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ABSTRACT. Glutathione synthetase deficiency (GSD) is 
an inborn error of glutathione (GSII) metabolism leading 
to a generalized intracellular G S H  deficiency. Because 
G S H  is required for leukotriene C4 (LTC4) synthesis, we 
studied synthesis and metabolism of several lipoxygenase 
products in two patients with G S D  by radio-HPLC, UV 
spectrophotometry, and enzyme immunoassays. In both 
patients, L T C  synthesis was significantly decreased in 
calcium ionophore-stimulated neutrophils (up to 0.4 ng/ 
lo6 cells; controls, 5.0 f 0.9) and rnonocytes (up to 3.6 ng/ 
lo6 cells; controls, 30.2 f 3.3). LTB4 synthesis was about 
seven times higher in GSD cells compared with controls, 
whereas synthesis of other 5-, I t - ,  and 15-lipoxygenase 
products and prostaglandin E2 was not affected. Neutro- 
phils and monocytes from both patients showed a marked 
reduction in capacity to form I3H]LTC4 from 13H]LTG 
(9-14% of control values). Urinary LTE4 was finally found 
to be 50-fold lower in GSD, reflecting a decreased synthesis 
of cysteinyl L T  in riro. GSD may serve as  a unique model 
for the linkage between L T  synthesis and GSEI metabolism 
in vivo. (Pediatr Res 35: 307-310, 1994) 

Abbreviations 

GSD, glutathione synthetase deficiency 
LT, leukotriene 
PG, prostaglandin 
GSH, glutathione 
HETE, hydroxyeicosatetraenoic acid 

GSD is a n  inborn error of GSH metabolism (1-4). The disease 
is associated with severe metabolic acidosis, hemolytic anemia, 
and progressive affection of the CNS (3, 4). GSD is associated 
with massive renal excretion of 5-oxoproline. As a consequence 
of the block at this step in the y-glutamyl cycle, the enzyme 
defect leads to  a generalized intracellular GSH deficiency (3,  4). 
The tripeptide GSH is one of the most important nonenzymatic 
intracellular antioxidants, protecting cells from toxic effects of 
reactive oxygen species (5) and participating in LTC4 synthesis 
(6. 7). 

LT are lipid mediators derived in cells such as neutrophils and 
macrophages from the oxidative metabolism of arachidonic acid 
by action of the 5-lipoxygenase system (6, 7). The unstable 
intermediate LTA4 can be converted by a n  epoxide hydrolase t o  
LTB4 or conjugated with GSH to form LTC4. In the circulation 
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LTCI is rapidly metabolized to LTE4, which is excreted into the 
urine (8, 9). LT can act as potent chemotactic substances (LTBJ) 
o r  cause smooth-muscle contraction and vascular leakage (LTC4, 
LTD4, LTE4) (6, 7). 

Although GSH represents a cosubstrate for LTC4 synthesis, no 
data exist regarding the level of intracellular GSH required for 
endogenous L T C  formation. In addition, GSH is needed for the 
formation of the cyclooxygenase product PGEz (10). 

The present study was camcd out to  gain insight into the 
linkage between the metabolism of GSH and lipoxygenase prod- 
ucts in GSD. Synthesis of several lipoxygenase products and 
PGEz in neutrophils and monocytes, their capacity to  metabolize 
LTA4 into LTC4, and urinary LTE4 excretion were analyzed in 
two patients with GSD. 

MATERIALS A N D  METHODS 

Purictits. Patient 1, a girl born at 39 wk gestation by cesarean 
section, was the first child of nonconsanguinous parents. On  the 
second day of life, clinical and laboratory signs of generalized 
infection and severe metabolic acidosis developed. The infant 
responded well to  i.v. treatment with antibiotics and sodium 
bicarbonate. However, after this therapy was terminated at 11 d 
of age, metabolic acidosis reappeared, and since then oral ad- 
ministration of sodium bicarbonate has been continuously re- 
quired. At the time blood and urine samples were obtained, the 
child was 3 y of age. Until then she had a normal psychomotoric 
development without any neurologic deficit. 

