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A loss of taurine and other amino acids from
ventricles of patients undergoing bypass surgery
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Abstract
Objective-To study the changes in

amino acid content of left ventricles of
patients during cardiac surgery that
involves cardiopulmonary bypass and
cold cardioplegia.
Design-Biopsy specimens (up to 10

mg wet weight) from the left ventricle of
30 patients undergoing coronary artery
bypass graft and valve replacement
surgery on cardiopulmonary bypass
(protected by cold cardioplegia with St
Thomas' solution) were taken immedi-
ately before the infusion of the cardio-
plegic solution and just before the
removal of the cross clamp, and were
analysed for their amino acid content.
Results-Of the most abundant cel-

lular amino acids in the left ventricle
taurine, glutamine, glutamate, and
aspartate, but not alanine, showed a sig-
nificant fall during the period of cross
clamping. A rise in intracellular sodium
(Na) is known to occur during cold car-
dioplegic arrest so that an activation of
an amino acid/Na efflux, similar to that
seen in animal experiments, seems a
likely mechanism. The anomalous
behaviour of alanine suggests some
recovery ofmetabolism.
Conclusions-The loss of a amino

acids (by contrast with the loss of tau-
rine) will depress protein synthesis and
reduce energy reserves after cardiac
surgery. Attempts to preserve the con-
centrations of intracellular a amino acids
must be balanced against the need to
regulate intracellular Na concentration
and hence intracellular pH and calcium
ions. The presence of a amino acids in
the cardioplegic solution (or in a resusci-
tation solution) should maintain the
intracellular concentrations and favour
activation of the taurine/Na symport to
oppose the rise in intracellular Na con-
centration. Because the reservoir of tis-
sue taurine is limited, the potential
benefits of increasing the concentration
of taurine in the heart by diet before
surgery and addition of a amino acids to
the cardioplegic solution merits further
assessment.

(Br HeartJ' 1993;69:241-245)

The concentration of amino acids in blood is
raised in patients with acute myocardial
infarction' 2 and unstable angina,3 4 and after

cardiac surgery.56 A fall in the amino acid
content of the heart and an increase in amino
acids in the blood is seen in animal studies
after ligation of the coronary arteries and dur-
ing hypoxia, and accompanies drug induced
cardiac necrosis.7-9 In the isolated guinea pig
heart, a fall in intracellular concentrations of
amino acids, in particular taurine, is provoked
by a reduced gradient of sodium (Na) ions
across the cell membrane. This fall has been
interpreted as an activation of a specific trans-
port system because the appearance of tau-
rine in the effluent is not associated with the
appearance of cellular proteins or other
metabolites and is blocked by specific
inhibitors of taurine transport. Furthermore,
when intracellular taurine is increased experi-
mentally in isolated myocytes, a reduction of
intracellular Na activity is seen at rest and
during exposure to cardiac glycosides or
media lacking divalent cations.'0 Intracellular
Na rises when either the activity of the
ouabain sensitive Na pump is reduced or the
influx of Na + is increased-for example,
during hypothermia," depletion of bathing
concentrations of divalent cations,'2 13
hypokalaemia," ischaemia,'4 hypoxia,'5 and
exposure to cardiac glycosides.' ''3 A coupled
efflux of taurine with Na would act to oppose
the rise of intracellular Na under these condi-
tions. The maintenance of a large inwardly
directed Na gradient across the myocyte
membrane is essential for the regulation of
intracellular pH and free calcium (Ca) and
hence normal cellular function. The fall in
the concentration of a amino acids in the
heart may be due partly to metabolism
(unlike taurine, which is very slowly
metabolised),'6 but a movement across the
cell membrane is suggested by the relation to
the rise in intracellular Na.'0 Cold cardiople-
gia (with a medium containing Na +) is
known to result in a rise in intracellular Na'7
and might therefore be expected to provoke a
loss of amino acids. This loss of amino acids
would cause the fall in protein synthesis seen
after calcium (Ca) depletion, ischaemia, or
anoxia in animal hearts.'8 We therefore set
out to find the changes in taurine and * amino
acids in the ventricles of patients who were
undergoing cardiac surgery on cardiopul-
monary bypass with cardiac ischaemia pro-
tected by cold crystaloid cardioplegia.

