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Abstract

It has been suggested that a sustained rise in resting levels of
cytosolic calcium jCa2+Ji of pancreatic islets is responsible for
impaired insulin secretion in chronic renal failure (CRF). Evi-
dence for such an event is lacking and the mechanisms through
which it may affect insulin secretion are not known. Studies
were conducted in normal, CRF, and normocalcemic, parathy-
roidectomized (PTX) CRFrats to answer these questions.

Resting levels of [Ca2+J1 of islets from CRFrats were higher
(P < 0.01) than in control or CRF-PTX rats. [3HJ2-deoxyglu-
cose uptake and cAMPproduction by islets were not different
in the three groups. Insulin content of, and glucose-induced
insulin secretion by islets from CRFrats was lower (P < 0.01)
than in control and CRF-PTX rats. In contrast, glyceraldehyde-
induced insulin release by CRFislets was normal. Basal ATP
content, both glucose-stimulated ATP content and ATP/ADP
ratio, net lactic acid output, V,, of phosphofructokinase-1, and
Ca2"ATPase of islets from CRF rats were lower (P < 0.02-
<0.01) than in normal or CRF-PTX animals.

Data show that: (a) Glucose but not glyceraldehyde-induced
insulin secretion is impaired in CRF; (b) the impairment in
glucose-induced insulin release in CRFis due to a defect in the
metabolism of glucose; (c) this latter defect is due to reduced
ATPcontent induced partly by high ICa2+J of islets; and (d) the
high [Ca2J1i in islets of CRFrats is due to augmented PTH-in-
duced calcium entry into cells and decreased calcium extrusion
from the islets secondary to reduced activity of the Ca2" ATP-
ase. (J. Clin. Invest. 1991. 87:255-261.) Key words: pancreatic
islets * parathyroid hormone - cytosolic calcium * ATP

Introduction

Chronic renal failure (CRF)' is associated with impaired glu-
cose-induced insulin release from pancreatic islets (1). Wehave
demonstrated that this defect is due to the state of secondary
hyperparathyroidism of CRFin that normocalcemic parathy-
roidectomized (PTX) CRF rats displayed normal glucose-in-
duced insulin release (1). The mechanisms through which ex-
cess PTH in CRFimpairs insulin release are not delineated. It
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1. Abbreviations used in this paper: CRF, chronic renal failure; IBMX,
isobutyl- 1 -methylxanthine; PFK- 1, phosphofructokinase- 1; PTX,
parathyroidectomized.

has been postulated that PTHaugments entry of calcium into
islets and leads to calcium accumulation in these structures.
This increased calcium burden then interferes with the process
of insulin secretion.

Support for such a sequence of events is found in several
observations. First, the acute exposure of pancreatic islets to
1-34 PTH is associated with a rise in their cytosolic calcium (2).
Second, pancreatic islets obtained from rats treated for 42 d
with 1-84 PTHhave significantly and markedly higher resting
levels of cytosolic calcium and display impaired insulin release
(3). Third, prevention of calcium accumulation in pancreas of
CRFrats by treatment with the calcium channel blocker, Vera-
pamil, corrected the impairment in glucose-induced insulin
release (4).

Direct evidence demonstrating a rise in resting levels of
cytosolic calcium in islets of CRFrats and correction of such
derangement by PTX is lacking. In addition, the mechanisms
through which a rise in resting levels of cytosolic calcium of the
pancreatic islets of CRFrats interfere with their ability to se-
crete insulin are not delineated. This study was undertaken to
examine these issues.

Methods

Sprague-Dawley rats weighing 275-375 g were studied. They were fed
normal rat chow diet (Wayne Research Animal Diets, Chicago, IL)
throughout the study and allowed to drink ad lib. The rats were studied
after 42 d of CRF in the presence and absence of the parathyroid
glands. Parathyroidectomy was performed by electrocautery, and the
success of the procedure was ascertained by a decrease in serum levels
of calcium of at least 2 mg/dl. The PTX rats were allowed to freely
drink water containing 5% of calcium gluconate. This procedure is
adequate to normalize plasma calcium in the PTX rats. 7 d after PTX,
the animals underwent a right nephrectomy through a flank incision; 4
d later, a partial left nephrectomy was performed. The nephrectomy
procedure was also done in rats with intact parathyroid glands. This
protocol, therefore, provided two groups of animals with CRF: one
with intact parathyroid glands (CRF) and the other without parathy-
roid glands (CRF-PTX). A group of normal rats served as control for
the CRFand CRF-PTX animals.

2 d before the experiments, some of the rats were housed in meta-
bolic cages for the collection of 24-h urine output. The animals were
killed by decapitation on day 43 after the partial left nephrectomy. The
pancreas was removed, dissected free of adipose tissue and lymph
nodes. Islets of Langerhans were isolated by the collagenase digestion
method of Lacy and Kostianovsky (5) and picked free of exocrine tissue
under a dissecting microscope. Studies were conducted on islets ob-
tained from normal, CRF, and CRF-PTX rats.

