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Abstract-Effects of adrenochrome on rat heart sarcolemmal ATPase, calcium binding and adenylate 
cyclase activities were studied irr vitro. Adrenochrome (l-lCO~g/ml) did not affect calcium binding 
activity. Significant decreases in adenylate cyclase and Ca’+ AT’Pase activities were seen only at a 
concentration of ~~~g/rn~ adrenochrome. Adrenochrome depressed Na*-K+ ATPase activity in a 
dose-dependent manner. The i~~iibitory effect on Na+--K’ ATPase of adrenochrome was also observed 
in sarcofemmaf membranes washed with a buffer after treatment with adrenochrome. The percentage 
inhibition of the enzyme activity was independent over a wide range of pH (6.6-7.X) and concentrations 
of NaCllKCl (4~/~1~/~0, mM/mM). A study on the combined effects of adrenochrome and either 
ouabain or CaClz showed that, unlike ouabain, calcium produced additive inhibition with adren~chrome. 
Depression of Na*-K* ATPase activity was also observed in sarcolemma isolated from the heart 
perfused with adrenochrome. Since adrenochrome has been demonstrated to produce myocardiaf cefi 
damage and contractile failure in the perfused heart, the present experiments provide a possible 
explanation for the genesis of ad~enochrome-induced cardiotoxicity. 

It has been demonstrated that catecholamines in high 
doses produce myocardial necrosis acd disturbance 
of heart function and metabolism [l-.5]. Several 
theories have been proposed to explain this myocar- 
diai lesion; these include increased cardiac work and 
peripheral vasodilation [l, 61, mob~liz~tion of free 
fatty acids 171, intracellular calcium overioad [8], 
high-energy phosphate store depletion [8,9] and 
imbalance of electrolytes in the celf [lo, 111. 
Recently, it has been suggested that oxidation prod- 
ucts of catecholamine such as adrenochrome rather 
than catecholamines pet se, produce myocardial cell 
damage [12-161. Although plasma and tissue levels 
of adrenochrome in patients with cardiovascular dis- 
eases have not been measured, several pathways for 
the formation of adrenochrome from epinephrine, 
including catalysis by cardiac mu&e enzymes and 
mitochrondria, are known [17X24]. 

Adrenochrome and oxidizcd isoproterenol in con- 
centrations from 10 to 100 pg/ml have been reported 
to produce cell damage and contractile failure in the 
isolated perfused rat heart fl2-151. However, the 
subcellular mechanisms of the actions of adreno- 
chrome on the heart remain unclear. Adrenochrome 
and related oxidation products have been shown to 
affect mitochrondrial oxidative phosphorylation 
[13,X+], tissue oxygen consumption [26], various 
aspects of glucose metabolism [27-291, and micro- 
somal calcium uptake [13]. Sarcolemma, by virtue 
of its ability to control cation movements, is thought 
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to play an important role in regulating heart function 
and metabolism [JO, 311. This regulatory role of sar- 
colemma has been attributed to the presence of 
several membrane-bound enzymes, such as adeny- 
late cyclase, Na+-K” ATFase, Mg2+ ATPase and 
Ca2* ATPase, in addition to its calcium binding 
ability. The present experiments were undertaken 
therefore, to investigate the in~uence of adrenoch- 
rome on sarcolemmaf ATPase, adenylate cyclase 
and calcium binding activities under in vifrn condi- 
tions. The biochemical activities were aIso monitored 
in sarcolemma isolated from hearts perfused with 
adrenochrome. 

Male albino rats weighing 300-400 g were decap- 
itated, and the hearts were quickly removed and 
placed in a cold buffer solution. The heart sarcolem- 
ma1 fraction was isolated by the hypotonic shock- 
LiRr treatment method and purified as described 
elsewhere [32]. The electron mi~oscopie and marker 
enzymatic studies [33] revealed minimal contami- 
nation by cytoplasmic organelles. Isolation of the 
myo~b~llar fraction was carried out according to the 
method of Solaro et a!. [34]. 

