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Acute hyperammonemia activates branched-chain amino acid
catabolism and decreases their extracellular concentrations:
different sensitivity of red and white muscle
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Abstract Hyperammonemia is considered to be the main
cause of decreased levels of the branched-chain amino
acids (BCAA), valine, leucine, and isoleucine, in liver
cirrhosis. In this study we investigated whether the
decrease in BCAA is caused by the direct effect of
ammonia on BCAA metabolism and the effect of ammonia
on BCAA and protein metabolism in different types of
skeletal muscle. M. soleus (SOL, slow-twitch, red muscle)
and m. extensor digitorum longus (EDL, fast-twitch, white
muscle) of white rat were isolated and incubated in a
medium with or without 500 pM ammonia. We measured
the exchange of amino acids between the muscle and the
medium, amino acid concentrations in the muscle, release
of branched-chain keto acids (BCKA), leucine oxidation,
total and myofibrillar proteolysis, and protein synthesis.
Hyperammonemia inhibited the BCAA release (81% in
SOL and 60% in EDL vs. controls), increased the release of
BCKA (133% in SOL and 161% in EDL vs. controls) and
glutamine (138% in SOL and 145% in EDL vs. controls),
and increased the leucine oxidation in EDL (174% of
controls). Ammonia also induced a significant increase in
glutamine concentration in skeletal muscle. The effect of
ammonia on intracellular BCAA concentration, protein
synthesis and on total and myofibrillar proteolysis was
insignificant. The data indicates that hyperammonemia
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directly affects the BCAA metabolism in skeletal muscle
which results in decreased levels of BCAA in the extra-
cellular fluid. The effect is associated with activated syn-
thesis of glutamine, increased BCAA oxidation, decreased
release of BCAA, and enhanced release of BCKA. These
metabolic changes are not directly associated with marked
changes in protein turnover. The effect of ammonia is more
pronounced in muscles with high content of white fibres.
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Abbreviations

BCAA Branched-chain amino acids
BCKA Branched-chain keto acids
BCA-CoA Branched-chain acyl-CoA
o-KG Alpha-ketoglutarate

Glu Glutamate

Gln Glutamine

Ala Alanine

ECF Extracellular fluid

SAicu Leucine-specific activity
Introduction

The branched-chain amino acids (BCAA), valine, leucine,
and isoleucine, are essential amino acids which exert a
specific regulatory effect on the rates of protein synthesis
and degradation (Tischler et al. 1982; Nair and Short
2005). The decrease in plasma levels of these BCAA is a
characteristic abnormality of patients with liver cirrhosis,
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and the decreased BCAA levels are considered an impor-
tant pathogenic factor in hepatic encephalopathy and pro-
tein-energy malnutrition development (Iber et al. 1957;
Fischer and Baldessarini 1971; Blonde-Cynober et al.
1994; Holecek et al. 1996a, b). These alterations in BCAA
concentrations and their metabolic properties serve as the
rationale for the recommendation to use the BCAA-
supplemented diets in treatment of different forms of liver
disease (Fischer et al. 1976; Marchesini et al. 2003; Nakaya
et al. 2007; Urata et al. 2007).

The pathogenesis of BCAA deficiency in patients with
chronic liver disease is not completely clear. Several fac-
tors have been proposed as the cause of decreased plasma
BCAA levels, including hyperinsulinemia, hypergluca-
gonemia, catecholamines, and starvation (Soeters and de
Boer 1984; Marchesini et al. 1979; Eriksson et al. 1982;
Hayashi et al. 1981; Yamato et al. 1995). Now it appears
that ammonia has a crucial role. Several studies have
shown an inverse relationship between the plasma ammo-
nia and BCAA concentrations and/or that ammonia infu-
sion decreases BCAA levels both in blood and in tissues
(Hayashi et al. 1981; Leweling et al. 1996; Yamato et al.
1995; Holecek et al. 2000b). It was suggested that skeletal
muscle takes up ammonia from the blood and detoxifies it
via the synthesis of glutamine from glutamate. BCAA
deficiency may result from the intensified synthesis of
glutamate from a-ketoglutarate and BCAA (Leweling et al.
1996). However, the direct evidence of the supposed effect
of ammonia on BCAA metabolism in skeletal muscle is
absent.

