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Acute effects of repeated sprinting upon serum

creatine kinase (CK), lactic dehydrogenase (LDH), and

isozymal activities were studied in five collegiate

runners (R5 ) and six non-runners (NR5 ). After an

intermittent running treadmill test, blood sampling

showed three-fold mean increases in CK with no change

in LDH in both groups; group differences were insignificant

(p>.05). Results suggest (1) intense anaerobic exercise

produces moderate enzyme elevations; (2) relatively

equivalent exercise intensities are critical to enzyme

responses in exercising individuals of varying fitness

levels; and (3) exercise-induced enzyme release may

be consequential to muscle cell membrane permeability

changes from decreased intracellular high-energy phosphates.
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CHAPTER I

INTRODUCTION

The effects of exercise on serum creatine kinase

(CK) and lactic dehydrogenase (LDH) have been exten-

sively studied in man (Block, Van Rijmenant, Badjour,

Van Melsem & Vogeleer, 1969; Fowler, Chowdhury, Pearson,

Gardner & Bratton, 1962; Kaman, Goheen, Patton & Raven,

1977; King, Statland & Savory, 1976) and in rats (Altland

& Highman, 1961; Bolter & Critz, 1974; Loegering, 1974).

Primarily, these investigations have utilized aerobic

exercises as a means of studying serum enzyme responses,

specifically long distance running (Kaman, et al., 1977;

Fowler, Gardner, Kazerunian & Lauvstad, 196.8; Sanders

& Bloor, 1975; Riley, Pyke, Roberts & England, 1975)

and sustained exercise on a bicycle ergometer (Ahlborg

& Brohult, 1967; Block, et al., 1969).

It has been postulated that the release of

enzymes occurring after severe exercise is related

to changes in cell membrane permeability as a result

of tissue hypoxia (Fowler, et al., 1968; Highman

& Altland, 1960; Siest & Galteau, 1974). Although

the exact mechanism of enzyme release is still

unknown, there is evidence that suggests that the
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intracellular level of ATP is an important factor affecting

membrane permeability change (Sweetin & Thomson, 1973;

Wilkinson & Robinson, 1974; Thomson, Sweetin & Hamilton,

1975). If hypoxia and decreased intracellular levels of

ATP are significant conditions necessary for the efflux

of muscle cell enzymes, one would expect that repeated

bouts of "anaerobic" exercise would provide a strong

stimulus for such a release. However, studies that have

documented post-exercise enzyme changes have used

primarily continuous, "aerobic" exercises.

The magnitude of reported serum enzymes alterations

during and following exercise has been linked in some

way to the exercise intensity and level of exercise

training of subjects (Ahlborg & Brohult, 1967;

Bolter & Critz, 1974; Nuttall & Jones, 1968; King, et al.,

1976; Shapiro, Magazanik, Sohar & Reich, 1973; Fowler,

et al., 1962). In other words, for a given workload

or task, the increases in serum enzymes of trained subjects

are of a lesser degree than those found in untrained

subjects in both man (Ahlborg & Brohult, 1967; Fowler, et

al., 1962; Siest & Galteau, 1974) and in rats (Garbus,

Highman & Altland, 1964; Novosadora, 1969; Raven, Connors

& Evonuk, 1970).
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Few studies have attempted to quantify and adjust

the workloads to the respective fitness levels of the

trained and untrained subjects in studying serum enzyme

response to exercise, In addition, no investigation

has specifically documented the effects of repeated

"anaerobic" exercises on enzyme release. The purposes

of this study were to (i) describe the acute effects

of intermittent "anaerobic" exercise upon serum CK,

LDH and their isozymal releases, (ii) determine the

possible influence of fitness level on such releases,

and (iii) elucidate the mechanism by which exercise

stress may induce enzyme release from the muscle cell.
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CHAPTER II

REVIEW OF LITERATURE

Dramatic increases in serum CK and LDH activity

in humans as a result of distance running have been

reported. Magazanik, Shapiro, Meytes and Meytes (1974)

studied blood enzyme levels before and after a marathon

race (42 kilometers) in six male runners. Blood drawn

before the start and five minutes after the finish

showed significant (p<.05) increases in plasma CK

(8-fold), aldolase, glutamic oxaloacetic transaminase

(GOT) and uric acid. Riley, et al. (1975) reported

similar findings in five male runners after a marathon.

These investigators observed changes in a number of

biochemical variables during and up to 30 hours following

the race. Plasma LDH activity doubled by the end of

the race while plasma CK levels continued to rise to

a peak (9-fold) 20 to 30 hours after exercise. Other

blood constituents significantly (p<.05) elevated post-

race included uric acid, potassium, sodium phosphate,

bilirubin and total protein. These data suggest that

endurance running alters the muscle cell membrane

permeability sufficiently to allow intracellular proteins

and electrolytes to escape.
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Different magnitudes of intracellular enzyme out-

pourings following exercise have been documented.

