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ABSTRACT Glutathione metabolism during infection has been poorly documented. Glutathione concentrations
and synthesis rates were studied in infected rats (2 d after infection) and in pair-fed controls. Glutathione synthesis
rates were determined in liver, spleen, lung, small and large intestine, skeletal muscle, heart and blood by a 4-h or
6-h 15N cysteine infusion. The activities of four hepatic enzymes involved in glutathione metabolism were also
determined. Glutathione synthesis rates were significantly greater in liver (1465%), spleen (1388%), large intestine
(1109%), lung (1100%), muscle (191%) and heart (180%) of infected rats compared with pair-fed controls.
Glutathione concentrations were also greater in these tissues but were unaffected in small intestine and lower in
blood. In keeping with the stimulation of liver glutathione synthesis, the activities of liver g-glutamyl-cysteine
synthetase and glutathione reductase were significantly greater in liver of infected rats than of pair-fed rats. From
the present study, we estimate that glutathione synthesis accounts for at least 40% of the enhanced cysteine
utilization during infection. This increased utilization may be the primary cause of an enhanced cysteine require-
ment in infection. J. Nutr. 130: 1239–1246, 2000.
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Reduced glutathione (L-g-glutamyl-L-cysteinyl-glycine,
GSH)4 is a tripeptide that is present in nearly all animal cells
and is the predominant intracellular low-molecular-weight
thiol compound. GSH has many important roles in the cell
(Beutler 1989, Deneke et al. 1985). It is involved in DNA and
protein synthesis (Kan et al. 1988, Suthanthiran et al. 1990)
and the synthesis of leukotrienes, which are important medi-
ators of inflammation (Rouzer et al. 1982). GSH also main-
tains the reduced state of the sulfhydryl groups of many pro-
teins, which is required for their normal function (Gérard-
Monnier and Chaudière 1996). It acts as a cysteine reserve
during food deprivation (Cho et al. 1981) and is a major
source of cysteine for lymphocytes. Indeed, the normal activity
of lymphocytes is dependent on cellular availability of this
sulfur amino acid (Dröge et al. 1986). GSH is also very
important in the protection of cells against toxic insult (Beut-
ler 1989, Deneke et al. 1985). It participates in the detoxifi-
cation of electrophilic metabolites of xenobiotics and is a very
efficient free radical scavenger, protecting cells from the toxic
effects of reactive oxygen compounds (Beutler 1989). During

injury, oxidative stress is increased (Fagan et al. 1996, Peralta
et al. 1993). This stress is of prime importance for the organ-
ism’s defense but may have deleterious effects on tissues if it is
not tightly controlled by antioxidants. This can be seen very
clearly in GSH-depleted rats where hyperoxia induces an
increased mortality rate (Deneke et al. 1985).

GSH is synthesized by nearly all organs and tissue beds in a
two-step metabolic pathway. The first step, conversion of
glutamic acid and cysteine in g-glutamyl-cysteine, is catalyzed
by the enzyme g-glutamyl-cysteine synthetase. This step is
rate-limiting and is feed-back inhibited by GSH. The second
step is the conversion of g-glutamyl-cysteine to GSH. Numer-
ous other enzymes participate in GSH metabolism. Glutathi-
one peroxidase catalyzes the formation of oxidized glutathione
(GSSG) during the reduction of hydroperoxides. GSH can be
regenerated from GSSG by GSSG reductase. During the de-
toxification processes, toxic compounds are attached to GSH
by glutathione transferase. This is followed by further reactions
which result in a net loss of glutathione. The glutathione
status of cells is therefore dependent on the relative activity of
these reactions. Indeed, increased activity of enzymes involved
in GSH synthesis and of GSH reduction can lead to an
increased GSH concentration. Conversely, increased activity
of GSH peroxidase and GSH transferase decreases GSH con-
centration.

The glutathione level is altered in many inflammatory
conditions. A fall in GSH concentration has been reported in
human diseases such as HIV infection and trauma (Luo et al.
1998, Staal et al. 1992). In animal models, during the initial
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phase of septic shock (during the first hours after infection),
tissue GSH concentrations are decreased whereas GSSG con-
centrations are increased (Ikegami et al. 1994, Keller et al.
1985). In contrast, during the first days following infection,
tissue glutathione levels are elevated in treated animals com-
pared with controls (Hunter and Grimble 1997, Malmezat et
al. 1998). However, in the later stages of infection, depletion
of tissue GSH levels occurs (Breuillé et al. 1994a, Colomb et
al. 1995).

