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Abstact

Diabetes mellitus is associated with bone mineral loss and increased urinary
excretion of calcium and phosphate, while the reports on total plasma calcium
concentrations of ionized calcium and plasma protein are inconsistent. Many hypotheses
have been put forward to explain the underlying mechanism for such changes.
Osteopaenia may be a consequence of defective renal tubular reabsorption of calcium
which would lead to a secondary increase in PTH secretion. On the other hand, the
absence of insulin may have a direct effect on bone or osteopaenia may have resulted from
inherited defects in diabetic bone. Phosphate depletion secondary to urinary loss also
contributes to bone defect. Since the iPTH concentration in diabetic subjects are normal,
it is likely that a primary defect in diabetic bone is responsible for diabetic osteopaenia.

The studies of calcium metabolism in experimentally induced diabetes provide
useful information. However, a distinction must be made between short and long term
adaptation when considering changes in elements of calcium homeostasis.

Introduction _
Bone Mineral Loss in Diabetes Mellitus

Although a large amount of information has accumulated regarding the manifestation
and complications of diabetes mellitus, relatively little information is currently available
regarding the effects of this disorder on the integrity and metabolism of bone. In 1949,
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Albright and Reifenstein! reported the occurrence of osteoporosis in patients with long standing
and poorly controlled diabetes. The coexistence of diabetes and osteoporosis was re-emphasized
by Berney in 19522, Later, Menezel et al.3 reported a 22 percent incidence of proximal
hip fractures in diabetics. In the past, the diagnosis of osteopaenia could be made only when
more than 30 percent of the mineral content of bone had been lost4:5. Nowadays, more
advanced techniques make it possible to detect the loss of mineral contents at an early stage
and since then the decreased bone mineral content has been recognized as a general feature’
of insulin treated diabetes mellitus®-!!1 . A reduction in skeletal density has been demonstrated
in both juvenile ? and maturity-onset® diabetes mellitus. However, some other studies have
failed to detect osteopaenia in diabetics!?-17. In any case, the weight of recent evidence
favours some reduction of bone mass below age and sex matched normal in many diabetics.
The earliest effect of diabetic environment on bone is seen in the increased rate of foetal
anomalies involving skeletal system of foetuses of diabetic mothers !8. Moreover, Kelin
and Frost 12 have observed that although the size of the bone osteon is normal in diabetes,
the rate of osteous formation is decreased to approximately 36% of normal so that it requires
two to eight times longer to form an average osteon in diabetics than in nondiabetic
persons. The reduction in bone mass develops during the first 3 to 5 years of clinical diabetes
and becomes most severe in patients,with diabetes onset before 21 years of age 11 The degree
of osteopenia certainly depends on the quality of diabetic control2!, but the way in which
defective glucose homeostasis interferes with calcium metabolism remains to be established.

Possible Causes of Decreased Bone Mineral in Diabetes Mellitus
One possible explanation for low bone mineral content in diabetics is that hyperglycae-
mia and/or /glycosuria decreases the tubular reabsorption of calcium 2!:2? leading to secondary
hyperparathyroidism and loss of bone mineral. Alternatively, changes in metabolism induced
by the lack of insulin may act directly on bone, causing bone loss with a secondary rise
in the urinary excretion of calcium and phosphate and a suppression of parathyroid hor-
mone secretion?3
Previous studies have demonstrated that intravenous glucose increased urinary
calcium excretion in normal subjects?! 22 _ In parallel to this, McNair et al. 23 found a weak
but positive correlation between blood glucose levels and urinary excretion of both cal-
cium and phosphate in a cross-sectional study of 215 insulin-dependent diabetic patients.
The tubular reabsorption of calcium and phosphate must be decreased in the presence of
hyperglycaemia since the filtered load of the two qualities were unchanged., Through which
mechanism abnormal glucose homeostasis caused bone mineral loss in diabetes was evaluated
in their study by measuring serum levels of calcium and immunoreactive parathyroid hor-
mone (iPTH). If the decreased tubular reabsorption calcium and phosphate seen with raising
blood glucose levels was the primary pathogenetic factor, theoretically the calcium loss
would lead to low serum levels of calcium and secondary increase in serum iPTH. McNair
et al >3 found a minute decrease in serum calcium of 1 mg/1 and a low PTH values, therefore
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they concluded that the low serum iPTH levels in diabetic patients may indicate a direct
action of the abnormal glucose homeostasis on bone, probably mediated through increased
renal excretion of bone mineral. But recent work by Hoskin 24 showed a decreased cal-
cium uptake by slices of kidney cortex from alloxan-diabetic rat. This decrease could be
prevented by early institution of insulin therapy even though the dose of insulin was not sufficient
to maintain normoglycaemia suggesting that lack of insulin may directly impair the tubular
absorption of calcium.

