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Calcium deficiency-induced secondary hyperparathyroidism and osteopenia
are rapidly reversible with calcium supplementation in growing rabbit pups
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The reversibility of osteopenia secondary to isolated Ca deficiency (CaDef) is still not clear. We studied the effect of severe CaDef on Ca homeostasis and
bone accrual in a ‘hypercalcaemic’ animal, the rabbit, during the post-weaning period and its reversibility on Ca supplementation. Male Belgian 5-week-old
rabbit pups were fed CaDef diet (0-026 % Ca) for 10 weeks. As compared with those fed with a normal chow diet (0-45 % Ca), CaDef pups developed
significant hypocalcaemia (P<<0-05), hypocalciuria (urinary Ca 76 (SEM 12) v. 17 (SEM 1) mg/l; P<<0-005), hypophosphataemia (serum inorganic P 100
(SEM 6) v. 65 (SEM 4) mg/l; P<0-005), secondary hyperparathyroidism (SHPT) (serum intact parathyroid hormone human equivalent 182 (SEM 1-4) v.
125-0 (SEM 4-5) pg/ml; P<0-001) and elevated serum calcitriol levels (34-0 (SEM 3-9) v. 91-0 (SEM 1-0) pg/ml; P<<0-005). Elevated urinary C-terminal
telopeptide of class I collagen (P<<0-005) and total serum alkaline phosphatase (P<<0-005) suggested increased bone turnover. There was a significantly
lower gain in bone mineral density (BMD) and bone mineral content (BMC) in the whole body and lumbar spine in vivo, and various sub-regions of
the femur and tibia in vitro. Supplementation of adequate Ca (0-45 % Ca) after 15 weeks on the normal diet resulted in rapid catch-up growth, and resolution
of SHPT. Rapid gain in various BMD and BMC parameters continued at 30 weeks of age, and both were comparable with those in rabbits on a normal diet.
We conclude that Ca deficiency-induced SHPT and poor bone accrual in growing rabbit pups are rapidly reversible with Ca supplementation. The present

study indicates that early intervention may be a more appropriate window period for human nutritional corrective measures.

Hypercalcaemic animal models: Bone mineral density: Bone mineral content: Rickets

The hypothesis that low Ca intake could be a limiting factor for
achievement of peak bone mass has derived support from various
epidemiological and experimental studies (for references, see
Pettifor & Moodley, 1997). Studies from Africa and India have
documented rickets and osteomalacia in children on extremely
low dietary Ca intakes, despite having adequate vitamin D
status (Pettifor et al. 1978, 1981a,b; Marie et al. 1982; Eyberg
et al. 1986; Okonofua et al. 1991; Bhimma ez al. 1995; Oginni
et al. 1996; Fischer et al. 1999; Balasubramanian et al. 2003;
Rajeshwari et al. 2003). High prevalence of hypocalcaemia and
elevated alkaline phosphatase (ALP) concentrations in black
school children without evidence of rickets or bone deformities
has also been reported (Pettifor er al. 1979).

Although there are a few studies documenting the effect of a
low-Ca diet in animal models during the active growth period
(Gilsanz et al. 1991; Norris et al. 2001; Iwamoto et al. 2004,
Bas et al. 2005), there has been only one intervention study
published so far (Peterson et al. 1995). In this study female rats
were kept on a low Ca intake (0-25%; mild deficiency) for
20 weeks starting from the time of weaning at the 4th week.
The reversibility of the effect of Ca deficiency on peak bone

mass was studied after the introduction of either 0-5 or 1.0 %
Ca intake at the 24th week until 37 weeks. The results showed
that low Ca intakes through adolescence have non-reversible dele-
terious effects on peak bone mass, whereas higher intakes pro-
mote greater peak bone mass and provide the potential
protection from age-related bone loss. The important question
not addressed before, however, is the extent to which catch-up
skeletal mineralisation can take place on early intervention
following a post-infancy period of severe Ca deficiency. Since
deleterious effects of both short-term and long-term low Ca
intake of 0-1 and 0-15% (moderate deficiency) respectively
have been shown in both growing female rats and male rabbit
models (Gilsanz et al. 1991; Iwamoto et al. 2004), the important
question of the extent to which severe Ca deficiency in infancy
can be reversed with earlier intervention is not known. The aim
of the present study, therefore, is to investigate the effect of
severely restricted dietary Ca intake (0-026 %) on growth and
bone health in post-weanling male rabbit pups and to elucidate
the mechanisms governing the attainment of peak bone mass by
the analysis of calcitropic hormones and biochemical markers.
Furthermore, the present study tested the hypothesis whether

