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Vitamin D3, via its active metabolite 1a,25-dihydroxyvitamin D3, helps maintain normal calcium levels in the
body. Apart from the maintenance of calcium homeostasis, the active form of vitamin D3 is now known to be
involved in a number of other functions including that of pancreaticb cells. Low serum insulin levels and
impaired glucose tolerance in a vitamin D-deficient state have been reported in experimental animals.
Hypocalcemia is a major consequence of vitamin D deficiency. Whether the impairment observed is due to
vitamin D deficiency per se or is secondary to low calcium is still a matter of controversy. The present study was
conducted to delineate the roles of vitamin D and calcium in glucose intolerance associated with vitamin D
deficiency in vivo. It was found that supplementation with either vitamin D3 or high calcium alone to vitamin
D-deficient rats could correct the defects. In addition, insulin sensitivity was found to be enhanced in the vitamin
D-deficient group compared with vitamin D control or calcium-supplemented groups. Hence the present study
demonstrates that calcium per se in the absence of vitamin D increases insulin secretion and normalizes
intolerance to glucose seen in vitamin D deficiency.(J. Nutr. Biochem. 11:170–175, 2000)© Elsevier Science
Inc. 2000. All rights reserved.
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Introduction

Vitamin D3 is well known to function in calcium homeosta-
sis.1 One of the important developments in the field of
vitamin D endocrinology is the strong evidence for the
existence of specific receptors for 1a,25-dihydroxyvitamin
D3 [1a,25(OH)2D3] and the consequent biological effects in
many nonclassical target tissues.2 Several lines of evidences
suggest that theb cells of endocrine pancreas are among the
nonclassical target tissues for the action of 1a,25(OH)2D3,
which include (1) the presence of receptor protein for
1a,25(OH)2D3 in chick pancreas3,4 and (2) the presence of
immunoreactive vitamin D-dependent calcium binding pro-
tein (CaBP) in pancreas.5 All these findings suggest a
probable role for vitamin D3/metabolites in pancreatic
b-cell function.

A role for vitamin D inb-cell activity was first suggested
by Boquist et al.6 Later studies showed that vitamin D

deficiency leads to lowered insulin secretion and impaired
glucose tolerance.7–9 Most of the studies have attributed
these defects to the lack of vitamin D/1a,25(OH)2D3.
Whether vitamin D is the actual factor that is essential for
insulin secretion is complicated by other changes that occur
due to vitamin D deficiency. Some of these changes include
a decrease in serum calcium and islet CaBP. Calcium is
known to play a crucial role in hormone release.10 The role
of calcium per se in the absence of vitamin D in improving
glucose tolerance and insulin secretion is still inconclusive.

Therefore, the present study was conducted to evaluate
the role of calcium and vitamin D in insulin secretion in
response to glucose challenge, and also to test the in vivo
insulin sensitivity.

Materials and methods

Experimental protocol

Fifty male weanling Wistar NIN rats weighing 30 to 40 g were
randomly divided into three groups. The first group of 10 rats
(group I) served as the ad libitum control and the second group,
which also contained 10 rats (group II), was pair-fed to the vitamin
D-deficient group (group III). Group III contained 30 rats. All the
rats were housed in individual cages in a dark room maintained at
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24°C with only red light being provided. Rats were fed on a basal
vitamin D-deficient diet11 containing normal calcium (0.4%) and
phosphorus (0.35%) and had free access to distilled water. Rats
from groups I and II were administered vitamin D3 orally at a dose
of 40 IU/day/rat and group III received only vehicle (arachis oil).

Serum calcium levels were monitored in all groups of rats from
the third week of feeding. At the end of 4 weeks, rats in group III
were hypocalcemic; the serum calcium levels of rats were found to
be in the range of 5 to 6 mg/dL (indicating vitamin D deficiency)
compared with control rats, which had serum calcium levels in the
range of 10 to 11 mg/dL. The rats in group III were further
randomly divided into three groups (groups III, IV, V) of 10 rats
each. Group III continued to receive the same diet without any
supplementation, group IV was supplemented with vitamin D3,
and group V received a high calcium diet. (The composition of the
high calcium diet was similar to that of the basal diet except that
the calcium content was 4%.) All the rats were fed their respective
dietary regimens for a period of 2 weeks. Daily food intake and
weekly body weight were monitored throughout the experimental
period.

