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The use of the synthetic glucocorticoids, 
methylprednisolone, and dexamethasone in 
the treatment of acute myocardial infarction 
has recently received renewed attention (1- 
5 ) .  The binding and transport characteristics 
of glucocorticoids at physiological levels 
have been studied in the liver (6, 7), kidneys 
(8-lo), and lung (11, 12). However, very 
few studies have been done on the heart 
(13, 14), and no studies have been con- 
ducted at the pharmacological doses re- 
ported to be necessary for the stabilization 
of myocardial cellular membranes (4, 15, 
16) during ischemic states such as acute my- 
ocardial infarction. The purpose of this 
study is to characterize the uptake of the 
two most widely used glucocorticoids, (i.e., 
dexamethasone and methylprednisolone) by 
the myocardium at the pharmacological lev- 
els used in the treatment of acute myocar- 
dial infarction and cardiogenic shock. 

Methods. [ 1,2-3H]Dexamethasone ("- 
DEXA, 25 Ci/mmole) and [3H]sorbitol (1.7 
Ci/mmole) were obtained from Amersham 
Searle Corporation, and methylpredniso- 
10ne-~H-21 -sodium succinate (3H-MP, 
0.0497 Ci/mmole) from New England Nu- 
clear Corporation. Unlabeled dexametha- 
sone sodium phosphate (Decadron) was 
supplied by Merck Sharp and Dohme, and 
methylprednisolone sodium succinate 
(Solu-Medrol) by the Upjohn Company. 
Potassium thiocyanate, p-chloromercuri- 
benzoate, and 2,4-dinitrophenol were pur- 
chased from the Sigma Chemical Company. 
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All other chemicals were of reagent grade. 
Mongrel cats of either sex weighing 2.5 to 

3.5 kg were anesthetized with sodium pen- 
tobarbital (30 mg/kg), and the hearts were 
removed via a midventral thoracotomy and 
placed in ice-cold Krebs-Henseleit bicar- 
bonate buffer, pH 7.4, containing 10 mM 
glucose (K-H buffer). Subsequent prepara- 
tions of the myocardium were performed at 
4" in a cold room. The hearts were flushed 
with 100 ml of cold K-H buffer by canulat- 
ing the aorta and removing most of the 
blood from the coronary bed. The left ven- 
tricle was dissected and sliced in a Stadie- 
Riggs tissue slicer at a thickness of 0.5 mm. 
The myocardial slices, each of which 
weighed 100-200 mg, were placed in incu- 
bation flasks containing fresh K-H buffer. 
The tissue to medium ratio did not exceed 1/ 
50 (w/v). 

Measurement of glucocorticoid uptake. 
The slices were incubated in a Dubnoff met- 
abolic shaker at 37 or 0" under atmosphere 
of 95% 0, plus 5% CO,. The concentra- 
tions of DEXA and MP were 0.171 mM (sp 
act 585 pCi/mmole) and 0.805 mM (sp act 
124 pCi/mmole), respectively. These con- 
centrations used were equivalent to dose 
levels of 6 mg DEXA/kg of body weight and 
30 mg MP/kg of body weight, which are 
doses usually employed in the treatment of 
acute myocardial infarction and shock. 

Samples were removed from the K-H 
medium for measurement of radioactivity at 
times ranging from 0 (1 5 sec) to 180 min. In 
the series of experiments in which the effect 
of various inhibitors was studied, slices were 
preincubated with the inhibitors for 30 min. 
Following preincubation, glucocorticoid was 
added to the medium and the incubation 
was continued for an additional 60 min. A 
control flask receiving no inhibitors was in- 
cluded in each experiment. The concentra- 
tions of inhibitors used were (a) 1.2 X lo-, 
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M p-chloromercuribenzoate (PCMB), fb)  
0.1 M potassium thiocyanate (KSCN), (c) 1 
x 10+ M, 2,4 dinitrophenol (DNP), and (d) 

Tissue preparation for liquid scintillation 
counting. After incubation, the myocardial 
slices were carefully blotted on Whatman 
#4 filter paper to remove excessive mois- 
ture, weighed, and placed in scintillation 
counting vials containing 10 ml of Multisol 
counting solution (Isolab, Inc.). The slices 
were them homogenized with a Polytron 
PT-10 tissue homogenizer for 60 sec. This 
procedure homogenized the tissue ade- 
quately and yielded a counting efficiency of 
approximately 30%. Counting of radioac- 
tivity was done on a Tri-Carb Packard Liq- 
uid-Scintillation Spectrometer, disintegra- 
tions per minute being determined by an 
external standard method. 