Variations in glutathione levels during oxidative conditions
may result from modification in synthesis and/or loss. To
determine the relative importance of these two potential
mechanisms, it is necessary to measure glutathione kinetics in
vivo. However, mechanisms responsible for maintenance of
GSH homeostasis in different tissues are poorly documented,
especially in pathological conditions. The aim of this study
was to measure glutathione concentrations, glutathione syn-
thesis rates and the activities of several enzymes involved in
glutathione metabolism in various tissues of infected rats.
Infection induces a strong anorexia. Because glutathione con-
centrations are decreased by food deprivation (Hunter and
Grimble 1997, Jahoor et al. 1995), pair-fed rats were used as
controls.

MATERIALS AND METHODS

Animals and experimental design. Male Sprague-Dawley rats
(Iffa-Credo, Lyon, France), 270–280 g body weight, were individually
housed in wire-bottom cages and consumed ad libitum a semisyn-
thetic diet containing 12 g protein/100 g diet (Malmezat et al. 1998).
After an acclimation period of 5 d, rats in the post-absorptive state
were anesthetized with ketamine (50 mg/kg; Imalgene®, Rhône
Mérieux, Lyon, France) and acepromazine (2.5 mg/kg; Vetranquil®,
Sanofi, Libourne, France). Using sterile techniques, silicone catheter
(Silastic tubing; Sigma Medical, Nanterre, France) was inserted into
the right jugular vein and flushed with heparinized normal saline. The
free-end of the catheter was tunnelled subcutaneously and exterior-
ized dorsally on the head, through a flexible spring secured to the top
of the head with dental cement. The infusion line passed through the
spring and was connected to a swivel suspended from the top of the
cage, which allowed free movement of the rat. During a 10-d recovery
period, rats were continuously infused with saline at 0.1 mL/h. An-
imals grew ;6 g/d during the recovery period.

The rats were then injected via a tail vein, with either live
Escherichia coli (6.6 3 108 bacteria per rat, infected group, n 5 13) or
saline (control group, n 5 8) as described previously (Malmezat et al.
1998). Since infection induces a strong anorexia, control rats were
pair-fed the mean intake of the infected rats.

Forty-eight hours after injection of bacteria or saline, food was
withdrawn. A primed-continuous infusion of 15N cysteine (Cam-
bridge Isotope Laboratories, Andover, MA) into the jugular vein was
started. The priming dose was 1.5 mmol/100 g, and the isotope was
continuously infused at 2.4 mmol/(100 g z h), for 4 h in five infected
rats (Group 1) and for 6 h in eight infected rats (Group 2). Blood
samples were taken from a tail vein at 30 min, 1, 2 and 4 h after the
beginning of the infusion in Group 1, and 5 h and 5.5 h after the
beginning of the infusion in Group 2. Pair-fed rats were fed a priming
dose of 1.1 mmol/100 g and 6 h infusion of 15N cysteine at a rate of
1.8 mmol/(100 g z h). Different priming dose and infusion rates were
used in pair-fed rats and in infected rats to obtain the same cysteine
enrichment in free amino acid pool in both groups. Blood samples
were taken from a tail vein 5 h and 5.5 h after the start of the
infusion. At the end of the infusion, rats were anesthesized (pento-
barbital, 60 mg/kg). Blood was withdrawn from the vena cava, and
liver, spleen, lungs, heart, small and large intestine and muscles from
the hind leg were rapidly excised. Liver, spleen, heart and digestive
tract were flushed and all tissues frozen in liquid nitrogen and kept at
280°C until analysis.

The protocol was approved by the Ethics Committee of the

Institute and conducted in conformity with the guiding principles in
the care and use of laboratory animals.

Analytical procedures. Tissues were finely pulverized in liquid
nitrogen in a ball mill (Dangoumeau; Prolabo, Paris, France). An
aliquot of frozen powder was homogenized by sonication in 0.2 mol/L
perchloric acid containing 5 mmol/L EDTA. The homogenate was
then centrifuged (20 min, 8000 3 g), and the supernatant assayed for
glutathione content, using a standard enzymatic recycling procedure
as described previously (Malmezat et al. 1998). Blood glutathione has
been measured by the same method on 10% (v/v) hemolysates
prepared in water.

For enzymatic activity measurements in liver, frozen powders were
homogenized in phosphate buffer (phosphate 75 mmol/L, dithiotrei-
tol 2 mmol/L, sucrose 0.3 mol/L). Homogenates were centrifuged (1
h, 100,000 3 g), and enzymatic activities were measured in the
supernatants. Glutathione reductase (EC 1.6.4.2) was measured in
the presence of GSSG by following the oxidation of NADPH at 340
nm (Carlberg and Mannervik 1975). Glutathione peroxidase (EC
1.11.1.9) was measured in the presence of GSH and H2O2 by follow-
ing the disappearance of NADPH at 340 nm (Paglia and Valentine
1967). The activity of g-glutamyl-cysteine synthetase (EC 6.3.2.2)
was measured by the coupled enzyme assay of Seelig and Meister
(1985), using pyruvate kinase and lactate dehydrogenase. Glutathi-
one S-transferase (EC 2.5.1.18) was measured in the presence of GSH
and 1-chloro-2,4-dinitrobenzene (CDNB) by following the formation
of GSH-CDNB at 340 nm (Habig et al. 1974). Liver protein con-
centration was determined using the bicinchoninic acid procedure
(Pierce Chemical Co., Rockford, IL) (Smith et al. 1985).

