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Summary &horbar; Two groups of female rats, non-pregnant (NP) and pregnant (P1 were fed ad libitum.
A second group of pregnant rats (restricted diet, P2) were restricted for 14 d to the same intake as
NP, and their ration was then increased by 5% from d 14 to d 21. For the first 3 d P1 and P2 ab-
sorbed a higher percentage of calcium than NP. During the final wk of pregnancy serum calcium de-
creased and 1,25-dihydroxycholecalciferol increased regardless of the dietary regimen. In both P1
and P2, femur calcium was higher than in NP on d 7 and apparent bone density increased during
the 2nd wk of pregnancy and decreased from then on, this decrease being more pronounced in P2.
On d 21, P2 fetuses were smaller and contained a smaller amount of calcium than those in P1, al-
though the calcium concentration in the body remained similar in both groups of fetuses.
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Résumé &horbar; Influence d’une restriction alimentaire modérée sur le métabolisme calcique chez
la ratte gravide. Deux groupes de rattes, gravides (P1) est non gravides (NP), ont été alimentées
ad libitum. Un autre groupe de rattes gravides, avec alimentation restreinte (P2), a reçu le même ré-
gime en quantités égales à celles consommées par le groupe NP pendant les 14 premiers jours de
gestation, puis un apport supplémentaire de 5% du 14e au 2 le jour. Pendant les 3 premiers jours,
l’absorption du calcium était meilleure pour PI et P2 que pour NP. Le calcium sérique a diminué et
le 1,25-dihydroxycholécalciférol a augmenté pendant la dernière semaine de gestation, quel que soit
le régime. Par rapport au groupe NP, la calcémie était plus faible dans le groupe P2. Le contenu en
calcium du fémur au 7e jour était plus élevé dans P1 et P2 que dans NP et la densité osseuse appa-
rente augmentait pour P1 et P2 pendant la 2e semaine, puis diminuait, cette diminution étant plus
prononcée pour P2. Au 21 e jour, les foetus de P2 étaient plus petits et contenaient moins de calcium
que ceux de P1, mais la teneur en calcium rapportée au poids vif était similaire dans les 2 lots.
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INTRODUCTION

Pregnancy requires high amounts of die-
tary calcium in both humans and animals.
The calcium-regulating hormones, includ-
ing vitamin D metabolites, play an impor-
tant role in providing adequate amounts of
minerals to the mother and developing fe-
tus by acting on the absorption phase, kid-
ney transport and bone turnover of cal-
cium, phosphorus and magnesium.

Parathyroid secretion increases in the

mother during gestation, which enhances
1,25-dihydroxycholecalciferol (1,25(OH)2D3)
synthesis and therefore stimulates calcium
absorption (Garel, 1987). There is some
evidence that estrogen, prolactin and

growth hormone stimulate, either directly
or indirectly, the renal production of 1,25
(OH)2D3 (Holick and Adams, 1990). Dur-
ing pregnancy calcitonin also increases,
which protects the maternal skeleton from
PTH-induced resorption (Pitkin, 1985; Gar-
el, 1987). The fetus also has some autono-
my for regulating its own calcium metabo-
lism. Although the fetus depends totally on
its mother for calcium, its own serum cal-

cium levels appear relatively independent
of the mother’s (Garel, 1987). The fetus’s
ability to produce calcitonin and PTH ac-
counts for higher serum calcium levels at
the end of the gestational period, yet these
hormones do not pass across the placen-
ta. Conversely, vitamin D metabolites do
cross the placenta, although fetal rat kid-

neys can convert 25-hydroxyvitamin D to
1,25(OH)2D3. Nevertheless, these metabo-
lites are not involved in the control of fetal
serum calcium, possibly because of the

relatively large influx of 1,25(OH)2D3. Nev-
ertheless, these metabolites are not in-

volved in the control of fetal serum cal-

cium, possibly because of the relatively
large influx of 1,25(OH)2D3 across the pla-
centa from both maternal synthesis and
placental production (Danan et al, 1982;

Stevenson, 1983). The placenta would
then act both as a target and a source of
vitamin D metabolites.

