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Abstract

This review deals with glycogen phosphorylase (GP) and its isoenzyme BB in the diagnosis of ischaemic myocardial injury.
Early identification and confirmation of acute myocardial infarction is essential for correct patient care and disposition deci-
sion in the emergency department. In this respect, glycogen phosphorylase isoenzyme BB (GPBB) based on its metabolic function
is an enzyme for early laboratory detection of ischaemia. In the acrobic heart muscle GPBB together with glycogen is tightly
associated with the vesicles of the sarcoplasmic reticulum. Release of GPBB, the main isoform in the human myocardium,
essentially depends on the degradation of glycogen, which is catalyzed by GP. Ischaemia is known to favour the conversion of
bound GP in the b form into GP a, thereby accelerating glycogen breakdown, which is the ultimate prerequisite for getting GP
into a soluble form being able to move freely in the cytosol. The efflux of GPBB into the extracellular fluid follows if ischae-
mia-induced structural alterations in the cell membrane become manifest. The clinical application of GPBB as a marker of
ischaemic myocardial injury is a very promising tool for extending our knowledge of the severity of myocardial ischaemic
events in the various coronary syndromes. The rational roots of this development were originated from Albert Wollenberger’s
research work on the biochemistry of cardiac ischaemia and the transient acceleration of glycogenolysis mainly brought about
by GP activation. (Mol Cell Biochem 160/161: 289-295, 1996)
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Introduction

During recent years biochemical markers for the detection
of acute myocardial injury gained particular interest for the
early diagnosis of evolving acute myocardial infarction
(AMI), the monitoring of thrombolytic treatment, and for risk
stratification in patients with unstable angina. Creatine kinase
(CK) MB mass, CK isoforms, myoglobin, cardiac troponin
I and troponin T have a comparable early sensitivity for AMI,
and all are markedly more sensitive than CK and CKMB
activity [1]. However, in the final analysis myoglobin, CKMB
mass, CK isoforms, and troponins are not sufficiently sensi-
tive within the first 3—4 hours after the onset of AMI, and the
diagnostic performance of the electrocardiography (ECG) is

clearly superior to that of biochemical markers during this
time interval [1, 2. However, up to 50% of chest pain pa-
tients may have non-diagnostic ECGs at hospital admission
[3]. Laboratory parameters are cheaper, easier to perform and
to interpret for the non-specialist than other alternative diag-
nostic methods (e.g. echocardiography, myocardial scintig-
raphy). Consequently the search is still going on for more
rapidly detectable and more sensitive markers which should
start to be released in the phase of reversible ischaemic myo-
cardial damage. In this respect, glycogen phosphorylase
isoenzyme BB (GPBB) based on its metabolic function and
on first clinical results is a very promising enzyme for the
early laboratory detection of ischaemic myocardial injuryi
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Biochemistry of glycogen phosphorylase

Glycogen phosphorylase (GP) is one of the best studied en-
zymes in biochemistry. It is a glycolytic enzyme which plays
an essential role in the regulation of carbohydrate metabo-
lism by mobilization of glycogen [4]. It catalyses the first step
in glycogenolysis in which glycogen is converted to glucose-
l-phosphate, utilising orthophosphate. The physiological role
of muscle phosphorylase is to provide the fuel for the energy
supply required for muscle contraction. Its activity is allos-
terically regulated by the binding of AMP and phosphoryla-
tion. Phosphorylase kinase converts GP b into its more active
form GP a. Phosphorylase exists in the cardiomyocyte in
association with glycogen and the sarcoplasmatic reticulum
and forms a macromolecular complex (sarcoplasmatic reticu-
lum glycogenolysis complex) [5, 6]. The degree of associa-
tion of GP with this complex depends essentially on the
metabolic state of the myocardium. With the onset of tissue
hypoxia, when glycogen is broken down and disappears,
glycogen phosphorylase is converted from a particulate into
a soluble form, and the enzyme becomes free to move around
in the cytoplasma [5—7].

