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Several lines of evidence indicate that perturbations in the extracel-
lular thiol/disulfide redox environment correlate with the progres-
sion and severity of acute lung injury (ALI). Cysteine (Cys) and
its disulfide Cystine (CySS) constitute the most abundant, low-
molecular-weight thiol/disulfide redox couple in the plasma, and
Cys homeostasis is adversely affected during the inflammatory
response to infection and injury. While much emphasis has been
placed on glutathione (GSH) and glutathione disulfide (GSSG), little
is known about the regulation of the Cys/CySS couple in ALI. The
purpose of the present study was to determine whether endotoxin
administration causes a decrease in Cys and/or an oxidation of the
plasma Cys/CySS redox state (Eh Cys/CySS), and to determine
whether these changes were associated with changes in plasma Eh

GSH/GSSG.Mice receivedendotoxin intraperitoneally, andGSH and
Cys redox states were measured at time points known to correlate
with the progression of endotoxin-induced lung injury. Eh in mV was
calculated using Cys, CySS, GSH, and GSSG values by high-perfor-
mance liquid chromatography and the Nernst equation. We ob-
served distinct effects of endotoxin on the GSH and Cys redox
systems during the acute phase; plasma Eh Cys/CySS was selectively
oxidized early in response to endotoxin, while Eh GSH/GSSG
remained unchanged. Unexpectedly, subsequent oxidation of Eh

GSH/GSSG and Eh Cys/CySS occurred as a consequence of endo-
toxin-induced anorexia. Taken together, the results indicate that
enhanced oxidation of Cys, altered transport of Cys and CySS, and
decreased food intake each contribute to the oxidation of plasma
Cys/CySS redox state in endotoxemia.
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Acute lung injury (ALI) is initiated by an unregulated in-
flammatory response to a physical trauma or infection (1), most
commonly sepsis (2), and often leads to severe respiratory
failure termed the acute respiratory distress syndrome (ARDS)
(3, 4). Several lines of evidence indicate that perturbations in
thiol status is related to the pathogenesis of ALI and ARDS (5,
6). In particular, levels of glutathione (GSH), a major cellular
thiol antioxidant, are markedly decreased in the epithelial
lining fluid (ELF) of patients with sepsis and ARDS (7), and
impaired homeostasis of lung and plasma GSH predisposes to
ARDS (8). Numerous animal studies have addressed perturba-
tions in the GSH system during endotoxemia (9, 10). However,
GSH synthesis depends on the amino acid cysteine (Cys), and

relatively little is known about the response of this precursor
pool.

While GSH, and its oxidized form glutathione disulfide
(GSSG), constitute the most abundant cellular redox couple
(11), the cysteine/cystine (Cys/CySS) couple predominates in
the plasma (12). Furthermore, the steady-state redox potential
(Eh) of Cys/CySS is regulated independently of Eh GSH/GSSG
(13–15), and plasma Eh Cys/CySS is oxidized in association with
oxidative stress (16, 17). Oxidized extracellular Eh Cys/CySS
induces up-regulation of surface adhesion markers on endo-
thelial cells (18), and conditions epithelial cells to apoptosis
(19). These cellular processes can contribute to the pathogen-
esis in ALI, and activation of these processes by oxidized Eh

Cys/CySS occurs in the absence of changes to the GSH pool. In
addition, the inconclusive outcomes from the therapeutic use of
N-acetyl cysteine (NAC), a Cys precursor, in patients with ALI
may be related to unknown variations in Cys/CySS redox state
(20–22).

Experimental administration of bacterial lipopolysaccharide
(endotoxin/LPS) to animals produces pathophysiologic changes
similar to those seen in ALI in humans (23) and allows for the
dissection of regulatory events critical in the pathogenesis of
ALI. The purpose of this study was to test whether endotoxin
causes a decrease in Cys and/or an oxidation of the Cys/CySS
redox state and to determine whether Cys/CySS redox state
changes are associated with changes in GSH/GSSG redox state
under these pathophysiologic conditions. Mice were given endo-
toxin intraperitoneally and GSH/GSSG and Cys/CySS redox
states were measured at time points known to correlate with the
progression of lung injury (23). Because food intake affects
blood Cys concentrations (24), PBS-treated mice were pair-fed
to intake of mice receiving LPS. Ad libitum PBS-treated mice
served as a separate set of controls. Here we showed that
endotoxin had distinct effects on the GSH/GSSG and Cys/CySS
redox systems during the acute phase of injury, and that
sustained oxidation of Cys/CySS and GSH/GSSG redox states
occurred as a result of LPS induced-anorexia.

