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Abstract

Evidence has accumulated suggesting that the state of secondary
hyperparathyroidism and the elevated blood levels of parathy-
roid hormone (PTH) in uremia participate in the genesis of
many uremic manifestations. The present study examined the
role of PIH in glucose intolerance of chronic renal failure
(CRF). Intravenous glucose tolerance tests (IVGTI) and eu-
glycemic and hyperglycemic clamp studies were performed in
dogs with CRF with (NPX) and without parathyroid glands
(NPX-PTX). There were no significant differences among the
plasma concentrations of electrolytes, degree of CRF, and its
duration. The serum levels of PTH were elevated in NPXand
undetectable in NPX-PTX.

The NPX dogs displayed glucose intolerance after CRF
and blood glucose concentrations during IVGTT were signifi-
cantly (P < 0.01) higher than corresponding values before
CRF. In contrast, blood glucose levels after IVGTT in NPX-
PTX before and after CRF were not different. K-g rate fell
after CRF from 2.86±0.48 to 1.23±0.18%/min (P < 0.01) in
NPX but remained unchanged in NPX-PTX (from 2.41±0.43
to 2.86±0.86%/min) dogs. Blood insulin levels after IVGTT
in NPX-PTX were more than twice higher than in NPX
animals (P < 0.01) and for any given level of blood glucose
concentration, the insulin levels were higher in NPX-PTX than
NPXdogs.

Clamp studies showed that the total amount of glucose
utilized was significantly lower (P < 0.025) in NPX(6.64±1.13
mg/kg * min) than in NPX-PTX (10.74±1.1 mg/kg * min) dogs.
The early, late, and total insulin responses were significantly
(P < 0.025) greater in the NPX-PTX than NPXanimals. The
values for the total response were 143±28 vs. 71±10 ;&U/ml,
P < 0.01. There was no significant difference in the ratio of
glucose metabolized to the total insulin response, a measure of
tissue sensitivity to insulin, between the- two groups. The
glucose metabolized to total insulin response ratio in NPX
(5.12±0.76 mg/kg min per ttU/ml) and NPX-PTX (5.18±0.57
mg/kg . min per pU/ml) dogs was not different but significantly
(P < 0.01) lower than in normal animals (9.98±1.26 mg/
kg .in per pU/ml). The metabolic clearance rate of insulin
was significantly (P < 0.02) reduced in both NPX(12.1±0.7
ml/kg min) and NPX-PTX (12.1±0.9 ml/kg min) dogs, as
compared with normal animals (17.4±1.8 ml/kg min). The
basal hepatic glucose production was similar in both groups of
animals and not different from normal dogs; both the time
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course and the magnitude of suppression of hepatic glucose
production by insulin were similar in both groups. There were
no differences in the binding affinity, binding sites concentration,
and binding capacity of monocytes to insulin among NPX,
NPX-PTX, and normal dogs.

The data show that (a) glucose intolerance does not develop
with CRF in the absence of PTH, (b) PJH does not affect
metabolic clearance of insulin or tissue resistance to insulin in
CRF, and (c) the normalization of glucose metabolism in CRF
in the absence of PTH is due to increased insulin secretion.

The results indicate that excess PTH in CRF interferes
with the ability of the 0-cells to augment insulin secretion
appropriately in response to the insulin-resistant state.

Introduction

Impaired carbohydrate metabolism is a common finding in
patients with chronic renal failure (1-3). Studies in humans
have demonstrated that both insulin resistance (1, 2, 4, 5) and
impaired insulin secretion contribute to the pathogenesis of
the carbohydrate intolerance. The insulin resistance is almost
always present in patients with uremia (3, 5) whereas insulin
secretion could be normal (6), increased (7), or decreased (2).
The normal response of the 0-cells to the presence of insulin
resistance is to enhance their secretion of insulin (8, 9). If, for
any reason, the 0-cells are unable to augment their secretion
of insulin appropriately, an impaired glucose tolerance would
ensue. Indeed, previous studies have shown that glucose intol-
erance is usually encountered in uremic patients in whom
both impaired tissue sensitivity to insulin and impaired 0-cell
secretion of insulin coexist (3, 10).