Patient 2, a boy born at  36 wk gestation, was the fourth child 
of nonconsanguinous parents. Apgar scores were 7 and 8, re- 
spectively. Severe metabolic acidosis became apparent on the 
first day of life, and substitution with sodium bicarbonate was 
started. In the first week of life, hemolytic anemia developed, 
requiring blood transfusion. During the next weeks, neurologic 
symptoms developed, including hypertonia and increased deep 
tendon reflexes. During the next months he was continued on 
oral substitution with sodium bicarbonate. His physical and 
psychomotoric development were satisfactory, and only one 
additional hemolytic crisis occurred. At the time blood and urine 
were taken the patient was 1 y of age, and his psychomotoric 
development was found to be appropriate for age. 

In both patients, screening for inborn errors of metabolism 
revealed massive excretion of 5-oxoproline in urine (Table 1). 
Diagnosis of GSD was established by analyzing glutathione syn- 
thetase activity in extracts of cultured fibroblasts (Table 1). The 
enzyme activity in patient 2 was considerably higher than in 
patient I but well below our controls, including heterozygotes. 
As an adequate control group for studies of LT metabolism, 
eight healthy children (ages ranged between 1-3 y) were included 
into the study. 

Gl~riail~iotir, 5-osoproline, utid gllrtaihiotle s ~ ~ t ~ t h c ~ i a s e  analjais. 
Erythrocyte total glutathione was measured by the 5,5'-dithiobis 
(2-nitrobenzoic acid)-glutathione recycling assay according to 
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Table 1. Concentrations of crytl~rocj~te gl:llttatl:llione, nonprotein 
tl~iols in \t~hole blood, urinary 5-o,~oproline, and glutathione 

sl~t~tlletase activitv in patients with GSD 
Controls 

Patient 1 Patient 2 (n = 8) 

Erythrocyte glutathione 0.5 1 0.43 2.36 + 0.37 
(mM) 

Nonprotein thiols in whole 0.15 0.18 0.95 + 0.2 1 
blood (mM) 

5-oxoproline in urine 7.14 3.50 <0.05 
(mol/mol creatinine) 

Glutathione synthetase in 1.6 11.6 33.2 + 8.3* 
fibroblasts (pkat/mg pro- 
tein) 

Anderson (1 1). The concentration of nonprotein thiols in whole 
blood was determined by adding 50 pL of venous blood to 500 
pL of H 2 0  for hemolysis followed by protein precipitation with 
750 pL of 0.2 1 M metaphosphoric acid (1.67 g of metaphosphoric 
acid, 0.2 g of Na2EDTA, 30 g of NaCI, H 2 0  up to 100 mL); after 
mixing and centrifugation (10 min, 10 000 x g), 200 pL super- 
natant was mixed with 800 pL of 0.3 M Na2HP04 and 100 pL 
of 0.5 mM 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) in 1% 
sodium citrate. The concentration of thiols was calculated on the 
basis of the change in absorbance at 412 nm (12). The 5- 
oxoproline was determined by capillary gas chromatography- 
mass spectrometry (13). Glutathione synthetase activity in ex- 
tracts of cultured fibroblasts was analyzed as described (14). 
Fibroblasts from nine control subjects, including children and 
adults, were analyzed for glutathione synthetase. The enzyme 
activity was found to be not age dependent. 

Measltretnent of lipo.~jgenaseprod~tcts and PGEz in stitnltlated 
nelttropl~ils and tnonocytes. Neutrophils and mononuclear cells 
were isolated as previously described (I 5, 16). The percentage of 
neutrophils in the cell preparations exceeded 97%, and cell 
viability as determined by trypan blue exclusion was more than 
98%. Of the 2 x lo6 adherent mononuclear cells per plate, 87 to 
92% were monocytes as determined by their structure after 
staining with safranin or Giemsa. Neutrophils and monocyte 
monolavers were activated with calcium iono~hore (final con- 
centration, 10 pM; Sigma Chemical Co., St. ~ b u i s ,  MO) for 15 
min at 37°C (1 5, 16). 