MATERIALS AND METHODS

Materials

Except as indicated, all chemicals were purchased from Sigma Chem-
ical Corporation (St. Louis, MO). Distilled, deionized water was used
for analytical purposes. High-performance liquid chromatography
(HPLC) quality solvents were used for HPLC.

CLINICAL RELEVANCE

Our findings suggest a distinct role for oxidation of Cys/
CySS redox state in acute lung injury (ALI). Understand-
ing how oxidized Cys/CySS can potentiate the inflamma-
tory response to injury may help in the optimization of
strategies for controlling ALI.
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Experimental Animals

Experiments were conducted using 10- to 14-week-old, female C57BL/
6 mice (Jackson Laboratories, Bar Harbor, ME). While some strains,
such as the C3H/HeJ (25), are refractory to endotoxin, the C57BL/6
strain is a responsive strain (26, 27). The inflammatory response to
endotoxin in the C57BL/6 strain is greater in older mice (28). We used
10- to 14-week-old mice because the pathophysiology of lung injury in
this model has been previously characterized by our group (23, 26, 27).
For the current experiments, mice were housed individually for pair
feeding and maintained on a 12-hour light:12-hour dark cycle at the
Division of Animal Resources at Emory University. All animals were
fed pelleted rodent food (Test Diet 5015; Lab Diet, Inc., Richmond,
IN) and had free access to water. Nestlets were presented daily to each
mouse to compensate for the absence of other animals (29). All
experiments were initiated during the light cycle. Measurement of
food intake in LPS-treated mice was performed by providing mice with
a weighed food pellet at the initiation of the experiment and manually
recording weight of the remaining food at timed intervals. The amount
of food eaten by LPS-treated mice was averaged, and this amount was
provided to pair-fed PBS-treated controls. All animal protocols were
reviewed and approved by the Institutional Animal Care and Use
Committee.

LPS Administration

Escherichia coli O111:B6 LPS, dissolved in sterile PBS (100 mg/ml) was
administered intraperitoneally at a dose of 1 mg LPS/kg body. Animals
were killed at 2, 6, 24, and 48 hours after LPS administration. Pair-fed
PBS animals received intraperitoneal injection of PBS and were killed
at corresponding time points. Ad libitum–fed PBS controls were
treated similarly.

Sample Collection and Analysis of Cys, CySS, GSH, and GSSG

Mice were anesthetized by isofluorane inhalation (Baxter Pharmaceut-
icals, Deerfield, IL), and blood was collected by submandibular
bleeding using a 4-mm mouse bleeding lancet (Medipoint, Inc.,
Mineola, NY). A quantity of 0.18 ml of collected blood was immedi-
ately transferred to 0.02 ml of preservation solution containing g-
glutamyl-glutamate (g-Glu-Glu) as an internal standard (30). Samples
were centrifuged at 16,000 3 g for 60 seconds to remove precipitated
protein, and 0.1 ml of the supernatant was immediately transferred to
an equal volume of ice-cold 10% (wt/vol) perchloric acid. Samples
were immediately stored at 2808C.

Bronchoalveolar lavage fluid (BALF) was obtained after mice were
killed. Briefly, 0.6 ml of sterile PBS was instilled into the lung via
a tracheal incision and withdrawn with gentle suction. This procedure
took approximately 10 minutes to complete. The collected BALF was
centrifuged at 200 3 g for 6 to 7 minutes. A quantity of 0.15 ml of the
cell-free supernatant was mixed with an equal volume of ice-cold 10%
(wt/vol) perchloric acid containing 20 mM g-Glu-Glu and stored
at 2808C until derivatization with iodoacetic acid and dansyl chloride.

For HPLC analysis (Gilson Medical Electronics, Middleton, WI),
derivatized samples were centrifuged, and 50 ml (plasma) or 65 ml
(BALF) of the aqueous layer was applied to the Supercosil LC-NH2

column (25 cm 3 4.6 mm; Supelco, Bellefunk, PA). Derivatives were
separated with a sodium acetate gradient in methanol/water and
detected by fluorescence (31). Concentrations of thiols and disulfides
were determined by integration relative to the internal standard.
Redox states (Eh) of the GSH/GSSG and Cys/CySS pools were
calculated from concentrations of GSH, GSSG and Cys, CySS in molar
units with the following forms of the Nernst equation for pH 7.4: GSH/

GSSG, Eh 5 2264 1 30 log ([GSSG]/[GSH]2), Cys/CySS, Eh 5 2250 1

30 log ([CySS]/[Cys]2) (32).

