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Blood sulfur-amino acid concentration reflects an impairment of liver
transsulfuration pathway in patients with acute abdominal inflammatory
processes
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Whole-blood free amino acids were measured in a control group made up of eight healthy
women fasted for 12 h and also in eight patients with acute pancreatitis, five patients with acute
cholecystitis and seven patients with acute appendicitis. Blood was withdrawn immediately on
admission to hospital and again 3 d later following a controlled peripheral parenteral nutrition
diet; this is with the exception of the appendicitis group. L-Cystathionine and L-methionine
concentrations were significantly higher in pancreatitis and appendicitis patients when com-
pared with controls. In the pancreatitis and cholecystitis patients, L-serine concentration was
also significantly higher when compared with controls. The L-homocysteine concentration was
significantly higher only in the appendicitis group when compared with the control group. L-
Cystine concentration was unchanged in all the patients studied when compared with control
subjects. The L-methionine: L-cystine ratio was significantly higher and the L-glutamine:L-
cystine ratio was significantly lower in all the patients when compared with controls. The blood
S-amino acid pattern reflects an impairment in liver transsulfuration pathway during acute
abdominal processes. This work supports the idea that the L-methionine:L-cystine and L-
glutamine : L-cystine ratios can be taken as good markers to evaluate the S-amino acid
metabolism and suggests the importance of using N-acetylcysteine as a required nutrient in
these situations.

L-Methionine: L-Cystine: y-Cystathionase

L-Methionine is an essential amino acid in mammals
because its C skeleton cannot be synthesized. Its daily
turnover is higher than the dietary intake, therefore the
recycling of L-methionine from homocysteine is important
(Nunn, 1987; Storch et al. 1988). L-Homocysteine is at a
branch point because it can be remethylated to methionine
by the vitamin Bj,-dependent methionine synthase (5-
methyltetrahydrofolate-homocysteine methyltransferase) or
it can be condensed with L-serine to form L-cystathionine
through the transsulfuration pathway due to the effect of
cystathionine [-synthase (Fig. 1). This enzyme uses
vitamin Bg as a cofactor and it is activated by S-
adenosylmethionine. The transsulfuration sequence is
completed by a reaction catalyzed by +vy-cystathionase,
which also uses vitamin Bg as a coenzyme and is
responsible for the cleavage of L-cystathionine to yield L-
cysteine, a-ketobutyrate and NH,"; therefore, it catalyses

an essential step in the transsulfuration pathway which
allows the synthesis of L-cysteine from L-methionine
(Finkelstein, 1990).

Liver y-cystathionase has been cloned (Erickson et al.
1990; Lu et al. 1992) and is under tight regulation. The
enzyme is not fully expressed in human premature neonates
(Sturman et al. 1970; Vina et al. 1995) In rats, we have
shown that after 3 d stress induced by surgery the activity
was significantly lower than in controls. In these rats, the
rate of L-cysteine synthesis from L-methionine was
significantly higher in isolated hepatocytes from controls
than in hepatocytes from stressed rats. The half-life of
blood L-[2(n)-3H] methionine was significantly higher in
rats submitted to surgical stress than in controls, and the
blood L-methionine:L-cystine ratio was significantly
higher in stressed rats when compared with controls. All
these facts support the hypothesis that L-cysteine might be

Abbreviation: PPG, propargylglycine.
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Fig. 1. Metabolic pathways describing L-methionine metabolism and the remethylation—transsulfuration of L-homocysteine. SAM, S-adenosyl-
methionine; SAH, S-adenosylhomocysteine 1, Methionine adenosyltransferase, 2, cystathionine B-synthase (vitamin Bg dependent enzyme), 3,
v-cystathionase (vitamin Bg dependent enzyme), 4, methylfolate-homocysteine methyltransferase (methionine synthase) (vitamin B4, dependent

enzyme), 5, betaine-homocysteine methyltransferase.

considered as an essential amino acid for man in cases of
surgical stress (Vina et al. 1992).