As PTH and 1,25-dihydroxycholecalciferol (1,25(OH),-D;) are the hormones
principally concerned with calcium homeostasis, changes in their concentation in the diabetic
state could provide evidence for either of the alternative hypotheses. Studies of iPTH concen-
tration in diabetics have not shown any deviation from control values?2:25:26- Studies of
adult diabetics also show normal levels of vitamin D metabolités in these patients?5:26, In
diabetic children, however, Gertner et al. 26 and Frazier et al?” have reported slightly reduced
1,25(OH)D; levels compared with levels in age matched healthy subjects. From these data,
the authors concluded that a primary defect in bone formation induced by the diabetic
state was most likely to be responsible for diabetic osteopaenia. Studies on mammalian
bone in vitro indicate that insulin may stimulate bone formation rather than resorption?2
but high doses of insulin (14 U/ml) have been shown to enhance bone resorption in chick?: 2

Another explanation for the decreased bone mass seen in diabetes is suggested by
the work of Goldstein et a/*°? who demonstrated a decreased proliferative capacity of the
diabetic fibroblast in tissue culture and suggested an early senescence of all cells as basic to
the diabetic problem. This degeneration, when applied to bone, would also lead to early osteo-
paenia. On the other hand, Levin® suggested that osteopaenia reflects the underlying disease since
it occurred early and was not related to severity as evidenced by the need for insulin, to
duration or to treatment with insulin or diet alone. The effect of insulin was blunted in diabetes
because of the inherited defects in diabetic bone 16> 18, 19.

In insulin dependent diabetic patients, functional glomerular changes are known
to occur from the early stages of the disease. Fasting urinary excretion of inorganic phosphate
is increased and the maximal capacity of renal tubular reabsorption of phosphate per litre
of filtrate (Tmpo,/GFR) is significantly decreased3!-34:, Therefore it is possible that phosphate
depletion secondary to urinary losses in poorly controlled diabetics might make an impor-
tant contribution to such a primary defect of bone formation, since both negative calcium
balance 35 andincreased bone resorption3¢ have been reported as consequences of phosphate
depletion. While hypophosphataemia is known to occur during acute diabetic ketoacido-
sis and its treatment, much less is known about phosphate metabolism during long term treatment
of diabetes. In the normal state, the renal threshold for phosphate reabsorption is the chief
determinant of plasma phosphate. However, the commonly observed fall in plasma phosphate
seen acutely when higher doses of insulin are administered occur too rapidiy to be due to
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changes in renal phosphate handling3’, and therefore must be due to shifts of phosphate
from extra to intracellular compartments. It has been reported that a significant rela-
tionship exists between glucose and phosphate uptake by tissues, both in vivol840 and in
vitro41-43 | These findings have been intepreted as the phosphaté molecule following the
glucose molecule as it moves from the extracellular into the intercellular space under the influence
of insulin42-46", In contrast, patients chronically receiving insulin infused at a basal rate
of 13-16 mU/kg/h showed a rise in plasma phosphate as Tmpo,/GFR rose2®. This was
due in part to the abolition of glycosuria, as glucose is known to compete with phosphate
for proximal tubular reabsorption. The abnormalities in renal handing of phosphate were
closely related to the blood glucose concentration and to the rate of tubular reabsorption
of glucose 34 The higher the fasting blood glucose, and therefore the reabsorption rate of
glucose, the lower the Tmpo4/ GFR. The inhibitory effect of glucose in linked to glucose
reabsorption per se and not to a nonspecificosmotic intraluminal effect 4748 . However,
the increase in Tmpo,/GFR could also have been due to a direct insulin effect on the renal
tubule, as experimental studies have shown that administration of insulin may have an antiphos-
phaturic effect even under conditions in which plasma glucose in held constant¥?,
Serum Calcium Concentration in Diabetes Mellitus

