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A B S T R A C T

Sepsis is a life-threatening organ dysfunction caused by dysregulated host response to infection and character-
ized by redox imbalance and severe oxidative stress. Glutathione (GSH) serves several vital functions, including
scavenging free radicals and maintaining intracellular redox balance. Extracellular GSH is unable to be taken
into the majority of human cells, and the GSH prodrug N-acetyl-L-cysteine (NAC) does not exhibit promising
clinical effects. γ-glutamylcysteine (γ-GC), an intermediate dipeptide of the GSH-synthesis pathway and har-
boring anti-inflammatory properties, represents a relatively unexplored option for sepsis treatment. The anti-
inflammatory efficiency of γ-GC and the associated molecular mechanism need to be explored. In vivo in-
vestigation showed that γ-GC reduced sepsis lethality and attenuated systemic inflammatory responses in mice,
as well as inhibited lipopolysaccharide (LPS)-stimulated production of tumor necrosis factor-α (TNF-α), inter-
leukin-1β (IL-1β), high-mobility group box 1 (HMGB1), and nitric oxide (NO) and the expression of inducible NO
synthase and cyclooxygenase 2 in RAW264.7 cells. Moreover, both in vivo and in vitro experiments demon-
strated that γ-GC exhibited better therapeutic effects against inflammation compared with N-acetyl-L-cysteine
(NAC) and GSH. Mechanistically, γ-GC suppressed LPS-induced reactive oxygen species accumulation and GSH
depletion. Inflammatory stimuli, such as LPS treatment, upregulated the expression of glutathione synthetase via
activating nuclear factor-erythroid 2-related factor (Nrf2) and nuclear factor kappa B (NF-κB) pathways, thereby
promoting synthesis of GSH from γ-GC. These findings suggested that γ-GC might represent a potential ther-
apeutic agent for sepsis treatment.

1. Introduction

Sepsis is a major public health concern that shows high mortality
and no effective approved clinical treatment. Dysregulation of the im-
muno-inflammatory response induced by pathogenic infection, injury,
or xenobiotic infection can induce systemic inflammatory response
syndrome and organ damage [1,2]. Glutathione (GSH) is the most
abundant non-protein thiol that defends against oxidative stress, but is

depleted during the inflammatory response [3]. Additionally, GSH is a
key determinant of redox signaling, vital in detoxification of xenobio-
tics, and regulates cell proliferation, apoptosis, immune function, and
fibrogenesis [4–9]. De novo synthesis of GSH occurs in the cytosol and
involves two consecutive ATP-mediated enzymatic actions [10]. The
first and rate-limiting step involves the formation of γ-glutamylcysteine
(γ-GC) from glutamate and cysteine and catalyzed by γ-glutamylcys-
teine ligase (GCL), and the second step is catalyzed by glutathione
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synthetase (GSS) and involves condensation of γ-GC with glycine to
produce GSH [11]. Based on the essential functions of GSH, elevation of
GSH concentration in cells under various types of stress is important for
protecting cells from injury.

Uptake of extracellular GSH is impossible in a majority of human
cells due to the absence of a membrane-bound ectoenzyme γ-gluta-
myltranspeptidase (γ-GT) or an unfavorable concentration gradient
across the cell membrane [11,12]. Despite the use of N-acetyl-L-cysteine

Fig. 1. γ-GC reduces CLP-induced sepsis leth-
ality and attenuates systematic inflammatory
responses. (A) Mice (n=20/group) were
treated with the indicated dose of γ-GC, NAC
or GSH 30min after CLP surgery. The survival
rates of mice were monitored for 96 h con-
tinuously. (B) Lung and liver tissues of the
mice were collected and subjected to
Hematoxylin and Eosin staining 12 h after CLP,
and examined by light microscopy (magnifi-
cation, × 200). (C, D) Serum TNF-α and IL-1β
levels were measured by ELISA at the indicated
intervals after CLP surgery. (E, F) TNF-α and
IL-1β in mouse liver, lung and kidney were
measured by ELISA 24 h after CLP. *P < 0.05,
** P < 0.01, and ***P < 0.001 compared
with CLP group; #P < 0.05 and ##P < 0.01
compared with CLP + γ-GC group. Data re-
present the mean ± SD.
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(NAC) to treat sepsis both directly as a GSH substitute and indirectly as
a GSH precursor, clinical outcomes are controversial [13]. γ-GC, as an
immediate precursor of GSH that differs from GSH in the absence of
thermodynamic limitations regarding transmembrane transport, can be