Considering the physiological functions and pharmaco-
logical properties of BCAA, the relationship between
ammonia and the development of protein-energy malnu-
trition, characterized by loss of energy stores and by
wasting of skeletal muscle, also seems important. The
prevalence of cachexia in patients with liver cirrhosis is
about 50%, its pathogenesis is not fully understood, and
effective therapeutic possibilities are not known (Peng
et al. 2007).

The main objective of this study was to test the
hypothesis whether the reduction of BCAA levels in the
extracellular fluid of cirrhotic patients is caused by a direct
effect of hyperammonemia on the BCAA metabolism in
muscle, excluding the effect of neurohumoral changes
associated with hyperammonemia, such as alterations in
glucose and insulin concentrations and changes in pH
(Fernandez et al. 1988). Therefore, we studied the effect of
ammonia on BCAA metabolism using the in vitro tech-
nique. We examined the effect of ammonia addition into
the incubation medium on amino acid concentrations in
skeletal muscle, on amino acid exchange between the
muscle and the extracellular fluid, on BCAA oxidation, and
on release of branched-chain keto acids (BCKA) from the
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muscle. To solve the question of possible effects of
hyperammonemia on protein metabolism, the changes both
in protein synthesis and proteolysis were examined. As
demonstrated in several studies, muscles mostly composed
of white (fast-twitch) fibres have different metabolic fea-
tures compared to muscles mostly composed of red (slow-
twitch) fibres (Hasselgren et al. 1986; Muthny et al. 2008).
Concerning possible differences in BCAA metabolism
between red and white skeletal muscle regarding ammonia,
the higher BCAA aminotransferase activity may be of
importance in the red muscle (Yang and Birkhahn 1997)
and higher glutamine synthetase activity in the white one
(Hickson et al. 1996). Therefore, our studies were per-
formed in both types of skeletal muscle, in m. soleus (SOL,
slow-twitch, red muscle) and in m. extensor digitorum
longus (EDL, fast-twitch, red muscle).

Materials and methods
Animals

Male Wistar rats (body weight 40-60 g) obtained from
BioTest, Konarovice, CZ, were used in this study. The rats
were housed under controlled conditions (12-h light—dark
cycle, 22°C, 55-65% relative humidity) with free access to
standard laboratory chow and water. All procedures
involving animal manipulation were performed in accor-
dance with guidelines set by the Institutional Animal Use
and Care Committee of Charles University, Prague, CZ.

Materials

L-[1-14C]leucine was purchased from GE Healthcare Life
Sciences (Buckinghamshire, UK); amino acids, cyclohexi-
mide, Folin—Ciocalteu’s phenol reagent, N-succinyl-Leu-Leu-
Val-Tyr-7-amido-4-methylcoumarin ~ (Suc-LLVY-MCA),
and albumin were purchased from Sigma Chemical
(St Louis, MO, US); Aminoplasmal 15 from B. Braun
Medicals (Melsungen, DE). Hyamine hydroxide was
obtained from Packard Instrument (Meriden, CT). The
remaining chemicals were obtained from Sigma Chemicals
(St Louis, MO, US), Waters (Milford, MA, US), and
Lachema (Brno, CZ).

Experimental design

The animals were killed in pentobarbital narcosis (6 mg/
100 g body weight, intraperitoneally) by exsanguination
via abdominal aorta. Soleus (SOL) and extensor digitorum
longus (EDL) muscles of both legs were dissected
according to Maizels et al. (1977) and fixed via the tendons
to stainless steel clips to provide slight tension (at
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approximately resting length), and immediately transferred
into 2.5 ml of modified Krebs—Heinseleit bicarbonate
buffer with 6 mM glucose and 2 mU/ml insulin (pH 7.4,
37°C). The medium was saturated with O,/CO, (19:1).
The muscles were preincubated for 30 min in a ther-
mostatically controlled bath (37°C) with a shaking device
(70 cycles/min) to ensure stable intramuscular concentra-
tions of components present in the medium. After the
preincubation, the muscles were quickly rinsed in 0.9%
NaCl, blotted and transferred to a second set of vials
containing fresh incubation media enriched with an
ammonium acetate/bicarbonate buffer to reach 500 uM
ammonia in the medium (ammonia group) or sodium
acetate/bicarbonate buffer. Muscles of the left leg were
used for determination of the effect of ammonia, and
muscles of the right leg served as controls. Other compo-
nents present in the medium were dependent on the
parameter measured as described below. The viability of
the incubated muscles was previously confirmed in our
laboratory (Safranek et al. 2003) as well as by other authors
(Fang et al. 2005). Three separate studies were performed.

