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We investigated the intracellular glutathione redox  status 
in isolated lymphocyte subpopulations and monocytes in 
patients with human immunodeficiency virus  type 1 (HIV-1) 
infection  and in healthy controls. CD4+ lymphocytes from 
HIV-l-infected  patients  were  primarily characterized by a 
substantial increase in oxidized glutathione levels and a con- 
siderable decrease in the  ratio of reduced to  total  glutathi- 
one, in most cases below 0.5 in patients  with symptomatic 
HIV-1 infection, rather than decreased levels of reduced glu- 
tathione. The increase in oxidized glutathione was strongly 
correlated with  low numbers  of CD4’ lymphocytes in periph- 
eral blood  and  impaired  stimulated interieukin-2 production 
and  proliferation  in peripheral blood mononuclear cells, 
which  is compatible with an  immunopathogenic role  for 
these  redox disturbances. The HIV-1 -infected patients  with 

NCREASED  OXIDATIVE  STRESS has been suggested 
to play  an important  pathogenic role  in  many  human 

diseases  including infection  with  human  immunodeficiency 
virus type I (HIV-l).’.’ Highly  reactive oxygen  species 
(ROS) are  formed  during a variety of biochemical reactions, 
and  this  steady-state formation of  pro-oxidants is normally 
balanced by a  similar  rate of their consumption by antioxi- 
dants.’ Oxidative  stress results from imbalance  between for- 
mation  and  neutralization of the  pro-oxidants.  Glutathione, 
a  cysteine-containing  tripeptide,  is  present  in eukaryotic  cells 
as  the dominant intracellular  thiol and represents the major 
intracellular  redox  buffering compound,3 is involved in recy- 
cling of other  antioxidants  (eg,  ascorbic acid),” plays a  role 
in a variety  of  reactions  such as synthesis of proteins and 
DNA precursors, and  acts as a cofactor for many  glycolytic 
enzymes.’ 

Several immune  functions with  relevance to  HIV- I infec- 
tion are  dependent  on  adequate intracellular glutathione lev- 
els,  eg,  lymphocyte activation by mitogens,’ natural  killer 
cell activation‘ and  T-lymphocyte-mediated cytotoxicity.’ 
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the  most advanced clinical  and immunologic disease were 
also characterized by an increase in levels of reduced gluta- 
thione in monocytes, suggesting that  the  glutathione redox 
cycle may  be differentially  regulated in CD4+ lymphocytes 
and  monocytes. We could not  confirm previous  reports sug- 
gesting cysteine deficiency as a major cause of  disturbed 
glutathione homeostasis during HIV-1 infection. The demon- 
strated  glutathione abnormalities  were  correlated with 
raised  serum levels of tumor necrosis factor a. These find- 
ings suggest that a therapeutical approach, which can re- 
store the  glutathione redox dysbalance in CD4+ lymphocytes 
and decrease the  inflammatory stress, may  be  worthwhile 
exploring in HIV-1  infection. 
6 1995 by The American  Society of Hematology. 

Moreover,  tumor necrosis factor a (TNFa)-stimulated  HIV- 
1 transcription in vitro  is enhanced  by depleting  intracellular 
levels of  reduced  glutathione.’ There is also  evidence  for 
abnormalities in glutathione  homeostasis in vivo  during 
HIV-1 infection. Glutathione deficiency  in HIV-1 -infected 
patients have  been  reported  in plasma,’ in lung  epithelial- 
lining fluid,” in peripheral  blood mononuclear  cells 
(PBMCs)’” and in CD4+ and CD8+ lymphocytes.”,” How- 
ever, the methods used in measuring intracellular glutathione 
levels  have  recently  been  questioned.I3 It has been  suggested 
that glutathione depletion in HIV-I infection is caused partly 
by decreased availability of cysteine that  is  rate  limiting in 
glutathione  although in one study glutathione 
depletion in serum was accompanied by normal cysteine 
levels.’” 

In the present  study we used  different  experimental  ap- 
proaches to further  analyze  glutathione  abnormalities and 
plasma  cysteine  redox status  in HIV-1-infected patients. 
First, as glutathione levels may  be differentially  regulated 
in different cell  types”,”  we analyzed glutathione levels in 
isolated lymphocyte  subpopulations  and  monocytes.  Second, 
because previous studies  have measured  only  reduced gluta- 
thione  levels  in these cell we attempted 
to assess redox status by measuring the ratio  between  re- 
duced  and total  intracellular  glutathione. Third,  the  determi- 
nation of redox thiol status in  plasma is  particularly challeng- 
ing  because redox conditions  change rapidly  (within 
seconds) after  blood  sampling.” Therefore,  we measured 
circulating thiol  levels by a novel procedure based on trap- 
ping thiols by collecting blood directly into  evacuated  tubes 
containing  thiol-reactive agents.*’ Finally, to further  eluci- 
date the  possible  significance of glutathione abnormalities  in 
HIV- 1 infection, the association  between these abnormalities 
and  important clinical and  immunologic characteristics in 
HIV- 1 -infected  patients was  evaluated. 