Unfortunately, the broad spectrum of exercises, with

varying intensities and durations that have been used

in studies, make comparison of the exercise-induced

effects on serum enzymes difficult. In addition, many

earlier investigations failed to extend blood sampling

beyond one hour post-exercise, thus probably missing

peak enzyme activities in the sera.

The level of training in the subjects also influences

the serum enzyme response to exercise. Nuttall and

Jones (1968) demonstrated in 11 men and women that the

effects of a given exercise task upon CK can be altered

by exercise training. In this study, blood specimens

were obtained immediately before and after the subjects

performed a moderately severe, standardized exercise

program utilizing barbells. Other venipunctures were

at 1, 2, 8, 16, 24, 48, and 72 hours post-exercise.

Results showed dramatic increases in serum CK activity

peaking 8 to 16 hours post-exercise. After training

with the same series of exercises every other day for

three to five weeks, the subjects rested four days and

performed the standardized task again. The same exercise

bout produced only a moderate rise in serum CK peaking
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again at eight hours to only 10.2 per cent of the

magnitude seen before physical conditioning. Nuttall

and Jones concluded the decrease in CK change with

exercise training is from an increase in the individual's

work capacity and represents a metabolic adaptation of

the conditioning process.

Further insight into the effects of exercise

training on serum enzymes after exercise is given in

a study of untrained and well-trained men by Ahlborg

and Brohult (1967). The physical working capacity

(W170 ) of the well-trained subjects was significantly

(p<.001) higher than the untrained. Both groups

stationary cycled at work loads corresponding to 80

and 76 per cent of W 1 7 0 , respectively, for 90 minutes.

Blood sampling results showed mean LDH activities

higher (p<.001) in the untrained than in the well-

trained subjects on days four and seven post-exercise.

A significantly (p<.05) lower mean CK activity was

also observed in the well-trained subjects than in

the untrained subjects seven days post-exercise. These

investigators suggest that the well-conditioned group

displayed milder after-effects of the strenuous exercise

in light of serum enzyme release. Although the well-

trained subjects worked at a slightly greater percentage
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of their W 1 7 0 , the effects of their physical conditioning

in some way reduced the release of intracellular enzymes

during stress as compared to those levels observed in

the untrained.

The exercise-induced leakage of cellular enzymes

has prompted many hypotheses to explain the release

mechanism. Muscle cell hyperpermeability has classically

been associated with cell necrosis most often detected

in myocardial infarctions (Hearse, 1977). However,

numerous findings of enzyme release after severe exercise

without necrosis has led to other plausible explanations

for enzyme outpourings.

Tissue hypoxia during exercise has been suggested

to suppress the cell membrane selective processes and,

consequently, allow intracellular contents to escape

(Fowler, et al., 1968; Highman & Altland, 1960; Siest

& Galteau, 1974). Hearse (1977) has suggested ischemic

blood flow produces various degrees of hypoxia which

may allow effluxes of first, electrolytes (K+, Cl~)

then, metabolic compounds (ammonia, urea) and eventually,

macromolecules (enzymes) from the cell. It is question-

able whether this occurs during exercise. However,

Knochel and Schlein (1972) have demonstrated ischemic
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muscle blood flow in severely potassium-depleted dogs

with a corresponding rise in serum CK.

Other reasons for enzyme release after exercise

have been suggested, such as, (i) changes in either

tissue or blood pH (Loegering & Critz, 1971), (ii)

enzyme synthesis and turnover (Fowler, et al., 1968),

and (iii) increased catecholamines (Loegering, Bonin

& Smith, 1975). In 1958, Zierler reported that high

extracellular potassium ion concentrations and

deficient intracellular glucose levels caused a

release of aldolase from tissue preparations. More

recently, Thomson, et al. (1975), found that a

decrease in ATP in the cat gastrocnemius muscle, causing

reduced work capacity, is associated with the energy-

requiring selective processes of the muscle cell

membrane. These researchers suggest that as intracellular

ATP levels are depleted by repeated contractions, a

loss of membrane selectivity occurs hindering the

retention of cellular enzymes. Any one or combination

of these conditions may account for enzyme efflux

in exercising humans.

In summary, marked increases in serum CK and

LDH enzymes, uric acid, and other blood variables

have been observed after distance running. The
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magnitude of such rises has been associated with

the level of training in the subjects. Definitive

reasons for the decrease in exercise-induced enzyme

changes after exercise training remain to be inves-

tigated but may involve the individual's working

capacity and cellular adaptations to exercise stress.

Equally unknown is the precise mechanism by which

enzymes permeate muscle cell membranes during exercise.

It has been suggested that strenuous exercise may

lead to decreased available energy within the muscle

cell, and thereby alter membrane selectivity and

enzyme retention,

---
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CHAPTER III

METHODS AND MATERIALS

Subjects

Eleven male students volunteered to serve as

subjects. Five were varsity cross-country runners

(Rs) and six were fit non-runners (NR 5 ) who had not

been involved in regular exercise programs for at

least six months. The subjects were homogeneous in

size, age and race (Caucasian). An informed consent

was signed by each volunteer participating in the

study. Pertinent descriptive data on the subjects

are presented in Table 1.

