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ABSTRACT—To confirm the intracellular signal transduction in regulation of alkaline phosphatase (ALP)
activity by calcitonin in kidney tubular cells, effects of several inhibitors of cyclic nucleotide phospho-
diesterase (PDE) isoenzymes and cyclic AMP-dependent protein kinase (PKA) on the action of salmon
calcitonin in porcine kidney tubular epithelial cells LLC-PK; were examined. A confluent culture of LLC-
PK, cells was treated with calcitonin and inhibitors in Dulbecco’s modified Eagle’s medium supplemented
with 0.1% bovine serum albumin, and intracellular cyclic AMP content and ALP activity were measured
after incubation for 30 min and 48 hr, respectively. Calcitonin and PDE 4 inhibitors increased cyclic AMP
level and ALP activity in the cells, and PDE 4 inhibitors synergistically potentiated the effects of calcitonin.
Calcitonin induced ALP activation by treatment for the first 1 hr, as well as continuous treatment for 48 hr,
while it never increased the enzyme activity just after 1-hr exposure. Rolipram, an inhibitor of PDE 4
isoenzyme, induced ALP activation by itself and in combination with calcitonin by only a long term treat-
ment (48 hr). The activation of ALP by calcitonin and rolipram each alone and in combination was com-
pletely abolished by a PKA inhibitor, H-89. These results confirm that calcitonin induces ALP activation
through the cyclic AMP-PKA pathway and that PDE 4 isoenzyme is closely associated with the calcitonin-
receptor system and plays a major role in hydrolysis of cyclic AMP produced in the kidney tubular cells.
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Calcitonin is a hormone, which lowers serum Ca?* by
stimulating urinary excretion (1, 2) and inhibiting osteo-
clastic bone resorption (3). The initial step of the action
of calcitonin is binding to the membrane receptors of the
cells, linking to the G proteins associated with adenylate
cyclase and phospholipase C pathways (4—8). On the
other hand, although alkaline phosphatase (ALP) plays
an important role in renal tubular functions including
Ca?t and phosphorus ion excretion (9, 10), there is little
information about the regulation of the enzyme activity
by calcitonin.

This study deals with cyclic AMP-mediated calcitonin
action using several inhibitors of cyclic nucleotide phos-
phodiesterase (PDE) isoenzymes and cyclic AMP-de-
pendent protein kinase (PKA) in porcine kidney tubular
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epithelial cells LLC-PK;.
MATERIALS AND METHODS

Agents :

Salmon calcitonin (Bachem Feinchemikalien AG,
Bubendorf, Switzerland) was dissolved in 1% sodium
acetate containing 0.1% bovine serum albumin (BSA)
(Sigma Chemical Co., St.Louis, MO, USA) and used
after at least 100-fold dilution with culture medium.

3-Isobutyl-1-methylxanthine (IBMX), amrinone and
zaprinast were purchased from Sigma. N-(6-Amino-
hexyl)-5-chloro-1-naphthalenesuifonamide hydrochloride
(W-7) and N-[2-(p-bromocinnamylamino)ethyl]-5-iso-
quinolinesulfonamide (H-89) were from Seikagaku
Kogyo Co., Tokyo. 1-n-Butyl-3-n-propylxanthine (XT-
44) (11}, denbufylline (12) and rolipram (13) were synthe-
sized in our laboratory, according to the reported
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methods. These agents were dissolved in dimethylsulf-
oxide and used after 200-fold dilution with culture
medium.

Cell culture and treatment

The porcine kidney epithelial cell line LLC-PK; was
originally purchased from Flow Laboratories, Virginia,
USA. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf
serum at 37°C in a humidified 5% CO, incubator; and at
confluence, the cells were dispersed with 0.25% tryp-
sin-EDTA at 37C for 10 min and passaged to 35-mm
plastic dishes at a density of 1.5 X 10° cells/2 ml/ dish. At
subconfluence, the culture medium was removed, the cells
were rinsed twice with phosphate-buffered saline (pH 7.4)
and incubated in DMEM supplemented with 0.1% BSA
for about 24 hr, by which time they had become
confluent, and then used.