Patients and methods

PATIENTS

All patients gave their informed consent for
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the study, which was approved by the local
ethics committee. Thirty patients (24 men
and six women) undergoing either coronary
artery bypass graft (n = 21) or aortic or
mitral valve replacement surgery (n = 9)
were monitored for changes in taurine and
free a amino acid concentrations in biopsy
specimens from their left ventricles.
Cardiopulmonary bypass was initiated with
drainage from the right atrium and return to
the ascending aorta. The aorta was then cross
clamped proximal to arterial return to pro-
duce cardiac ischaemia. A standard St
Thomas' cardioplegic solution (composition
in mmol.1-': 16MgCl,6H2O; 2 CaCl2; 20 KCl;
147 NaCl; 1-0 procaine HCl) at 4°C was
infused directly into the aortic root for the
coronary bypass grafts or into the ostia of the
coronary arteries for valve replacement. After
this injection the temperature of the heart fell
to around 8°C and rose slowly during the
operation to around 15-20°C. The minimum
core temperature was monitored throughout
and ranged between 26-29°C. In all the
patients 1 litre of cardioplegic solution was
injected initially. In a few cases, depending on
the appearance of electromechanical activity,
an additional dose was subsequently injected.
The ischaemic time during these operations
ranged between 25 and 1 10 minutes.

Myocardial biopsy specimens (4-10 mg
wet weight) were taken from the apex of the
left ventricle with a "Tru-cut" needle. The
first biopsy specimen was taken as soon as
possible after starting cardiopulmonary
bypass. After the period of ischaemia a sec-
ond specimen was taken, and both specimens
were stored in a freezer (at - 4°C) until
analysed.

DETERMINATION OF TAURINE AND OTHER a
AMINO ACIDS IN VENTRICULAR BIOPSY
SPECIMENS
Biopsy specimens were homogenised in 0-25
ml ice cold double distilled water and a 10 ,ul
aliquot was taken for protein determination
and 0 2 ml was added to Millipore ultrafiltra-
tion units and filtered by combined filtration
centrifugation at 14 000 rpm and 20°C, with
an Eppendorf refrigerated centrifuge 5402.
The filtrate was then vacuum dried and the
phenylisothiocarbamyl derivitised amino
acids20 were separated by high performance
liquid chromatography (HPLC) on a 15 cm
x 4-6 cm Spherisorb 3 um ODS2 column
with two Waters 510 delivery systems. The
solvents used were 0-14M Na acetate, 850
,ul.l-' triethylamine pH 5-6(A) and 60% ace-
tonitrile (B) gradients were of 0% B for 1 2
minutes; 0-42% B for 10 8 minutes (convex
curve); and 100% B for four minutes, at 0-8
ml.min.-' This technique for amino acid
determination has an inherent error of
around 5%.

Protein determination was carried out by
the Lowry method with bovine serum albu-
min as a standard.2' To avoid errors in mea-
suring the protein content with this method,
another reference for total protein was mea-
sured with a colorimetric microprotein deter-
mination kit from Sigma Diagnostics (cat no
610-A).

Data are expressed as mean (SEM) and n
refers to number of biopsy specimens.
Statistical analysis was performed with two
tailed T test for paired data and a Mann-
Whitney non parametric test available on a
Stat View package for the Macintosh SE/30
computer. The power of statistics was also
assessed for positive and negative differences
between the means.22

Results
The concentrations of amino acids in biopsy
specimens taken from the apex of the left

*Biopsy 1 ventricle of patients a few minutes after the
Biopsy 2

start of cardiopulmonary bypass showed a
"{ja Biopsy 2 | much greater variability than that found in

** animal hearts.'0 Biopsy specimens taken just
** before the cross clamp was removed after

25-1 10 minutes of cardiac ischaemia protec-
ted by cold cardioplegia with St Thomas'

NS
solution showed a significant fall in the amino

NS <acid content (fig 1). This fall was generally
greatest for the amino acids occurring at the

__** highest concentrations-namely, taurine, glu-
tamine, glutamate, and aspartate (p < 0-001;

* ^:paired T test; p < 0 05 Mann-Whitney).
NNS Alanine, however, at a concentration below-[NS taurine and glutamine but above aspartate

and glutamate, showed a small fall that was
not significant (p> 0 05 paired T test and