Studies of insulin secretion by islets. Insulin secretion from islets of
the various groups of animals was evaluated under dynamic conditions
according to methods previously reported (6, 7). These dynamic stud-
ies were conducted in a four-channel perifusion apparatus. 25 size-
matched islets were placed in each of the four conical chambers of
0.07-ml capacity and were perifused at a rate of 0.8 ml/min with the
incubation media (modified KRB[pH 7.4]) containing 10 mMHepes
and 0.5 mg/dl BSA, having 2.8 mMD-glucose at a temperature of 370C
and a gas mixture of 95%02 and 5%CO2being continuously bubbled
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into the perifusate. After leaving the chambers, the perifusate was fil-
tered through 8.0-,gm pore size filter (Sartorius Filters, Inc., Burlin-
game, CA) and was collected. After 30 min of preincubation, the collec-
tion of the effluent was started and continued at 1-min intervals for 41
min. The first six collections (6 min) represented the basal level of
insulin release during perifusion at 2.8 mMr-glucose. Thereafter, the
D-glucose concentration in the perifusate was increased to 16.7 mM
and an additional 35 samples were collected. In another group of stud-
ies the insulin secretagogue was 10 mMD-glyceraldehyde. Insulin con-
centrations were determined in the various samples of the effluent. In
these dynamic studies of insulin release, the changes from baseline with
time were examined by calculating the area under the curve for each
study, allowing us to estimate insulin release during the initial phase
and the total insulin release.

CyclicAMP of islets. Static studies were conducted for the measure-
ment of cAMPin the islets. Briefly, 10 islets were incubated for 30 min
at 370C in 1.0 ml of incubation media containing (a) 2.8 mM1-glu-
cose; (b) 16.7 mM1-glucose; (c) 10 mMr-glyceraldehyde and 2.8 mM
1-glucose; or (d) 16.7 mMr-glucose and 100 MMisobutyl-l-methyl-
xanthine (IBMX). At the end of the incubation the cAMPwas ex-
tracted by the addition of 120 M1 10% perchloric acid, and the solution
was then neutralized with 90 jil of potassium carbonate and centrifuged
at 3,000 g for 10 min. The supernates were saved. The pellet was
washed and centrifuged two more times and the supernate was saved
after each centrifugation. The pooled aqueous extract was dried at
60'C. Before cAMPassay, the extract was reconstituted with 1 ml of
assay buffer and cAMPwas measured using the cAMP(1251) assay kit
(Amersham Corp., Arlington Heights, IL).

Adenine nucleotide content of islets. Both ATPand ADPcontent of
islets were measured simultaneously by the methods of Ashcroft et al.
(8) and of Lundin et al. (9). 10 islets were placed in 400 Ml KRBincuba-
tion medium containing either 2.8 or 16.7 mMD-glucose and incu-
bated for 30 min at 370C. At the end of the incubation, 200 M1 of the
medium containing the islets was mixed with TCAwith a final concen-
tration of 2.5%, and the tube containing the mixture was immersed in
liquid nitrogen and stored at -70'C. On the day of the assay, the
mixture was thawed and neutralized with 2 N KHCO3. 50-Ml samples
of the mixture were assayed for ATP before and after conversion of
ADPto ATP by adding phosphoenol pyruvate (0.2 M) and pyruvate
kinase (10 mg/dl). The difference between the two values represents the
ADPcontent. ATP was measured by the firefly luminescence assay
with the LAD 535 Luminometer (Turner Designs, Sunnyvale, CA).
ATP standards were prepared with KRBmedium and contained the
same amount of TCAand KHCO3as the islet extracts.

V,,. and Kmfor fructose of phosphofructokinase I (PFK-1). The
Vmax and apparent K. for fructose-6-phosphate of islet PFK-1
(E.C.2.7.1.1 1) were determined by the methods of Beutler et al. (10)
and of Hyslop et al. (I 1). Islets were pelleted in a microfuge (Beckman
Instruments, Inc., Palo Alto, CA) for 5 s and resuspended in a solution
containing 0.1 MTris, 5 mMMgCl2 (pH 8.0), 2 mMEGTA, and 100
MMfl-mercaptoethanol, and then sonicated at low power (Braunsonic
1510; B-Braun Instruments, Melsungen AG, FRG) for 20 s at 4VC.
Appropriate amounts of the following reagents were added to the islet
preparation to attain a final volume of 900 Ml made of: 100 Ml of I M
Tris HCL; 5 mMEDTA(pH 8.0); 200 ,l of 0.1 mMMgCI2; 100 1M of
0.02 M fructose-6-phosphate (or progressively decreasing concentra-
tions for the assessment of K.); 100 Ml of 2 mMNADH; 250 MAl distilled
water; 50 MAl islets; and 100 Ml of auxiliary enzyme solution. The latter
solution was prepared by adding 100 U of aldolase, 100 U of triose
phosphate isomerase, 100 Uof a-glycerophosphate dehydrogenase to a
saturated (NH4)2SO4 solution, bringing the total volume to 2 ml. This
(NH4)2SO4 solution was then diluted 1:15 in ,l-mercaptoethanol-
EDTAstabilizing solution. A blank was prepared exactly as described
above except for the deletion of fructose-6-phosphate. The mixture was
then incubated at 370C for 10 min. Thereafter, 100 Ml of 0.02 MATP
was added making the final volume of the assay I ml. The activity of
PFK-1 was assayed by the measurement of NADHoxidation at 340
nm wavelength using a spectrophotometer (model LAMBDA2; Per-

kin-Elmer Corp., Instrument Div., Norwalk, CT). The V. of PFK-I
was expressed as nanomoles per minute per milligrams of protein. The
protein concentration was determined by the method of Bradford (12).
The Michaelis-Menten constant for fructose-6-phosphate was esti-
mated in its linear form as the Lineweaver-Burk double reciprocal plot,
generated from at least five concentrations of the substrate. A plot of
the reciprocal of the initial velocity versus the reciprocal of the initial
substrate concentration yields a line whose slope is Km/V., whose y
intercept is I/ Vm., and whose x intercept is - I/Km.