Cyclic AMP assay

The confluent LLC-PK; cell layers were treated with
test agents for 30 min, and cells were collected and
homogenized in cold ethanol. The cell-ethanol extract
was dried in nitrogen stream and dissolved in the assay
buffer. Cyclic AMP content was measured using a cyclic
AMP enzyme immunoassay kit (Amersham International
ple, Buckinghamshire, UK) according to the manufac-
turer’s protocol.
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ALP assay

The confluent culture was treated with test agents for
the first 1 hr, the last 1 hr, or continuously during incu-
bation for 48 hr. At the end of incubation, the cells were
suspended in 0.2% Nonidet P-40 and sonicated in an ice
bath; after centrifugation, ALP activity in the super-
natant was measured by the Bessey-Lowry method using
p-nitrophenylphosphate as a substrate. The enzyme activ-
ity was expressed in nmol/(min-mg protein).

Protein assay
Protein content in a part of cell lysate was measured by
the Lowry-Folin method using BSA as a standard.

Statistical analyses

Values are expressed as the means +=S.E.M. of three to
five independent experiments. Statistical significance was
measured with Student’s #-test and Duncan’s test.

RESULTS

Salmon calcitonin increased the intracellular cyclic
AMP in a concentration-dependent manner up to 0.1
nM, activating the ALP activity about twofold, but at
higher concentrations, the enzyme activity reached a
plateau or decreased in LLC-PK; cells (Fig. 1). Figure 2
shows the effects of PDE inhibitors (each 10 M) on the
ALP activity. A non-selective PDE inhibitor, IBMX, in-
creased the ALP activity, and PDE 4-selective inhibitors,
rolipram (13), XT-44 (14, 15) and denbufylline (16), acti-
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Fig. 1. Effects of salmon calcitonin on the cyclic AMP content and ALP activity in LLC-PK; cells. When salmon calcitonin
was added to the confluent cell culture, intracellular cyclic AMP content was measured after treatment for 30 min and ALP
activity in the cells was measured after treatment for 48 hr. Data are the means=S.E.M.
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Fig. 2. Effects of PDE inhibitors on ALP activity in LLC-PK;
" cells. ALP activity was measured after treatment with an agent, each
at 10 #M, for 48 hr. Data are the means+S.E.M. * **Significantly
different from the basal activity at P<0.05 and P <0.01, respectively.

vated the enzyme activity over fivefold of the untreated
activity. The calmodulin inhibitor W-7 (17), the PDE 3
inhibitor amrinone (18), and the PDES5 inhibitor
zaprinast (19) hardly affected the enzyme activity.
Although rolipram itself only slightly increased the intra-
cellular cyclic AMP content after treatment for 30 min,
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in combination with 0.1 nM calcitonin, it significantly
elevated the cyclic AMP content; similarly for ALP activ-
ity, the PDE 4 inhibitor also synergistically increased the
effect of calcitonin (Fig. 3). Inhibitors of PDE 3 and 5
isoenzymes influenced neither the cyclic AMP content
nor the ALP activity induced by calcitonin (Fig. 4). W-7
was also ineffective on the calcitonin actions.

On the other hand, as shown in Fig. 5, calcitonin (0.1
nM) increased the ALP activity to about twofold the
basal level by a 1-hr pulse exposure and 47-hr incubation,
as well as continuous treatment for 48 hr, but not by only
1-hr treatment. One of the PDE 4 inhibitors, rolipram
(1 pM), hardly influenced the ALP activity by short term
treatment (1 hr), both before and after incubation, and
needed a long term treatment (48 hr) to significant in-
crease the enzyme activity. The combined treatment with
calcitonin and rolipram for 48 hr produced extremely
high ALP activity. The ALP activity induced by both
calcitonin and rolipram was completely inhibited by the
PKA inhibitor H-89 (20) (Table 1).

DISCUSSION

Cyclic AMP is hydrolyzed and inactivated by PDE in
the cells, and several tissues have been reported to contain
seven families of PDE isoenzymes (21, 22). This study
using the porcine kidney tubular epithelial cell line LLC-
PK, indicated that among the PDE inhibitors, only PDE

4-selective inhibitors such as rolipram (13), XT-44 (14,
15) and denbufylline (16) not only increased ALP activ-

ALP activity
600

500~ *x
400
300

200+

nmol/{min-mg protein)

100

0._.

