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Summary. Exercise induces significant changes in the free intracellular amino 
acid pool in skeletal muscle but little is known of whether  such changes also 
occur in cardiac muscle. In this study the effect of regular exercise on the size 
and the constituents of the free amino acid pool in the hearts and in the 
plasma of thoroughbred horses was investigated. The total free intracellular 
amino acid pool in the hearts of control horses was 30.9 + 1.2~mol/g wet 
weight (n = 6). Glutamine but not taurine was present at the highest concen- 
tration (13.5 + 0.9 and 7.7 _+ 0.69/~mol/g wet weight for glutamine and taurine 
respectively). As for the rest of the amino acids in the pool, only glutamate 
and alanine were  present at levels greater than 1/~mol/g wet weight (4.6 _+ 0.25 
and 1.7 _+ 0.14 for glutamate and alanine respectively). The tissue to plasma 
ratio was highest for taurine at 155, followed by glutamate at 111, aspartate 
and glutamine at 37, alanine at 5.8 and ratios of less than 3 for the rest of the 
amino acids. The total free intracellular amino acid pool in the hearts of 
exercised horses was slightly but not significantly lower than control (28.1 +_ 
1.1/~mol/g wet weight, n = 6). Regular  exercise increased the intracellular 
concentrat ion of threonine,  valine, isoleucine, leucine and phenylalanine but 
was only significant (p < 0.05) for threonine.  
This work has documented  the profile of taurine and protein amino acids 
in the heart  and in the plasma of thoroughbred  horses and showed that in 
contrast to skeletal muscle, heart  muscle does not show major  changes in 
amino acids during regular exercise. 
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Introduction 

Regular  training or intensive exercise are known to induce changes in the 
intracellular concentrat ion of free amino acids in skeletal muscle (MacLean et 
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al., 1994; van Hall et al., 1995; Graham et al., 1995). For example trained men 
have higher muscular concentrations of taurine, alanine, glutamate and 
phenyalanine but have lower plasma glutamate concentration than untrained 
subjects (Graham et al., 1995). These changes could be in part due to effects 
of exercise on amino acid transport mechanisms in skeletal muscle (King, 
1994). 

In contrast to skeletal muscle little is known of whether  training or exer- 
cise influences the free intracellular amino acid pool in heart cells. This pool, 
which is largely made up of the non-protein fi-amino acid taurine and the non- 
essential amino acids, is quite large with concentrations in excess of 30~mol/ 
g wet weight for most mammalian hearts (Huxtable et al., 1981; Suleiman et 
al., 1993; Suleiman and Chapman 1993; Suleiman et al., unpublished data). 
The size and the constituents of the pool are different for different mamma- 
lian hearts. Furthermore,  several of the amino acids comprising this pool are 
important for normal cellular function. For example taurine deficiency is 
associated with development  of cardiomyopathy, possibly by influencing cel- 
lular calcium homeostasis and membrane  stabilisation (Huxtable 1992; Punna 
et al., 1994; Schaffer et al., 1994; Suleiman, 1994). Al though the significance of 
the non-essential amino acid pool has been largely viewed in terms of protein 
breakdown and synthesis, individual amino acids contribute to a variety of 
other cellular activities. Glutamate metabolism in the heart is particularly 
prominent  (Rosenkranz, 1995; deVillalobos and Taegtmeyer,  1995). It is in- 
volved in major transamination reactions and its keto acid is an important 
participant within the Krebs cycle. Glutamate and aspartate are important for 
the malate-aspartate shuttle by which cytoplasmic reducing equivalents, gen- 
erated by glycolysis, are transferred into the mitochondria for energy produc- 
tion. Glutamine is a nitrogen donor for the biosynthesis of a number  of 
important compounds such as nucleotides and amino acids (see Rennie  et al., 
1994). 

It is evident therefore that a change in the free intracellular amino acids in 
the heart during exercise, may have important implications for myocardial 
function. In this study we have documented the content of the intracellular 
amino acids pool in horse's heart and in the plasma and have moni tored the 
effect of regular training on these amino acids. 

Materials and methods 

Collection of hearts 

Hearts were obtained from twelve thoroughbred horses, six of which had been subjects in 
a short term regular exercise programme (16 weeks), whilst the other six were controls. 
At the completion of the study the mean age and body mass of the control group was 23.6 
+ 1.2 months and 413.1 _+ 6.12kg (n = 6, _+ SEM) respectively, compared to 23.6 _+ 1.2 
months and 395 _+ 5.45 kg for the exercised group. There were no significant differences 
(p < 0.05) between these values, neither was there any significant gain or loss of weight 
during the course of the study in either group. 