During the past several years, data have been accumulated
implicating parathyroid hormone (PTH)' as a uremic toxin
( 1). Excess PTH has been shown to exert deleterious effects
on the central (12-14) and peripheral nervous system (15, 16),
hematopoietic system (17-20), myocardial function (21, 22),
and skeletal muscle metabolism (23, 24). Certain data suggest
that PTH may affect carbohydrate metabolism. Patients with
primary hyperparathyroidism may have glucose intolerance
(25, 26). Elevated plasma insulin levels both in the fasting
state and in response to glucose (25, 26) as well as insulin
resistance (26) have been reported in these patients. In addition,
Hruska et al. (27) found that 1-84 PTH augmented hepatic
glucose production through increased glycogenolysis and glu-
coneogenesis, and PTHhas been shown in vitro to affect both
these processes (28, 29), which are responsible for increasing
hepatic glucose production. However, Bevilacqua et al. (30)
could not demonstrate an effect of PTH on hepatic glucose
production in the dog.

1. Abbreviations used in this paper: CRF, chronic renal failure; IVGTT,
intravenous glucose intolerance test; M/I ratio, total glucose metabolized
divided by the total insulin response; NPX, 1/6 nephrectomy but intact
parathyroid glands; NPX-PTX, 1/6 nephrectomy and thyroparathy-
roidectomy; PTH, parathyroid hormone.
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It is, theoretically, possible that the state of secondary
heparathyroidism, which is associated with advanced chronic
renal failure (31, 32), plays an important role in the genesis of
the glucose intolerance of uremia. The present study was
designed to examine this question.

Methods

Female mongrel dogs weighing 18-25 kg (21±0.5 [SE]) were studied.
All dogs were subjected to episiotomy to permit easy access to the
bladder for the measurement of creatinine clearance in the awake
state. The animals received the same diet that provided 78 g of protein
and 60 g of fat, 5 g of calcium, and 3 g of phosphorus per day (Kal-
Kan, Kal Kan Foods Company, Inc., Vernon, CA). Base-line studies
included the measurements of the plasma concentrations of sodium,
potassium, bicarbonate, calcium, magnesium, phosphorus, and serum
PTH and the determination of endogenous creatinine clearance. After
these studies, all dogs underwent left subtotal renal infarction by
ligation of five of the six branches of the left renal artery, and in half
of the dogs, thyroparathyroidectomy was also performed at the same
time. The success of the procedure was ascertained by a fall in the
plasma concentration of calcium of at least 2 mg/dl. The diet of the
thyroparathyroidectomized dogs was supplemented with 1-5 g of cal-
cium carbonate per day to maintain normocalcemia; these dogs also
received standardized thyroid extract in the form of thyroid tablets (60
mg) (Armour thyroid tablets), three times per week. 3 wk later, all
animals were subjected to right nephrectomy. Thus, this protocol
provided two groups of dogs with chronic renal failure (CRF): one
with intact parathyroid glands (NPX) and the other without parathyroid
glands (NPX-PTX). All animals were followed carefully thereafter for
several months during which measurements of plasma concentrations
of electrolyte and PTHwere determined several times and endogenous
creatinine clearance was measured every month. Wedid not encounter
difficulty in maintaining the NPX and NPX-PTX and the mortality
was - 15%.

Two types of studies were performed as follows:

Intravenous glucose tolerance test (IVGTT)
This test was done initially before parathyroidectomy and before the
induction of CRF in 12 dogs and repeated after 3 mo of CRFin six
NPX and six NPX-PTX animals. The IVGTT was performed as
follows: after the collection of three base-line blood samples for the
determination of plasma glucose and insulin, glucose (0.5 g/kg of body
weight given as a solution of 50% dextrose in water) was infused over
2 min. Blood samples were subsequently obtained at 3, 5, 10, 20, 30,
40, 50, and 60 min for the measurement of plasma glucose and insulin.

Clamp studies
In six NPX and in seven NPX-PTX dogs both euglycemic insulin
clamp and hyperglycemic clamp studies were performed after 46±8
wk (NPX) and after 48±7 wk (NPX-PTX) of chronic uremia. Eugly-
cemic insulin clamp was also done in six normal dogs.