Performance Tests

Each subject was required to complete two major

exercise tests: (1) a maximal treadmill stress test (ST)

to determine anaerobic threshold (AT), and (2) an inter-

mittent running treadmill test (IRT), developed after

a series of pilot studies, to induce severe anaerobiosis

by running at high speeds. Two to three weeks separated

the ST and IRT for all subjects. Maximal stress testing

was performed in accordance with the procedures described

by Pollock, Bohannon, Cooper, Ayres, Ward, White & Linnerud

(1976) utilizing the Bruce treadmill protocol. All
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experimentation was performed in an air-conditioned

laboratory environment with an average temperature of

25 C.

Anaerobic Threshold (AT) Determinations

Anaerobic threshold1 for each subject was determined

in accordance with the procedures described by Wasserman,

Whipp, Koyal and Beaver (1973) and Davis, Vodak, Wilmore,

Vodak and Kurtz (1976) utilizing the 15-sec ventilatory

responses of each subject during the ST. Expired gases

were continuously analyzed for 02 and CO 2 content and

recorded with ventilation (yE) on -a Soltec Recorder

(Model #DB-031). The analyzers were calibrated using

standard gas mixtures determined by the Haldane method.

AT was determined by plotting the VE (BTPS 1/min) 2

against oxygen uptake (V02 , STPD 1/min)3. The point

of nonlinear increase in VE relative to V02 was identi-

fied using an intercept method. This curvilinear increase

1Anaerobic threshold can be defined as "the level
of work or 02 consumption just below that at which metabolic
acidosis and associated changes in gas exchange occur"
(Wasserman, Whipp, Koyal & Beaver, 1973).

2BTPS = Body Temperature, Pressure, Saturated;
1/min = liters per min

3STPD = Standard Temperature, Pressure, Dry;
1/min = liters per min
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in VE has been shown to be the respiratory compensation

for the metabolic acidosis resulting from exercise

(Koyal, Whipp, Huntsman, Bray & Wasserman, 1976). Car-

bon dioxide production (VCO2 , 1/min) was also plotted

in conjunction with VE and V02 against time as an

additional criterion in AT determinations. Nonlinear

increases in VCO 2 relative to V0 2 and treadmill time

was used as confirming data for AT.

To identify AT in subjects during exercise using

heart rate (HR, beats/minute) instead of time-consuming

V02 measurements, the corresponding HR at the threshold

V02 (AT V0 2) was used. This measure was developed by

plotting V02 STPD (1/min) against HR from ST data and

will be referred to as anaerobic threshold HR (HRAT).

Because of the linear relationship between HR and V02

with increasing workloads, it was assumed that HRAT

would be a valid marker for the threshold of increased

anaerobic or glycolytic work on the treadmill in the

IRT.

IRT Protocol and Measures

As previously indicated, the IRT was developed

to induce exercise stress in the subjects by running

at or above AT. The IRT was designed to be supra-

maximal intermittent exercise as well as to produce
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maximal lactate levels as a result of anaerobic

exercise, using a work-to-rest ratio of 1:2 (Astrand

& Rodahl, 1977). No warmup was permitted. The IRT

included 15 repetitions (reps) of treadmill running for

approximately one minute each, with two minutes of

voluntary walking or standing in the vicinity of the

treadmill after each repetition.

Figure 1 illustrates the IRT protocol. The first

five reps began with a workload of 9.1 mph, 11% grade

for the Rs and 6.4 mph, 10% grade for the NRs . A

change in the workload relative to the subject's HR

response occurred during the sixth rep. If the subject's

HR response 30 seconds into the sixth rep was five or

less beats/min above or below his precalculated HRAT'

then the workload remained the same until completion

of the rep (a total of I min) and for the remaining

reps of the test.

However, if the subject's HR at 30 seconds into

the sixth rep was greater than the range of five beats/

min above or below his HRAT, the workload was adjusted

appropriately by either decreasing the grade by one

per cent if above the range, or by increasing the grade

by one per cent if below. From the sixth to the twelfth

rep, the subject continued to run approximately 1 minute
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each rep, the first half of the rep below HRAT and

the last half at or above HRAT. The seventh rep was

also used (with the same methodology used in the sixth

rep) to adjust the workload if necessary, although

further adjustment was generally not needed.

The last three reps (13-15) were maximal, voluntary

efforts by the subjects to continue running as long as

possible with no set duration specified. The rest

intervals remained the same (2 min). Immediately

after the last rep, the subject recovered by walking

on the treadmill for 3 minutes at 3 mph and 0% grade.

During the fourth minute of recovery, the subject was

seated for a blood lactate draw taken from the

antecubital space. The IRT required approximately

50 minutes for each subject to complete.

Blood Draws and Baseline Determinations

Baseline serum CK and LDH values were obtained

for each subject following a three day period of rest

in which all strenuous activity was eliminated prior

to the IRT. During the three pre-test days, twelve

hour (hr) fasting venous blood samples were taken at

24 hour intervals.