GP exists as a dimer under normal physiological condi-
tions. The dimer is composed of 2 identical subunits. At least
3 GP isoenzymes are found in human tissues that are named
after the tissue in which they are preferentially expressed,
GPLL (liver), GPMM (muscle), and GPBB (brain) [4]. The
three isoenzymes can be distinguished by functional and
immunological properties. They are encoded by three distinct
genes. The genes of the 3 human GP isoenzymes have been
cloned and sequenced [8]. The proteins predicted by the
c¢DNA sequences consist of chains of 846 (LL), 842 (MM)
and 862 (BB) amino acid residues. Amino acids 1-830 match
and differences are mainly found at the C-terminus, which
is the catalytic domain of the protein. In pairwise sequence
comparison the brain type protein is 80% identical with the
liver type and 83% identical with the muscle type. GPBB has
21 and 16 additional amino acid residues on its C-terminal
portion that are not present on the MM and LL isoenzymes,
respectively.

Adult human skeletal muscle contains only one isoenzyme,
GPMM. GPLL is the predominant isoenzyme in human liver
and all other human tissues except heart, skeletal muscle, and
brain. The isoenzyme BB is the predominant isoenzyme of
human brain. Its molecular weight as a monomer is approxi-
mately 94 kD. In the human heart the isoenzymes BB and
MM are found, but GPBB is still the predominant isoenzyme
in myocardium. By far the highest concentrations of GPBB
were found in human brain and heart. The tissue concentra-
tions of GPBB in heart and brain are comparable [9]. Al-
though immunoblot, electrophoresis, and northern blot data
are partly conflicting [4, 8—11], there is evidence that GPBB
isoenzyme might not be restricted to brain and heart in hu-

mans. Much lower GPBB concentrations have been reported,
for example, in leukocytes, spleen, kidney, bladder, testis,
digestive tract and aorta. However, in all these tissues the
isoenzyme LL is by far the predominant GP isoenzyme.

Pathophysiology: Shift to anaerobic energy production in
the acutely ischaemic myocardium, activation and release
of GP

The energy metabolism of the heart, in particular the bio-
chemistry of cardiac ischaemia as well as the biochemical
mechanisms of the neuronal and hormonal regulation of the
heart became a main profile of Albert Wollenberger’s re-
search work and his group during the sixties [12—17]. Inves-
tigating the energy production in the acutely ischaemic
myocardium Wollenberger et a/. [12] demonstrated that in
ischaemia the sources of utilizable chemical energy (ATP,
phosphocreatine) are rapidly exhausted. They clarified the
mechanism and demonstrated the rapidity of cardiac glycog-
enolysis when the blood circulation was suddenly arrested
[13—15]. Of course, the activation of conversion of glycogen
to glucose phosphate cannot be faster than the velocity of the
first reaction step in this process which is catalyzed by GP.
Using the freeze-clamp technique [16] a transient rise in car-
diac cAMP levels followed by an activation of GP due to
conversion of the nonphosphorylated 4 form into phospho-
rylase a by phosphorylase kinase was for the first time dem-
onstrated during acute ischaemia (Fig. 1) [17]. As B-adreno-
ceptor blockade diminished the GP conversion a sympathetic
activation of adenylyl cyclase by neurotransmitters was pos-
tulated at that time [14, 17]. Concomitantly the rate of gly-
cogenolysis was found to be accelerated [13—15]. Further-
more there is evidence that the kinetic properties of GPBB
allow a glycogen breakdown catalyzed by the b form. Com-
pared with GPMM this isoenzyme is characterized by low
values of K_ for the substrate orthophosphate as well as of
K, , for the activator AMP [10]. An ischaemia-induced rise
in the levels of intracellular orthophosphate and AMP in
myocardium may therefore induce a second, long lasting
acceleration of glycogenolysis under these conditions [15,
18]. Indeed cardiac glycogen breakdown was found to con-
tinue during post-ischaemic reperfusion when the a form of
GP declined to pre-ischaemic control levels when the ortho-
phosphate level was still high [19]. Using isolated glycogen
particles form canine heart muscle a burst in glycogenolysis
could be initiated by either cAMP and calcium ions which
was accompanied by a breakdown of glycogen [7]. In experi-
mental studies as well as in patients with acute myocardial
infarction the released GPBB was exclusively found in the b
form [20, 21]. Thus it is suggested that the activity of GPBB
(form b) catalyses the prolonged degradation of glycogen in
the sarcoplasmatic reticulum-glycogenolysis complex in the
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Fig. 1. Cyclic AMP and phosphorylase a levels in the left ventricle of the
dog before and after the onset of myocardial ischaemia. I: Dogs not treated
with a B-blocker; II; dogs treated with pronethalol. Phosphorylase (a + b)
content averaged 14.3 umole phosphate/g x min in both group I and group
[1. Adapted from Wollenberger et al. [17]

ischaemic area of the myocardium [15, 18] .