Measurement of glucose-6-phosphate and glycerol-phosphate. The
measurements of picomole quantities of these compounds in the pan-
creatic islets could not be done reliably because of the small quantities
of tissue available for the assay. To find whether CRFaffects the con-
tents of these compounds in cells, we measured them in both the myo-
cardium and skeletal muscle of control, CRF, and CRF-PTX rats. The
measurements were madewith the Bessman automatic phosphate ana-
lyzer which is, in principle, a high pressure liquid chromatography on
an anion-exchange resin column for separation of phosphorylated in-
termediates (13). The details of obtaining the myocardial or skeletal
muscle, their extraction, and the analysis of these compounds were
previously reported in detail from our laboratory (14).

Lactate assay. Lactic acid output by islets was determined after
their incubation with 2.8 and 16.7 mMD-glucose using the method of
Sener and Malaisse (15). The assay estimates the level of NADHliber-
ated at the end of the reaction generated by the addition of 0.5 mM
NAD, 50 Ag lactic dehydrogenase, 2 mMglutamate, 50 jg glutamic-
pyruvic transaminase, and 50 mM2-amino-2-methyl-propanol to a
cuvette with a final volume of 2 ml containing either islets or a stan-
dard. The measurement of NADHwas done with a Perkin-Elmer fluo-
rometer at excitation wavelength of 340 nmand emission wavelength
of 450 nm. The difference between lactic acid output by islets incu-
bated with 2.8 and 16.7 mM1-glucose was calculated, and this net
lactic acid output was considered to be produced by metabolism of
glucose by the islets.

Cytosolic calcium of islets. Cytosolic calcium of islets was measured
with Fura 2-AM (Sigma Chemical Co., St. Louis, MO)using a modifica-
tion of the method described by Sussman, Leitner, and Draznin (16).
The pancreatic islets were isolated using the collagenase digestion
method described above and picked under a dissecting microscope.
500 islets were then dissociated into single cells and small clusters by
shaking in a calcium and magnesium-free medium supplemented with
EGTA(0.2 mg/ml) and trypsin (0.5 mg/ml) for 10 min at room temper-
ature. The suspension was then centrifuged at 500 g for 3 min and the
pellet resuspended in modified KRBcontaining 135 mMNaCl, 5 mM
KCI, 1.5 mMCaCI2, I mMMgCI2, 2 mMNaH2PO4, 6 mMHepes, 2.8
mMD-glucose, I g/liter BSA(fraction V) (pH 7.4). The suspension was
aspirated 10 times through a 14-gauge needle at room temperature and
then incubated at 370C for 3 min with gentle shaking. The islets were
then disrupted into individual cells with eight aspirations through a
20-gauge needle. The cells were then centrifuged at 500 g for 3 min and
washed in the above solution. Loading of the cells with Fura 2-AM was
done by incubating them with 2MgMof Fura 2-AM for 30 min. This was
followed by washing and centrifugation at 500 g for 3 min at room
temperature. Measurement of fluorescence was done with Perkin-
Elmer fluorescence spectrophotometer model IS SBat excitation wave-
length of 340 and 380 nm, and emission wavelength of 510 nm. Maxi-
mal fluorescence and minimal fluorescence were estimated as
previously reported (17, 18). The cells were lysed with digitonin (40
Mg/ml) to obtain maximal fluorescence. Next, IO mMEGTAand suffi-
cient NaOHto elevate the pH to 8.5 were added to obtain minimal
fluorescence. Cells were washed before each experiment, and the above
mentioned calibration for the Fura 2 signal was performed after each
experiment. To eliminate the effects of autofluorescence due to the
cuvette, medium, and islets, fluorescence was measured with empty
cuvette, after addition of medium and after addition of cells without
Fura 2. The unloaded pancreatic islets produced very minimal and
almost undetectable fluorescence. Correction for the autofluorescence
of the cuvette and medium was made by setting the fluorometer on
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autozero before each measurement. Calculation of cytosolic calcium
was made using Grynkiewicz's equation (17). The dissociation con-
stant for Ca2+-Fura 2 was assumed to be 225 nM (17).