Diabetes mellitus isassociatedwith bone mineral loss and increased urinary excretion
of calcium and phosphate 822,23,26,49-51, The changes related to indices of poor
metabolic control, but the underlying mechanism remains unknown??, Fogh-Andersen
and his group 3253 demonstrated lowered serum ionized calcium in diabetic patients. This
agrees with Jasinski ef al>® who reported a decrease in ionized calcium of 0.18 and 0.38
mmol/1 in 11 uncomplicated and 17 complicated cases of adult onset diabetes. Jasinski ex-
plained this decrease by increased calcium binding to the plasma proteins, but that observa-
tion was not reproduced in the studies of Fogh-Andersen52 which showed identical mean values
for protein-bound calcium. Fogh-Andersen and his group found that the lower ionized
calcium of the diabetics was associated with increasedcalcium binding to calcium-complexing
small anions. The calcium complexed with small anions is the least well examined cal-
cium fractions, as direct determination is difficult. Nevertheless, they may possibly have
physiological importance as suggested by Toffaletti and Bowers35. Heath and coworkers?5

have found that regardless of plasma glucose, glucosuria, ketouria, age or treatment status,
7 untreated adult diabetic subjects had no abnormalities of several elements of calcium
homeostasis. In a recent study, increased ionized calcium was found in 3 diabetic patients
together with normal to low protein bound calcium®®. No explanation was offered for the
discrepancies. Could the change in acid-base status indiabeticscause changes in serum ionized
calcium? Acute metabolicacidosisis known to be associated with increments in serum ionized
calcium levels>7-%0 . Chronic metabolic acidosis is also known to result in hypercalciuria61-64
and during chronic metabolic acidosis, PTH does not exert its normal anticalciuric effect5.
To the author’s knowledge, there is no information in the literature concerning the influence
of metabolic acidosis developed in uncontrolled diabetes on serum ionized calcium levels.
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Inspite of some repbrts of lowered ionized calcium, the mean serum PTH concentration
of the diabetics was low to normal 23,52,66 | It is still difficult to explain why the secretion
of PTH was not increased to correct the decrease in ionized calcium. It has been suggested
that the hypomagnesaemia observed in diabetics 67 68 ' may have contributed to the apparent
absence of response of the parathyroid gland 97!

Calcium Homeostasis and Bone Metabolism in Experimentally Induced Diabetes Mellitus
Diabetes could be chemically induced in experimental animals by alloxan or streptozo-
tocin which specifically destroy the cells of the islets of Langerhans. Because of metabolic
stresses, survival of the animal with uncontrolled diabetes depends on adaptations in intes-
tinal absorption. Experimental diabetes produces initial loss of body weight followed by reduced
rate of growth indicated by lower body weight in the first few days after injection of the
diabetogenic agent. In contrast with decreased body weight, total intestinal and mucosal
dry weight later exceed these of control. In comparison with normal rats, diabetic rats show
enhanced transport activity for nutrients such as carbo‘hydrate"2 and amino acids’>.