It is well known that voluntary food in-

take increases throughout pregnancy, thus
providing a higher supply of calcium. The
calcium absorption rate can also increase.
In rats this may occur by d 14 (Graves and
Wolinski, 1980; Toraason, 1983), d 20

(Halloran and DeLuca, 1980b) or at other
times (Chef, 1969; Lai et al, 1984).

There is also some controversy with re-
spect to bone changes. On the one hand,
in several species including rats (Miller et
al, 1986) and women (Heany and Skill-

man, 1971) a storage of calcium in the

skeleton may precede intensive calcium
accretion in the fetus. This is considered to
be an adjustment anticipating further cal-
cium mobilization, associated with an in-

crease in calcitonin levels (Miller et al,
1986). On the other hand, Halloran and

DeLuca (1980a) have pointed out that
while they observed minimal variations in

the femurs of vitamin D-replete rats on d
18 and 19, in vitamin D-deficient rats the

volume of the femur, total bone calcium
and bone calcium per unit volume tended
to increase in the course of pregnancy.

Pregnant rats fed on a calcium-deficient
diet exhibit less bone mineral content than
those fed on a standard diet (Bawden and
Mciver, 1964; Rasmussen, 1977; Bruns et
al, 1987).

Several experiments were carried out in
order to determine the influence of individ-
ual dietary factors on calcium homeosta-
sis. On the practical side, calcium deficien-
cies are often linked to malnutrition.
Severe malnutrition can affect pregnancy
(Rosso and Cramoy, 1979; Munro et al,
1983), causing various inborn diseases, as
observed in developing countries. In west-
ern countries pregnant women may also
suffer from nutritional deficiencies as a re-
sult of inadequate dietary restrictions



aimed at controlling weight and preventing
obstetric problems during delivery. Intrau-
terine growth retardation can result from
this limited food intake (Rasmussen and
Fellows, 1985; Leury et al, 1990) and is re-
lated to calcium utilization (Alvarez-OrdAs
et al, 1988).

The aim of the present work was to

study the effects of moderate food restric-
tion on the absorption and retention of cal-
cium in pregnant rats as well as on mineral
accretion in the maternal skeleton and the
fetus.

MATERIALS AND METHODS

Animals and diet

Ninety female virgin Wistar rats (initial body
weight 160 ± 1 g) were kept in an environmen-
tally controlled chamber maintained at 20-22°C,
with a 12-h light-12-h dark cycle and 55-70%
humidity.

All the animals had free access to demineral-
ized water. A semi-synthetic diet (table I) was
prepared according to the recommendations of
the National Research Council (1978).

Experimental procedure

The rats were kept in stainless-steel cages with
grid bottoms for a 5-d adaptation period. They
were then mated with adult males from 17.00 to
09.00 h (2 males per female rat). The 24-h peri-
od immediately following the appearance of cop-
ulation plugs was regarded as d 1 of pregnancy.
Rats which did not become pregnant were used
as controls.

Two groups of rats, non-pregnant (NP, n =
33) and pregnant (P1, n = 25), were fed ad libit-
um. Subsequently another pregnant group (P2,
n = 31) was restricted for the first 2 wk to the in-
take level of NP. During the 3rd wk they were
provided with 5% more food than was con-
sumed by NP. This was done to avoid any im-
portant effects occurring as a result of severe re-

striction regimens throughout pregnancy, since
the 3rd wk is the period of maximum intake un-
der normal circumstances. Food restriction regi-
mens with a tighter restraint during the first 2 wk
than during the final wk have been assayed pre-
viously in rats (Jones etal, 1986; Pond and Mer-
smann, 1988). In our experiments the level of
food supply during the 3rd wk for group P2 was
based on the observation of the evolution of the
intake of group P1 (4-5% higher intake during
the 3rd wk than during the other 2).

Body weight was measured on d 1, 4, 7, 14,
18 and 21 and food intake on d 3, 5, 7, 10, 14,
16, 18 and 21. In NP (n = 10) and P1 (n = 10)
faeces and urine were collected on d 3, 5, 7, 10,
14, 16, 18 and 21 and calcium balance was cal-
culated for each wk as well as for the periods 1- -

3, 14-18 and 18-21 d.ln P2 (n = 10) faeces
and urine were only collected for the intervals



1-3 14-18 and 18-21 d and calcium balance
was calculated accordingly.