18N

o -

T
0.1 1 1

Concentration of rolipram (uM)

Fig. 3. Effects of rolipram on the cyclic AMP content and ALP activity induced by salmon calcitonin in LLC-PX cells. Cells
were treated with varying concentrations of rolipram in the absence () or presence of 0.1 nM salmon calcitonin (@) for 48 hr.
Data are the means+S.E.M. **Significantly different from both activities treated with calcitonin and rolipram, each alone, at

P<0.01.
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Fig. 4. Effects of three PDE inhibitors and W-7 on the cyclic AMP content and ALP activity induced by salmon calcitonin in
LLC-PK, cells. Cells were treated with a PDE inhibitor, each at 10 #M, in the absence (open column) or presence of 0.1 nM
salmon calcitonin (dotted column) for 48 hr. Data are the means +S.E.M. **Significantly different from the activity treated with

calcitonin alone at P<0.01.
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Fig. 5. Effects of salmon calcitonin (0.1 nM) and rolipram (1 M)
on ALP activity in LLC-PK, cells. ALP activity was measured after
incubation of confluent cell culture for 48 hr, which was exposed to
calcitonin (open column), rolipram (closed column) or both agents
(dotted column) for the last 1 hr, the first 1 hr or the full 48 hr. Data
are the means=S.E.M. * **Significantly different from the basal
activity at P<0.05 and P<0.01, respectively. #Significantly differ-
ent from both activities by calcitonin and rolipram, each alone, at
P<0.01.

Table 1. Effect of H-89 on the ALP activity induced by calcitonin
and rolipram

ALP activity [nmol/(min-mg protein)]

None H-89 (20 M)
Basal 56.3%x5.2 52.3+3.4
Rolipram (1.0 M) 142=11 56.7+6.1%*
Calcitonin (1.0 nM) 1776 61.6+5.9%*
Calcitonin + Rolipram 361+15 67.4£3.6%*

Data are the means+S.E.M. from three to five experiments.
**Significantly different from the values in the absence of H-89
at P<0.01.

ity by themselves but also synergistically potentiated the
effects of calcitonin in cyclic AMP accumulation and
ALP activation in the cells (Figs. 2 and 3). The inhibitors
of PDE 3 and PDE 5 and the calmodulin inhibitor W-7
(17) did not influence the cyclic AMP content and ALP
activity in the cells and effects of calcitonin (Figs. 2 and
4). Tomkinson et al. (23) and we (14) reported that the
PDE 4 isoenzyme is functionally associated with S,-
adrenoceptors in guinea pig tracheal muscle and inhibi-
tion of this enzyme potentiates the ability of ,-stimulants
to increase the intracellular cyclic AMP content, whereas
tracheal muscle has multiple PDE isoenzymes, at least
PDEs 1 to 5. The present study also suggests in LLC-
PK, cells that the PDE 4 isoenzyme is closely associated
with the calcitonin receptor-adenylate cyclase system and
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dominantly hydrolyzes cyclic AMP produced after the
receptor stimulation. Other PDE isoenzymes including
calmodulin-dependent PDEs may not be located near the
receptor system or may not be present in the kidney cells.
It is evident that the cyclic GMP pathway is not related to
the ALP activity in the cells because zaprinast, which is
an inhibitor of cyclic GMP-specific PDE (PDE 5) (19),
did not show any effect on the basal activity and the cal-
citonin-stimulated activity.

On the other hand, calcitonin induced ALP activation
by a 1-hr pulse treatment, as well as continuous treatment
for 48 hr, while it never increased the enzyme activity just
after treatment for 1 hr (Fig. 5). This suggests that the in-
crease in the ALP activity by calcitonin is accompanied
by the gene expression or protein synthesis. Rolipram in-
duced ALP activation by itself and in combination with
calcitonin only after a long term treatment (Fig. 5). This
seems that rolipram may need a long time to accumulate
a sufficient amount of cyclic AMP to exhibit biological
activity. The ALP activity increased by both rolipram and
calcitonin was completely abolished by an inhibitor of
PKA, H-89 (20), which did not influence the intracellular
cyclic AMP level (data not shown). This indicates that
these agents activate the enzyme through the cyclic AMP-
PKA cascade.

Moreover, a 48-hr treatment with calcitonin up to a
concentration of 0.1 nM only increased the ALP activity
about twofold, which was similar or lower than that by a
pulse-treatment for 1 hr and incubation for 47 hr (Figs. 1
and 5), while the PDE 4 inhibitor rolipram increased the
enzyme activity by about four- to five-fold in a concen-
tration-dependent manner (Fig.3). This phenomenon
may indicate the homologous down-regulation or desen-
sitization of calcitonin receptor. PKA-mediated internali-
zation (24) and decrease in mRNA expression of calcito-
nin receptor (25) have been reported. Desensitization by
receptor phosphorylation by PKA or receptor-specific
protein kinase may also be considered, as reported in 8-
adrenoceptors (26, 27).

