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Reversal of Secondary Hyperparathyroidism
by Cimetidine in Chronically Uremic Dogs

ALLAN I. JACOB, JANET M. CANTERBURY,GEORGEGAVELLAS, PHILLIP W. LAMBERT,
JACQUESJ. BOURGOIGNIE,Department of Medicine, University of Miami School
of Medicine, Miami, Florida 33101; Case Western Reserve University,
Veterans Administration Hospital Cleveland, Ohio 44106

A B S T RA C T Chronic cimetidine therapy has been
shown to suppress circulating concentrations of im-
munoreactive parathyroid hormone (iPTH) in hemo-
dialysis patients. To evaluate the long-term metabolic
effects of cimetidine treatment, we studied seven
chronically uremic dogs for 20 wk. The dogs were
studied under metabolic conditions before, during, and
after cimetidine therapy. iPTH fell progressively in the
five treated dogs from 536±70 ,leq/ml (mean±SE)
(nl < 100 ,uleq/ml) before treatment to 291±25 ,leq/ml
at 12 wk (P < 0.001) and 157±32 u.leq/ml at 20 wk
(P < 0.001). The control dogs showed no consistent
change in iPTH. The fall in iPTH was not associated
with a change in serum ionized calcium. However,
serum phosphorus decreased from 5.7±0.9 mg/dl to
3.4±0.2 mg/dl by the 20th wk (P < 0.05). By contrast,
the serum concentration of 1,25-dihydroxycholecal-
ciferol increased in all treated dogs from 33.4±4.3
pg0ml to 51.8±2.4 pg/ml during treatment (P < 0.01).
Calcium balance was negative in all seven dogs before
cimetidine (-347±84 mg/72 h) and remained so in the
control dogs; it became positive in the five treated dogs
after 12 wk (1,141±409 mg/72 h) (P < 0.05). Phosphorus
balance, 24-h fractional phosphate excretion, and
creatinine clearance remained unchanged. Pooled
samples of serum obtained during the control and 20th
wk of therapy were fractionated by gel filtration and
the eluates assayed for immunoreactivity. The decrease
in iPTH was associated with a decrease in all the
immunoreactive species, indicating suppression of
parathyroid gland secretion.

These observations indicate that cimetidine sup-
pressed circulating concentration of biologically active
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parathyroid hormone. A probable net decrease in the
loss of phosphorus from bone to blood ensued, resulting
in a fall in serum phosphorus. This may have stimulated
synthesis of 1,25-dihydroxycholecalciferol and led to a
positive calcium balance, thereby maintaining the
serum ionized calcium concentration. The main-
tenance of phosphate balance, despite suppression of
iPTH by cimetidine, indicates that factors other than
hyperparathyroidism relate to phosphate homeostasis
in chronically uremic dogs.

INTRODUCTION

Secondary hyperparathyroidism is a serious complica-
tion of chronic renal failure and has been associated
with many aspects of the uremic syndrome (1, 2). For
this reason, the prevention and treatment of uremic
hyperparathyroidism (HPTH)l remains an area of
active investigation (3-5). We recently reported that
cimetidine, a histamine H2 antagonist, decreased cir-
culating concentrations of immunoreactive parathyroid
hormone (iPTH) by 75% in a group of hemodialysis
patients without associated changes in serum ionized
calcium or phosphorus concentrations (6). After dis-
continuation of the drug, hyperparathyroidism re-
turned. This effect of cimetidine could be secondary to
either a decrease in secretion of PTHor an acceleration
of peripheral PTH metabolism. If less PTH was
secreted, a decrease of serum calcium would have been
expected to occur. The maintenance of eucalcemia in
our patients suggested additional effects of cimetidine
on calcium homeostasis.

The purpose of this study was to determine in
chronically uremic dogs the detailed effects of pro-

' Abbreviations used in this paper: HPTH, hyperpara-
thyroidism; iPTH, immunoreactive parathyroid hormone;
25(OH)D, 25-hydroxycholecalciferol; 24,25(OH)2D, 24,25-
dihydroxycholecalciferol, 1,25(OH)2D, 1,25-dihydroxychole-
calciferol.
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longed cimetidine therapy on calcium and phosphate
homeostasis, the spectrum of immunoreactive species
of circulating PTH, and the concentration of circulating
metabolites of vitamin D.