Determination of free and glutathione-bound 15N cysteine en-
richment. Free and glutathione-bound 15N cysteine enrichments
were measured on their N,S ethoxyl carbonyl methyl esters, using a
method adapted from Kataoka et al. (1995). An aliquot of plasma or
blood was diluted (1/2) in a 0.2 mol/L phosphate buffer (EDTA 5
mmol/L, dithiotreitol 80 mmol/L, pH 8.5). Aliquots of powdered
frozen tissues were homogenized by sonication in the same phosphate
buffer. The mixture was left at room temperature for 15 min and then
the pH was adjusted to between 7 and 8. The N,S-ethoxycarbonyl
methyl esters of cysteine and glutathione were prepared as follows.
Ethyl chloroformate (0.1 mL) (Acros Organics, Geel, Belgium) was
added to the sample and mixed by rotation at 100 rpm for 15 min at
room temperature (tube rotator; Poly Labo, Strasbourg, France). The
reaction mixture was then acidified to pH 1–2 with 2 mol/L HCl,
saturated with NaCl and extracted twice with 3 mL of peroxide-free
diethyl ether. The ether extracts were evaporated to dryness at 80°C,
and then 0.2 mL of 1 mol/L HCl in methanol was added to the
residue and the mixture was incubated at 80°C for 10 min. The
residual solvent was evaporated to dryness at 80°C under a stream of
air and the residue was finally dissolved in 0.1 mL of ethyl acetate.
Free- and glutathione-bound cysteine enrichments were then mea-
sured by gas chromatography-mass spectrometry, with an HP 5890 gas
chromatograph coupled with a HP 5972 organic mass spectrometer
quadripole (Hewlett-Packard, Les Ulis, France). Gas chromatograph
analysis was conducted on a crosslinked 5% diphenyl 95% dimethyl
siloxane capillary column (0.25 mm i.d. 3 0.25 mm film thickness)
(HP S M 5; Hewlett-Packard). The length of the column was 30 m
for cysteine and 10 m for glutathione. Free 15N cysteine and 14N
cysteine were monitored at m/z 5 221 [M 1 1 2 59]2 and at m/z
5 220 [M 2 59]2, respectively. Glutathione-bound 15N cysteine and
glutathione-bound 14N cysteine were monitored at m/z 5 364 [M 1 1
2 116]2 and at m/z 5 363 [M 2 116]2, respectively.

Calculations. The fractional synthesis rate (ks) of tissue gluta-
thione was calculated according to the precursor-product relation-
ship. When a labeled amino acid such as 15N cysteine is given by
constant infusion, the isotopic enrichment (atom % excess, APE) of
the precursor pool reaches a constant value with time. By measuring
the enrichment of the labeled amino acid in the product (glutathi-
one) when there is a steady state in the precursor pool, ks can be
obtained using the following equation:

dEbt/dt 5 ks z Ef (1)

where dEbt is the increase in isotopic enrichment of reduced gluta-

MALMEZAT ET AL.1240

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/130/5/1239/4686550 by guest on 21 August 2022



thione-bound cysteine in tissues over the period dt, and Ef is the
isotopic enrichment of free cysteine in tissues.

Ef is not constant during the entire infusion period and the
plateau value (Ef max) is not reached immediately. However, the
time course of Ef can be described by a simple exponential of the form
(Waterlow et al. 1978):

Ef 5 Ef max ~1 2 e2lt! (2)

where Ef max is tracer/tracee ratio during the steady state and l is an
empirically-fitted rate constant.

The time course of the enrichment of free cysteine in plasma can
also be described by a simple exponential analogous to the equation
presented above for tissues. If we assume that the value of l in tissues
can be taken as equal to the value determined in plasma (Waterlow
et al. 1978), equation 1 becomes:

dEbt/dt 5 ks z Ef max ~1 2 e2lt!

and after integration,

Ebt/Ef max 5 ks z @tl 2 ~1 2 e2lt!#/l

then

ks 5 ~Ebt/Ef max! z l/@tl 2 ~1 2 e2lt!#

In a previous study we found that the value of l was similar in
infected and pair-fed rats.

The absolute synthesis rate (ASR) of tissue reduced glutathione
was calculated as the product of tissue reduced glutathione concen-
tration and ks.

The standard steady-state equation was used to calculate plasma
cysteine flux in the circulation as follows:

Cysteine flux 5 I 3 ~Etr/Epl 2 1!

where I is the infusion rate of 15N cysteine, Etr the enrichment of
cysteine tracer and Epl the enrichment of plasma cysteine at plateau.