In conclusion, calcitonin induces ALP activation
through the cyclic AMP and the PKA pathway, and the
PDE 4 isoenzyme is closely associated with the calcito-
nin-receptor system and plays a major role in hydrolysis
of cyclic AMP produced in kidney tubular cells.

Acknowledgments
This study partially supported by a Grant-in-Aid from the Minis-
try for Education, Science, Sports and Culture in Japan.

REFERENCES

1 Bijvoet OLM, Van der Sluys Veer J, Devries HR and Van
Koppen ATIJ: Natriuretic effect of calcitonin in man. N Engl
J Med 284, 681-688 (1971)

10

11

12

13

14

15

16

17

Haas HG, Dambacher MA, Guncaga J and Laufenburger T:
Renal effects of calcitonin and parathyroid extract in man:
Studies in hypoparathyroidism. J Clin Invest 50, 2689—2702
1971)

MacIntyre I: Calcitonin: Physiology, biosynthesis, secretion,
metabolism, and mode of action. In Endocrinology, Edited by
DeGroot LT, pp 892—901, WB Saunders, Philadelphia (1989)
Ausiello DA, Hall AD and Dayer JM: Modulation of cyclic
AMP-dependent protein kinase by vasopressin and calcitonin in
cultured porcine renal LLC-PK; cells. Biochem J 186, 773780
(1980)

Ransjo M, Leener UH and Heersche JNM: Calcitonin-like
effects of forskolin and choleratoxin on surface area and motil-
ity of isolated rabbit osteoclasts. J Bone Miner Res 3, 611-620
(1988)

Chakraborty M, Chatterjee D, Kellokumpus S and Baron R:
Cell-cycle dependent coupling of the calcitonin receptor to
different G-proteins. Science 251, 1078—1082 (1991)

Force T, Bonventre JV, Flannery MR, Gorn AH, Yamin M and
Goldring SR: A cloned porcine renal calcitonin receptor couples
to adenylate cyclase and phospholipase C. Am J Physiol 262,
F1110—F1115 (1992)

Chabre O, Conklin BR, Lin HY, Lodish HF, Wilson E,
Catanzariti L, Hemmings BA and Bourne HR: A recombi-
nant calcitonin receptor independently stimulates 3’,5-cyclic
adenosine monophosphate and Ca?* /inositol phosphate signal-
ing pathways. Mol Endocrinol 6, 551—556 (1992)

Kempson SA and Dousa TP: Phosphate transport across renal
cortical brush border membrane vesicle from rats stabilized on a
normal, high or low phosphate diet. Life Sci 24, 881— 888 (1979)
Krawitt EL, Stubbert PA and Ennis PH: Calcium absorption
and brush border phosphatases following dietary calcium re-
striction. Am J Physiol 224, 548551 (1973)

Sakai R, Konno K, Yamamoto Y, Sanae F, Takagi K, Hasegawa
T, Iwasaki N, Kakiuchi M, Kato H and Miyamoto K: Effects of
alkyl substitutions of xanthine skeleton on bronchodilation. J
Med Chem 35, 4039—-4044 (1992)

Miyamoto K, Yamamoto Y, Kurita M, Sakai R, Konno K,
Sanae F, Ohshima T, Takagi K, Hasegawa T, Iwasaki N, Kakiuchi
M and Kato H: Bronchodilator activity of xanthine derivatives
substituted with functional groups at the 1- or 7-position. J Med
Chem 36, 1380—1386 (1993)

Marivet MC, Bourguignon JJ, Lugnier C, Mann A, Stoclet JC
and Wermuth CG: Inhibition of cyclic adenosine 3',5-mono-
phosphate phosphodiesterase from vascular smooth muscle
by rolipram analogues. J Med Chem 32, 1450- 1457 (1989)
Miyamoto K, Kurita M, Sakai R, Sanae F, Wakusawa S and
Takagi K: Cyclic nucleotide phosphodiesterase isoenzymes in
guinea pig tracheal muscle and bronchorelaxation by alkylxan-
thines. Biochem Pharmacol 48, 1219-1223 (1994)