At the end of the 6 weeks of experimental period, blood was
drawn from rats in all five groups rats for the analysis of serum
vitamin D-dependent parameters such as calcium, 25-hydroxyvi-
tamin D3(25-OH-D3), phosphorus, and alkaline phosphatase.

Methods

Serum parameters. The serum parameters such as calcium,
phosphorus, alkaline phosphatase, and 25-OH-D3 were estimated
using standard methods.12–15 Serum insulin was assessed by
radioimmunoassay16 and plasma glucose was done by glucose
oxidase kit method (Stangen Immunodiaganostics, Hyderabad,
India).

Glucose tolerance test.After an overnight fast, an initial (0
minutes) blood sample was collected from the orbito-sinus plexus.
Glucose (200 mg/100 g body weight) was administered intraperi-
toneally. Blood samples were collected at 30, 60, and 120 minutes
after the glucose load in tubes containing sodium fluoride. Blood
was also collected in a separate set of tubes for the estimation of
serum insulin.

Insulin tolerance test. An initial (0 minutes) blood sample was
collected. The rats were then given a single intraperitoneal
injection of porcine insulin (50 mU/100 g body weight). This was
immediately followed by a intraperitoneal glucose load (200
mg/100 g body weight). Blood was drawn at 30, 60, and 120
minutes following the glucose load for estimation of plasma
glucose.

Calculation of area under the curve

The area under the glucose/insulin curves (AUC) was calculated
using their concentrations at 0 minutes, 30 minutes, 60 minutes,
and 120 minutes as per the following formula17:

AUC5
[(C01C1)(T12T0)] 1 [(C11C2)(T22T1)]
---------- ---------

2 2

1 [(C21C3)(T32T2)]
---------

2

where C0, C1, C2, and C3 are the concentrations of glucose/insulin
at time points T0, T1, T2, and T3, respectively (i.e., T0 5 0 minutes;
T1 5 30 minutes; T2 5 60 minutes; T3 5 120 minutes).

Statistical analysis

The data was analyzed by the appropriate use of one-way analysis
of variance using SPSS computer package with a test of critical
difference.18 A probability level of 5% was considered to be
significant.

Results

Body weights

Figure 1 depicts the body weights of the different experi-
mental groups of rats. Growth of rats in the ad libitum
control (group I), pair-fed control (group II), and vitamin
D-deficient (group III) groups was similar up to the end of
3 weeks of feeding. The vitamin D-deficient rats had
significantly (P , 0.001) lower body weights starting from
fourth week compared with groups I, II, and IV, and it
continued to be so until the end of the experiment. Body
weight gains in the vitamin D-supplemented group (group
IV) were similar to those in group I at the sixth and seventh
weeks of feeding, whereas rats in the high calcium-supple-
mented group had significantly (P , 0.001) lower body
weights compared with groups I, II, and IV, and similar to
those in the vitamin D-deficient group (group III).

Serum vitamin D-dependent parameters

Table 1shows the vitamin D-dependent parameters in the
different experimental groups of rats. The vitamin D-
deficient group had significantly (P , 0.001) lower serum
calcium than did the vitamin D replete controls. Supple-
mentation with either vitamin D or high calcium normalized
the serum calcium, which was significantly (P , 0.001)
higher than that in the deficient group. No significant
differences in serum calcium levels were observed between
groups I, II, IV, and V.

Figure 1 Body weights of different groups of rats. Values are mean 6
SEM (n 5 8). Values bearing different superscripts are significantly
different by analysis of variance (P , 0.001). E, 1 vitamin D3 control
(group I); h, 1 D3 pair-fed control (group II); *, vitamin D3 deficient
(group III); ‚, vitamin D3 supplemented with vitamin D3 (group IV); L,
vitamin D3 supplemented with high calcium (4%) (group V).
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The serum 25-OH-D3 levels in vitamin D-deficient and
calcium-supplemented rats were found to be very low and
were significantly (P , 0.001) lower than those in group I.
When vitamin D-deficient rats were supplemented with
vitamin D, as expected, the serum 25-OH-D3 levels in-
creased and were similar to those of control group (group I).
The pair-fed control had serum 25-OH-D3 levels similar to
those in the ad libitum control.

