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Abstraet~nine cardiac mu&e contains a type IV cyclic AMP (CAMP) phosphodiesterase (PDE) that 
is composed of two subtypes. One subtype is sensitive to rolipram inhibition (RSPDE), whereas the 
other is not inhibited significantly by rolipram (RIPDE). The RIPDE is inhibited by several cardiotonic 
agents operating by a PDE-inhibitory mechanism. Bemoradan [RWJ-22867; 7-(1,4,5,6-tetrahydro-l- 
methyl-6-oxo-3-pyridazinyl)-2H-l,4-benzoxazin-3(4H)-one], a novel, potent positive inotropic agent, 
demonstrated biphasic inhibition of the fraction III enzyme from canine cardiac muscle. Inhibition by 
rolipram of the RSPDE converted the lcJo curves of bemoradan, indolidan, pimobendan, and imazodan 
to sigmoidal, monophasic curves. Lineweaver-Burk analysis yielded competitive inhibition K,values of 
0.023, 0.09, 0.065 and 0.60 &I, respectively, for these compounds. The cardiotonic compounds, 
however, were not potent inhibitors of the Type I and Type II CAMP PDEs found in canine ventricular 
muscle. The order of potency for inhibiting the RIPDE CAMP PDE subtype was bemoradan > 
pimobendan > indolidan > imazodan. Bemoradan is, therefore, a potent inhibitor of the cardiac muscle 
CAMP PDE which could, in part, be responsible for its cardiotonic activity. 

In an effort to investigate the biphasic response of 
bemoradanand to further clarify its enzyme inhibitory 
properties as compared to other cardiotonics, we 
utilized a system which classifies the isolated enzymes 
according to their properties rather than method of 
isolation [l]. Weishaar and his collaborators [2] 
correlated cardiotonic activity with the inhibition of 
one of the enzymes from cardiac muscle for several 
known positive inotropic agents. The enzyme used 
in those comparisons was denoted fraction III due 
to its elution profile from a DEAE cellulose column. 
This enzyme has a low K,,, for the substrate cyclic 
AMP (CAMP) and is ~almodulin independent. A 
number of more recent cardiotonic agents have also 
been shown to be selective fraction III enzyme 
inhibitors [3-6]. However, with at least one of the 
cardiotonics, indolidan, a clear biphasic inhibition 
curve was observed [4]. Our efforts with a novel 
cardiotonic agent, bemoradan [7(1,4,5,6_tetrahydro- 
4-methyl- 6 - oxo-3-pyridazinyl)-2H-l,Cbenzoxazin- 
3(4H)-one], revealed that it is a very potent 
compound that demonstrates excellent CAMP 
phosphodiesterase (PDE) inhibition [7,8]. Biphasic 
inhibition was also observed for bemoradan [8]. 

Very recent reports [P-11] have shown that the 
Type IV enzyme is composed of two subtypes-one 
that is sensitive to inhibition by cyclic GMP (cGMP) 
and one that is insensitive to cGMP inhibition. The 
cGMP-in~bitable subtype is also inhibited by several 
cardiotonic agents, while the cGMP-insensitive form 
can be inhibited by rolipram. These two subtypes 
will be designated rolipram-insensitive PDE 
(RIPDE) and rolipram-sensitive PDE (RSPDE), 
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respectively. Recent work by several groups [ 12-151 
has characterized these subtypes by tissue distribution 
and enzyme kinetics. Kithas et al. [16] have detailed 
the physical separation of two enzyme subtypes 
present in the type IV CAMP phosphodiesterase. By 
using a particulate fraction (associated with the 
sarcoplasmic reticulum vesicles), they could specifi- 
cally study the enzyme inhibition by cardiotonic 
drugs. 

In the present study, the inhibition by bemoradan 
of the different PDEs from canine heart tissue was 
compared to that of other known positive ionotropic 
agents. In addition, we used rolipram to selectively 
remove (by enzyme inhibition) one of the enzyme 
subtypes in the type IV fraction. We studied the 
kinetic effects of bemoradan on the remaining 
rolipram-insensitive enzyme and compared the 
different cardiotonic agents to bemoradan. 