Ca2+ ATPase activity of the heart sarcolemmal 
fraction was measured by incubating approximately 
50pg/mI of membrane protein in a medium con- 
taining 50mM Tris-HCl, 4 mM CaCI: and 4mM 
Tris-ATP, pH 7.4, in the absence or presence of 
1 mM EDTA. The results for Ca2+ ATPase activity 
with or without EDTA were not different from each 
other. Mg*+ ATPase activity was measured in .‘a 
medium containing 50 mM Tris-HCI, 1 mM EDTA, 
4 mM MgCh and 4 mM Tris-ATP, pH 7.4. Total 
ATP-hydrolysing activity of the heart sarcolemmal 
fraction was determined in the medium containing 
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50 mM Tris-HCI, 1 mM EDTA, 4 mM MgC12,4 mM 
Tris-ATP, 100 mM NaCl and 10 mM KCl, pH 7.4. 
The difference between the total ATPase and the 
Mg’+ ATPase activities was taken to be due to Na+- 
K+ ATPase activity. ~uabain-sensitive Na+-K+ 
ATPase activity was estimated as the difference in 
total ATPase activity in the presence and the absence 
of 2 mM ouabain. After preincubation of the mem- 
brane protein at 37” for 3 min, the reaction was 
started by the addition of 4 mM Tris-ATP and 
stopped 10 min later by the addition of 12% tri- 
chloroacetic acid. For studying the time-course 
effect of the drug, adrenochrome and ATP were 
added simultaneously after the preincubation period, 
and the reaction was stopped at various time inter- 
vals. The reaction mixture was centrifuged at 1000 g 
for 10 min and the supernatant fraction was assayed 
for inorganic phosphate by the method of Taussky 
and Shorr i3.51, In order to eliminate any interference 
of the drug during measurement of optical density, 
the above supernatant fraction was passed through 
a cotton filter. The difference in values of the control 
optical density with and without cotton filtration was 
within 2 per cent. Furthermore, the results with 
cotton filtration were similar to those obtained by 
using activated charcoal for the elimination of drug 
interference in Pi determination [36]. 

The determination of adenylate cyclase activity in 
the sarcolemmal fraction was carried out by incu- 
bating approximately 0.1 mg of sarcolemmal protein 
in a medium containing 40 mM Tris-maleate buffer, 
pH 7.4, 8 mM caffeine, 5 mM KCl, 15 mM MgC12, 
20 mM phosphoenolpyruvate, 130 &g/ml pyruvate 
kinase and 0.4mM [‘%]ATP (0.25 &i) at 37” 
according to a procedure described elsewhere [37]. 
Calcium binding by heart sarcolemmal fraction was 
performed by incubating approximately 0.15 mg of 
membrane protein/ml in a medium containing 50 mM 
Tris-HQ and 0.1 mM ‘%aClz, pH 7.4, at 37” for 

5 min and the reaction was terminated by the mil- 
lipore filtration technique [38]. The sarcolemmal 
preparation employed here does not exhibit ATP- 
dependent calcium binding or Ca’+-stimulated, 
Mgz+-dependent ATPase activities [32]. and thus 
these activities were not studied. Total ATPase 
activity of the myofibrillar fraction (approximately 
1 mg protein/ml) was determined in a medium con- 
taining 50 mM KCl, 20 mM imidazole, 2 mM MgC12, 
2 mM Tris-ATP, 10 mM NaN3 and 0.1 mM CaClz, 
pH 7.4. The basal ATPase activity of the myafibrillar 
fraction was determined in the same medium except 
that 0.1 mM CaClz was replaced by 1.6 mM ethylene- 
glycolbis (aminoethylether) tetra-acetate (EGTA). 
The difference between the total and the basal 
ATPase activities was assumed to be due to Ca*+- 
stimulated, Mg’+-dependent ATPase activity. All 
the assay conditions for the determination of enzyme 
activities employed here were optimal, and the sarco- 
femmal and myofibrillar fractions were used within 
1 hr of their isolation. 