MATERIALS AND METHODS 

Patients and controls. Blood  samples  were  obtained  from  twenty 
two HIV- l -infected patients. All individuals  had  serum  antibodies 
to HIV-I in two  separate  serum  samples  as  determined by enzyme- 
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Table 1. Clinical and Immunologic Characteristics 
of the Study Group 

HIV-l-Infected 
Patients Controls 

Number 
Age  in years, median 

25th-75th percentiles 
Males/females 
CD4' lymphocytes (x106/L) 
CD8' lymphocytes (x106/L) 
CD19' lymphocytes (x1O6/L) 
Monocytes (x106/L) 
Serum levels of  TNFa (pg/mL) 

ranges 

22 
34 

30-54 
32-44 

18  (82%)/4  (18%) 
120* (55-295) 
620*  (440-810) 
185 (68-275) 
365t (280-435) 
29* (22-52) 

15 
35 

28-53 
31-43 

12 (80%)/3 (20%) 
550 (340-750) 
315  (260-350) 
150 (90-230) 
280 (240-350) 

8 (0-10) 
~ ~ ~ _ _ _ _ _ _ _ _  _____ 

Ten patients were classified as asymptomatic (CDC group A) and 
twelve as symptomatic (eight in CDC group B and four in CDC group 
C) HIV-l-infected patients. Data are given as medians and 25th-75th 
percentiles if not otherwise stated. 

~~ 

* P < ,001. 
t P < .05. 

linked immunosorbent assay and confirmed by Western blot. Patients 
were clinically classified according to the revised criteria from Cen- 
ters for Disease Control and Prevention (CDC).*' Some clinical and 
immunologic characteristics are given in Table 1. Patients with ongo- 
ing acute infection at the time of  blood collection (3 weeks before 
to 1 week after), intravenous drug users, patients abusing alcohol, 
patients in which antiretroviral therapy had  been initiated during the 
last 6 months and patients with levels of alanine aminotransferase 
>50 U/L or serum creatinine levels >l00 pmolL were not included 
in the study. Controls were fifteen sex- and age-matched healthy, 
volunteer HIV-I -seronegative blood donors (Table l ) .  The percent- 
age of smokers was equal in the two groups. Informed consent was 
obtained from all patients and controls. 

Blood sampling protocol. Blood samples were drawn between 
8 and 10 AM after an overnight fast. For serum sampling, sterile 
vacuum blood collection tubes without any additives were immedi- 
ately immersed in melting ice and were allowed to clot for less than 
1 hour before centrifugation at 400g for 10 minutes. For determina- 
tion  of various thiol components in plasma, blood was routinely 
collected into three evacuated tubes containing heparin as anticoagu- 
lant and either monobromobimane (mBrB; Molecular Probes, Eu- 
gene, OR) or N-ethylmaleimide (NEM; Sigma Chemical CO, St 
Louis, MO) as thiol-derivatizing reagent or no addition and placed 
in melting ice." The blood was centrifuged within 15 minutes at 
10,OOOg and  4°C for 5 minutes to obtain platelet-free plasma. To 
NEM- and mBrB-treated plasma, a solution of sulfosalicylic acid 
(final concentration of 5%; Merck AG, Darmstadt, Germany) con- 
taining dithioerythritol (DTE; final concentration of 50 ymol/L; 
Sigma) was added before storage at -70°C. 

Cell  separation. PBMCs were obtained from heparinized blood 
by Isopaque-Ficoll (Lymphoprep; Nycomed Pharma AS, Oslo, Nor- 
way) gradient centrifugation within 1 hour after blood sampling in 
twenty HIV-I -infected patients and all controls. Mononuclear cells 
were washed twice in Hanks' balanced salt solution (GIBCO, Pais- 
ley, UK) and  finally resuspended at a concentration of 15 x lo6 
PBMC/mL in phosphate-buffered saline (PBS) and 0.3% (final con- 
centration) bovine serum albumin (BSA; Calbiochem, La Jolla, CA). 
Further positive selection of cell subsets by monodisperse immuno- 
magnetic beads was done at  4°C as previously described.22,Z3 Briefly, 
PBMCs were mixed  with Dynabeads (Dynal, Oslo, Norway) coated 
with appropriate antibodies (anti-CD4, Dynabeads M-450 CD4; anti- 
CD8, Dynabeads M-450 CD8; anti-CD 14, Dynabeads M-450 CD 14; 

anti-CD19, Dynabeads M-450 Pan-B) in a cell-to-bead ratio of 1:lO. 
The concentration of the actual cell subset was determined by immu- 
nomagnetic q~antification?~ The mixture was incubated in a test 
tube on a rocking platform for 30 minutes and rosetting cells were 
isolated by application of a samarium cobalt magnet (Dynal) to  the 
side of the test tube. After five consecutive washes in cold PBSl 
0.3% BSA, the cell pellet was immediately stored in liquid nitrogen. 
The nonrosetting cells received a new  round  of treatment with appro- 
priate Dynabeads as described above. Thus, from the same portion of 
PBMC, CD14+,  CD19+, CD4', and  CD8' cells were consecutively 
isolated. 

The purity  of the obtained cell populations was greater than 98% 
as assessed by staining of cytospin preparations of positively selected 
cells by the alkaline phosphatase-antialkaline phosphatase proce- 
dure" using a panel of monoclonal antibodies (MoAbs): anti-CD3 
(clone SK 7; Becton Dickinson, San Jose, CA), anti-CD4 (clone SK 
3; Becton Dickinson), anti-CD8 (clone SK 1; Becton Dickinson), 
anti-CD19 (clone HD 37; Dakopatts, Glostrup, Denmark), anti-CD56 
(clone T 199; Dakopatts) and anti-CD14 (clone M4-P9; Becton 
Dickinson). 

