35.5±5.2 39.7±7.4 136.5±14.0 29.6±2.9
12-14 1 SHR 9 46.6±5.6* 36.9±5.5 9.7±8.1* 106.7±13.9 28.9±2.3
12-14 1 SHR+ 1,25(OH)2D3 4 100.1±21.lI 32.3±2.6 67.8±20.8t 104.0±7.4 27.6±1.0

12-14 0.1 WKY 6 135.0±10.4§ 40.1±6.2 94.9±12.6§ 144.4±11.8 28.0±2.0
12-14 0.1 SHR 6 83.0±6.811 25.9±2.2 57.1±6.611 75.8±10.91 22.4±1.1**

20-24 1 WKY 4 30.6±4.0 30.3±5.5 0.3±6.0 155.4±6.7 37.5±4.6
20-24 1 SHR 5 29.5±4.2 23.8±3.4 5.7±1.9 106.6±12.1tt 28.2±2.8

20-24 0.1 WKY 7 83.1±10.5§§ 28.0±2.0 55.1± 1l.1§§ 117.2±8.1""11 29.5±2.0
20-24 0.1 SHR 7 37.2±8.11X 21.5±1.6 15.7±7.6¶T 65.5±14.9*** 22.8+2.4

* P < 0.02 vs. WKY. t P < 0.01 vs. untreated SHR. § P < 0.002 vs. WKYon 1% calcium. IP < 0.005 vs. WKYon O.1%, P < 0.002 vs. SHR
on 1% calcium. T P < 0.002 vs. WKYon 0.1% calcium. ** P < 0.05 vs. WKY. #f P < 0.05 vs. WKY. §§ P < 0.01 vs. WKYon 1% calcium.
1111P < 0.02 vs. WKYon 1% calcium. ¶¶ P < 0.005 vs. WKYon 0.1% calcium. * P < 0.02 vs. WKYon 0.1% calcium, P < 0.05 vs. SHRon
1% calcium.

for calcium in the 12- 14-wk-old SHRcompared with the cor-
responding WKY,both in animals receiving normal dietary cal-
cium (1%) and in those receiving low dietary calcium (0.1%).
Values of both 1,25(OH)2D3 and Jms in the SHRwere -60%
of those in the corresponding WKYin both dietary groups, the
low calcium diet being associated with an '-80% increase in
1,25(OH)2D3 levels and in Jms in the SHRas well as in the
WKY. These data constitute strong evidence in favor of a causal
relationship between the reduction in 1,25(OH)2D3 levels and
the diminished calcium absorption in the SHR. Furthermore,
calcium deprivation in the SHRstimulated a rise in endogenous
1,25(OH)2D3 to the level observed in the WKYon normal dietary
calcium. The fact that this level of 1,25(OH)2D3 was associated
with an increase ih Jm-s to the value found in the WKYon
normal dietary calcium argues strongly against intestinal resis-
tance to the action of 1,25(OH)2D3 in the SHR. Exogenous
1,25(OH)2D3 corrected the abnormally reduced Jm-s in the SHR
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Figure 4. (a) Bone density, expressed as bone mineral content per unit
width of femur, measured in vivo in 23-wk-old WKYand SHRraised
on diets containing 1% calcium. Bone density was significantly lower
in the SHRthan in the WKY. (b) Bone calcium content measured af-
ter sacrifice in 3 1-wk-old WKYand SHRraised on 1% dietary cal-
cium. Bone calcium content was significantly lower in SHRthan in
WKY. Results are expressed as mean±SEM.

although, because of the supraphysiologic dose (19) and non-
physiologic route of administration, interpretation of this ob-
servation in terms of intestinal response must remain guarded.

Table II. Body Weights of Animals Used in Vitamin D,
Transport, and Bone Mineral Studies

Dietary
Age calcium Animal n Weight

wk %

Vitamin D
measurements

12-14 1 WKY 8 307.6±7.8*
12-14 1 SHR 8 295.5±6.4
12-14 0.1 WKY 8 322.2±7.5
12-14 0.1 SHR 8 318.0±8.6

Transport studies
12-14 1 WKY 9 296.7±8.3
12-14 1 SHR 9 317.0±10.2
12-14 1 SHR+ 1,25(OH)2D3 4 290.6±12.1

12-14 0.1 WKY 6 332.2±5.7
12-14 0.1 SHR 6 321.5±5.1

20-24 1 WKY 4 432.7±15.4
20-24 1 SHR 5 438.9±15.3

20-24 0.1 WKY 7 403.6±8.5
20-24 0.1 SHR 7 388.6±11.1

Bone mineral
determinations

Densitometry
(in vivo)

23 1 WKY 13 361.0±6.4
23 1 SHR 14 341.0±6.4

Bone calcium
content
(postmortem)

3 1 1 WKY 7 407.1±8.3
3 1 1 SHR 5 390.3±11.2

* Mean±SEM.
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However, it provides no support for the contention that the
SHRexhibits intestinal resistance to the action of 1,25(OH)2D3.