Euglycemic insulin clamp. Tissue sensitivity to insulin was deter-
mined with the euglycemic insulin clamp technique as previously
described (33). Briefly, after a 120-min control period, a prime-
continuous (I mU/kg of body weight per minute) infusion of crystalline
porcine insulin (Eli Lilly & Co., Indianapolis, IN) was administered
for 120 min. The plasma glucose concentration was maintained
constant at the basal level by the periodic adjustment of a variable
infusion of 20% glucose. Under these steady-state conditions of constant
glycemia, all of the infused glucose is taken up by cells and, when
added to the rate of residual hepatic glucose production measured with
tritiated glucose, provides a measure of the amount of glucose metab-
olized by the entire body in response to the infused insulin.

120 min before starting the insulin clamp, three NPX and three
NPX-PTX dogs also received a 25 ACi bolus of [3-3H]glucose and this
was followed by a continuous infusion at the rate of 0.25 MCi/min.

During the 30-min period before beginning the insulin, clamp plasma
samples were drawn at 5-min intervals for the determination of tritiated
glucose specific activity. During the insulin clamp study, samples for
the measurement of tritiated glucose were obtained at 5-15-min
intervals.

Hyperglycemic clamp. #-Cell secretion of insulin was assessed with
the hyperglycemic clamp study as previously described (33). The
plasma glucose concentration was acutely raised by 125 mg/dl above
the basal level by a priming infusion of intravenous glucose given for
10 min. During the subsequent 110 min the plasma glucose concen-
tration was held constant at the desired goal (+ 125 mg/dl) by the
periodic adjustment of a variable glucose infusion, based upon the
negative feedback principle. Under these steady-state conditions of
constant hyperglycemia, the infusion rate of glucose, after correction
for urinary glucose losses, provides a measure of the amount of glucose
taken up by all the tissues of the body.

During the IVGTT, the rate of decline in plasma concentration
(K-g rate %/min) was calculated by using the 10-40 min plasma
glucose values (34). During the hyperglycemic clamp study, the glucose
infusion rate (minus urinary glucose losses) was determined by calcu-
lating the mean value observed from 20 to 120 min. In that hepatic
glucose production is suppressed by over 90% under these conditions
of hyperglycemic hyperinsulinemia, the glucose infusion rate closely
approximates the amount of glucose taken up by the entire body. The
early plasma insulin response was determined from the mean of values
obtained at 2-min intervals during the 0-10-min period. The late
plasma insulin response was determined from the mean of values
obtained at 10-min intervals during the 10-120-min period. The total
insulin response represents the weighed mean of values from 0 to 120
min. The total amount of glucose metabolized (M) divided by the
total insulin response (I), provides a measure of tissue sensitivity
(M/I) to the endogenously secreted insulin.

During the insulin clamp study, the glucose infusion rate was
calculated at 20-min intervals. Hepatic glucose production (5) was
calculated for the corresponding 20-min intervals. Total glucose uptake
was determined by adding the rate of residual hepatic production
during each 20-min interval to the glucose infusion rate for the same
20-min period. The mean of values from 20 to 120 min was used to
calculate total body glucose uptake. The total amount of glucose
utilized (20-120 min) divided by the steady-state plasma insulin
concentration (20-120 min) provides a measure of tissue sensitivity to
the exogenously infused insulin. The metabolic clearance rate of insulin
was calculated by dividing the continuous insulin infusion rate (I mU/
kg-min) by the mean increment above base line in plasma insulin
concentration during the 20-120-min period.

Plasma glucose concentration was measured by glucose oxidase
method (Glucostat, Beckman Instruments, Inc., Fullerton, CA). Plasma
insulin concentration was determined by radioimmunoassay. The
concentrations of phosphorus, creatinine, and bicarbonate were deter-
mined by autoanalyzer (Technicon Instrument Corp., Tarrytown, NY);
those of sodium and potassium were measured with a flame photometer
(model 343, Instrumentation Laboratory, Inc., Lexington, MA), of
calcium and magnesium with an atomic absorption spectrophotometer
model 503 (Perkin-Elmer Corp., Norwalk, CT), and of ionized calcium
with an Orion Electrode model SS-20 (Orion Biomedical, Cambridge,
MA). PTH was determined with radioimmunoassay using sheep anti-
serum 478 (kindly supplied by Dr. Claude Arnaud), I25l-labeled bovine
PTH, and pooled sera from patients with renal failure as a standard.
This antibody reacts predominantly with an immunologic determinant
in the carboxyl region of PTH, and it will detect both the intact
hormone and its carboxy-terminal fragment. The values for this assay
in 63 samples from normal subjects ranged from undetectable to 15
,gleq/ml (mean±SE, 7.5±0.7), and PTH was detectable in 33 of 63
(52%) normal subjects. Elevated blood levels of PTH were found in
60 patients with chronic renal failure. The lower limit of detectability
was 1 uleq/ml. The assay was validated for measurements of PTH in
dog serum by comparing PTH values in two separate assays using
both pooled human and pooled canine uremic sera as standards. The
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values for PTH displayed a linear correlation with r = 0.99 for data
from sera of normal dogs and an r of 0.92 for data from sera of uremic
dogs. Free thyroxin index is calculated as the product of T3 uptake
ratio and T4. The method for the determination of tritiated glucose
specific activity has been described previously (35).