MATERIALS AND METHODS 

Materials. Tissues (canine hearts) were obtained 
from mongrel dogs of either sex. DEAE-cellulose 
was purchased from Whatman Ltd. Snake venom 
(Crofulus u~u~~~te~), cyclic AMP, Tris, theo- 
phylline and IBMX were obtained from the Sigma 
Chemical Co. [2,8-3H]Cyclic AMP was obtained 
from New England Nuclear. Bio-Rad supplied the 
AG 1 X 8 anion exchange resin. The compounds 
used were obtained from the following sources: 
pimobendan, Boehringer-Ingelheim, U.S.A.; mil- 
rinone, Sterling Winthrop Research Institute; 
imazodan, Warner Lambert Co.; and rolipram, 
Berlex Laboratories. Indolidan and bemoradan were 
synthesized in our own Medicinal Chemistry 
Department, All other chemicals were reagent grade 
or of the highest purity commercially available. 
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Fig. 1. DEAE-cellulose column elution profile of cyclic nucleotide phosphodiesterases from canine 
heart. A discontinuous elution from the column of the three fractions was performed as indicated. 
Fraction size was 8 mL. Aliquots (0.005 mL) were assayed as described under Materials and Methods. 

Key: (0) o.D.~a,,, and (0) cyclic AMP hydrolysis. 
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Fig. 2. Eadie-Scatchard plot of the fraction III CAMP PDE. 
The fraction III enzyme was assayed as described under 
Materials and Methods. Key: (O), no rolipram, and (m) 
50 PM rolipram. Each experiment was run in duplicate. 

Isolation of CAMP PDE. Isolation of the three 
isoenyzmes of CAMP PDE was based on the DEAE- 
cellulose anion exchange chromatographic procedure 
[3]. DEAE cellulose was prewashed with 0.5 M 
NaOH, neutralized, washed with OSM HCl, and 
equilibrated with 70 mM sodium acetate (containing 
5 mM P-mercaptoethanol and 30% ethylene glycol, 
pH 6.5). 

The CAMP PDE homogenate was prepared by 
homogenizing 14-19 g of canine ventricle in 100 mL 
of distilled deionized water (4”) for 1 min, sonicating 
for 30 set at 4”, and centrifuging at 40,OOOg for 
25 min. This clear, red supernatant was used as the 
source of the PDE isoenzymes. 

Separation of the PDE isoenzymes was 
accomplished by loading the supernatant on the 
DEAE column (2.5 x 20 cm) and washing the 

column with two bed volumes of equilibration buffer 
at a flow rate of 50mL/hr. Fractions I, II and III 
(Types I, II and IV) were eluted with the sodium 
acetate buffer containing 220, 350 and 750 mM 
acetate, respectively. Fractions containing the peak 
enzymatic activities were pooled and dialyzed against 
equilibration buffer before storage at -20”. No 
losses in enzymatic activity were observed over the 
course of these studies. The presence of the two 
PDE subtypes (cGMP inhibitable and cGMP 
insensitive) within the third elution peak was 
confirmed by inhibition with cGMP. cGMP (1 PM) 
inhibited 52% (*5) of the activity when CAMP 
(0.25 PM) was used as substrate. 

Assay for CAMP PDE activity. PDE activity was 
measured as described earlier by Thompson and 
Appleman [17]. The assay buffer contained (unless 
otherwise noted) CAMP (0.25 ,uM containing 
200,OOOcpm of tritiated CAMP), enzyme, buffer 
(Tris-HCl, pH 7.4, 5mM MgClr, and 5mM @- 
mercaptoethanol), and compound to be evaluated. 
The PDE enzyme reaction was run for 20 mm and 
terminated by heating (loo’, 30 set). Conversion of 
substrate to product was always less than 15%. 
Snake venom (0.10 mL, 1 mg/mL) was added for 
30 min before the addition of 1 mL AG 1 X 8 resin 
to terminate the nucleotidase enzyme reaction. An 
aliquot of the supernatant (0.2 mL) was removed, 
placed into scintillation fluid, and counted in a 
scintillation counter. The assays were done at least 
in duplicate. The lcso values were determined from 
inhibition curves (percent inhibition of enzyme 
activity versus concentration of drug). 

RESULTS 

A crude homogenate from canine ventricular 
muscle after sonication yielded three fractions of 
CAMP phosphodiesterase activity after elution from 
a DEAE-cellulose column (Fig. 1). In this procedure, 
the fraction III material can be completely resolved 
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Fig. 3. Inhibition of fraction III CAMP PDE. Enzymatic activity was determined as described under 
Materials and Methods. Key: (A) (D) IBMX, (A) theophylline, (A) milrinone, (+) imazodan; (B) (0) 
bemoradan, (0) indolidan, and (Cl) pimo~ndan. Each point is the mean of duphcate assays. Control 

