
INTRODUCTION

Patients with liver cirrhosis have a de-
clined efficacy of glucose use associated 
with a decreased food intake and hyperinsu-
linemia as well as hypoalbuminemia, which 
is so-called protein-calorie malnutrition [1]. It 
is suggested that patients with liver cirrhosis 
metabolically have a condition equivalent to 
starvation after three-day fasting in healthy 
people in the early morning before having 
meals due to the declined gluconeogenesis 
and glucose storage capacity of the liver [2]. 
Under such a condition, patients have ac-
celerated catabolization of muscular protein, 
alanine in particular, and production of 
glucose from the glucose-alanine cycle [3]. 
Clinically, patients have a higher incidence 
of loss of muscular strength or easy fatigabil-

ity and muscular convulsion as represented 
by calf cramps of lower extremity muscle 
probably due to the metabolic abnormality 
of skeletal muscle [4, 5]. In particular, easy 
fatigability in the patients with liver cirrhosis 
indicates disorder of the muscular energy 
metabolism.

Haida et al., co-researchers, developed a 
method for measuring the intracellular pH 
of muscle and PCr index (PCr/PCr＋Pi) 
using 31P-magnetic resonance spectroscopy 
(31P-MRS) and observing changes under 
exercise loading in the patients with chronic 
alcohol-related diseases. This followed the 
hypothesis that the cause of metabolic abnor-
mality can be deduced based on the deter-
mination of energy metabolism abnormality 
and examination of the oxygenation kinetics 
of intramuscular hemoglobin/myoglobin 

We assessed changes in skeletal muscle energy metabolism by 31P-magnetic resonance spec-
troscopy (31P-MRS) and oxygen supply by near-infrared spectroscopy (NIR), after exercise 
and after administration of glucose and a branched-chain amino acids (BCAA), in healthy 
volunteers and patients with liver cirrhosis. As for the patients with liver cirrhosis, 4 were 
classified in Child-Pugh Grade A and the other 4 in Grade B.
In patients with liver cirrhosis, the intramuscular pH and PCr index (PCr/PCr＋Pi) were 
lower than in healthy subjects after exercise in the fasting state; the⊿pH and ⊿PCr index 
were statistically siginificant (p＜0.05), indicating a disorder of aerobic metabolism. NIR 
revealed normality with oxygen supply and suggested a decreased oxygen utilization effi-
ciency; that is, failure of the TCA cycle. The ⊿pH improved slightly after the administration 
of glucose alone, while it was definitely low (p＜0.05) after co-administration of glucose 
and BCAA, which acts directly on the TCA cycle, indicating improvement of skeletal muscle 
energy metabolism.
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using near-infrared spectroscopy (NIR) and 
the elucidation of the oxygen supply to the 
muscle [6]. In this study, we performed simi-
lar examinations in the patients with liver 
cirrhosis, who tended to chronically have a 
marked decline in hepatic metabolic func-
tions and abnormality of skeletal muscular 
functions. Furthermore, glucose and BCAA 
(valine, leucine, isoleucine), which has been 
attracting attention for its physiological 
therapeutic effects, were administered to 
assess the pathological mechanism and the 
presence or absence of the effects to alleviate 
metabolic abnormality of the muscle in liver 
cirrhosis.

SUBJECTS AND METHODS 

1. Subjects
The study was conducted in eight healthy 

volunteers (six males and two females; age 
60.3±7.8) and eight patients with liver cirrho-
sis (four males and four females; age 67.4
±6.8). The causes of liver cirrhosis included 
Type B in one patient, Type C in six patients 
and NBNC in one patient. Four patients were 
assessed according to the Child-Pugh Criteria 
[7] to be at Grade A 4 cases and Grade B 4 
cases, respectively (Table 1). The subjects 
were all dextral and included no alcoholics. 
Written Informed Consents of patients were 
obtained after sufficient explanations about 
the objectives, methods and risks of the 
study.