To study the effects of adrenochrome on the myo- 
cardium, rat hearts were perfused with oxygenated, 
modified Krebs-Henseleit solution according to a 
method described earlier [12]. After a lS-min period 
of equilibration, the hearts were changed to medium 
with or without the desired concentration of adren- 
ochrome. The contractile force was monitored on 
a Grass polygraph by means of a force-displacement 
transducer [12]. The adrenochrome perfused hearts 
were further perfused with 6mi of cold control 
medium to remove adrenochrome from the vascular 
space. The sarcolemmai fractions from these hearts 
perfused with or without drug were isolated and the 
biochemical activities were determined by the meth- 
ods mentioned above. The protein concentration 
was estimated by the method of Lowry et al. [39]. 
The drug solution was made immediately before use, 
and there was no change in pH of the medium due 

Table 1. Effects of adrenochrome on rat heart sarcolemmal calcium binding, adenylate cyclase and ATPase activities 
as well as myofibrillar ATPase activities 

Adrenochrome 
(&ml) 

Control 1 5 10 50 100 

Sarcolemma* 
Calcium binding 
(nmoles Ca’+lmgiS min) 21.3 c 3.0 24.7 I+_ 4.1 24.9 t 3.2 22.5 -c 4.9 26.4 -t 3.4 25.4 ‘- 3.2 

Adenylate cyclase 
@moles cAMP/mg/min) 260 r 58.3 271 t 89.0 271 k 75.0 264 2 59.1 248 2 77.0 221 2 66.2t 
Cazf ATPase 
(fimoles Piimgihr) 44.7 + 4.0 46.5 r 5.3 47.1 -c 6.4 48.8 ir 4.3 43.6 23.3 36.2 % 4.4t 
Mg2+ ATPase 
(pmoles Pi/mg/hr) 40.1 f 2.2 39.3 r 2.0 38.5 + 2.1 31.2 +- 2.2t 35.2 2 2.4”F 34.4 k 1.9t 
Na+-KC ATPase 
(pmoles Pi/mg/hr) 14.8 2 1.3 15.1 2 1.3 13.0 + 1.3 11.6 2 l.lt 6.7 2 l.lt 2.9 -t 0.7t 

MyofibrilsS 
Mg’” ATPase 

(nmoles Pi/mg/min) 77 -f 2 78 2 3 77 -+ 3 74 r 3 63 -+ 12 76 ? 9 
Ca’+-stimulated ATPase 
(nmoles Pilmgimin) 229 ‘-r- 15 221 * 16 222 * 21 220 2 24 247 s 13 250 -t 6 

* Each value represents the mean k S.E. of five to seven experiments. 
‘t Significantly different from the control, P < 0.05. 
$ Each value represents the mean s S.E. of four experiments. 
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to the addition of the drug solution. The results were 
analysed statistically by Student’s t-test. 

RESULTS 

The effects of various concentrations of adreno- 
chrome (1 to lOO~g/ml or 5.5 X lop6 to 
0.55 x 10e3M) on sarcolemmal ATPase, calcium 
binding and adenylate cyclase activities were exam- 
ined, and the results are shown in Table 1. Adren- 
ochrome did not alter calcium binding activity 
(P > 0.05) significantly, whereas adenylate cyclase 
and CaZr ATPase activities were decreased signifi- 
cantly (P< 0.05) by 100~giml adrenochrome. A 
small but significant decrease in Mg’+ ATPase 
activity was observed at 10 pgiml or higher concen- 
trations of adrenochrome. In contrast, sarcolemmal 
Na+-K+ ATPase activity was depressed markedly in 
a dose-dependent manner by adrenochrome at con- 
centrations from 10 to 100 pg/ml.The activity fell to 
20 per cent of the control value at a concentration 
of 100 CLg/ml adrenochrome. The specificity of adren- 
ochrome action on heart sarcolemmal ATPase is 
apparent from the data reported in Table 1 which 
shows that adrenochrome had no effect on the 
myofibrillar Mg2+ ATPase and Ca*+-stimulated, 
Mg2’-dependent ATPase activities. 