The morning of the fourth day ("zero" hour) ,

another venous blood sample was taken. Immediately

after the "zero" draw, the subject performed the IRT.
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Subsequent blood draws were taken at 1, 8, 12, 24, 36,

48, 60 and 72 hrs, during recovery. No physical exer-

cise was allowed during the three days following the

IRT. The venous blood samples were obtained again

from the antecubital vein using the vacutainer blood

collection system. Following collection, blood clotting

and clot retraction were allowed to occur (15 min) at

room temperature. After subsequent centrifugation (10

min, 3500 rpm), the sera were isolated from the clots,

and aliquots were separated for total enzyme activity

determinations and isozyme electrophoresis.

CK and LDH Enzyme and Isozyme Analyses

Total CK and LDH activities and uric acid concen-

trations were measured by standardized, automated

techniques using a Technicon SMAC (Sequential Multiple

Analyzer Computerized). Simultaneous electrophoresis

of CK and LDH was executed on cellulose acetate gels

at room temperature, according to methods and materials

designed by Helena Laboratories, P. 0. Box 752, Beaumont,

Texas 77704, and described by Kaman, et al. (1977).

After development and drying of acetate gels, scanning

was performed on a Helena Auto-Scanner Flur-Vis on the

fluorescent mode for CK isozymes, and on the visible
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mode using a 570 nm light filter for LDH isozymes.

Manual determinations of the area under the CK scans

was used to quantify the isozymes. A Helena Quick

Quant II was used to quantitatively integrate the

densitometer tracing for LDH isozymes. Results were

expressed in terms of per cent isozyme distribution

in the sera. From this, the isozymal activity (in

International Units per liter, IU/L) was derived from

the total enzyme activity. Plasma volume shifts were

determined to adjust total CK and LDH post-exercise

levels by dividing the observed enzyme activities by

the ratio of the sample hematocrit over the baseline

hematocrit.

Data Analysis

The design of this study utilized a factorial

repeated measures paradigm in which blood samples over

time and subject group (Rs and NR ) were main effects.

The dependent variables included the enzymes and

isozymes as well as all physiological data obtained

from the ST and the IRT. Data analysis utilized a

two-way analysis of variance (ANOVA) with repeated

measures. The Duncan-Multiple-Range Test was used to

distinguish the hours at which enzyme activity and
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uric acid (UA) levels differed significantly from

baseline (pre-exercise) values. Isozyme activities

were also subjected to a two-way ANOVA with repeated

measures. Post-hoc analysis was conducted using

Scheffe's F test. A .05 level of probability was

accepted as statistically significant.
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CHAPTER IV

RESULT S

Figures 2 and 3 illustrate the results of the AT

determinations for both Rs and NRs. Both groups were

similar between groups and homogeneous within each

group with respect to age, height, and weight. However,

the results of the ST showed the Rs to be highly trained

and significantly superior (p<.05) to the NRs in

cardiovascular fitness measures.

Treadmill Tests

In terms of oxygen consumption during the ST,

the Rs were significantly higher (p<.001) than the NRs

at AT (Figure 2). When V0 2 at AT was expressed as a

4
percentage of VO2MAX, the Rs were also superior to

the NRs (p<.05). Although the groups differed greatly

in terms of V0 2 , both were not significantly different

(p>.05) with respect to HRAT (Figure 3). For the Rs,

the mean HRAT was 181 beats/min as compared with 185

beats/min for the NRs. When HRAT was expressed as a

4The AT expressed as % VO2MAX assumes a resting
value of 0.25 1/min and is calculated as follows:

V02 1/min at AT - 0.25 1/min X 100

VO 2MAX1/min - 0.25 1/min
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percentage of HRMAX5, statistical differences between

the groups in AT were borderline but not significant

(p=.0570). The mean resting HR in the Rs was signifi-

cantly lower (p<.05) than the NRs (Table 1). Following

the ST, blood lactate levels did not differ significantly

(p>.05) between the groups (Table 1).

On the other hand, post-IRT blood lactate values

were significantly higher (p<.05) in the Rs than in

the NRs (Table 2). Both mean lactate values, 219.6

and 134.9 (mg/lOO ml) for the Rs and NRs respectively,

indicate a state of severe metabolic acidosis from

the IRT. Maximal HR were also reached during the

IRT and, again, did not differ significantly (p>.05)

between the groups (Table 2).

Likewise, the groups did not differ statistically

(p>.05) in total running time (sec) or in total treadmill

work (kJ) 6 performed in the IRT (Table 2). The mean

5The AT expressed as % HRrJAX allows for individual
resting HR (RHR) differences and is calculated as follows:

HRAT - RHR

HR - RHR X 100

6Total Treadmill Work in kilojoules (kJ) was
determined by the following formula (adapted from Nielsen
& Nielsen, 1962), which calculates work done against
gravity while running on an inclined treadmill:
Work (kJ) = Body Wt. (lbs) X SIN e (treadmill angle in
degrees) X Treadmill speed (ft/sec) X Time (sec) X
0.001356 kJ/ft-lb.

w
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total work values for the Rs and NRs were 247.5 + 42.9 (SE)

and 208.1 + 62.9 (kJ), respectively. Although the

statistical relevance that the Rs performed an average

of 40 kJ more work may be clouded by the large standard

errors, one could surmise the difference in work outputs

to be physiologically significant.