[jH]2-deoxyglucose uptake of islets. [3H]2-deoxyglucose (Amer-
sham Corp., sp act 17 Ci/mmol glucose) uptake was measured using
400 islets according to a modification of the method described by Draz-
nin et al. (19). The islets were disrupted into single cells as described
above under the methodology for the measurement of cytosolic cal-
cium. 0.2 MCi of [3H]2-deoxyglucose were added to I ml of islet suspen-
sion while on ice. Samples of 100 Ml were taken at 0 time and trans-
ferred to a microcentrifuge tube containing 100 ul of silicone oil and
centrifuged in a Beckman 152 microfuge. The pellet was counted for
radioactivity in a Beckman liquid scintillation counter. These counts
were considered to represent the nonspecific binding of [3H]2-deoxy-
glucose to the islets. The remaining islet suspension was incubated in a
shaker bath at 370C for 5 min; 100-Ml samples were transferred to a
microcentrifuge tube containing 100 ul of silicone oil and centrifuged.
The pellets were counted as described above. The difference between
the counts at 5 min and at time 0 were considered to represent glucose
uptake by the islets.

Measurements of calcium-dependent ATPase (Ca+2A TPase). Pan-
creatic islet membranes were prepared according to a modification of
the method described by Levin et al. (20). Groups of 60 islets were
suspended in 600 Ml of 300 mMsucrose and 10 mMTris-HCI (pH 7.4)
at 4VCand then sonicated with Braunsonic 1510 sonicator while on ice
for lO s. The suspension was centrifuged at 1,500 in refrigerated Sorvall
centrifuge model RC-2B (DuPont Co., Newton, CT) with an SM-24
rotor for 10 min and the pellet was resuspended in the same solution
and sonicated again for 10 s at 4VC. The suspension was then centri-
fuged at 1 ,S00gfor 10 min and the pellet was resuspended in 600 Ml of 3
mMTris-HCI (pH 7.4) at 4VC and homogenized with a homogenizer
(Thomas Scientific, Swedesboro, NJ) by four passes of the plunger. The
homogenate was immediately frozen and stored at -70'C for 2-3 d
before the assay of Ca+2 ATPase activity.

The membrane Ca2' ATPase activity was determined by continu-
ous monitoring of ATPconsumption using the firefly luciferase biolu-
minescence assay for determination of ATP (21) with LAD 535 lumi-
nometer as described above. A sample of 100 Ml of membrane homoge-
nate (equivalent to 10 islets) was added to 850 Ml of incubation solution
containing various concentrations of calcium chloride (0.8, 1.0, 1.4,
1.8, or 2.0 mM, that are equivalent to 0.01, 0.0 15, 0.024, 0.10, or 5.4
MAM free Ca", respectively), 2 mMEGTA, 20 mMNaN3, 0.1 mM
ouabain, 10 mMTris-Pipes (piperazine-NN'-bis[2-ethane sulfonic
acid]) (pH 7.5), and preincubated for 10 min at 370C. At the end of this
preincubation, 50 Ml of 20 mMTris ATP stock solution was added
bringing the final volume of mixture to I ml and giving a concentration
of ATP of I mM. This mixture was incubated for I h.

The ATP level was determined before and at the end of I h incuba-
tion and ATP consumption was calculated as the difference between
these two values. Nonenzymatic hydrolysis of ATP was determined
during similar incubation of 100 Ml of 3 mMTris-HCI (pH 7.4) with
850 Ml of incubation solution and 50 Ml of 20 mMATP. This nonenzy-
matic hydrolysis of ATP averaged 5%. The actual enzymatic ATP hy-
drolysis during each experiment was calculated by correction of the
total ATP consumption for spontaneous ATP hydrolysis. The Ca2+
ATPase assay was done in the presence of endogenous tissue magne-
sium that was measured and found to be 8-9 MM. The Mg-ATPase
activity was measured simultaneously during each study in the absence
of free calcium in the incubation media. The Ca2' ATPase activity was
calculated as the difference between the ATPconsumption in the pres-
ence and absence of calcium. The concentration of protein was deter-
mined by the method of Bradford (12).

For the determination of free calcium concentrations, the apparent
Ca-EGTA association constant of 10'7832 M-' for pH 7.5 was used (22).
The high affinity Ca+2 ATPase was studied at a concentration of free
calcium of . 5.4 MM; under these conditions ATP has a negligible
effect on free calcium in a Ca-EGTA buffer system because the appar-
ent Ca-ATP association constant of 103-390 M-' at pH 7.5 is much less

than that of Ca-EGTA. The Kmfor Ca was calculated using the Line-
weaver-Burk line generated from five different concentrations of sub-
strate.

The choice of I h incubation for the measurement of Ca2' ATPase
was based on observations in preliminary study in which the activity of
the enzyme was measured at different time intervals. It was found that
the relationship between the activity of the Ca2' ATPase and time of
incubation was linear during the first 60 min. Similarly the dose of 1
mMATP was based on preliminary studies evaluating the effect of
different concentrations of ATP on Ca2' ATPase. The total ATPase
activity (Ca2+ and Mg2' ATPase) as well as that of Mg2' ATPase and
hence the Ca2' ATPase activity began to plateau at 1 mMATP.