In conscious dogs a rapid release of GPBB was measured
in the cardiac lymph after a transient ligation of a coronary
artery for not longer than 10 min, which did not lead to his-
tological signs of myocardial necrosis [20]. An efflux of GP
from the myocardium after hypoxia or substrate depletion has
been observed earlier in the isolated perfused rat and rabbit
heart (Fig. 2) [22, 23]. The GP release in these experiments
correlated with the remaining myocardial glycogen content
[23]. In this Langendorff model of the isolated perfused heart
the addition of imipramine under aerobic conditions to a
cardioplegic perfusion solution only caused a release of CK,
but not of GP (Fig. 3) [23]. The myocardial glycogen con-
tent remained uneffected as well. Imipramine causes in a
certain concentration range a selective increase in the plasma
membrane permeability without myocardial hypoxia. On the
other hand, the stimulation of glycogenolysis by high doses
of adrenaline did not cause a decrease in myocardial GP ac-
tivity, although the glycogen content of the tissue was greatly
diminished by the added adrenaline (Table 1) [22]. These ex-
perimental results allow one to conclude that the release of
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GPBB requires both a burst in glycogenolysis and a concomi-
tantly increased plasma membrane permeability as known for
injured cardiomyocytes by ischaemia [24].

Given its molecular mass (94 kD as a monomer) the early
release of GPBB raises questions about the mechanisms of
its release from ischaemic myocardium. An essential part of
an explanation may be its key role in the energy metabolism
of ischaemic myocardium. When glycogen is broken down
and disappears, GPBB becomes free to move from the peri-
SR compartment directly into the extracellular fluid, if cell
membrane permeability is simultaneously increased, which
is usually the case in ischaemia. A high GPBB concentration
gradient, which immediately is formed in the compartment
of the sarcoplasmatic reticulum glycogenolytic complex, may
be the reason for the high efflux rate of this enzyme. In con-
trast to other cytosolic proteins, this gradient may at least
partly be also realized via T-fubuli and may contribute to the
efflux of GPBB (Fig. 4).

In summary, the ischaemia-sensitive glycogen degradation,
which is regulated by Ca?", metabolic intermediates and
catecholamines, seems to be a crucial prerequisite for the
efflux of GPBB. This outlines the specific sensitivity of this
enzyme marker to indicate transient imbalances in heart en-
ergy metabolism as it is the case during angina pectoris at-
tacks and/or in the infarcting myocardium. Therefore this
enzyme is a promising analyte for the detection of ischaemic
myocardial injury.

First Clinical Results
Acute myocardial infarction

There have been distinct differences in sensitivities of GPBB
in comparison with myoglobin, CKMB mass, CK, and car-
diac troponin T within the first 2-3 h after AMI onset [25,
26], and in our patients GPBB was the most sensitive param-
eter during the first 4 h after AMI onset (Table 2). In the ma-
jority of AMI patients GPBB increased between 1—4 h after
the onset of chest pain. Therefore, GPBB may be a very
important marker for the early diagnosis of AMI. GPBB
usually peaks before CK, CKMB or troponin T and returns
within the reference interval within 1-2 days after AMI on-
set (Fig. 5). Basal concentration of GPBB in blood plasma
of normal healthy was found to be independent of sex and
age; the empirical data distribution of basal GPBB was
gaussian [27].

As with soluble markers, such as myoglobin and CKMB,
we could demonstrate that time course of GPBB in AMI pa-
tients is markedly influenced by whether or not early reper-
fusion of the infarct-related coronary artery occurs [26]. The
well established so called ‘wash out’ phenomenon after suc-
cessful thrombolysis leads to a more rapid increase in GPBB
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Fig. 2. Release of glycogen phosphorylase and glycogen content of rabbit hearts perfused in the Langendorft mode Enzyme efflux was assayed during
reperfusion after global ischaemia (), after substrate depletion (O), and under aerobic control perfusion conditions (W), Finally the perfused hearts were
freeze-clamped and glycogen content was determined. Values are means plus 1 S.E.M. Gluc. = glucosy! residue; W. Wt. = wet weight. Adapted from Krause

etal. [23].
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Fig. 3. Release of glycogen phosphorylase (GP) and creatine kinase (CK) from normothermic beating and hypothermic, K*-arrested, perfused rabbit hearts.
The effect of 0.4 and 0.6 mM imipramine was only studied with non-beating hearts at 24°C. Adapted from Krause et a/. [23].