Tau Gln Ala Glu Asp Gly Ser Mann-Whitney). The amino acids that occur
at concentrations below 10,umol.g' protein

Amino acid showed little change. The loss of taurine, glu-
'hanges in taurine and principle a amino acids in ventricular biopsy specimens tamine, glutamate, and aspartate was general-
'o patients undergoing cardiac bypass surgery. The first biopsy specimens were ly found to be largest in the patients who had
tarting cardiopulmonary bypass and the second after a period of ischaemia
cold cardioplegia. Values are mean (SEM). *p < 0 005; **p < 0 001. See the highest concentration in the first biopsy
reviations. specimen. Figure 2 shows the change in
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Heart amino acids during cardiac surgery

Figure 2 Change in
taurine (A) and the a
amino acid glutamate (B)
in the ventricular biopsy
specimens taken from 30
patients undergoing cardiac
bypass surgery. The biopsy
specimens were taken as
described in fig 1. The
changes in the mean
(SEM) for amino acids in
both biopsy specimens are
also shown.
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taurine and glutamate for individual patients.
Calculations of the statistical power showed
that the sample size was adequate for the data
for alanine not to be significantly different at
the 90% level.
The large variability in the concentrations

of amino acids found in patients, the small
numbers of patients, and the similar periods
of ischaemia make conclusions based on fur-
ther analysis of the data tentative. If the data
for taurine, however, are grouped according
to the periods of increasing ischaemia in steps
of 10 minutes, a tentative time course for tau-
rine loss can be found. Little or no fall in tau-
rine occurred over the first 20-30 minutes
followed by a steady decline over the next
hour to a lower maintained plateau.

Although tissue amino acids concentra-
tions are expressed as pumol.gj protein, it is

Concentrations of amino acids in biopsy specimens taken before infusion for cardioplegia
Tissue concentration

% of total amino
Anmino acid (pmol.g' protein) (mmol.kg' wet weight) acid pool

Taurine (tau) 63 4 (4 9) 9 5 26-8
Glutamine (gln) 56-9 (4 0) 8-5 24-0
Alanine (ala) 31-9 (2 6) 4-8 13-6
Glutamate (glu) 29-6 (3-1) 4-4 12-4
Aspartate (asp) 14-4 (1-7) 2-2 6-2
Glycine (gly) 8-2 (0 8) 1-2 3-3
Serine (ser) 5 7 (0 5) 0-9 2-5
Threonine 4-3 (0 5) 0-6 1-7
Leucine 4 0 (0 5) 0-6 1-7
Valine 4-0 (0 4) 0-6 1-7
Lysine 3-2 (0 4) 0 5 1-4
Arginine 2 4 (0 4) 0 4 1 1
Tyrosine 2-2 (0 2) 0 3 0-8
Others 6-0 0 9 2-5

It is assumed that 0-15 g protein is present in 1-0 g wet weight of cardiac tissue. Values are
means (SEM).

Biopsy specimen 1

possible to convert these values into
mmol.kg- tissue wet weight assuming that
each g wet weight of cardiac tissue contains
0-15 g protein.23 Table 1 shows the resting
concentration (specimen 1) of the free amino
acids as found by phenylisothiocarbamyl
derivitisation. The total free amino acid pool
in the ventricles of the these patients was
around 35 mmol.kg-' wet weight. These val-
ues show that, unlike other animal heart tis-
sues, in which taurine can reach up to 50% of
the total free amino acids, the intracellular
concentration of taurine in the ventricle of
patients contributes only 27% to the total free
amino acid pool (similar to that of glutamine)
in cardiac cells. The calculated concentration
of glutamate in the first ventricular specimen
(table 1) was similar to the concentration
found previously for much larger biopsy spec-
imens from the human left ventricles.24