Determination of extracellular space. Ex- 
tracellular space of the myocardial slices was 
determined by labeling the tissue with 10 
mM sorbitol (sp act 50 pCi/mmole) in K-H 
buffer for various times up to 180 min. Ra- 
dioactivity of the labeled slices was deter- 
mined as above. The glucocorticoid uptake 
rates were then corrected for the extracellu- 
lar fluid space. 

Statistics. All data were compared using 
the Student's t test for significance. 

Results. Extracellular space of cardiac 
slices. Cat left -ventricular myocardial slices, 
incubated in K-H with 10 mM [:3H]sorbitol 
and using the identical protocol as that for 
steroid uptake at 37 and Oo, showed that 
extracellular space accounted for 45-53 % 
of the calculated steroid uptake. All subse- 
quent steroid uptake data have been cor- 
rected for extracellular space. 

Glucocorticoid uptake at 0 and 3 7". Figure 
1 shows the uptake of DEXA (upper panel) 
and MP (lower panel) by myocardial slices 
at temperatures of 0 and 37" over a period 
of 180 min. Both glucocorticoids showed a 
significant increase in uptake over this time. 
After 60 min of incubation, steroid uptake 
plateaued at 0.21 pmole of DEXA/g of tis- 
sue and 0.95 pmole of MP/g of tissue. 

With either steroid, the uptake rates and 
total amounts of glucocorticoid in the my- 
ocardial cell were significantly (P < 0.001) 
reduced at 0" compared to 37". Only about 

95% N2 plus 5% C02. 
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FIG. 1 .  Time-course of uptake of dexamethasone 
and methylprednisolone by myocardial slices. The my- 
ocardial uptake of radioactivity was measured from 0 to 
180 min, and corrected for extracellular space of the 
myocardial slices. Experimental points represent mean 
of six experiments, and bars ? SEM. 

Time in Minutes 

50% of the 37" values were taken up at 0". 
This occurred at every time point measured. 

Steroid uptake in response to varying ex- 
tracellular concentrations. To determine if 
the steroid uptake in myocardial slices was 
approaching saturation, heart slices were in- 
cubated for 60 min in the presence of vary- 
ing concentrations of DEXA or MP. The 
results of these experiments are shown in 
Fig. 2. Neither steroid appears to saturate 
cardiac tissue at the concentrations used, 
and appears to have a linear relationship 
between uptake and extracellular concen- 
tration. Thus, the myocardial cell is appar- 
ently capable of taking up large quantities of 
DEXA and MP, and the intracellular con- 
centration is dependent upon the extracellu- 
lar concentration of the glucocorticoid. 

Response of myocardial cells to glucocorti- 
coid uptake in the presence of inhibitors. To 
determine whether the uptake of DEXA 
and MP in heart slices is an energy-depend- 
ent phenomenon, slices were incubated in 
the presence of various metabolic inhibitors. 
The results of these experiments are sum- 
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FIG. 2. Uptake of dexamethasone and methylpred- 
nisolone by myocardial slices as a function of external 
glucocorticoid concentration. Glucocorticoid concen- 
trations in the incubation medium were varied over 
ranges 0.01 to 0.54 mM (DEXA) and 0.06 to 2.58 mM 
(MP) at the same specific activity. Incubation was car- 
ried out for 60 min at 37" under 95% O2 + 5 %  CO,. 
Results of one representative experiment are shown. 

marized in Fig. 3. Incubation of myocardial 
slices in the presence of PCMB (1.2 M X 

M ) ,  Nitrogen (95% N2 and 5% C 0 2 ) ,  
and DNP (1 X M )  showed no signifi- 
cant differences in the glucocorticoid up- 
take compared to control values. However, 
KSCN at 0.1 M showed a significant de- 
crease in glucocorticoid uptake compared to 
controls. 

Steroid uptake at various p H  values. Fig- 
ure 4 illustrates the response of glucocorti- 
coid uptake in heart slices at various pH 
values. Both DEXA and MP appear to have 
an optimal cardiac uptake between pH 7.3- 
7.4.  Uptake of both steroids exhibit an ab- 
rupt decline of 20% or more at values above 
p H  7.4.  