Enzyme and Isozyme Analyses

Of the 20 blood variables examined by the Technicon

SMAC-20, only total CK and uric acid showed significant

(p<.05) changes post-exercise. Figures 4 and 5 outline

the changes in total CK activity (IU/L) for each of he

Rs and NRs, respectively, from pre-exercise levels t

72 hrs post-IRT. Both groups showed considerable intra-

group variability in post-exercise enzyme changes, but

each subject showed a consistent rise in CK activity

12 hrs post-test. A direct comparison of group mean

of total CK activity is illustrated in Figure 6.

Initially, statistical analysis of the data using

a baseline defined by an average of the enzyme activ ties

during the first three days (pre-exercise) revealed no

significant differences between the two groups in total

CK or LDH activity post-exercise. However, because

of the interference with serum enzyme levels from

physical activities prior to the experiment, the baseline

_ ..-.-.... ...... __ ......... ..... _. _.,. .. , ... s. ,-.., ._.__.., a , w;:<tiew -. - _ - _ _i ,
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was redefined as only those values obtained from the

"zero" draw just prior to the IRT. Re-analysis of the

data revealed significantly greater (p<.05) overall

CK activity in the Rs (326.2 IU/L) than in the NRs

(207.0 IU/L) across time (Figure 6).

Both peaks in CK levels appeared at 12 hrs post-

test and represented a 3-fold and 2 -fold (p<.05)

increase in pre-exercise levels for the R and NRs,

respectively (Figure 6). Post-hoc analyses revealed

serum CK levels remained significantly (p<.05) elevated

above pre-exercise values for 36 hours post-test for

both groups. However, at no particular hour post-

exercise were the total CK activities significantly

different between the groups.

On the other hand, the re-analysis of total LDH

values showed significantly greater (p<.05) LDH

activity in the NRs than in the Rs. Here again, the

groups did not differ significantly (p>.05) in LDH

activity at any particular hour post-exercise. Unlike

CK, serum LDH activities were diverse among the

subjects of both groups (Figures 7 and 8). Consequently,

no consistent or distinct peaks appeared in the mean

total LDH levels of either group during recovery (Figure

9).

,
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In order to determine the organ source of the

increased serum enzyme levels, results of the CK and

LDH isozyme activities (IU/L) determinations are

summarized in Table 3 for both subject groups. Signifi-

cant (p<.05) changes occurred for both groups across

time only in CK-MM, LDH4 and LDH5 , which represent

the skeletal muscle and liver fractions. However,

no significant difference (p>.05) was found between

the Rs and NRs in isozyme activity either pre- or

post-exercise. Post-hoc analyses of the isozyme data

for both groups revealed a significant (p<.05) peak

in CK-MM activity at 12 hrs only. At no point during

recovery were the LDH4 and LDH5 activities significantly

above baseline values (p>.05) (Table 3).

Uric Acid

Uric acid levels (mg/100 ml) in the sera followed

a more succinct pattern than did the enzyme activities.

Figure 10 illustrates the rapid rise in uric acid,

which peaked at one hour post-IRT and remained signifi-

cantly (p<.05) elevated above pre-exercise levels for

12 hours after the IRT. There were no significant

(p>.05) differences between the groups with regard to

uric acid concentrations during recovery.

-- ftw-mww mp i
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CHAPTER V

DISCUSSION

The serum enzyme changes observed in the present

study were in accord with previous studies involving

short, intense exercise bouts. King, et al, (1976)

reported a 116% increase in serum CK 11 hours following

a vigorous one hour game of handball. The same study

also found a 32% increase in LDH at varying hours (1 to

19 hours) post-exercise in the four male volunteers.

Other inconsistent and/or small elevations in total

LDH activity following various exercises have been

reported (Fowler, et al., 1962; Block, et al., 1969;

Ahlborg & Brohult, 1967; and Sanders & Bloor, 1975).

Approximately 15 total minutes of "anaerobic" treadmill

running in these subjects elicited a 2 to 3 fold increase

in serum CK with no change in LDH. The magnitude of

these changes in enzyme activities reaches the lower

limit of the range of reported enzymes alterations

(3 to 10 fold) following long distance running, such

as a 6 to 10 mile run (Kaman, et al. , 1977) and the

marathon (Riley, et al., 1975; and Magazanik, et al.,

1974). In addition, the large variability in serum
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enzyme changes among the subjects appears to be

consistent with previous observations following pro-

longed exercise (Kaman, et al. , 1977; Block, et al. ,

1969; Ahlborg & Brohult, 1967; and Nuttall & Jones,

1968).

Dissimilar changes in serum CK following various

forms of exercise have been reported. As a result,

further investigations have arisen to examine the

role of exercise intensity and duration in affecting

serum enzyme alterations. Loegering (1974) inferred

that the magnitude of plasma enzyme changes in rats

is primarily related to the intensity, rather than

the duration, of the exercise. Shapiro, et al. (1973)

came to a similar conclusion for exercising humans.