The measurements of calcium and magnesium concentrations in
plasma were madeby Perkin-Elmer atomic absorption spectrophotom-
eter, model 503, and those of plasma and urine creatinine and plasma
phosphorus by autoanalyzer (Technicon Instruments Corp., Tarry-
town, NY). Insulin was determined by charcoal-coated radioimmuno-
assay using rat insulin as standard (23). PTH levels in serum were
determined by INS-PTH immunoassay kit (Nichols Institute Diagnos-
tics, San Juan Capistrano, CA). This assay recognizes the amino-ter-
minal fragment of PTH. The assay showed highly reproducible ICo for
inhibition of 1251-PTH binding of 21.4±0.8 pg. and < 10% differences
within an assay. The lower limit of detectability of PTHwith this assay
is 10 pg/ml.

Statistical analysis was done with the Clinfo computer system. The
data are presented as mean±SE. Changes from baseline in parameters
with multiple measurements with time (dynamic insulin secretion with
1-glucose) were evaluated by calculating area under the curve for each
experiment using the trapezoidal rule. The statistical significance be-
tween the various parameters was evaluated by unpaired t test.

Results

The body weight and biochemical data of the three groups of
rats are given in Table I. There were no significant differences
in body weight and in the serum levels of calcium, phosphorus,
and magnesium. The 5/6 nephrectomy resulted in a significant
rise in the serum levels of creatinine with the values being three
times higher than in control rats (P < 0.01). However, there
was no significant difference in the levels of serum creatinine
between the CRFand CRF-PTX rats. Table II provides the
data on creatinine clearance and serum levels of PTH in con-
trol, CRF, and CRF-PTX rats. Creatinine clearance was signifi-
cantly (P < 0.01) lower in CRFand CRF-PTX rats than in
control animals, and there were no significant differences in
this parameter between CRFand CRF-PTX rats. The serum
levels of PTHwere significantly (P < 0.01) elevated in CRFrats
with the values being twice that of the normal animals. In the

Table L Biochemical Data in Control, CRF, and CRF-PTXRats

Plasma

Body wt Cr Ca P Mg

g mg/dl

Control
n = 42 338±11.7 0.33±0.02 10.1±0.21 6.5±0.34 2.57±0.04

CRF
n = 37 330±9.1 1.00±0.06* 10.3±0.18 6.4±0.18 2.65±0.08

CRF-PTX
n = 29 321±10.1 1.12±0.1 1* 9.9±0.36 5.7±0.19 2.47±0.06

Data are presented as mean±SE.
* P < 0.01 vs. control.
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Table II. Data on Creatinine Clearance and Serum Levels of PTH
in Control, CRF, and CRF-PTXRats

Serum Cr Urine Cr Ccr Serum PTH

mg/dl mg/24 h mil/min pg/mi

Control 0.32±0.02 11.7±1.22 2.50±0.18 41±2.3
CRF 1.19±0.12* 13.0±1.30 0.83±0. 10* 76±5.7*t
CRF-PTX 1.12±0.13* 10.8±1.8 0.65±0.07* 23±0.6*

Cr, creatinine; Ccr, creatinine clearance.
The number of rats studied for measurements of creatinine clearance
was 10 in each group. The number of studies for measurement of
PTHwas 11 control, 10 CRF, and 6 CRF-PTX.
Data are presented as mean± 1 SE.
* P < 0.01 vs. control; * P < 0.01 vs. CRF-PTX and control.

CRF-PTX rats, the serum levels of PTHwere significantly (P
< 0.01) lower than those in both normal or CRFrats.

Fig. depicts the data of the dynamic studies on n-glucose-
induced insulin release from pancreatic islets obtained from
control, CRF, and CRF-PTX rats. Both the initial and total
insulin release in CRF rats (80±17 pg/islet per 6 min and
985±66 pg/islet per 31 min) were significantly (P < 0.01)
smaller than in control rats (363±58 pg/islet per 6 min and
3,477±250 pg/islet per 31 min) or in CRF-PTX animals
(243±13 pg/islet per 6 min and 2,918±322 pg/islet per 31 min).
The values of the last two groups of animals were not different.

[3H]2-deoxyglucose uptake by islets was not affected by
CRFand the values of the uptake in CRFrats (3.7±0.5 fmol/5
min) were not different from those in CRF-PTX animals
(4.3±0.6 fmol/5 min) or control rats (4.1±0.1 fmol/5 min).
Insulin content in CRFrats (31±2.7 ng/islet) was significantly
(P < 0.01) lower than in control rats (49±5.3 ng/islet) or in

160

E E
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0)
80-~~

C

co 40-

0

-3 0 5 10 15 20 25 30 35
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Figure 1. Dynamic studies of n-glucose-induced insulin release from
perifused pancreatic islets of five control, five CRF, and five CRF-
PTX rats. Insulin secretion was first measured during dynamic
perifusion with KRBcontaining 2.8 mMn-glucose. At 0 time, the
glucose concentration of the perifusate was increased to 16.7 mM.
The shaded area represents mean± SE of insulin release in islets
from control rats. The closed circles represent insulin release from
CRF-PTX rats and the open triangles that from CRFrats. Each data
point represents the mean value and the brackets depict SE. The areas

under the curve of the initial phase and of total insulin release in
CRFrats are significantly smaller than those in control and CRF-
PTX rats.
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CRF-PTX animals (43±1.5 ng/islet). The latter value was not
different from that of control animals.