Study 1: the effect of hyperammonemia on amino acid
exchange between the muscle and the medium,

the release of BCKA, and amino acid concentration
in muscle (18 animals)

The muscles were incubated for 2 h in the medium enri-
ched with amino acids in approximately physiological
concentrations. At the end of incubation, the muscles were
quickly removed, rinsed and homogenized in 0.6 ml of 2%
(v/v) perchloric acid and then centrifuged for 5 min at
12,000g. The supernatant was used for determination of
free amino acid concentration in muscle. Results were
expressed in pmol/g wet muscle.

The amino acid exchange and the BCKA release were
calculated by the formula:

Amino acid exchange (nmol/g wet muscle/hour)
(Cr20 — Cio)(nmol/1) x V (1)

~ Muscle weight (g) x ¢ (hours)

where C;1»9 and C,y are amino acid concentrations in the
medium at the end and at the beginning of the incubation,
V is the volume of incubation medium, and ¢ is the duration
of incubation.

Amino acid concentrations were determined with liquid
chromatograph (Waters, Milford, MA) after precolumn
derivatization with 6-aminoquinolyl-N-hydroxysuccin-
imidyl carbamate, BCKA with liquid chromatograph
(Shimadzu, Kyoto, Japan) after precolumn derivatization
with o-phenylenediamine (Kandar et al. 2009).

Study 2: the effect of hyperammonemia on proteolysis
and chymotrypsin-like activity (15 animals)

The total and myofibrillar protein breakdown was esti-
mated after a 2-h incubation of the muscle in a medium
enriched with cycloheximide (0.5 mM), which prevented
the reincorporation of the released amino acids into the
proteins. Since tyrosine is neither synthesized nor degra-
ded in skeletal muscle (Fulks et al. 1975), its release into
the medium reflects total proteolysis. The release of
3-methylhistidine, a characteristic product of the myofibr-
illar breakdown, served for the myofibrillar proteolysis
calculation. The calculation of the rates of amino acid
release was based on their respective concentrations in the
medium, the weight of the muscle, and time of the incu-
bation. Tyrosine and 3-methylhistidine were determined via
liquid chromatography after a precolumn derivatization
with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(Cohen and Michaud 1993) or fluorescamine (Wassner et al.
1980).

The chymotrypsin-like activity of proteasome was
determined using the fluorogenic substrate Suc-LLVY-
MCA (Gomes-Marcondes and Tisdale 2002) as follows.
The muscles were homogenized in 0.4 ml of ice-cold
20 mM Tris buffer, pH 7.5, containing 2 mM ATP,
5 mM MgCl, and 1 mM dithiothreitol. The homogenates
were centrifuged for 10 min at 18,000g at 4°C. The
cellular supernatant (0.1 ml) was incubated with 0.1 ml
of substrate Suc-LLVY-MCA (0.1 mM), with and with-
out inhibitor MG132 (0.02 mM), for 1 h on ice. Adding
0.4 ml of 100 mM sodium acetate buffer of pH 4.3,
stopped the reaction. The fluorescence of the samples
was immediately determined at the excitation wave-
length of 340 nm and the emission wavelength of
440 nm (Tecan Infinite™ 200). The standard curve
was established for 7-amino-4-methylcoumarin (AMC),
which permitted the expression of CTLA as nmol of
AMC/g protein per hour. The activity was adjusted for
the protein concentration of the supernatant (Lowry et al.
1951). The differences after the subtraction of inhib-
ited from non-inhibited activities were used for the
calculations.