readily taken up by many cell types to promote GSH synthesis [14–16].
γ-GC exhibits antioxidant properties due to its cysteine residue. In

infant mammals, γ-GC is initially provided in breast milk, as it cannot
by produced by infants in sufficiently high enough quantities. Upon

Fig. 2. γ-GC reduces lethality of endotoxic
shock and attenuates systemic inflammatory
responses. (A) Mice (n=20/group) were
treated with the indicated dose of γ-GC, NAC
or GSH 30min after LPS injection（37.5mg/
kg，ip）. The survival rates of mice were
monitored for 96 h continuously. (B) Lung and
liver tissues of the mice were collected and
subjected to Hematoxylin and Eosin staining
12 h after LPS treatment, and examined by
light microscopy (magnification, × 200). (C,
D) Serum TNF-α and IL-1β levels were mea-
sured by ELISA at the indicated intervals after
LPS administration. (E) TNF-α level in mouse
liver, lung and kidney were measured by ELISA
1.5 h after LPS administration. (F) IL-1β level
in mouse liver, lung and kidney were measured
by ELISA 6 h after LPS administration.
*P < 0.05, **P < 0.01, and ***P < 0.001
compared with LPS; #P < 0.05 and
##P < 0.01 compared with LPS + γ-GC. Data
represent the mean ± SD.
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weaning, the infants are capable of producing γ-GC internally from
dietary protein sources [17]. γ-GC is also present in some foods, in-
cluding green beans, spinach, spices, mustard, and fenugreek [18].
Early mouse studies demonstrated that intraperitoneal administration
of γ-GC restored depleted GSH content in organs [11], and that γ-GC
displayed hepatoprotective effects against iron-overload-induced liver
injury [19]. Le et al. [14] reported that γ-GC ameliorates oxidative
injury in neurons and astrocytes in vitro and increases brain GSH levels
in vivo [15]. Although γ-GC suppresses oxidative injury, its anti-in-
flammatory effects and related molecular mechanisms remain elusive.

Here, we showed that γ-GC improved the survival of septic mice
induced by intraperitoneal injection of lipopolysaccharide (LPS) or
cecal ligation and puncture (CLP) and suppressed the production of
inflammatory mediators induced by LPS stimulation. Moreover, we
compared the anti-inflammatory and anti-oxidative effects of γ-GC with
NAC and GSH, as well as analyzed the mechanism associated with the
anti-inflammatory effect of γ-GC.

2. Materials and methods

2.1. Reagents and antibodies

Gamma-glutamylcysteine (γ-GC, CAS No. 636-58-8) was obtained
from Biospecialties International (Mayfield, Australia), as a sodium salt.
Lipopolysaccharides (LPS, from Escherichia coli 0111: B4), N-acetyl-L-
cysteine (NAC), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), L-Glutathione reduced (GSH), cycloheximide (CHX)
were purchased from Sigma Aldrich (St. Louis, USA). The monoclonal
antibody to COX-2, iNOS, Nrf2, p-IκBα (Ser 32), NF-κB p65, NF-κB p-
p65 (Ser 536), GCL catalytic subunit (GCLC), GCL modifier subunit
(GCLM) were purchased from Santa Cruz Biotechnology (Dallas, USA).
The monoclonal antibody to p-IKKα/β (Ser 176/180), IKKβ, HO-1, IκBα
were purchased from Cell Signaling Technology (Beverly, USA). The
polyclonal antibody to GSS was purchased from Proteintech Group
(Rosemont, USA). The polyclonal antibody to GAPDH, LaminB, anti-

rabbit-HRP IgG and anti-mouse-HRP IgG were purchased from
Bioworld Technology (Minneapolis, USA).