Determination of cysteine and glutathione levels in plasma. As 
previously described,20 the amounts of reduced and oxidized thiols 
were obtained from blood collected into solutions containing mBrB 
and  NEM, respectively. The total amount of thiols (oxidized + 
reduced + protein-bound form) was assayed in nontreated plasma 
in which a solution of sulfosalicylic acid  (final concentration of 5%) 
containing DTE (final concentration of 50 pmolL) was added before 
thawing?' 

Determination of intracellular glutathione levels in different lym- 
phocyte subsets and monocytes. The isolated lymphocytes and 
monocytes were extracted with 0.3 mL ice-cold 5% sulfosalicylic 
acid containing 50 FmoVL DTE, and the precipitated protein and 
the immunomagnetic beads were immediately removed by centrifu- 
gation. Storing of cells with immunomagnetic beads did  not influence 
the intracellular glutathione levels (data not shown). Total free gluta- 
thione (reduced glutathione + glutathione disulfide + soluble gluta- 
thione mixed disulfide; for simplicity referred to  as total glutathione 
level  in  the text) and reduced glutathione were determined in the  acid 
extract according to a modification'"  of a chromatographic procedure 
described previously.'' The fraction of oxidized glutathione (gluta- 
thione disulfide + soluble glutathione mixed disulfide) was calcu- 
lated by subtracting the amount of reduced from  the  total amount 
of glutathione. 

Determination of glutamate and glutamine in serum. Glutamate 
(Glu) and glutamine (Gln) were determined in deproteinized serum 
by an assay based  on derivatization with o-phthaldialdehyde and 
fluorescence detection.26 

Interleukin-2 (IL-2) production and lymphocyte proliferation 
assays. PBMCs were cultured at 37°C in a humidified atmosphere 
containing 5% CO2 in triplicates with or without stimulants in flat- 
bottomed 96-well microtiter trays (Costar, Cambridge, UK) at a 
concentration of 10' cells/mL in  RPM1 1640 with 2 mmoVL  L- 
glutamine and 25 mmoVL HEPES buffer (GIBCO) supplemented 
with gentamicin (40 pg/mL) and 10% heat-inactivated pooled  human 
ABC serum. Stimulants were phytohaemagglutinin (PHA; Murex, 
Dartford, UK; final concentration, 1:5OO), staphylococcal enterotoxin 
B (SEB; Sigma; final concentration, 100 nglmL) and influenza virus 
NSingapore/6/86 (INF; a kind gift from The National Institute of 
Public Health, Oslo, Norway; final concentration, 1:1000). In cul- 
tures for IL-2 production, IL-2 consumption was blocked by addition 
of a mouse-antihuman IL-2-receptor antibody (final concentration 
of 5 pg/mL, anti-CD25 clone 3G10; Boehringer Mannheim, Bio- 
chemica, Mannheim, Germany)." Supernatants were procured after 
7 days of culture and stored at  -70°C. 

Lymphocyte proliferation was assessed by pulsing the cells with 
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I pCi of ['Hlthymidine 48 hours after seeding. Cultures were har- 
vested 16 hours later onto glass filter strips, using an automated 
multisample harvester (Skatron, Lier, Norway). [3H]thymidine incor- 
poration was determined by liquid scintillation counting. 

Cytokine  enzyme  immunoassays (EIAs). IL-2 and TNFa concen- 
trations were quantified by EIAs provided by Cayman Chemical 
(Ann Arbor, MI) (IL-2) and Medgenix (Fleurus, Belgium) (TNFa) 
according to the manufacturer's guidelines using microtiter wells 
coated with one (Cayman) or several (Medgenix) MoAbs against 
distinct epitopes of the actual cytokine. 

Determination of lymphocyte  subsets  and  monocytes in peripheral 
blood. The numbers of CD4', CDV, CD19' lymphocytes and 
CD14' monocytes were determined by immunomagnetic quantifica- 
tion, which  has  been shown to agree well with flow ~ytometry. '~ 

Statistical  analysis. For comparison of two groups of individu- 
als, the Mann-Whitney U test was used. When more than two groups 
were compared, the Kruskal-Wallis test was used as previously de- 
scribed.** Coefficients of correlation ( r )  were calculated by the 
Spearman rank test. The calculations were performed using the Sta- 
tistica (Statsoft, Tusla, OK) and SOLO  (BMDP Statistical Software, 
Los Angeles, CA) software packages. Data are given as medians 
and 25th to 75th percentiles if not otherwise stated. P values are 
two sided and considered significant when less than .05. 