Miyamoto K, Sakai R, Kurita M, Ohmae S, Sanae F, Sawanishi
H, Hasegawa T and Takagi K: Effects of alkyl substitutions of
xanthine on phosphodiesterase isoenzymes. Biol Pharm Bull 18,
431-434 (1995)

Nicholson CD, Jackman SA and Wilker R: The ability of den-
bufylline to inhibit cyclic nucleotide phosphodiesterase and its
affinity for adenosine receptors and the adenosine re-uptake
site. Br J Pharmacol 97, 889—-897 (1989)

Hidaka H, Sasaki Y, Tanaka T, Endo T, Ohno S, Fujii Y and
Nagata T: N-(6-Aminohexyl)-5-chloro-1-naphthalenesulfon-



198

18

19

20

21

22

K. Miyamoto et al.

amide, a calmodulin antagonist, inhibits cell proliferation. Proc
Natl Acad Sci USA 78, 4354—-4357 (1981)

Silver PJ, Hamel LT, Perrone MH, Bently RG, Bushover CR
and Evans DB: Differential pharmacologic sensitivity of cyclic
nucleotide phosphodiesterase isozymes isolated from cardiac
muscle, arterial and airway smooth muscle. Eur J Pharmacol
150, 85-94 (1988)

Weishaar RE, Kobylarz-Singer DC, Keiser J, Haleen SJ, Major
TC, Rapundalo S, Peterson JT and Panek R: Subclass of cyclic
GMP-specific phosphodiesterase and their role in regulating the
effects of atrial natriuretic factor. Hypertension 15, 528540
(1990)

Chijiwa T, Mishima A, Hagiwara M, Sano M, Hayashi K,
Inoue T, Naito K, Toshioka T and Hidaka H: Inhibition of for-
skolin-induced neurite outgrowth and protein phosphorylation
by a newly synthesized selective inhibitor of cyclic AMP-depend-
ent protein kinase, N-[2-(bromocinnamylamino)ethyl]-5-iso-
quinoline-sulfonamide (H-89), of PC12D pheochromocytoma
cells. J Biol Chem 265, 5267 —5272 (1990)

Beavo JA: Multiple isozymes of cyclic nucleotide phospho-
diesterase. In Advances in Second Messenger and Phospho-
protein Research, Edited by Greengard P and Robbison GA,
pp 1-38, Ravan Press, New York (1988)

Michaeli T, Bloom TJ, Martins T, Loughney K, Ferguson K,
Riggs M, Rodgers L, Beavo JA and Wigler M: Isolation and
characterization of a previously undetected human cAMP

23

25

26

27

phosphodiesterase by complementation of cAMP phospho-
diesterase-deficient Saccharomyces cerevisiae. J Biol Chem 268,
12925-12932 (1993)

Tomkinson A, Karlsson JA and Raeburn D: Comparison of the
effects of selective inhibitors of phosphodiesterase type III and
IV in airway smooth muscle with different S-adrenoceptor sub-~
types. Br J Pharmacol 108, 57-61 (1993)

Schneider HG, Raue F, Zink A, Koppold A and Ziegler R:
Down-regulation of calcitonin receptors in T47D cells by inter-
nalization of calcitonin-receptor complexes. Mol Cell Endo-
crinol 58, 9—-15 (1988)

Wada S, Udagawa N, Nagata N, Martin TJ and Findlay DM:
Physiological levels of calcitonin regulate the mouse osteoclast
calcitonin receptor by a protein kinase A-mediated mechanism.
Endocrinology 137, 312-320 (1996)

Bouvier M, Collins S, O’Dowd BF, Campbell PT, de Blasi A,
Kobilka BK, MacGregor C, Irons GP, Caron MG and
Lefkowitz RJ: Two distinct pathway for cAMP-mediated
down-regulation of the beta 2-adrenergic receptor. Phosphory-
lation of the receptor and regulation of its mRNA level. J Biol
Chem 264, 16786—16792 (1989)

Hausdorff WP, Lohse MJ, Bouvier M, Liggett SB, Caron MG
and Lefkowitz RJ: Two kinases mediate agonist-dependent
phosphorylation and desensitization of the beta 2-adrenergic
receptor. Symp Soc Exp Biol 44, 225-240 (1990)