Statistics. Values are given as means 6 SD. The statistical
significance of differences between means was assessed by one-way
ANOVA. Unpaired Student’s t tests were used to compare data
between the two groups of infected rats and between infected and
pair-fed rats. Differences were accepted as significant when P , 0.05.

RESULTS

Food consumption, rat body and tissue weights. Before
infection, rats consumed about 26 g of dry matter per day. On
the day of infection, food was mainly consumed in the morn-
ing, before infection (4.4 6 3.9 g). One day after infection, the
rats ate 10.6 6 5.7 g, i.e., about 60% less than before injection
of bacteria.

Food-intake restriction produced a body weight loss in
pair-fed rats. However, infected rats lost significantly more
weight than pair-fed controls (Fig. 1).

Weights of tissues are expressed as g/300 g body weight at d
0. Weights of lung, heart and large intestine did not differ
between the two groups. By contrast, relative weights of liver,
spleen and small intestine were 58, 167 and 11% (P , 0.05)
significantly greater, respectively, in infected rats than in pair-
fed rats Gastrocnemius weight was significantly reduced 31%
in septic rats compared with pair-fed rats (Table 1).

Glutathione concentration. Total glutathione concentra-
tion was significantly greater in septic rats than in pair-fed
controls in all tissues except small intestine and blood (Table
2). Because liver and spleen weights were also greater in
infected rats than in pair-fed rats, the total amount of gluta-
thione in these two tissues in the septic rats was more than
double that of the pair-fed rats. There was no difference in
small intestine glutathione concentration between the two
groups, whereas blood glutathione concentrations were signif-
icantly lower in infected rats than in pair-fed rats (Table 2).

In control rats consuming food ad libitum (Breuillé et al.
1994a) liver and spleen glutathione concentrations (5.18
6 0.42 mmol/g liver and 2.82 6 0.19 mmol/g spleen) were
significantly greater than in pair-fed rats and significantly
lower than in infected rats. By contrast, both infection and
food restriction induced a fall in gastrocnemius glutathione
concentration when compared to glutathione concentration
values in control rats (0.91 6 0.12 mmol/g). In the total
digestive tract, glutathione concentration in control rats (2.46
6 0.26 mmol/g) was significantly greater than in pair-fed rats
(2.22 6 0.16 mmol/g) and not different from infected rats
(2.44 6 0.19 mmol/g).

FIGURE 1 Effect of infection on cumulative body weight change.
Two groups of rats were infected by an intravenous injection of live
Escherichia coli (6.5 z 108). One control pair-fed group was injected
intravenously with saline and ate the same amount of food as the
infected rats. Values are means 6 SD for infected rats (Group 1, n 5 5;
group 2, n 5 8) and pair-fed rats (n 5 8). *Body weight losses of
infected rats Groups 1 and 2 were significantly lower than that of
pair-fed rats.

TABLE 1

Body and relative tissue weights of infected and pair-fed
control rats at d 01

Pair-fed rats Infected rats2

g/300 g body

Body 270 6 14 274 6 18
Liver3 7.6 6 0.3 12.0 6 1.2*
Spleen 0.6 6 0.1 1.7 6 0.3*
Gastrocnemius 1.8 6 0.2 1.2 6 0.5*
Lung 1.4 6 0.1 1.5 6 0.2
Heart 0.9 6 0.1 1.0 6 0.1
Small intestine 5.3 6 0.4 5.9 6 0.5*
Large intestine 2.2 6 0.1 2.0 6 0.2

* Significantly different from pair-fed rats, P , 0.05.
1 Mean values 6 SD are given for eight rats in each group (infected

rats, group 2)
2 Two groups of rats were infected by an intravenous injection of live

Escherichia coli (6.5 z 108). One pair-fed control group was injected
intravenously with saline and ate the same amount of food as the
infected rats. Measurements were made 2 d after infection.

3 Liver values were obtained in infected rats of Group 1, n 5 5.
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Activities of enzymes involved in glutathione metabolism.
The specific activity of g-glutamylcysteine synthetase was not
significantly different between the infected group and the
pair-fed group (Table 3). In contrast, since liver weight and
protein content were significantly greater in infected rats, the
total activity of g-glutamyl-cysteine synthetase was 50%
greater in infected compared to pair-fed rats (Table 3). The
hepatic activity of glutathione reductase was significantly
higher in infected compared to pair-fed rats, when expressed as
specific (16% increase), or total activity (60% increase) (Ta-
ble 3).

The GSH peroxidase specific activity was lower in the
infected group compared to the pair-fed group, but the total
activity did not differ between groups (Table 3). The specific
activity of GSH transferase was also not different in two groups
of rats, but its total activity was 23% greater (P , 0.05) in the
infected compared to the pair-fed rats (Table 3).