Insulin binding to circulating monocytes was determined as previ-
ously described (36, 37). Insulin receptor number was calculated from
the Scatchard analysis (38) and insulin binding affinity from the De
Meyts plots (39).

All data are presented as the mean±SE. Statistical comparisons
between groups were performed by paired or unpaired analysis where
appropriate coefficients of variation were determined with standard
procedure.

Results

Studies with IVGTT. The biochemical data before and after
CRFin NPXand NPX-PTX dogs evaluated with IVGTT and
with euglycemic and hyperglycemic clamps are given in Table
I. The 5/6 nephrectomy resulted in a significant decrease (P

< 0.01) in creatinine clearance of -78% of base-line value
and a significant (P < 0.01) rise in serum levels of PTH in
NPX dogs. There were no significant differences in the other
parameters between the values observed before and after the
induction of CRF. Similarly, there were no significant differ-
ences between these parameters after the induction of CRFin
NPXand NPX-PTX except for the high serum levels of PTH
in NPXdogs.

The changes in plasma levels of glucose before and after 3
mo of CRF in NPX and NPX-PTX dogs are shown in Figs.
1 and 2. Within 3 min after the injection of the glucose load,
the plasma concentrations of glucose reached their peak and
decreased thereafter. NPXdogs with intact parathyroid glands
displayed glucose intolerance with the plasma concentrations
of glucose being significantly (P < 0.01) higher at 20, 30, 40,
50, and 60 min than those observed before CRF.

CRFproduced a decline in the K-g rate in NPXdogs with
the mean value after CRF(1.23±0.1 8%/rin) being significantly

Table I. Biochemical Data Before and After Induction of Uremia

IVGTT Clamp studies

NPXdogs NPX-PTX dogs NPXdogs NPX-PTX dogs
(n = 6) (n = 6) (n = 6) (n = 7)

B A B A B A B A

Weight, kg 20±0.6 20±0.6 20±0.8 20±0.8 21±0.7 21±0.7 21±1 20±0.9
Duration of

uremia, wk 12 12 12 12 46±8 46±8 48±7 48±7
Creatinine

clearance,
ml/min 56±2 12±4* 58±3 13±3* 58±2 13+4* 56±2 13±3*

Fasting plasma 96±7 97±10 106±5 97±3 HC: 96±2 95±2 93±1 95±3
glucose, mg/dl EC: 96±2 100±4 93±1 91±3

Fasting plasma 14±1 25±2$ 14±1 18±1 HC: 15±1 24±3 16±1 23±3
insulin, u U/ml EC: 15±1 26±4 16±1 25±4

Plasma sodium,
meqlliter 149±1 150±1 150±1 149±1 149±1 148±1 149±1 149±1

Plasma potassium,
meq/liter 4.5±0.1 4.5±0.1 4.4±0.1 4.4±0.1 4.4±0.1 4.3±0.1 4.4±0.1 4.5±0.1

Plasma bicarbonate
meq/liter 21±0.6 19±0.5 21±0.3 20±0.4 20±0.6 19±0.5 22±0.5 21±0.5

Plasma total
calcium, mg/dl 10.3±0.3 9.8±0.2 10.6±0.2 9.9±0.2 10.0±0.3 9.8±0.2 10.4±0.2 10.0±0.2

Plasma ionized
calcium, mg/dl 2.3±0.04 2.2±0.1 2.6±0.1 2.4±0.1 2.5±0.1 2.3±0.1 2.4±0.1 2.2±0.1