Study 3: the effect of hyperammonemia on leucine
oxidation and protein synthesis (9 animals)

Leucine oxidation and protein synthesis rates were
measured after 1-h incubation of the muscle in 2.5 ml
of medium enriched with amino acids in approxi-
mately physiological concentrations and L-[1-'*C]leucine
(0.6 puCi/ml) (Carbo et al. 2000; Safranek et al. 2003).
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Protein synthesis

The muscles were removed from the incubation flasks,
quickly rinsed in cold 6% (v/v) perchloric acid, blotted, and
homogenized in 0.6 ml of 6% (v/v) perchloric acid. The
homogenate was centrifuged for 5 min at 12,000g. The
supernatant was used for measurement of L-[1-"*C]leucine
radioactivity and leucine concentration to calculate muscle
free leucine specific activity (SApr.,). The precipitated
pellet was washed three times by 2% (v/v) perchloric acid
and then hydrolyzed in 1 M NaOH. Aliquots were taken
for measurement of protein content (Lowry et al. 1951) and
L-[1-"*C]leucine radioactivity in muscle protein. SA ., and
protein synthesis rates were calculated by the following
formulas:

Leu radioactivity (dpm,/ml)

SALey (dpm/nmol) =
Leu (dpm/nmol) Leu concentration (nmol/ml)
Protein synthesis (nmol Leu/g protein per hour)
_ Leu radioactivity in protein (dpm/g protein per hour)
N SALeuw (dpm/nmol)

Leucine oxidation

At the end of the incubation period, 0.4 ml of hyamine
hydroxide was added into the well hanging above the
incubation medium, the reaction was stopped by the
addition of 35% (v/v) perchloric acid solution (0.2 ml)
into the incubation medium, and the flasks were shaken
for 1 h to ensure complete absorption of '*CO, into the
hyamine hydroxide. The hanging wells containing
hyamine were placed into counting vials containing
10 ml of scintillation mixture and counted in the liquid
scintillation radioactivity counter LS 6000 (Beckman
Instruments, CA, USA). The efficiency of 14C02 recovery
estimated by adding sodium['*C]bicarbonate to the med-
ium was 96%. Therefore the recovery factor (FR) 0.96
was used for calculation of leucine oxidation by the
formula:

Leucine oxidation (nmol/g wet muscle/h)
_ radioactivity of released '*CO, (dpm/h)
~ SAj e (dpm/nmol) x muscle weight (g) x FR’

Statistical analysis

The results are expressed as the mean + SEM. F test
followed by paired ¢ test (to estimate the effect of
ammonia on specific type of the muscle) and unpaired
t test (to estimate the difference in sensitivity to ammonia
between SOL and EDL) have been used for the analysis
of the data. Differences were considered significant at
P < 0.05. Statistical software NCSS 2001 (Kaysville, UT,
US) was applied.
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Results

Exchange of amino acids between the muscle
and the medium

The enhanced release of glutamine and decreased release
of BCAA, glutamate and alanine was observed from the
muscles incubated under hyperammonemic conditions. The
effect of ammonia on BCAA release was more pronounced
in EDL (60% of controls) than in SOL (81% of controls)
(Table 1).

Release of BCKA

Addition of ammonia into the incubation medium signifi-
cantly enhanced the release of all three BCKA. The effect
was more pronounced in EDL (161% of controls) than in
SOL (133% of controls) (Table 2).

Leucine oxidation

Ammonia significantly stimulated the leucine oxidation in
EDL (174% of controls). The effect in SOL was insignif-
icant (Fig. 1).

Protein synthesis and proteolysis

Insignificant changes in leucine incorporation in muscle
protein, in tyrosine and 3-MH release, and in CHTLA
activity indicate that the incubation of skeletal muscle in
the medium with high concentration of ammonia had no
effect on protein synthesis and proteolysis. The higher
values of SA;., in EDL are related to lower BCAA con-
centrations in EDL than in SOL. The effect of ammonia on
SA| ., Was insignificant (Table 3).

Amino acid concentrations in muscle

The most impressive effect of incubation of isolated mus-
cles in the medium with ammonia was a significant
increase in glutamine concentration. Changes in the BCAA
concentration were insignificant (Table 4).

