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A B S T R A C T The relative contributions of Ca", phos-
phorus, and parathyroid hormone (PTH) on insulin
secretion were evaluated in three groups of dogs. Dogs
were studied with glucose infusions (group I) or stan-
dard intravenous glucose tolerance tests (IVGTT)
(group II) before and after the development of diet-
induced hypophosphatemia. Mean serum phosphorus
levels for both groups fell from 4.1 to 1.1 mg/100 ml.
Animals in group I demonstrated a fall in glucose disap-
pearance rates (K,) from 5.3±0.6%/min to 3.5±0.5%
after induction of hypophosphatemia (P < 0.001). Mean
insulin response was significantly greater in the hypo-
phosphatemic animals than in controls in this group.
In group II animals, mean insulin areas obtained dur-
ing the IVGTT increased from 1,4264-223 to 2,561±141
,sU/ml/60 min after induction of hypophosphatemia,
and were unaffected by Ca++ or PTH administration.
Ca" administration, but not hypophosphatemia or PTH
infusion, increased significantly the mean insulin re-
sponse to tolbutamide.

Secondary hyperparathyroidism was induced by die-
tary manipulation in four dogs (group III). Mean PTH
values increased from 71.4+2.1 to 3,012±372 pg/ml
(P < 0.001). Mean insulin response to an IVGTT was
similar to group III animals, but increased from 1,352±
128 to 1,894+360 *U/ml/60 min after the excessive
dietary phosphorus was reduced for 3 mo, and plasma
phosphorus fell from 3.2±0.1 to 2.8±0.3 mg/100 ml.
PTH values decreased to 647±53 pg/ml. The insulin
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response to tolbutamide was comparable to that in group
II animals, but increased significantly after calcium ad-
ministration. Immunoreactive insulin disappearance rates
were unaffected by hypophosphatemia or diet-induced
secondary hyperparathyroidism.

These data demonstrate that hypophosphatemia is as-
sociated with an augmented glucose-stimulated insulin
release, without any effect on tolbutamide-stimulated
insulin release. Hypercalcemia produces an augmented
tolbutamide-stimulated insulin release with no apparent
effect on glucose-stimulated insulin release. Finally,
PTH does not appear to be an insulin antagonist and
has no apparent effect on either glucose- or tolbutamide-
stimulated insulin release in animals with dietary-in-
duced secondary hyperparathyroidism.

INTRODUCTION
Although previous studies have demonstrated both car-
bohydrate intolerance and hyperinsulinemia in primary
hyperparathyroidism (1, 2), the mechanisms underlying
these abnormalities remain unclear. Hyperparathyroid-
ism is associated with a complex variety of metabolic
disturbances that include elevated levels of parathyroid
hormone (PTH) ,' variable hypercalcemia and hypo-
phosphatemia, and mild hyperchloremic acidosis (3).
The relative effects of each of these abnormalities on
carbohydrate intolerance and insulin secretion have not
been systematically studied. It has been shown that
acute administration of PTH to human volunteers has
no apparent effect on glucose-mediated insulin release
(1). Furthermore, while chronic PTH administration

lAbbreviations used in this paper: IVGTT, intravenous
glucose tolerance test; K,, glucose disappearance rate;
PTH, parathyroid hormone.
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caused increased glucose and tolbutamide-mediated in-
sulin secretion, PTH addition to isolated rat pancreatic
islets incubated in vitro had no effect on insulin release
(1). Acute hypercalcemia did not affect glucose-stimu-
lated insulin secretion, but it increased the release of
insulin in response to tolbutamide (1). It has been pos-
tulated, therefore, that chronic hypercalcemia may repre-
sent the primary mechanism responsible for the hyper-
insulinemia and, perhaps, the carbohydrate intolerance
seen in primary hyperparathyroidism (1, 2), and in
ither abnormalities associated with abnormal PTH se-
cretion and plasma calcium levels (2, 4).