On the other hand, Fowler, et al. (1968) concluded

that exercise-induced serum CK and LDH changes were

primarily a function of exercise duration, but that

intensity is important. The short-lived, repetitive

sprinting performed in this study precipitated a

2 - to 3-fold increase in serum CK which only approaches

CK levels observed in humans after one hour of distance

running (Kaman, et al., 1977), but is considerably

below those magnitudes (9-fold) seen following a

marathon (Riley, et al., 1975). These results suggest
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that exercise-induced enzyme outpourings are primarily

related to exercise duration although intensity is

important. Whether a threshold of exercise intensity

or duration exists that initiates enzyme release

remains to be investigated.

In considering the intensity of the IRT protocol,

the treadmill workload was more intense for the Rs

than the NRs. Nevertheless, the total amount of

work (kJ) done against gravity and the exercise time

were not statistically different (p>.05) between the

groups although the treadmill speed and grade were

greater for the Rs (Figure 1). (The slightly lighter

body weights I>.05J in the Rs and large standard

errors of the means may account for the similarities

in the calculated total work.) Thus, the IRT "inten-

sity" as well as the duration would seem relatively

similar between the groups. These findings may help

to explain the similar CK and LDH changes observed

here. Although admittedly only limited interpretation

is warranted from these observations, further study

of the relationship between the magnitude of enzyme

outpourings and exercise intensity and duration is

needed.
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Serum enzyme changes after exercise have also

been associated with the fitness level of the subjects.

Some studies have reported lesser exercise-induced

enzyme alterations in exercise-trained animals and

humans as compared to the untrained (Fowler, et al.,

1968; Nuttall & Jones, 1968; Ahlborg & Brohult, 1967;

and Hunter & Critz, 1971). The precise reasons for

decreased serum enzyme alterations in trained subjects

following a given exercise bout are uncertain, but

the reported observations may be generally evident

of either an improved working capacity of the individual

decreasing the stress on the exercising muscle, or

an enhanced cell membrane integrity, or both.

It is possible that a host of factors contribute

to altered enzyme release with training, one of which,

may be a more rigid muscle cell membrane resistant to

permeability change suggested by Nuttall & Jones,

1968. Based on evidence found within the muscle

tissue membranes of male distance runners as compared

to sedentary men (Thomas, Londeree, Gerhardt &

Gehrke, 1977), it was suggested that exercise training

may produce a more fluid, flexible lipid membrane by

decreasing the cholesterol content and increasing the

number of long chain, polyunsaturated fatty acids.
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These findings suggest that training would enhance

intracellular enzyme activity. Indeed, the activity

of membrane-bound enzymes has been associated with

the degree of unsaturation, fatty acid chain length

and cholesterol content of the membrane lipids

(Kimelberg & Papahadjopoulos, 1974).

Equally important, this evidence also indicates

the trained muscle cell membrane to be a more stable

barrier with the longer, more "cohesive" fatty acid

chains which could retard intracellular enzyme release

(Thomas, et al., 1977). In essence, this paradoxical

role of the muscle membrane could mean that chronic

exercise training does not necessarily decrease

membrane permeability. Our results tend to support

this postulate for the reason that if exercise work-

load is relative to fitness levels and exercise

duration and work output are similar, then comparable

enzyme effluxes will occur post-exercise, regardless

of the difference in cardiorespiratory fitness of

the exercising humans. However, more evidence to

confirm this observation is warranted.

Interestingly, the Rs in this study were primarily

"aerobically" trained and showed lower LDH activities
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than the NRs in accordance with previous findings that

muscle LDH activity is suppressed in endurance trained

athletes (Sjodin, Thorstenssen, Frith & Karlsson, 1976).

However, with respect to the "anaerobic" exercise employed

here, it is highly possible that neither group was

"trained". This possibility could, in part, explain

why the group means for CK and LDH post-exercise were

only somewhat, but not significantly, different.

Concerning the tissue origin of the enzyme eleva-

tions, the CK and LDH isozyme patterns indicate the

primary source to be active skeletal muscle and liver

(Table 3). Elevations in the isozymes CK-MM and LDH4

and LDH5 in this study were similar to those previously

reported after cycloergometry in humans (Block, et al.,

1969), endurance swimming (Papadopoulos, Leon & Bloor,

1968; and Doty, Bloor & Sobel, 1971) and treadmill

running in rats (Novasadova, 1969; and Garbus, Highman

& Altland, 1964). Only small inconsistent changes (p>.05)

occurred in the cardiac isozymes, CK-MB, LDH1 and LDH2 ,

indicating minimal cell membrane changes may have resulted

within the myocardium from the IRT.

The reason for intracellular enzyme release as a

result of exercise has been subject to considerable

study, yet the exact mechanism is not fully understood.