Quantitative Real-Time PCR Analysis

Lung and liver samples were excised, snap-frozen in liquid N2, and
stored at 2808C. Total RNA was extracted from tissue using an
RNeasy Midi Kit (Qiagen, Inc., Valencia, CA) according to manufac-
turer’s instructions. DNase treatment was performed to remove
contaminating genomic DNA. RNA concentration was spectrophoto-
metrically determined at 260 nm, and 0.5 mg of total RNA was used to
synthesize 20 ml of cDNA (Invitrogen, Carlsbad, CA). Quantitative
real-time PCR was performed on cDNA using gene-specific primers on
an iCycler IQ Real-Time PCR Detection System (Bio-Rad Laborato-
ries, Hercules, CA). Primers were designed using Beacon Designer
Software 4.00 (PREMIER; Biosoft International, Palo Alto, CA)
(Table 1). Samples containing serial dilutions of known concentrations
of cDNA, encoding the gene of interest, were amplified in parallel.
Data were analyzed using the iCycler Software, and starting quantities
of message levels of each gene were determined from constructed
standard curves. Melt curves were examined to ensure amplification of
a single PCR product. Expression levels were normalized to GAPDH,
and data are presented as the fold change in LPS/PBS-treated animals
compared with untreated controls.

Histopathology

Lungs were fixed by intratracheal instillation of neutral buffered
formalin (10%). After further fixation overnight at room temperature,
tissue was embedded in paraffin, sectioned, and stained by hematoxylin
and eosin (H&E). All sections were studied by light microscopy.

Cell Culture

Human pulmonary endothelial cells (HULEC-5A, SV-40 large
T antigen-transformed line derived from human lung microvasculature)
were maintained in endothelial growth medium (EGM) (Lonza, Wal-
kersville, MD), and were transferred to serum-free media 8 to 12 hours
before experimental manipulations. Human monocytic cells (U937;
ATCC, Rockville, MD) and murine neutrophils were maintained in
RPMI-1640 supplemented with 10% fetal bovine serum (FBS; Atlanta
Biologicals, Norcross, GA) and 10 U/ml penicillin and streptomycin
sulfate. Neutrophils were isolated from heparin-anticoagulated periph-
eral blood using the Ly-6G isolation kit (Miltenyi Biotec, Auburn, CA).
Cells were maintained in a humidified 5% CO2 incubator at 378C.

To generate the desired range of extracellular redox states, the
extracellular thiol/disulfide pool was altered by varying concentrations
of Cys and CySS, added to cyst(e)ine-free Dulbecco’s modified Eagle’s
medium as previously described (33). In these experiments, the total
extracellular pool size of Cys 1 CySS was set at 200 mM, while
concentrations of Cys and CySS were varied to obtain initial Eh values
from 280 mV (physiological) to 246 mV (oxidized). Because human
endothelial cells were tested in this experiment, Cys/CySS redox states
representative of physiological (280 mV) and oxidized (246 mV)
values in human plasma were used.

To examine the effect of oxidized Cys/CySS on adherence of
neutrophils and monocytes; endothelial cells were exposed to 280
and 246 mV redox media for 24 to 36 hours, and media were changed
every 12 hours. Calcein-AM–labeled neutrophils or monocytes were
incubated with endothelial cells at a cell density of 1 3 105 cells per well
of a 96-well plate. After 30 minutes, medium was aspirated to remove
unbound cells. Adherent cells were quantified by measuring fluorescent
calcein on a microplate reader (excitation, 470 nm; emission, 530 nm).

TABLE 1. DETAILS OF PCR PRIMER SEQUENCES USED IN THE ANALYSES OF EXTRACTED RNA FOR QUANTITATIVE RT-PCR

Target

Genbank

Accession Number Forward Primer Reverse Primer

Product

Size (bp)

IL-1b NM_008361 ATCTCGCAGCAGCACATC CAGCAGGTTATCATCATCATC 192

TNF-a NM_013693 CGTGGAACTGGCAGAAGAG ACAAGCAGGAATGAGAAGAGG 96

iNOS2 NM_010927 CAGAAGCAGAATGTGACC GTAGTAGTAGAATGGAGATAGG 195

xCT NM_011990 ACCATCAGTGCGGAGGAG GAGCCGAAGCAGGAGAGG 119

Definition of abbreviations: iNOS2, inducible nitric oxide synthase 2; xCT, subunit of the CySS transporter.
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Statistical Methods

Data are presented as means (n 5 3–5) 6 SEM. Statistical analysis was
done using SAS v 9.1 (SAS Institute Inc., Cary, NC). Analyses were
performed using a Generalized Linear Model, using two-way ANOVA
with time and treatment specified as the main effects and (time)�(treat-
ment) as the interaction term. Data from in vitro experiments were
analyzed using an unpaired t test. Significance was set at a P value ,

0.05 for all tests.