Preliminary studies from our laboratory demonstrated
that hypophosphatemia was associated with an aug-
mented insulin response to a given glucose stimulus, in-
dependent of either hypercalcemia or elevated PTH
levels (5). Furthermore, the glucose disappearance rate
(Kg) after cessation of a glucose infusion was decreased
in the hypophosphatemic animals (6). The present ex-
periments, therefore, were designed to systematically
study the effect of independent changes in serum cal-
cium, PTH, and phosphorus levels on the glucose toler-
ance and insulin secretory response in dogs.

METHODS

A total of 133 studies were performed on 20 normal female
mongrel dogs. The animals were divided into three groups.

Groutp I. Gluicose infusion studies in normal and hypo-
phosphatemic dogs. To evaluate prolonged insulin response,
eight dogs weighing 12-23 kg were studied before and
after the induction of hypophosphatemia. Three dogs were
studied initially and after 2 mo on the same diet with
supplemental phosphate to prevent the development of hypo-
phosphatemia. Glucose infusions were used, since it has
recently been demonstrated that dog insulin response to
this challenge is associated with continuing increases in
plasma insulin concentrations without an obvious peak re-
sponse (7). All animals were fed a low-phosphorus syn-
thetic diet, to which 1,200 mg of phosphorus as neutral
phosphate were added (ICN Nutritional Biochemicals, Div.
International Chemical & Nuclear Corp., Cleveland, Ohio,
diet 1120). The diet contained 20% protein as blood fibrin,
70%o carbohydrate as sucrose, and 10%o fat as butterfat. Es-
sential vitamins and a salt mixture containing appropriate
amounts of trace minerals and 5 g sodium chloride were
added. Each animal was tube fed 400 g of the diet (1,600
cal) pe day, which conforms to the recommended (Ralston
Purina Experimental Lab, Ralston Purina Co., St. Louis,
Mo.) caloric intake for dogs (40-50 cal/lb body wt). After
at least 2 wk on this diet, the animals were fasted over-
night and studied while awake, resting quietly in a sling.
On the morning of the study, catheters were placed in the
femoral artery for blood sampling and in the bladder for
urine collections. After placement of the catheters, 1 h of
equilibration was allowed before the animals were infused
with dextrose-containing solutions at 5 ml/min via a hind
leg vein. Each concentration of dextrose in water (2.5, 8,
11, 15, 20, and 30%o) was infused for 30 min. Arterial
samples were obtained by continuous drip in 10-min in-
tervals for all determinations through the course of the
infusions. A blood glucose level of at least 450-500 mg/100

ml was reached in each animal at the termination of the
infusion. At this time, the infusions were discontinued and
arterial samples were obtained every 10 min until the blood
sugar had returned to normal, for calculation of plasma K2,
by the formula K,, = 0.693/ti. Only glucose values below
300 mg/100 ml were used for these calculations. The arterial
samples were also analyzed for insulin, total and ionized
calcium, and phosphorus, as well as for PTH values.

In three of these animals, the glucose infusions were re-
peated after the dogs had been maintained 60-70 days on
the low-phosphate diet with supplemental phosphate. No
hypophosphatemia was present in these animals. In eight
dogs, after base-line studies, the animals were fed the
same low-phosphate diet for 90-120 days, but the supple-
mental phosphorus was omitted and aluminum carbonate gel
(90 ml/day) was added. The animals were restudied at
serum phosphorus levels of 1-1.5 mg/100 ml, and when
the serum ionized calcium levels, after initial increases, had
stabilized in the normal range. These animals gained weight,
from 17.0±0.9 to 17.9±0.7 kg. They appeared healthy and
had no detectable changes in blood potassium, magnesium,
or hematocrit values after the induction of hypophospha-
temia. The dextrose infusions were repeated as outlined
above. These infusions were then repeated in the hypo-
phosphatemic animals after PTH (Lilly Experimental, Eli
Lilly and Company, Indianapolis, Ind., lot 4U247) adminis-
tration. The PTH was given as a 200-U bolus 1 h before
the glucose infusions. Thereafter a continuous infusion of
PTH was given at 2 U/min during the 1-h equilibration
period and the glucose infusions. Additional arterial samples
were obtained every 30 min in these animals to document
the elevation of plasma PTH levels.