Discussion

There are differences in relative distribution of BCAA
aminotransferase and BCKA dehydrogenase, and in their
activities in human and rat tissues (Khatra et al. 1977; Sweatt
et al. 2004; Suryawan et al. 1998), and therefore the results
should be interpreted cautiously. In a noteworthy study,
Suryawan et al. (1998) demonstrated that some BCAA
aminotransferase activity is present in human liver while
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Table 1 Effect of ammonia on amino acid exchange between the incubated muscle and incubation medium

SOL (n = 16) EDL (n = 16)

Control Ammonia Control Ammonia
Glu 1,009 £ 118 757 £ 73* 683 + 41 514 £ 137*
% of control 80 £ 6 80 £ 6
Gln 3,612 £ 275 4,696 + 249* 2,220 £ 153 3,186 £ 220*
% of control 138 &+ 10 145 +£ 5
Ala 2,619 £ 216 2,090 £ 146* 1,263 + 113 860 + 123*
% of control 84 £ 6 69 £ 7
Val 802 + 51 646 + 46* 472 £ 23 295 + 35%
% of control 83 £ 6 65 + 8
Ile 548 £ 50 400 £ 37* 328 £ 19 206 £ 17*
% of control 81 £8 64 +£ 4
Leu 651 + 75 500 £ 53* 318 £ 34 139 £+ 17*
% of control 82+7 49 £ 7*
BCAA 2,001 £ 148 1,546 £ 115* 1,118 + 69 641 £ 40*
% of control 81 £ 6 60 + 5"

Values are means £ SE in nmol/g per hour. Positive values indicate net release; negative values (not found) indicate net uptake. Effect of
ammonia in each type of the muscle was estimated by paired ¢ test

BCAA branched-chain amino acids

* P < 0.05 versus control. The differences between relative changes in SOL and EDL induced by ammonia were estimated by unpaired ¢ test

# P <0.05

Table 2 Effect of ammonia on BCKA release from incubated muscle

SOL (n = 18) EDL (n = 18)

Control Ammonia Control Ammonia
K1V 472 £ 2.8 55.8 & 2.6* 422 +24 62.0 £ 2.9*
% of control 127 £ 10 156 + 12
KIC 99.8 + 6.0 127.9 £ 10.6* 84.3 £ 5.0 1263 £ 5.1*
% of control 138 + 14 161 £ 13
KMV 485 £ 2.6 59.2 + 2.9% 40.6 £ 2.6 63.6 + 2.9*
% of control 129 £ 9 170 + 15
Total BCKA 1955 £ 11.2 242.8 + 14.3* 167.0 £ 9.7 251.9 £ 10.8*
% of control 133 £ 11 161 + 13

Values are means £ SE in nmol/g per hour. Effect of ammonia in each type of the muscle was estimated by paired ¢ test

BCKA branched-chain keto acids, KIV a-ketoisovalerate, KIC a-ketoisocaproate, KMV a-keto-f-methylvalerate

* P < 0.05 versus control. The differences between relative changes in SOL and EDL induced by ammonia were estimated by unpaired ¢ test

#P <0.05

almost absent in rat liver, and that human muscle contains
approximately 54% of total BCKA dehydrogenase activity
with only 13% in the liver, while in rats, 3% is found in the
muscle and 83% in the liver. Aside from skeletal muscle and
the liver, other organs, particularly the brain and kidneys,
contribute significantly to whole-body BCAA oxidation.
The results obtained in this study clearly demonstrate
that hyperammonemia induces marked alterations in the

BCAA metabolism in skeletal muscle, resulting in the
decrease in BCAA concentration in the extracellular fluid.
The results strongly support the hypothesis that the
mechanism by which hyperammonemia decreases the
BCAA level is based on a simple biochemical regulation
principle of enzymatic reactions, by alterations in reactant
concentrations. The main changes are summarized in
Fig. 2 and discussed below.
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Fig. 1 Effect of ammonia on leucine oxidation. Values are means £
SE; n =9 in each group. Paired test, *P < 0.05. The effect of
ammonia was significant only in EDL (174% vs. control)

Hyperammonemia enhances the conversion of BCAA
to BCKA in muscle

The initial step in the BCAA catabolism, which occurs
mostly in skeletal muscle due to a high activity of BCAA
aminotransferase, involves the transfer of the amino group
with o-ketoglutarate to form glutamate and BCKA. Glu-
tamate can be converted to glutamine (in the presence of
ammonia) or it can pass its amino group to pyruvate to
form alanine. Since these reactions are reversible and near
equilibrium, the principal regulatory mechanism of the
BCAA aminotransferase are changes in the concentration
of substrates and products of these reactions (Harper et al.
1984).