RESULTS

Cytokine Expression and Immunohistochemistry

Because bacterial endotoxin is cleared by the liver and early
responses to intraperitoneal endotoxin within the lung depends,
in part, on hepatic release of inflammatory cytokines (34), we
determined mRNA levels of TNF-a (Figure 1A), and IL-1b

(Figure 1B) in the liver. TNF-a mRNA increased at 2 hours
(P , 0.001) in the liver and subsequently declined while message
levels of IL-1b gradually increased, reaching significance at
6 hours (P , 0.05), followed by a sharp decline at 24 hours. In
addition to the systemic inflammatory response, clearance of
endotoxin by liver Kupffer cells triggers increased production of
reactive oxygen and reactive nitrogen species. The inducible
nitric oxide synthase (iNOS) system catalyzes the formation of
nitric oxide (NO) from arginine, and in contrast to its consti-
tutive isoforms, iNOS is synthesized de novo during inflamma-
tion (35). We observed up-regulation in iNOS2 mRNA levels at
2 hours and at 6 hours (P , 0.001) (Figure 1C).

To evaluate the inflammatory response in the lung we
conducted real-time PCR analysis of RNA to determine
expression of TNF-a. TNF-a expression was up-regulated 13-
fold at 2 hours (P , 0.001) and remained elevated up to 6 hours,
after which message levels dropped (Figure 1D). Because
message levels of TNF-a, IL-1b, and iNOS2 were not up-
regulated in pair-fed PBS controls, we conclude that these
responses were induced specifically by LPS and not due to LPS-
induced decrease in food intake.

Figure 2 shows photomicrographs of H&E-stained sections
of the lung after LPS treatment. The pathophysiology of the
lung in the endotoxin model has been previously characterized
by our group; endotoxin causes lung edema and altered re-
spiratory function at 2 hours, and structural alterations in the
lung between 6 hours and 48 hours (23). To better define the
time course of pathologic changes in this model, we determined
if there was evidence for lung injury at 2 hours and whether
injury persisted at 48 hours. Results showed evidence for
neutrophil influx in the lung at 2 hours (Figure 2B, arrow). As
previously described, a diffuse inflammatory pattern was seen in
the lung at 6 hours and at 24 hours (Figures 2C and 2D, arrows).
Injury largely resolved by 48 hours, but some cellularity and
alveolar congestion was still evident (not shown).

Endotoxin-Induced Weight Loss Is a Result of Decreased

Food Intake

Because food intake affects blood Cys concentrations (24), we
designed the study to control for food intake by pair-feeding the
control group to the LPS-treated group. LPS administration
profoundly decreased food intake in the first 24 hours of
treatment. Food intake at 24 hours was 3% of baseline body
weight in LPS-treated animals compared with 30% of body
weight in ad libitum–fed PBS controls (AF PBS) (P , 0.001)
(Figure 3A). Food intake increased 24 hours after LPS treat-
ment, and at 48 hours, food intake in LPS-treated mice was 28%
of body weight (measured at 24 h).

LPS-treated mice lost 13% of body weight within the first
24 hours and regained 6% of the lost weight in the next 24 hours

Figure 1. Effect of LPS on liver TNF-a, IL-1b, inducible nitric oxide
synthase (iNOS)2 mRNA, and lung TNF-a mRNA. C57BL/6 mice were

treated with 1 mg/kg intraperitoneal LPS (solid circles) or with PBS (open

circles). At 2 hours, 6 hours, and 24 hours, mice were killed and lung
and liver samples were obtained. Liver samples were also obtained at

the 48-hour time point. RNA was extracted from whole tissue and

transcript levels of (A) liver TNF-a, (B) liver IL-1b, (C) liver iNOS2, and

(D) lung TNF-a were quantified using quantitative RT-PCR. Data are
expressed as means 6 SEM. aValues significantly different from un-

treated controls, bvalues significantly different from corresponding pair-

fed PBS control.

92 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 40 2009



(Figure 3B). Weight loss in pair-fed PBS controls (PF PBS) was
comparable to that of LPS-treated animals at all time points.
AF PBS controls did not lose weight at 24 and 48 hours. The
comparable weight loss observed in LPS and PF PBS animals
supports the conclusion that weight loss in LPS-treated animals
was predominantly due to decreased food intake rather than
changes in metabolic rate due to endotoxemia.