Blood samples were collected prior to sacrificing the animals. Euthanasia was 
achieved by pre-treatment with an injection of "Domosedan" (Norden Laboratories) 
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containing Detomidine hydrochloride (10mg/ml), followed by an overdose of 
"Somulose" (Arnolds) containing Quinalbarbitone sodium (400mg/ml) and Cinchocaine 
hydrochloride (25mg/ml). The throat was then slit, the chest cavity opened, the heart 
removed, weighed and submerged in an excess of cold cardioplegic solution containing (in 
raM) 147NAC1, 20KC1, 16MgC12.6H20, 2CAC12 and i tetracaine HC1 (pH 7.4 with NaOH). 
There was no significant difference in the weights of the hearts between the two groups: 
3.05 _+ 0.06kg for control compared to 3.21 +_ 0.05kg for regularly exercised animals. 
Ventricular myocardial biopsy specimens were immediately collected and frozen in liquid 
nitrogen until processing for amino acid analysis. 

Determination of amino acids" in myocardial tissue 

Amino acids were extracted using an extraction procedure described previously 
(Suleiman et al., 1997a,b). In brief, frozen tissues were crushed under liquid nitrogen 
and the resultant powder was extracted with perchloric acid. The extracts were centri- 
fuged at 1500g for 10rain at 4°C. The protein containing pellet was resuspended 
and protein was determined according to the Lowry method (Lowry et al., 1951) using a 
kit from Sigma (Poole, Dorset, UK), with bovine serum albumin (Sigma, UK) as a 
standard. The supernatant was neutralised and amino acids were determined according 
to the Waters Pico-Tag method (Cohen et al., 1989; Suleiman et al., 1997a,b). Essentially, 
100tzl of the extract was dried using vacuum centrifugation and free amino acids 
were derivatized using phenylisothiocyanate. The phenylisothiocarbamyl derivatized 
amino acids were separated by HPLC using a 30cm Pico-Tag column (Millipore 
Corporation, Milford, MA, USA) with two Waters delivery pumps (A & B) at a constant 
flow of 1 ml/min with the following gradient: 100% A for 13.5rain, 97% A for 10.5rain, 
94% A for 6min, 91% A for 20 rain, 66% A for 12.5 rain and 0% A for 4rain. The solvents 
used were for A: 132mM Na Acetate, 470ml/1 triethylamine, pH 6.4 and 6% acetonitrile. 
Solvent B was 60% acetonitrile. Derivatized amino acids were detected at 254nm 
(46°C) using a Waters 486 detector. Quantitative and qualitative analysis was carried out 
using amino acid standards (Sigma, Dorset UK) and the acquired data was processed 
using the Millenium 2000 software supplied by Waters, Millipore (UK) Ltd., Watford, 
Herts. 

Chemicals needed to derivatize amino acids and separate them were obtained from 
Waters, Millipore (UK) Ltd., Watford, Herts. 

Intracellular amino acids concentrations were expressed per wet weight and per 
protein content. 

Amino acid determination in plasma 

Plasma was deproteinised using Millipore 5K molecular weight cut-off limit ultrafiltration 
units for 15 rain at 8500 g. The procedure for amino acid determination was the same as 
described above. 

Data collection and analysis 

The mean values of the amino acid levels in myocardial tissue and in the plasma were 
calculated for each horse. Measurements for each horse were carried out in duplicate and 
the difference between the two measurements did not exceed 5%. The mean values for 
each horse were then used to calculate the mean value (+ standard error) for each group. 
Intergroup differences were analysed by ANOVA (Fisher's PLSD) using a statview 
package provided on a Macintosh PC. The level of statistical significance was taken as 
95%. 
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The correlations between pairs of continous variables were computed using the 
"listwise deletion" method available on the statview package. Both the correlation matrix 
and p-values (using the statistical test Fisher's r to z) were obtained. The correlation 
matrix value is a measure of the strength of a linear relation between two variables 
ranging between - l (s t rong negative correlation) to +l(strong positive correlation). A 
correlation close to zero will indicate that there is no relation between the corresponding 
variables. The significance of the correlation matrix is that it enables the prediction of one 
variable if the other is known, allows for a simplified description of the data and the 
relation can be used to hypothesise mechanisms which cause the variables to be related. 

Results  

Table  1 shows the  intracel lular  concen t ra t ion  of  the  total  f ree  int racel lular  
amino  acid pool  in hear ts  of  cont ro l  or  regular ly  exerc ised t h o r o u g h b r e d  
horses.  The  size of  this pool  was slightly, t hough  not  significantly lower  in 
horses  that  have  u n d e r g o n e  regular  exercise.  W h e n  the  non-p ro te in  amino  
acid t aur ine  was excluded,  the  t r end  r e m a i n e d  a l though the  d i f fe rence  be- 
tween  the  two groups was fu r the r  reduced .  Taur ine  at a concen t ra t ion  of  7.7 
_+ 0.69~mol/g wet  weight  const i tutes  24% of the  total  f ree int racel lular  amino  
acid pool  (Table  2). On  the  o the r  hand,  the  concen t ra t ion  in the  p lasma was 
m o r e  than  a 100 fold lower  giving rise to a large t r a n s m e m b r a n e  concen t ra t ion  
gradient .  