When hyperammonemia develops, the skeletal muscle
takes up ammonia from the blood and detoxifies it by the

synthesis of glutamine from glutamate in the reaction
catalysed by glutamine synthetase. As BCAA are the main
source of nitrogen for synthesis of glutamate from
a-ketoglutarate, the consequence of activated synthesis of
glutamine is the enhanced consumption of BCAA and the
production of BCKA in BCAA aminotransferase reaction.
The increase in BCAA aminotransferase activity in rat
muscle by hyperammonemia was demonstrated by Hod
et al. (1982).

As BCAA are known also as essential donors of nitro-
gen for synthesis of alanine from pyruvate, the increased
demands for glutamate caused by hyperammonemia should
decrease the alanine synthesis and release from the muscle.
Therefore, the finding of inverse alteration in the concen-
trations of glutamine (increase) and alanine (decrease)
under hyperammonemic conditions indicates, together with
decreased release of BCAA and increased release of
BCKA, the direct relationship among hyperammonemia,
glutamine synthesis, the rate of BCAA aminotransferase
reaction, and the BCAA consumption.

The higher increase in glutamine concentration in
muscles incubated in medium with ammonia (around
2,000 nmol/g per hour) than can be accounted for BCAA
losses (around 500 nmol/g per hour) demonstrates that
other sources of glutamate participate in synthesis of glu-
tamine. An important source is undoubtedly extracellular
fluid, as indicated in the present study by decreased net
release of glutamate in both muscles. We also assume the
involvement of other sources of amino nitrogen in syn-
thesis of glutamate and/or the shift from glutamate utili-
zation in other reactions, such as synthesis of glutathione,
to glutamine synthesis. Glutathione depletion has been

Table 3 Effect of ammonia on protein metabolism in isolated skeletal muscle

n SOL EDL

Control Ammonia Control Ammonia
Protein synthesis (nmol Leu/g per hour) 9 1,417 + 168 1,317 + 143 1,138 + 130 1,071 + 104
% of control 101 £+ 14 102 £ 12
SA e, (dpm/nmol) 9 5,179 £ 481 5,863 £+ 647 7,825 £ 532 7,681 £ 100
% of control 120 £+ 13 100 &+ 7
Tyrosine release (nmol Tyr/g per hour) 13 278 + 14 279 + 13 144 + 6 152 + 31
% of control 102 £ 6 106 + 4
3-MH release (nmol 3-MH/g per hour) 15 1.70 £+ 0.10 1.71 £ 0.07 1.06 + 0.07 1.06 + 0.07
% of control 103 + 4 101 £ 2
CHTLA (nmol AMC/mg per hour) 14 447 + 38 516 + 34 445 + 46 452 + 51
% of Control 129 + 14 110 + 12

Values are means + SE. Effect of ammonia in each type of the muscle was estimated by paired ¢ test

SAp.. specific activity of free leucine in muscle

* P < 0.05 versus control. The differences between relative changes in SOL and EDL induced by ammonia were estimated by unpaired ¢ test

#P <0.05
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Table 4 Effect of ammonia on amino acid concentrations in incubated muscle

SOL (n = 16) EDL (n = 16)

Control Ammonia Control Ammonia
Glu 5,386 £ 413 5,024 £ 175 4,711 £ 248 3,183 + 81*
% of control 99 + 8 70 + 5*
Gln 9,572 £ 713 13,354 £+ 608* 12,269 + 465 15,342 £+ 791*
% of control 145 + 8 126 = 6
Ala 3,306 £ 177 3,257 £ 167 3,380 £ 176 2,608 £+ 125*
% of control 99 £3 79 + 5
Val 393 £+ 30 387 £ 22 217 £ 9 212 £ 10
% of control 103 £ 9 98 + 4
Ile 272 + 26 253 £ 13 131 £ 6 127 £ 8
% of control 101 £ 11 98 + 7
Leu 491 £+ 32 503 £+ 29 257 £ 13 241 £+ 14
% of control 107 £ 10 95 +5
BCAA 1,156 + 81 1,143 £ 57 604 £+ 27 580 + 32
% of control 103 £ 9 97 +£5

Values are means £ SE in nmol/g. Effect of ammonia in each type of the muscle was estimated by paired ¢ test

BCAA branched-chain amino acids

* P < 0.05 versus control. The differences between relative changes in SOL and EDL induced by ammonia were estimated by unpaired ¢ test