2. Methods
2-1.  31P-magnetic resonance spectroscopy 

(31P-MRS)
31P - M R S  u s e d  i n  t h e  s t udy  wa s 

BEM-250/80 (PhotoEnergeics, USA) of 2.0 
Tesra. According to the methods devised by 
Haida et al. [6], the subjects were positioned 

in the decubital position and placed inside 
the MRS magnet coil with the left upper arm 
abducted by 90 degrees.

The phosphorous spectrum in the flexor 
tissues of the forearm was measured using 
a 4-cm double-turned surface coil. Spectrum 
signals of creatine phosphate (PCr), inorgan-
ic phosphorus (Pi) and adenosine triphos-
phate (ATP) were obtained by accumulating 
spectrum signals at 3.0 sec×20 and the least 
square curve fitting (Fig. 1). The pH and 
PCr index in muscular cells were calculated 
based on PCr and Pi and the chemical shift 
value of Pi according to the formula devised 
by Tailor et al. [8].

PCr index＝PCr/(PCr＋Pi)
pH＝6.75＋log[ä－3.27)/(5.69－ä)]
(ä: chemical shift difference between PCr 
and Pi)

2-2. Near-infrared spectroscopy (NIR)
NIR used in the study was OM-100A 

(Shimazu, Japan). Changes in oxidized he-
moglobin (oxy-Hb), deoxidized hemoglobin 
(deoxy-Hb) and total hemoglobin (total-Hb) 
were obtained based on the change in the 
absorption coefficient of the wavelength by 
the difference in the oxidization of tissue 
hemoglobin/myoglobin (Hb/Mb) [9, 10] . 
According to the method devised by Haida et 
al. [6], the edge of two glass fibers were fixed 
to the forearm flexor group at a distance of 
5 cm from NIR and one of them was placed 
under the incident radiation while the other 
was placed for detection at a distance of 2 
cm from the other fiber inside the 4.0 -cm 
NMR surface coil. 
2-3. Exercise loading protocol

The subjects were tested under at least 
12-hour fasting. After a couple of measure-
ments at rest, the subj ects lifted a weight 
equivalent to 7 % of the left grip strength (kg) 

Table 1 subject. According to the Child-Pugh criteria, 4 patients were in Grade A and the other 4 
patients were in Grade B.
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using the gripping movement of the pulley 
and lever at the speed of once every three 
seconds for six minutes and spectral changes 
and times necessary to return to the baseline 
were monitored. Healthy subjects were tested 
only under fasting and patients with liver 
cirrhosis were tested (1) under fasting, (2) at 
completion ＋ at one hour after administra-
tion of 200 Kcal glucose and (3) at one hour 
after the administration of 48 Kcal BCAA.

3. Statistical processing
Measured data were shown as mean±

S.D. Physical measurement data were tested 
by Student’s t-test. As for 31P-MRS data, 
changes from the baseline (⊿pH＝pH after 
loading - pH at rest, ⊿PCr index＝PCr index 
after loading - PCr index at rest) were tested 
by analysis of variance (ANOVA). Changes 
seen after the administration of glucose and 
BCAA were compared to the spectrum taken 
under fasting and tested by ANOVA. As for 
NIR data, standard cases in healthy volun-
teers and in the patients with liver cirrhosis 
were comparatively assessed. In any case, dif-
ferences at the level of 5 % were statistically 
significant.

RESULTS

1. MRS at rest
There was no significant difference in 

the intramuscular pH and PCr index at rest 
between healthy volunteers and the patients 
with liver cirrhosis as shown in 0 time of 
Figure 2 and 3.

2. MRS after exercise loading under fasting
In the patients with liver cirrhosis, intra-

muscular ⊿pH increased after exercising 
loading. After exercise loading, the maximal 
value changed significantly to 0.49±0.16 
compared to 0.20±0.18 in the healthy volun-
teers. Significant change was seen for about 
ten minutes after exercise loading (Fig. 2).

The ⊿PCr index also increased sig-
nificantly in the patients with liver cirrhosis 
compared to the healthy volunteers. The 
maximal value changed significantly to 0.55
±0.12 compared to 0.35±0.19 in the healthy 
volunteers. Unlike ⊿pH, however, the value 
rapidly returned to the baseline equivalent to 
the level in the healthy volunteers after the 
completion of exercise loading (Fig. 3).