Urine was collected in 0.5 M HCI. Laparoto-
mies were performed under sodium pentobarbi-
tal anesthesia on d 7, 14, 18 and 21 of the as-

say. Maternal blood was taken by cannulation of
the carotid artery. Serum was obtained by cen-
trifugation for 15 min at 3 000 g and stored fro-
zen at -20°C until analysis. Maternal femurs
and the conceptus were removed. On d 18 and
21 individual fetuses were separated from their
corresponding uterus-placentae complexes. Fe-
tuses, uterus-placentae complexes and all oth-
er tissues were weighed separately. On the 21 st
d 5 litters from P1 and 8 litters from P2 were
used to assess fetus mineral content. Uterus,
serum and femurs of NP rats were also studied
on the same days.

Apparent calcium absorption was calculated
as the difference (intake - fecal excretion); cal-
cium absorption rate as the ratio (intake - fecal
excretion) x 100 / intake ; and calcium balance,
or retention, as the difference (apparent calcium
absorption - urinary calcium).

Analytical methods

Femurs, placentas, fetuses, duplicate feces and
triplicate diet samples were dry-ashed and dis-
solved with HCI/HN03/H20 (1/1/2). Calcium
was determined by atomic absorption spectrom-
etry (Perkin-Elmer 420, Norwalk, CT) using
0.5% lanthanum (LaC’3, E Merk AG) to avoid in-
terference with phosphate and sulphate. A certi-
fied serum (Monitrol I-Normatest, American-

Dade, Miami, FL) and a pool of rat feces were
used as controls. The interassay variation was
1.2%.

Ionic calcium was determined in fresh blood
collected directly from a cannula inserted in the
carotid artery into heparinized glass capillary
tubes (C951 7.5-130 ClinitubesT̂̂, Radiometer,
Copenhagen). The determination was per-
formed immediately in a ICa 1 analyzer (Radio-
meter, Copenhagen).

Serum 1,25-dihydroxycholecalciferol (1,25
(OH)2D3) was analyzed by radioreceptor assay
(Immuno Nuclear Corp, Stillwater).

Volume and apparent density of femurs were
determined via Archimede’s principle by weigh-
ing each left femur in the air and under distilled

water (any changes due to temperature were
corrected).

Statistical analysis

The results of calcium balance in NP and P1

have been reported for each week. The differ-
ences between both pregnant groups were stud-
ied for those periods of gestation where maxi-
mal changes were observed in the normal

pregnant group, ie 1-3, 14-18 and 18-21 d and
compared with non-pregnant rats.

The values were analyzed for effects of ei-
ther time or group by 1-way analysis of variance
(ANOVA). Two sample comparisons were made
by the unpaired Student’s t-test or the non-

parametric Mann-Whitney test. Correlation and
regression analysis were used to assess the de-
pendency between 2 variables. The significance
of the results was established at the p < 0.05
level. Data were processed with the statistical

programmes SAS (SAS Institute Inc, 1985) and
BMPD (Biomedical Computer Programme) se-
ries ’p’ (Dixon et al, 1983).

RESULTS

Pregnant rats in group P1 increased their
food intake, with maximum values ob-

served in the 3rd wk of gestation and a
slight decrease near term (table II). The
P2 rats consumed all their food, except for
a few animals on the first 2 d. The mean
intake values were therefore lower than in

group NP but the differences were not sig-
nificant. Body weight followed an exponen-
tial growth pattern in both pregnant groups
(r = 0.990, p < 0.01 and r = 0.997, p < 0.01
in P1 and P2 respectively) (table 111). Mat-
ernal body weight was, however, lower in
P2 than in P1 throughout pregnancy. Nev-
ertheless, there was no significant differ-
ence between these 2 groups in conceptus
weight on d 7, 14, 18 and 21 (fig 1 Food
efficiency for the whole gestation period
(food intake/body weight gain ratio) was



0.28 ± 0.01 and 0.26 ± 0.01 in P1 and P2

respectively (NS). This efficiency was sig-
nificantly higher (p < 0.05) than in NP (0.11 1
± 0.01 ).