Abbreviations: aBMD, areal bone mineral density; ALP, alkaline phosphatase; BMC, bone mineral content; BMD, bone mineral density; CCa, corrected serum Ca; DXA, dual-

energy X-ray absorptiometry; iP, inorganic P; iPTH, intact parathyroid hormone; LS, lumbar spine; UCa, urinary Ca; WB, whole body.
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early intervention results in better bone accretion, peak bone mass
attainment and temporal pattern achievement relevant to early
childhood Ca-deficiency rickets eradication initiatives. The
choice of the young, still-growing rabbit as an appropriate
animal model for peak bone mass studies has recently been
well established due to similarities with human patterns of bone
accretion and dual-energy X-ray absorptiometry (DXA)-derived
normative data for bone mineral content (BMC) and bone mineral
density (BMD) (Norris ef al. 2001). The present study reports that
short-term severe Ca deficiency in developing rabbits induces
hypocalcaemia, secondary hyperparathyroidism, increased bone
turnover in favour of bone resorption and significantly lesser
accrual of BMD in the whole animal and in long bones. Most
importantly, these changes are reversible with early Ca sup-
plementation in contrast to the earlier reported irreversibility in
growing rats (Peterson e al. 1995) and hence define early inter-
vention as a more appropriate window period for human nutri-
tional corrective measures.

Materials and methods

Seventy-two Belgian male weanling rabbit pups, aged 5 weeks,
were procured from the Central Drug Research Institute,
Lucknow, India. The rabbit pups were separately housed in
metabolism cages at 24°C on a 12h light and dark cycle. The
Institute’s Ethical Committee for Animal Experiments approved
the experimental protocol. The rabbits were randomised into
two groups. In group I (control group; n 36), the rabbit pups
were fed a normal chow diet (Ca content 0-45 %) and tap water
(Ca content 35-4mg/l) ad libitum until 30 weeks of age. The rec-
ommended dietary Ca intake in rabbits is 0-45 % (Gilsanz et al.
1991). In group II (Ca-deficient group, n 36), the rabbit pups
were fed a Ca-deficient diet (Ca content 0-026 %) and deionised
water ad libitum until 15 weeks of age. For group III (Ca-replen-
ished group, n 12; recovery experiment), after 15 weeks, group II
rabbits were fed the same chow diet and tap water ad libitum as
group I until 30 weeks of age (30 weeks is the age for skeletal
maturity in rabbits) (Gilsanz et al. 1988, 1991).

Growth, behaviour and mobility were observed every 2 weeks
until 15 weeks, then every 5 weeks until 30 weeks. At each time
interval, blood was collected by venepuncture from the marginal
ear vein, serum was separated and total Ca, inorganic P (iP), total
ALP, albumin and creatinine were estimated on the same day.
Serum samples were stored at —70°C until the time of other
assays. Urine was collected and refrigerated in plastic bottles
with toluene as preservative. Faecal matter was collected,
weighed and refrigerated. A skiagram of each whole rabbit was
obtained. Four rabbits were killed at each time interval, and
femur and tibia were dissected out for in vitro BMD and Ca
content.

Biochemical and hormonal estimations

Serum total Ca, spot urinary Ca (UCa), serum albumin, serum iP,
urinary creatinine (colorimetric method) and total ALP (colori-
metric kinetic method) were estimated by commercially available
kits (Sigma Diagnostics, St Louis, MO, USA). Serum total Ca
was corrected for albumin to calculate corrected serum Ca
(CCa). Faecal and bone Ca were measured by the colorimetric
method after ashing and extracting Ca with 1 M-HCI. Serum cal-
cidiol (RIA; DiaSorin, Stillwater, MN, USA), calcitriol (RIA;

DiaSorin), intact parathyroid hormone (iPTH; human equivalent)
(IRMA; Diagnostic Systems Laboratory, Webster, TX, USA), and
urinary C-terminal telopeptide of type I collagen (Crosslaps™;
ELISA; Diagnostic Systems Laboratory) were measured. The sen-
sitivity of serum calcidiol, calcitriol, iPTH and urinary Cross-
laps™ were 1-5ng/ml, 4 pg/ml, 6 pg/ml and 50 pg/l respectively.
The interassay and intra-assay CV for calcidiol were 12 and
10-5 %, for calcitriol 125 and 11%, for iPTH 65 and 5 %, and
for Crosslaps™ 4-7 and 3-5 %.