#P <0.05

ECF ﬂtosol \

BCAA &——— — BCAA E : X
BCKA <+—j pyruvate
H +

— Ala

— BCKA
— NH,*
Co, +~—t- co2

Gln BCAA

oo ||
v 1

CO,+H,0  Ghn

BCA-CoA

BCAA

Fig. 2 Hypothetical scheme of the effect of hyperammonemia on
BCAA metabolism in skeletal muscle resulting in the decrease of
BCAA concentration in extracellular fluid. Ammonia is in skeletal
muscle detoxified by synthesis of glutamine from glutamate. The
preferential source of nitrogen for synthesis of glutamate from
a-ketoglutarate are the BCAA. The BCKA formed from BCAA in
aminotransferase reaction are oxidized in skeletal muscle and/or
released to the blood. The suggested mechanism of decreased net
release of BCAA (or increased uptake from ECF) is their enhanced
exchange with glutamine via L-transporter system. ECF the
extracellular fluid, BCAA branched-chain amino acids, BCKA
branched-chain keto acids, BCA-CoA branched-chain acyl-CoA,
o-KG alpha-ketoglutarate, Glu glutamate, GIn glutamine, Ala alanine.
1 branched-chain aminotransferase, 2 branched-chain «a-ketoacid
dehydrogenase, 3 glutamine synthetase

observed both in hyperammonemia (Essa and Subramanian
2006) and other conditions of activated glutamine synthesis
(Hammarqvist et al. 1997).

Hyperammonemia enhances both the BCKA release
to the extracellular fluid and BCAA oxidation in muscle

The enhanced flux of BCAA through the BCAA amino-
transferase reaction results in an increased production of
BCKA, which can be oxidized in skeletal muscle or
released to the extracellular fluid. In our study, both these
pathways were found to have been activated, as demon-
strated by the enhanced release of BCKA into the incu-
bation medium, and by the stimulation of leucine
oxidation.

The main cause of release of BCKA from skeletal
muscle to the blood is the low activity of the BCKA
dehydrogenase in muscle. These BCKA are then taken up
and oxidized by tissues with high BCKA dehydrogenase
activity, such as adipose tissue, liver and the heart (Harper
et al. 1984), or reaminated to BCAA, particularly in the
liver (Walser et al. 1973). The latter may occur in a con-
dition of enhanced supply of glutamate or BCKA and/or in
case of a lack of BCAA or alpha-ketoglutarate. The
enhanced production of glutamate and activated resynthe-
sis of BCAA may be associated with glutaminase reaction
in the liver to provide ammonia for urea synthesis. This
suggestion can be supported by finding a higher synthesis
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of BCAA from BCKA in the liver perfused by a medium
with glutamine than by a glutamine-deficient medium
(Holecek et al. 2003). We suppose that in case of severe
hepatic injury, the conversion of BCKA to BCAA induced
by the enhanced availability of glutamine, may be impaired
and may be the additional mechanism decreasing the
BCAA levels in cirrhotic patients.

The way in which hyperammonemia activates the
BCAA oxidation might be explained by changes in the
BCKA dehydrogenase reaction, which is the first irre-
versible and the rate-limiting step in the BCAA oxidation
in skeletal muscle, and therefore commits the BCAA to
degradation (Harper et al. 1984). The BCKAD is a multi-
enzyme complex located on the inner surface of the inner
mitochondrial membrane which is highly regulated by a
phosphorylation (inhibition)—dephosphorylation (activa-
tion) mechanism. The BCKA dehydrogenase kinase, which
is considered to be the key regulator of BCKA dehydro-
genase activity (Harris et al. 2004), is allosterically inhib-
ited by BCKA, particularly by a-ketoisocaproate (Schauder
1988; Brosnan and Brosnan 2006). Therefore the activation
of BCKA dehydrogenase by the enhanced supply of BCKA
(produced by activated aminotransferase reaction as
described above), seems to be the main mechanism by
which hyperammonemia enhances the BCAA oxidation.

Our measurements show that the ammonia-induced fall
of BCAA release from muscle (around 500 nmol/g per
hour) was higher than the increase in their oxidation and
the release of BCKA from muscle. Considering insignifi-
cant changes in intracellular BCAA levels, the possible
cause should be the increase in BCKA concentration in
intracellular space and/or enhanced BCAA utilization in
protein synthesis, although the increase in protein synthesis
observed both in red and white muscle was insignificant.