2.2. Mouse inflammation models

BALB/c mice (male, 6 weeks old, 20 g) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. The animal study
was approved by Medical Laboratory Animal Research Institute of
Medical Sciences China [Permit Number: SYXK (Jing) 2014-0004]. All
treatments of mice in this study were in strict agreement with guide-
lines on ARRIVE and recommendations from an NIH sponsored work-
shop regarding experimental design and reporting standards [20]. Mice
were intraperitoneally (i.p.) injected with single dose of LPS (37.5mg/
kg) to produce endotoxin shock or challenged with CLP as previously
described for polymicrobial sepsis [21–23]. Briefly, mice were an-
esthetized with sodium pentobarbital (30mg/kg), and the severity of
sepsis was highly rested with the extent of cecal ligation. The sham-
operation which included the same procedure except for ligation and
perforation of the cecum was conducted on control mice. Thirty min-
utes after each challenge, mice were oral-administrated with saline, γ-
GC, NAC or GSH, respectively. The survival rates were monitored
continuously for 4 days (n=20 mice in each group). Serum TNF-α and
IL-1β were measured at the indicated time after challenges.

2.3. Histological analysis

Mice were anaesthetized at 12 h after LPS or CLP challenges. Mouse
lungs and livers were immersed in 4% paraformaldehyde for 24 h at
4 °C, and then were embedded in paraffin and sliced into five-micro-
meter sections. After staining with hematoxylin and eosin (H&E), sec-
tions were observed through light microscopy.

2.4. Cell culture

Murine macrophage-like RAW264.7 cells were obtained from the

Fig. 3. γ-GC downregulates LPS-induced production of inflammatory mediators in RAW264.7 cells. RAW264.7 cells were pretreated with or without γ-GC (2mM or
4mM) for 10min and stimulated with LPS for 24 h, and (A) TNF-α, (B) IL-1β, (C) HMGB1, and (D) NO levels in the culture supernatant were measured respectively
using ELISA kits or Griess reagents. (E) iNOS and COX-2 levels in cell lysates were detected by western blot, with levels normalized against that of GAPDH. Values in
control samples were arbitrarily set at 100%, with values in treated samples plotted as a percentage of this value. *P < 0.05, **P < 0.01, and ***P < 0.001 as
compared with LPS; ##P < 0.01 and ###P < 0.001 as compared with control. Data represent the mean ± SD of three independent experiments. NS, not
significant.

Y. Yang et al. Redox Biology 20 (2019) 157–166

160



cell bank of the Institute of Biochemistry and Cell Biology of the
Chinese Academy of Sciences (Shanghai, China). Cells were cultured in
Dulbecco's modification of Eagle's medium (Wisent, Montreal, Canada)
supplemented with 10% (v/v) fetal bovine serum (Gibco, Carlsbad,
USA) and with no antibiotics, and were maintained in an atmosphere of
humidified 5% CO2 at 37 °C.

2.5. In vitro inflammatory mediator detection

RAW264.7 cells, seeded into 12-well plate 12 h before the experi-
ment, were stimulated with or without LPS (1 μg/mL) for 24 h after
treatment with γ-GC at different concentrations. Supernatants were

collected and centrifuged at 10,000 rpm, 4 °C for 10min. The cytokine
concentrations were measured by using the quantitative ELISA kits
according to the manufacturer's instructions. TNF-a and IL-6 ELISA kits
were purchased from MultiSciences (Hangzhou, China) and HMGB1
ELISA kit was obtained from Shanghai Westang Bio-Tech Co., Ltd. The
amount of nitrite was determined by using NO Assay Kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer's instructions.