Bone morphology has been studied in long term streptozotocin diabetic rats in order
to examine the nature of the effect of diabetes mellitus upon bone mineralization. Ten
months duration of diabetes in rats. caused significant decrease in the cortical thickness
and density of femoral shaft bone74. However, there was no evidence of osteomalacia in
diabetic bone in term of the accumulation of osteoid. Schedl and his group have revealed
possible pathogenetic mechanisms by a series of important studies of alloxan and sireptozoto-
cin-induced diabetes mellitus in rats’>-’8 . Short term (5-12 days) diabetes in the rat is characte-
rized by impaired duodenal and colonic calcium absorption although the calcium absorp-
tion by illium and caecum are normal’&, This defect has been ascribed to low levels of circula-
ting 1,25(0H),D351.77:82.83 due to impaired synthesis 84 which in turn leads to a decrease
in duodenal calcium binding protein76’.85". Decreased calcium absorption in the rat with short-
term diabetes results in a negative calcium balance”? and is attended by a decrease in serum
calcium77-86" an elevation in circulating PTH 75,86 and a diminished calcitonin (CT) response 86,
Hypocalcaemia in these short-term diabetic rats is however limited to the fasting state
because fed diabetic animals maintain normal to slightly elevated serum calcium levels 7.
It has been suggested that calcium malabsorption was apparently compensated by mobilization
of bone calcium through secondary hyperparathyroidism. It is however difficult to explain
the rapid development -after overnight fasting of hypocalcaemia and ¢ :creased serum ionized
calcium in the diabetic rat 79 especially since animals have increased blood levels of
PTH75:8" and suppressed CT secretion8486.. Treatment with insulin results in normal ization
of plasma 1, 25(OH)yD3 levels and correction of intestinalf calcium malabsorption’’-8283,88.
It is not known whether insulin acts directly on the renal 1,o-hydroxylase but it apparently
has permissive effect on PTH stimulations of 1,25(0OH), D3 production in cultured kidney
cells®?, However, insulin is probably not an absolute requirement in 1, & hydroxylation since
diabetic rats when fed a low calcium diet can significantly increase serum 1,25(0H);-D3
concentration compared with diabetic rats fed a normal calcium diet® .
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In contrast to these observations, chronically diabetic rats maintain normal to signifi-
cantly elevated fasting serum calcium levels despite severe hypercalciuria and a pronounced
decrease in bone turnover without any evidence of osteitis fibrosa®!. A distinction must
be made between short term and long term adaptation when considering changes in cal-
cium absorption and mineral metabolism in the adaptive response to insulin deficiency.
Although the diabetic rats are in negative calcium balance 2 weeks after the induction of
diabetes, these animals are in positive balance 4 weeks later83

In fact the accumulated data clearly demonstrated enhanced absorption of cal-
- cium in long standing experimental diabetes despite low level of 1,25(OH),D3 and hypercorticos-
terone, which normally would have resulted in impairedintestinal calcium absorption?3:92,:94
Experimental insulin deficiency is not only associated wiht markedly increased food intake®3

but also characterrized by several compensatory intestinal adaptions that enable the ammal
to survive the stresses of uncontrolled diabetes. These include intestinal hypertrophy, increased
mucosal cell proliferation, and stimulation of several membrane transport systems72’95’97.
Further investigation is required before the finding in rats can be related to reports of an
insulin reversible increase in intestinal calcium absorption in insulin deficient humans®,

In contrast to short-term diabetic animals, the chronic insulin deficient rat was charca-
terized by markedly decreased circulating PTH and urinary cyclic AMP excretion 8 A primary
alteration of parathyroid function in uncontrolled diabetes cannot be excluded but seems
less likely because the diabetic rat manifests an appropriate parathyroid response to dimi-
nished calcium absorption in the acute stage of experimental diabetes 7>-86 . Insulin replacement
normalized the intestinal absorption of calcium and corrected the decrease in circulating
PTH. Low levels of circulating 1,25(0OH);D3 was noted in chronically diabetic rats 83 despite
normal levels of circulation 25-hydroxyvitamin D.

Effects of Insulin on Calcium Homeostasis

There are conflicting reports on the effect of insulin on plasma calcium concentration
in rats. In 1977, Yamaguchi and Yamamoto% reported that the administration of
insulin significantly decreased the serum calcium concentration in intact and thyroparathyroidec-
tomized (TPTX) rats. Even at dose level of 10 mU/100 g body weight which did not produce
the reduction of serum glucose level, insulin by intraperitoneal route caused a signifi-
cant decrease in the serum calcium concentration. On the other hand, a rise in serum cal-
cium provokes a temporary release of insulin100:101 _ Since the enhancement of serum cal-
cium concentration after the administration of calcium caused an increase in serum glucose
level 102, it was suggested that the hypocalcaemic effect of insulin may play an impor-
tant role in order to prevent the elevation of serum glucose level in rats.

In contrast, hypoglycaemic doses of approximately 1 U/100 g body weight corrected
the hypocalcaemia of TPTX rats but had no effect in intact animals?® and higher doses
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(12 U/100 g body weight) of commercial but not highly purified insulin provoked hypercalcae-
mia in intact rats. Moreover, a peptide extracted from the pig pancreas, devoid of insulin
immunoreactivity has been shown to elevate plasma calcium in the rat 103 .