Toraason and Wright (6), who found no response on ad-
ministration of a similar quantity (100 ng) of 1,25(OH)2D3 to
the SHR, found increased, not decreased, transport in the un-
treated SHR. It is not clear, however, why our results differ from
those of Schedl et al. (9), who inferred intestinal resistance in
the SHR from their findings of diminished calcium transport
and normal levels of 1,25(OH)2D3 in the 12-wk-old SHR. Cal-
cium and phosphorus intakes exert profound influences on
serum levels of 1,25(OH)2D3 in the ypung rat (20, 21), and al-
though the calcium content of the diet used by Schedl et al. (9)
was identical to that used in our study ( 1%), there was a consid-
erable difference between the phosphorus contents of the two
regimes: 0.46% in our study, compared with 0.74% in that of
Schedl et al. This may hplp to explain the difference between
their findings and ours in terms of 1,25(OH)2D3 levels. A further
possibly relevant difference is between the vitamin D content of
our diet (2.2 IU/g) and that of Schedl et al. (3.3 IU/g). Stern et
al. (8), who gave a regimen that provided 0.4% calcium and
0.9% phosphate, found a nearly 30% reduction in 1,25(OH)2D3
levels in 10-wk-old SHRcompared with WKYof the same age.
This difference was not, however, statistically significant (8). In
the latter report, details of the quantity of vitamin Dadministered
were not given.

In the present study, no significant difference was observed
between the level of 25(OH)D3, the precursor of 1,25(OH)2D3,
in any of the four groups of animals and the absolute levels
('.30 ng/ml) were similar to those reported by Schedl et al. (9),
suggesting that lower 1,25(OH)2D3 in the SHRwas not the result
of insufficient substrate. The question of whether reduced pro-
duction or enhanced degradation of 1,25(OH)2D3 is responsible
for the lower circulating levels is as yet unresolved. Increased
catabolism of 1,25(OH)2D3 does occur in specific circumstances
in the normal rat (22, 23), but the finding of Schedl et al. that
25(OH)D3 was higher in the SHRthan in the WKY(9) might
suggest the former to be more probable. The 80% increase in
1,25(OH)2D3 levels, occurring in response to calcium deprivation
in the SHRas well as the WKY, suggest that there is unlikely
to be an intrinsic abnormality of 25(OH)D3-la-hydroxylase in
the SHR. It further indicates that substantial reduction in dietary
calcium did not change the factor(s) responsible for the lower
levels of 1,25(OH)2D3 in the SHR.

The striking parallelism noted above between 1,25(OH)2D3
and Jm. in the 12-14-wk-old SHRand WKYsuggests that re-
duced 1,25(OH)2D3 in the SHRis the cause of its decreased
Jm.s, particularly inasmuch as this component of calcium trans-
port is known to be 1,25(OH)2D3-dependent in normal rats (24,
25). The observation that the response ofthe 20-24-wk-old SHR
Jm.s to low dietary calcium was significantly impaired compared
to that of the WKY(Fig. 3) is best explained by the hypothesis
that the calcium-deprived 20-24-wk-old SHRis also unable to
sustain appropriate levels of 1,25(OH)2D3. Normal rats are able
to respond to calcium deprivation by increasing their
1 ,25(OH)2D3 levels at least until the age of 25 mo (21) and the
calcium-deprived 20-24-wk-old WKYin this study significantly
increased Jm.s, a process known to be 1,25(OH)2D3 dependent
(26, 27). The finding of similar Jm.s in the 20-24-wk-old SHR
and WKYon normal dietary calcium, significantly below that
found in the 12-14-wk-old WKYon 1% calcium, can be ex-
plained on the basis of the fact that by the age of 21-22 wk, in

the normal rat on normal dietary calcium, almost all duodenal
calcium transport occurs by a nonsaturable 1,25(OH)2D3-in-
dependent route (28). In regard to the decrease in active duodenal
calcium transport with age in the normal rat, our observations
are in accord with those of other investigators (26, 28).

