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In recent years it has become apparent that 
inhomogenities exist or can develop between 
epicardial (EPI) and endocardia1 (ENDO) 
portions of the left ventricle (LV). Some in- 
vestigators (1) consider blood flow to the 
ENDO portion of the LV to be marginally 
adequate under normal conditions. Biochem- 
ical studies (2) revealed a higher level of lactic 
acid in the normal rat ENDO while the levels 
of high-energy phosphate compounds (PCr 
and ATP) were concomitantly lower. Similar 
transmural gradients have been shown in the 
dog LV (3, 4). These gradients are accen- 
tuated when coronary perfusion pressure and 
blood flow are reduced (3,4), suggesting that 
the ENDO is the primary site of metabolic 
alterations when ischemic conditions are en- 
countered by the myocardium. 

When a chronic pressure overload is im- 
posed upon the heart, a substantial increase 
in myocardial tissue occurs. The additional 
heart tissue as well as hemodynamic factors 
associated with pressure overload (5) create 
additional energy and oxygen requirements. 
Under normal conditions, oxidative metabo- 
lism is preferentially utilized in the heart and 
elevated oxygen demands are met primarily 
by increasing coronary blood flow. However, 
recent studies have shown that total coronary 
blood flow (6) and flow per unit mass of 
tissue (7) are reduced below normal levels in 
hypertrophied hearts. The apparent failure to 
achieve adequate coronary blood flow in the 
hypertrophied heart presents the possibility 
that metabolic adaptations may be required. 
It seemed likely that the ENDO portion of 
the ventricle would be particularly vulnerable 
to chronic pressure overload stress. There- 
fore, the activity of selected enzymes associ- 
ated with aerobic and anaerobic metabolism 
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was measured in EPI and ENDO portions of 
LV in control animals. These enzyme activity 
levels were compared with those observed in 
the LV which had enlarged due to pressure 
overload. 

Materials and methods. Animals and surgi- 
cal procedures. Male, Sprague-Dawley rats 
initially weighing 250-275 g were used in 
these experiments. Pressure-induced LV hy- 
pertrophy was created by constricting the 
abdominal aorta above the renal vessels (5 ) .  
Control animals received sham operations. 
Aortic constricted and control animals were 
studied 5 weeks following surgery at which 
time stable LV hypertrophy would be ex- 
pected in aortic constricted animals. 

Tissue preparation. Animals were weighed 
and then killed by cervical dislocation. The 
chest cavity was opened, the heart was rapidly 
excised and placed in crushed ice. Tibialis 
anterior (TA) muscles were dissected out and 
placed in ice. Atria, great vessels and the right 
ventricle were then carefully removed from 
the excised heart. The remaining LV plus 
interventricular septum was separated into 
EPI and ENDO portions by dissecting the 
ventricle at the mid-wall. These tissue sam- 
ples were weighed separately and the com- 
bined values were taken as LV weight. TA 
muscles were trimmed of fat and connective 
tissue and weighted. EPI, ENDO and TA 
tissues were homogenized (5%, w/v) in 100 
mM potassium phosphate buffer, pH 7.4, 
containing 5 mM glutathione using a ground- 
glass homogenizer. Homogenates were frozen 
and subsequently utilized for enzyme assay 
as described below. In a separate group of 
animals, isolated mitochondria were prepared 
from EPI and ENDO tissue. Tissue was ho- 
mogenized in a solution containing 270 mM 
sucrose, 100 mM EDTA, 10 mM Tris (pH 
7.4) and 10 m M  KC1 using a ground-glass 
homogenizer. Mitochondria were isolated by 
differential centrifugation, resuspended in 
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250 mM sucrose and frozen. 
Assay methods. Spectrophotometric assays 