Discussion
During cardiac surgery involving cold cardio-
plegia, a mean fall in free amino acids in the
ventricular specimens of more than
50 pmol.g-' protein (>8 mmol.kg- wet
weight) was seen. The fall in cellular taurine
is consistent with that provoked in animal
experiments by ischaemia-9 and would be
consistent with the heart as the source of tau-
rine that appears in the blood after cardiac
surgery, myocardial infarction, and unstable
angina.1-3 The fall of tissue taurine was larger
in patients with higher initial concentrations
suggesting that the loss is affected by the size
of the transmembrane gradient. In experi-
ments on isolated guinea pig hearts an efflux
of taurine has been shown to depend on the
transmembrane Na gradient in ways consis-
tent with the activity of a Na/taurine symport
similar to that found in other tissues.
Ischaemia, hypothermia, and cold cardiople-
gia result in raised intracellular Na concentra-
tion and so a similar mechanism is likely to be
responsible for the loss of taurine during
bypass surgery, especially as taurine is slowly
metabolised and not incorporated into pro-
teins. In our measurements, unlike the animal
experiments, an accumulation of amino acids
and water in the extracellular space is a likely
additional complication of the ischaemia.
This accumulation will act to limit efflux
from the myocytes and may be in part
responsible for the greater fall in amino acids
that occurred at the higher initial intracellular
concentrations.

Part of any change in the concentration of
a amino acids during cold cardioplegia may
be due to effects on metabolism and protein
synthesis." Despite this, the transport of an a
amino acid with Na + across the membrane
may be expected to contribute because meta-
bolic activity is reduced but transport
processes persist in the cold.26 The much
smaller change in tissue alanine, as compared
with taurine, glutamine, glutamate, and
aspartate suggests that some recovery of
anaerobic metabolism occurs as the tempera-
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ture of the heart rises during surgery. The
heart is known to respond to the accumula-
tion of lactate by converting pyruvate into
alanine by means of glutamate and aspart-
ate27 28 so that part of the fall in glutamate and
aspartate and the maintained concentration
of alanine might thereby result. This is con-
sistent with the fall in glutamate being pro-
portionately the largest (fig 1). The alanine:
glutamate ratio has been used to assess
changes in metabolism during studies of
ischaemia in animal experiments.29 This ratio
for the present data averaged over each 10
minute period of ischaemia, showed little or
no increase for up to 40 minutes. After 40
min of ischaemia, however, there was a steady
rise in the ratio that seemed to saturate
beyond 70 min. This suggests that it is over
this time that the rise in temperature reacti-
vates metabolism. Because of the small sam-
ple size and the averaging procedures used,
this time course can only be tentative (there
were only four patients with a period of
ischaemia >80 min).

These results show that one of the stated
aims of cardioplegia, namely to maintain the
concentrations of intracellular a amino acids'9
is not achieved with St Thomas' solution for
periods of ischaemia above 20 minutes. To
maintain the intracellular concentrations of
these amino acids, their inclusion in the car-
dioplegic solution at concentrations well
above that in normal plasma24 should be
carefully considered. This is because if the
loss of amino acids is coupled to Na+, the
preservation of tissue amino acid concentra-
tions will also reduce the Na efflux and there-
by result in a greater increase in intracellular
concentrations of Na. This means that the
strategy will be self defeating because the
amino acid efflux will simply be activated at
the higher concentration of intracellular Na.
A potentially more dangerous consequence of
the increased Na will also result from the
effects on the Na/H and Na/Ca exchangers,
which will compromise the regulation of
intracellular pH and Ca2 + concentration,
both of which are critical for normal cellular
function. By contrast the loss of taurine
together with Na+ from the myocytes will
reduce the rise in intracellular concentration
of Na and should have little or no direct
effect on metabolism or protein synthesis.
This means that the inclusion of the a amino
acids in the cardioplegic solution, at values
higher than in the plasma, could reduce their
loss whereas the efflux of Na+ together with
taurine would be maintained. Another possi-
bility would be to use a resuscitation medium
rich in aspartate and glutamate as advocated
by Buckberg.'9 The fact that taurine is not of
immediate metabolic importance to the heart
and yet is lost together with Na+ could be
exploited further to maintain concentrations
of a amino acids, if intracellular taurine con-

centrations in the cardiac cells could be raised
before surgery. It may be possible to achieve
that through the diet because 4 g of taurine a

day improved the cardiac function of patients
with congestive heart failure.'0
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