Groutp II. Intrazvenous glutcose, instulin, and tolbuttamide
tolerance tests in normiial antd hypophosphatemic dogs. In
another group of eight dogs, weighing 16-24 kg, additional
studies were performed. These animals were fed the syn-
thetic diet as outlined for group I and were studied after
an overnight fast. Approximately 1 wk was allowed be-
tween studies. Jugular venous catheters were used for blood
sampling, while a hind leg vein was used for all infusions.

Intravenous glucose tolerance tests (IVGTT) were per-
formed after administering 500 mg/kg body wt of 50%
dextrose over 30 s, and blood was collected at 0, 2, 5, 10,
20, 30, 40, 50, and 60 min to calculate the Kg and the
insulin response. The IVGTT studies were repeated in
these animals 1 wk later in an identical fashion except that
CaCl2 was given at 2 mg/kg/h 1 h before and during the
IVGTT to evaluate the effects of acute hypercalcemia on
the parameters being studied, independently of the plasma
PTH levels. 1 wk later, a PTH prime of 200 U, followed
by a continuous infusion of 2 U/min, was given for 1 h
before and during the IVGTT's in four of the animals.

Insulin tolerance tests were performed by infusing 0.1
U/kg body wt of regular insulin intravenously and collect-
ing blood at 10-min intervals to measure glucose levels and
insulin disappearance rates in these same four animals. The
studies were repeated after the administration of either
calcium or PTH as described above.

Tolbutamide tolerance tests were performed by adminis-
tering 500 mg of tolbutamide over 30 s, after it had been
determined that this dose of tolbutamide produced a 50%o
fall in plasma glucose in normal dogs. These studies were
repeated after the administration of either calcium or PTH
as described above.

After all base-line studies had been completed, hypophos-
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TABLE I

Mean Serum Phosphorus, Total and Ionized Calcium, and PTH Values for the Control and
Hypophosphatemic Animals of Groups I and II

Ionized Total
Condition Phosphorus calcium calcium PTH

mg/1OOml mg/1OOml mg/1OOml pg/ml

Control (n = 16) 4.1A0.1 4.7+0.1 10.4±0.1 71.4±2.1
Calcium infusion (n = 8) 3.8±0.1 5.4±0.2* 10.9±0.2t Not performed
PTH infusion (n = 4) 4.240.3 4.6±0.1 10.4+0.2 Not performed

Hypophosphatemic (n = 16) 1.1±0.2* 4.9±0.1 10.4±0.2 Undetectable
Calcium infusion (n = 4) 1.1 ±0.6* 5.9±0.5* 11.6±0.2* Undetectable
PTH infusion (n = 12) 0.9±0.1* 5.2±40.2 10.8±0.5 7,463±476*

Group I animals received the glucose infusions and group II animals received the IVGTT. n refers
to the number of animals studied.
* Significantly different from control at P < 0.001.
t Significantly different from control at P < 0.025.

phatemia was induced, as in group I animals, and all studies
were then repeated.

Group III. Secondary hyperparathyroidism studies. Sec-
ondary hyperparathyroidism was induced in a third group
of four dogs (8) to test the effect of a chronic increase of
plasma PTH on glucose tolerance and insulin release. The
animals were fed 400 g/day (1,600 cal) of a low-calcium
diet (Nutritional Biochemical, diet 101214), containing 16
mg of calcium and 1,920 mg of phosphorus daily, to which
20 g of phosphate as neutral phosphate were added. The
remaining dietary constituents were sucrose 68%o, casein
24%, and fat 8%. The diet also contained 5 g of sodium
chloride and essential minerals and vitamins. After approxi-
mately 5 mo on this diet, serum PTH levels had risen over
20-fold to 3,012±372 pg/ml, and all studies were performed
at this time. All animals were studied as described above
for group II, with base-line intravenous glucose, insulin,
and tolbutamide tolerance tests. The tolbutamide tolerance
tests were repeated during a simultaneous calcium infusion,
as described above. After these studies had been completed,
the dogs were fed the low-calcium diet without the added
neutral phosphate. Approximately 3 mo later, serum phos-
phorus levels had fallen 20% to 2.8±0.3 mg/100 ml, while
PTH levels had fallen 78% to 647±53 pg/ml. The glucose,
insulin, and tolbutamide tolerance tests were repeated, as
outlined above, at this time.