Fig. 1 Analysis of skeletal muscles energy metabolism by 31P-MRS. PCr index＝PCr/(PCr＋Pi)
pH＝6.75＋log[(δ－3.27)/(5.69－δ)] (δ: Chemical shift difference between PCr and Pi)
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Fig. 2 Changes in ⊿ pH. The intramuscular ⊿ pH increased after exercise in patients with liver 
cirrhosis. It approximated the value in healthy subjects after administration of BCAA. After 
administration of glucose, the ⊿pH was intermediate between that in the fasting condition 
and that after administration of BCAA.

Fig. 3 Changes in ⊿PCr index. The ⊿PCr index, which increased after exercise loading, tended to 
decrease slightly more after the administration of glucose and administration of BCAA in this 
order compared to that obtained under fasting.
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Fig. 4 NIR: (A) a patient in the control group (B) a patient with liver cirrhosis in the fasting condi-
tion (C) changes after administration of glucose (D) changes after administration of BCAA. 
In patients with liver cirrhosis, the oxy-Hb was higher and the deoxy-Hb was lower after 
exercise compared with those in healthy subjects. After administration of BCAA, the values 
of oxy-Hb and deoxy-Hb were similar to those in healthy subjects, while their variations were 
intermediate between values in the fasting condition and those in healthy subjects after ad-
ministration of glucose.
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3.  Changes seen after administration of 
glucose and BCAA
Administration of BCAA reduced the 

difference in the changes in ⊿pH from the 
healthy volunteers as shown by the reduced 
maximal change of 0.25±0.17 and the dif-
ference was significantly smaller than under 
fasting(P＜0.05). After the administration of 
glucose, ⊿pH was in between the data ob-
tained under fasting and that obtained after 
the administration of BCAA (Fig. 2).

The ⊿PCr index, which increased after 
exercise loading, tended to decrease slightly 
more after the administration of glucose 
and administration of BCAA in this order 
compared to that obtained under fasting. 
After being relieved from exercise loading, 
the ⊿PCr index rapidly returned to the base-
line after the administration of glucose and 
BCAA as seen in the healthy volunteers (Fig. 
3).

4. Changes in NIR data
In the healthy volunteers, a marked de-

crease in oxy-Hb, drastic increase in deoxy-
Hb and slight increase in total-Hb were seen 
after the commencement of exercise loading. 
After the completion of exercise loading, 
oxy-Hb and deoxy-Hb immediately reached 
the steady state. On the other hand, in the 
patients with liver cirrhosis, changes as seen 
in the healthy volunteers were observed un-
der exercise loading, but a marked increase 
in oxy-Hb and marked decrease in deoxy-Hb 
continued after exercise loading compared 
to the healthy volunteers. As a result of the 
administration of BCAA, the patients with 
liver cirrhosis regained the condition almost 
equivalent to the condition of the healthy 
volunteers after exercise loading. After the 
administration of glucose, changes were in 
between the data obtained under fasting and 
in the healthy volunteers (Fig. 4).

DISCUSSIONS 

Under exercise, a marked decrease in the 
intracellular pH and PCr index was seen 
in the skeletal muscle of the patients with 
liver cirrhosis. It is suggested that patients 
with liver cirrhosis have a lower ATP and 
PCr levels compared to healthy volunteers 
due to the reduction in muscular volume 
[11, 12]. Also in our measurements, patients 
with liver cirrhosis had a significantly lower 
arm muscle circumference (AMC) and grip 

strength compared to healthy volunteers. 
(Data is not shown) Therefore, the marked 
reduction in the PCr index indicates that suc-
cessive muscular contraction consumes ATP 
and PCr relatively more markedly compared 
to the ATP and PCR pool despite the applica-
tion of loading in proportion to the maximal 
grip strength. Besides, as there were neither 
differences among ages in forearm muscle 
metabolism by grasp movement of the hand 
[13] nor changes in vital signs and subjective 
symptoms before and after loading exercise 
on the subjects, it was considered that the 
results obtained were not affected by differ-
ences in the average ages.