Conclusions. The sorbitol space calcu- 
lated by our experiments were slightly 
higher than the 4 2  to 46% reported by 
Neely et al. (17) in rat hearts. However, this 
difference may be due to a larger surface to 
volume ratio encountered in myocardial 

slices compared to the Langendorff or 
working heart preparations used by these 
investigators. 

The slightly reduced uptake of steroid in 
the presence of KSCN, may not be of pri- 
mary significance since the high concentra- 
tions of the inhibitor used in this study may 
compromise the integrity of the cell mem- 
brane. At KSCN concentrations at 0.05 M ,  
we found no significant changes in the ste- 
roid uptake. 

Concentrations of steroids used in this 
study are comparable to the concentrations 
used by various investigators in studying the 
protective effect of glucocorticoids in var- 
ious shock states (2, 16). This high dose 
precluded any observations on the kinetics 
of specific binding proteins in the heart as 
reported by Funder et al. (9, 13) and Ballard 
et al. (1 1). These data represent characteris- 
tics of the nonspecific binding sites in the 
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FIG. 3. Effect of p-chloromercuribenzoate, nitro- 
gen, 2,4-dinitrophenol, and potassium thiocyanate on 
myocardial uptake of glucocorticoids. Myocardial slices 
were incubated for 60 min at 37" in presence of various 
inhibitors: p-chloromercuribenzoate (PCMB), 1.2 X 

M; 95% N,-5% CO,; 2,4-dinitrophenol (DNP), 1 
x lo-, M; and potassium thiocyanate (KSCN), 0.1 M. 
Each bar represents mean f SEM. Numbers in paren- 
theses indicate the number of experiments. 
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FIG. 4. Influence of pH on myocardial uptake of 

glucocorticoids. The final pH and uptake of either 
DEXA or MP were measured at 60 min incubation at 
37". The values are plotted as percentage of the rnaxi- 
ma1 uptake observed against the final pH in the incuba- 
tion media. Results of one typical experiment are 
shown for each glucocorticoid. 

myocardial cell. The lack of saturation ki- 
netics coupled with the evidence that no 
apparent energy is required in effecting 
transport of the steroid across cell mem- 
branes is consistent with the findings of 
Munck et af. (18), who found that the non- 
specific binding fraction of glucocorticoids 
in thymus cells could be characterized by a 
lack of polarity, saturation, or energy re- 
quirement. Additionally, they found that at 
37", thymus cells were freely permeable to 
glucocorticoids. 

No studies have been reported on the 
temperature effect of the nonspecific bind- 
ing kinetics of glucocorticoids in the cell, but 
Baxter and Tomkins (1 9) have reported that 
at 0", DEXA binding and dissociation are 
very slow and that at 37", binding increases 
appreciably. 

To our knowledge, this is the first study to 
characterize physical factors that modify the 
binding of pharmacologic doses of glucocor- 
ticoids in myocardial cells. Myocardial tissue 
has the capacity to accumulate large quanti- 
ties of glucocorticoids with a significant frac- 
tion bound to cell membranes. This uptake 
does not require energy but is temperature- 

and pH-dependent. All of the isotope label 
taken up by heart slices may not be native 
glucocorticoid. However, since only 10% of 
labeled glucocorticoid is metabolized by 90 
min in the intact heart (20), one would ex- 
pect at least 90% of the label to be intact 
glucocorticoid after incubation for 60 min 
with heart slices. 

Summary. Myocardial slices from the left 
ventricle of cat hearts were incubated in 
Krebs-Henseleit buffer containing 10 mM 
glucose which were gassed with 95% O2 and 
5 % CO,. Tritiated dexamethasone (DEXA 
0.1 71 mM) or methylprednisolone (MP 
0.805 mM) was added under varying condi- 
tions of temperature, pH, and in the pres- 
ence of various metabolic inhibitors. Gluco- 
corticoid uptake by myocardial tissue was 
found to be temperature-dependent, pla- 
teauing after 60 min of incubation at 0.21 
pmole of DEXA/g of tissue and 0.95 pmole 
of MP/g of tissue at 37". Steroid uptake was 
retarded about 50% at 0". Increasing the 
concentration of either steroid resulted in a 
linear increase in the uptake of that steroid. 
Incubation in the presence of metabolic or 
SH-inhibitors produced no significant 
changes in glucocorticoid uptake. Optimal 
glucocorticoid uptake occurred between pH 
7.3-7.4. Thus, myocardial cells appear to be 
able to take up large quantities of glucocor- 
ticoids, but the uptake process does not ap- 
pear to be energy-dependent. 
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