Plasma inorganic
phosphorus
mg/dl 4.1±0.3 4.0±0.6 4.4±0.2 4.7±0.2 4.0±0.2 4.0±0.3 4.5±0.3 4.7±0.2

Plasma magnesium
mg/dl 1.9±0.1 2.0±0.1 1.9±0.1 2.0±0.1 1.9±0.03 2.0±0.04 1.9±0.1 2.0±0.1

Serum PTH,
,gleq/ml 1.0±0.5 37±0.5f 1.0±0.5 UD UD 36±0.1 t 1.1±0.5 UD

Serum-free
thyroxine index 2.0±0.1 2.0±0.1 2.0±0.1 1.9±0.04 2.0±0.1 2.0±0.1 1.9±0.05 2.0±0.04

Data are presented as mean±SE. NPX, 5/6 nephrectomy but intact parathyroid glands; NPX-PTX, 5/6 nephrectomy and thyroparathyroidec-
tomy; B, before CRF; A, after CRF; HC, hyperglycemic clamp; EC = euglycemic clamp. * Significant difference (P < 0.01) from data obtained
before induction of uremia. t Significant difference (P < 0.01) between NPXand NPX-PTX after induction of uremia.
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Figure 1. The changes in
* BEFOREUREMIA plasma glucose concentra-
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tions during IVGTT per-
formed before (.) and after
(o) 3 mo of CRF in dogs
with intact parathyroid
glands. Each data point
represents the mean value
of six dogs and the brackets

1O 50 60 denote 1 SE. Plasma glu-
cose levels in dogs with

CRFwere significantly higher (P < 0.01) at 20-60 min.

6

5
-

4J-

;z

<r 2 -

Vr-b

O BBA

Figure 3. The K-g rate be-
fore and 3 mo after the
CRFin NPX (left) and
NPX-PTX (right). B de-
notes before CRFand A af-
ter CRE. Each line repre-
sents one animal and the
heavy lines depict the mean
values with brackets denot-
ing I SE. The K-g rate af-
ter CRFwas significantly
(P < 0.01) lower than be-8 A fore CRFin NPXdogs.

(P < 0.01) lower than before CRF(2.86±0.48%/min). However,
in NPX-PTX dogs the K-g rate was not significantly affected
by CRF with the values being 2.41±0.43%/min before and
2.86±0.86%/min after CRF (Fig. 3).

The changes in the plasma concentrations of insulin during
IVGTT before and after induction of CRF in NPXand NPX-
PTXdogs are shown in Fig. 4. There were significant increments
in plasma insulin levels in all studies. The changes were similar
before CRFand parathyroidectomy but different after CRF in
NPX and NPX-PTX dogs. In the NPX dogs, plasma insulin
concentrations increased from 24±2.3 ,U/ml to a peak of 105
,uU/ml (P < 0.01) and remained elevated throughout the
study. In the NPX-PTX animals, the maximum increment in
plasma insulin concentration (from 18±1.2 to 229±19.4 'OU/
ml) was more than twice that observed in the NPX dogs (P
< 0.01); the levels gradually declined but were higher than
those in NPXdogs for the first 30 min (P < 0.01) and returned
to base-line values by 1 h. These differences in plasma insulin
were not due to higher plasma glucose concentrations in NPX-
PTX dogs, and for any given level of plasma glucose during
IVGTT the plasma insulin was higher in NPX-PTX than in
NPXanimals (Fig. 5).

Studies with hyperglycemic clamp. The fasting plasma
glucose concentration was 95±2 mg/dl in NPXand 95±3 mg/
dl in NPX-PTX dogs; these concentrations were acutely raised
and maintained at 212±6 mg/dl and 221±3 mg/dl, respectively.
The stability of plasma glucose concentration during the
hyperglycemic clamp is indicated by the small coefficient of
variation of 3.7±0.6% in NPX and 4.9±0.7% in NPX-PTX
animals. The total amount of glucose metabolized (20-120-
min time period) was significantly lower by 38% in the NPX
compared with NPX-PTX group (6.64±1.13 vs. 10.74±1.10
mg/kg min, P < 0.025), Fig. 6.