Cysteine and glutathione kinetics. The empirically fitted
rate constant l for cysteine was determined from serial samples
of blood taken in infected rats from Group 2 (Fig. 2) and was
estimated to be 30 d21.

The enrichment (APE) of free plasma cysteine reached a
steady state after 2 h of isotope infusion (Fig. 2). This steady
state was maintained until the end of the infusion in infected
and pair-fed rats (Fig. 3). We assume that steady state was
reached also in the liver, since the ratio of liver to plasma
enrichment was not significantly different in infected rats at
4 h (Group 1) and 6 h (Group 2) of infusion (0.25 6 0.04 and
0.28 6 0.04, respectively, Table 4).

15N cysteine enrichment in liver glutathione of infected

TABLE 2

Total glutathione concentrations in tissues of infected and
pair-fed control rats1

Tissues Pair-fed rats Infected rats

mmol/g tissue

Liver2 3.52 6 0.21 8.18 6 1.40*
Spleen 2.45 6 0.09 3.22 6 0.2*
Gastrocnemius 0.56 6 0.13 0.78 6 0.11*
Lung 1.81 6 0.09 2.01 6 0.11*
Heart 1.53 6 0.11 2.02 6 0.14*
Small intestine 2.45 6 0.21 2.61 6 0.21
Large intestine 1.65 6 0.14 1.94 6 0.18*
Blood 1.60 6 0.09 0.79 6 0.21*

* Significantly different from pair-fed rats, P , 0.05.
1 Two groups of rats were infected by an intravenous injection of live

Escherichia coli (6.5 z 108). One pair-fed control group was injected
intravenously with saline and ate the same amount of food as the
infected rats. Measurements were made 2 d after infection. Mean
values 6 SD are given for eight animals in pair-fed and infected rats
Group 2 (except for values obtained in liver where n 5 5 for infected rats
Group 1).

2 Glutathione liver concentration was measured in Group 1 for in-
fected rats. Value obtained in group 2 (6.86 6 1.52 mmol/g liver) was not
significantly different than values obtained in Group 1.

TABLE 3

Specific and total activity of the enzymes linked to glutathione
metabolism in liver of infected and control pair-fed rats1

g Glutamyl-
cysteine

synthetase
Glutathione
reductase

Glutathione
peroxidase

Glutathione
transferase

units/g protein

Pair-fed
rats 80.6 6 8.1 40.9 6 4.2 742 6 133 535 6 48

Infected
rats 88.0 6 15.4 47.5 6 4.9* 604 6 92* 482 6 75

units/liver

Pair-fed
rats 123 6 18 62.1 6 6.8 1129 6 233 815 6 104

Infected
rats 184 6 31* 98.9 6 8.1* 1255 6 108 999 6 95*

* Significantly different from pair-fed rats, P , 0.05.
1 Rats were infected by an intravenous injection of live Escherichia

coli (6.5 z 108). Pair-fed control rats were injected intravenously with
saline and ate the same amount of food as the infected rats. Measure-
ments were made 2 d after infection. Mean values 6 SD are given for
eight animals in pair-fed and infected rats Group 2.

FIGURE 2 Enrichment of plasma cysteine during a 4-h infusion of
15N cysteine in infected rats (Group 1). Rats were infected by an
intravenous injection of live Escherichia coli (6.5 z 108). Two days after
infection, the rats were given a primed constant intravenous infusion of
15N cysteine. Each data point represents the means 6 SD of five rats.
APE, atom% excess.

FIGURE 3 Enrichment of plasma cysteine during the last hour of
the infusion of 15N cysteine in infected (Group 2) and pair-fed rats. Rats
were infected by an intravenous injection of live Escherichia coli (6.5 z
108). The control pair-fed group was injected intravenously with saline
and ate the same amount of food as the infected rats. Two days after
infection, infected and pair-fed rats were given a primed constant
intravenous infusion of 15N cysteine for 6 h. Each data point represents
the means 6 SD of eight rats. APE, atom% excess.
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rats infused for 6 h (Group 2) was close to liver free cysteine
enrichment in the same rats, suggesting that glutathione
reached a plateau after 6 h of infusion (Table 4). It is likely
that the glutathione synthesis rate calculated in these rats was
probably underestimated, as illustrated by the values obtained
in the infected rats infused for 4 h (Group 1). Nevertheless,
the value obtained in infected rats infused for 6 h (Group 2)
was significantly greater than in pair-fed rats.

Glutathione ks was significantly enhanced in liver (139%),
spleen (137%), muscle (168%) lungs (149%) and large intes-
tine (195%) of septic rats compared to pair-fed rats (Table 5). In
heart, there was a trend (P , 0.09) for a greater glutathione ks in
septic rats than in pair-fed rats. Infection had no effect on gluta-
thione ks in small intestine and blood (Table 5).