were conducted at 25". Citrate synthase ac- 
tivity was measured in muscle homogenates 
and isolated mitochondria following deter- 
gent treatment with Triton X-100 to disrupt 
the mitochondria. Enzyme activity was as- 
sayed as described by Srere (8). Lactate de- 
hydrogenase (LDH) activity was measured in 
muscle homogenates by the method of Pesce 
et al. (9). Enzyme activity was assayed at 
three different substrate concentrations, i.e. 
0.33 mM, 1.0 mM and 10.0 mM pyruvate. 
The ratio of LDH activity at 0.33 mM pyru- 
vate to the activity at 10.0 mM pyruvate was 
used as an indication of the relative amounts 
of the H and M isoenzyme present in tissue 
homogenates. All enzyme assays were con- 
ducted under conditions in which the kinetic 
reaction was linear and proportional to en- 
zyme concentration. Reaction rates were cor- 
rected for any nonspecific activity. Enzyme 
activities in tissue homogenates are expressed 
as pmole/g wet tissue/min. Protein was mea- 
sured in mitochondrial suspensions by the 
biuret method and enzyme activity expressed 
as pmole/mg mitochondrial protein/min. 

Statistical methods. Within groups, EPI and 
ENDO values were compared using Student's 
paired t analysis. Comparisons between con- 
trol and aortic constricted animals were made 
by unpaired t analysis. A P value of 0.05 or 
less was considered statistically significant. 

Results. At the time of sacrifice, the com- 
bined control animals used in this study 
weighed 423 & 7 g (Mean SE). Since the 
body weights of aortic constricted animals 
were similar to those of control animals (429 
& 6 g), the efficacy of 5 weeks of pressure 
overload in producing hypertrophy could be 
evaluated directly on the basis of LV weight. 
LV weight was 809 f 19 mg in control ani- 
mals and was significantly elevated to 1,099 
f 35 mg in aortic constricted animals, ap- 
proximately a 35% increase in LV mass. 

A citric acid cycle enzyme, citrate synthase, 
was utilized as a mitochondrial marker en- 
zyme in these studies. An estimation of mi- 
tochondrial mass in the LV was calculated by 
summing the products of citrate synthase ac- 
tivity and tissue weight in the EPI and ENDO 
samples. As shown in Table I, the ENDO 
portion of the rat LV possesses a small (9%) 

TABLE 1. CITRATE SYNTHASE ACTIVITY I N  LEFT 

ANIMALS". 
VENTRICLES OF CONTROL AND AORTIC CONSTRICTED 

Epicardium Endocardium Total LV" 

Control (20) 122.0 k 1.8 I 1  1.4 k 2.6" 94 f 3 
AC" (20) 115.7 k 3.3 97.4 k 2.7'." I18 f 4' 

" Enzyme activity is pmole/g/min. Values are mean 
f SE with number of animals given in parentheses. 

' P < 0.001 vs epicardium by paired r analysis. 
" P < 0.001 vs control. 
"Total LV = summed products of citrate synthase 

activity and tissue weight in epicardium and endocar- 
dium. 

AC = Aortic constricted. 

but significantly lower citrate synthase activ- 
ity when compared to the EPI portion in 
control animals. The same qualitative rela- 
tionship was observed between the EPI and 
ENDO in aortic constricted animals; how- 
ever, the magnitude of this difference (16%) 
was accentuated. When the individual por- 
tions of the LV were compared between con- 
trol and aortic constricted animals, a signifi- 
cant reduction in citrate synthase activity was 
detected only in the ENDO portion of the 
LV. This alteration in enzyme activity cannot 
be accounted for by differences in separating 
LV tissue. In control animals, 62 f 1% and 
38 k 1% of the total LV was designated EPI 
and ENDO, respectively. Identical values 
were obtained in aortic constricted animals. 
In addition, we have previously shown ( 5 )  no 
disproportionate transmural differences in 
heart tissue levels of protein, nucleic acids, 
and hydroxyproline in aortic constricted rats. 
Therefore, the present results would be the 
same whether expressed per gram tissue or 
normalized for protein, hydroxyproline or 
water content. When the total citrate synthase 
activity was calculated, total LV activity was 
significantly increased by approximately 25% 
in aortic constricted animals (Table I). If the 
citrate synthase activity per mitochondrion 
remains constant (an assumption dealt with 
below), then the total citrate synthase activity 
results indicate that mitochondrial mass was 
significantly elevated in LV of aortic con- 
stricted animals. However, it would appear 
that accumulated LV mass outstrips mito- 
chondrial mass particularly in the ENDO 
portion of the enlarged LV. 