PDE vafues: (A) 3.2 pmol/~n/~g protein, and (B) 3.5 pmol/min/~g protein. 
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Fig. 4. Inhibition of fraction III CAMP PDE in the presence of 50 PM rolipram (RIPDE). Enzymatic 
activity was determined as described under Materials and Methods. Key: (A) (m) IBMX, (A) theo- 
phylline, (A) mihinone, and (*) imazodan; (B) (0) bemoradan, (0) indolidan, and (0) pimobendan. 
Each point is the mean of duplicate assays. Control PDE values: (A) 3.4 pmol/min/pg protein, and (B) 

from the other two activities. The presence of the 
two subtypes within the fraction III peak was 
monitored by performing a kinetic analysis at various 
substrate concentrations (Fig. 2). This Eadie- 
Scatchard plot displayed a curved line suggesting 
that two enzymatic activities were present. The 
addition of rolipram (50~~ inhibited one of the 
subtypes (RSPDE), leaving the single, active 
rolipram-insensitive enzyme (RIPDE) with an 
apparent K,,, of 0.20 PM for CAMP. 

The third enzyme fraction eluted from the DEAE 
column (750 mM sodium acetate) contained at least 
two subtypes of activity-a type sensitive to inhibition 
by rolipram and a type not inhibited by rolipram. 
The results obtained when this fraction was used to 
study the cardiotonic agents are shown in Fig. 3. For 
milrinone, theophylline and IBMX, sigmoidal 
inhibition curves yielded well-defined IQ~ values. In 
contrast, the other four cardiotonics (indolidan, 
bemoradan, imazodan, and pimobendan) showed 

various degrees of biphasic inhibition. The addition 
of 5OpM rolipram did not alter the shape of the 
inhibition curve for milrinone, theophylline, or 
IBMX; however, there was a clear impact on the 
shape of the inhibition curve of the remaining four 
cardiotonics (Fig. 4). Rolipram inhibition caused the 
shapes of the inhibition curves to become monophasic 
so that the rc5, values could be determined easily. 

To determine the relative potencies of these 
compounds for the cardiotonic-sensitive PDE 
(RIPDE) present in canine cardiac muscle, KI values 
were determined. Figure 5 shows Lineweaver-Burk 
analyses for pimobendan, bemoradan, and indolidan. 
All demonstrated com~titive inhibition of the 
RIPDE enzyme. Table 1 shows the results of these 
analyses for all the compounds. Bemoradan was the 
most potent compound tested with a KI of 0.023 @f. 
Pimobendan also demonstrated potent inhibition of 
the CAMP PDE with a Kl of 0.065 PM. 

The selectivity of the cardiotonic compounds 
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Fig. 5. Lineweaver-Burk analysis of fraction III CAMP 
PDE in the presence of 50 ,uM rolipram (RIPDE). Enzy- 
matic activity was determined as described under Materials 
and Methods. Key: (0) control, (0) bemoradan (0.05 PM), 
(W) pimobendan (0.10 PM) and (0) indolidan (0.50 PM). 

Each point is the mean of at least duplicate assays. 

Table 1. Inhibition constants (K,) of inhibitors of the rol- 
ipram-insensitive CAMP PDE from canine heart tissue 

Compound 

Theophylline 39 rf: 6 
IBMX 2 f 0.8 
Milrinone 0.22 f 0.01 
Pimobendan 0.065 + 0.023 
Indolidan 0.09 r 0.01 
Imazodan 0.60 2 0.08 
Bemoradan 0.023 2 0.001 

The K, values (+ SEM) were determined from Linewea- 
ver-Burk analyses. The enzymatic assays were performed 
as described under Materials and Methods. These data are 
the results of at least three experiments. 

Table 2. Inhibition of canine cardiac muscle CAMP PDEs 

G* (PM) 

Compound Type I Type II RIPDE 

Milrinone 187 f 33 150 -c 10 0.47 f 0.03 
IBMX lo? 3 6+ 1 3.8 + 0.8 
Theophylline 179 + 5 155 f 35 134 f 19 
Pimobendan 295 + 39 242 + 71 0.18 f 0.08 
Indolidan 358 + 28 630 ? 73 0.43 * 0.17 
Imazodan 363 + 66 412 f 80 0.82 2 0.18 
Bemoradan 252 ‘- 48 505 2 32 0.07 ” 0.02 

l The lcso is defined as the concentration of drug required 
to inhibit 50% of the enzymatic activity. Enzyme assays 
were done as described under Materials and Methods. Each 
value is the mean f SEM of at least three experiments. 