Areal bone mineral density and bone mineral content
quantification

Areal BMD (aBMD) and BMC were measured by DXA (Hologic
QDR 4500 A; Hologic Inc., Waltham, MA, USA) using small
animal software. The instrument was calibrated with a small
animal step phantom daily. The short-term drifts of DXA measure-
ments were assessed by measuring two rabbits and two femora five
times on the same day. The %CV for in vivo and in vitro measure-
ment were 0-56 and 0-61 % respectively. The aBMD and BMC
results are expressed as g/cm” and g respectively.

In vivo measurements. Anaesthetised (diethyl ether) rabbits
were scanned in a supine position with the appendages secured
flat to the table by a thin tape. The aBMD and BMC measure-
ments were analysed in the whole body (WB) and the lumbar
spine (LS) region (L;—L7).

In vitro measurements. Femora and tibia were dissected out
and adherent soft and fatty tissue were mechanically removed.
Individual bones were placed in water and scanned. All the
bones were measured on the same day. Sub-regional analyses of
femora were performed at the femoral neck, and the proximal,
mid and distal third regions of the femur. Similarly, the sub-
regional analyses of tibia were done at the proximal, mid and
distal third regions.

Body composition analysis

Body composition analysis was performed by DXA. The percen-
tage contents of lean mass, fat and BMC were calculated.

Statistical analysis

The data were analysed using SPSS for Windows 9.0 software
(SPSS Inc., Chicago, IL, USA). The normality of data was ana-
lysed by the Kolmogorov—Smirnov test with Lilliefor’s signifi-
cance correction. Except UCa and Crosslaps™ levels, all other
parameters were normally distributed. The data are expressed as
mean values with their standard errors. The comparisons of var-
ious parameters were performed between group I and group II
from 5 weeks to 15 weeks and between group I and group III
from 15 to 30 weeks. Normally distributed parameters were com-
pared by Student’s ¢ test while data not normally distributed were
compared using the Mann—Whitney test. P values less than 0-05
were considered significant.

Results
Baseline

There was no significant difference in mean weight, serum Ca,
albumin, CCa, iP, ALP, calcidiol, calcitriol, and iPTH (human
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equivalent), UCa, Crosslaps™ and creatinine excretion, faecal Ca
excretion, and bone Ca contents (P>0-05) between groups I and
II. Mean aBMD and BMC of the WB in vivo, and BMD and BMC
of various regions of tibia and femur in vitro were similar in both
the groups (P>0-05).

Group I v. group Il (5—15 weeks)

The rabbits in group I showed a progressive increase in weight,
were active with normal gait, posture and had normal, shiny fur
coats (Fig. 1). In contrast, group II rabbits had a significantly
smaller increase in weight (Fig. 2(A)) and loss of body hair
(Fig. 1). The rabbits had reduced mobility and difficulty in walk-
ing. Two rabbits died at 13 weeks due to severe hypocalcaemia
and three rabbits sustained spontaneous hindlimb fractures.

