ELSEVIER

Impaired glucose tolerance in vitamin D
deficiency can be corrected by calcium
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Vitamin D;, via its active metabolite d,25-dihydroxyvitamin D, helps maintain normal calcium levels in the
body. Apart from the maintenance of calcium homeostasis, the active form of vitgnsnnbw known to be
involved in a number of other functions including that of pancregticells. 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 vitamjroiDhigh 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 deficienc{d. Nutr. Biochem. 11:170-175, 2000)Elsevier Science

Inc. 2000. All rights reserved.
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Introduction deficiency leads to lowered insulin secretion and impaired
glucose toleranc&® Most of the studies have attributed
these defects to the lack of vitamin [B/25(OH)Ds.
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 reled8dhe 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.

Vitamin Dy is well known to function in calcium homeosta
sis! One of the important developments in the field of
vitamin D endocrinology is the strong evidence for the
existence of specific receptors foa,25-dihydroxyvitamin
D; [1a,25(0OH),D4] and the consequent biological effects in
many nonclassical target tissueSeveral lines of evidences
suggest that thp cells of endocrine pancreas are among the
nonclassical target tissues for the action af25(OH),Ds,
which include (1) the presence of receptor protein for
1a,25(0OH),D5 in chick pancreas* and (2) the presence of
immunoreactive vitamin D-dependent calcium binding pro-
tein (CaBP) in pancreas.All these findings suggest a
probable role for vitamin Bmetabolites in pancreatic
B-cell function.

A role for vitamin D inB-cell activity was first suggested ~ Materials and methods
by Boquist et af Later studies showed that vitamin D 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
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24°C with only red light being provided. Rats were fed on a basal 200 -
vitamin D-deficient diet* containing normal calcium (0.4%) and
phosphorus (0.35%) and had free access to distilled water. Rats
from groups | and Il were administered vitaminy Brally at a dose
of 40 1U/day/rat and group lll 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 Il
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 Il were further
randomly divided into three groups (groups IlI, 1V, V) of 10 rats
each. Group Il continued to receive the same diet without any
supplementation, group IV was supplemented with vitamipy D
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 0
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 Frigure 1 Body weights of different groups of rats. Values are mean +
vitamin D-dependent parameters such as calcium, 25-hydroxyvi- SEM (n = 8). Values bearing different superscripts are significantly
tamin D,y(25-OH-Dy), phosphorus, and alkaline phosphatase. different by analysis of variance (P < 0.001). O, + vitamin D5 control
(group I); O, + D5 pair-fed control (group l); *, vitamin D5 deficient
(group IIl); A, vitamin D5 supplemented with vitamin D5 (group IV); <,
Methods vitamin D5 supplemented with high calcium (4%) (group V).

Serum parameters. The serum parameters such as calcium,

phosphorus, alkaline phosphatase, and 25-QHvBre estimated ot ;

using standard method$:*®> Serum insulianas assessed by Statistical analysis

radioimmunoassay and plasma glucose was done by glucose The data was analyzed by the appropriate use of one-way analysis

oxidase kit method (Stangen Immunodiaganostics, Hyderabad,of variance using SPSS computer package with a test of critical

India). difference'® A probability level of 5% was considered to be
significant.
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Glucose tolerance test.After an overnight fast, an initial (0

minutes) blood sample was collected from the orbito-sinus plexus. Results

Glucose (200 mg/100 g body weight) was administered intraperi-

toneally. Blood samples were collected at 30, 60, and 120 minutes Body weights

after the glucose load in tubes containing sodium fluoride. Blood _ . . . .

was also collected in a separate set of tubes for the estimation ofFigure 1 depicts the body weights of the different experi-
serum insulin. mental groups of rats. Growth of rats in the ad libitum

control (group 1), pair-fed control (group Il), and vitamin
Insulin tolerance test. An initial (0 minutes) blood sample was ~ D-deficient (group Ill) groups was similar up to the end of
collected. The rats were then given a single intraperitoneal 3 weeks of feeding. The vitamin D-deficient rats had
injection of porcine insulin (50 mU/100 g body weight). This was significantly (® < 0.001) lower body weights starting from
immediately followed by a intraperitoneal glucose load (200 fourth week compared with groups I, Il, and IV, and it
mg/100 g body weight). Blood was drawn at 30, 60, and 120 continued to be so until the end of the experiment. Body
minutes following the glucose load for estimation of plasma weight gains in the vitamin D-supplemented group (group

glucose. IV) were similar to those in group | at the sixth and seventh
) weeks of feeding, whereas rats in the high calcium-supple-