In order to examine if the effect of adrenochrome 
on the sarcolemmal Na+--K’ ATPase activity was 
reversible, we measured the enzyme activity after 
treating the sarcolemmal membrane with either 10 
or 50 &ml adrenochrome and after washing the 
treated membrane twice with a buffer. The Na+-KC 
ATPase activities of the fresh and untreated control 
preparations were 14.8 I 1.3 (N = 7) and 12.7 t 1.3 
(N = 5) pmoles P,/mg protein/hr, respectively. The 
activities of the washed preparations after treatment 
with 10 kg/ml and 50 pgiml adrenochrome were 
9.4 * 1.1 and 5.1 ? 2.4 ,umoles PJmg proteinihr 
respectively. These values were not significantly dif- 
ferent from those obtained before washing the 
treated preparation. Although the enzyme activity 
of the control preparation was slightly lower than 
that of the untreated fresh preparation, the per- 
centage inhibition of enzyme activities by treatment 
with adrenochrome was found to be of the same 
degree as seen in freshly prepared sarcolemma 
(Table 1). 

Since adrenochrome affected NaC-K+ ATPase 
activity to a greater extent than other sarcolemmal 
enzyme activities measured in these experiments, 
further study was undertaken to clarify the charac- 
teristics of the inhibition of Na+-K+ ATPase activity 
by adrenochrome. Sarcolemmal Na+-K+ ATPase 

-1 0 1 2 3 

l/ATP (mM) 

Fig. 1. Rat heart sarcolemmal Naf-Kf ATPase activity at different concentrations of ATP in the 
presence (0) or absence (0) of 10 pg/ml adrenochrome, with Lineweaver-Burk plots. The results are 

typical of three experiments. 
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1fJy 
10 8% 94 ‘K 5% 

NaCI/KCI (mM/mM) 

Fig. 2. Rat heart sarcolemmal Na+-K+ATPase activity at 
different concentrations of NaWKCI in the presence ( a ) 
or absence ( 0 ) of 10 &ml adrenochrome. Each value 

represents a mean 2 S.E. of four experiments. 

activity was measured at different concentrations of 
ATP in the absence or presence of 10 pg/ml adren- 
ochrome. Lineweaver-Burk analysis of the data (Fig. 
1) showed that the inhibition of Na+-K’ ATPase 
by adrenochrome was associated with a decrease in 
the V,,, value without any changes in the K,value 
of the enzyme. The enzyme activity was also meas- 
ured at different pH values and at different concen- 
trations of NaCl/KCl in the incubation medium in 
the absence or presence of 10 pgiml adrenochrome. 
Na+-K+ ATPase activity was optimal at pH 7.4 and 
the inhibition (20-28 per cent) of the enzyme activity 
by adrenochrome was independent of the pH (6.6- 
7.8) of the medium. Although Na+-K+ ATPase 
activity was found to be depressed by adrenochrome 
(Fig. 2) to a greater extent (43 per cent inhibition) 
at lower concentrations of NaCl/KCl (20 mM/2 mM) 

Ouabain C&l* 

100 

00 I 

2 1 

- log ( Adrenochmme g/l 1 

Fig. 3. Interaction of various concentrations of adrenoch- 
rake with either 10m5 ouabain or 10e4M CaClz on rat heart 
sarcolemmal Na+-K+ ATPase activitv. Onen circles ren- 

I I 

resent Na+-K+ ATPase activities in the presence of adren- 
ochrome itself and closed circles, those in the presence of 
adrenochrome and IO-‘n/I ouabain or 10m4M CaCIz. During 
the ouabain and CaClz inhibition studies, the enzyme 
activity was measured in the presence and absence, respec- 
tively, of 1 mM EDTA. Each value represent a mean k 
S.E. of four experiments. The control value of Naf-K+ 
ATPase activity in the ouabain inhibition study was 
15.9 2 1.5 pmoles PJmg protein/hr, whereas that in the 

CaClz study was 11.7 k 2.9 pmoles Pi/mg protein/hr. 

than at higher concentrations of NaCliKCl (approx- 
imately 25 per cent inhibition), the significance of 
this observation is not clear at present. The inhibition 
was independent of the concentrations of NaCliKCl 
from 4014 to lOOil (mM/mM). The time-course 
study concerning the effect of adrenochrome 
(10 pg/ml) on Na’-K’ ATPase activity revealed that 
the maximal inhibition (about 25 per cent) was 
apparent within 1 min of incubation. 