The early, late, and total insulin responses were significantly
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Figure 2. The changes in

ORE UREMIA plasma glucose concentra-
INTHS UREMIA tions during IVGTT per-

formed before (A) and after
(A) 3 mo of CRF in para-
thyroidectomized dogs. The
studies before CRFwere
done before parathyroidec-
tomy as well. Each data

50 60 point represents the mean
value of six dogs and the

brackets denote 1 SE. There were no significant differences in plasma
glucose concentration before and after CRFat all times.

greater in NPX-PTX dogs than in NPXanimals. In the early
phase (0-10 min) plasma insulin concentration was 91±7 AU/
ml in NPX-PTX and 63±10 AU/ml in NPXdogs (P < 0.05),
in the late phase the values were 147±31 vs. 72±9 AU/ml (P
< 0.025), and the total response gave values of 143±28 vs.
71 ± 10 ,uU/ml (P < 0.01), Fig. 6. There was no significant
difference between the M/I ratio in the NPX (9.9±2.66 mg/
kg . min per isU/ml) and NPX-PTX (8.9±1.30 mg/kg min per
AU/ml).

Studies with euglycemic insulin clamp. The fasting plasma
glucose concentrations in the control, NPX, and NPX-PTX
dogs were 102±3, 100+4, and 91±3 mg/dl, respectively.
During the insulin clamp, the glucose concentrations were
maintained at 97±3, 99±5, and 92±4 mg/dl with coefficients
of variation of 4.0±0.7, 4.2±0.8, and 6.8±1.2%, respectively.
The fasting plasma insulin levels were 21±3 AU/min in
control, 26±4 ,uU/ml in NPXand 25±4 AU/ml in NPX-PTX
animals; they were raised and maintained (20- 120-min period)
at 81±7, 110±4, and 122+21 AU/ml, respectively (Fig. 7).
The metabolic clearance rate of insulin was significantly reduced
in both NPX(12.1±0.7 ml/kg * min, P < 0.02) and NPX-PTX
(12.1±0.9 ml/kg * min, P < 0.02) dogs as compared with control
animals (17.4±1.8 ml/kg min).

The total amount of glucose metabolized in both NPX
(5.59±0.71 mg/kg . min) and NPX-PTX (5.85±0.47 mg/
kg. min) animals was lower than control dogs (7.75±0.74) but
the difference was not significant (Fig. 7). However, the amount
of glucose metabolized per unit time of insulin (M/I ratio), a
measure of tissue sensitivity to insulin, was significantly reduced

300

2000

100 2

0 10 20 30 40 50 60
TIME (MINUTES)

Figure 4. The changes in plasma insulin concentrations during intra-
venous glucose tolerance tests performed before (open symbols) and
after 3 mo of CRF(closed symbols) in NPX (circles) and NPX-PTX
(triangles).
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Figure 5. The relationship between plasma insulin and glucose con-
centrations observed during intravenous glucose tolerance tests per-
formed in NPX (o) and NPX-PTX (A).

both in NPX (5.12±0.76 mg/kg-min per pLU/ml, P < 0.01)
and NPX-PTX (5.18±0.57 mg/kg min per AU/ml, P < 0.0 1)
animals as compared with control dogs (9.98±1.26 mg/kg. min
per ~tU/ml), Fig. 7.

Basal hepatic glucose production was similar in NPXand
NPX-PTX (2.33±0.32 vs. 2.38±0.35 mg/kg min), Fig. 8.
These values are not different from previously reported in
normal dogs (2.80±0.20 mg/kg. min) (30). During the insulin
clamp, both the time course and the magnitude of suppression
of hepatic glucose production were similar in both groups of
animals. During the 20-120-min period, the hepatic glucose
production averaged 0.42±0.22 mg/kg min in NPXdogs and
0. 15±0.07 mg/kg min in NPX-PTX.

Insulin receptors in monocytes. Table II provides the data
on binding affinity, binding sites concentration, and binding
capacity of monocytes to insulin in NPX, NPX-PTX, and
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METABOLISM
(mg/kg- min)

160 -

PLASMA INSULIN
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Figure 7. Glucose metabolism, steady-state plasma insulin concentra-
tions, and M/I ratio observed during euglycemic insulin clamp in
normal dogs and in NPXand NPX-PTX dogs. Each column repre-
sents the mean of data from six NPXand seven NPX-PTX dogs.
The brackets denote 1 SE. CON= Control. Stars denote significant
difference (P < 0.01) from control.

control dogs. There were no significant differences in these
parameters among the three groups of animals.