J'% ". . - r n - r n-ww'Y~~R : "p
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Within the present body of knowledge, the mechanism

appears to be related to cell membrane permeability,

a function of cell metabolism inhibited by any number

of proposed factors such as necrosis, tissue hypoxia

or other stresses on the muscle cell previously mentioned.

More recent evidence has suggested tissue hyperthermia

(Hubbard, Criss, Elliott, Kelly, Mathew, Bowers, Lear

& Mager, 1979) and depletion of intracellular ATP as

likely causes for enzyme liberation (Sweetin & Thomson,

1973; Wilkinson & Robinson, 1974; and Thomson, et al.,

1975). It appears that the primary factors that

depress cell metabolism to the extent of enzyme escape

are in question. Any one or combination of the hypothe-

sized mechanisms may explain the observed enzyme changes

after intermittent sprinting.

Hubbard, et al. (1979) demonstrated that GOT and

glutamic pyruvic transaminase (GPT) are liberated by

tissue hyperthermia whereas CK is sensitive to exertional

stress and not heat-induced injury in rats. This finding

suggests exercise-induced hyperthermia contributed

little, if any, to our CK elevations.

Likewise, it would seem reasonable that if pH

is closely related to enzyme outpourings and lactic

acid concentrations are indicative of pH (Osnes &
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Hermansen, 1972), greater enzyme changes should have

occurred in the Rs who had significantly higher (p=

.001) blood lactates post-IRT than the NRs. In addition,

if metabolic acidosis is instrumental in tissue enzyme

release, then it would seem reasonable that the cardiac

LDH isozymes would have shown marked changes as did

the skeletal muscle and liver isozymes since each of

these tissues are able to take up and oxidize lactic

acid (Gollnick & Hermansen, 1973; Holloszy, 1975;

and Jorfeldt, 1971). Therefore, for these reasons

and for the moderate enzyme elevations observed here

as compared with those seen following endurance exer-

cise, we infer that pH is not strictly responsible for

exercise-induced enzyme outpourings.

Of particular interest is the possible role that

hypoxia plays in endoenzyme outpourings. It has been

demonstrated that exposure of dogs to a 32,000 foot

altitude for four hours produced sharp rises in GOT,

GPT, alkaline phosphatase and LDH within six hours

(Highman & Altland, 1960). Because of such findings

and the fact that "anaerobic" exercise seemed to be a

reasonable stimulus for hypoxia, we anticipated

relatively large serum enzyme changes post-exercise

comparable to those following long distance running.
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Hence, it was surprising to observe relatively small

to moderate CK and LDH peaks after the IRT. However,

Loegering & Critz (1971) found differing patterns of

enzyme release with hypoxia and stimulated muscular

exercise in anesthetized dogs ventilated with low

per cent 02 gases. They concluded that hypoxia may

contribute but is not primarily responsible for CK

and LDH elevations associated with exercise. Although

strict anoxia in an isolated rabbit septa resulted in

potassium and CK efflux from the myocardium (Conrad, Rau

& Shine, 1979), it is questionable whether this degree

of tissue hypoxia occurs during exercise and we con-

clude that hypoxia may contribute but is not a

predominate mechanism in exercise-induced CK and LDH

release. Although ischemia or hypoxia stress could

eventually result in cell necrosis, it may be indirectly

linked to the enzyme release mechanism, This may be

demonstrated by the findings of Knochel & Schlein (1972)

that potassium-depleted dogs showing ischemic muscle

blood flow even during stimulated contractions ultimately

displayed rhabdomyolysis with an associated release of

CK into the sera. It is likely, in this case and

possibly in other studies, that rhabdomyolysis and

frank necrosis of the muscle cell could account for the
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elevated CK. However, necrosis could not always

account for enzyme release after exercise in light

of the finding that significant serum enzyme eleva-

tions occurred in rats without pathological or histological

changes in the exercised muscles (Garbus, Highman &

Altland, 1964).

Increased levels of catecholamines have also been

linked to elevated serum enzymes with and without

histological alterations in dogs (Highman, Maling &

Thompson, 1959). These researchers observed marked

elevations in GOT, GPT and alkaline phosphatase in

dogs given large doses of norepinephrine or epinephrine

intravenously. Likewise, Garbus, Highman & Altland

(1964) saw increases in LDH, GOT and GPT following

epinephrine administration in both exercise-trained

and untrained rats. Their reported increase in LDH

isozymes 1 and 2 in the exercise-trained rats after

treatment with epinephrine reveals a substantial

contribution from the myocardium. In contrast to

these findings, we observed no marked increases in

LDH1 and LDH 2 which may indicate that epinephrine, and

possibly catecholamines in general, had negligible

involvement with our observed serum CK and LDH

changes.
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In spite of other complexing factors which may