Because glutathione concentrations in numerous tissues
were greater in infected rats than in pair-fed rats, ASR also
were significantly enhanced in liver (1465%), spleen
(1388%), muscle (91%), lungs (1100%), heart (180%) and

large intestine (1109%) in the former vs. latter groups (Table
5). The ASR for glutathione in the small intestine did not
significantly differ in the two groups (Table 3). Blood gluta-
thione ASR was significantly lower in septic rats than in
pair-fed rats (247%) (Table 5).

Cysteine flux was significantly greater in infected rats [18.3
6 2.2 mmol/(h z 100 g body)] than in pair-fed rats [12.3 6 1.7
mmol/(h z 100 g body)].

DISCUSSION

Fluctuations in tissue glutathione concentrations, as with
any metabolite, depend on the balance between its ks and
uptake from the circulation and the rate of its disappearance
(which corresponds to catabolism and release into the circu-
lation). To understand mechanisms responsible for the main-
tenance or depletion of glutathione in tissue, it is therefore
necessary to measure the ks, uptake, catabolism and release of

TABLE 4

15N enrichments of plasma and liver free cysteine, and liver glutathione-bound cysteine in infected and pair-fed control rats1

Cysteine Glutathione

Plasma enrichment Liver enrichment Liver enrichment Liver ks

APE %/d

Pair-fed rats 12.1 6 0.9 4.63 6 1.34 3.91 6 1.19 385 6 33
Infected rats—Group 1 11.7 6 1.6 2.97 6 0.31 2.30 6 0.24 534 6 117*

—Group 2 12.2 6 1.9 3.57 6 0.78 3.47 6 0.87 450 6 66*†

* Significantly different from pair-fed rats. P ,0.05.
† Significantly different from infected rats Group 1. P , 0.05. ks, synthesis rate.
1 Two groups of rats were infected by an intravenous injection of live Escherichia coli (6.5 z 108). One pair-fed control group was injected

intravenously with saline and ate the same amount of food as the infected rats. Two days after infection, rats were given a primed constant intravenous
infusion of 15N cysteine for 4 h (infected rats Group 1) or 6 h (infected rats Group 2 and pair-fed rats). Mean values 6 SD are given for five rats in
infected animals of Group 1 and eight in infected rats Group 2 and pair-fed rats group. APE: Atom % excess. Free and glutathione-bound 15N cysteine
enrichments were measured at the end of infusion in each group.

TABLE 5

Glutathione synthesis rates in tissues of infected and pair-fed control rats1

Tissues

Fractional synthesis rate (ks) Absolute synthesis rate (ASR)2

Pair-fed rats Infected rats Pair-fed rats Infected rats

%/d mmol/(tissue z d)

Liver 385 6 33 534 6 117* 89.5 6 12.0 552 6 214*
Spleen 249 6 46 342 6 36* 3.3 6 1.6 18.8 6 5.6*
Muscle 124 6 44 209 6 83* 81.4 6 17.8 180 6 92*
Lung 188 6 46 278 6 68* 4.6 6 1.5 8.8 6 2.8*
Heart 68.8 6 16.2 86.6 6 21.5 0.9 6 0.3 1.8 6 0.5*
Small intestine 401 6 52 394 6 65 52.4 6 8.3 60.7 6 11.1
Large intestine 252 6 80 491 6 119* 9.03 6 3.0 19.3 6 6.4*
Blood 40.1 6 13.8 41.7 6 0.1 10.2 6 3.6 5.4 6 1.8*
Total3 251 846

* Significantly different from pair-fed rats, P , 0.05.
1 Two groups of rats were infected by an intravenous injection of live Escherichia coli (6.5 z 108). One pair-fed control group was injected

intravenously with saline and ate the same amount of food as the infected rats. Measurements were made 2 d after infection. Mean values 6 SD are
given for eight animals in pair-fed and infected rats Group 2 (except for values obtained in liver where n 5 5 for infected rats Group 1).

2 For absolute synthesis rate calculation in whole skeletal muscle, skeletal muscle was estimated to be 45% of body weight for the pair-fed rats
(Miller 1969) and as 40% of body weight for the infected rats (Malmezat et al. 1998). For absolute synthesis rate calculation in whole blood, blood
was estimated as 5.5% of body weight in the two groups (Miller 1969).

3 The total amount of glutathione synthetized in the whole body was estimated by summing the total glutathione synthesis of the tissues examined
and extrapolating the value to the body weight of the rat.
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glutathione in the tissues. The infectious and inflammatory
state, as well as nutritional status, modulate glutathione tissue
levels (Cho et al. 1984, Hunter and Grimble 1997, Jahoor et
al. 1995). However, the mechanisms that lead to these meta-
bolic modifications are still poorly understood. The major aim
of the present study was therefore to determine if changes in
tissue glutathione concentrations observed during the early
phase of sepsis in rats (2 d) could be partly explained by
changes in glutathione ks.