In our study of the effect of insulin on the plasma levels of glucose, calcium and
inorganic phosphate (Figures 1-3) a hypoglycaemic dose of 0.5 U/100 g body weight adminis-
tered intramuscularly did not have any effect on the plasma calcium concentration in either
fed or fasted intact rats but induced hypercalcaemia within 2 h in fed short-term (2 day) diabetic
rats (Fig.4), suggesting that insulin may have an acute and direct action on the absorption
of calcium. However, it was surprising that the effect may be observed in 2 h. Interesting-
ly, we found that the same dose markedly increased the levels of plasma calcium (Fig.5)
in fasted and fed TPTX, diabetic rats confirming that the action of insulin at least in this
condition, was independent of PTH. The insulin-induced hypercalcaemia in TPTX and
not in intact rats suggested a possibility of the role of an antihypercalcaemic. hormoné _calci-
tonin in intact diabetic rat. This point is being investigated.

Since birds are known to be very sensitive to PTH and have resistance to the itypogly-
cemic effects of insulin, the effect of commercial and highly purified insulin or plasma cal-
cium concentration was studied in 10 day old chicks 60 min after the adm’ -.stration of the
hormone 1%, Both types of insulin provoked a dose related elevation o’ plasma calcium.
Hypercalcaemia was even observed with 0.05 U insulin a dose that did not modify the plasma
phosphate concentration.

Administration of insulin to aves provokes marked stimulation of the autonomic
nervous system and secretion of catecholamines, which apparently is independent of the
degree of hypoglycaemia 195, Moreover, it was reported that catecholamines induce PTH
secretion in mammals, an effect that is blocked by B -blocking agents 1%, however, proprano-
lol did not modify the hypercalcaemic effect of insulin 1%, suggesting that insulin-induced
R adrenergic stimulation 195 was not responsible for the hypercalcaemic effect of insulin
and also that the possibility of a catecholamine-mediated stimulation of PTH secretion106
by insulin was therefore unlikely. Body and his group 197 sought to determine to what extent
the change observed during insulin-induced hypoglycaemia might be attributable to epine-
phrine. In contrast to the study in bird, they found that during infusion of physiological
doses of epinephrine in human, serum ionized calcium, iPTH and iCT concentrations were
unaltered but the serum inorgonic phosphate was significanly decreased. Therefore, it
can be concluded that catecholamines do not mediate the insulin-induced change in calcium
metabolism.

Conclusions

The pathophophysiological lesions responsible for alteration in skeletal density in
diabetes mellitus have not been delineated. However there are many possible mechanisms
of explaining the disturbance of bone mineral metabolism in diabetes mellitus, for instance.
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Figure 1, The plasma concentrations (mg/dl) of glucose, calcium and phosphate in 17

hr fasted, intact rat after normal saline (—.n=9) or insulin (5 U/kg BW,
im) (--..,n=13) administration. The vertical bars indicate S E .M. Asterisks
denote significant difference from time zero value *P< 0.05, ** P<0.01.
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Figure 2: The plasma concentration (mg/ dlrirobf glucose, calcinm and phosphate in fed

intact rat after norinal saline ( ,n = 8) or insulin (5 U‘kg BW, im) (____, ‘
n = 13) administration. The vertical bars indicate SEM. ""denotes P<0.05
when compared with time zero value.
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Figure 3: The plasma concentrations (mg/dl) of glucose, calcium and phosphate in 17

hr fasted alloxan-induced diabetic rat after normal saline (——, n=9) or
insulin (5 U/kg BW, im) (..., n=11) administration. The vertical bars indicate
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1. hypercalciuria due to osmotic diuresis leading to secondary hyperparathy-
roidism.

2. direct effect of the lack of insulin on bone

3. hypophosphataemia as a result of a decrease in Tmpo,/GFR.

The studies of experimentally induced diabetes mellitus in animals have suggested
disturbances of calcium homeostasis eg. impaired vitamin D metabolism and calcium absorp-
tion as the cause of decrease in bone density. This coupled with increased urinary calcium
loss from osmotic diuresis could result in secondary hyperparathyroidism to preserve plasma
calcium levels at the expense of bone. However, studies in humans have shown that adult
diabetic subjects have little or no abnormalities of calcium homeostasis, therefore the likely
explanation for the observed diabetic osteopaenia. is a defect in bone metabolism which
may be completely or partially corrected by insulin treatment.
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