METHODS

Experimental design. Seven adult female mongrel dogs
weighing 15-18 kg were studied. Renal insufficiency was
induced by ligation of the majority of the branches of the
renal artery on one side followed, 2 wk later, by contralateral
nephrectomy (7). After a period of stabilization varying from
12 to 18 mo, the dogs were studied under metabolic con-
ditions described previously (8). In brief, after a period of
adjustment in metabolic cages, control observation was made
for 1 wk. Five dogs then received cimetidine in tablet
form for 20 wk; the tablets were placed in the pharynx and
swallowing was assured by observation. Three dogs received
300 mgdaily and two received 300 mgtwice daily. Two dogs
served as controls and did not receive cimetidine. All dogs
remained in metabolic cages for four additional consecutive
weeks during which the experimental observations were
made. The dogs were then removed from the cages and placed
in runs for 7 wk. The same amount of diet was offered daily.
The dogs were then returned to cages for further balance
studies on the 12th wk. Cimetidine treatment was then con-
tinued for a total of 20 wk. 14 wk after discontinuation of
cimetidine the dogs were restudied in the balance cages.

The dogs ate Purina high-protein dog meal (Ralston Purina
Co., St. Louis, Mo.) containing 1.6 g calcium, 0.950 g phos-
phorus, 0.150 g magnesium, and 176 U vitamin D/100 g diet.
Analysis of the diet confirmed the labeled value for the diet's
calcium, phosphorus, and magnesium content within 10%.
300 g of the diet were offered daily while the dogs were in
the cages. The amount of diet actually consumed was deter-
mined by the difference of food available to the dogs and the
amount remaining after each day. The partially exposed posi-
tion of the feeding pan in the cage door prevented any
scattering of the diet thereby insuring accurate measurements
of intake. Blood samples were obtained anaerobically three
times a week during balance studies at 10 a.m. from an anterior
limb vein before changing the food. Samples were analyzed
for ionized calcium, phosphorus, iPTH, and creatinine.
Blood samples were also obtained during the 20th wk of
therapy and 7, 14, and 20-30 wk after discontinuation of
cimetidine. During the 20th wk, bovine PTH (Inolex, Inc.
Chicago, Ill.) was infused (4 U/kg per h for 3 h) and the
calcemic response measured. Details of this protocol have
been previously reported (5). Plasma samples were obtained
for measurement of 25-hydroxycholecalciferol (25 [OHID),
24,25-dihydroxycholecalciferol (24,25[OHL2D) and 1,25-
dihydroxycholecalciferol (1,25[OHh,D) during the control
week and the 20th wk of cimetidine therapy.

Analytical methods
Formal 72-h metabolic balances were performed during
the control, 1st, 2nd, 3rd, 4th, and 12th wk of treatment and
14 wk after discontinuation of treatment. 24-h urines were
collected during the balance study and analyzed for calcium,
phosphorus, and creatinine. Carmine red dye was given via
orogastric tube on Mondays and Thursdays and all stool
passed between the appearance of the marker was collected.
The dye marker appeared from 24 to 48 h after administration.
Collection of all stools between markers insured an accurate
fecal collection representative of the 72 h of food intake.
Stool was prepared for analysis as described previously (8).

Total calcium concentration was measured in all samples by
atomic absorption (Perkin-Elmer Corp., Instrument Div.,
Norwalk., Conn, model 107). Phosphorus and creatinine were
measured by AutoAnalyzer and ionized calcium was meas-
ured with a selective ion flow-through electrode (Orion
Research Inc., Cambridge, Mass., model 5520). Serum iPTH
was assayed by methods previously described in great detail
(9-11). Antiserum CH-71 at a dilution of 1:125,000 was used,
which crossreacts with intact hormone as well as NH2- and
COOH-terminal fragments. Each sample was assayed in
duplicate at two widely differing concentrations. The co-
efficient of variation of replicate samples was 9%. PTH levels
are reported in arbitrary units (microliter equivalents per
milliliter) relating the potency of the test serum to that of a
standard uremic HPTHstandard.