Calculation of area under the curve mented group had significantlyP(< 0.001) lower body

The area under the glucose/insulin curves (AUC) was calculated weights compared with groups |, Il, and 1V, and similar to

using their concentrations at 0 minutes, 30 minutes, 60 minutes, those in the vitamin D-deficient group (group IiI).

and 120 minutes as per the following formtfta ) )
Serum vitamin D-dependent parameters

[(Co+ C(T=To)l +[(Co+ Ca)(T2 =Tl Table 1shows the vitamin D-dependent parameters in the

2 2 different experimental groups of rats. The vitamin D-
deficient group had significantly®(< 0.001) lower serum
T [(Co+ Co)(Ta—Ty)] calcium than did the vitamin D replete controls. Supple-
--------- mentation with either vitamin D or high calcium normalized
2 the serum calcium, which was significantli? (< 0.001)
where G, C,, C,, and G, are the concentrations of glucose/insulin  higher than that in the deficient group. No significant
attime points T, T,, T,, and T, respectively (i.e., T= 0 minutes; differences in serum calcium levels were observed between
T, = 30 minutes; T = 60 minutes; T = 120 minutes). groups I, II, IV, and V.
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Table 1 Serum vitamin D-dependent parameters in different groups at the end of 6 weeks

Serum parameters

Calcium 25-OH-Dgy Phosphorus Alkaline
Groups (mg/dL) (ng/mL) (mg/dL) phosphatase U/It.
| Control 10.3 £ 0.11# 22.4 + 5.42° 7.42 + 0.39° 104 + 5.48°2
I Control (pair-fed) 9.8 +0.172 21.0 + 5.52° 7.05 + 0.29° 110 = 8.90%
I Vitamin D deficient 5.4 +0.15° 1.02 = 0.822 9.77 £ 0.34° 194 + 11.5°
% Vitamin D deficient (rehab with vitamin D) 9.6 = 0.22% 18.4 + 6.22° 7.48 £ 0.27° 116 = 17.12
V Vitamin D deficient (Supp with Ca 4%) 9.8 +0.13% 0.92 = 0.85% 4.30 = 0.21° 183 = 18.8°

Values are mean = SEM (n = 8).
Values in a column bearing different superscripts are significantly different (P < 0.001) by analysis of variance.
25-OH-D4-25-dihydroxyvitamin Dg.

The serum 25-OH-Blevels in vitamin D-deficient and  fasting (O minutes) insulin levels in the vitamin D-deficient
calcium-supplemented rats were found to be very low and group were significantly® < 0.001) lower than those in the
were sig.nificantly P < Q.OOl) lower than those in group I.. ad libitum control but were similar to the remaining groups.
V\_/hen vitamin D-deficient rats were supplementeq with Thirty minutes after the glucose load, there was a rise in
vitamin D, as expected, the serum 25-OH-Rvels in the serum insulin levels in all the groups. The vitamin
crease(_d and were similar to those of control grou_Jp_(group ). D-deficient group (group IlI; 40.5= 5.16 wU/mL) exhib-
The pair-fed control had serum 25-OHs[2vels similar to  jted a minimal rise, which was significantly loweP (<
those in the ad libitum control. o . 0.001) compared with that of the ad libitum control (group

The serum phosphorus levels in the vitamin D-deficient |- go g + 9.01 jU/mL), vitamin D-supplemented (group
group were significantly h|gh¢P(< 0.001) compared with IV; 81.8 + 5.08 wU/mL), and calcium-supplemented
controls. The_ serum alkaline phosphatase levels also(group V; 70.0 + 3.82 wU/mL) groups. Although the
rs]hgwe_d e_tf_5|mltllar treﬂdb&i c?lcmm-supplemﬁnte(rj] 9roup pajr-fed control group had higher insulin levels compared

ad significantly P 001) lower serum phosphorus i he deficient group, it was not significant (40:55.16
compared with rest of the groups; however, the serum vs. 52.6 = 1.28 pU/mL). At 60 and 120 minutes the
alkaline phosphatase levels in this group of rats were similar .~ =~~~ — ™ - : o . .