In group I, serum CCa, albumin, iPTH, calcidiol and calcitriol
levels were almost constant from 5 to 30 weeks. There was a sig-
nificant decline in serum iP from 5 to 7 weeks (5 weeks 133 (SEM
14) v. 7 weeks 88 (SEM 5) mg/l; P<0-05; Fig. 2(C)) and thereafter
a gradual decline until 30 weeks (54-3 (SEM 1-8) mg/l). Serum
total ALP reduced progressively from 5 to 30 weeks (Fig. 2(E)).
UCa excretion was low at 5 weeks (18 (SEM 2) mg/l), progress-
ively increased until 11  weeks (89  (SEM 17)
mg/l), with a significant increase at 15 weeks onwards (20
weeks 214-2 (SEM 23-4) mg/l; P<0-05). At 30 weeks, the UCa
value was 237-2 (SEM 7-8) mg/l, indicating that hypercalciuria
in rabbits develops at 20 weeks (Fig. 3(A)). There was a progress-
ive increase in faecal Ca excretion (Fig. 3(C)). Urinary Cross-
laps™ excretion was stable until 15 weeks, then had a
significant increase at 15 weeks onwards indicating high bone
turnover status in adult rabbits (15 weeks 0-44 (sem 0-01) v. 30
weeks 1:27 (SEM 0:-13) pwg/mM-creatinine; P<0-05; Fig. 3(B)).

In contrast, rabbits in the Ca-deficient group (group II) had a
progressive decline in serum CCa levels from 7 until 11 weeks
(5 weeks 125 (SEM 9) v. 11 weeks 118 (SEM 6) mg/l; P<0-05).
However, thereafter, the Ca levels normalised under the influence
of increasing serum iPTH concentrations (Fig. 2(B)). Serum CCa
was significantly lower at the 7th, 9th and 11th weeks as com-
pared with those in group I (P<<0-05). Two rabbits suffered

Fig. 1. Appearance of the rabbits in group | (A) and group Il (B) at 15 weeks
showing retarded physical growth in the Ca-deficient rabbit.
For details of animals and procedures, see p. 583.

sudden death due to severe hypocalcaemia at 13 weeks. The
serum CCa levels 1d before their deaths were 55 and 75 mg/l,
respectively. Hypophosphataemia was observed at 13 and 15
weeks (P<0-001; Fig. 2(C)). There was a progressive increase
in serum iPTH and total ALP levels at 7 weeks onwards until
15 weeks (iPTH, 5 weeks 182 (SEmM 1-4) v. 15 weeks 125-0
(SEM 4-5) pg/ml, P<0-001, Fig. 2(D); ALP, 5 weeks 1329
(sem 8:0) v. 15 weeks 19299 (sem 5-1) IU/N, P<0-005,
Fig. 2(E)). Both parameters were significantly higher at 9-15
weeks in group II rabbits as compared with those in group I
(Fig. 3(D) and Fig. 3(E)). Evidence of Ca deficiency was apparent
in view of significantly lower urinary and faecal Ca excretion
(P<0-05; Fig. 3(A) and 3(C) respectively). With comparable
serum calcidiol levels between group I and group II (5 weeks
group I 1.9 (SEM 0-2) v. group II 2-4 (SEM 0-5) ng/ml, P> 0-05;
15 weeks group I 2-4 (SEM 0-4) v. group II 2-8 (SEM 0-2) ng/ml,
P>0-05), we observed a sharp increase in serum calcitriol
levels from 5 to 15 weeks (5 weeks 34-0 (SEM 3-9) v. 15 weeks
91-0 (SeM 1:0) pg/ml; P<0-005; Fig. 2(F)). There was a progress-
ive increase in urinary Crosslaps™ excretion 7 weeks onwards (7
weeks 0-26 (SEM 0:02) v. 15 weeks 1-:34 (SEM 0-13) pg/mm-crea-
tinine; P<0-005; Fig. 3(B)).

In vitro bone analysis. The weight and Ca contents of isolated
femur and tibia increased progressively in group I rabbits. In
group II, the weight and Ca contents of both femur and tibia
did not increase until 15 weeks of age, and thus were significantly
lower as compared with those in group I (P<<0-005) (data not
shown).

Skiagrams. As compared with group I, skiagrams of group II
rabbits showed marked cortical thinning. Diaphyseal fractures of
long bones in three rabbits, complete as well as greenstick, were
also observed (Fig. 4).

Bone mineral density. Group I rabbits showed a progressive
increase in WBBMD (Fig. 5(A)), WBBMC (data not shown),
LSBMD (Fig. 5(B)) and LSBMC (data not shown) in vivo. In
vitro sub-regional analysis of isolated femur (proximal, mid
and distal third and femoral neck) and tibia (proximal, mid
and distal third) showed progressive increases in BMD and
BMC in each region from pup stage to adulthood (Figs. 6
and 7).