RESULTS 

Intracellular glutathione levels in CD4+ lymphocytes. 
Several differences were shown when intracellular glutathi- 
one levels in CD4+ lymphocytes in healthy controls and in 
different clinical stages of HIV-l infection were compared 
(Fig 1).  First, there was a considerable increase in intracellu- 
lar levels of oxidized glutathione among HIV-1 seropositive 
patients with the highest levels in patients with symptomatic 
HIV-I infection (CDC group B and C had  an  -700% in- 
crease compared with controls). Second, the marked increase 
in oxidized glutathione levels accounted for an increase in 
total glutathione in CD4' lymphocytes from HIV-I seroposi- 
tive patients, and a significant decrease in the ratio of reduced 
to total glutathione, particularly among patients with symp- 
tomatic HIV-1 infection. All  but two of eight patients in 
CDC group B and C had a ratio of reduced to total glutathi- 
one below 0.55 compared with none among controls. Third, 
patients with symptomatic HIV- l infection had a decrease in 
intracellular levels of reduced glutathione (-30% decrease 
compared with controls), although the difference did  not 
reach statistical significance. 

Intracellular glutathione levels in other lymphocyte sub- 
sets und monocytes. In contrast with CD4+ lymphocytes, 
no significant differences were found in intracellular levels 
of either oxidized or total glutathione in CD8+ and CD19+ 
lymphocytes from HIV- I -infected patients and controls 
(Table 2). However, HIV- 1 seropositive patients exhibited 
a slight, but statistically significant increase in the ratio of 
reduced to total glutathione in these lymphocyte subsets re- 
flecting increased levels of reduced glutathione among HIV- 
l-infected patients (Table 2). There were no significant 
differences in these glutathione parameters between asymp- 
tomatic and symptomatic HIV- 1 seropositive patients (data 
not shown). 

Monocytes from patients with symptomatic HIV-1 infec- 
tion  had  significantly increased levels of both reduced and 
total glutathione as compared with  both healthy controls and 

asymptomatic HIV- 1 seropositive patients (Fig 2). Further- 
more, in HIV-1-infected patients there was a significant 
inverse correlation between reduced glutathione levels in 
CD4' lymphocytes and both total and reduced glutathione 
levels in monocytes ( r  = -.72, P < ,001; r = -.68, P < 
.001; respectively). 

Plasma  levels of glutathione and cysteine. As illustrated 
in Table 3, plasma levels of total as well as oxidized glutathi- 
one were decreased in HIV-1 seropositive patients compared 
with  healthy controls (-20%  and  30% decrease, respec- 
tively), although only the difference in oxidized glutathione 
levels reached statistical significance. 

Except for a slight but statistically significant decrease 
(= 10%) in oxidized cysteine levels, we could not  show  any 
significant decrease in cysteine species in plasma among 
HIV-1 seropositive patients compared with healthy controls 
(Table 3). Furthermore, in these patients, no significant cor- 
relations were found between any of the circulating cysteine 
parameters and the intracellular glutathione species (data not 
shown). 

There were no significant differences in plasma levels of 
the glutathione and cysteine species between asymptomatic 
and symptomatic HIV- 1 -infected patients (data not shown). 

Serum levels of glutamate. Hyperglutamataemia has 
been suggested to be related to the glutathione redox distur- 
bances during HIV-1 i n f e c t i ~ n , ~ ~  and, therefore, we mea- 
sured serum levels of Glu in all patients and controls. Be- 
cause interconversion of Gln to Glu  may occur ex vivo, the 
data for serum levels of Gln and Glu + Gln are also given.3" 
There were no significant differences in these parameters 
either between HIV-1 seropositive patients and  healthy con- 
trols (Table 3) or between asymptomatic and symptomatic 
HIV- 1 -infected patients (data not shown). 

Glutathione parameters in HIV-l -infected patients in re- 
lation to lymphocyte subsets and monocyte counts in periph- 
eral blood. In the present study, a low number of CD4' 
lymphocytes in peripheral blood  was significantly correlated 
with an increased level of oxidized glutathione in this lym- 
phocyte subpopulation, and as  can be seen in  Fig 3, this 
correlation was particularly striking among symptomatic 
HIV-l seropositive patients (Fig 3). Also, a decrease in the 
ratio of reduced to total glutathione ( r  = .73, P < ,001) and 
an increase in total glutathione levels ( r  = -.60, P < .01) 
in CD4' lymphocytes were significantly correlated with  low 
numbers of CD4' lymphocytes. In contrast, depletion of 
reduced glutathione levels in CD4' lymphocytes found 
among symptomatic HIV-1-infected patients (Fig l )  was 
not  significantly correlated with decreased CD4+ lymphocyte 
counts (data not shown). In fact, in monocytes, elevated 
levels of both reduced (Fig 3)  and total glutathione ( r  = 
-.49, P < .05) was correlated with  low numbers of CD4' 
lymphocytes (Fig 3). No significant correlation was found 
between oxidized glutathione levels in monocytes and CD4' 
lymphocyte counts (data not shown). 

Plasma levels of total glutathione, but not plasma levels 
of oxidized glutathione nor  any of the measured cysteine 
species (data not shown), were significantly correlated with 
numbers of CD4' lymphocytes ( r  = .58, P < .01). Although 
neither the HIV-1 seropositive group as a whole, nor  any 
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Fig 1. Intracellular glutathi- 
one levels in isolated CD4+ lym- 
phocytes in l 0  patients with 
asymptomatic HIV-1 infection 
ICDC  group A), 8 with symp- 
tomatic HIV-l infection ICDC 
groups B and  C) and 15 healthy 
controls. (A) Total glutathione lev- 
els IP = .OS, Kruskal-Wallis test). 
(B) Reduced  glutathione levels I f  
= .Os, Kruskal-Wallis  test).  IC) Ra- 
tio of reduced to total glutathi- 
one. ID) Oxidized  glutathione lev- 
els. 