Endotoxin-Induced Oxidation of Plasma Cys/CySS Redox

State Correlates with the Initiation of Lung Injury

Because oxidative stress has previously been found to affect the
Cys/CySS system and LPS induces oxidative stress, we hypoth-
esized that LPS would cause an oxidation of the plasma Cys/
CySS couple. We measured Cys and CySS concentrations in the
plasma after administration of LPS. In these analyses, blood
samples were collected into a preservation solution designed to
prevent oxidation after collection (31). LPS significantly de-
creased plasma Cys (Figure 4A) levels at 2 hours (P , 0.05
compared with PF PBS and AF PBS controls). Cys levels also
decreased in PBS-treated mice at 2 hours (P , 0.05 compared
with AF PBS controls). The latter effect may be due to cortisol-
mediated clearance of plasma Cys in response to food removal
or due to the small difference in food intake compared with AF
PBS animals (0.4 g in AF PBS controls versus 0 g in PF PBS
controls). In contrast to the decrease in Cys, plasma levels of the
disulfide, CySS (Figure 4B) increased by an average of 20 mM in
LPS-treated animals compared with PF PBS controls (P ,

0.05), showing that a substantial shift in the balance of plasma
Cys to CySS occurred at 2 hours. The calculated value for
plasma Eh Cys/CySS (Figure 4C) showed that LPS-treated
animals were oxidized by an average of 10 mV compared with
PF PBS controls (P , 0.01), and by an average of 20 mV
compared with AF PBS controls (P , 0.001). Under these
conditions, the total Cys pool present as Cys 1 2*CySS did not
change in LPS-treated animals or PBS controls, indicating that
LPS-induced oxidation of Cys/CySS occurred without signifi-
cant effects on the total plasma pool of Cys 1 CySS (Figure
4D). Thus, the data show that LPS treatment caused a significant
oxidation of the Cys/CySS couple in the plasma at 2 hours.

Plasma Cys levels in LPS and PF PBS-treated animals
remained below AF PBS controls at all subsequent time points

studied (P , 0.01). Interestingly, at 6 hours and at 24 hours,
plasma CySS levels significantly decreased in LPS-treated
animals compared with AF PBS controls (P , 0.001). The
decrease in CySS, in addition to the prevailing low concen-
trations of Cys, contributed to a decline in the total plasma Cys
pool at 6 hours and at 24 hours (P , 0.001, compared with AF

Figure 2. Hematoxylin and eosin–stained sections of lung

tissue from (A) untreated controls and from endotoxin-
treated animals at (B) 2 hours, (C) 6 hours, and (D)

24 hours. Evidence for influx of neutrophils is observed

near the airway (arrow) at 2 hours. Diffuse inflammation is
observed at 6 hours and at 24 hours (arrows).

Figure 3. Effect of LPS on food intake and body weight. C57BL/6 mice

were treated with 1 mg/kg intraperitoneal LPS or with PBS. PBS-treated

animals were either pair-fed (PF PBS) to intake of LPS-treated animals or
were fed ad libitum (AF PBS). (A) At 2, 6, 24, and 48 hours after

treatment, food intake was measured. Solid circles, LPS; open triangles,

AF PBS. (B) Weight loss in LPS-treated animals (solid circles), time-

matched PF PBS (open circles), and AF PBS (open triangles) controls is
shown. Data are expressed as means 1 SEM. aValues significantly

different from AF PBS controls.
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PBS controls). Despite the decrease in CySS, calculations of
the redox state of Cys/CySS showed that it was considerably
oxidized up to 48 hours in LPS-treated animals. This change
suggests that after the oxidation of plasma Cys/CySS at 2 hours,
induction of CySS uptake may protect against more extensive
oxidation and also increase cellular supply of precursors for
GSH synthesis.

Thus, the combination of data show that oxidation of plasma
Cys/CySS at 2 hours occurs without a change in the total pool
size, and precedes maximal pathologic changes in the lung. In
contrast, oxidation of Cys/CySS redox state between 6 hours
and 48 hours occurred with a decrease in total pool size,
suggesting that the sustained oxidation occurred as a conse-
quence of decreased precursor availability relative to tissue
demand.

Oxidation of Plasma GSH/GSSG Redox State Followed

Oxidation of Plasma Cys/CySS Redox State

Previous research shows that the effects of LPS on plasma GSH
are time dependent. LPS induces an acute increase in plasma
GSH, due to hepatic GSH efflux, followed by a decrease in GSH
due to oxidation (9, 10). In the current study, analysis of GSH and
GSSG showed that no significant changes were apparent at
2 hours, whereas a significant decrease in GSH without a corre-
sponding increase in GSSG was present at 6 hours (Figures 5A
and 5B). The calculated Eh (GSH/GSSG) was significantly
oxidized only at 6 and 24 hours; no oxidation of GSH/GSSG
redox state occurred at 2 hours (Figure 5C). Compared with
simultaneous measurements of Cys/CySS redox state in Figure 4,
these results show that oxidation of GSH/GSSG redox state in
plasma follows oxidation of plasma Cys/CySS.