Laboratory determinations. Plasma and urinary glucose
concentrations were determined with the glucose oxidase
Autoanalyzer (Beckman Instruments Inc., Fullerton, Calif.).
Serum phosphorus and total and ionized calcium levels were
measured as previously described (9). Plasma insulin was
determined by a double-antibody radioimmunoassay with
human insulin as the standard and "ZI-porcine insulin as
the tracer. Numerous preliminary assays comparing char-
coal-treated dog plasma and EDTA buffer revealed dupli-
cate displacement curves, and for this reason EDTA buffer
was utilized in all assays. Guinea pig antibody prepara-
tions and standard curves were diluted in 1%o bovine serum
albumin. The interassay coefficient of variation was 14.1%.
Plasma PTH was determined by previously described tech-
niques (10). Statistical analyses were performed by Stu-
dent's t analysis for paired or unpaired samples where
applicable. All data presented are means+SE.

RESULTS
Serum phosphorus, calcium, and PTH values in dogs

of groups I and II. The serum phosphorus, ionized cal-
cium, total calcium, and serum PTH values for the
animals of groups I and II were similar and have there-
fore been combined in Table I. Serum phosphorus levels
fell from 4.1+0.1 to 1.1+0.2 mg/100 ml during phos-
phorus restriction (P < 0.001), and were not affected
significantly by either calcium or PTH administration
in the normal or hypophosphatemic state. Despite the
significant fall in serum phosphorus, ionized calcium lev-
els during hypophosphatemia (4.9 mg/100 ml) were not
significantly different from control values (4.7 mg/100
ml). Mean ionized calcium levels were increased 0.7 and
1.0 mg/100 ml in the control and hypophosphatemic
states, respectively, during calcium administration. PTH
infusion increased ionized calcium levels in the hypo-
phosphatemic state, but not in the normal state. Serum
PTH values fell to undetectable levels in the hypophos-
phatemic state and increased markedly (7,463±476 pg/
ml) after PTH administration.

Glucose infusion studies (group I). Fig. 1 illustrates
the mean plasma insulin concentration for eight animals
studied in the normal and hypophosphatemic states dur-
ing continuous graded glucose infusions. During the
infusions, plasma glucose concentrations increased
linearly in all control and hypophosphatemic dogs, al-
though somewhat more rapidly in the latter group. The
increasing glucose values were plotted against the re-

spective insulin response for each dog. The insulin val-
ues at glucose concentrations of 100, 200, and 300 mg/
100 ml were then calculated for each dog. Fig. 1 repre-
sents the mean of all values obtained in these eight
animals.

Insulin values were similar at plasma glucose con-
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FIGURE 1 Mean insulin responses in eight normal (0-
-0) and hypophosphatemic (lO LO) animals given a
continuous graded glucose infusion. The asterisks mark
values significantly different from control at P <0.025.

centrations of 100 mg/100 ml or less, but were signifi-
cantly higher (P < 0.025) at glucose levels of 200 and
300 mg/100 ml in the hypophosphatemic dogs. Despite
a significant increase in insulin response in the hypo-
phosphatemic animals, K, values obtained after termina-
tion of the glucose infusion from blood glucose levels
below 300 mg/100 ml only were significantly lower
(3.5+0.5 vs. 5.3±0.4%/min) (P <0.001) in the hypo-
phosphatemic dogs (Table II). Thus, hypophosphatemic
dogs given a continuous graded dextrose infusion gen-
erate a greater insulin response to a given blood glucose
concentration and have an impaired Kv after cessation

TABLE I I
Mean Glucose Disappearance Rates (Kg) Obtained from

Normal and Hypophosphatemic Animals
in Groups I and II

K,

Condition Group I Group II

%/min
Control 5.3±0.6 (n = 8) 2.2±0.1 (n = 8)

Calcium infusion - 2.2±0.2 (n = 8)
PTH infusion 2.3±0.1 (n = 4)

Hypophosphatemic 3.5±0.5* (n = 8) 2.4±0.2 (n = 8)
Calcium infusion 2.3 ±0.2 (n = 4)
PTH infusion 3.6i0.4* (n = 6) 2.1±0.2 (n = 4)

For an explanation of groups I and II, refer to Table I. n refers
to the number of animals studied.
* Significantly different from the group I control value at
P <0.001.