Previous studies of S-amino acid metabolism during
stress have been carried out on animals, so our aim was to
determine if it was possible to detect an indication of the
inhibition of liver y-cystathionase in the whole blood of
human subjects in stressful conditions, particularly as it is
known that the activity in human liver is only one-fifth of
that present in rat liver (Zlotkin & Anderson 1982; Rao
et al. 1990). It is interesting to point out that the activity of
human liver cystathionine [3-synthase, the other enzyme of
the transsulfuration pathway, is also one-fifth of that
present in rat liver (Kraus & Rosenberg 1983; Asagi et al.
1996). In rats, 50 % rat liver +y-cystathionase activity
appears to be sufficient for transsulfuration, but 50 % of the
human adult level of hepatic y-cystathionase may not be
sufficient (Rao et al. 1990); therefore, a slight inhibition of
the enzyme may change the blood S-amino acid pattern in
man and could be a useful test which reflects the
impairment of the transsulfuration pathway.

Materials and methods
Subjects and study criteria

Eight healthy female workers, with no history of metabolic
disorders, employed at the Facultad de Medicina (Uni-
versity of Valencia, Spain) were selected at random to form

the control group. Twenty patients from the emergency
ward of the Hospital Lluis Alcanyis (Xativa, Spain) were
used for this study: eight patients with acute pancreatitis,
five with acute cholecystitis and seven with acute
appendicitis. On admission patients had a general screening
which included a routine blood chemistry evaluation.
Whole-blood free amino acid values were also evaluated.
The first two groups received no food or water orally and
they were under controlled peripheral parenteral nutrition
for 3 d after their admission to hospital and then blood
samples were obtained for blood free amino acid
determination. The patients with acute pancreatitis had a
nasogastric tube and intravenous analgesia, the cholecys-
titis patients had intravenous analgesia and broad spectrum
antibiotic therapy; a nasogastric tube was used when
vomiting was present. The patients with acute appendicitis
received antibiotics before surgery was performed and
afterwards blood was sampled for amino acid determina-
tion. All participants gave their consent and we obtained
permission from the Ethical Committee of our Hospital.

Peripheral parenteral nutrition

The composition of the peripheral parenteral nutrition (per
litre) was as follows: free amino acids 21-3 g (containing
(g/l): L-phenylalanine 1-19, L-serine 1-06, L-isoleucine
1-28, L-leucine 1-55, L-lysine, HCl 1.54, L-methionine
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Table 1. Clinical characteristics of patients on admission to hospital
(Mean values with standard errors of the means)

Control (n 8)

Pancreatitis (n 8)

Cholecystitis (n 5) Appendicitis (n 7)

Mean SEM Mean SEM Mean SEM Mean SEM
Age (years 32 5 66* 5 72* 2 31 6
BMI (kg/m<)t 23-2 1.2 25-9 1.3 30-3* 23 24-6 1-4
WBC (cells/mm?®) 6707 502 16 200* 1911 12 620* 1184 11 683* 448
Haemoglobin (g/1) 128 5 145 6 143 14 138 3
Hematocrit index (%) 38-0 1.3 421 1-8 41-4 41 41.8 0-5
Lymphocytes (cells/mm?®) 2267 353 2101 389 1342 364 2615 512
Glucose (mg/l) 898 33 1732* 203 1564 300 1010 55
Urea (mg/l) 293 26 474 70 436 100 325 24
Creatinine (mg/l) 9 0 11 1 14.5 3.0 - -
Amylase (nkAT/) 10-5 1.3 562.9* 1312 - - - -
Albumin (g/l) 44 0 41.8 1.5 35* 1 - -
AST (uwkAT/l) 2.5 0-2 311 15-8 26-2 18-8 - -
ALT (ukAT/) 1.9 0-2 50-1 21.2 32.8 23.2 - -

WBC, white blood cell count; AST, aspartate aminotransferase; ALT, alanine aminotransferase.

Mean values were significantly different from those of the control group: *P < 0-05.