Oxidation of GSH/GSSG occurred in pair-fed controls as
well as in LPS-treated mice. At 6 hours, the decrease in plasma
GSH resulted in a 26 mV oxidation of Eh (GSH/GSSG) in LPS-
treated animals compared with AF PBS controls (P , 0.001)
(Figure 5A). Unexpectedly, a similar decline in plasma GSH
was observed in PF PBS controls, indicating that the decrease in
plasma GSH at 6 hours was related to the relative decrease in
food intake rather than a direct consequence of LPS-induced
oxidative stress. At 24 hours, GSH levels remained significantly
decreased in LPS-treated animals (10.1 6 1.5 mM) leading
to a significant decrease in the total plasma GSH pool
(GSH12*GSSG) in LPS-treated animals (P , 0.01, compared
with PF PBS and AF PBS controls) (Figure 5D). Thus, the
results show that oxidation of plasma Eh (GSH/GSSG) follows
the early oxidation of Cys/CySS and is largely explained by
a decline in food consumption rather than a direct oxidative
process activated by LPS.

LPS Induced Oxidation of Cys/CySS Redox State in Lung

Epithelial Lining Fluid

Because GSH levels in the lung lining fluid are documented to be
decreased after endotoxin (36), we hypothesized that levels of the
precursor Cys pool would also be compromised. Concentrations
of Cys and CySS in the epithelial lining fluid (ELF), obtained
immediately after killing, were estimated using the urea dilution
factor. The dynamics of Cys in lung lining fluid closely mirrored
that of plasma Cys (Figure 6A). At 2 hours, Cys levels in LPS-
treated animals were 7-fold lower than in controls, and remained
significantly decreased up to 48 hours (P , 0.001). CySS levels
markedly increased at 2 hours, remained elevated up to 24 hours
(P , 0.001), and dropped to control values at 48 hours (Figure
6B). Eh Cys/CySS was oxidized by 50 mV at 2 hours after LPS
(P , 0.001; compared with untreated controls) and remained
significantly oxidized up to 48 hours (Figure 6C).

Figure 4. Effect of LPS on plasma Cys, CySS, Eh Cys/CySS, and total

Cys. C57BL/6 mice were treated with 1 mg/kg intraperitoneal LPS or
with PBS. At 2, 6, 24, and 48 hours, mice were killed and plasma was

collected for high-performance liquid chromatography (HPLC) analysis

of (A) Cys and (B) CySS. In C, Eh Cys/CySS was calculated from the Cys

and CySS concentrations using the Nernst equation. (D) Total Cys
equivalents were obtained by adding together Cys 1 2*CySS. Data are

expressed as means 6 SEM. aValues significantly different from ad

libitum–fed PBS controls; bvalues significantly different from corre-

sponding pair-fed PBS control. Solid circles, LPS; open circles, PF PBS;
open triangles, AF PBS.
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Endotoxin Induced Transcriptional Up-Regulation of xCT

in the Lung

LPS is known to increase the expression of the CySS trans-
porter, system xc

- in vitro (37). Because the decline in plasma
CySS at 6 hours and at 24 hours could be a result of increased
transport, we determined message levels of xCT, the subunit of
system xc

- responsible for transport activity, in the lung. RT-
PCR analyses revealed that xCT was increased at 2 hours and at
6 hours (Figure 7). Thus, the decline in plasma pools for Cys 1

CySS may result from increased CySS uptake due to induction
of the xCT system.

Figure 5. Effect of LPS on plasma GSH, GSSG, Eh GSH/GSSG, and
total GSH. C57BL/6 mice were treated with 1 mg/kg intraperitoneal

LPS or with PBS. At 2, 6, 24, and 48 hours, mice were killed and

plasma was collected for HPLC analysis of (A) GSH and (B) GSSG. In
C, Eh GSH/GSSG was calculated from the GSH and GSSG concen-

trations using the Nernst equation. (D) Total GSH equivalents were

obtained by adding together GSH 1 2*GSSG. Data are expressed as

means 6 SEM. aValues significantly different from ad libitum–fed PBS
controls; bvalues significantly different from corresponding pair-fed

PBS control.

Figure 6. Effect of LPS on Cys and CySS levels in epithelial lining fluid.