Serum collected from the five cimetidine-treated dogs
during the control week and 20th wk of therapy was pooled,
concentrated, and chromatographed on a Bio-Gel P-10 column
(Bio-Rad Laboratories, Richmond, Calif.) to separate the
different immunoreactive molecular species of circulating
PTH. These methods have been described previously in
great detail (10).

Plasma 25(OH)D, 24,25(OH)2D, and 1,25(OH)2D were
measured by methodology previously reported (12, 13). Fol-
lowing sequential methanol: methylene chloride extraction,
Sephadex LH-20 chromatography, and normal phase gradient
high-performance liquid chromatography of the plasma
samples, individual vitamin D metabolites were quantitated
by radioligand binding assays. The 25(OH)D and 24,25(OH)2D
assays using a normal rat plasma binding protein had limits
of detection of 0.1 ng per assay tube. The ligand binding
assay for 1,25(OH)2D employs an intestinal mucosal cytosol
receptor from rachitic chicks, a Tris-HCl, KCI, thioglycerol-
glycerol buffer system and dextran-charcoal-human plasma
separation of receptor bound from free 1,25(OH)2D. The lower
limit of detection was 2 pg per assay tube. The coefficient
of variation of replicate samples for the 25(OH)D and
24,25(OH)2D assays is 8%and the 1,25(OH)2D assay 5%.

The data were analyzed by the Prophet computer system
developed and sponsored by the Biological Handling Pro-
gram, Division of Research Resources, National Institutes of
Health. Statistical analyses used two-way analysis of variance
and Dunnet's multiple range test and are expressed as
mean+SEM.

RESULTS

The values for ionized calcium, phosphorus and iPTH
are presented in Table I. The creatinine clearance
ranged from 5.5 to 16.1 ml/min. Fasting ionized cal-
cium was within the range seen for normal dogs in-
gesting a similar diet in our laboratory (14). Serum
phosphorus ranged from 3.8 to 9.0 mg/dl.

All dogs were hyperparathyroid before treatment
(Table I). The mean iPTH value was 561+54 ,uleq/ml
(normal, < 100 ,uleq/ml) for all seven dogs. HPTHis a
consistent finding in chronically uremic dogs (4, 5, 8, 9,
14, 15). After 1 wk of cimetidine administration, the
iPTH values fell in all five treated dogs by 12±4
,uleq/ml (P < 0.05). The fall in iPTH after cimetidine
was progressive and by the 20th wk of therapy iPTH
had fallen to 155+30 ,uleq/ml (P < 0.01) (not shown in
table). In two dogs iPTH values fell to within the
normal range. In contrast, iPTH values in the two un-
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TABLE I
Ionized Calcium, Phosphorus, IPTH, Creatinine Clearances, and Metabolic Balances

in Five Dogs Receiving Cimetidine and Two Control Dogs

Calcium (g/72 h) Phosphorus (g/72 h)

Net ab- Net ab-
Treatment Week CCR iPTH Ca+ + P Intake Feces sorption Urine Balance Intake Feces sorption Urine Balance

ml/min AleqIml meqlliter mgldl
Control

I C 16.1 518 2.59 3.8 10.76 11.04 -0.280 0.054 -0.334
1 16.1 518 2.68 3.9 10.96 11.80 -0.840 0.072 -0.912
2 17.4 523 2.69 3.5 9.29 11.52 -2.230 0.077 -2.307
3 20.9 525 2.66 3.3 12.64 12.60 +0.040 0.074 -0.034
4 16.6 523 2.63 2.4 8.00 8.80 -0.800 0.078 -0.878

12 12.1 555 2.72 3.4 7.44 8.49 -1.050 0.020 -1.070

2 C 7.1 732 2.63 5.9 11.8 12.0 -0.200 0.059 -0.259
1 6.6 733 2.66 5.6 7.39 7.44 -0.050 0.043 -0.093
2 6.2 723 2.63 5.0 9.10 9.20 -0.100 0.028 -0.128
3 6.7 723 2.67 5.4 12.21 12.96 -0.750 0.048 -0.798
4 6.6 718 2.65 4.9 11.5 11.84 -0.340 0.033 -0.373