and results in earlier and higher peak values (Fig. 6). There-
fore, GPBB may be useful, alongside with other soluble
myocardial proteins, to assess the effectiveness of thrombo-
lytic therapy non-invasively. However, decision limits to
detect successful, and what is clinically more important,
failed reperfusion, remain to be established in a study con-
trolled with acutely performed coronary angiography.

Unstable angina pectoris

The application of GPBB is not restricted to conventional
myocardial infarction. An early release of GPBB was dem-
onstrated in patients with Braunwald class I1I unstable an-
gina who showed ST-T alterations at rest. Only GPBB was
increased above the upper reference limit in the majority of
these patients at hospital admission (Fig. 7) [28). Whether the
early GPBB release in these patients was due to minimal
necrosis of myocardial tissue or severe reversible ischaemic



Table 1. Activity of glycogen phosphorylase (GP) and glycogen
concentration in perfused rat hearts after addition of adrenaline
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Table 2. Early sensitivities of GPBB and other biochemical markers before
start of thrombolytic treatment in patients with acute myocardial infarction
who were admitted within 4 h after the onset of chest pain

Treatment GP atb Glycogen
(umol orthophosphate/ (umol glucose/ GPBB CK CKMB Myoglobin Troponin T
min X mg protein) g wet weight) mass mass
Controls (n=5) 0.41 +0.05 13424 Sensitivity 0.77 0.20 0.47 0.47 0.40
Adrenaline (n=5) 0.50 £ 0.09 3.9+0.8 (0.55-0.92) (0.04-0.48) (0.21-0.73) (0.21-0.73) (0. 16-0.68)
Adapted from Schulze et al. [22]. (95% confidence interval)
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Fig. 4. Scheme of GPBB release from myocardium in ischaemia. Glyco-
gen phosphorylase (GP) together with glycogen is tightly associated with
the vesicles of sarcoplasmic reticulum (SR) under normal conditions. A
release of GPBB, the main isoform in the myocardium, essentially depends
on the degradation of glycogen, which is catalyzed by GP a (the phospho-
rylated, active form of the isoenzyme) and by GP a (nonphosphorylated,
AMP-dependent form). Ischemia is known to favor the conversion of bound
GP b into GP a thereby accelerating glycogen breakdown, which seems to
be the ultimate prerequisite for getting GP into a soluble form. An efflux
of GPBB into the extracellular fluid may only follow if ischaemia-induced
structural alterations in the cell membrane are manifested. Pi: inorganic
phosphate; G-1-P: glucosel-phosphate. For more details see text. Adapted
from Rabitzsch er al. [26].

injury is currently not known. As underlined by the receiver-
operating characteristic (ROC) curve and ROC area calcula-
tions of GPBB and comparison with those of CK, CKMB mass,
myoglobin, and troponin T [26], GPBB showed the best diag-
nostic performance of all markers tested to detect acute ischae-
mic coronary syndromes (AMI or severe unstable angina at rest
with transient ST-T alterations) on admission (Fig. 8). GPBB
plasma concentrations in patients with stable angina resembled
those of healthy individuals or patients without angina [26].