Table III provides the simultaneous values of ATP and
ADPcontent, and of ATP/ADP ratio in islets from control,
CRF, and CRF-PTX rats. Both the basal and the glucose-stim-
ulated ATP content extracted were significantly (P < 0.01)
lower in CRF than in control or CRF-PTX rats. The ADP
content in CRFand CRF-PTX rats was lower thin in control
rats (P < 0.05). The ATP/ADP ratio in CRFdid not increase
after the exposure to 16.7 mMD-gl4cose while a significant (P
< 0.01) increment was observed in this ratio both in control
and CRF-PTX rats.

The Vmn, of PFK-I in CRF rath (5.9±0.29 nmol/min per
mg protein) was significantly (P < 0.01) lower than that in
normal rats (7.5±0.7 nmol/min per mg protein) or in CRF-
PTX (7.0±0.37 nmol/min per mg protein) animals. There
were no significant differences between the values of Vm.. in
the control and CRF-PTX rats. There was also no significant
difference in the Kmfor fructose-6-phosphate of PEK- 1 among
the three groups of animals (control, 0.333±0.018 mM; CRF,
0.285±0.032 mM; and CRF-PTX, 0.331±0.046 M).

The content of glucose-6-phosphate and glyc rol-3 phos-
phate in both the heart and skeletal muscle was significantly (P
< 0.01) lower in CRFrats than in control and CRF-PTX ani-
mals (Table IV). The net lactic acid output by pancreatic islets
from CRFrats (142±30.7 pmol/islet per 90 min) was signifi-
cantly (P < 0.02) lower than by islets from control (313±48.5
pmol/islet per 90 min) or CRF-PTX rats (325±58.1 pmol/islet
per 90 min) (Table IV).

The data of the dynamic studies on glyceraldehyde-induced
insulin secretion is shown in Fig. 2. There was no significant
difference in the insulin secretion induced by this secretagogue
among the three groups of rats. cAMPcontent of islets from
normal or CRFrats after stimulation with glucose (8.5±1.3 vs.
8.1±0.9 fmol/islet), IBMX (14.1±0.5 vs. 14.1±2.5 fmol/islet),
or glyceraldehyde (9.3±1.4 vs. 8.3± 1.0 fmol/islet) were not dif-
ferent.

The resting levels of cytosolic calcium in pancreatic islets
from CRF rats (252±7.4 nM) were significantly (P < 0.01)
higher than those observed in islets from control rats (137±4.5
nM) or CRF-PTX animals (158±9.8 nM). The values of con-
trol and CRF-PTX were not different.

Fig. 3 shows the Lineweaver-Burk double reciprocal plots
of a Kmstudy for calcium of Ca2" ATPase of pancr atic islets in
representative studies from control, CRF, and CRF!X rats.
There were no significant differences in the values of the Km
(control: 0.025±0.010 AM; CRF: 0.030±0.009 MM; and CRF-
PTX: 0.029±0.007 AM). In contrast the Vma,, of Ca2" ATPase
in CRFrats (8.9±1.26 Amol/mg protein per h) was significantly
lower (P < 0.01) than in control rats (15.2±0.94 Mmol/mg pro-
tein/h) or in CRF-PTX animals (12.5± 1.13 Amol/mg protein/
h). There were no significant differences betwqen the V. val-
ues in control and CRF-PTX rats. These differences in V,.,
could not have been due to differences in protein content of
islets membranes in the three groups of animals. The protein
content of the islet membranes was 17±0.9 Mgber 10 islets in
control animals, 20±1.5 ,ug per 10 islets in CRF rats, and
20±1.2 Mg per 10 islets in CRF-PTX animals.

Discussion

Previous studies from our laboratory have clearly demon-
strated that insulin secretion by pancreatic islets is impaired in
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Table III. ATP and ADPcontent, ATP/ADP Ratio of Pancreatic Islets from Control, CRF, and CRF-PTXRats

ATP ADP ATP/ADP
pmol/islet pmol/islet ratio

2.8 16.7 2.8 16.7 2.8 16.7
mMD-glucose mMD-glucose mMD-glucose

Control
n= 10 14.1±1.1 27.1±1.30 3.2±0.20 3.8±0.23 4.6±0.44 7.1±0.36

CRF
n = 7 8.7±0.59* 11.6±0.75* 2.1±0.28* 2.7±0.23* 4.0±0.30 4.5±0.44*

CRF-PTX
n = 6 14.2±1.1 24.5±1.7 2.3±0.10t 2.4±0.10* 5.9±0.45 10.1±0.45$

Data are presented as mean±SE. * P < 0.01 vs. control and CRF-PTX; t P < 0.01 vs. control.

CRF, and this defect is mediated by the state of secondary
hyperparathyroidism of CRF(1). Support for this conclusion
was found in other studies demonstrating that insulin secretion
in CRF-PTX rats and dogs is normal (1, 24) and that chronic
administration of PTHto rats with normal renal function also
impairs insulin secretion (1, 3). The state of excess PTH was
associated with increased total calcium of pancreas and it has
been postulated that this increase in pancreatic calcium may
reflect a rise in resting cytosolic calcium of all pancreatic cells
including those of the pancreatic islets (1, 4) which in turn may
impair insulin release.