The serum phosphorus levels in the vitamin D-deficient
group were significantly higher (P , 0.001) compared with
controls. The serum alkaline phosphatase levels also
showed a similar trend. The calcium-supplemented group
had significantly (P , 0.001) lower serum phosphorus
compared with rest of the groups; however, the serum
alkaline phosphatase levels in this group of rats were similar
to those of the vitamin D-deficient group and significantly
(P , 0.001) higher than those of the other three groups.

Intraperitoneal glucose tolerance test

Plasma glucose levels.The glucose response curves after
an intraperitoneal load of glucose in different experimental
groups are depicted inFigure 2A. As illustrated in the
figure, the fasting plasma glucose levels in the different
groups ranged between 66 and 99 mg/dL. The peak plasma
glucose concentration was observed 30 minutes after the
glucose load in all the groups. The rise in glucose levels at
this time point was significantly (P , 0.001) higher in the
vitamin D-deficient group (2756 21.5 mg/dL) compared
with the rest of the groups (group I, 1396 4.29; group II,
147 6 4.33; group IV, 1706 9.42; group V, 1856 11.0
mg/dL). Sixty minutes following the load, the glucose levels
showed a trend similar to that seen at 30 minutes. The
plasma glucose values at 120 minutes returned to near
fasting levels in groups I (1216 8.76 mg/dL), II (1426
9.18 mg/dL), IV (1236 5.1 mg/dL), and V (1196 5.86
mg/dL) whereas the vitamin D-deficient (i.e., group III) still
had elevated glucose levels (2216 26.2 mg/dL) that were
significantly (P , 0.001) higher than the rest. In addition,
the vitamin D-deficient group had significantly (P , 0.001)
higher AUC values compared with groups I, II, IV, and V
(4676 42.5 vs. 2556 7.18, 2706 7.54, 2686 8.41, and
277 6 18.7 mg/dL/hr).

Serum insulin levels.The insulin levels during intraperito-
neal glucose tolerance testing are shown inFigure 2B. The

fasting (0 minutes) insulin levels in the vitamin D-deficient
group were significantly (P , 0.001) lower than those in the
ad libitum control but were similar to the remaining groups.

Thirty minutes after the glucose load, there was a rise in
the serum insulin levels in all the groups. The vitamin
D-deficient group (group III; 40.56 5.16 mU/mL) exhib-
ited a minimal rise, which was significantly lower (P ,
0.001) compared with that of the ad libitum control (group
I; 80.6 6 9.01 mU/mL), vitamin D-supplemented (group
IV; 81.8 6 5.08 mU/mL), and calcium-supplemented
(group V; 70.0 6 3.82 mU/mL) groups. Although the
pair-fed control group had higher insulin levels compared
with the deficient group, it was not significant (40.56 5.16
vs. 52.6 6 1.28 mU/mL). At 60 and 120 minutes the
deficient group continued to exhibit lower insulin levels
than the rest of the groups. The insulin levels in both the
vitamin D and calcium-supplemented groups were similar,
with no significant difference between them. The AUC
values of the vitamin D-deficient group were significantly
(P , 0.001) lower than those in groups I, II, IV, and V
(70 6 6.88 vs. 1556 14.9, 1116 5.48, 1276 6.45, and
106 6 5.36mU/mL/hr).

Insulin/glucose ratio. The insulin response to glucose
challenge in different experimental groups is well illustrated
by the insulin-glucose concentration ratio inFigure 2C. As
seen from the figure, this ratio was found to be significantly
lower (P , 0.001) in the vitamin D-deficient group at 30,
60, and 120 minutes compared with controls and supple-
mented groups.

Insulin tolerance test.The effect of intraperitoneal insulin
administration on plasma glucose levels is depicted in
Figure 3. Thirty minutes following the insulin load, the
plasma glucose levels were significantly (P , 0.001) lower
in deficient group (64.06 4.76 mg/dL) than in the vitamin
D control (1056 5.89 mg/dL) and calcium-supplemented
(130 6 14.6 mg/dL) groups. At 60 minutes, the deficient
group (54.06 5.28 mg/dL) continued to exhibit signifi-
cantly (P , 0.001) lower plasma glucose compared with the
control (132 6 2.97 mg/dL) and calcium-supplemented
(1056 6.56 mg/dL) groups. A similar trend was seen at 120
minutes also. The AUC values of the vitamin D-deficient
group were significantly (P , 0.001) lower than those in

Table 1 Serum vitamin D-dependent parameters in different groups at the end of 6 weeks

Groups

Serum parameters

Calcium
(mg/dL)

25-OH-D3
(ng/mL)

Phosphorus
(mg/dL)

Alkaline
phosphatase U/lt.