1 BMI (kg/mz), normal 18-5-24-9, overweight 25-0—29.9, obese 30-0—-39-9.

0-85, L-valine 1:23, L-histidine 1-02, L-threonine 0-89, L-
tryptophan 0-38, L-alanine 4-40, glycine 2-19, L-arginine
2-45, L-proline 1-45 and L-tyrosine 0-085), glucose 75 g,
Na* 34.6 mmol, K* 25 mmol, Mg** 1.25 mmol, chloride
44-6 mmol, phosphate 7-5 mmol. The non-protein ener-
gy : N(g) ratio was 358, and K(mmol) : N(g) ratio 7.

Amino acid determination

Whole blood was collected in a heparinized syringe, and
protein was precipitated by mixing 1 ml blood and 1 ml
sulfosalicylic acid (50 g/1) in 0-3 M-lithium citrate buffer
(pH 2-8). Therefore, L-cysteine and L-cystine were
measured together. The supernatant fraction (50 wl) was
injected into an LKB 4151 Alpha Plus Amino Acid
Analyser (Amersham Pharmacia Biotech UK Ltd, Little
Chalfont, Bucks., UK) for determination of amino acids.
Blood was withdrawn from control subjects after overnight
fasting, and in patients under controlled diet conditions the
sampling was performed 4 h after the peripheral parenteral
nutrition was stopped.

Statistics

One way ANOVA was performed. The homogeneity of the
variances was analysed by the Levene test; in those cases in
which the variances were unequal, the data were adequately
transformed before ANOVA. The null hypothesis was
accepted for all the values of these sets in which F was non-
significant at P > 0-05. Second, the sets of data in which F
was significant were examined by the Bonferroni test at
P < 0-05. In Table 2 the statistical analysis was performed
in three groups: the control v. the pancreatitis before and
after nutrition, the control v. cholecystitis before and after
nutrition, and control v. appendicitis. In the appendicitis
group modified ¢ statistics were performed directly. Values
in the text are means with standard errors of the means.

Results
Feeding and general characteristics of subjects

The biological characteristics of control patients and
patients with inflammatory abdominal processes are
shown in Table 1. The patients with acute pancreatitis
had significantly higher levels of amylase, glucose and
leucocytes when compared with control values. The
patients with acute cholecystitis had significantly high
leucocytes count and BMI, and low levels of albumin when
compared with controls. The patients with acute appendi-
citis had high levels of leucocytes. With the exception of
the patients with acute appendicitis who underwent surgery
within hours of their admittance to hospital, all the patients
received peripheral parenteral nutrition for 3 d with no food
taken orally. This was done in order to have all the patients
monitored with the same amount of macro- and micro-
nutrient intake.

Whole-blood amino acid concentrations

Table 2 shows the concentrations of L-methionine, L-
homocysteine, L-serine, L-cystathionine, L-cystine, L-glu-
tamine and L-glutamate in blood from patients with acute
inflammatory abdominal processes such as pancreatitis,
cholecystitis and appendicitis. Measurements were made
when patients were admitted to hospital and then 3 d later,
with the exception of the patients with appendicitis who
underwent surgery after their admission to hospital. When
patients were admitted to hospital, blood L-cystathionine
and L-serine concentration was significantly higher in all
the patients with acute inflammatory abdominal processes
when compared with controls, with the exception of L-
serine in appendicitis patients and L-cystathionine in
cholecystitis patients. Similar results were found after 3 d
controlled parenteral nutrition. In appendicitis patients, the
L-methionine and L-homocysteine concentration was sig-
nificantly higher than in controls. The L-methionine
concentration in pancreatitis patients was significantly
higher 3 d after admission to hospital. In all the patients
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Table 2. Whole-blood free amino acid concentration (wmol/l) from control subjects and from patients with acute abdominal inflammatory
processes

(Mean values with standard errors of the means)

Control (n 8) Pancreatitis (n 8)

Cholecystitis (n 5) Appendicitis (n 7)

On admission

3 d after

On admission 3 d after On admission

to hospital controlled diett to hospital controlled diett to hospital
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
L-Serine 169 5 392* 35 455* 58 305" 27 345* 36 293 75
L-Cystine 44 3 41 6 33 4 38 5 36 9 56 12
L-Homocysteine 3 2 21 10 17 9 ND ND 60* 18
L-Methionine 10 5 25 7 40* 11 9 5 31 8 60" 16
L-Cystathionine 11 4 44> 11 39* 6 25 3 32 17 66* 15
L-Glutamine 903 36 108* 27 126* 29 81* 21 123* 33 267 55
L-Glutamate 267 16 557* 76 581* 77 387 41 417 51 493" 86
Methionine : cystine 023  0-11 0-57 0-18 1.16* 017 0-21 0-12 1.01* 0-25 0-98* 0-17
Glutamine : cystine 21-33 1-80 3-04* 0-98 3.94~ 1.04 2.40* 0-58 4.90* 1.80 4.47* 1-14

ND, not detected.