L 
controls  asymptomatic  symptomatic 

.. 

- 
.I - .. .. .. ... 

contrds asymptomatic  symptomatic 

p<o.001 D p<o.001 
r 1 l I 

p<0.005 - - pco.01 .. .. 

.. I I  
.H. 

controls  asymptomatic  symptomatic  cohtrols  asymptomatic  symptomatic 

of the two clinical subgroups of patients had significantly 
increased serum levels of glutamate compared with controls, 
there was a significant inverse correlation between glutamate 
levels and CD4+ lymphocyte counts in the patient group ( r  

Thus, HIV-1 seropositive patients with the most pro- 
nounced immunodeficiency were primarily characterized by 
a marked increase in oxidized glutathione levels in CD4+ 
lymphocytes, severely decreased ratio of reduced to total 
glutathione in these cells, and in addition, elevated levels of 
reduced and total glutathione in monocytes and decreased 
total glutathione levels in plasma. 

Also for CD8+ lymphocytes, but not for CD19' Iympho- 

= -.44, P < .05). 

cytes and monocytes, we found a significant inverse correla- 
tion between intracellular oxidized glutathione levels and 
circulating numbers of the same cellular subset in peripheral 

Cellular glutathione levels in HIV-I -infected patients in 
relation to serum levels of TNFa. HIV-1 infection is asso- 
ciated with a chronic immune activation,'* which, in the 
present study, was reflected by raised serum levels of TNFa 
among HW-1 seropositive patients (Table 1). The raised 
TNFa levels were significantly correlated with elevated lev- 
els of oxidized glutathione in CD4+ lymphocytes, and as can 
be seen in Fig 4, this correlation was particularly striking in 
the asymptomatic HIV-1 seropositive patients. Raised serum 

blood (R = -.57, P < .Ol). 
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Table 2. Intracellular Glutathione Parameters in CD8+ and CD19+ 
Lymphocytes Among HIV-l-Infected Patients and Controls 

HIV-l-Infected 
Patients  Controls 
(n  = 20) i n  = 151 

CD8' lymphocytes 
Reduced  glutathione 

(nmol/106  cells) 
Total  glutathione 

(nmol/1O6 cells) 
Oxidized  glutathione 

(nmol/106  cells) 
Ratio of reduced  to  total 

glutathione 
CD19' lymphocytes 

Reduced  glutathione 
(nmol/1O6 cells) 

Total  glutathione 
(nmol/1O6 cells) 

Oxidized  glutathione 
(nmol/106  cells) 

Ratio of reduced to total 
glutathione 

0.91 (0.71-1.07) 

1.06 (0.92-1.45) 

0.15 (0.08-0.32) 

0.87' (0.76-0.92) 

1.05' (0.75-1.38) 

1.13 (0.77-1.45) 

0.08 (0.00-0.12) 

0.98* (0.91-1.00) 

0.76 (0.61-0.94) 

0.97 (0.85-1.31 l 

0.21 (0.19-0.32) 

0.76  (0.70-0.79) 

0.76  (0:58-0.92) 

0.87 (0.71-0.97) 

0.11 (0.06-0.19) 

0.90 (0.80-0.94) 

Data are  given as medians  and  25th-75th  percentiles. 
* P < .02 compared with controls. 

levels of TNFa were also significantly correlated with de- 
creased ratio of reduced to total glutathione in CD4+ lympho- 
cytes ( r  = -.60, P < .01). Moreover, in patients with symp- 
tomatic HIV-1 infection, elevated TNFa levels were 
correlated with decreased levels of reduced glutathione in 
CD4+ lymphocytes, although this correlation did not reach 
statistical significance ( r  = -.69, P = .05). 

Cellular glutathione levels among HIV-I -infected pa- 
tients in relation to stimulated IL-2 production  and  lympho- 
cyte  proliferation. To elucidate the relationships between 

A ~0.05 
l I 

A 

.. in[ ... 
.. ... 

controls  asymptomatic  symptomatic 
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Table 3. Plasma  Levels  of Glutathione and Cysteine and Serum 
Levels of Glsltamate and Glutamine in HIV-1 -Infected 

Patients and  Controls 

HIV-l-Infected 
Patients  Controls 
(n = 22) (n = 15) 

Glutathione  (pnol/L) 
Total 4.69 (3.7-6.3) 6.0  (4.6-7.8) 
Oxidized 2.1* (1.8-2.8) 3.1 (2.5-3.3) 

Total 292.2 (266.5-319.3) 318.1 (289.2-337.2) 
Oxidized 113.lt (96.9-128.8) 124.9 (115.6-149.5) 
Reduced 11.0 (8.3-13.3) 10.9 (8.3-1 1.6) 
Protein-bound 168.1 (142.2-208.4) 182.3 (138.0-197.8) 

Glutamate  (pnol/L) 55.7 (38.0-84.5) 67.7  (46.6-86.7) 
Glutamine  (pmol/L) 453.0 (425.7-533.2) 479.0 (445.7-542.7) 
Glutamate + glutamine 517.7 (474.9-581.0) 544.0 (532.9-609.1) 

The protein-bound  fraction  of  cysteine  was  calculated  by  sub- 
tracting  the  quantities  of  the  reduced  and  oxidized  cysteine  form  from 
the  total  amount.  Data  are  given as medians  and  25th-75th  percen- 
tiles. 