FIGURE 2 Mean plasma insulin responses in eight normal
(0 O) and hypophosphatemic (EO El) animals ob-
tained during IVGTT. *Values significantly different from
control at P < 0.025.

of the infusion. In the three animals maintained on the
same diet but with supplemental phosphate, the insulin
response was not significantly altered after 2 mo on this
diet.

Acute PTH administration had no effect on either
the insulin response (data not shown) or Kg values
(Table II) in the hypophosphatemic dogs.

IVGTT (group II). The mean glucose disappear-
ance rates obtained during IVGTT's in eight dogs stud-
ied in the normal and hypophosphatemic states were un-

affected by hypophosphatemia or by acute calcium or

PTH administration (Table II). This difference in glu-
cose disappearance as compared to group I animals
could be because a much larger total glucose load was

given during infusions than during the glucose tolerance
tests. The mean total insulin response (Fig. 2) was sig-
nificantly increased in hypophosphatemic animals. Fig.
3 illustrates the mean insulin area above base-line for

Normal

E

E

I"
ui

z

z

Hypophosphatemic

FIGURE 3 Mean insulin areas above base line obtained from
eight normal and hypophosphatemic animals with and with-
out calcium (Ca") or PTH infusions. * Values significantly
different from the corresponding control values at P <
0.001.
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normal (1,426±223 juU/ml/60 min) and hypophospha-
temic (2,561 ± 141 ,U/ml/60 min, P < 0.001) animals
obtained during the IVGTT's. The insulin response was
essentially unchanged during calcium or PTH adminis-
tration in normal animals (1, 644±428 /AU/ml/60 min
and 1,505+221 uU/ml/60 min, respectively). Similarly,
insulin responses in hypophosphatemic animals were
unaffected by calcium (2,738+569 AU/ml/60 min) or
PTH (2,540±394 iAU/ml/60 min) administration. In-
sulin areas were calculated with a standard computer
program and were verified by planimetry. Analysis of
the combined basal insulin data from groups I and II
revealed that normal animals had a basal insulin value
of 11.6±0.8 uU/ml and the hypophosphatemic animals
had a basal insulin level of 17.2±1.0 uU/ml (P < 0.001
compared to control).

Insulin tolerance test (group II). After intravenous
insulin administration, the plasma immunoreactive insu-
lin disappearance rates were similar in control and
hypophosphatemic dogs (ti value of 8.6+0.6 and 9.3±
0.7 min, respectively). These results were not statis-
tially different. Administration of calcium or PTH to
either the normal or hypophosphatemic animals did not
significantly affect the disappearance rates of immuno-
reactive insulin. Fig. 4 illustrates the hypoglycemic re-
sponse of both normal and hypophosphatemic animals
to insulin administration. The hypophosphatemic ani-
mals demonstrated a comparable percent decline in
plasma glucose, but a more rapid return of plasma glu-
cose levels to normal when compared to control. Neither
calcium nor PTH administration had any significant ef-
fect on the degree of hypoglycemia or the rate of re-
covery in normal or hypophosphatemic dogs.

Tolbutamide tolerance test. The effect of tolbutamide
on insulin secretion was evaluated in four dogs in the
control and hypophosphatemic state. Mean insulin se-

120 or

'80

20-

MINUTES

FIGURE 4 Hypoglycemic response in four normal (0-
-0) and hypophosphatemic (EI)animals given in-
travenous insulin. * Values significantly different from con-
trol at P < 0.05.

,80 | X
D

z60
z
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FIGURE 5 Plasma insulin responses in four normal animals
given intravenous tolbutamide before (0 O) and after
( A A) calcium administration. * Values significantly
different from control at P <0.05.

cretory responses were similar in both groups (1,947±
122 AU/ml/60 min in controls and 1,818±485 /LU/ml/60
min in hypophosphatemic animals). The hypoglycemic
response of normal and hypophosphatemic animals were
not significantly different. Interestingly, calcium ad-
ministration to normal animals significantly increased
the early peak insulin response to tolbutamide (Fig. 5)
as well as total insulin area (2,948+570 M&U/ml/60 min)
(P < 0.05). On the other hand, PTH administration
to normal or hypophosphatemic animals had no effect on
tolbutamide stimulated insulin release.