deficient group continued to exhibit lower insulin levels

to those of the vitamin D-deficient group and significantly . : :
(P < 0.001) higher than those of the other three groups. than t.he rest of th? groups. The insulin levels in bojch .the
vitamin D and calcium-supplemented groups were similar,

Intraperitoneal glucose tolerance test with no significant difference between them. The AUC
values of the vitamin D-deficient group were significantly
Plasma glucose levelsThe glucose response curves after (p < 0.001) lower than those in groups I, Il, IV, and V

an intraperitoneal load of glucose in different experimental (70 + 6.88 vs. 155+ 14.9, 111+ 5.48, 127+ 6.45, and
groups are depicted iffigure 2A As illustrated in the 106 + 5.36 wU/mL/hr).

figure, the fasting plasma glucose levels in the different

groups ranged between 66 and 99 mg/dL. The peak plasmangyjin/glucose ratio. The insulin response to glucose
glucose concentration was observed 30 minutes after thegajienge in different experimental groups is well illustrated
glucose load in all the groups. The rise in glucose levels at by the insulin-glucose concentration ratiofiigure 2C As

this time point was significantlyR < 0.001) higher in the seen from the figure, this ratio was found to be significantl
vitamin D-deficient group (275 21.5 mg/dL) compared lower P < 0.0091) in’ the vitamin D-deficient groSp at 30,y

with the rest of the groups (group I, 139 4.29; group I, . . )
147 + 4.33; group IV, 170+ 9.42; group V, 185+ 11.0 ?noén?gg g_;Lri(l)Jpn;mutes compared with controls and supple

mg/dL). Sixty minutes following the load, the glucose levels
showed a trend similar to that seen at 30 minutes. TheI lin tol The eff fi : Linsuli
plasma glucose values at 120 minutes returned to near nsulin tolerance test. The effect of intraperitoneal insulin
fasting levels in groups | (12% 8.76 mg/dL), Il (142+ adm|n|strat|on on .plasma gluqose Iev_els is depicted in
9.18 mg/dL), \Vi (123i 51 mg/dL), and V (11% 5.86 Flgure 3 Thlrty minutes foIIowmg the insulin Ioad, the
mg/dL) whereas the vitamin D-deficient (i.e., group II1) still plasma glucose levels were significanty £ 0.001) lower
had elevated glucose levels (22126.2 mg/dL) that were I deficient group (64.0= 4.76 mg/dL) th_an in the vitamin
significantly @ < 0.001) higher than the rest. In addition, D control (105+ 5.89 mg/dL) and calcium-supplemented
the vitamin D-deficient group had significantlp < 0.001) (130 = 14.6 mg/dL) groups. At 60 minutes, the deficient
higher AUC values compared with groups I, II, IV, and V group (54.0= 5.28 mg/dL) continued to exhibit signifi-
(467 + 42.5 vs. 255+ 7.18, 270+ 7.54, 268+ 8.41, and  cantly (P < 0.001) lower plasma glucose compared with the
277 + 18.7 mg/dL/hr). control (132 £ 2.97 mg/dL) and calcium-supplemented
(105= 6.56 mg/dL) groups. A similar trend was seen at 120
Serum insulin levels.The insulin levels during intraperito- ~ minutes also. The AUC values of the vitamin D-deficient
neal glucose tolerance testing are showfigure 2B The group were significantly® < 0.001) lower than those in
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3004 Figure 2 (A) Effect of vitamin D5 deficiency and supplementation with
vitamin Dg/high calcium on intraperitoneal glucose tolerance in rats.
Values are mean = SEM (n = 6). Values bearing different superscripts
are significantly different by analysis of variance (ANOVA; P < 0.001). (B)
Effect of vitamin D5 deficiency and supplementation with vitamin D/
high calcium on serum insulin levels during intraperitoneal glucose
tolerance in rats. Values are mean = SEM (n = 6). Values bearing
different superscripts are significantly different by ANOVA (P < 0.001).
(C) Insulin to glucose ratios during intraperitoneal glucose tolerance in
vitamin D deficiency and supplementation with vitamin D4/high calcium
in rats. Values are mean = SEM (n = 6). Values bearing different
superscripts are significantly different by ANOVA (P < 0.001). O, +
vitamin D5 control (group I); O, + D pair-fed control (group II); *, vitamin
D, deficient (group lll); A, vitamin D5 supplemented with vitamin Dy
(group 1V); ¢, vitamin D5 supplemented with high calcium (4%)
(group V).
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100 - Discussion