I Control 10.3 6 0.11a 22.4 6 5.42b 7.42 6 0.39a 104 6 5.48a

II Control (pair-fed) 9.8 6 0.17a 21.0 6 5.52b 7.05 6 0.29a 110 6 8.90a

III Vitamin D deficient 5.4 6 0.15b 1.02 6 0.82a 9.77 6 0.34c 194 6 11.5b

IV Vitamin D deficient (rehab with vitamin D) 9.6 6 0.22a 18.4 6 6.22b 7.48 6 0.27a 116 6 17.1a

V Vitamin D deficient (Supp with Ca 4%) 9.8 6 0.13a 0.92 6 0.85a 4.30 6 0.21b 183 6 18.8b

Values are mean 6 SEM (n 5 8).
Values in a column bearing different superscripts are significantly different (P , 0.001) by analysis of variance.
25-OH-D3–25-dihydroxyvitamin D3.
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groups II and V (1366 5.63 vs. 2356 4.94 and 2306 11.8
mg/dL/hr).

Discussion

Earlier studies have demonstrated that vitamin D or its
metabolites are essential for normal insulin secretion.8,9 The
evidence from the literature does not necessarily corrobo-
rate proposals of a direct action of vitamin D on the
pancreaticb cell. Vitamin D deficiency is a complex
metabolic state wherein the diet intake of animals is poor,
and they are hypocalcemic and consequently have impaired
growth. Calorie restriction has been reported to result in
inhibition of insulin secretion.19 Therefore, the present
study was conducted to clarify the role of nutritional factors
in the reduced insulin levels in vitamin D deficiency, to
delineate the role of vitamin D and calcium in mediating
insulin secretion, and to check insulin sensitivity under
these conditions.

Figure 3 Effect of exogenously administered insulin on intraperitoneal
glucose tolerance in rats. Values are mean 6 SEM (n 5 6). Values
bearing different superscripts are significantly different by analysis of
variance (P , 0.001). h, 1 D3 pair-fed control (group II); *, vitamin D3
deficient (group III); L, vitamin D3 supplemented with high calcium (4%)
(group V).

Figure 2 (A) Effect of vitamin D3 deficiency and supplementation with
vitamin D3/high calcium on intraperitoneal glucose tolerance in rats.
Values are mean 6 SEM (n 5 6). Values bearing different superscripts
are significantly different by analysis of variance (ANOVA; P , 0.001). (B)
Effect of vitamin D3 deficiency and supplementation with vitamin D3/
high calcium on serum insulin levels during intraperitoneal glucose
tolerance in rats. Values are mean 6 SEM (n 5 6). Values bearing
different superscripts are significantly different by ANOVA (P , 0.001).
(C) Insulin to glucose ratios during intraperitoneal glucose tolerance in
vitamin D3 deficiency and supplementation with vitamin D3/high calcium
in rats. Values are mean 6 SEM (n 5 6). Values bearing different
superscripts are significantly different by ANOVA (P , 0.001). E, 1
vitamin D3 control (group I); h, 1 D3 pair-fed control (group II); *, vitamin
D3 deficient (group III); ‚, vitamin D3 supplemented with vitamin D3
(group IV); L, vitamin D3 supplemented with high calcium (4%)
(group V).
4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
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A vitamin D-deficient rat model was employed. The
decreased levels of serum 25-OH-D3 correlated well with
the decreased serum calcium levels in them. Our results are
in line with earlier studies that demonstrated that frank
hypocalcemia in vitamin D deficiency is associated with a
concomitant decrease in circulating levels of vitamin D
metabolites.20,21 Apart from hypocalcemia, the other vita-
min D-dependent biochemical changes observed in vitamin
D deficiency include increases in serum phosphorus levels
and alkaline phosphatase activity. Serum phosphorus levels
have been reported to be either elevated or unaltered in this
state.22 In addition, the high levels of serum alkaline
phosphatase are in line with earlier findings23,24 that sug-
gested leakage of the enzyme from bone.