GPBB is also a sensitive marker for the detection of peri-
operative myocardial ischaemia and infarction in patients un-
dergoing CABG [29]. In uncomplicated patients GPBB peaks
within 4 h after aortic unclamping and returns to baseline
values within 20 h. GPBB release correlates with aortic
crossclamping time, which reflects the duration of myocar-
dial hypoxia during cardioplegic cardiac arrest. GPBB time
courses of patients with perioperative myocardial infarction
(PM]I) differ markedly in time to peak values (peaks occur
later) and peak concentrations (> 50 pg/L) from uneventful
patients. However, also patients with severe episodes of
perioperative myocardial ischaemia that do not fulfil stand-
ard PMI criteria show markedly elevated GPBB concentra-
tions compared with uncomplicated patients. In patients with
emergency CABG GPBB, but not CKMB, correlated with
clinical evidence of myocardial ischaemia [29]. In summary,
GPBB 1s a very sensitive marker of perioperative ischaemic
myocardial injury in CABG patients.
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tients were grouped according to the presence of signs of myocardial
ischaemia in the admission ECG recording. Marker concentrations are given
as x-fold increase of the upper reference limit. The data are given as notched
box plots. In the box plot the lines represent the 10th, 25th, 50th 75th, and
90th percentile, the notches the 95th confidence bands about the median,
values above and below the 10th and 90th percentile are represented as
data points. Abbreviations: creatine kinase (CK), cardiac troponin T (cTnT),
glycogen phosphorylase (GP). Adapted from Mair et al. [28].

Diagnostic specificity

GPBB is not a heart-specific marker and its specificity is lim-
ited. However, increases in GPBB are specific for ischaemic
myocardial injury when damage to the brain and consequent
disturbance of the blood-brain barrier can be excluded. Ac-
cording to experimental studies and clinical observations
increases in GPBB do not occur in response to therapeutic
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Fig. 8. Receiver operating characteristic (ROC), curves of GPBB. CKMB
mass and CK activity for the identification of acute coronary syndromes in
non-traumatic chest pain patients at hospital admission. An acute coronary
syndrome was defined as either acute myocardial infarction or unstable an-
gina with reversible ST-T alteration in the admission ECG recording. The
larger the area under the ROC curve the better is the discriminating power of
the parameter. The area under the GPBB ROC curve 1s significantly greater
than those of the other markers. Adapted from Rabitzsch et al. [26].

circumstances in which cardiac work is increased and gly-
cogen might be mobilized, such as after administration of
catecholamines and glucagon, provided that a concomitant
myocardial injury with cell membrane damage does not take
place [22, 29]. The diagnostic specificity of GPBB for myo-
cardial injury in non-traumatic chest pain patients was in the
range of CKMB [26], which suggests sufficient specificity
in clinical practice. Future studies on the diagnostic specifi-
city of GPBB, however, will also have to address the issue
in an unselected cohort of patients including severely trau-
matized patients with and without head injuries, patients with
liver damage or renal failure. As long as the diagnostic spe-
cificity of GPBB for myocardial damage is not fully deline-
ated, a positive GPBB result should be later confirmed by
cardiac troponin I measurement.

Conclusions

The first hints that blood GP increases above its upper refer-
ence limit after the onset of AMI earlier than does CK were
obtained approximately 2 decades ago, with total GP activ-
ity measured by a not very sensitive enzymatic assay [21].
The breakthrough occured later in our laboratory [25] with
the development of a sensitive and specific immunoenzymo-
metric assay for the measurement of the isoenzyme GPBB.
This newly developed assay was used in all our clinical stud-
ies. The challenge still exists to develop a rapid assay that is
suitable for bedside or ‘stat’ use in the routine laboratory. Of



course, the first clinical results will have to be confirmed in a
larger number of patients but they allow several important
conclusions, and there is no doubt that GPBB is a promising
marker for the detection of ischaemic myocardial injury. This
is probably explained by its function as a key enzyme of gly-
cogenolysis. GPBB has so far been the most sensitive marker
for the diagnosis of AMI within 4 h after the onset of chest pain.
GPBB was the only marker which was increased in a consid-
erable proportion of AMI patients within 2-3 hours after the
onset of chest pain. The application of GPBB is not restricted
to conventional AMIL GPBB also increased early in patients
with unstable angina and reversible ST-T alterations in the
resting ECG at hospital admission. Therefore GPBB could be
useful for early risk stratification in these patients. GPBB has
also been a sensitive marker for the detection of perioperative
myocardial ischaemia and infarction in patients undergoing
coronary artery bypass grafting. The diagnostic specificity of
GPBB is sufficient for clinical practice, in non-traumatic chest
pain patients it was in the range of that of CKMB. Thus, if the
first clinical results on GPBB can be confirmed, the future sce-
natio for the laboratory testing for myocardial injury could be
the combination of cardiac troponin I or T and GPBB meas-
urement, which combines cardiac specificity with high early
sensitivity for ischaemic myocardial damage.
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