12 5.9 425 2.66 6.6 12.80 12.96 -0.160 0.030 -0.190

6.39
6.51
5.52
7.51
4.75
4.41

7.01
4.38
5.41
7.25
6.84
7.60

5.37 + 1.020 1.26 -0.240
6.56 -0.050 1.16 -1.21
5.52 +0.000 1.42 -1.42
6.06 + 1.450 1.40 +0.050
5.58 -0.830 1.20 -2.03
5.28 -0.870 0.938 -1.81

5.76 + 1.340 0.99 +0.260
3.04 + 1.340 1.02 +0.320
4.12 + 1.290 0.882 +0.408
6.24 + 1.010 1.00 +0.010
6.72 +0.120 0.883 -0.763
7.36 +0.240 1.54 -1.30

Cimetidine
I C

1
2
3
4

12
14 post

2 C
1
2
3
4

12
14 post

3 C
1
2
3
4

12
14 post

4 C
1
2
3
4

12
14 post

5 C
1
2
3
4

12
14 post

8.5
9.9

10.8
9.4

11.3
11.4
14.2

15.1
17.5
19.9
18.8
19.5
17.6
14.0

5.5
6.9
7.7
7.0
7.1
8.4
9.0

365 2.63 5.9 14.4 15.0 -0.600 0.190 -0.79
358 2.66 5.8 14.4 15.6 -1.200 0.230 -1.43
335 2.71 5.1 14.4 14.3 -0.100 0.190 -0.090
297 2.73 4.5 14.4 15.3 -0.900 0.130 -1.03
280 2.72 4.6 14.4 15.3 -0.900 0.170 -1.07
218 2.71 4.5 7.20 4.71 +2.490 0.041 +2.45
210 2.78 5.0 9.60 10.08 -0.480 0.108 -0.588

630 2.58 4.0 10.3 10.6 -0.300 0.011 -0.311
607 2.61 3.8 8.0 9.9 - 1.900 0.025 - 1.925
565 2.59 3.9 10.96 10.34 +0.620 0.067 +0.553
478 2.59 3.6 14.4 14.4 0.000 0.049 -0.049
500 2.59 3.9 13.7 12.4 +1.300 0.048 + 1.252
307 2.70 4.2 8.89 8.29 +0.600 0.018 +0.582

98 2.63 4.3 7.76 7.28 +0.480 0.006 +0.474

735 2.63 9.0 11.6 11.9 -0.300 0.065 -0.365
712 2.78 7.5 3.2 3.2 0.000 0.047 -0.047
670 2.77 7.1 14.4 15.8 -1.400 0.123 -1.523
557 2.76 6.3 14.4 13.6 +0.800 0.170 +0.630
515 2.76 6.8 14.4 13.4 +1.000 0.123 +0.877
325 2.77 6.6 12.89 11.04 +1.850 0.103 +1.747
192 2.80 6.5 11.3 11.29 +0.010 0.102 -0.094

13.5 428 2.77 4.9 10.72 11.04 -0.320 0.012 -0.332
13.4 423 2.76 4.1 12.16 12.32 -0.160 0.013 -0.173
15.1 362 2.79 3.9 10.6 9.84 +0.760 0.017 +0.743
14.4 307 2.77 3.5 9.55 9.36 +0.190 0.008 +0.182
13.4 263 2.73 3.0 7.25 6.96 +0.290 0.006 +0.284
17.4 250 2.73 3.35 11.4 10.8 +0.600 0.006 +0.594
15.7 395 2.65 5.4 8.12 6.5 +1.620 0.016 +1.624

14.7
13.1
14.1
13.8
11.5
13.2
12.1

522 2.75 4.7 14.4 14.4 0.000 0.045 -0.045
518 2.71 4.9 12.2 11.8 +0.320 0.039 +0.281
457 2.76 4.8 10.9 10.8 +0.100 0.018 +0.082
388 2.74 4.4 10.8 9.6 +1.200 0.028 +1.172
328 2.72 4.2 11.08 10.88 +0.200 0.018 +0.182
330 2.85 5.4 12.2 11.84 +0.360 0.027 +0.333
363 2.61 5.7 7.02 7.38 -0.360 0.013 -0.373