The results from isolated mitochondria are 
shown in Table 11. Neither mitochondrial 
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protein yield (approximately 10 mg/g) nor 
mitochondrial citrate synthase activity were 
significantly different in the EPI and ENDO 
portions of LV from control animals. Al- 
though mitochondrial protein yield was re- 
duced in the ENDO portion of LV from 
aortic constricted animals, this difference did 
not achieve statistically significant levels. Cit- 
rate synthase activity was not significantly 
different in mitochondria isolated from LV 
portions in aortic constricted animals. There- 
fore, the mitochondrial mass conclusions are 
substantiated by the isolated mitochondria 
results. 

With the substrate (pyruvate) concentra- 
tions utilized for measuring LDH activity in 
the present experiments, maximum enzyme 

TABLE 11. CITRATE SYNTHASE ACTIVITY I N  
MITOCHONDRIA ISOLATED FROM LEFT VENTRICLES OF 

CONTROL AND AORTIC CONSTRICTED ANIMALS". 

Mitochondria1 enzyme activity 
pmole/mg protein/min 

Epicardium Endocardium 
Control (9) 1.37 f 07 1.50 & .12 
AC" (6) 1.42 f . I 3  1.71 f . I 1  

"Values are mean f SE with number of animals 
given in parentheses. 

AC = Aortic constricted. 

activity in LV homogenates was seen at a 
pyruvate concentration of 0.33 mM (Table 
111). In control animals, enzyme activity at 
different pyruvate concentrations as well as 
the 0.33/10.0 mM pyruvate ratio were not 
significantly different in the EPI and ENDO 
portions of the LV. Abdominal aortic con- 
striction had no significant effect on either 
the LDH activity measured at three different 
pyruvate concentrations or the 0.33/ 10.0 mM 
pyruvate ratio. Because a change in LDH 
isoenzyme pattern would produce an altered 
0.33/10.0 mM pyruvate ratio, the LDH re- 
sults indicate that no significant alteration in 
isoenzyme pattern occurred in the LV which 
had enlarged in response to a pressure over- 
load stimulus. 

Abdominal aortic constriction would not 
be expected to exert a major influence on TA 
muscle; therefore, the citrate synthase and 
LDH enzyme activities in this tissue served 
both as an "internal control" for the LV 
responses and to demonstrate that metabolic 
discrimination can be achieved by the meth- 
ods utilized in this study. As shown in Table 
IV, the citrate synthase activity in TA muscle 
homogenates is approximately sevenfold 
lower than that measured in the LV. In con- 

TABLE 111. LACTA r6 DEHYDROGENASE ACTIVITY IN LEFT VENTRICLES OF CONTROL AND AORTIC CONSTRICTED 
ANIMALS" LACTA rE DEHYDROGENASE. 

0.33 mM 
Pyruvate/lO.O mM 

Pyruvate 10 mM Pyruvate 1.0 mM Pyruvate 0.33 mM Pyruvate 

Epi' 165 f 5 482 & 1 1  533 f 13 3.24 f .05 

Epi 168 f 6 4 8 0 f  13 528 f 14 3.17 f .05 

Control (16) 

Endo" 150 f 5 444% 12 498 f 12 3.33 f .05 
ACh (16) 168 f 6 480 3z 13 528 f 14 3.17 f .05 

482f 13 3.22 2 .04 Endo 151 f 6  439 f 14 

" Enzyme activity is pmol/g/min. Values are mean k SE with number of animals given in parentheses. 
'' AC = Aortic constricted. 

" Endo = Endocardium. 
Epi = Epicardium. 

