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Kidney and bone are two generally recognized
target organs for parathyroid hormone (PTH). In-
creased transport of calcium across the intestinal
epithelium was once considered a direct effect of
PTH, but current evidence indicates that this
effect is mediated by the action of PTH on the
metabolism of vitamin D (1).

Over the years there has been abundant evi-
dence to suggest an effect of PTH on other tis-
sues. Toverud and Munson (2) showed that
parathyroidectomy of lactating rats increased the
calcium content of the milk despite prevailing
hypocalcemia. Tenenhouse (3) and Borle (4) and
their associates have reported PTH stimulation
of calcium transport in Hela cells and in Ehrlich
ascites cells.

Whitfield and his colleagues (5-8) demon-
strated that the administration of PTH increases
mitogenic activity in bone marrow and thymus
cells. Conversely, parathyroidectomy causes a
drastic reduction of cell proliferation in these
tissues. The resulting atrophy of the thymus and
depressed erythropoiesis of bone marrow can be
alleviated by PTH or calcium therapy. More
recently, these workers have reported that the
normal proliferative response of liver paren-
chymal cells to partial hepatectomy requires the
presence of parathyroid glands and is preceded
by a transient hypocalcemia (9). PTH stimulates
DNA synthesis and mitogenic activity in the
hepatocyte as a prelude to liver regeneration.

This in vivo hepatic action of PTH comple-
ments extensive work done in vitro showing an
effect of PTH on liver mitochondria. Rasmussen
(10) and DeLuca (11) and their co-workers
showed increased respiration and specific ion
transport in mitochondria isolated from liver as
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well as from kidney and intestinal mucosa. It has
also been demonstrated that PTH can stimulate
an influx of calcium into liver cells (12).

This background led us to an investigation of
the liver as a possible end organ for PTH action.
In addition, during studies of activation of
skeletal adenylate cyclase by PTH, Chase et al.
(13) noted some stimulation of this enzyme in
liver. They considered the response to PTH as
minimal in comparison to that elicited by
glucagon and did not explore the phenomenon
further. In the present paper, we present in detail
the effect of PTH on liver adenylate cyclase.

Materials and Methods. Preparation and
assay of hepatic adenylate cyclase. Rats and cats
were anesthetized with pentobarbital, 25-35
mg/kg intraperitoneally, and the livers were
rapidly removed. Approximately 200 mg of tis-
sue was homogenized in 4.5 ml of cold 0.25 M
sucrose. The homogenate was centrifuged at
12,000g for 10 min at 4°, and the supernatant
fluid was decanted; the particles were washed
with cold 0.25 M sucrose, resuspended and re-
centrifuged at 12,000g for 10 min. The washed
particles were then resuspended and re-
homogenized in cold 0.25 M sucrose. Protein
was determined by the method of Lowry et al.
(14). Adenylate cyclase was assayed by the
method of Krishna er al. (15). The particulate
fraction containing 0.04—0.06 mg of protein
was incubated at 37° for 10 min in a total volume
of 60 ul with 2.5 mM ATP; a-*?P-ATP, 3.0-3.5
x 108 cpm; theophylline, 8 mM; MgCle, 3.2
mM: Tris—HCI, 21 mM, pH 7.7; bovine PTH?,

2 Highly purified bovine PTH was obtained from Wilson
laboratories in Chicago, IL. Specific activity of this material,
based on the Munson rat hioassay, is 2000-2500 MRC
units/mg.
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the N-terminal of bovine PTH (1-34 peptide)?,
glucagon, epinephrine, or sodium fluoride at
concentrations noted in the text. The diluent for
PTH and the peptide 1-34, 0.01 N HAc, was
added to control incubations. Hormone solutions
were prepared fresh for each experiment. The
cAMP produced was determined as previously
described (16).