Table  3 shows the  effect  of  regular  exercise on the total  con ten t  of  th ree  
groups of  amino  acids: essential,  non-essent ia l  or  b ranched-cha in  amino  acids. 
Only  the  b ranched-cha in  amino  acids showed a clear t r end  to increase  in the  
hear ts  of  exerc ised horses.  

Table  4 shows the  int racel lular  concen t ra t ion  of the non-essent ia l  amino  
acids. These  amino  acids along with taur ine  const i tu te  m o r e  than  90% of the 
f ree  in t racel lular  amino  acid pool.  G lu t amine  at 13.5/~mol/g wet  weight  is by 
far  the  largest  con t r ibu tor  to the  pool  (const i tutes  43% of  the  pool).  A p a r t  
f rom taur ine,  g lu tamate  (15%) and  alanine (5.7%), the  rest  of  the  amino  acids 

Table 1. The intracellular concentration of the free amino acid pool (with or without 
taurine) in the hearts of thoroughbred horses with or without regular exercise. The 
concentration is expressed per wet weight and per protein content. Values are mean ± 

SEM (n = 6). Level of significance refers to exercise versus corresponding control 

Concentration units Control Regular Levels of 
exercise significance 

(p values) 

/~mol/g wet weight 

/~mol/g protein 

Total amino acid pool 
With taurine 
Without taurine 

Total amino acid pool 
With taurine 
Without taurine 

30.9 ± 1.2 28.1 + 1.1 0.11 
23.2 ± 1.2 21.6 ± 1.5 0.4 

277 2 17 257 ± 8 0.3 
209 ± 15 197 ± 12 0.56 
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Table 2. The concentration of taurine in the hearts and in the plasma of thoroughbred 
horses with or without regular exercise. Also shown are the percentage of taurine in the 
pool and the tissue/plasma ratios. Values are mean ± SEM (n = 6 for each group). Level 

of significance refers to exercise versus corresponding control 

Control Regular Level of 
exercise significance 

(p values) 

Tissue concentration (/~mol/g wet weight) 
(% of' total) 

Tissue concentration (,umol/g protein) 
(% of total) 

Plasma concentration (uM) 
Tissue/plasma ratio (Tissue wet weight 

concentration/plasma concentration) 

7.7 ± 0.69 6.5 ± 0.84 0.32 
(24.8 ± 2.2) (23.5 ± 3.6) 
68.3 _+ 6.4 59.9 _+ 8.8 0.46 

(24.8 _+ 2.2) (23.4 _+ 3.6) 
146 ± 76 100 ± 66 0.65 
155 + 47 173 _+ 42 0.76 

Table 3. Changes in the non-essential, essential and branched-chain amino acids in the 
hearts of thoroughbred horses with or without regular exercise. Values are mean ± SEM 
(n = 6 for each group). Level of significance refers to exercise versus corresponding 

control 

Control Regular Level of 
exercise significance 

(p values) 

Non-essential amino acids 
(/~mol/g wet weight) 

Non-essential amino acids (/xmol/g protein) 
Essential amino acids (/~mol/g wet weight) 
Essential amino acids (/nnol/g protein) 
Branched chain amino acids 

(/~mol/g wet weight) 
Branched chain amino acids 

(#mol/g protein) 

21.78 ± 1.1 20.02 ± 1.5 0.35 

195.9 ± 14.6 182.9 _+ 11.9 0.50 
1.47 +_ 0.2 1.53 +- 0.08 0.78 
13.1 ± 1.7 14.16 ± 1.2 0.62 
0.26 ± 0.02 0.30 ± 0.02 0.14 

2.3 ± 0.2 2.79 -+ 0.2 0.10 

were  p resen t  at less than  5% each. T h e r e  was no significant effect  of  regular  
exercise  on the  non-essent ia l  amino  acids, a l though a t r end  to dec rease  in 
g lu tamate  and prol ine  and a t rend  to increase  in ser ine  and asparagine  was 
seen  in the  hear t  of  exerc ised  horses.  

In cont ras t  to the  non-essent ia l  amino  acids, essential  amino  acids s h o w e d  
clear t rends  in their  levels as a resul t  of  regular  exercise.  A n  increase  in the  
intracel lular  concen t ra t ion  of  th reonine ,  valine, isoleucine,  leucine  and 
pheny la lan ine  was seen  in the  hear t  of  exerc ised  horses  (Table  5). This in- 
crease  was statistically significant (p < 0.05) for  th reon ine  only. 