Discussion

The results of the present study demonstrate that the state of
secondary hyperparathyroidism of CRFplays a major role in
the genesis of the glucose intolerance of uremia. Indeed, a
decrease of >50% in the glucose disappearance constant during
IVGTT and a significantly lower rate of glucose metabolism
during the hyperglycemic clamp study were noted in NPX
dogs whereas these parameters were normal in NPX-PTX
animals.

Available data indicate that the state of glucose intolerance
in uremia is due to tissue resistance to insulin (1-5) combined
with inability of the :-cells to appropriately enhance insulin
secretion (3, 10) to overcome the defect in peripheral glucose
removal. The factor(s) responsible for the impairment in
insulin action and the inappropriate insulin secretion is (are)
not defined. A variety of agents including urea, creatinine,
indols, guanidine, polyamines, phenols, Indicans, and various
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Figure 6. Glucose metabolism, total insulin response, and M/I ratio
observed during the hyperglycemic clamp in NPXand NPX-PTX
dogs. Each column represents the mean of data from six NPXand
seven NPX-PTX dogs. The brackets denote 1 SE. Star indicates
significant difference from NPXwith P < 0.01.
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duction observed during
euglycemic insulin clamp
in three NPXand three
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Table I. Insulin Receptors in Monocytes
in Control, NPX, and NPX+ PTXDogs

Binding
capacity

Binding Binding sites sites/
affinity (K.) concentration monocytes

10-9 M 10o-l M ioM

Normal dogs 4.15±0.47 1.96±0.51 1.80±0.47
NPX 5.96±1.82 2.15±0.60 1.97±0.55
NPX+ PTX 4.28±0.79 1.76±0.47 1.61±0.43

Each group consists of four animals.
Data are expressed as means±SEM.

insulin antagonistic hormones have been implicated in the
genesis of glucose intolerance (3) but none has received con-
vincing experimental support. Our data provide evidence that
excess PTH is an important pathogenetic factor in the distur-
bance of carbohydrate metabolism in CRF.

The results of the present study clearly show that excess
PTH in CRF does not affect insulin action on peripheral
tissues inasmuch as the M/I ratio is significantly lower than
normal in both NPXand NPX-PTX animals, and there is no
significant difference in M/I ratio between these two groups of
animals (Fig. 7). Further, excess PTH does not seem to affect
the possible cellular mechanism or the tissue sites for the
impaired insulin action. It has been previously shown that
insulin binding to monocytes is normal in patients with
advanced renal failure (10), and this finding was interpreted
to be consistent with a postreceptor defect in insulin action.
The observations in our CRFdogs are in agreement with the
findings in CRFsubjects and further indicate that excess PTH
does not affect the binding of insulin to its receptors. It has
also been previously reported that the impairment in insulin
action resides in peripheral tissues most likely skeletal muscles
(40). In addition, insulin-mediated glucose uptake by the liver
as well as suppression of hepatic glucose production by hyper-
insulinemia in CRF patients are normal (5). The normal
inhibition of hepatic glucose output by hyperinsulinemia in
our CRFdogs is consistent with the human observations.

Our data indicate that the normalization of glucose tolerance
in NPX-PTX dogs must be due to improvement in insulin
secretion by the f3-cells. Several observations in our study
support this notion. First, during the IVGTT, the plasma
concentrations of insulin in NPX-PTX dogs were twice that
noted in NPX animals (Fig. 4), and for any given level of
hyperglycemia the plasma insulin concentrations were higher
in NPX-PTX than NPX dogs (Fig. 5). Second, the plasma
insulin concentrations during the early and late phases of
hyperglycemic clamp study as well as the total insulin response
were significantly greater in NPX-PTX than NPX animals
(Fig. 6). Finally, in that the metabolic clearance rate of insulin
was similar in NPX (12.1±0.7 ml/kg min) and NPX-PTX
(12.1±0.9 ml/kg * min) dogs, the higher plasma insulin concen-
trations in the latter group of animals must have resulted from
enhanced insulin secretion and not from decreased insulin
removal. It should also be noted that since both the early and
late phases of insulin secretion were enhanced by parathyroid-
ectomy, one must assume that the release of both stored as

well the newly synthesized insulin is enhanced in the NPX-
PTX dogs.