In contrast, Ca-deficient rabbits had an initial decline in
WBBMD (Fig. 5(A)), while there was no increase in WBBMC
until 15 weeks (data not shown). This shows markedly diminished
Ca accrual in the bone in Ca-deficient states. The in vivo LSBMD
and LSBMC (data not shown) showed no change in group II rab-
bits from 5 to 15 weeks (BMD 5 weeks 0-1318 (sEm 0-004) v. 15
weeks 0-1209 (sEM 0-002) g/cm?). Hence, LSBMD was signifi-
cantly lower at 11-15 weeks when compared with group I rabbits
(P<<0-05; Fig. 5(B)). In vitro densitometric measurements showed
no significant accrual of BMD and BMC in whole tibia and whole
femur (data not shown). Similar poor accrual of BMD and BMC
was seen in sub-regional analysis of both femur and tibia (Figs. 6
and 7). All these densitometric parameters (sub-regional BMD
and BMC) were significantly lower as compared with group I at
9 weeks onwards. This indicates a significant impact of Ca
deficiency within 4 weeks of the start of the Ca-deficient diet.

In group I, no change was observed in the percentage fat and
percentage lean mass at any time interval between the groups
while percentage BMC was significantly lower at 9-13 weeks
(P<0-005) in group II as compared with group I (data not
shown).
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Fig. 2. Serial changes in (A) body weight, (B) serum adjusted Ca, (C) serum inorganic P (iP), (D) serum intact parathyroid hormone (iPTH; human equivalent), (E)
serum alkaline phosphatase (ALP) and (F) serum 1,25 dihydroxycholecalciferol (1,25(0OH).D3) in group 1 (—=<-), group Il (-A-) and group Ill (-4-) at different
time intervals. Data are expressed as mean values, with their standard errors represented by vertical bars. Mean values were significantly different: *P<0-05,

1P<0-005, $P<0-001. For details of animals and procedures, see p. 583.

Correlations were studied on the assumption that secondary
hyperparathyroidism is pathogenic for osteopenia. There was a
positive significant correlation of serum iPTH with serum ALP
(r 0-411; P<0-005) and corrected urinary Crosslaps™ (r 0-857;
P<0-001) and negative significant correlations with the various
BMD parameters (P<<0-005).

Recovery experiment (15—-30 weeks)

The normal physical growth pattern, biochemical, serum, urinary
and faecal parameters and bone densitometric parameters at
15-30 weeks period in group I have been discussed earlier.
The study could not be extended beyond 15 weeks due to the
high mortality of the rabbits.

At 15 weeks, as compared with group I rabbits, the group III
rabbits (recovery group) had significantly lower body weight
(P<0-005; Fig. 2(A)), serum iP (P<<0-001; Fig. 2(C)), urinary
and faecal Ca excretion (P<<0-005; Fig. 3(A) and Fig. 3(C)
respectively). These rabbits had significantly higher serum
iPTH (P<<0-001; Fig. 2(D)), ALP (P<<0-05; Fig. 2(E)), calci-
triol (P<<0-005; Fig. 2(F)) and urinary Crosslaps™ (P<<0-05;
Fig. 3(B)). There was no evidence of vitamin D deficiency as
these rabbits had comparable calcidiol levels (group 1 24
(SEm 0-4) v. group III 2-8 (SEM 0-2) ng/ml).

After supplementing with the Ca-sufficient diet, there was a
rapid catch-up in physical growth until 30 weeks of age.
However, at 30 weeks, the weight was still significantly lower
as compared with rabbits in group I (P<0-05; Fig. 2(A)). There
was increase in the mobility and improvement in fur quality of
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the rabbits’ coats. We observed no fractures and mortality in
group III rabbits.