The results of this study provide direct evidence for the
notion that the resting levels of cytosolic calcium of the islets
are indeed markedly elevated in CRFrats, and this abnormal-
ity is due to secondary hyperparathyroidism of CRFsince rest-
ing levels of cytosolic calcium of the islets are normal in CRF-
PTX rats. Further support for an effect of excess PTHon cyto-
solic calcium is provided by two other observations. First,
Fadda et al. (2) have shown that the acute exposure of the islets
to PTH is followed by a significant rise in their cytosolic cal-
cium. Second, Perna et al. (3) have demonstrated marked ele-
vation in resting levels of cytosolic calcium in pancreatic islets
after chronic administration of PTH to rats with normal renal
function. Thus, it is apparent that chronic excess of PTHin the
presence or absence of CRFcauses a marked rise in resting
levels of cytosolic calcium of pancreatic islets and is associated
with impaired insulin secretion by these structures.

Table IV. Content of Glucose-6-Phosphate and Glycerol
Phosphate in Myocardium and Skeletal Muscle of Control,
CRF, and CRF-PTXRats

Myocardium Skeletal muscle

G-6P Gly-P G-6-P Gly-P

nmol/mg protein

Control
n = 6 1.83±0.15 4.55±0.49 3.21±0.22 2.11±0.20

CRF
n = 6 1.32±0.09* 2.58±0.22* 1.54±0.35* 1.27±0.24*

CRF-PTX
n = 6 1.66±0.11 3.81±0.22 2.74±0.33 2.49±0.37

G-6-P, glucose-6-phosphate; Gly-P, glycerol phosphate.
* P < 0.01 from control and CRF-PTX.

Parathyroid hormone is known to augment calcium entry
into many cells (25-29). However, cells are endowed with
mechanisms that allow them to pump out the excess calcium
and/or buffer it by intracellular organelles (30). The demonstra-
tion in our study that the resting levels of cytosolic calcium in
islets of CRF rats are elevated indicates that the balance be-
tween calcium entry into, its extrusion out of, or its buffering
within the cells is impaired. Calcium extrusion out of cells is
accomplished, in major part, by the intact function of calcium-
activated ATPase (30-32). ATP is needed for the functional
integrity of this enzyme (33, 34). Our observation that the basal
ATP content of islets isolated from CRF rats is significantly
reduced may, at least in part, cause a reduction in the activity
of the calcium-activated ATPase. Indeed, our studies show that
the V,n, of Ca2" ATPase of pancreatic islets is significantly
reduced compared with that of islets from control or CRF-PTX
rats. Such a derangement would result in a rise in the resting
levels of cytosolic calcium of the islets of these animals. The
data of Corkey et al. (35) provide support for an effect of ATP
on cytosolic calcium of islets since they demonstrated that the
steady-state free calcium concentration in permeabilized

140 a
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Figure 2. Dynamic studies of i8-glyceraldehyde-induced insulin
release from perifused pancreatic islets in four control, four CRF, and
four CRF-PTX rats. Insulin secretion was first measured during
dynamic perifusion with KRBcontaining 2.8 mM -glucose. At 0
time, the perifusate was changed to KRBcontaining 2.8 mMn-
glucose and 10 mMD-glyceraldehyde. The shaded area represents
mean±l SE. Each data point represents the mean value and brackets
denote± I SE. There was no significant difference between the insulin
secretion in the three groups of animals.
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0.8 o Control r = 0.981, Km= 0.022 Figure 3. A represen-
O CRF r = 0.995, Km= 0.020 tative study of Km for
* CRF-PTX r = 0.990, Km= 0.030 calcium of Ca2 ATPase

0.6 of pancreatic islet
v ,w membranes from

control rats (o), CRF
OA*- rats (a), CRF-PTX rats

(-). The data are
0.2 v presented as the

Lineweaver-Burk plot
___________________ _ rdemonstrating its

-50 30 10 o 30 50 70 90 110 linearity. The plot
1 represents the reciprocal

of the initial velocity
(V) vs. the reciprocal of the initial substrate [S] concentrations which
yields a line whose slope is Km/VrrX, whose y intercept is l/Vm..,
and whose x intercept is - 1/Km.

RINm5F insulinoma cells varied inversely with ATP/ADP
ratio.

Previous studies from our laboratory have demonstrated
that a PTH-induced increase in the calcium burden of skeletal
muscle (36) and heart (37) was associated with impaired mito-
chondrial oxygen consumption and reduced ATP content of
these organs. Furthermore, a rise in the resting levels of cyto-
solic calcium in pancreatic islets of PTH-treated rats was asso-
ciated with a fall in the basal levels of ATP (3). These observa-
tions taken together with the results of this study are consistent
with the notion that the PTH-augmented entry of calcium into
the islets of CRF rats is responsible for the reduction in their
ATP content. Support for this explanation is provided by our
finding of a normal ATPcontent in islets of CRF-PTX rats in
which the resting levels of cytosolic calcium are normal despite
CRF. It appears, therefore, that a vicious circle develops in
islets of CRFrats where a rise in cytosolic calcium induced by
PTH reduces ATP content, which in turn perpetuates the in-
crease in cytosolic calcium. This situation continues until a
new steady state develops with high levels of resting cytosolic
calcium and low levels of ATP.