Mean values were significantly different from those of the control group: *P < 0-05

1 Peripheral parenteral nutrition. For details of composition, see p. 174.

studied, L-glutamine concentration was significantly lower
and L-glutamate concentration was significantly higher
than in controls. It is important to emphasize that in normal
subjects the L-glutamine concentration was similar to the
values found in previous studies, but the values found in
patients with abdominal inflammatory processes were very
low.

Whole-blood L-methionine : L-cystine and L-glutamine : L-
cystine ratios in patients

The L-methionine : L-cystine ratio was 0-23 (SEM 0-11) in
controls. The ratio in the appendicitis patients on admission
was significantly higher than in controls. The ratio
increased with time in the inflammatory patients, this
being significantly higher 3 d after admission to hospital
for all the cases studied. The L-glutamine : L-cystine ratio
was 21-33 (SEM 1-80) in controls. However, this ratio was
significantly lower on admission in all the patients studied
when compared with controls (Table 2).

Discussion

v-Cystathionase catalyses the conversion of L-cystathionine
into L-cysteine, a-ketobutyrate and NH,4", and its activity
has been found in rat liver, whereas activity in rat kidney
and heart is only 8 % and 1 % respectively of that found in
rat liver (Matsuo & Greenberg, 1958). In those situations
where the liver y-cystathionase activity has been shown to
be inhibited, such as the neonatal period (Sturman et al.
1970; Zlotkin & Anderson, 1982; Vifia et al. 1995),
surgical stress (Vifa et al. 1992) and rats injected with
propargylglycine (PPG) which is an inhibitor of -
cystathionase (Triguero et al. 1997), the blood amino acid
pattern is changed.

The clinical variables used to assess the nutritional status
of patients are the serum albumin level and total
lymphocyte count (Dickhaut et al. 1984; Klein et al.
1996). Values of albumin > 35 g/l, and the total lympho-
cytes count > 1500—2000 cells/mm? reflect a good nutri-
tional status. All our patients were well nourished and the

BMI was normal in all the cases studied, the only exception
being a slight decrease in lymphocyte count and a moderate
increase in the BMI in patients who had acute cholecystitis.
Good nutritional status of the patients is important when
studying amino acid and protein metabolism, because a
recent 6 month randomized double-blind placebo-
controlled trial found that protein supplementation (20 g/
d, 5 d per week) improved recovery from femoral fractures
in an elderly population (Schiirch e al. 1998).

Our patients had controlled parenteral nutrition for 3 d
after their admission to hospital and the fact that the
transsulfuration pathway is fully expressed in the liver
makes this tissue an important factor in setting the blood
concentration of S-amino acids. The L-cystathionine
concentration was significantly higher in pancreatitis or
appendicitis than in controls, but no significant changes
were found in cholecystitis when compared with controls.
The L-serine concentration found in pancreatitis and
cholecystitis was significantly higher when compared
with controls, but no differences were found in appendi-
citis. However, the blood L-methionine:L-cystine ratio
found in all patients studied was significantly higher than in
controls.

In rats under surgical stress, the plasma L-cystine
concentration was significantly lower than controls but in
patients undergoing orthopaedic surgery or requiring
resection of tumours, the plasma L-cystine was not
significantly decreased when compared with controls
(Crespo et al. 1997). Moreover, in rats injected with PPG
which inhibits y-cystathionase, the plasma L-cystine was
unchanged when compared with controls. In all these cases,
the L-methionine:L-cystine ratio was significantly higher
than in controls (Triguero er al. 1997). As mentioned
earlier, this concurs with our values (Table 2) in which the
ratio was significantly higher in acute abdominal inflam-
matory stress when compared with controls. The ratio in
the appendicitis patients was high from the time of
admission to the hospital onwards due to the rapid
evolution of their clinical situation. This emphasizes the
importance of the evaluation of plasma L-methionine: L-
cystine ratio instead of the free amino acid concentration
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when the study of the liver transsulfuration pathway is of
interest.