The intraperitoneally administered glucose led to clear
impairment in glucose tolerance in vitamin D-deficient rats
and a corresponding 50 to 60% decrease in insulin levels.
This was further confirmed by the lowered insulin/glucose
ratio in vitamin D-deficient animals, indicating a poor
response to stimulate insulin on glucose challenge in vita-
min D deficiency. These results are consistent with earlier
studies that reported glucose intolerance and impaired
insulin response in a vitamin D-deficient state.7,9 To delin-
eate the roles of vitamin D and calcium, the vitamin
D-deficient rats were supplemented either with vitamin D or
calcium alone. Normalization of serum calcium levels was
accomplished by both the supplementations. Earlier stud-
ies25 have suggested that calcium absorption occurs primar-
ily by passive diffusion when the luminal calcium concen-
tration is high.

Both the vitamin D and calcium-supplemented groups
showed a substantial rise in insulin levels in response to
glucose load, resulting in normal glucose tolerance curves.
The role of calcium per se in the absence of vitamin D in
enhancing insulin secretion is still a debatable question with
studies both in favor26 and against27 the hypothesis. The
present study suggests that calcium alone corrects glucose
intolerance observed in vitamin D deficiency. Thus, it can
be postulated that high calcium feeding alone succeeds in
normalizing extracellular calcium concentrations needed for
insulin release. It was observed that rats in the high
calcium-supplemented group were hypophosphatemic.
Frankel and Sjunghall28 reported that moderate changes in
phosphate concentrations (0.3–2 mmol/L) had no effect on
glucose stimulated insulin release from mouse islets in
vitro. Therefore, the elevated insulin levels observed in high
calcium-supplemented rats was not secondary to decreased
phosphorus levels; it may be due instead to direct effect of
calcium onb cells.

Our findings are in line with the findings of Cade and
Norman8 who observed insulin deficiency in vitamin D
deficiency. The chronic insulin deficiency in a vitamin
D-deficient state might alter insulin sensitivity of the pe-
ripheral tissues, thereby affecting glucose utilization. The
simplest method to estimate in vivo insulin sensitivity is to
measure plasma glucose levels after intravenous or intra-
peritoneal insulin administration [i.e., insulin tolerance test
(ITT)]. This test has been used in both humans29,30 and
animals31 to estimate in vivo insulin action. The ITT
conducted in different experimental groups has revealed
that vitamin D-deficient rats were hyperresponsive to insu-

lin, suggesting that insulin sensitivity is enhanced in these
animals. Our results are comparable to the study in the
n0-streptozotocin model wherein rats exhibited chronic
moderate insulin deficiency and increased insulin action has
been reported in these rats.32 From our data, it may be
postulated that the insulin-dependent glucose utilization by
tissues is clearly enhanced as a consequence of mild chronic
hypoinsulinism. Earlier studies indicate that there is an
inverse relationship between circulating insulin levels and
insulin binding.33,34 In addition, the circulating insulin
concentration has been shown to modulate the number of
insulin receptors.34,35 Similar to our results in a vitamin
D-deficient rat model, the diabetic Chinese hamsters have
low plasma insulin, a low insulin response to glucose load,
and consequently low glucose tolerance. In this model, the
liver has been reported to adapt to decreased hormone
concentration by raising the number of receptors in plasma
membrane; similar results were observed in experimentally
induced diabetes.36 Hence it could be presumed that insulin
receptor concentration may be enhanced in a vitamin
D-deficient insulinopenic rat model. Interestingly, the high
calcium-supplemented group that had high circulating insu-
lin had a response similar to vitamin D given controls,
suggesting no alteration in insulin sensitivity.

In conclusion, the present study demonstrates that im-
paired glucose tolerance and reduced serum insulin levels
encountered in vitamin D deficiency are reversible not only
by vitamin D administration but also by calcium supple-
mentation alone, and insulin sensitivity appears to be
enhanced in a vitamin D-deficient state.

Acknowledgments

The Indian Council of Medical Research is duly acknowl-
edged for providing Senior Research Fellowship to Ayesha
Ismail.