There was a progressive increase in serum CCa and iP levels
and faecal Ca excretion. At 30 weeks, the serum CCa, iP and
faeccal Ca were comparable (P>0-05; Fig. 2(B), Fig. 2(C) and
Fig. 3(C) respectively). We observed a progressive decline in
serum iPTH, calcitriol, ALP and urinary Crosslaps™. These bio-
chemical parameters (i.e. iPTH, calcitriol, ALP, Crosslaps™)
were comparable with group I rabbits at 20 weeks, indicating
rapid biochemical recovery from secondary hyperparathyroidism.
UCa excretion increased steeply at 20 weeks and thereafter
remained constant. However, it was significantly lower at 20,
25 and 30 weeks as compared with group I rabbits (P<<0-05;
Fig. 3(A)), implying use of dietary Ca in the mineralisation of

group I (P<<0-05) (data not shown).

The skiagrams of rabbits in group III showed comparable cor-
tical thickness to those of rabbits in group I with no evidence of
further fractures.

There was a progressive increase in WBBMD (Fig. 5(A)),
WBBMC (data not shown), BMC:weight ratio (data not shown),
LSBMD (Fig. 5(B)) and LSBMC (data not shown). Isolated
bone in vitro measurements showed a progressive increase in
BMD and BMC of whole femur and whole tibia (data not
shown). Sub-regional analysis also showed a rapid increase in
BMD and BMC in various sub-regions of femur and tibia (Figs.
6 and 7). At 30 weeks, there was no statistical difference in all
the densitometric parameters described earlier. The major part
of gain in the densitometric parameters was within 5 weeks of
the start of the Ca-sufficient diet and thereafter, the gain was
less steep.

There was no significant difference observed in body compo-
sition analysis (percentage lean mass, percentage fat and percen-
tage BMC) at 20, 25 and 30 weeks in group III rabbits as
compared with group I rabbits. No significant correlations were
observed.

Discussion

The present study demonstrates that short-term (10 weeks) admin-
istration of a severely Ca-deficient diet (0-026 %) in weanling
male rabbit pups results in hypocalcaemia, hypophosphataemia,
elevated serum ALP and calcitriol, hypocalciuria, secondary
hyperparathyroidism and increased bone turnover. The gain in
BMD at various trabecular and cortical sites is significantly less
as compared with those fed with a normal diet. Administration
of a normal diet to group II at 15 weeks normalises the metabolic
and bone densitometric parameters by 30 weeks of age.

The normal physiological changes in Ca homeostasis par-
ameters including mean serum Ca, serum iP, total ALP and
iPTH in developing male Belgian rabbit pups following weaning
until adulthood are in agreement with published reports
(Kennedy, 1965; Chapin & Smith, 1967a,b; Brazy et al. 1980;
Gilbert et al. 1980; Buss & Bourdeau, 1984; Bourdeau et al.
1986; Warren et al. 1989; Gilsanz et al. 1991; Norris et al.
2001). Serum iPTH (human equivalent), calcidiol and calcitriol
remained unaltered during development. Lower values of iPTH
were observed, possibly due to differences in dietary Ca intake,
species variation, type of PTH analyte measured and differences
in antibody in the assay system (Gilsanz et al. 1991; Norris
et al. 2004). UCa and Crosslaps™ excretion data imply that rab-
bits are hypercalciuric at the age of late development and adult-
hood. Similar hypercalciuric patterns and high bone turnover
have also been reported (Norris e al. 2004).

Rabbits in group I had normal growth despite markedly lower
serum calcidiol and calcitriol levels as compared with previous
studies (Buss & Bourdeau, 1984; Warren et al. 1989). In both of
the studies, the rabbit diet contained vitamin D as animal sterol in
feed. However, normal growth and reproduction have also been
observed with vitamin D content of only 0-28 IU/g feed
(Rockland Rabbit Ration; Harlan Teklad Inc., Madison, WI, USA;
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Fig. 4. Skiagram of a Ca-deficient rabbit at 15 weeks showing thinning of the cortical lining (<—) and the complete fracture present in the long bone (--- > ).

analysis, assay, and growth bulletin for Rockland Rabbit Ration,
1970).