TABLE 1V. CITRATE SYNTHASE A N D  LACTATE DEHYDROGENASE ACTIVITY I N  TIBIALIS ANTERIOR MUSCLES OF 
CONTROL AND AORTIC CONSTRICTED ANIMALS.'' 

Lactate Dehydrogenase 
~~ 

0.33 mM Pyru- 
vate/ 10 mM Pyru- Pyruvate 0.33 

Citrate synthase Pyruvate 10 mM Pyruvate 1.0 mM mM vate 
Control (LO) 16.1 f 0.8 333 f 17 582 f 27 485 f 18 1.46 & .03 
ACh ( 1  1 )  17.1 f 0.9 338 f 21 574 f 28 473 f 19 1.42 f .04 

~~~~~ 

Enzyme activity is pmole/g/min. Values are mean f SE with number of animals given in parentheses. 
Aortic Constriction. 
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trast to LV tissue, maximal LDH activity was 
observed at 1.0 mM pyruvate in TA muscle 
homogenates and the 0.33/ 10.0 mM pyruvate 
ratio was substantially lower. These results 
are in keeping with the known metabolic 
properties of rodent TA muscle which, when 
compared to heart tissue, possesses (a) a low 
aerobic metabolic capacity, (b) a much 
greater capacity to utilize anaerobic metabo- 
lism, and (c) a predominance of the muscle 
(M) isoenzyme of LDH. Citrate synthase and 
LDH values were nearly identical in TA mus- 
cles of control and aortic constricted animals. 
Therefore, the enzymatic alterations noted in 
the LV of aortic constricted animals is related 
to pressure-induced LV enlargement rather 
than any nonspecific response elicited by the 
experimental procedures utilized in these ex- 
periments. 

Discussion. Considerable quantities of my- 
ocardial tissue are synthesized and accumu- 
lated during pressure-induced cardiac en- 
largement. If cardiac enlargement is to rep- 
resent a completely effective adaptive mech- 
anism, then all myocardial components 
should accumulate in proportion to the over- 
all increase in heart mass. Myofibrillar pro- 
teins accumulate approximately in propor- 
tion to the increase in heart mass during 
cardiac enlargement ( 10). Additional quanti- 
ties of ATP are required to support synthetic 
processes and contractile processes in the ac- 
cumulated myofibrils; therefore, the relative 
mitochondrial mass is of particular interest 
due to the heart’s dependence upon aerobic 
metabolism. During the very early stages of 
pressure overload (hours, days), mitochon- 
dria may be preferentially accumulated (10, 
1 I ) .  At later time periods (days, weeks), how- 
ever, mitochondrial cytochrome content per 
gram tissue ( 1  1) and the relative cardiac mus- 
cle cell volume occupied by mitochondria 
(10) are substantially reduced. Results were 
obtained in the present study which confirm 
and extend these conclusions. LV mass was 
elevated by approximately 35% following 5 
weeks of abdominal aortic constriction. Esti- 
mated mitochondrial mass was elevated by 
approximately 25% in the enlarged LV; how- 
ever, accumulated myocardial tissue out- 
stripped mitochondrial mass particularly in 
the ENDO portion of the ventricle. Signifi- 
cantly lower citrate synthase activity in the 

ENDO portion of the LV may be partially 
responsible for the lower high-energy phos- 
phate levels in the ENDO of normal rats (2). 
Citrate synthase activity is further reduced in 
the ENDO as the result of pressure-induced 
cardiac enlargement. Although it is recog- 
nized that the maximum oxidative capacity 
of mitochondria cannot be determined by 
measuring citrate synthase activity, the above 
response indicates that a potential aerobic 
metabolic deficit could exist when the total 
tissue is considered. 

The combination of reduced ENDO citrate 
synthase activity per gram tissue as shown in 
the present studies and reduced coronary 
blood flow described by other investigators 
(6, 7) presents the possibility that myocardial 
energy requirements may not be adequately 
supported by aerobic metabolism in the en- 
larged LV. When the energy demands placed 
upon the heart exceed aerobic capability, an 
alternative (anaerobic) source of energy pro- 
duction may be utilized. Tissues which are 
dependent upon aerobic metabolism have a 