Results. Effect of bovine parathyroid hormone
and synthetic 1-34 peptide on liver adenylate
cyclase. The effect of bovine PTH and the syn-
thetic N-terminal peptide 1-34 on liver adenylate
cyclase is shown in Fig. 1. Bovine PTH in-
creased the accumulation of cAMP over the con-
centration range 6 X 1078 M — 1 x 1078 M with
half-maximal activation occurring at about 1 X
1077 M. The 1-34 peptide increased the accumu-
lation of cAMP over a concentration range of 6
X 107% — 6 x 1077 M: half maximal activation
occurring at about 6 X 1078 M. The sensitivity of
adenylate cyclase appeared to be greater for the
synthetic peptide as compared to bovine PTH
with significant differences occurring at 6 X
10-8 M (P <0.05) and at 1 X 1077 M
(P < 0.05). No significant differences were ob-
served at maximal concentrations of the hor-
mones in which the synthetic peptide produced
approximately a 70-80% increase in cAMP ac-
cumulation as compared to 60-70% for bovine
PTH.

3 Synthetic N-terminal (1-34 amino acids) of bovine PTH
was obtained from Beckman Laboratories, Palo Alto, CA.
Specific activity of this material, based on in vitro activation
of adenylate cyclase from the rat renal cortex, is 3100 IU/mg.
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The activation of the liver adenylate cyclase
by bovine PTH and the synthetic peptide 1-34
was linear for the first 10 min of the incubation
and over a range of protein from 15 to 75 ug per
incubation.

In Fig. 2 are compared the maximal increases
in cAMP achieved with known stimulators of
liver adenylate cyclase, including glucagon,
epinephrine, and sodium fluoride. Glucagon is
most effective, producing about a threefold in-
crease in cAMP accumulation. Although
glucagon produced a much greater stimulation of
adenylate cyclase than PTH, half-maximal acti-
vation with glucagon occurred at the same con-
centration as with the synthetic PTH peptide, 5
X 1078 M (17, 18). )

In order to determine the specificity of the
activation of liver adenylate cyclase by PTH, we
examined the effect of several other polypeptide
hormones (Table I). Calcitonin, thyrotropin, and
gastrin did not activate the enzyme in the same
preparation in which the 1-34 peptide produced
approximately a twofold increase in cAMP ac-
cumulation.

Bitensky et al. demonstrated separate adeny-
late cyclase systems in liver for glucagon and
epinephrine (19). In order to test which system is
activated by PTH, we examined the effects of
various peptides, singly and in combination
(Table II). Maximal stimulatory concentrations
of each were used. The 1-34 peptide was fully
additive with epinephrine, but only partially ad-
ditive with glucagon. It is possible that the
reason for the lack of additivity is due to the fact
that the glucagon stimulation of adenylate cy-
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Fi1G. 1 Concentration response curves for bovine PTH and synthetic peptide 1-34. Each value represents the
mean + SEM of 5-7 experiments, each experiment having been performed with either triplicate or quadruplicate

samples.
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TABLE I.  Effect of Other Polypeptide Hormones on TABLE II.  Effect of Combined Maximal Concentrations
Liver Adenylate Cyclase.* of Hormones in Liver Homogenates.
Picomoles cyclic Picomoles cyclic
3',5-AMP accumulated/10 3’ 5’-AMP accumulated/10
min/mg protein min/mg protein®
Control 180 = 20 Control 33+ 8.0
1-34 Peptide 2.0 x 107SM 330+ 10 1-34 Peptide 6 x 107'M 89+ 9.0
Calcitonin 5.0 x 107°M 200 + 20 Epinephrine 1 x 107*M 75+ 6.0
TSH 6.0 x 107'M 220 £ 10 Epinephrine + 1-34 peptide 125 + 6.0
Gastrin 2.0 x 107°M 180 = 4.0 Glucagon 1 x 1075M 345 9.0
Glucagon + 1-34 peptide 378 = 12.0
“Each value is the mean + SE of six samples from two Glucagon + Epinephrine 398 = 4.0

rats.

clase alone is at or near the maximum for the
enzyme.

The beta-adrenergic blocking drug pro-
pranolol at I X 10~¢ M did not abolish the activa-
tion of adenylate cyclase by 6 X 1077 M 1-34
peptide. Thus, the 1-34 peptide does not appear
to be mediated through release of membrane-
bound catecholamines.