Since the two major metabolic disturbances in the islets of
CRFrats are a rise in resting levels of cytosolic calcium and a
reduction in basal ATP content, one must consider these
events as potentially responsible for the impaired insulin secre-
tion in CRF. Available data assign an important role for ATP
in the process of insulin secretion by the pancreatic islets. ATP
facilitates the closure of ATP-dependent potassium channels
(38, 39), which is followed by cell depolarization (39, 40) and
subsequent activation of voltage-sensitive calcium channels
(39, 41). As a consequence, calcium enters the islets causing a
rise in cytosolic calcium concentration that triggers cellular
events that lead to insulin secretion. Corkey et al. (35) postu-
lated that it is the ATP/ADP ratio that is important in the
sequence of events described above, and a rise in the ATP/ADP
ratio initiates the closure of the ATP-sensitive potassium chan-
nels and the depolarization of islets. Thus, the lower ATPcon-
tent and/or the lower ATP/ADP ratio in islets of CRFrats both
in the resting state and after exposure to 16.7 mMD-glucose
may contribute to the impaired insulin secretion through an
effect on the ATP-dependent potassium channels (38, 39).

Calcium serves as a second messenger in many biological
function of the cell (42). In order for calcium to act as such, the
ratio between the calcium signal (rise in cytosolic calcium) in-
duced by an agonist and the background calcium resting (cyto-

solic calcium) should be of certain magnitude and adequately
large (43). Therefore, in any situation where the resting levels of
cytosolic calcium are elevated, the signal:background ratio will
be smaller than in conditions with normal resting cytosolic
calcium, and therefore the biological response to the calcium
signal will be reduced. Thus, it is reasonable to suggest that the
elevated levels of resting cytosolic calcium in islets of CRFrats
would be associated with reduced glucose-induced insulin re-
lease.

The elevation in the resting levels of cytosolic calcium and
the reduction in basal ATP content of islets of CRFrats may
affect glucose-induced insulin release through other metabolic
pathways as well. For glucose-induced insulin release to occur,
glucose must enter the islets and be appropriately metabolized
by them. Also the islets must contain adequate amount of in-
sulin.

It is apparent from our study that glucose uptake by the
islets of CRFrats was not altered. The significant reduction in
insulin content of these islets may have contributed to the im-
paired insulin release. However, one must be cautious in ac-
cepting this interpretation since the content of insulin in islets
of CRF rats was 30 times higher than the amount secreted
during the 30 min of the study. Further, D-glyceraldehyde
caused a normal secretion of insulin from the islets of CRFrats
despite their lower insulin content.

Several observations in our study indicate that glucose me-
tabolism is impaired in the islets of CRFrats. After the entry of
glucose into the islets, it is phosphorylated to glucose-6-phos-
phate, converted by an isomerase to fructose-6-phosphate, and
further phosphorylated by PFK- 1 to fructose 1,6 biphosphate
(44). These processes require adequate amounts of ATP and
intact function of the PFK- 1. Our findings of low basal ATP
content and noncompetitive inhibition of PFK- 1 (normal Km
and reduced Vmax) indicate that glucose metabolism is im-
paired at a step(s) of the glycolytic pathway before the produc-
tion of glyceraldehyde-3 phosphate. Further support for im-
paired glycolysis in islets from CRF rats is provided by our
observations that net lactic acid production is markedly lower
in these islets than in those from control or CRF-PTX rats. A
definite evidence for impaired glucose metabolism by pancre-
atic islets of CRF rats could be provided by measurements of
glucose intermediates. Unfortunately, we could not reliably
measure the picomole quantities of these intermediates in the
islets because of the small amount of tissue available for the
assay. However, we measured these compounds in the myocar-
dium and skeletal muscle of control, CRF, and CRF-PTX rats
and found that glucose-6-phosphate and glycerol phosphate are
significantly lower in CRFrats than in the other two groups of
animals. This finding supports the proposition that CRFwith
excess PTHcould impair glucose phosphorylation and metabo-
lism in cells.

Our results demonstrating that glyceraldehyde-induced in-
sulin release by islets from CRFrats is not different from that of
islets from normal rats are also consistent with the interpreta-
tion that CRFwith excess PTH impairs glucose metabolism in
islets, since glyceraldehyde enters the glycolytic pathway at the
triose phosphate isomerase level (44).

Several lines of evidence indicate that cAMP modulates
insulin secretion in response to nutrients (41, 45, 46). The re-
duction in glucose-induced insulin release by the islets of CRF
rats does not seem to be related to derangements in adenylate
cyclase-cAMP systems. Indeed, cAMPcontents of islets of
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CRF rats after their exposure to glucose or IBMX were not
different from those observed in normal islets despite reduced
insulin release by the CRFislets.

Finally, it should be mentioned that the pancreatic islet is
not a homogeneous structure and contains other cell types be-
sides the ,3 cells; the latter, however, constitute 70-80% of all
cells of the islet. Therefore, the changes in the cytosolic cal-
cium, ATP content, net lactic acid output, and V, of Ca2'
ATPase of the islets of CRFrats may modestly overestimate or
underestimate the magnitude of these changes in the fB cells
depending on the effect of CRF on these parameters in the
other cell type of the islet.
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