Cysteine  (pmol/l) 

* P < ,001 compared  with  controls. 
t P < .05 compared  with  controls. 

cellular redox status and IL-2 production and proliferative 
response in  PBMC, cells from the same samples as used  in 
glutathione analyses were activated by PHA, SEB, and INF 
in 16 patients and 11 controls to simultaneously determine 
IL-2 production in cell supernatants and DNA incorporation 
of [3H]thymidine. Although the differences obtained with 
PHA did not reach statistical significance, stimulated IL-2 
production and lymphocyte proliferation were decreased in 
HIV-1 seropositive patients compared with healthy controls 
with all stimuli (data not shown). Both INF- and SEB-stimu- 
lated, but not PHA-stimulated IL-2 production, were signifi- 
cantly inversely correlated with oxidized glutathione levels 

3 p<0.05 
I l 

I pco.001 , 

mntmls asymptomatic  symptomatic 

- 8.0 

U 
8 
_m 
U Fig 2. Intracellular glutathi- 

one levels in isolated monocytes 

atic HIV-l infection lCDC group 
A),  10 with symptomatic HIV-1 
infection (CDC group B and C) 
and 15 healthy controls. (A) To- 

duced glutathione levels. 

- 2.0 in 10 patients with arymptom- 

- 0  tal glutathione levels. (B) Re- 
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6 1  
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5 -  
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1 -  

r= -0.72, p<O.OOl 

I - 0  

E -0.52, p<0.03 

Fig 3. Correlations in HIV-1 seropositive patients (asymptomatic  are  represented with open  symbols and symptomatic patients with closed 
symbols) between numbers of CD4+ lymphocytes in peripheral blood and (A) intracelluler levels of oxidized glutathione in CD4+ lymphocytes 
(n = 18). (B) intracellular levels of reduced glutathione in monocytes (n = 20). Oxidized glutathione levels in CD4+ lymphocytes  were significantly 
inversely correlated with numbers  of CD4+ lymphocytes in symptomatic (r = -.go, P < .001), but  not asymptomatic patients ( r  = -.30, P > 
.05). The inverse correlation belween reduced glutathione levels in monocytes  and CD4+ lymphocyte counts did not reach statistical significance 
within these two separate  subgroups of patients (data not shown). 

in  CD4+ lymphocytes ( r  = - 6 0 ,  P < .03 and r = -.70, P < 
.005; SEB and INF, respectively) and significantly positively 
correlated with ratio of reduced to total glutathione in these 
cells ( r  = S O ,  P < .05 and r = .65, P < .01; SEB and INF, 
respectively). Furthermore, we found that HIV-1 -infected 
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Fig 4. Correlation in 18 HN-1 seropositive patients (asymptomatic 
are  represented with open symbols and symptomatic patients with 
closed  symbols) between intraceiluler levels of oxidized glutathione 
in CD4+ lymphocytes and serum  levels of TNFa. Correiations within 
the two clinical subgroups of patients were r = .92, P < .001 and r 
= .40, P > .05 for asymptomatic and symptomatic patients,  respec- 
tively. 

patients with the most impaired lymphocyte proliferation 
response had significantly higher oxidized glutathione levels 
and significantly lower ratio of reduced to total glutathione 
in CD4+ lymphocytes than other HIV- 1 seropositive patients 
(Fig 5). 

DISCUSSION 

Decreased levels of reduced glutathione in PBMC, CD4+, 
and CD8+ lymphocytes have previously been reported dur- 
ing H I V - 1  infection and has been interpreted as reflecting a 
disturbed intracellular redox status.""*  In  a recent review 
article it was hypothesized without basis in published data, 
that the decrease in reduced glutathione in HIV- 1 -infected 
patients is accompanied by  a decrease in intracellular levels 
of oxidized gl~tathione.~' However, the present study repre- 
sents the first report determining glutathione redox balance 
in lymphocyte subpopulations and monocytes in HIV-1- 
infected patients by measuring intracellular levels of both 
reduced and total glutathione. We  show that CD4+ lympho- 
cytes from these patients appear to be characterized by a 
substantial increase in oxidized glutathione and a consider- 
able decrease in the ratio of reduced to total glutathione 
rather than decreased levels of reduced glutathione. This 
increase in oxidized glutathione was strongly correlated with 
low numbers of CD4+ lymphocytes in peripheral blood and 
a number of other important immunologic features of HIV- 1 
infection suggesting a possible important immunopathogenic 
role for these redox disturbances. 