Dietary hyperparathyroidism studies (group III).
Table III depicts the mean serum phosphorus, total and
ionized calcium, and PTH levels in dogs made hyper-
parathyroid by dietary manipulation (group III). For
comparison, the values obtained from normal animals
are also included. The hyperparathyroid animals had se-
rum phosphorus levels within the normal range for our
laboratory (3.2 mg/100 ml), but still significantly lower
than control values (4.1 mg/100 ml) and probably re-
flecting the 10-h fast in animals with very high PTH
values (3,012±275 pg/ml) (P < 0.001 compared to con-
trol). Ionized calcium remained within the normal range
and K, values (2.5±0.2%/min) were comparable to
those of normal animals.

After elimination of the excessive dietary phosphorus
for 4 mo, plasma phosphorus levels fell to 2.8+0.3 mg/
100 ml, a value not significantly different from that ob-
tained in the hyperparathyroid animals fed a high phos-
phorus diet. The PTH values fell 79% to 647±53 pg/ml
(P < 0.001), a value, however, still significantly greater
than that of normal dogs (P < 0.001). The K, (2.47+
0.2%/min) and ionized calcium levels obtained during
the IVGTT remained within the normal range. Fig. 6
illustrates the mean insulin areas in four hyperpara-
thyroid animals before and after elimination of the ex-
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TABLE I I I
Mean Serum Calcium, Phosphorus, and PTH Values for Animals of Groups I and II and Group III

Ionized Total
Diet Phosphorus calcium calcium PTH

mg/1OOml mg/1OOml mg/1OOml pg/ml

Low calcium, high phosphorus,
(n = 4), group III 3.240.11 4.640.1 10.140.1 3,0124372*

Low calcium, normal phosphorus,
(n = 4), group III 2.840.3t 4.7±0.2 9.940.1 647±53*

Normal calcium, normal phosphorus,
(n = 16), groups I and II 4.140.1 4.7±0.1 10.440.1 71.4±2.1

Group I animals received intravenous glucose infusions. Group II animals received IVGTT. Group III
animals were hyperparathyroid and received IVGTT. n refers to the number of animals studied.
* Significantly different from groups I and II at P < 0.001.

Significantly different from groups I and II at P < 0.05.

cessive dietary phosphorus. Three of four animals dem-
onistrated a significant increase of mean insulin re-
sponse to the IVGTT. Mean insulin response during the
IVGTT for all four hyperparathyroid animals was
1,352±+128 uU/ml/60 min before and 1,894±360 uU/
ml/60 min after phosphorus restriction. Thus, despite a
significant reduction in plasma PTH levels associated
with a fall in plasma phosphorus, total insulin response
increased.

The insulin responses to tolbutamide testing in the
hyperparathyroid animals were not significantly differ-
ent from control (1,476+161 AU/ml/60 min). Inter-
estingly, however, during calcium administration this
response increased significantly to 2,318±342 AU/ml/60

3,Oo0r

2,000O
c

0

"I-

z
D

z

1,500j

1,000o

500

FIGURE 6 Insulin area above base line for four hyperpara-
thyroid animals obtained during IVGTT before (U U)
and after (A-A) restriction of dietary phosphorus.

min. The hypoglycemic responses to both tolbutamide
and insulin administration were not significantly differ-
ent from control, and were unaffected by calcium ad-
ministration. The immunoreactive insulin clearances (ti
- 8.4±-0.1 min) were unaffected by hyperparathyroidism.