For analysis of L T C  and LTB4, I3H1LTC4 and [)H]LTB~ (Du 
Pont-New England Nuclear, ~ o s t o n ,  MA) were added to the cell 
supernatants as internal standards. Samples were pumped 
through activated Sep-Pak Cis cartridges (Waters, Milford, MA). 
The cartridges were washed with distilled water and eluted with 
5 mL 90% aqueous methanol containing 1 mM 4-hydroxy- 
2,2,6,6-tetramethylpipendine-N(I)-oxyl (Sigma Chemical Co.) 
and 0.5 mM EDTA. The eluates were evaporated to dryness 
under reduced pressure and resuspended in 30% ice-cold aqueous 
methanol. The samples were then injected into a C18 Hypersil 
column (4.6 x 250 mm, 5-mm particle size, Shandon, Runcorn, 
UK) and eluted isocratically through an HPLC system (Knauer, 
Berlin, Germany) at a constant flow rate of 1 mL/min, with a 
mixture of acetonitrile/water (38:62, vol/vol), the aqueous part 
containing 0. I% acetic acid, 1 mM EDTA, adjusted to pH 5.6 
by ammonium hydroxide. The fractions having the same elution 
time as synthetic LT were collected, and immunoreactive LT 
content was determined by ELISA (Cayman, Ann Arbor, MI). 
Each LT value was corrected for [)HILT recovery. The ELISA 
protocol has already been described in detail (17). Calculation of 
the standard curve regression and LT concentrations was camed 
out after a linear log-logit transformation (I 8). 

The 5-, 12-, 15-HETE and 5S, 12s-di-HETE in the superna- 
tants of stimulated cells were analyzed by HPLC and UV spec- 
trophotometry (19). Briefly, a mixture of phosphate buffer (17 
mM dipotassium hydrogenphosphate, containing 0.05% EDTA, 

adjusted to pH 5.0 with phosphoric acid), acetonitrile and meth- 
anol (50:30:20, vol/vol) was used to separate cysteinyl LT, LTB4, 
and 5S, 12s-di-HETE at 280 nm. Solvent change was performed 
at 34 min to a mixture of phosphate buffer (6 mM dipotassium 
hydrogenphosphate, containing 0.05% EDTA, adjusted to pH 
5.0 with phosphoric acid), acetonitrile, and methanol (28:42:30, 
vol/vol). Wavelength switch was performed at 38 min to 235 
nm, which allowed simultaneous analysis of the mono-HETE 
5-, 12-, and 15-HETE. Lipoxygenase products were quantified 
by peak areas. Standard curves of the individual substances were 
obtained with seven different concentrations (1-500 ng). Corre- 
lation coefficients of the different lipoxygenase products were 
always greater than 0.980. 

For analysis of PGE2, ['H]PGE2 (DuPont-New England Nu- 
clear, Boston, MA) was added as internal standard. After Sep- 
Pak extraction, HPLC purification was camed out with 40 mM 
formic acid, pH 3.15, with triethylamine-acetonitrile (67:33, vol/ 
vol) as mobile phase under the conditions described above. 
Quantification of PGE2 was performed by ELISA (Cayman). 