The present study is the first to use DXA in measurement of
longitudinal changes in BMD in male rabbit pups in a wide
range of the post-weaning period. This along with a similar data-
base on female rabbits in the age group of 20—56 weeks reported
recently fulfils the need of normative data (Norris er al. 2004).
Small animal software was used for measuring BMD, which
has shown reasonable short-term percentage CV in measurements
in vivo and in isolated femora and tibia in vitro. A progressive
increase in WBBMD, WBBMC, WBBMC:weight ratio, aBMD
and BMC at the LS, femora (total, neck, proximal, mid and
distal third), aBMD and BMC at tibia (total, proximal, mid and
distal third) was observed until adulthood. Previous studies
using quantitative computerised tomography for BMD at the LS
(L;—Ls) in growing rabbits show a similar pattern as the present
study (Gilsanz et al. 1988, 1991). Peak BMD was observed at the
global region, proximal and distal femur and femoral neck at 25
weeks and at mid-femur and mid-tibia, primarily cortical sites,
at 30 weeks. It was difficult to comment on distal tibia and prox-
imal tibia as increases in BMD more than 2 % continued at 30
weeks. Further follow-up study beyond 30 weeks is required to
determine peak BMD at various sites in adult rabbits. Peak
BMD at the LS is achieved at 32 weeks (Gilsanz et al. 1991)

and 36 weeks (Norris et al. 2004). Compared with the recent
report, the lower BMD at the LS (L1-L7) at 20 weeks in our ani-
mals is possibly due to species difference although it correlates
well with low body weight.

The low-Ca diet induced significant hypocalcaemia, hypophos-
phataemia, elevated ALP, and iPTH, suggestive of secondary
hyperparathyroidism despite no decline in serum calcidiol.
Severe Ca deficiency in group II was supported by a significant
decline in urinary and faecal Ca excretion. A similar biochemical
picture has been reported in growing as well as adult animal
models (Gilsanz et al. 1991; Peterson et al. 1995; Norris et al.
2001; Iwamoto et al. 2004; Bas et al. 2005). The rise in serum
calcitriol was due to elevated iPTH, hypocalcaemia and
hypophosphataemia-induced stimulation of renal 1a-hydroxylase
enzyme (Garabedian et al. 1972; Norris et al. 2001). Our bio-
chemical findings are similar to dietary Ca-deficiency-induced
rickets in children from the world over (Pettifor er al. 1978,
1981a,b; Marie et al. 1982; Eyberg et al. 1986; Okonofua et al.
1991; Bhimma et al. 1995; Oginni et al. 1996; Fischer et al.
1999; Balasubramanian et al. 2003; DeLucia et al. 2003;
Rajeshwari et al. 2003). Histology and histomorphometric studies
have shown osteomalacia (Marie et al. 1982).

We observed a small but significant difference in serum P
between group I and group II at 13 and 15 weeks. Earlier studies
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£ 0-35[ {_..-‘4“ ~R significant difference in serum P (Gilsanz et al. 1991; Iwamoto
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Fig. 5. Serial changes in in vivo bone mineral density (BMD) at (A)
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their standard errors represented by vertical bars. Mean values were signifi-
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increase in circulating N- and C-terminal propeptides (intact
PINP and PICP) and C-terminal telopeptide (ICTP) of type I col-
lagen, and N-terminal propeptide (PIIINP) of type III collagen
(Sharp et al. 1997; Oginni et al. 2003). Although total serum
ALP was elevated in all the cases, serum osteocalcin has been
reported to be lower (Sharp et al. 1997) or show no change (Oko-
nofua et al. 1991). However, elevated osteocalcin levels have
been observed in a few patients with extremely high serum calci-
triol and PTH levels (Okonofua et al. 1991). Serum osteocalcin
could not be measured in our experiment due to the non-avail-
ability of the relevant antibody.

In rabbits on the Ca-deficient diet, there was significantly less
gain in BMD and BMC in the whole rabbit, the LS in vivo,
femora and tibia in vitro, both in whole bone and all the
sub-regions. The significantly low BMD was observed at mid-
femur and femur neck regions as early as the 7th week and
in all the regions at the 9th week and onwards. Spontaneous
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Fig. 6. Serial changes in in vitro bone mineral density (BMD) at (A) proximal femur, (B) mid-femur, (C) distal femur and (D) femur neck in group 1 (—<-), group Il
(—A-) and group Il (-X-) at different time intervals. Data are expressed as mean values, with their standard errors represented by vertical bars. Mean values were
significantly different: *P<0-05, 1P<0-005, $P<0-001. For details of animals and procedures, see p. 583.
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and group Il (-4-) at different time intervals. Data are expressed as mean
values, with their standard errors represented by vertical bars. Mean values
were significantly different: *P<0.05, 1P<0-005, $P<0-001. For details of
animals and procedures, see p. 583.