DISCUSSION

Primary hyperparathyroidism may be associated with
many metabolic abnormalities, including hypercalce-
mia, hypophosphatemia, hyperchloremic acidosis, and
elevated levels of PTH (3). Recent studies have
demonstrated increased insulin secretion in response
to tolbutamide or glucose challenge in primary hy-
perparathyroidism (1), and it has been suggested
that the augmented insulin responsiveness may be re-
lated to elevated plasma calcium levels. Investigators
have also postulated a role for calcium as a modulator
of glucose and tolbutamide-stimulated insulin release
from pancreatic islets in vitro (11-17). Although Kim
et al. (1) demonstrated that PTH had no effect on in-
sulin release from isolated pancreatic islets, a possible
insulin antagonistic effect was not excluded in patients
with primary hyperparathyroidism. Also, in patients
with uremia and secondary hyperparathyroidism, an in-
sulin antagonistic role of PTH was suggested (18), but
was not confirmed by other investigators (4). The pos-
sible relationship of phosphorus to the increased insulin
release of primary hyperparathyroidism was not dis-
cussed by previous investigators. The present studies
demonstrate that in the dog (a) hypophosphatemia is
associated with augmented glucose-stimulated insulin
release and mild glucose intolerance, independent of
changes in plasma ionized calcium levels; (b) PTH has
no apparent direct effect on glucose- or tolbutamide-
stimulated insulin release; (c) PTH does not appear to

be an insulin antagonist in this animal model; and (d)
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calcium augments tolbutamide-stimulated insulin release
in normal anid hyperparathyroid animals, but has no ap-
parent effect on glucose-stimulated insulin release within
the plasma concentrations studied.

Hypophosphatemia in our animals was associated
with undetectable plasma PTH and normal total and
ionized calcium levels (Table I), findings previously
described by other investigators (19). An augmented
insulin response to a glucose challenge was noted in
the hypophosphatemic state (Fig. 1-3), which was also
associated with a depressed K9 after cessation of the
glucose infusions (Table II). Furthermore, the hypo-
phosphatemic animals had a significantly higher basal
insulin level than the normal animals. This demonstrates
a mild impairment of glucose utilization in the hypo-
phosphatemic animal, and suggests some degree of in-
sulin resistance, since immunoreactive insulin clearance
rates were normal, although this was not confirmed by
the insulin tolerance tests. This may, however, reflect
the mild nature of the resistance and the excessive dose
of insulin used.

Acute calcium administration induced no changes in
glucose disappearance rates during the IVGTT (Table
II) or in total insulin response to a glucose challenge
(Fig. 3) in either normal or hypophosphatemic animals.
Induction of hypercalcemia, however, significantly in-
creased tolbutamide-stimulated insulin release in normal
(Fig. 5) and hyperparathyroid animals. This is in con-
trast to the normal response to tolbutamide in hypophos-
phatemic, normocalcemic dogs. These data suggest that
tolbutamide-stimulated insulin release is increased by
hypercalcemia but not by hypophosphatemia. On the
other hand, glucose-stimulated insulin responses were
unaffected by hypercalcemia, but were increased by
hypophosphatemia.

Interrelationships between plasma calcium levels and
insulin release after various stimuli have been previously
suggested (11-17). Calcium seems to play a critical
role in the release of stored insulin (17). It has been
clearly demonstrated that glucose-stimulated insulin
release is blunted both in vivo by hypocalcemia (12, 15)
and in vitro when pancreatic islets are incubated in low-
calcium media (11, 13, 14, 16, 17). Grodsky (17) and
Curry et al. (13) have demonstrated that glucose-stimu-
lated insulin release is calcium dependent only at lev-
els below 4 meq/liter, with no apparent further effect
at higher levels. Furthermore, calcium has been shown
to have no direct insulin-stimulating characteristics
(13), and may in fact depress glucose-mediated insulin
release in vitro in the hypercalcemic range (14).

On the other hand, previous investigators have clearly
demonstrated that tolbutamide-stimulated insulin release
is calcium dependent at all concentrations (13). Marked
augmentation in insulin release from a perfused isolated

pancreas occurs with tolbutamide stimulation if calcium
levels in the perfusate are increased (13). Also, previ-
ous investigators have demonstrated that calcium infu-
sions in normal volunteers will augment tolbutamide-
stimulated insulin release, but will have no effect on
glucose-stimulated insulin release (1). Thus it appears
that glucose-stimulated insulin release is dependent upon
and may be modulated by calcium within the physio-
logic range, but only tolbutamide-stimulated insulin re-
lease can be further increased by hypercalcemic states.
The results of the present studies agree with these previ-
ous observations, and suggest that the mechanisms of
tolbutamide- and glucose-stimulated insulin release may
be functionally separate.