The observations of Mak et al. (41) in eight children with
CRF before and after medical suppression of the secondary
hyperparathyroidism are consistent with our results. They
demonstrated that the glucose intolerance in these children
disappeared after the normalization of the blood levels of
PTH, and this improvement was due to increased insulin
response to hyperglycemia after the treatment of the secondary
hyperparathyroidism. They concluded that the higher plasma
insulin levels overcame the insulin-resistant state, which was
not affected by the suppression of the parathyroid gland
activity.

Other data appear to differ from ours and those of Mak et
al. (41). Amend et al. (42) reported in six dialysis patients that
subtotal parathyroidectomy has no effpct on glucose utilization,
insulin secretion, or insulin sensitivity. These authors studied
their patients while they were normocalcemic, hypercalcemic,
or hypocalcemic before parathyroidectomy and while hypo-
calcemic and hypercalcemic after the removal of the parathyroid
glands. Since serum calcium levels affect insulin secretion (43,
44), it is difficult to reach a definite conclusion from their
data. It would have been helpful if Amend et al. (42) had
studied their patients before and after parathyroidectomy while
they were maintained normocalcemic. Lindall et al. (45)
reported that insulin response to intravenous glucose was
significantly increased in dialysis patients with severe secondary
hyperparathyroidism and insulin response returned to normal
after parathyroidectomy. These authors utilized crude clinical
criteria for the assessment of the secondary hyperparathyroid-
ism. They did not provide data on blood levels of PTH or
phosphorus; most of their patients were hypocalcemic before
parathyroidectomy and they were receiving calcium and vitamin
D after surgery. All these variables make the interpretation of
the data difficult. Finally, it should be emphasized that both
Amend et al. (42) and Lindall et al. (45) did not utilize the
clamp techniques that allow more accurate quantitative mea-
sures of carbohydrate metabolism.

Changes in the concentrations of serum phosphorus (46,
47), calcium (43, 44), magnesium (48), or potassium (49) may
affect insulin secretion. The difference in the insulin response
to hyperglycemia in our NPXand NPX-PTX dogs could not
be attributed to differences in the plasma concentrations of
these electrolytes because the levels of the latter were similar
in both groups. Also, the effect of parathyroidectomy on
plasma insulin concentrations during hyperglycemia is inde-
pendent of the state of CRF inasmuch as plasma insulin
concentrations during IVGTT in chronic normocalcemic-
normophosphatemic-thyroparathyroidectomized dogs were
twice (P < 0.01) the levels observed in normocalcemic dogs
with intact parathyroid glands (Fig. 9).

The mechanisms through which excess PTH blunts the
insulin response to hyperglycemia are not evident. PTH has
been shown to stimulate calcium influx into cells (18, 50, 51)
and an increase in cellular calcium concentration enhances
insulin secretion (52, 53). It seems, therefore, unlikely that a
state of secondary hyperparathyroidism impairs insulin secre-
tion. However, it is possible that the effect of changes in
calcium content of the beta cells on insulin secretion depends
on the magnitude of the change and on its duration. Such a
suggestion is supported by the data of Kanatsuka et al. (54).
It seems reasonable to suggest that a state of chronic excess of
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PTH may cause a marked and sustained elevation in calcium
content of the beta cells and such a change may adversely
affect the function of these cells. A corollary to a different
effect of acute or chronic excess PTH is found in observations
in other systems. Excess amount of the hormone acutely
stimulates the chronotropic properties of myocardial cells (22)
and random motility of polymorphonuclear leukocytes (19),
but chronic exposure to the hormone decreases or stops the
beating of the heart cells and reduces random motility of the
leukocytes. The available data on insulin response to hypergly-
cemia in patients with primary hyperparathyroidism (a state
of chronic excess of PTH) (25, 26) do not help resolve these
issues in that these patients have hypercalcemia and/or hypo-
phosphatemia, both of which affect insulin release.

It should be mentioned that although our thyroparathy-
roidectomized dogs received adequate amounts of thyroid
hormone, one must be cautious in concluding that the absence
of the thyroid gland did not play a role in the increased insulin
response in the NPX-PTX dogs. An unidentified thyroid
factor(s) presently unknown, and which could not have been
replaced by thyroid therapy, may have contributed to our
findings.
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