Earlier studies have demonstrated that vitamin D or its
metabolites are essential for normal insulin secretidmhe
evidence from the literature does not necessarily corrobo-
rate proposals of a direct action of vitamin D on the
pancreatic@ 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 secretio® Therefore, the present
study was conducted to clarify the role of nutritional factors
in the reduced insulin levels in vitamin D deficiency, to
20 4 delineate the role of vitamin D and calcium in mediating
insulin secretion, and to check insulin sensitivity under
these conditions.
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TIME AFTER GLUCOSE LOAD (min) Figure 3 Effect of exogenously administered insulin on intraperitoneal

glucose tolerance in rats. Values are mean * SEM (n = 6). Values
bearing different superscripts are significantly different by analysis of
variance (P < 0.001). O, + D pair-fed control (group Il); *, vitamin Dy
deficient (group lll); ¢, vitamin D5 supplemented with high calcium (4%)
(group V).
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A vitamin D-deficient rat model was employed. The lin, suggesting that insulin sensitivity is enhanced in these
decreased levels of serum 25-OH-Eorrelated well with animals. Our results are comparable to the study in the
the decreased serum calcium levels in them. Our results aren0-streptozotocin model wherein rats exhibited chronic
in line with earlier studies that demonstrated that frank moderate insulin deficiency and increased insulin action has
hypocalcemia in vitamin D deficiency is associated with a been reported in these r&sFrom our data, it may be
concomitant decrease in circulating levels of vitamin D postulated that the insulin-dependent glucose utilization by
metabolite€%21 Apart from hypocalcemia, the other vita- tissues is clearly enhanced as a consequence of mild chronic
min D-dependent biochemical changes observed in vitamin hypoinsulinism. Earlier studies indicate that there is an
D deficiency include increases in serum phosphorus levelsinverse relationship between circulating insulin levels and
and alkaline phosphatase activity. Serum phosphorus levelsnsulin binding3334 In addition, the circulating insulin
have been reported to be either elevated or unaltered in thisconcentration has been shown to modulate the number of
state?? In addition, the high levels of serum alkaline insulin receptor$#3% Similar to our results in a vitamin
phosphatase are in line with earlier findid§3$* that sug- D-deficient rat model, the diabetic Chinese hamsters have
gested leakage of the enzyme from bone. low plasma insulin, a low insulin response to glucose load,

The intraperitoneally administered glucose led to clear and consequently low glucose tolerance. In this model, the
impairment in glucose tolerance in vitamin D-deficient rats liver has been reported to adapt to decreased hormone
and a corresponding 50 to 60% decrease in insulin levels.concentration by raising the number of receptors in plasma
This was further confirmed by the lowered insulin/glucose membrane; similar results were observed in experimentally
ratio in vitamin D-deficient animals, indicating a poor induced diabete¥® Hence it could be presumed that insulin
response to stimulate insulin on glucose challenge in vita- receptor concentration may be enhanced in a vitamin
min D deficiency. These results are consistent with earlier D-deficient insulinopenic rat model. Interestingly, the high
studies that reported glucose intolerance and impairedcalcium-supplemented group that had high circulating insu-
insulin response in a vitamin D-deficient stdt2To delin- lin had a response similar to vitamin D given controls,
eate the roles of vitamin D and calcium, the vitamin suggesting no alteration in insulin sensitivity.

D-deficient rats were supplemented either with vitamin D or In conclusion, the present study demonstrates that im-
calcium alone. Normalization of serum calcium levels was paired glucose tolerance and reduced serum insulin levels
accomplished by both the supplementations. Earlier stud-encountered in vitamin D deficiency are reversible not only
ies® have suggested that calcium absorption occurs primar-by vitamin D administration but also by calcium supple-
ily by passive diffusion when the luminal calcium concen- mentation alone, and insulin sensitivity appears to be
tration is high. enhanced in a vitamin D-deficient state.

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. Acknowledgments
The role of calcium per se in the absence of vitamin D in ) ) ) )
enhancing insulin secretion is still a debatable question with The Indian Council of Medical Research is duly acknowl-
studies both in favdf and again& the hypothesis. The edged for providing Senior Research Fellowship to Ayesha
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