Species specificity. In order to determine the
species specificity of these observations, we ex-
amined the effect of bovine PTH and synthetic
peptide 1-34 on cat liver adenylate cyclase
(Table II1.) At 1 X 107 M, bovine PTH pro-
duced approximately a twofold increase in
cAMP accumulated and synthetic peptide about
a 2.5-fold increase.

Discussion. It has become evident that the
binding of many polypeptide hormones to their
target organs is followed by activation of the
membrane bound enzyme adenylate cyclase
(20). The subsequent increase in intracellular

@ Each value is the mean = SE of eight samples from two
rats.

cAMP is thought to mediate the effects of the
hormone on its target tissue. Furthermore, acti-
vation of the enzyme in a particular tissue by a
hormone is considered strong evidence that the
tissue is a target organ for the hormone. Accord-
ing to the present data, liver is a target organ for
PTH. In comparison with two hormones for
which liver is a well established target, glucagon
and epinephrine, the activation of PTH was less
than that of glucagon but greater than that of
epinephrine. These results are in accord with the
preliminary report of Moxley et al. (21).

Bone and kidney, the recognized end organs
for PTH, share with liver the following attri-
butes: (a) Each of these tissues have been re-
ported to have enzymes selectively metabolizing
PTH (22-25) . (b) The hormone increases cal-
cium entry into the cells of each tissue (12,
26-28). (c) For all three, a maximal stimulation
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FI1G. 2. Comparison of various activators of liver adenylate cyclase. Each value represents the mean = SEM of
4 experiments, each experiment having been performed with either triplicate or quadruplicate samples.
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TABLEIII.  Activation of Cat Liver Adenylate Cyclase by
Bovine PTH and Synthetic Peptide 1-34.

Picomoles cyclic AMP
accumulated/mg protein/10 min®

Control 91 = 17
PTH 174 + 29
1-34 Peptide 215 = 27
Glucagon 349 = 10

2 Each value represents the mean + SE of four samples.

of adenylate cyclase is achieved at roughly equal
molar concentrations of PTH (13, 29). How-
ever, while the distinctive physiological effects
of PTH mediated in bone and kidney by cAMP
are well known, no such actions have been dis-
cerned in the liver. The most attractive possible
role for PTH on hepatic cell function is the regu-
lation of the conversion of cholecalciferol to its
25-hydroxy derivative, but this possibility has
not yet been explored systematically.

Summary. The effect of parathyroid hormone
(PTH) on the membrane bound enzyme adeny-
late cyclase in rat and cat liver tissue homoge-
nates was studied. Bovine PTH increased the
accumulation of cyclic AMP (cAMP) over a
range of 6 X 1078 —1 X 107% M. The synthetic
N-terminal peptide (1-34 amino acids) of the
hormone increased the accumulation of cAMP
over a range of 6 X 107 — 6 X 107" M.
Compared to well studied stimulators of liver
adenylate cyclase, glucagon and epinephrine,
PTH produced a greater stimulation than
epinephrine but less than glucagon. Calcitonin,
thyrotropin, and gastrin did not stimulate the
liver adenylate cyclase. Maximal concentrations
of the 1-34 peptide and epinephrine were addi-
tive but maximal concentrations of the 1-34 pep-
tide and glucagon were only partially additive.

The concentration of PTH showing maximal
stimulation of liver adenylate cyclase is equiva-
lent to that reported for bone and kidney, the two
well studied end organs for the hormone. Al-
though the data suggest that the liver is an end
organ for PTH, there is no known physiologic
role for this hormone in the liver except for a
possible requirement for PTH in liver regenera-
tion.

This investigation was supported by the National Institutes
of Health, Grants AM—16768 and HL-13715-03, and by the

369

Heart Association of Palm Beach County, a Chapter of the
Florida Heart Association.

|. Garabedian, M., Holick, M. F., DeLuca, H. F., and
Boyle, I. T., Proc. Nat. Acad. Sci. U.S.A. 69, 1673 (1972).