Thus we have found evidence for reduced baseline and stim-
ulated serum 1 ,25(OH)2D3 levels in the 12-14-wk-old SHR, as
well as for reduced baseline and stimulated 1 ,25(OH)2D3-de-
pendent functions in the SHRat 12-14 wk and at 20-24 wk.
Whereas it is probable that these differences represent abnor-
malities in calcium metabolism, it is theoretically a possibility
that they could be appropriate responses to a difference in cal-
cium status in the SHRcompared with the WKY. Our findings
in terms of parameters of bone calcium status in the SHRdo
not support this latter hypothesis. Reduced bone density, ex-
pressed as BMC/W(16), and reduced bone calcium content in
the SHR suggest, on the contrary, that the decreased
1 ,25(OH)2D3-dependent component of intestinal calcium trans-
port may have contributed to a smaller increase in body calcium
content with age, in the SHRcompared with the WKY. In this,
our findings are similar to those of Izawa et al. (29), who found
reduced indexes of bone calcium content and cortical size in
26-wk-old male SHRfed similar quantities of vitamin D to our
animals. Our data differ from those of Lau et al. (7), who found
increased bone calcium content in the 52-wk-old female SHR
compared with WKY. Apart from the difference in sex, there
are major differences between the dietary regime supplied in the
two studies, most notably the administration by Lau et al. of
5.6 IU vitamin D per gram of food, a 2.5-fold greater quantity
than that received by ours. Our data on serum vitamin D3 me-
tabolites indicated that in 12-14-wk-old animals fed 1%calcium,
there was a positive correlation between serum 25(OH)D3 and
1,25(OH)2D3 in the SHRwhich we did not find in the WKY.
If, in the study reported by Lau et al. (7), the 25(OH)D3-1 a-
hydroxylase in the SHRexhibited such substrate dependence
but that in the WKYdid not, the differences between their find-
ings and ours might be explained.

The mechanism underlying the reduced 1,25(OH)2D3 levels
in the SHRremains a matter for speculation. If reduced pro-
duction is indeed responsible, it is not diminished on account
of reduced renal function, as this is indistinguishable in the SHR
from that of the WKYat the age of 12-14 wk, despite higher
arterial blood pressure (30). Reduced 1,25(OH)2D3 production
could result from a primary perturbation in intracellular calcium
handling (31) which resulted in, for example, raised intramito-
chondrial free calcium levels (32) and inhibition of 25(OH)D3-
la-hydroxylase (33, 34). Alternatively, the SHR's 25(OH)D3-
1 a-hydroxylase itself may be abnormal, although, as suggested
above, its response to reduced dietary calcium would argue
against this.

The fact that the SHRhas lower circulating 1,25(OH)2D3
than the WKYunder certain conditions, may provide an ex-
planation for some of the multiplicity of abnormalities of calcium
and phosphate handling it appears to exhibit. Reduction in
plasma ionized calcium and raised plasma parathyroid hormone
in the SHR(4, 5, 8) might, for example, result from diminished
intestinal absorption caused by lower circulating 1,25(OH)2D3
levels. Similarly, hypercalciuria in the SHR(7) might be expli-
cable on the basis of recent evidence that vitamin D appears to
promote renal tubular reabsorption of calcium (35). There is
also increasing evidence that renal tubular phosphate reabsorp-
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tion is abnormally elevated in the SHR(36, 37). As 1,25(OH)2D3
stimulates intestinal absorption of phosphorus (38, 39), a relative
deficiency might be associated with reduced intestinal absorption
of phosphorus and lead to decreased urinary phosphate excretion
(40) even in the presence of elevated plasma parathyroid hor-
mone. Decreased 1,25(OH)2D3 might also explain the recent
finding of Kowarski et al. (41) of reduced tissue content of integal
membrane calcium-binding protein in tissues of the SHR(4 1)
as this protein has been established to be vitamin D-dependent
(42). The -40% reduction in duodenal mucosal integral mem-
brane calcium-binding protein content in the SHRrelative to
the WKY, corresponds closely to the reduction in circulating
1,25(OH)2D3 and Jm.s in the SHRdocumented in the present
report.

In summary, we have found direct evidence in the SHR, of
reduced circulating levels of the hormone, 1,25(OH)2D3, both
before and after stimulation by low dietary calcium. Wehave
observed a reduction in baseline and stimulated active intestinal
calcium transport in this animal at the age of 12-14 wk, almost
certainly as a consequence. Wehave observed the impairment
of the ability of the older SHRto adapt to calcium deprivation.
Finally, we have demonstrated the inappropriateness of reduced
1,25(OH)2D3 levels and reduced calcium absorption in terms of
the bone calcium status of the SHR. These data suggest that the
SHRis a naturally occurring model of disturbed 1,25(OH)2D3
metabolism. Greater understanding of the mechanisms involved
may have far-reaching implications for the study of the calcium
endocrine system, for the understanding of the pathogenesis of
increased arterial blood pressure and for elucidation of the in-
creasingly recognized connections between these areas of inves-
tigation (43, 44).
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