fractures in two rabbits suggested reduced tensile strength of
long bones. Ca deficiency involved both cortical and trabecular
bone in our experimental model. Furthermore, the epiphyseal
fusion appeared at about 30-32 weeks in both normal as
well as Ca-deficient rabbits. The only published study to date
shows poor accrual of BMD at the LS as measured with quan-
titative computerised tomography in growing rabbits on a Ca-
deficient diet and histomorphometric evidence for osteopenia
and not osteomalacia (Gilsanz er al. 1991). Compromised
bone mineralisation and osteopenia have also been noted in
the Ca-deficient state in a normocalcaemic animal model, the
rat (Thomas et al. 1988). Histomorphometry of lumbar vertebra,
femur or tibia might have elaborated the distinction between
osteopenia and osteomalacia in the present study.

In recovery experiments, provision of normal dietary Ca for 15
weeks to Ca-deficient developing rabbit pups reverses the
impaired growth, mobility, muscle weakness, hypocalcaemia, sec-
ondary hyperparathyroidism, and elevated serum ALP and urinary
Crosslaps™ excretion comparable with control adult rabbits. The
faecal Ca and UCa excretion rises and there is a fall in serum cal-
citriol levels, with no changes observed in serum calcidiol levels.
The results are similar to the studies of Ca supplementation alone
in Ca-deficient rachitic children (Pettifor et al. 1979; Okonofua
et al. 1991; Fischer et al. 1999; Oginni et al. 1996, 2003).

There is catch-up gain in BMD in the whole animal in vivo and tibia
and femora (whole and sub-regional) in vitro. At 30 weeks, BMD par-
ameters at these sites were comparable with those of rabbits in group
L. In vitro Ca content analysis of femur and tibia revealed significant
recovery. Thus, normal Ca intake rapidly reverses the biochemical
and BMD parameters in severe Ca deficiency in developing rabbit
pups. However, the bone mineral and Ca content in the bones, even
after recovery, remains significantly lower than that present if the rab-
bits were not Ca deficient in agreement with Moore et al. (1963). The
present study supports the existence of osteopenia and secondary
hyperparathyroidism resultant from Ca deficiency. It also emphasises
the changes due to Ca deficiency are reversible. Histomorphometric
studies are required to make a definitive diagnosis of osteomalacia.
Thus Ca deficiency-induced osteopenia and secondary
hyperparathyroidism should be considered as a distinct clinical entity.

There is only one elegant study available in the literature that
describes the effect of Ca supplementation on growth and devel-
opment to a Ca-deficient female rat model (Peterson ef al. 1995).
The present results of dietary Ca levels affecting the peak bone
mass are in broad agreement with the result of Peterson er al.
(1995). The present results of improved BMD and bone mineral
and Ca content showing positive effect of dietary Ca rehabilita-
tion, though, are in agreement with studies mentioned earlier, in
contrast with the negative effect of treatment if instituted during
the late development period (Peterson er al. 1995). One may
explain the discrepancies based on differences in animal model
(rat v. rabbit), early institution of rehabilitation, severity of Ca
deficiency, and differences in sex. We would like to reserve com-
ment due to our inability to perform detailed histomorphometry
analysis and the absence of a calcitropic hormone profile in Peter-
son’s study, except to say that results from the present study are
more in tune with human studies (Oginni er al. 2003). In that
respect, the rabbit model apparently serves well as a viable
model for human bone physiology (Norris et al. 2001).

In conclusion, short-term severe Ca deficiency in developing
rabbits induces hypocalcaemia, secondary hyperparathyroidism,
increased bone turnover in favour of bone resorption and signifi-
cantly lesser accrual of BMD in the whole animal and in long
bones. These changes are reversible with Ca supplementation if
instituted earlier. Further, the rabbit is an ideal hypercalcaemic
animal model of Ca-deficiency-induced secondary hyperparathyr-
oidism and BMD changes. But, more studies are required for
histomorphometric analysis, tensile strength and fracture potential
in adulthood.
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