greater proportion of the heart form of LDH 
(H-LDH) which is inhibited by low concen- 
trations of pyruvate (9). Tissues which func- 
tion well under anaerobic conditions contain 
a greater proportion of the muscle form of 
LDH (M-LDH) which maintains its enzy- 
matic activity in the presence of high pyru- 
vate concentrations (9). Thus, H-LDH favors 
the aerobic metabolism of pyruvate via the 
citric acid cycle while M-LDH favors anaer- 
obic formation of lactate. Under conditions 
of chronic hypoxia, heart tissue has the ca- 
pacity to augment its potential for utilizing 
anaerobic metabolism as evidenced by LDH 
isoenzyme alterations ( 12, 13). However, 
there was no evidence of enhanced M-LDH 
isoenzyme composition in ENDO tissue of 
control rat LV despite the possibility that this 
portion of the ventricle may be subjected to 
relative ischemic conditions. Several investi- 
gations have indicated an increased M-LDH 
isoenzyme composition in pressure overload 
hypertrophied heart tissue (14, 15). In the 
present studies there was no evidence of ele- 
vated LDH enzyme activity in enlarged LV 
when measured at three different substrate 
concentrations. Furthermore, the isoenzyme 
composition of LDH was unaltered as indi- 
cated by the 0.33/ 10.0 mM pyruvate concen- 
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tration ratio. The divergent LDH isoenzyme 
responses reported by others in enlarged 
hearts may be related to (a) the overload 
stimulus employed, (b) the stage of cardiac 
enlargement at which the measurements were 
taken, (c) the relative magnitude of the en- 
largement achieved, and (d) the methods used 
for isoenzyme evaluation. 

The effectiveness of cardiac enlargement 
as a compensatory response must ultimately 
be reflected in the enlarged heart’s functional 
characteristics. A depressed contractile state 
has been reported in papillary muscles from 
pressure overloaded cat (16) and rat (17) 
hearts. Clinical observations ( 18) in patients 
having enlarged but non-failing LV have as- 
sociated depressed ventricular function with 
the hypertrophic condition. Inadequate cor- 
onary blood flow and/or cellular and subcel- 
lular lesions may contribute to depressed 
function in the enlarged heart; however, the 
present studies provide evidence that seem- 
ingly appropriate citrate synthase and LDH 
isoenzyme responses do not accompany pres- 
sure-induced cardiac enlargement. In view of 
these results, it seems likely that inadequate 
energy production may play a role in the 
development of depressed function in the 
heart which has enlarged in response to sus- 
tained pressure overload. 

Summary. Transmural levels of citrate syn- 
thase and lactate dehydrogenase (LDH) were 
measured in left ventricles which had en- 
larged by approximately 35% due to pressure 
overload. Citrate synthase activity in whole 
homogenates and isolated mitochondria 
served to estimate potential oxidative capac- 
ity and mitochondrial mass. In control ani- 
mals, the endocardium had a small (9%) but 
significantly lower citrate synthase activity 
when compared to the epicardium. This dif- 
ference was accentuated (16%) in the en- 
larged ventricle due to reduced enzyme activ- 
ity in the endocardium. Total citrate synthase 
activity was elevated approximately 25% in 
enlarged ventricles while enzyme activity in 
isolated mitochondria was not significantly 
altered. It appears that accumulated left ven- 

tricular mass outstrips mitochondrial mass 
particularly in the endocardia1 portion of the 
enlarged ventricle. LDH activity was utilized 
as a marker for potential anaerobic metabolic 
capacity. Pressure overload had no significant 
effect on either LDH enzyme activity mea- 
sured at three different substrate concentra- 
tions or LDH isoenzyme composition. The 
present studies suggest that seemingly appro- 
priate enzymatic adaptations do not accom- 
pany pressure-induced left ventricular en- 
largement. 
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