Incltbation of isolated cells with rIIILTA4. [)HILT& was 
purchased as methyl ester (DuPont-New England Nuclear) and 
purified to more than 98% as shown by radio-HPLC. It was 
saponified in 20 mL of ethanol11 N NaOH (1: 1 vol/vol) at 23°C 
for 30 min before use. Aliquots of this mixture were added 
directly to isolated neutrophils or monocytes. Incubations were 
camed out as described (20). After centrifugation and evapora- 
tion to dryness, the residue was taken up in isopropanol, acidified 
to pH 3 with 5 M formic acid, and extracted with diethyl ether. 
After separation and addition of 10 mM ammonium hydroxide 
after evaporation, the residue was adjusted to pH 9 by ammo- 
nium hydroxide. The mixture was extracted on Sep-Pak car- 
tridges, and analysis was performed by HPLC as described above. 
Eluent was monitored for radioactivity using a Raytest radioac- 
tivity detector (Raytest, Straubenhardt, Germany). Quantifica- 
tion of radioactivity was camed out by collection of fractions 
from the HPLC and analysis in a Beckman scintillation spec- 
tralphotometer (Beckman Instruments, Fullerton, CA). 

Urinary LTE4 analysis. Urine was obtained from spontaneous 
micturition, screened for the presence of pathologic constituents, 
and mixed with two volumes of 90% (vol/vol) aqueous methanol 
of pH 8.5 containing 0.5 mM EDTA, 1 mM 4-hydroxy-2,2,6,6- 
tetramethylpipendine-N(I)-oxyl, and 20 mM KHCO,. [)H]LTE4 
(DuPont-New England Nuclear) was added as an internal stand- 
ard, and the samples were acidified to pH 4.5 by the addition of 
0.1 M HCI. Urinary LTE4 was measured after extraction on Sep- 
Pak cartridges and HPLC purification with a methanol/water 
(65:35, vol/vol) system by ELISA (8, 21). 

RESULTS 

Glutatllione and nonprotein thiols. As shown in Table 1, the 
concentration of total glutathione in erythrocytes ofboth patients 
represented approximately 20% of control values. The results 
were confirmed by measuring the levels of nonprotein thiols in 
whole blood, which normally consist of more than 95% of 
erythrocyte GSH. 

Lipo,uq,genaseprodltcts in ne~ttrophils and monocytes. As dem- 
onstrated in Tables 2 and 3, marked reduction in synthesis of 
L T C  was observed in neutrophils and monocytes of the patients 
with GSD compared with controls. LTB4 synthesis, however, 
was highly increased in both cell types of the patients. Other 
lipoxygenase products, including 5-HETE, 5S, 12s-di-HETE, 
and 12-HETE, were found to be within the values obtained for 
controls. The 15-HETE was below the detection limit (< 1.0 ng/ 
lo6 cells) in both cell types, whereas 12-HETE was below the 
detection limit in stimulated monocytes. PGE2 formation in 
both cell types of the patients was found to be within the lower 
range of control values. 

Metabolism of rll]LTA4 into pH]LTC4 by t~elrtropllils and 
monocytes. In neutrophils of both patients, drastically reduced 
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Table 2. Formation of lipoxyge1wse products and PGE2 in 
neutrophils after stimulation ll'ith calcium ionophore A23187 in 

patients ll'ith GSD* 

Controls 
Patient 1 Patient 2 (11 = 8) 

LTC. 0.4 0.7 5.0 ± 0.9 
LTB. 316.4 305.9 43.2 ± 5.1 
5-HETE 40.6 45.1 38.7 ± 6.4 
SS, l 2S-di-HETE 17.0 18.1 15.l ± 6.2 
12-HETE 9.5 8.9 7.3 ± 2.1 
PGE2 0.05 0.06 0.09 ± 0.02 

• Results are expressed as ng/ I 06 cells. 

Table 3. Formation of lipoxygenase products and PGE2 in 
monocytes after stimulation ll'ith calcium ionophore A23187 in 

patients with GSD* 

Patient I Patient 2 
Controls 

(11 = 8) 

LTC4 

LTB4 

5-HETE 
5S, I 2S-di-HETE 
PGE2 

3.6 
335.1 

38.7 
27.9 

1.2 

• Results arc expressed as ng/ I 06 cells. 