Serum calcium levels declined slightly in
pregnant rats (P1 and P2), but the differ-

ences with NP were only significant on d
21 (table IV). Serum 1,25(OH)2D3 concen-

trations in P1 and P2 were higher than in
NP controls in the 3rd wk, whilst a signifi-
cant decrease in Ca2+ levels was observed
on d 21 in the restricted-diet group.



Table V shows the weekly calcium bal-
ance during normal pregnancy. Because of
the higher overall food intake, the amount
of calcium entering the body of pregnant
rats in group P1 was greater than in NP

controls. However, the differences in the
calcium absorption rate for each week did
not reach statistical significance (table V).
Urinary calcium increased in P1 and was

positively correlated with its absorption (r =
0.715, p < 0.05). Consequently the overall
effect of pregnancy was an increase in the
amount of calcium absorbed and retained.

A marked elevation in the amount of cal-
cium absorbed was observed for the peri-
od 1-3 d in pregnant rats (P1 and P2) in-

dependently of dietary treatment, since the





calcium absorption rate was-higher in P1
and P2 than in NP (table VI). Urinary cal-
cium excretion during this period was

slightly lower (NS) in P2 than in P1, so that
calcium balance did not differ significantly
between both pregnant groups and was
higher than that of NP.

In the 3rd wk of pregnancy the percent-
age of calcium absorption was similar in all
3 groups of rats, and the balance results
therefore paralleled the amount of calcium
ingested. Accordingly, restricting the feed-
ing of the pregnant rats P2 caused the val-
ues for absorbed and retained calcium to
be slightly lower than in P1; this decrease
was significant during the period 14-18 d.
Urinary excretion of Ca was only 5-10% of
the absorbed amount and did not show

any significant differences among groups
during this same period.

Weight, volume and ashes of femurs

tended to increase with experimental time
in all 3 groups of rats. However, on d 7, fe-
mur calcium content was higher in P1 and
P2 than in NP. The relative ash content of
femurs (ashes/weight) never varied in NP

and P2, but in P1 it was highest on d 14
and 18. Apparent bone density in P1 in-

creased during the second wk of pregnan-
cy and then decreased during the 3rd wk.
P2 followed the same pattern throughout
pregnancy, but on the 14th d the density
was higher than that of P1, and on d 18 8
and 21 it reached its lowest values (table
Vil).

Conceptus calcium accretion was mini-
mal until d 7 and remained very small until
d 14 (fig 2), but during the last wk of gesta-
tion it became 100-fold larger. No signifi-
cant differences between P1 and P2 were

noticed, nor was there any difference in

the placentas between groups on d 18 and
21 of pregnancy (table VIII). However, on
the 21st d individual fetuses from rats of

group P2 were smaller, had less ashes

and a lower calcium content, although the

relative calcium content (mg of,calcium/g
fetus) was unchanged (table IX).

DISCUSSION

Both groups of pregnant rats exhibited an
exponential body weight gain, as widely
described (Fairweather-Tait and Payne,
1984; Marcos et al, 1987). However, the
weight increase was lower in the restrict-

ed-diet than in the ad libitum group of preg-
nant rats presumably because their food
intake was 20% less, both groups having
an equivalent food efficiency during the
whole pregnancy. Rasmussen and Fellows

(1985) submitted pregnant rats to food lev-
el restrictions ranging from 20 to 50% of
normal intake and observed a decrease in
food efficiency during the first 10 d of preg-
nancy but not thereafter. The conceptus
weight accounted for a higher proportion of
body weight gained in the underfed rats

than in the control pregnant rats, as shown
in figure 1. This tendency is consistent with
previous studies which show that under

nutritional deficit conditions the maternal





organism decreased in weight in favor of
the conceptus (Rasmussen and Fellows,
1985).

The decrease in serum calcium which is

typical of pregnancy (Thomas et al, 1981;
Bruns et al, 1987) was more pronounced
under a restricted diet. Under this regimen
a simultaneous reduction in Ca2+ levels
was observed. Although values for the

control pregnancy are not available, this

result was similar to that for total calcium
and agrees with findings in humans of a re-
lationship between low dietary calcium and
decreased Ca2+ concentrations (Salinas et
al, 1987).