The present study indicates that important issues may be 
overlooked when intracellular glutathione levels are ana- 
lyzed in mixed cell populations (eg, PBMCs). Although 
symptomatic HIV-1 -infected patients tended to have de- 
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Intracellular  levels of oxidized  glutathione in CD4+ Ivmpho- 
cytei in two defined  groups  of  HIV-1  -infected  patients.  Group A (n 
= 9): Impaired  lymphocyte  proliferation  response (150% decrease 
compared with controls)  only  when  stimulated with INF.  Group B (n 
= 7): Impaired  lymphocyte  proliferation  response  when  stimulated 
with INF and at least  one of the other two stimuli  used (SEB and 
PHA).  Asymptomatic  are  represented with open  and  symptomatic 
patients with closed  symbols.  Patients  in  group B also had  signifi- 
cantly  decreased  ratio  of  reduced to total glutathione  in CD4+ lym- 
phocytes  compared with patients  in  group  A  (0.32  10.28 - 0.481  com- 
pared with 0.74  10.61 - 0.791, P < .03). 

creased intracellular levels of reduced glutathione in  CD4' 
lymphocytes, there was an increase in this glutathione spe- 
cies in monocytes from these patients. Such an increase have 
previously been reported in some HIV-l-infected individu- 
als."  We found that HIV-l seropositive patients with the 
most pronounced immunodeficiency and most advanced 
clinical disease had increased levels of oxidized glutathione 
in CD4' lymphocytes, but they also exhibited the highest 
levels of total and reduced glutathione in monocytes sug- 
gesting an immunopathogenic role for the increased glutathi- 
one levels in these cells. Furthermore, these findings suggest 
that glutathione redox cycle may be differentially regulated 
in CD4+ lymphocytes and monocytes. 

Staal et al"*'2 have previously reported significantly de- 
creased levels of reduced glutathione in both CD4+ and 
CD8+ lymphocytes from asymptomatic as well as symptom- 
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atic HIV- 1 -infected patients. This may  seem to be in some 
conflict with our results. These discrepancies may  be related 
to methodological differences; Staal et a1 measured cellular 
levels of reduced glutathione using monochlorobimane label- 
ing  and  flow cytometry, and technical flaws  when  using this 
method for quantitive determination of reduced glutathione 
in  PBMC have recently been described." 

The  most striking finding  in  the  present  study  was  the 
markedly increased levels of oxidized glutathione in  CD4' 
lymphocytes in patients with HIV-1 infection. In  mammalian 
cells, only a small fraction of total glutathione exists in the 
oxidized form.' The marked increase in oxidized glutathione 
levels in CD4' lymphocytes during HIV-1 infection indi- 
cates increased oxidative stress in these cells. Although intra- 
cellular depletion of reduced glutathione levels is the pre- 
dominant response to acute increase in ROS generation, 
chronic inflammatory stress including enhanced ROS pro- 
duction may result in elevation of total glutathione and a 
persistent and considerable elevation of oxidized glutathione 
levels as the major characteristics. In both cases there is a 
decrease in the ratio of reduced to total g l ~ t a t h i o n e . ' ~ , ~ ~ . ~ ~  
Thus, increased intracellular levels of oxidized glutathione 
or a decrease in the ratio of reduced to total glutathione seem 
to be better indicators of chronically enhanced oxidative 
stress than depletion of reduced intracellular glutathione.'7.12 
In the present study  the  majority of patients with symptom- 
atic HIV-l infection had a ratio of reduced to total glutathi- 
one in  CD4' lymphocytes below 0.5, and this has to  our 
knowledge not  been reported in lymphocyte subpopulations 
in  any human disease. 

The considerable intracellular accumulation of oxidized 
glutathione in  CD4' lymphocytes during HIV-l infection 
most  probably reflects increased generation of this glutathi- 
one species. The significant positive correlation shown be- 
tween serum levels of TNFa and concentrations of oxidized 
glutathione in  CD4' lymphocytes suggests that increased 
inflammatory stress, which, in turn, may result in increased 
ROS generation,2 is a major pathogenic factor in the induc- 
tion of disturbed glutathione redox cycle in CD4' lympho- 
cytes during HIV-1 infection. Indeed, TNFa stimulation both 
in vitro and  in  vivo has been shown to increase oxidized 
glutathione  level^.'^^'^ 