In HIV infection, cancer, major injuries, sepsis, Crohn’s
disease, ulcerative colitis and in chronic fatigue syndrome,
plasma L-cystine and L-glutamine concentrations are
significantly lower and the L-glutamate concentration
significantly higher than the values of control subjects.
This is known as the ‘low cystine and glutamine syndrome’
(Drogue & Holm, 1997; Hack et al. 1997). In young
healthy subjects, during the post-absorptive period the
muscle releases L-cysteine that is taken up by the liver. The
L-cysteine catabolism in the liver generates an increased
formation of sulfate and protons which down-regulates the
rate of urea production because it decreases carbamoyl-
phosphate synthetase 1 and therefore increases the L-
glutamine synthesis. It is also concluded from the work of
this group that the L-cysteine level is regulated primarily by
the normal postabsortive skeletal muscle protein catabo-
lism. In the patients mentioned earlier, it has been shown
that plasma L-glutamine and L-cysteine and the glutamine :
cysteine ratio are decreased and the L-glutamate concentra-
tion is elevated when compared with controls. The
decreased blood L-glutamine:L-cystine ratio has been
proposed as a good marker of an impaired hepatic L-
cystine catabolism in the situations described -earlier
(Drogue & Holm, 1997; Hack et al. 1997).

In our present study, the L-cystine concentration did not
change but the L-glutamine concentration and the L-
glutamine : L-cystine ratio decreased significantly and the
L-glutamate concentration increased significantly in all the
patients with acute abdominal inflammatory processes
when compared with control subjects. This is another
indication which shows that the S-amino acid metabolism
is modified in these patients but does not fully support the
‘low cystine and glutamine syndrome’ because L-cystine is
not changed in our patients. This suggests that muscle is not
affected and the liver is the organ responsible for these
changes. In rats, the in vivo inhibition of the transsulfura-
tion pathway with PPG which inactivates y-cystathionase
gives information related to the metabolic importance of
this enzyme in the transsulfuration. At 4 h after the
administration of PPG, liver y-cystathionase activity was
undetectable, L-cystathionine levels were significantly
higher than in controls, L-cysteine was unchanged and
liver GSH concentration was significantly lower than
values found in control livers. The inhibition of --
cystathionase was reflected in the blood levels of amino
acids, because the L-methionine:L-cyst(e)ine ratio was
significantly higher in the PPG-group than in the control
group; blood concentration of L-cystathionine was also
greater than control and L-cystine was unchanged. The
administration of N-acetylcysteine to PPG-treated rats
reversed the changes in liver GSH (Triguero et al. 1997).
The metabolic consequences of the inhibition of r~y-
cystathionase by PPG mimics in part the results found in
our patients in the present study.

L-Cysteine availability is the rate-limiting step in GSH
synthesis (Tateishi et al. 1974) and the restoration of GSH
concentration in liver after inflammatory challenge is
closely associated with an increased recycling and
enhanced rate of synthesis when a high supply of substrates

is available (Grimble, 1992; Hunter & Grimble, 1997). In
addition, it has been shown an increased requirement for L-
cysteine during sepsis in rats (Malmezat et al. 1998), but in
burn patients the rates of transmethylation, homocysteine
remethylation and methionine oxidation were all substan-
tially increased when compared with healthy adults (Yu
et al. 1993).

All the results found in our patients reported here show
that plasma L-cystine concentration does not change when
compared with controls, but the L-methionine : L-cystine
ratio is increased. These results are similar to the values
found in the rats injected with PPG, a powerful v-
cystathionase inhibitor. These results suggest the impor-
tance of using N-acetylcysteine as a required nutrient
during those stressful situations in which the S-amino acid
metabolism is modified.
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