The effects of adrenochrome in combination with 
ouabain and CaClz, well-known inhibitors of Na’- 
K+ ATPase [40,41], were studied. Both ouabain and 
CaClz exerted marked depressant effects on heart 
sarcolemmal Na+-K+ ATPase activity; 50 per cent 
inhibition was seen at 3.5 x lo-‘M ouabain and 2.5 
x 10d4M CaClz. The effect of different concentra- 
tions of adrenochrome was investigated in the 
absence or presence of either 10M5M ouabain or 
10e4M CaC12, which inhibited the enzyme activity 
by approximately 20-25 per cent. The results in Fig. 
3 indicate that the percentage inhibition of the 
enzyme activity by 100 pg/ml adrenochrome was 
virtually identical in the absence or presence of 
lo-‘M ouabain. It was also observed that ouabain- 
sensitive Na+-K+ ATPase (control value 11.1 ? 1.3 
pmoles PJmg protein/hr; N = 6) was almost com- 
pletely inhibited by 100 pg/ml adrenochrome (0.8 
+ 0.3 pmole Pilmg protein/hr; N = 6). It should be 
pointed out that EDTA was omitted when the 
measurements of the enzyme activity were carried 
out in the presence of 10m4M CaCl2. It can be seen 
from Fig. 3 that inhibition patterns for adrenochrome 
in the absence and presence of EDTA were different 
from each other. This difference in the responses of 
the sarcolemmal Na+-K+ ATPase to adrenochrome 
might be due to some contamination of metallic ions 
in the membrane preparation as well as the incu- 
bation medium. Furthermore, the data in Fig. 3 
indicate that adrenochrome exerted additive effects 
when the Na+-K+ ATPase activity was measured in 
the presence of low4 M CaC12. 

For information concerning the effect of adren- 
ochrome on sarcolemmal Na+-K+ ATPase activity 
in intact cells, isolated rat hearts were perfused with 
medium containing 50 &ml adrenochrome for 30 
min. The results in Table 2 indicate that only Na+- 
K’ ATPase activity was depressed significantly 
(P < 0.05) in preparations from hearts perfused with 
adrenochrome. It was observed that the Na+-K’ 
ATPase activity in preparations from hearts perfused 
with 50 pg/rnl adrenochrome was approximately 25 
per cent lower than the control value, whereas this 
agent in vitro produced approximately 55 per cent 
inhibition of the enzyme activity. This reduced effect 
might be due to repeated treatments of the mem- 
brane preparation with agents such as LiBr and KC1 
during the isolation and purification procedures. The 
contractile force of the perfused heart was depressed 
by approximately 60 per cent of the control value 
by a 30-min perfusion with 50 Fg/ml adrenochrome. 

DISCUSSION 

In this study we have shown that adrenochrome 
depressed rat heart sarcolemmal Na+-K+ ATPase 
activity in a concentration range of l&100 pgiml. 
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This inhibitory effect of adrenochrome, particularly 
at low concentrations, on the Na’-K’ ATPase 
appears to be of a specific nature, since the sarco- 
lemma1 Ca2+ ATPase, adenylate cyclase and calcium 
binding activities were not affected by low concen- 
trations of this agent. Furthermore, the percentage 
inhibition of the sarcolemmal Mg*+ ATPase was a 
little as 15 per cent even at the highest concentration 
of this agent employed here. The specificity of sar- 
colemmal Na+-K’ ATPase as the site of adrenoch- 
rome action is also evident from our results indicating 
no effect of this agent on ATPase activities of the 
myofibrillar fraction. Although the inhibitory effect 
of adrenochrome on sarcolemmal Na+-K’ ATPase 
activity was independent over a wide range of pH 
(6.6-7.8) and concentrations of NaCl/KCl (4014- 
lOO/lO mM/mM), the kinetic study showed a 
decreased V,,, value without any changes in the Km 
value of the enzyme. This superficially apparent non- 
competitive inhibition may be due to irreversible 
inhibition or inactivation of the enzyme 1421 by 
adrenochrome. 