It is interest ing to no te  that  the  increase  in t issue th reon ine  was also 
associa ted  with e l eva ted  p lasma  levels of  the  amino  acid in the  exerc ised  
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group (p = 0.1; Table 6). With the exception of threonine, there were no 
differences between the plasma amino acids levels in control and in exercised 
horses. The following amino acids were present at concentrations of less than 
0.1 mM: Aspartate, glutamate, asparagine, histidine, threonine, isoleucine and 
phenylalanine. Glutamine, glycine and alanine were present at the highest 
concentration (>0.3mM). A calculation of the concentration gradient 
for amino acids (tissue/plasma) in the control group shows that glutamate has 
a ratio of 111, followed by aspartate and glutamine at 37 and alanine at 
approximately 6. The rest of the amino acids had tissue to plasma ratios 
ranging between 1-3. Similar ratios were also seen for the exercised group 
(Table 6). 

To determine whether changes in the intracellular concentration of amino 
acids in individual hearts followed a similar pattern, the correlation matrix 
was calculated (data not shown). A significant positive correlation was seen 
between aspartate and glutamate, glycine and arginine. There was also a 
significant positive correlation for glutamate with arginine and for glutamine 
with histidine and for glycine with lysine. On the other hand the correlation 
between changes of amino acids in the plasma of individual horses was more 
widespread (data not shown). For example there was a significant positive 
correlation between aspartate and both arginine and isoleucine and between 
glutamate and both leucine and phenylalanine. Also between asparagine with 
the following: serine, glutamine, histidine, taurine, alanine and valine. 

In heart muscle cells, the glutamate keto acid can be used for energy 
production, especially under ischaemic stress. The keto acid is produced along 
with alanine, a reaction catalysed by alanine aminotransferase. Subsequently 
the alanine/glutamate ratio has been used as an index to assess the extent of 
metabolic stress (Suleiman et al., 1993; Suleiman et al., 1997b). Calculation of 
this ratio shows no difference between the control (0.38 _+ 0.04) and the 
exercised group (0.39 _+ 0.04). 

Discussion 

This work documents the levels of intracellular amino acid pool in the hearts 
and in the plasma of thoroughbred horses. The size of the intracellular amino 
acid pool is similar to those found in guinea-pig (Suleiman and Chapman, 
1993), man (Suleiman et al., 1993) and ferret (Suleiman et al., unpublished 
data). It is smaller than the pool found in rat and mice which is largely due to 
the high concentration of taurine (Huxtable et al., 1981). However there are 
differences in the contribution of individual amino acids to the size of the pool 
in the horse heart when compared to other mammalian hearts. For example 
unlike other mammalian hearts (including the rat) the/3-amino acid taurine is 
not present at the highest concentration. Instead glutamine constitutes 43% of 
the pool (compared to 24% for taurine) and therefore is present at the highest 
concentration. The significance of having such a high concentration of 
glutamine is not readily apparent. The high concentration of tissue glutamine 
is not associated with a high level of the amino acid in the plasma. The plasma 
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concent ra t ion  of g lutamine at 0 .37mM is similar to what  is found  in o ther  
m a m m a l i a n  species. These  values provide  a t issue/plasma ratio of 37 which is 
higher  than for o ther  mam mal i an  hearts  suggesting that  hearts  of thorough-  
bred horses tend  to accumulate  more  glutamine.  Similar to o ther  mammal i an  
hearts,  aspartate,  glutamate,  g lu tamine  and taurine have high concent ra t ion  
gradients ranging be tween  37-150. The  rest of the amino acids have gradients 
of less than 5. 

Regular  exercise of the  horses showed a small insignificant change in the 
size of the  amino acid pool.  This effect appears  to be largely due to a t rend to 
fall in amino  acids present  at the highest  concentrat ion:  glutamine,  g lu tamate  
and taurine. This t rend is in contrast  to skeletal muscle where  training was 
associated with increased levels in taurine,  alanine and glutamate.  However  
like skeletal muscle there  was a rise in phenylalanine.  F u r t h e r m o r e  a strong 
t rend to rise in branched-chain  amino acids was also seen. A statistically 
significant rise was only seen for th reon ine  which was associated with higher  
p lasma levels. The  implications of this rise are not  readily apparent ,  a l though 
recent  work  has shown that  adding threonine  to rats dr inking water, elevated 
systolic b lood pressure (Vasdev et al., 1995). 

In conclusion this work  document s  the concent ra t ion  of the free amino 
acids in the hear t  and in the plasma of t ho roughbred  horses. In addit ion,  the 
effect of regular  exercise on these amino acids was also studied. A l though  
there  were no major  changes as a result  of exercise, there  were subtle differ- 
ences in the intracellular amino  acid pool.  As these conclusions are based on 
a small data set, an expanded  study with larger sample may  be required  to 
fur ther  confirm the repor ted  differences. It must  be no ted  however ,  that  such 
studies are both  expensive and rare. 
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