Hyperammonemia affects transport of BCAA
across the cell membrane

The decrease in BCAA levels in incubation medium and
the enhanced release of BCKA and leucine oxidation in
muscles incubated in hyperammonemic conditions were
not associated with the decrease in BCAA levels in skeletal
muscle. Considering unaffected rates of protein synthesis
and proteolysis, the explanation should be sought in terms
of alterations in amino acid transport across the cell
membrane.

There are several transport systems with overlapping
substrate specificity which may be involved. An example
may be a System L, that serves for neutral amino acids.
System L operates as an obligatory amino acid exchanger
which can couple the uptake of BCAA with the efflux of
cytoplasmic amino acids such as glutamine (Meier et al.
2002). Therefore, the enhanced efflux of glutamine could
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prevent intracellular depletion of BCAA via increase in the
influx of BCAA from the extracellular fluid, in spite of
their enhanced catabolism induced by hyperammonemia.

Effect of hyperammonemia on protein synthesis
and proteolysis in muscle

In our experimental conditions we did not succeed in
demonstrating that hyperammonemia affects protein syn-
thesis, proteolysis, or BCAA concentration in muscle. We
assume that this finding indicates that the fall of BCAA in
extracellular fluid and enhanced concentrations of gluta-
mine both in intracellular and extracellular space preceded
the fall in intracellular BCAA levels. This suggestion is
supported by observations of Leweling et al. (1996), who
infused ammonium salts in rats for 2 or 6 h. Administration
of ammonium brought about a decline in BCAA plasma
concentrations after 2 h and in muscle after 6 h; although
the increase of glutamine associated with the fall of glu-
tamate and alanine was observed both in plasma and
muscle already after 2 h.

Therefore, alterations in protein metabolism may
develop later, and may be activated by humoral changes
induced by ammonia, especially by alterations in leucine,
BCKA, and glutamine concentrations. Leucine has a potent
stimulatory effect on protein synthesis, probably via acti-
vation of translation initiation factors (Nair and Short
2005), BCKA have an inhibitory effect on proteolysis
(Tischler et al. 1982), and glutamine probably has both a
stimulatory effect on protein synthesis (Iresjo et al. 2005)
and an inhibitory effect on proteolysis (Holecek et al.
2000a). These findings indicate that changes induced by
hyperammonemia may in fact result in a decrease in
muscle protein turnover rather than in an increase, and that
the cause of any potential muscle wasting induced by
ammonia should be a greater decrease in protein synthesis
compared to the respective decrease in proteolysis.

Effect of hyperammonemia on the BCAA metabolism
in muscle depends on the type of fibre

The results indicate that EDL (muscle composed of white,
fast-twitch fibres, which derives energy mostly from
anaerobic glycolysis and is adapted to short duration con-
traction movements) is more susceptible to the effect of
hyperammonemia than SOL (muscle composed of red,
slow-twitch fibres, with a greater capacity for aerobic
metabolism and adapted to maintaining a relatively sus-
tained contraction). This is clearly demonstrated not only
by lower release of BCAA into medium, but also by higher
release of BCKA, and higher increase in leucine oxidation
in EDL than in SOL. We assume that the higher increase in
BCAA utilization in white muscle may be due to higher
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glutamine synthetase activity, which, under hyperammo-
nemic conditions enables more rapid consumption of glu-
tamate and thus activates the flux of amino nitrogen
through BCAA aminotransferase and BCKA dehydroge-
nase reactions. The physiological importance of this phe-
nomenon may be related to higher capacity of fast-twitch
muscle to produce ammonia during contraction (Terjung
et al. 1985). When considering that red fibres are the major
components of respiratory muscles (Polla et al. 2004), the
finding that hyperammonemia affects groups of muscles
with a higher proportion of white fibres may be also of
clinical importance.

Conclusion

In conclusion, our study provides clear evidence that
hyperammonemia activates the BCAA catabolism in skel-
etal muscle, which is associated with enhanced release of
BCKA to the extracellular fluid, with increased BCAA
oxidation in muscle, and with decreased BCAA concen-
tration in extracellular fluid. These metabolic changes are
not associated with marked changes in protein turnover.
The effect of ammonia is more pronounced in muscles with
high amount of white fibres.
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