8.55 8.96 -0.410 1.44 -1.850
8.55 7.44 +1.110 1.77 -0.660
8.55 10.3 -1.750 1.75 -3.500
8.55 8.0 +0.550 1.33 -0.780
8.55 9.12 -0.570 1.66 -2.230
4.28 2.70 + 1.580 1.22 +0.360
5.70 5.40 +0.300 1.312 -1.012

6.14 4.96 +1.180 0.91 +0.270
4.77 4.74 +0.030 1.29 -1.260
6.51 5.10 +1.410 1.08 +0.330
8.55 6.35 +2.200 1.33 +0.870
8.12 5.34 +2.780 1.12 +1.66
5.28 4.96 +0.320 0.899 -0.579
4.61 3.52 +1.090 0.586 +0.504

6.9 7.32 -0.420 1.48 -1.90
1.90 1.30 +0.600 1.37 -0.770
8.55 10.26 -1.710 1.77 -3.48
8.55 8.00 +0.550 1.36 -0.810
8.55 8.34 +0.210 1.68 -1.470
7.66 6.72 +0.940 1.92 -0.980
6.75 5.94 +0.810 1.798 -0.988

6.37 5.70 +0.670 0.74 -0.550
7.22 6.72 +0.500 1.49 -0.990
6.29 5.88 +0.410 0.95 -0.540
5.67 4.80 +0.870 0.74 +0.130
4.31 4.08 +0.230 0.69 -0.460
6.77 6.08 +0.690 1.43 -0.740
5.42 4.40 + 1.020 1.32 -0.300

8.55 8.32 +0.230 0.79 -0.550
7.24 5.04 +2.200 1.35 +0.850
6.47 6.36 +0.110 0.88 -0.770
6.41 5.04 +1.370 0.95 +0.420
6.58 6.72 -0.140 0.76 -0.90
7.27 6.40 +0.870 1.93 -1.06
4.77 5.0 -0.230 1.12 -1.35

CCR, creatinine clearances.

treated control uremic dogs remained constant except turned to pretreatment levels in an unpredictable
for an unexplained low value at 12 wk in dog 2. pattern. In two dogs, iPTH remained suppressed for

The decrease in iPTH as a percentage of control 14 wk after discontinuing the drug. iPTH returned to
values is shown in Fig. 1 for the treated dogs. After near base-line levels in all dogs by 20 wk.
20 wk of cimetidine therapy iPTH values decreased by Pooled samples of serum obtained during the control
75%. When cimetidine was discontinued, iPTH re- and 20th wk of therapy were fractionated by gel filtra-
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FIGURE 1 Cimetidine effects on iPTH in chronic uremia.
Relative decrease in circulating PTH concentration in five
uremic dogs before, during, and after cimetidine treatment.
Each point represents the mean of three determinations. The
numbers at each line correspond to the dogs in Table I.

tion and the eluates assayed for immunoreactivity (Fig.
2). It is evident that the decrease in iPTH was associ-
ated with a decrease in all the immunoreactive species.
This indicates that the decrease in circulating iPTH
during cimetidine therapy was secondary to less hor-
mone secretion from the parathyroid glands rather than
modifications in peripheral hormone metabolism.

Serum ionized calcium did not change throughout
the study period (Fig. 3). However, there was a progres-
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FIGURE 2 Elution profiles on P-10 columns of pooled sera
from five uremic dogs before (-) and during (----) cimetidine
treatment. The arrows at the top of the graph indicate the
elution positions of markers used to calibrate the columns.
%B/F, bound-to-free hormone ratio of samples as a fraction
of controls containing only tracer hormone. (A) Equal volumes
of pooled concentrated sera were applied to the columns.
(B) Equal amounts of immunoreactivity were applied to the
columns. The similar elution profile excludes alterations in
hormone metabolism as a cause for decreased total immuno-
reactivity.

WEEKS

FIGuRE 3 Change in serum ionized calcium and phosphorus
concentration in five uremic dogs before, during, and after
cimetidine treatment. Each point is the mean of three deter-
minations made on five dogs. Individual serum phosphorus
concentration during week 20 were: 1-2.9 mg/dl, 2-3.5
mg/dl, 3-4.1 mg/dl, 4-2.8 mg/dl, and 5-3.6 mg/dl.

sive decrease in serum phosphorus from 5.7±0.9 mg/dl
during the control week to 4.5±0.5 mgldl during the
3rd and 4th wk and 3.4±0.2 mg/dl by the 20th wk of
cimetidine therapy (all values P < 0.05). 14 wk after
withdrawal of cimetidine, serum phosphorus increased
to 5.4±0.4 mg/dl (P < 0.05), a value not significantly
different from the pretreatment value.