Bronchoalveolar lavage was sampled from C57BL/6 mice treated with
1 mg/kg intreaperitoneal LPS and from untreated controls. Levels of (A)

Cys, (B) CySS, and (C) Eh Cys/CySS in epithelial lining fluid are shown

after correction using a urea dilution factor. Data are expressed as

means 6 SEM. aValues significantly different from untreated controls.
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Oxidized Extracellular Cys/CySS Redox State Enhances

Adhesion of Leukocytes to Pulmonary Endothelial Cells

Previous studies have shown that oxidized extracellular Cys/
CySS redox state stimulates the adhesion of monocytes to the
vascular endothelium (18). Here, we determined whether ad-
herence of leukocytes to pulmonary endothelial cells was
augmented under oxidized Cys/CySS redox states. Endothelial
cells were exposed to 280 mV and 246 mV redox medium for
24 to 36 hours. Subsequently, labeled leukocytes were incubated
with endothelial cells for 30 minutes and the media was aspirated
to remove unbound cells. Oxidized Eh Cys/CySS enhanced the
adherence of neutrophils (Figure 8A), and monocytes (Figure
8B) to pulmonary endothelial cells (P , 0.01). Thus, the data
suggest that early oxidation of Cys/CySS during endotoxemia
may contribute to leukocyte influx into the lung.

DISCUSSION

In the present study, we describe the dynamics of plasma GSH/
GSSG and Cys/CySS systems during endotoxemia. The findings
on Cys/CySS redox state add to the understanding of thiol
changes in sepsis. There is substantial evidence that LPS impairs
GSH homeostasis. Jaeschke reported that hepatic efflux of GSH
occurred during the first hour after endotoxin exposure, and
that the magnitude of efflux depended on endotoxin dose (9).
More recently, Payabvash and colleagues reported that plasma
(total) GSH significantly increased 1 hour after endotoxin
(5 mg/kg) and returned to baseline values by 3 hours (10). In
contrast, Minamiyama and coworkers found a 2-fold reduction
in plasma GSH in rats as early as 2 hours after endotoxin
(20 mg/kg) (38). We found that plasma GSH and GSSG levels
were comparable to baseline values 2 h after LPS. Therefore, the
dynamics of plasma GSH during endotoxemia appear to depend
on the dose of endotoxin and the time after administration when
the measurement is made. Unexpectedly, we found that oxida-
tion of GSH/GSSG redox state at 6 hours and at 24 hours was
largely a consequence of decreased food intake. Thus, the present
data do not support a direct role for LPS in oxidation of GSH/
GSSG redox state between 6 and 24 hours but rather a role for
LPS-induced anorexia in contributing substantially to impaired
GSH homeostasis. Since we did not make the measurements at
earlier time points, a direct oxidative effect of LPS on GSH/
GSSG redox state before 2 hours cannot be excluded.

In contrast to GSH, we observed a significant decline in
plasma Cys levels and a resulting oxidation of Eh Cys/CySS at
2 hours after endotoxin. This is consistent with the greater
relative reactivity of Cys, compared with GSH, to hydrogen
peroxide (39), which is produced early during endotoxin-in-
duced lung injury (40). The pronounced decline in plasma Cys
could be solely due to LPS-induced oxidative stress, an in-
terpretation which is supported by an increase in plasma CySS
at 2 hours. However, LPS increases activity of the hepatic Cys
transporters (41), and stimulated transport could contribute to

Figure 7. Effect of LPS on xCT mRNA in the lung. C57BL/6 mice were
treated with 1 mg/kg intraperitoneal LPS (solid circles) or with PBS (open

circles). At 2, 6, 24, and 48 hours, mice were killed and lung samples

were obtained. RNA was extracted from whole lung and transcript

levels of xCT were quantified using quantitative RT-PCR. Data are
expressed as means 6 SEM. aValues significantly different from un-

treated controls; bvalues significantly different from corresponding pair-

fed PBS control.

Figure 8. Effect of oxidized Eh Cys/CySS on leukocyte adherence to
pulmonary endothelial cells. Oxidized Eh Cys/CySS increases adherence

of (A) neutrophils by 1.3-fold (P , 0.01), and (B) monocytes by 2-fold

(P , 0.0001) to endothelial cells. The values shown are mean 6 SEM

from three replicates of a representative experiment. Open bars,
physiologic Eh Cys/CySS (280 mV); solid bars, oxidized Eh Cys/CySS

(246 mV).

Figure 9. Endotoxin/LPS can induce oxidation of plasma Cys/CySS

redox state by three mechanisms. Endotoxin-induced production of

reactive oxygen species (1) is an early event that can contribute to the
oxidation of Cys to CySS (2). Increased transport of Cys can further

potentiate the early decrease in Cys levels. CySS transport is also

induced by endotoxin-mediated effects. In the present study we see

that reduced food intake (3) contributes to LPS-induced decrease in
Cys, and concominant oxidation of plasma Cys/CySS redox state at

later time points.
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a decrease in plasma Cys at 2 hours. We found that the initial
difference in plasma Cys between LPS-treated mice and pair-
fed controls was not sustained over time, indicating a direct
effect of reduced food intake on plasma Cys levels between
6 hours and 48 hours.