The elevation of 1,25(OH)2D3 found in

our experiments agrees with the observa-
tions of others (Toverud and Boass, 1979;
Halloran and DeLuca, 1980b), and accord-
ing to Toverud and Boass (1979) may be
related to the decline in serum calcium dur-

ing late pregnancy. A correspondence be-
tween the levels of 1,25(OH)2D3 and the

calcium absorbed appeared in the 3rd wk
and only in the group of pregnant rats fed
freely.

Nevertheless, the calcium absorption
rate did not change with respect to the
non-pregnant controls either in this group
or in the restricted pregnant group.

The final third of gestation is usually
considered to be associated with an inten-
sified absorption of calcium and other min-
erals but such an effect has not always
been demonstrated in rats (Graves and
Wolinsky, 1980). In the present study the



higher absorption of calcium in the rats

which consumed freely resulted from an in-
crease in the amount of calcium ingested
rather than from a specific enhancement of
calcium absorption.

Halloran and DeLuca (1980b) found that
the inflow of calcium in the duodenum of
rats increased on d 20 of pregnancy, when
the serum concentrations of 1,25(OH)2D3
attained a level 4-fold higher than the ba-
sal values. It is possible that the balance
technique used in our experiments failed to
detect such small increases in intestinal
calcium absorption. On the other hand, an-
other interesting feature observed in sever-
al investigations on pregnant and lactating
animals is that the absorption of calcium
may be accomplished without vitamin D
and that physiologic adjustments may off-
set some dietary deficiences.

Femur calcium content tended to in-

crease in all animals during the experimen-
tal period; however, on d 7 it was higher in
both groups of pregnant rats than in the

non-pregnant group. This could be related
to the increase in the absorption of this ele-
ment during the 1-3-d interval mentioned
previously. Nevertheless, the changes that
apparent bone density underwent reflect
some osseus accretion during mid-

pregnancy followed by a decline. This was
noticed in both pregnant groups and is in

accordance with Miller et al (1986). The ra-
tio ashes: weight in the femurs varied only
in the normal pregnant rats, showing an
evolution similar to that of density.

It seems therefore that the production of
serum 1,25(OH)2D3 was enhanced during
the 3rd wk of pregnancy, independently of
dietary intake and with no close relation-
ship to calcium absorption. The levels of
this vitamin D metabolite in turn show a

strong correlation with the accretion of cal-
cium in the conceptus, in agreement with
the observations of Danan et al (1982).
There is evidence that a significant quanti-

ty of 1,25(OH)2D3 is produced in the pla-
centa by the l8th d of pregnancy (Garel,
1987), when fetal mineralization starts tak-
ing place (Thomas et al, 1981). In our ex-

perience, the peak of 1,25(OH)2D3 was si-

multaneous with an increase in ashes and

calcium accretion of the conceptus (fig 2).
The absorption of calcium during the

first few days of pregnancy was high both
in absolute and relative terms irrespective
of the dietary regimen, and must therefore
be related to the animals’ physiological
status. This agrees with Pitkin’s (1985) hy-
pothesis that changes in calcium absorp-
tion might occur shortly after conception as
a consequence of hormonal adjustments.
Unfortunately, in our experiments serum
calcium and 1,25(OH)2D3 concentrations

were not measured until the 7th d when no

significant difference was found. Other ob-
servations indicate that serum calcium in-

creases during the first 3 d of pregnancy
(Thomas et al, 1981) and that circulating
levels of 1,25(OH)2D3 are high during the
first trimester of human pregnancy (Kumar,
1980; Reddy et al, 1983); but the involve-
ment of other hormones should not be
ruled out.

The general nutritional deficit induced

by the dietary treatment in pregnant rats
led to a reduced maternal body weight.
Conceptus weight, ashes and calcium con-
tent were apparently not affected, but a

slight placental growth retardation, al-

though not significant, may have contribut-
ed to a reduction in fetal growth. Limiting
the animals’ calcium supply did not signifi-
cantly modify the efficiency of calcium

absorption and urine and osseus calcium
levels. Consequently the fetuses of under-
nourished dams exhibited at term a low

weight and a smaller calcium amount than
those of the untreated mothers, although
the calcium concentration in their body
was normal. Yet, since bone mineralization
of the rat fetus takes place during late

pregnancy and lactation (Stevenson,



1983), continued food restriction through-
out lactation might have further deleterious
effects on the progeny.
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