References
1 Stanbury, S.W. (1980). Vitamin D and calcium metabolism. In

Vitamin D: Molecular Biology and Clinical Nutrition, Vol. 2(A.W.
Norman, ed.) pp. 251–320, Marcel Decker Inc., New York, New
York, USA

2 Norman, A.W., Roth, J., and Orci, L. (1982). The vitamin D
endocrine system: Steroid metabolism, hormone receptors and bio-
logical response.Endocr. Rev.3, 331–366

3 Christakos, S. and Norman, A.W. (1981). Studies on the mode of
action of calciferol XXIX. Biochemical characterisation of 1a,25-
dihydroxyvitamin D3. Receptors in chick pancreas and kidney
cytosol.Endocrinology108,140–149

4 Pike, J.W. (1981). Receptors for 1,25-dihydroxyvitamin D3 in chick
pancreas, a partial physical and functional characterisation.J. Steroid
Biochem.16, 385–395

5 Morrissey, R.L., Bucci, T.J., Empson, R.N., and Lufkin, E.G. (1975).
Calcium binding protein: Its cellular localisation in jejunum, kidney
and pancreas.Proc. Soc. Exp. Biol. Med.149,56–60

6 Boquist, L., Hagstrom, S., and Strindland, L. (1977). Effect of 1,25
dihydroxycholecalciferol administration on blood glucose and pan-
creatic islet morphology in mice.Acta. Pathol. Microbiol. Scand. [A]
85, 489–500

7 Nyomba, B.L., Bouillon, R., and Demoor, P. (1984). Influence of
vitamin D status on insulin secretion and glucose tolerance in the
rabbit.Endocrinology115,191–197

8 Cade, C. and Norman, A.W. (1986). Vitamin D3 improves impaired

Research Communications

174 J. Nutr. Biochem., 2000, vol. 11, March



glucose tolerance and insulin secretion in the vitamin D-deficient rat
in vivo. Endocrinology119,84–90

9 Kadowaki, S. and Norman, A.W. (1985). Demonstration that the
vitamin D3 metabolite 1a,25(OH)2-vitamin D3 and not
24R,25(OH)2-vitamin D3 is essential for normal insulin secretion in
the perfused rat pancreas.Diabetes34, 315–320

10 Laron, Z. and Rosenberg, T. (1970). Inhibition of insulin release and
stimulation of growth hormone release by hypocalcemia in a boy.
Horm. Metab. Res.2, 121–122

11 Suda, T., Deluca, H.F., and Tanaka, Y. (1970). Biological activity of
25-hydroxyergocalciferol in rats.J. Nutr. 100,1049–1052

12 Zettner, A. and Seligson, D. (1964). Application of atomic absorp-
tion spectrophotometry in the determination of calcium in serum.
Clin. Chem.10, 869–890

13 Chen, P.S., Toribara, T.Y., and Warner, H. (1956). Microdetermi-
nation of phosphorus.Anal. Chem.28, 1756–1758

14 Walter, K. and Schutt, C. (1971). Acid and alkaline phosphatase in
serum. InMethods of Enzymatic Analysis Vol. 2(H.U. Bergmeyer,
ed.), pp. 856–864, Academic Press, New York, NY, USA

15 Garcia-Pascual, B., Peytremann, A., Courveisier, B., and Lawson,
D.E.M. (1976). A simplified competitive binding assay for 25-
hydroxycalciferol.Clin. Chem. Acta68, 99–105

16 Berson, S.A. and Yalow, R.S. (1960). Immunoassay of endogenous
plasma insulin in man.J. Clin. Invest.39, 1157–1175

17 Gibaldi, M. and Perrier, D. (1982). One-compartment model. In
Pharmacokinetics(J. Swarbrick, ed.), pp. 1–42, Marcel Dekker,
Inc., New York, NY, USA

18 Visweswara Rao, K. (1994).Biostatistics – A Manual of Statistical
Methods for Use in Health and Nutrition Vol. 2, NIN/ICMR, New
Delhi, India

19 Vance, J.E., Buchanan, K.D., and Williams, R.H. (1968). Effect of
starvation and refeeding on serum immunoreactive glucagon and
insulin levels.J. Lab. Clin. Med.72, 290–297

20 Holtrop, M.E., Cox, K.A., Clark, M.B., Holick, M.F., and Anast,
C.S. (1981). 1,25-Dihydroxycholecalciferol stimulates osteoclasts in
rat bones in the absence of parathyroid hormone.Endocrinology108,
2293–2301

21 Walters, M.R., Kollenkirchen, U., and Fox, J. (1992). What is
vitamin D deficiency? (4337 1B).Proc. Soc. Exp. Biol. Med.199,
385–393