2. Toverud, S. U., and Munson, P. L., Ann. N. Y.
Acad. Sci. 64, 336 (1956).

3. Tenenhouse, A., Meier, R., and Rasmussen, H., J.
Biol. Chem. 241, 1314 (1966).

4. Borle, A. B., and Neuman, W. F., J. Cell Biol. 36,
567 (1965).

5 Perris, A. D., Wiss, L. A., and Whitfield, J. F., I.
Cell. Physiol. 76, 141 (1970).

6. Perris, A. D., MacManus, I. P., Whitfield, J. F., and
Weiss, L. A., Amer. J. Physiol. 220, 773 (1971).

7. Whitfield, J. F., MacManus, J. P., Youdale, T., and
Frank, D. J., J. Cell. Physiol. 78, 355 (197).

8. Rixon, R. H., and Whitfield, J. F., J. Cell. Physiol.
79, 343 (1972).

9. Rixon, R. H., and Whitfield J. F., Proc. Soc. Exp.
Biol. Med. 141, 93 (1972).

10. Rasmussen, H., Nagata, N., Feinblatt, J., and Fast,
D., in *‘Parathyroid Hormone and Thyrocalcitonin (Calcito-
nin)”’ (R. V. Talmage and L. F. Belanger, eds.), p. 299.
Excerpta Medica Foundation, Amsterdam (1968.)

11. DeLuca, H.F., and Sallis, J. D., in *‘The Parathyroid
Glands’’ (P. J. Gaillard, R. V. Talmage and A. M. Budy,
eds.), p. 181. University of Chicago Press, Chicago, IL
(1965).

12. Chausmer, A. B., Serman, B. S., and Wallach, S.,
Endocrinology 90, 663 (1972).

13. Chase, L. R., Fedak, S. A., and Aurbach, G. D.,
Endocrinology 84, 761 (1969).

14. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and
Randall, R. J., J. Biol. Chem. 193, 265 (195]).

15. Krishna, G., Weiss, B., and Brodie, B. B., J. Phar-
macol Exp. Ther. 163, 379 (1968).

16. Levey, G. S., and Epstein, S.E., J. Clin. Invest 48,
1663 (1969).

17. Makman, M. H., and Sutherland, E. W., Endocri-
nology 75, 127 (1964).

18. Levey, G. S., Prindle, K. H., Jr., and Epstein, S. E.,
J. Mol. Cell. Cardiol. 1, 403 (1970).

19. Bitensky, M. W., Russell, V., and Robertson, W.,
Biochem. Biophys. Res. Comm. 31, 706 (1968).

20. Robison, G. A., Butcher, R. W., and Sutherland, E.
W., Ann. Rev. Biochem. 37, 149 (1968).

21. Moxley, M., Bell, N. H., Wagle, S. R., Allen, D.
0., and Ashmore, J., Clin. Res. 22, 62A (1974).

22. Martin, T. J., Melick, R. A., and DeLuise, M.,
Biochem. J. 111, 509 (1968).

23. Fujita, T., Orimo, H., Ohata, M., Yoshikawa, M.,
and Maruyama, M., Endocrinology 86, 42 (1970).

24. Fang, V.S., and Tashsian, A. H., Endocrinology 90,
1177 (1972).

25. Fisher, J. A., Oldham, S. B., Sizemore, G. W., and



370 PARATHYROID HORMONE AND LIVER

Armaud, C. D., Proc. Nat. Acad. Sci. U.S.A. 69, 2341 (1971).

(1972). 29. Chase, L. R., and Aurbach, G. D., Proc. Nat. Acad.
26. Borle, A. B., J. Gen. Physiol. 55, 163 (1970). Sci. U.S.A. 58, 518 (1967).
27. Rasmussen, H., Clin. Endrocrinol. Met. 1, 3 (1972).
28. Parsons, J. A., and Robinson, C. J., Nature 230, 581  Received May 28, 1974. P.S.E.B.M., 1974, Vol. 147.