The experiments reported in this study regarding 
the interaction of ouabain and calcium with adren- 
ochrome indicate that the inhibitory effect of adren- 
ochrome was additive to that of calcium, whereas 
Na+-K’ ATPase activity was depressed by 100 pg/ml 
adrenochrome and 10-5M ouabain to an extent sim- 
ilar to that by 100 pg/ml adrenochrome. Further- 
more, ouabain-sensitive Na’-K+ ATPase was almost 
completely inhibited by adrenochrome. Although 
ouabain and calcium are thought to produce inhibi- 
tory effects on Na+-K+ ATPase activity by acting on 
different sites [41,43-46], further experiments are 
needed to come to a conclusion regarding the exact 
site of action of adrenochrome. Recently, adren- 
ochrome has been shown to stimulate peroxidation 
of fatty acids and to modify membrane phospholipids 
[24]. Whether this membrane effect of adrenoch- 
rome is related to the observed changes in sarcolem- 
ma1 Na+-K+ ATPase activity remains an interesting 
possibility. 

Na+-K+ ATPase is thought to be involved in the 
active transport of Na’ and K’ across the myocardial 
cell membrane [14]. An inhibition of this “pump 
mechanism” can be conceived as resulting in an 
increase in Na+ and a decrease in K+ concentration 
in the myocardial cell. Such an alteration in the 
intracellular electrolyte concentration is commonly 
seen to be associated with heart cell damage and 
contractile failure and depressed Na’-K+ ATPase 
activity of the sarcolemma has also been reported 
in different types of failing hearts [31]. The present 
experiments revealed lower Na+-K’ ATPase activity 
of the sarcolemma obtained from hearts perfused 
with adrenochrome which showed markedly 
depressed contractile force. Furthermore, it was 
interesting to observe that 10-100 @g/ml concentra- 
tions of adrenochrome, which are reported to pro- 
duce contractile failure and cell damage [14, 151, 
decreased sarcolemmal Na+-K+ ATPase activity. 
Although inhibition of Na+-K+ ATPase may explain 
the adrenochrome-induced cardiotoxicity, it would 
be premature to arrive at this conclusion at the 
present time. Our explanation concerning the 
involvement of Na+-K+ ATPase is in contrast to the 
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common view concerning the mechanism of the pos- 19. H. P. Misra and I. Fridovich. J. hiol. Chrm. 247, 3170 
itive inotropic effect of cardiac glycosides which (1972). 
decrease Na+-K+ ATPase activity [41]. However, 20. G. Powis, Biochem. Pharmac. 28. 83 (1970). 
cardiac glycosides have been shown to be toxic in 21. D. E. Green and D. Richter, Biochem. J. 31, 596 

concentrations at which these agents inhibit a large (1937). 

amount of the Na+-K+ pump activity [41]. In addi- 22. E. Iisalo and A. Pekkarinen. Acta pharmac. to1. 15, 

tion other cardiodepressant agents, such as propan- 
157 (1958). 

0101 and several divalent cations, have also been 
23. K. Takeshige and S. Minakami, Biochem. J. 180, 12Y 

shown to depress heart sarCoIemma1 Na+-K+ATPase 
(1979). 

activity [47,48]. The present study indicating the 
24. S. Gudbjamason, B. Doe11 and G. Oskarsdottir, Acta 

biol. med. germ. 35, 777 (1978). 
action of adrenochrome on heart sarcolemma does 25. A. R. Krall, G. J. Siegel, D. M. Gozanaky and F. L. 
not exclude the effects of this agent on calcium Wagner, Biochem. Pharmac. 13. 1519 (1964). 

transport and other activities of heart such as those 26. W. Radsma and H. L. Golterman, Biochirn. biophys. 

of the mitochondria and sarcoplasmic reticulum. Acta 4, 80 (1954). 
27. 0. Meverhof and L. 0. Randall. Archs Biochem. 17. 
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3. 
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