22 Baylink, D.J., Morey, E.R., Ivey, J.L., and Stauffer, M.E. (1980).
Vitamin D and bone. InVitamin D: Molecular Biology and Clinical
Nutrition Vol. 2 (A.W. Norman, ed.), pp. 387–453, Marcel Decker
Inc., New York, NY, USA

23 Kaplan, M.M. (1972). Alkaline phosphatase.Gastroenterology62,
452–468

24 Segawa, Y., Tsuzuike, N., Tagashira, E., and Yamaguchi, M. (1992).
Preventive effect of beta-alanyl-L-histidinato zinc on bone metabo-

lism in rats fed on low-calcium and vitamin D deficient diets.Res.
Exp. Med.192,213–219

25 Wasserman, R.H. and Taylor, A.N. (1969). Some aspects of the
intestinal absorption of calcium, with special reference to vitamin D.
In Mineral Metabolism – An Advanced Treatise Vol. 3(C.L. Comar
and F. Bronner, eds.), pp. 321–393, Academic Press, New York, NY,
USA

26 Beaulieu, C., Kestekian, R., Havrankova, J., and Gascon-Barre, M.
(1993). Calcium is essential in normalising intolerance to glucose
that accompanies vitamin D depletionin vivo. Diabetes42, 35–43

27 Kadowaki, S. and Norman, A.W. (1984). Dietary vitamin D is
essential for normal insulin secretion from the perfused rat pancreas.
J. Clin. Invest.73, 759–766

28 Frankel, B.J. and Sjunghall, S. (1988). Changes in phosphate do not
affect insulin release from isolated mouse islets of Langerhans.
Horm. Metab. Res.20, 121–123

29 Beck-Nielsen, H. and Pedersen, O. (1978). Insulin receptors on
monocytes of young healthy persons correlated with glucose toler-
ance and insulin sensitivity.Diabetalogia14, 159–162

30 Bonora, E., Moghetti, P., Zancanaro, C., Cigolini, M., Querena, M.,
Cacciatori, V., Corgnati, A., and Muggeo, M. (1989). Estimates ofin
vivo insulin action in man: Comparison of insulin tolerance tests with
euglycemic and hyperglycemic glucose clamp studies.J. Clin.
Endocrinol. Metab.68, 374–378

31 Terauchi, Y., Iwamoto, K., Tamemoto, H., Komeda, K., Ishii, C.,
Kanazawa, Y., Asanuma, N., Aizawa, T., Akanuma, Y., Yasuda, K.,
Kadama, T., Tobe, K., Yazaki, Y., and Kadowaki, T. (1997).
Development of non-insulin-dependent diabetes in the double
knockout mice with disruption of insulin receptor substrate-1 and
beta-cell glucokinase genes, genetic reconstitution of diabetes as a
polygenic disease.J. Clin. Invest.99, 861–866

32 Kergoat, M., Guerre-Millo, M., Lavau, M., and Portha, B. (1991).
Increased insulin action in rats with mild insulin deficiency induced
by neonatal streptozotocin.Am. J. Physiol.260,E561–E567

33 Goldfine, I.D., Kahn, C.R., Neville, D.M., Roth, J., Jr., Garrison,
M.M., and Bates, W.R. (1973). Decreased binding of insulin to its
receptors in rats with hormone induced insulin resistance.Biochem.
Biophys. Res. Commun.53, 852–857

34 Olefsky, J., Bacon, V.C., and Baur, S. (1976). Insulin receptors on
skeletal muscle: Specific insulin binding sites and demonstration of
decreased number of sites in obese rats.Metabolism.25, 179–191

35 Gavin, J.R., III, Roth, J., Neville, D.M., Jr., Demeyts, P., and Buell,
D.N. (1974). Insulin-dependent regulation of insulin receptor con-
centrations: A direct demonstration in cell culture.Proc. Natl. Acad.
Sci. USA71, 84–88

36 Davidson, M.B. and Kaplan, S.A. (1977). Increased insulin binding
by hepatic plasma membranes from diabetic rats. Normalisation by
insulin therapy.J. Clin. Invest.59, 22–30

Glucose tolerance in vitamin D deficiency: Ismail & Namala

J. Nutr. Biochem., 2000, vol. 11, March 175