Metabolic balance studies revealed that during
cimetidine therapy calcium balance became positive
(Table I). During the control week, the five dogs were
in a negative calcium balance of -367±120 mg/72 h.
Negative calcium balance is a consistent feature in
chronically uremic man (16) and dogs (8) and is due to
fecal calcium losses. 3 and 4 wk after initiation of
cimetidine therapy, the mean change in calcium
balance was +550±259 and +674±334 mg/72 h (Fig.
4). These changes reached borderline significance
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FIGURE 4 Net change in calcium balance in five uremic dogs
during and after cimetidine therapy. Each dog is plotted
individually and the numbers correspond to the dogs in
Table I.
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(0.05 < P < 0. 1). During the 12th wk of cimetidine, cal-
cium balance was positive in all five dogs and increased
by a mean of 1,509±518 mg/72 h (P < 0.05). This was
due to an increase in net intestinal calcium absorption
from -304±94 mg072 h during the control week to
+ 1,180±419 mg/72 h during week 12 (P <0.05). In
contrast calcium balance was never positive in the two
control dogs. There were no changes in phosphorus
balance, creatinine clearance, and 24 h fractional phos-
phate excretion during the balance periods (Table I).

Changes in vitamin D metabolites may be related
to alterations in calcium balance. Circulating concen-
trations of 25-hydroxycholecalciferol, 24,25-dihydroxy-
cholecalciferol, and 1,25-dihydroxycholecalciferol
were measured before and during cimetidine ther-
apy. Serum 25(OH)D increased insignificantly from
31.2±7.6 nglml before therapy to 35.3±6.0 ng/ml after
therapy. However, 1,25(OH)2D increased in all
treated dogs by a mean of 55% from 33.4±4.3 pg/ml
before therapy to 51.8±2.4 pg/ml after therapy (P
< 0.01). 24,25(OH)2D decreased concomitantly from
2.4±0.3 ng/ml to 1.9±0.2 ng/ml (P < 0.05) (Fig. 5).

Despite the decrease in iPTH, serum ionized cal-
cium concentration could have been maintained if
bone had increased its sensitivity to the remaining
PTH. To examine this possibility, the calcemic re-
sponse to exogenous PTH was examined in all seven
dogs. The maximal increase in serum ionized calcium
in the five treated dogs was 0.24±0.02 mg/dl. This
blunted response was not different from that seen in
the two control uremic dogs in this study and eight
uremic dogs with hyperparathyroidism previously re-
ported from this laboratory (5) (Fig. 6).

DISCUSSION

Cimetidine was effective in decreasing circulating
iPTH by 75% in our dogs with a remnant kidney and
chronic renal insufficiency. Reduction of iPTH was evi-
dent despite the persistence of those factors that led
to secondary hyperparathyroidism, i.e., a decrease in
renal function and maintenance of a "normal" phos-
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FIGuRE 5 Serum concentration of 1,25(OH)2D and 24,
25(OH)2D before and during cimetidine treatment in five
uremic dogs. Data are plotted for both the individual dogs and
the mean+SEM. The numbers at each line correspond to the
dogs in Table I.
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FIGURE 6 Maximal increase in serum ionized calcium after
infusion of PTH (4 U/kg per h for 3 h). The calcemia in five
cimetidine-treated dogs is compared with the two cRntrol
uremic dogs and an additional eight uremic and eight normal
dogs described previously (5). The numbers at each point cor-
respond to the dogs in Table I.