contribute to a loss of membrane integrity during

exercise, an overriding stimulus for enzyme release

appears to be the general increased demand for energy

substrates to sustain normal cellular metabolism and

membrane selective processes. If adequate ATP is

available, enzyme retention is maintained as demonstra-

ted by the decreased LDH outpourings from rat lymphocyte

suspensions incubated with increasing ATP concentrations

(Wilkinson & Robinson, 1974). In similar fashion,

it has been shown that as the availability of glucose

for human erythrocytes declined, failure of Na/K ATPase

occurred allowing an efflux of intracellular potassium,

LDH and aldolase (Sweetin & Thomson, 1973). Marked

increases in serum potassium, CK and LDH are known to

occur following a marathon in healthy men (Riley, et

al., 1975). Thomson, Sweetin & Hamilton (1975) reported

CK and potassium rose in the sera of anesthetized

cats as the capacity for work in the stimulated hind

limbs declined. They concluded that if the intracellular

ATP available for contractions is markedly decreased,

the cell membrane loses integrity and allows cytoplasmic

contents to escape. These findings may help to explain

how prolonged exercise could lower intracellular ATP

. .
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levels to the extent that membrane selectivity processes

degrade. Further disruption may occur in the trans-

membrane selectivity if a high potassium ion concentration

surrounds the cell, a situation which has been shown

in vitro to result in a release of intracellular aldolase

as a consequence of cell membrane depolarization

(Zierler, 1958).

This evidence suggests that the energy charge

potential (ECP) of the muscle cell as represented by

the ratio of adenine nucleotide phosphate concentrations:

ECP = .5((ATP~] + 2 [ADP]) , may be key to cell

[ATP] + [ADP] + [A MP]

membrane selectivity processes. The ECP has been

suggested as a modulator for the utilization of high-

energy phosphates (Lehninger, 1977). Hypothetically,

the cell ECP would be 1.0 if all the adenine nucleotides

were ATP, but during normal, optimal conditions the

ECP is 0.85 (Lehninger, 1977). If the demand for ATP

is increased, the muscle can form additional ATP and

AMP from ADP in the adenylate kinase reaction. However,

Karlsson & Saltin (1971) studied muscle ATP concentra-

tions following exhaustive, intermittent bicycling and

found a rapid depletion in both intramuscular ATP and

ADP without an increase in AMP. It may be possible
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that AMP escapes the muscle cell during exercise.

Indirect support comes from the finding of increased

venous ATP levels following static contraction of the

human forearm (Forrester & Lind, 1969). Thus with

strenuous exercise, the demand for energy within the

cell may possibly drive the cell to allow adenine

nucleotides, particularly AMP, to escape, thereby

decreasing AMP and boosting the ECP.

If, in fact, nucleoproteins are released from

the exercising muscle cell, the cause of our observed

hyperuricemia within one hour after repeated, intense

running may be elucidated. This finding is in accord

with what Knochel, Dotin and Hamburger (1974) have

suggested: increased urate synthesis in the liver from

adenine nucleotide substrates released from muscle

cells under intense physical exercise. However, the

extent to which the high lactates in our subjects may

have interfered with the renal tubular secretion of

urate (Quick, 1935) is uncertain. Because blood

lactate is known to reach peak concentration within

minutes after exercise, it seems unlikely that the

significant uric acid elevations up to 12 hours after

the IRT could be accounted for solely on the basis

of lactate interference. Elevated uric acids have
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also been reported following the marathon where minimal

lactate concentrations probably existed (Riley, et al.,

1975; and Magazanik, et al., 1974). On the other hand,

the increased serum levels of urate may have been a

result of decreased glomerular filtrations from intense

exercise. This possibility is also difficult to

evaluate without the determinations of excreted uric

acid. Therefore, our observed hyperuricemia could be

a consequence of the high lactates, reduced glomerular

filtration and increased uric acid production from

urate precursors liberated from skeletal muscle.

If the latter consideration is especially accurate,

the uric acid and CK elevations found here may be

evidence of the mechanism of exercise-induced enzyme

release. Particularly relevant is the fact that

dramatic increases in both uric acid and CK, as well

as other muscle enzymes, have been reported following

the marathon (Riley, et al., 1975; and Magazanik, et al.,

1974). Thus, the previously suggested mechanism for

enzyme release may explain the observed serum enzyme

changes following anaerobic and aerobic exercise.

Our moderate enzyme elevations may be the consequence

of merely a temporary depletion of intracellular ATP.
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More definitive insights into the release mechanisms

await further investigation.

In reference to the first purpose of this study,

describing the acute effects of intermittent anaerobic

exercise upon serum CK, LDH, and their isozymal activi-

ties, these results suggest that the magnitude of enzyme

release following intermittent anaerobic running is

less dramatic than those reported after strenuous

aerobic exercise. This study, proposing in the second

purpose to determine the possible influence of fitness

level on such releases, states that it remains to be

proven and should not be assumed that exercise training

will alter enzyme release after exercise if the exercise

intensity is relative to the individual 's fitness level.

In the third purpose, the study determined to elucidate

the mechanism by which exercise stress induces enzyme

release from the muscle cell. The results of this

study suggest that adenine nucleotides may be released

by the muscle cell during exercise in an effort to

sustain the energy charge potential and membrane

selectivity processes. The release of enzymes appears

to be consequential to the decrease in the intracellular

level of high-energy phosphates.

.. 
X
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