4.5 
360.4 

40.6 
25.4 

1.3 

30.2 ± 3.3 
48.7 ± 4.5 
33.2 ± 8.9 
21.5 ± 4.0 

1.8 ± 0.4 

Table 4. Endogenous urinary LTE4 in patients ll'ith GSD 

Controls 
Patient I Patient 2 (11 = 8) 

L TE. (pmol/L) 5 8 265 ± 58 
L TE. (nmol/mol creatininc) 0.4 0.6 23 ± 6 

capacity to form [3H]L TC4 could be observed (9% of control 
values in patient 1 and 13% in patient 2). Analogous experiments 
performed in monocytcs confirmed the marked reduction in 
formation of [3H]LTC, which was found to be 12% and 143, 
respectively, in the patients with GSD compared with control 
values. 

Excretion of endogenous urinary LTE4. Urinary L TE4 levels 
of patients and controls are given in picomolcs per liter and 
nanomoles per mole crcatinine (Table 4). Both patients showed 
an abnormally low urinary L TE4 concentration, which was de
creased by a factor of 50 when compared with controls. 

DISCUSSION 

Our results demonstrate that L TC4 synthesis is severely de
creased in monocytes and neutrophils of patients with GSD. The 
in vivo production of L TC by L TC4 synthase seems to depend 
on appropriate levels of intracellular GSH serving as a substrate 
in this reaction. This hypothesis is supported by the finding that 
the synthesis of L TC by mouse peritoneal macrophages can be 
selectively inhibited by depiction of intracellular stores of GSH 
(22). It cannot be excluded, however, that the stability of L TC4 
synthase itself is affected if the levels of GSH fall below a critical 
limit. A similar mechanism where low levels of GSH might lead 
to secondary enzyme deficiencies has been described for eryth
rocyte glutathionc-S-transferase in patients with erythrocyte GSD 
(23 ). Furthermore, deficiency of fumarylacetoacctatc lyasc activ
ity was reported in the liver of a patient with GSD who died 
(24). 

Decreased in vitro L TC4 synthesis by stimulated neutrophils 
and monocytes in GSD were further confirmed by the failure of 
these cells to metabolize [3H]L T A4 into [3H]L TC. This finding 

supports previous studies performed in platelets of two siblings 
with GSD (20). 

GSH is also needed for the formation of PGE2, which regulates 
5-lipoxygenase and is used as an antiinflammatory compound 
(10). We therefore studied PGE2 synthesis in GSD. In contrast 
to L TC, PGE2 synthesis by blood cells was only slightly reduced 
in GSD. The mechanism by which PGE2 synthesis can be 
maintained in GSD requires further investigation. 

Formation of L TB4 was found to be highly increased in GSD. 
This finding reflects the block in the L TC formation from LT A4 
leading to an increased conversion of LT A4 to L TB4. However, 
even if this overflow mechanism resulted in higher L TB4 levels, 
other 5-lipoxygcnasc products (5-HETE) and products derived 
from the 12- and 15-lipoxygenase pathways (SS, l 2S-di-HETE, 
12-HETE, and 15-HETE) were not affected (Tables 2 and 3). 

Urinary L TE4 has been proposed and used as index metabolite 
for the systemic generation of cystcinyl LT in human beings (8, 
25 ). The low concentrations of urinary L TE4 in GSD (Table 4) 
reflect the fact that GSH deficiencv in GSD not onlv leads to 
deficient L TC4 synthesis in vitro but also to a genera
tion of cysteinyl LT in 1•ivo. 

Because LT may play a role as modulators of central nervous 
activity and neuroendocrine events (26, 27), a pathophysiological 
link between impaired LT synthesis and clinical symptoms in 
GSD seems likely. 

Recent studies have indicated that GSH esters arc transported 
into many cells and split intracellularly to release GSH (28, 29). 
Therefore, further insight into cellular linkage between LT syn
thesis and GSH might be achieved by administration of GSH 
esters in GSD. 
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