phate intake. Elevated concentrations of circulating
iPTH have been previously demonstrated in chronically
uremic manand dog (4,5,8,9, 15, 17, 18). This elevation
reflects both an increased rate of secretion of PTHand
an accumulation of metabolites due to delayed excretion
(19). Intact PTHis metabolized by the liver and kidney
to lower molecular weight fragments that are excreted
primarily by glomerular filtration (1, 20). In chronic
renal disease, these metabolites accumulate and con-
tribute to the elevation in serum iPTH. PTHimmuno-
assays that measure COOH-fragments are particularly
sensitive to changes in peripheral metabolism (19).
The decrease in iPTH during cimetidine therapy there-
fore could reflect either a change in secretory rate of
hormone or an acceleration of peripheral metabolism.
A comparison of the profile of immunoreactivity ob-
tained after gel chromatography shows clearly that
cimetidine did not affect the metabolism of PTH.
Hence, cimetidine must have reduced the secretion of
PTH by the parathyroids (10). An equally enhanced
clearance of all species of iPTH by cimetidine is
unlikely, as this would require an effect on liver, kid-
ney, and bone, the organs involved in PTHmetabolism.

Preliminary studies with parathyroid slices from
normal bovine glands (21) and isolated dispersed cells
from human adenomatous glands (22) have shown that
histamine stimulates cAMP production and PTH re-
lease. These effects are blocked by cimetidine. Cir-
culating iPTH in normal subjects acutely decreases
with cimetidine infusion and returns to control levels
when the infusion is terminated (21). Histamine may
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therefore play a role in normal parathyroid physiology
and hyperparathyroid conditions. Stimulation of PTH
secretion by hypocalcemia and ,-agonists is felt to be
secondary to activation of adenylate cyclase (23, 24). It
is possible that the parathyroid gland adenylate
cyclase may be histamine sensitive, a characteristic of
cardiac (25) and gastric adenylate cyclase (26).

After withdrawal of cimetidine, iPTH values slowly
increased, and only 20-30 wk later did iPTH return to
pretreatm-ient levels. Accumulation of cimetidine and
its metabolites in chronic uremia may accounit for the
delayed return of iPTH values after withdrawal. A
single oral dose of cimetidine is excreted in the urine
mostly unchanged and as a sulfoxide. However, sub-
stantial amounts of poorly characterized polar con-
jugates are also detected (27). Cimetidine excretion is
depressed in renal failure (28), and accumulation of
metabolites, if biologically active, could account for the
slow return of iPTH valtues. There is no definite in-
formation concerning the biological activity and con-
centration of cimetidine metabolites in chronic renal
failure.

Alternatively, the delayed recovery of iPTH values
may reflect a slow return to the condition of secondary
hyperparathyroidism. The stimuli that originally led to
secondary HPTHremain operative after withdrawal of
the drug. However, there may be a period of several
weeks during which the parathyroid glands progres-
sively increase their secretory rate and PTH fragments
accumulate. In addition, if the reversal of secondary
HPTHby cimetidine was associated with a decrease in
functional gland mass, a lag period of glandular hyper-
trophy and hormone accumulation would be expected.

An elevated concentration of PTHmay be necessary
to maintain a normal serum calcium in chronic uremia
(29). Therefore, a decrease in secretion of metabolically
active PTH by cimetidine should have resulted in
hypocalcemia. The two possible mechanisms that
could have participated in maintaining eucalcenmia are
enhancement of gastrointestinal calcium absorption or
an increase in bone calcium release. Sensitivity of bone
to PTH is not enhanced in uremia but depressed (5).
As shown in Fig. 6, cimetidine treatment did not modify
the blunted calcium-mobilizing action of PTHon bone
in these uremic animals. The most reasonable explana-
tion for the lack of change of serum calcium despite
decreased PTHsecretion is that intestinal absorption of
calcium was enhanced. Considerable variations in
calcium intake occurred in both the control and treated
dogs. A decrease in calcium intake would tend to mask
positive effects on calcium balance. At week 12, three
of the five treated dogs had a calcium intake less than
during the control week. Nonetheless, calcium balance
was significantly positive, primarily due to an enhanced
net gastrointestinal calcium absorption. A defect in
intestinal calcium absorption is a consistent finding in