In addition to increased generation, impaired reduction of 
oxidized glutathione or impairment of the plasma membrane 
Ca2+-dependent adenosine triphosphatase, which actively se- 
cretes oxidized glutathione from cells,36 may also be  in- 
volved  in the mechanisms causing accumulation of oxidized 
glutathione. A recent study in a chronically HIV- 1 -infected 
T-cell line,37 could not  show  any impairment in the glutathi- 
one reductase activity, which is responsible for the regenera- 
tion  of reduced glutathione.3 However, the glutathione reduc- 
tase reaction is dependent on reduced nicotinamide adenine 
dinucleotide phosphate (NADPH), and TNFa or other proin- 
flammatory mediators that enhance ROS formation, may 
consume NADPH and thereby indirectly interfere with gluta- 
thione reductase function.2 In addition, glutathione trans- 
hydrogenases participating in regeneration of reduced from 
oxidized gl~tathione,3*.~~ may  not function properly, as sug- 
gested by the observed downregulation of thioredoxin levels 
during HIV-l infe~tion.~' 
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Cysteine availability is rate limiting for glutathione syn- 
thesis, and lymphocytes depend on extracellular cysteine 
concentrations for glutathione ~ynthesis.~. '~ It has been sug- 
gested that decreased plasma levels of cysteine may  play  an 
important role in the immunopathogenesis of HIV infec- 
tion.1°.15 However, we could not confirm published data indi- 
cating a marked decrease in circulating levels of reduced and 
oxidized cysteine levels during HIV- 1 infe~tion.'~~'~~'~~~'~~' 
Furthermore, in contrast with a previous we could 
not find  any significant correlation between plasma levels of 
oxidized cysteine and CD4+ lymphocyte counts in peripheral 
blood or any of the other investigated immunologic parame- 
ters among HIV-1 -infected patients. These discrepancies 
may well be related to different procedures for blood collec- 
tion and processing. A period of 2.5 minutes is sufficient 
for oxidation of a substantial fraction of glutathione," and 
cysteine may  be oxidized even more ra~idly.4~ In the two 
studies showing decreased plasma levels of reduced cysteine 
during HIV infection, the time between blood collection and 
thiol derivatization or addition of acid to  blood samples was 
greater than 2 minutes14 and greater than 90 min," respec- 
tively. In the present study, plasma cysteine was immediately 
derivatized during blood collection and essentially no oxida- 
tion could take place." Furthermore, we found that protein- 
bound cysteine is the predominant form of this thiol  in 
plasma with only =40% being in the free form. Thus, the 
results from previous studies only reporting plasma levels of 
free cysteine  specie^,'^^'^^^'^^' will not  reflect the total cysteine 
status in plasma. In addition, by forming mixed disulfides 
with  proteins," this free cysteine fraction will further de- 
crease ex vivo if the thiol compounds are not derivatized 
during blood colle~tion. '~ Finally, it is quite conceivable that 
the degree and rate of thiol oxidation ex vivo and total free- 
to-protein-bound-thiol ratio may be altered by disease activ- 
ity during HIV-l infection, further complicating the interpre- 
tation of data in previous studies comparing cysteine levels 
in HIV-infected patients with levels in healthy controls. 

In accordance with a recent study reporting normal Glu 
+ Gln levels in HIV-l-infected patients,"' we could not 
confirm previous reports on markedly elevated serum Glu 
levels during HIV- 1 infection, although in these studies there 
was  no information on Gln or Gln + Glu  level^.'^^^' Never- 
theless, we found a significant inverse correlation between 
serum Glu levels and CD4+ lymphocyte counts among HIV- 
1 -infected patients, and a possible role for hyperglutamatae- 
mia during HIV-1 infection cannot be excluded. 

Increased levels of oxidized glutathione may result in im- 
munologic dysfunction either as a direct effect of increased 
oxidized glutathione  level^^'.^ or indirectly through redox 
 disturbance^.^^ Altered intracellular redox status may impair 
functions of several important intracellular enzymes39 and 
cofactors,4' influence other intracellular redox systems,39 and 
alter protein folding and microtubule assembly.46 With re- 
spect to HIV-1 infection, several of these disturbances may 
be  of particular importance. Apoptosis has been suggested 
to play  an important immunopathogenic role in HIV-1 infec- 
t i ~ n , ' , ~ ~  and notably, the intracellular increase in oxidized 
glutathione may activate redox sensitive transcriptional fac- 
tors that may mediate such an activation-induced cell death.48 

The TNFa activation shown in these patients may further 
enhance the apoptotic process.' Although initially reported 
only in CD4+ lymphocytes, abnormal apoptosis during HIV- 
1 infection seems also to involve CD8+  lymphocyte^.^^ It 
may be relevant that  we found the circulating number of 
CD8+ lymphocytes, but not of monocytes and CD19' lym- 
phocytes, to be inversely correlated to the intracellular con- 
tent of oxidized glutathione of the corresponding cellular 
subset. Furthermore, while physiologic concentrations of 
H202 may activate transcriptional factors in lymphocytes 
inducing enhanced IL-2 production and pr~liferation,"~ un- 
physiologically increased intracellular ROS levels and high 
levels of oxidized glutathione, may impair these functions 
both by inhibiting N F K B ~ '  and NFATSo  DNA binding and 
by inhibiting intracellular processes upstream of activation 
of transcriptional factors, eg, regulation of protein-tyrosine 
kinase/protein-tyrosine phosphatase a~tivity.~'~'~~' '  Finally, 
whereas increased oxidative stress may impair 1L-2 produc- 
tion and lymphocyte proliferation, oxidant induced glutathi- 
one redox disturbances seem to strongly increase the cellular 
response to TNFa," possibly leading to enhanced HIV-1 
replication in HIV- 1 -infected patients.'" 

In conclusion, our study shows a considerable increase in 
oxidized glutathione in CD4+ lymphocytes and a markedly 
disturbed intracellular redox balance in these cells, as the 
most significant disturbance in glutathione homeostasis dur- 
ing HIV-1 infection. However, we could not  confirm previ- 
ous reports of cysteine deficiency in HIV-1 -infected pa- 
tients. The markedly impaired glutathione redox status in 
CD4+ lymphocytes was correlated with several parameters 
reflecting  key immunologic dysfunctions. Therefore, we be- 
lieve that restoration of glutathione redox balance in CD4+ 
lymphocytes may be a therapeutic goal in HIV-1 -infected 
patients using glutathione replenishing agents such as N- 
acetylcysteine. The results of the present study also suggest 
that therapeutic modalities that decrease the inflammatory 
stress, particularly the activation of the TNF system, could 
be important in modulation of intracellular glutathione redox 
balance during HIV-1 infection. 
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