(milrinone, pimobendan, indolidan, imazodan, and 
bemoradan) for the RIPDE enzyme compared to 
the Type I and Type II enzymes can be seen in Table 
2. Theophylline and IBMX had similar ICKY values 

for all three fractions, whereas the five cardiotonic 
agents had significantly lower lcso values for the 
RIPDE as compared to the Type I and Type II 
enzymes. 

DISCUSSION 

The data presented in this report agree with the 
findings of other investigators that the fraction III 
CAMP PDE material is composed of two subtypes 
[lo, 121. One of these subtypes is not inhibitable by 
cGMP, but can be inhibited by rolipram (rolipram- 
sensitive PDE, RSPDE). The oth& enzyme 
subtype is inhibited by cGMP but not by rolipram 
(rolipram-insensitive PDE, RIPDE). A number of 
reports have characterized these subtypes as to tissue 
distribution and kinetic parameters [lo, 12-141. The 
inhibition of the RIPDE appears to be important 
for cardiotonic activity, while inhibition of the 
other subtype (RSPDE) may be important for 
antidepressant activity [ 151. 

Recent work by Kithas et al. [16] showing that the 
particulate fraction of the type IV isoenzyme fraction 
contains the cardiotonic-sensitive enzyme (it is also 
inhibited by cGMP) is significant. The soluble 
enzyme is not inhibited by cGMP. In the present 
study, we utilized rolipram to selectively inhibit the 
enzyme that is not inhibited bycGMP. Approximately 
50% of our type IV enzyme was the one inhibited 
by cGMP. 

Bemoradan is a recently described potent inotropic 
drug [7], which markedly inhibits canine heart 
fraction III CAMP PDE [8]. However, the inhibition 
observed using fraction III with bemoradan is a non- 
sigmoidal function, i.e. the curve of percent inhibition 
versus bemoradan concentration is relatively flat in 
themiddle. Thisobservationsuggests that bemoradan 
interacted with two enzymes present within the 
fraction III material. Similar results have been noted 
with indolidan [4]. In preliminary studies, a 
competitive interaction was observed at lower 
concentrations of bemoradan. In an effort to clarify 
the CAMP PDE inhibition by bemoradan, we utilized 
rolipram to inhibit one of the PDE subtypes known 
to be in the fraction III material. Rolipram converted 
the curvilinear Eadie-Scatchard plot without rol- 
ipram to a straight-line. This active enzyme species 
(RIPDE) had a high affinity for CAMP PDE with a 
K,,, of 0.20 PM. 

The presence of 50 PM rolipram in the incubation 
mixture altered the biphasic nature of inhibition 
observed with indolidan, pimobendan, imazodan, 
and bemoradan (Fig. 3 and 4). The inhibition with 
rolipram yielded sigmoidal curves with distinct IG,~ 
values. Lineweaver-Burk analyses yielded 1~50 values 
(Table 1) of the competitive inhibition. Bemoradan 
was the most potent CAMP PDE inhibitor with a KI 
of 0.023 PM. 

The K, values reported here compare very 
favorably with those observed by others. Kauffman 
et al. [4] reported a KI of 0.08 ,uM for indolidan in 
cardiac membranes. In that same study, milrinone 
and imazodaq had calculated KI values of 0.3 and 
0.2 PM, respectively. Kariya and Dage [9] reported 
KIvalues of 1.1 and 0.4 FM for IBMX and milrinone, 
respectively. Kithas et al. [16] demonstrated KI 
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values of 0.2 and 1.5 PM, respectively, for milrinone 
and imazodan. Bemoradan with Kr of 0.023 _uM is 
clearly the most potent in vitro phosphodiesterase 
inhibitor of these cardiotonics. 

7. 

In addition, the cardiotonic agents showed their 
specificity by selectively inhibiting the high affinity 
CAMP PDEs. Fractions I and II (Type I and II) 
were not potently inhibited by the pyridazinones. 
Theophylline and IBMX showed no selectivity. 
Clearly, the pyridazinone compounds target the high 
affinity CAMP PDE. The order of in uitro RIPDE 
potency (Kr) for four of the cardiotonic agents was 
the same as that observed in vivo when measured 
against the EC50 for cardiac force increases: 
bemoradan > indolidan > milrinone > imazodan 
[7]. However, pimobendan, the second most potent 
RIPDE inhibitor, is the least potent compound in 
uiuo [18,19]. Whether this difference is due to 
additional mechanisms of action or metabolic 
changes of the parent pimobendan molecule must 
await further studies. Recently, reports by Solar0 
and others have suggested that both of these 
possibilities may account for the anomalous behavior 
observed for pimobendan [20,21]. 
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