Interestingly, at 6 hours and at 24 hours, plasma CySS levels
in LPS-treated mice decreased significantly. The increase in
message levels of xCT suggests that this decline is due to
increased CySS transport via the CySS/glutamate exchange
transport system, system xc

-. Increased CySS uptake is known
to enhance extracellular Cys and GSH delivery, which can
support the transfer S-nitrosothiols across the cell membrane
(42). Thus, the balance of plasma Cys/CySS during endotoxemia
appears to depend on mechanisms that include oxidation of Cys
to CySS, transport of Cys and CySS, and dietary availability of
Cys and Cys precursors (Figure 9).

The data show that Eh Cys/CySS in the plasma is more
sensitive than Eh GSH/GSSG to the acute effects of endotoxin,
and that Cys/CySS redox state rebounds more slowly than GSH/
GSSG redox state. While a precursor–product relationship
exists between Cys and GSH, the redox potentials of the
couples are not in equilibrium (12). The redox state of plasma
Cys/CySS is more oxidized compared with GSH/GSSG redox
state in humans (280 mV for Cys/CySS versus 2137 mV for
GSH/GSSG) (12) as well as in mice (2100 mV for Cys/CySS
versus 2150 mV for GSH/GSSG). The more oxidized redox
state of Cys/CySS in the plasma is attributed to Cys being
proximal to oxidative events in the extracellular fluid compared
with GSH (12). For instance, in humans, dietary restriction of
sulfur amino acids leads to oxidation of plasma Cys/CySS redox
state at 3 days, with no observable oxidation in the GSH/GSSG
redox state (43). Thus, the 10-mV oxidation of Eh Cys/CySS at
2 hours after LPS, when Eh GSH/GSSG remains unchanged, is
consistent with other studies of the dynamics of the redox state
of the plasma Cys pool. Furthermore, the distinct effects of LPS
on transport systems for GSH and Cys (Table 2) contributes
to the disequilibrium in the redox potentials of the couples at
2 hours. By 48 hours, there is clearance of cytokines in the
circulation and the concentrations of plasma GSH reflects re-
feeding. Because a rapid increase in GSH synthesis occurs upon
re-feeding (44), the disequilibrium in the redox potentials of
Cys and GSH at 48 hours is attributed to the use of Cys for GSH
(and protein) synthesis.

The observation that adherence of leukocytes to pulmonary
endothelial cells is increased under oxidized Eh Cys/CySS

suggests that oxidized Cys/CySS may potentiate lung injury by
increasing leukocyte influx into the lung. Cys/CySS redox state
is now recognized as an independent extracellular redox control
system (13–15), and variations in extracellular Eh Cys/CySS can
alter biological responses to growth factors such as transforming
growth factor (TGF)-a and TGF-b (33, 45). Of significance to
ALI, oxidized Eh Cys/CySS activates NF-kB and smad3, critical
players in lung injury and in repair (18, 33). Because plasma
Cys/CySS is equilibrated with Cys/CySS in the pulmonary
lymph (K.L. Brigham and D.P. Jones, unpublished observa-
tions), alterations in plasma Cys/CySS redox state can impact
cellular processes in the lung. The early oxidation of ELF and
plasma Eh Cys/CySS can potentiate the inflammatory response
to injury, while the sustained oxidation of Eh Cys/CySS could
play a role in modulating the repair process. Furthermore,
because Cys is a rate limiting precursor in the synthesis of GSH,
a decrease in Cys levels can compromise cellular GSH pools
and thereby sensitize cells to acute stress (46). Mechanistic
studies investigating the role of oxidized Cys/CySS redox state
in lung injury will provide more direct answers on how
perturbations in thiol status can contribute to the pathogenesis
of ALI, and in doing so may help resolve the discrepancies
associated with antioxidant therapies such as NAC.

In summary, we find that early oxidation of plasma Cys/CySS
redox state occurred due to LPS treatment. Plasma GSH/GSSG
showed no oxidation at 2 hours. Subsequent oxidation of Cys/
CySS and GSH/GSSG systems appeared to be due to anorexia
because pair-fed controls showed equivalent oxidation. Conse-
quently, the combined observations indicate that enhanced
oxidation of Cys, altered transport of Cys and CySS, and
decreased food intake each contribute to oxidized Cys/CySS
redox state in endotoxemia.
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