Acute PTH administration had no direct effect on
glucose or tolbutamide-stimulated insulin response or
K, values in normal or hypophosphatemic dogs. Fur-
thermore, in the dogs with severe secondary hyperpara-
thyroidism, no change in glucose Ko, or insulin responses
to glucose or tolbutamide testing were noted. These data
imply that PTH has no apparent direct effect on either
glucose or tolbutamide-stimulated insulin release or on
peripheral K, in these animals. In the hyperparathyroid
dogs, after the excessive phosphate was eliminated
from the diet and plasma phosphorus levels fell, there
was a greater increase in insulin response to glucose
administration, despite a significant fall in plasma PTH
levels (Fig. 5). This represents further evidence that
phosphorus may play a critical role in the relative hyper-
insulinemia and mild glucose intolerance of primary
hyperparathyroidism.

The exact mechanisms by which plasma phosphate
levels affect insulin release and glucose utilization are
not clear. Previous investigators have demonstrated
a relationship between phosphate and glucose uptakes
(20-25). Furthermore, the depression of plasma phos-
phate after glucose administration is potentiated by in-
sulin (26). Previous studies have demonstrated that glu-
cose uptake by the perfused dog hind limb is associated
with a fall in phosphate concentration in the perfusate
(25). In vitro studies utilizing the intact rat diaphragm
have shown that insulin administration will augment
phosphate uptake even when glucose is not present in
the incubating medium (27). Also, incubation of isolated
rat muscle in high-phosphate medium will lead to in-
creased basal and insulin-stimulated glucose uptake
(28). Although omission of phosphate from the medium
will not inhibit this uptake (29, 30), these studies have
not been repeated in muscles from chronically hypophos-
phatemic animals.

Several mechanisms may be responsible for the im-
paired rate of glucose utilization seen in the hypophos-
phatemic animals. It is possible that hypophosphatemia
induced by a very low phosphorus intake over a pro-
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longed period significantly reduces intracellular con-
centrations of inorganic phosphorus, leading to reduced
glucose uptake by peripheral muscle. The reduced up-
take may reflect altered glucose phosphorylation, shown
to influence the rate of glucose uptake by rat hemidia-
phragm (31, 32). It is also possible that hypophosphate-
mia may alter phospholipid content of cell membranes,
causing decreased uptake. For example, LeFevre et al.
(33) have demonstrated that cell membrane phospho-
lipid is critical in the transport process of all mono-
saccharides. Recently, phosphate depletion has been
shown to lead to intracellular alkalosis (19), which may
cause an altered intracellular sodium:potassium ratio
produced by the efflux of potassium. By so doing, how-
ever, one would expect augmented glucose uptake (34,
35). On the other hand, the effect of intracellular pH
on glucose uptake remains to be examined.

Further studies are needed to determine the role of
known insulin antagonists such as glucagon, growth
hormone, and cortisol in the genesis of the mild glucose
intolerance and insulin resistance of hypophosphatemia.
This is especially relevant in view of the augmented
rate of recovery from comparable hypoglycemia seen
between 50 and 90 min during the insulin tolerance tests
(Fig. 4) in hypophosphatemic animals. This phase of
recovery from hypoglycemia seems most likely related
to factors that augment hepatic gluconeogenesis (36).

Hypophosphatemia may occur in many other disease
states, including administration of phosphate-binding
antacids (37), malnutrition (38, 39), and diabetic keto-
acidosis. The abnormal insulin response and glucose in-
tolerance noted in these conditions may in part reflect
depressed plasma and tissue phosphorus levels. It seems
important, when evaluating patients with abnormal glu-
cose tolerance or hyperinsulinemia, to determine plasma
phosphorus levels and, if hypophosphatemia is present,
to correct it by dietary supplementation before inter-
pretation of glucose disappearance rates or insulin re-
sponsiveness to a glucose challenge.
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