Numerous studies have shown that tissue and plasma glu-
tathione concentrations are depleted during either protein
deficiency or food restriction (Cho et al. 1981 and 1984, Hum
et al. 1992, Hunter and Grimble 1997, Jahoor et al. 1995).
Such a decrease was also observed in this experiment in liver,
since the level determined previously in well-fed rats was 5.18
mmol/g (Breuillé et al. 1994a). The decrease in glutathione
concentration probably results from the decreased availability
of substrates needed for glutathione synthesis, and particularly
cysteine which is considered to be the most limiting amino
acid (Deneke et al. 1983, Grimble et al. 1992). It has been
demonstrated that protein-deficient diets produce a decrease
in plasma, erythrocytes and liver glutathione ks (Hum et al.
1992, Hunter and Grimble 1997, Jahoor et al. 1995).

In spite of strong anorexia, glutathione concentration of
septic rats was greater than pair-fed rats in nearly all tissues.
Only the blood exhibited a decrease in glutathione content.
Liver glutathione concentrations were even greater than the
values we had measured in healthy fed rats (Breuillé et al.
1994a). Thus the inflammatory challenge overcame the influ-
ence of food restriction. Others have described unchanged or
increased glutathione status in different tissues 24 and 48 h
after induction of stress in animal models (Hunter and
Grimble 1997, Jahoor et al. 1995). These results suggest that
the organism is able to improve glutathione status through an
increase in glutathione concentration in response to infection,
that may represent a mechanism to protect against oxidative
damage. Indeed, a higher rate of mortality has been observed
in rats exposed to hyperoxia and glutathione depletion
(Deneke et al. 1985).

Changes in the activities of glutathione reductase, peroxi-
dase and transferase may have a bearing on the concentration
of glutathione within tissues. A higher activity of glutathione
reductase was observed in liver of septic compared to pair-fed
rats. This agrees with the results of Hunter and Grimble
(1997) who also showed that rats treated with tumor necrosis
factor (TNF) exhibited an increase in the glutathione reduc-
tase activity. This response of liver to an inflammatory chal-
lenge may allow for the maintenance of a high GSH/GSSG
ratio providing a high antioxidative potential. Peroxidase ac-
tivities were little affected by infection. Thus, changes in the
activity of reductase can have a greater potential impact on
recycling of glutathione than alterations in peroxidase activ-
ity. The increased total liver GSH transferase activity in
infected rats suggests an accelerated loss of glutathione from
the body by the excretion of reduced glutathione conjugates,
to protect cells against toxic compounds. However, as gluta-
thione levels were greater in infected animals compared to
pair-fed rats, rate of glutathione synthesis was probably more
than adequate to support a potential higher rate of utilization.
In the present study, the activity of g-glutamyl-cysteine syn-
thetase (limiting enzyme in glutathione synthesis) in whole
liver was 50% higher in infected rats than in pair-fed controls.
The difference in all these enzyme levels were small even
when significant. However, there was no decrease of these
enzymes, as is observed for negative acute phase proteins
(Schreiber et al. 1982). Furthermore, measurements of enzyme

activities indicate the capacity of the tissue for synthesis and
does not consider the flow of available substrates through the
enzymatic reaction and the presence of other modulating
substances in vivo.

Few studies have been performed in vivo on glutathione
synthesis in animal tissues. The methods used are often indi-
rect (Hunter and Grimble 1997, Potter and Tran 1993). Only
Jahoor et al. (1995 and 1999) have measured glutathione
fractional ks using 2H and 13C glycine infusion. We have
developed a selective and rapid procedure to determine en-
richment of glutathione as a whole, and used labeled cysteine
infusion to measure the glutathione fractional ks in tissues.
However, the values are most likely lower than the actual
rates, because of the uncertainties of the infusion method. The
purpose of a constant infusion is to produce a constant enrich-
ment of the precursor. As the calculation of ks requires the
determination of the area under the curve describing the time
course of the precursor enrichment, it can be very simply
calculated if this constancy is achieved immediately. For cys-
teine, this was not the case. However, the area under the curve
can be calculated more precisely, taking into account the time
course of the rise of enrichment to plateau. The rate at which
the plateau is reached depends upon the pool size of the
labeled amino acid and is characterized by an empirically fitted
rate constant. For lysine and tyrosine, this constant is 15 and
80 d21, respectively (Waterlow et al. 1978). As plasma cys-
teine concentration is between plasma lysine and tyrosine
concentration, the value for cysteine that we have estimated
to be 30 d21 seems to be reasonable.