chronic renal insufficiency (8, 16, 30-32). Our dogs
with creatinine clearances -15% of normal were not
severely uremic but were in negative calcium balance
despite a calcium intake of >3 g daily. This defect has
been attributed to a deficiency of 1,25(OH)2D. Al-
though the normal range of circulating 1,25(OH)2D
levels in dogs offered a similar diet is unknown, our
dogs were certainly not deficient in this metabolite as
the mean concentration before cimetidine therapy was
33.4 pg/ml, a value within the normal range for man.
Cimetidine increased circulating levels of 1,25(OH)2D
in all five dogs. This was associated with a concomitant
fall in the concentration of 24,25(OH)2D. The control
of la-hydroxylation by PTH (33), calcium (34) and
phosphorus (35) has been described in various species.
However, there are no data concerning modulation of
metabolism of vitamin D by these factors in renal
disease. The changes in D metabolites may have been
secondary to the decrease in serum phosphate conceni-
tration, an important modulator of renal la- and 24-
hydroxylase activities (35). Our studies suggest that
1,25(OH)2D levels will increase in dogs with renal
insufficiency in response to a decrease in serum phos-
phorus. The increase in 1,25(OH)2D concentration
probably accounts for the net positive calcium balance
during cimetidine therapy. A possible role for phos-
phorus in peripheral 1,25(OH)2D metabolism has been
postulated (36) and it is possible that metabolic deg-
radation of 1,25(OH)2D was inhibited by the decrease
in serum phosphorus. A direct suppressive effect of
1,25(OH)2D on PTH glandular secretion has been
observed by some investigators (37). It is possible that
cimetidine directly stimuilated renal synthesis of
1,25(OH)2D thereby decreasing iPTH. However, the
decrease in iPTH occurred much earlier than the
changes in calcium balance, suggesting that the vitamin
D effect was a later and therefore secondary event.

The mechanisms responsible for the dec rease in
serum phosphorus conicentration are unclear. Despite
the increase in net gastrointestinal calciuIml absorption
with cimetidine, phosphorus absorption remiiained un-
changed. Coburn et al. (38) have shown that the ad-
ministration of 1,25(OH)2D to chronically uremic pa-
tients will enhance net intestinal absorption of calciumn
and phosphorus to an equivalent degree. If the increase
in 1,25(OH)2D concentration in our dogs is responsible
for the changes in calciumi balance, similar effects on
phosphorus balance should have been observed. Nonie-
theless, the balance data clearly exclude decreased
intestinal absor-ption or increase renal losses as con-
tributing to the change in serumii phosphorus. After 3
wk of cimetidine treatment, serunm phosphorus had
decreased significantly but net gastrointestinal absorp-
tion and urinary excretion of phosphorrus varied in-
consistently from the conttrol week. These observations
exclude primary chaniges in phosphorus balance as
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operative and evoke shifts of phosphorus within body
comiipartments as a tenable explanation. The decreased
concentration of iPTH after cimetidine may have
caused less phosphorus to be lost from bone, thereby
decreasing serum phosphorus. Alternatively, intra-
cellular accunmuilation of phosphorus secondary to
changes in vitamin D metabolites (39) or incorporation
into phospholipids (40) may be responsible. The rela-
tive contribution of any of these possibilities is un-
known. Despite the decrease in the serum and filtered
load of phosphorus, renal phosphorus excretion was
unchanged. This relative phosphaturia mlay have been
secondary to the increase in 1,25(OH)2D, as this agent
will cause phosphaturia when administered chronically
to thyroparathyroidectomized rats (41).

More than a decade ago, secondary HPTHwas postu-
lated to be directed at the maintenance of phosphate
homeostasis in chronic uiremia (15). Each decrement in
gomertilar filtration rate wouild be associated with
transient hyperphosphatemia, hypocalcemia, and anl
increase in PTH secretion. Secondary HPTHwould
cauise phosphaturia and restore phosphate balance
thereby normalizing serum phosphate and calcium
levels. As renal fuinction deteriorates, phosphate
balance would be mainitained at the expense of in-
creasingly severe HPTH. Although Swenson et al. (42)
have shown that phosphate homeostasis may be main-
tained in parathyroidectomized uremic dogs given
vitamin D, a direct effect of vitamin D on renal phos-
phate handling in uremia was not excluded. Our data
indicate that atteniuation of HPTH does not impair
phosphate homeostasis in uremic dogs. Although PTH
is critical for phosphate homeostasis in chronic renal
disease, our observations suggest that factors other than
hyperparathyroidism may also be involved.
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