The marked decrease in intracellular pH 
indicates the accumulation of lactic acid 
under exercise loading. The consumption 
of ATP energy under muscular movement 
immediately induces the operation of the 
creatinine cycle to compensate for the con-
sumption of ATP energy. This results in the 
consumption of part of PCr, an increase in 
Cr and Pi and re-synthesis of ATP from ADP 
to maintain the ATP level. If the ATP level 
cannot be maintained, lactic acid production 
increases under anaerobic metabolism [6, 
14].

Delayed recovery of pH after exercise 
loading indicates the persistent production of 
lactic acid at the stage of recovery or delayed 
washout of lactic acid probably because of (1) 
insufficient oxygen supply and impairment 
of washout of lactic acid due to circulatory 
disorder in the muscle and (2) because of 
aerobic metabolic impairment in the muscle 
if there is no possibility of circulatory disor-
der. To determine which mechanism (1) or 
(2) contributes to the delayed recovery of pH 
in the patients with liver cirrhosis, intramus-
cular oxygen kinetics were determined using 
NIR. The results indicate that patients with 
liver cirrhosis have poor consumption of 
oxygen, or in other words, aerobic metabolic 
impairment for some reason despite ample 
blood circulation and oxygen supply as sub-
stantiated by a slight increase in total-Hb and 
marked increase in oxy-Hb at the recovery 
stage from exercise loading.

Under aerobic metabolic impairment, the 
administration of glucose facilitates the pro-
duction of lactic acid as a result of anaerobic 
glucose decomposition while having no effect 
on improving pH. In the experiment data, 
however, an improvement tendency, not a 
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significant difference, was seen compared 
to the condition under fasting. The decrease 
in the overshoot of oxy-Hb observed by NIR 
at the stage of recovery also indicates the 
consumption of oxygen, or in other words, 
a slight improvement of aerobic metabolism. 
As a result of the administration of glucose 
replenishing the glycogen stock consumed 
for the exercise under fasting, which is the 
so-called carbohydrate loading, glycogen 
stripping and activated Type I red muscles, 
aerobic metabolism may have been regained, 
but the mechanism is still unknown.

Meanwhile, branched-chain amino acid 
(BCAA: valine, leucine, isoleucine) is mainly 
metabolized in the skeletal muscle and serves 
as the energy source under exercise [15, 16]. 
When decomposed in the cells, actin and 
myosin release 3 -methyhistidine and are 
excreted into urine. It is suggested that the 
administration of BCAA, which reduces uri-
nary excretion [17, 18] and facilitates protein 
synthesis in the skeletal muscle [19], is useful 
for the maintenance of the skeletal muscle 
[20] . Meanwhile, BCAA is preferentially 
released from the liver and taken up by the 
skeletal muscle. In the skeletal muscle active-
ly engaged in decomposition and synthesis 
of amino acids selectively catabolize BCAA. 
Leucine and isoleucine in collaboration 
with acetyl-CoA and valine in collaboration 
with succinyl-CoA form various intermedi-
ates, which are directly fed to the TCA cycle 
[20, 21]. It is suggested the catabolization is 
doubled or tripled under starvation.

The finding in the study that the adminis-
tration of BCAA reduced the time necessary 
for the recovery of pH after exercise loading 
indicates a reduction in the production of 
lactic acid and in the percentage of anaero-
bic metabolism. Furthermore, a reduction in 
the decline in the PCr index, an increase in 
the oxy-Hb level and a decrease in the deoxy-
Hb level at the recovery stage in NIR also 
suggest improvement of the efficiency of 
oxygen use and recovery of aerobic metabo-
lism, which is high in the efficiency of ATP 
production.

Based on these findings, it is suggested 
that patients with liver cirrhosis have abnor-
malities of energy metabolism in the skeletal 
muscle, in particular abnormality of aerobic 
metabolism, and that the co-administration 
of BCAA, rather than glucose-only adminis-
tration, is the key to alleviating these abnor-

malities.
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