In liver of infected rats infused for 6 h, glutathione enrich-
ment was very similar to free cysteine enrichment. There are
several potential reasons for this. The enrichment of the
immediate precursor pool for glutathione synthesis is different
from that of the general free cysteine pool. Another possibility
can be that glutathione ks is very fast in these rats, allowing
glutathione enrichment to reach a plateau value at the same
level as free cysteine within 6 h of infusion. In these condi-
tions, the values obtained for glutathione ks underestimated
the real values because we used the intracellular free cysteine
as precursor for glutathione synthesis in the calculations.
Therefore, we calculated liver glutathione ks in rats infused for
4 h. At this time, glutathione-bound cysteine enrichment has
not reached a plateau, and this allowed us to obtain a better
estimate. However, with both 4 and 6 h infusion, infection
increased cysteine utilization for liver glutathione synthesis.
Finally, the calculations do not take into account glutathione
excretion and cysteine recycling from glutathione catabolism
which are probably both important. Regardless, our data in
liver are consistent with values previously reported. Using 13C
glycine infusion, Jahoor et al. (1995) reported a fractional ks of
175%/d in piglet liver 2 d after injection of turpentine. The
apparent glutathione turnover in liver, determined from the
decrease of glutathione-specific radioactivity after injection of
35S cysteine, is about 350%/day in young rats (Potter and Tran
1993). By inhibiting glutathione synthesis using buthionine
sulfoximine and assuming that the rate of glutathione disap-
pearance reflects glutathione synthesis, Hunter and Grimble
(1997) indirectly estimated glutathione synthesis in rat liver to
be 440%/day.

Glutathione fractional ks were similar in the small intestine
and blood of infected and pair-fed rats. Thus, there is a positive
correlation in these tissues between fractional ks and glutathi-
one concentrations, both not altered by infection. Similar
results were observed in the intestine in pigs fed a protein-
deficient diet (Jahoor et al. 1995). In other tissues, especially
liver, glutathione ks was dramatically increased after infection.
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This is in keeping with the increased glutathione concentra-
tion observed in this tissue, and is in accordance with the
results of Hunter and Grimble (1997) in lipopolysaccharide
injected rats. These authors have also shown that lipopolysac-
charide treatment prevented the fall in liver glutathione level
and synthesis due to the reduced food intake associated with
the treatment. In our study, we have not included a well-fed
group of rats and we cannot conclude if glutathione synthesis
was restored to normal levels or enhanced above them. How-
ever, because glutathione levels in infected rats were close to
those found in rats eating ad libitum (Breuillé et al. 1994a), we
can assume that, despite lower food intake, the main effect of
infection was to maintain glutathione concentration and syn-
thesis.

The total amount of glutathione synthesized in the whole
body can be estimated by summing the total glutathione
synthesis of the tissues examined and extrapolating the value
to the body weight of the rat. Calculated in this way, infection
stimulated total glutathione synthesis 3.4-fold. From data pre-
viously obtained in our laboratory, we can estimate that 2.20
mmol of cysteine was incorporated daily into whole protein of
septic rats vs. 1.39 mmol in pair-fed rats (Breuillé et al. 1994b
and 1996). Thus, using these values, glutathione synthesis
represents 38 and 18% of the amount of cysteine used for
protein synthesis in infected and pair-fed rats, respectively.
Therefore, glutathione synthesis accounts for 42% of the in-
creased cysteine utilization 2 d after infection. Furthermore, it
appears that about 64% of the plasma cysteine flux in septic
rats is sustained by the turnover of glutathione compared to
only 28% in pair-fed rats. In healthy men, glutathione syn-
thesis may account for .50% of cysteine flux (Fukagawa et al.
1996).

Grimble et al. (1992) has suggested that sulfur amino acids
play a key role in the economy of the body under inflammatory
conditions. Following fractures and burns, urinary nitrogen
excretion is enhanced to a greater extent than is sulfur excre-
tion (Cuthbertson 1931, Larsson et al. 1982). Cysteine catab-
olism is decreased in numerous tissues following infection
(Breuillé et al. 1996, Malmezat et al. 1998), suggesting a
preferential retention of this amino acid in stress. Thus, taken
together, these results suggest that cysteine requirements are
increased during inflammatory states. Moreover, the present
study shows that increased glutathione synthesis may be the
primary cause of the increased cysteine requirement.

Glutathione homeostasis has been studied in numerous
human diseases. In HIV infection, concentration of erythro-
cyte glutathione is decreased. This is due in part to a reduced
ks secondary to a shortage in cysteine availability (Jahoor et al.
1999). As shown in our study and by Hunter and Grimble
(1997), in the first days following an inflammatory challenge,
tissue glutathione amounts were elevated in treated animals
compared to control animals. However later on (data not
shown) we observed depletion of tissue glutathione levels.
Further studies on glutathione metabolism are therefore re-
quired to determine mechanisms responsible for glutathione
deficiency in the late phase of infection and the effect of
cysteine supplementation.
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