2.6. Measurement of ROS production

RAW264.7 cells were seeded into 96-well plate 12 h before the

Fig. 4. γ-GC alleviates LPS-induced oxidative stress. RAW264.7 cells were pretreated with or without γ-GC (2mM or 4mM) for 10min and then stimulated with LPS
(1 μg/mL) for 1 h. (A) Intracellular ROS were measured using a microplate reader after DCFH-DA staining. (B, C) Intracellular total GSH and reduced GSH levels were
measured using an enzymatic recycling method. (D–F) RAW264.7 cells were pre-incubated with NAC, reduced GSH, or γ-GC at the same concentrations (4 mM) for
30min and stimulated with LPS (1 μg/mL) for 1 h (##P < 0.01 and ###P < 0.001 compared with control; *P < 0.05 and **P < 0.01 compared with LPS
stimulation). (G–I) RAW264.7 cells were pre-incubated with NAC, reduced GSH or γ-GC at the same concentrations (4 mM) for 30min and stimulated with LPS (1 μg/
mL) for the indicated time. Intracellular ROS, total GSH, and reduced GSH were measured. *P < 0.05, **P < 0.01, and ***P < 0.001, ##P < 0.01 and
###P < 0.001. Data represent the mean ± SD of three independent experiments. NS, not significant.
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experiment. After treatment, cells were washed twice with PBS and
then incubated with 10 μM DCFH-DA probe (Beyotime, Shanghai,
China) for 25min. Cells were then rinsed twice with PBS and fluores-
cence assays were conducted with a fluorescence microplate reader
(BIO-TEK, INC) at excitation/emission 488/525 nm [24].

2.7. Measurement of intracellular GSH levels

RAW264.7 cells were seeded into 12-well plate (1× 105 cells/well)
12 h before the experiment. After treatment, cells were collected, wa-
shed with PBS and freeze-thaw breakage with liquid nitrogen and 37℃
water bath. Intracellular total GSH amount and oxidized GSH amount
were determination using GSH assay kit (Beyotime) or GSH fluoro-
metric assay kit (BioVision) according to the manufacturer's instruc-
tions.

2.8. Nuclear and cytosolic extract preparation

Nuclear and cytosolic fractions were separated by using NE-PER
nuclear and cytoplasmic extraction Kit (Thermo Scientific, Rockford, IL,
USA) according to the instructions specified by the manufacturer.
Briefly, cells were harvested by centrifuging at 500 g for 5min,

followed by washing with PBS and then lysed in ice-cold cytoplasm
extraction reagent I (CER I) for 10min and ice-cold CER II for 1min.
Cytoplasmic component was extracted by centrifuging at 16,000 g for
5min. Proteins of the nuclear material were then extracted by adding
nuclear extraction reagent to the insoluble fraction with vigorous
vortex per 10min for four times and centrifugation at 16,000 g.

2.9. Western blotting

Total proteins were extracted from cells by using RIPA lysis and
extraction buffer (Beyotime) containing protease inhibitor and phos-
phatase inhibitor (Roche, Rotkreuz, Switzerland). Equivalent amounts
of protein were electrophoresed on 10% SDS-PAGE, and blotted onto
polyvinylidene fluoride membranes (Millipore, Billerica, USA). After
blocking with 5% non-fat milk solution for 1 h at room temperature, the
membranes were washed with TBS-Tween-20 (0.1%, v/v) and then
incubated with primary antibody at 4 °C overnight followed by in-
cubating with HRP-conjugated secondary antibody for 1 h at room
temperature. The antibody-antigen complexes were visualized by che-
miluminescence method using the enhanced ECL immunoblotting
system (Tanon, Shanghai, China) [25].

Fig. 5. LPS elevates GSS expression in RAW264.7 cells through the Nrf2 and NF-κB pathways. (A) RAW264.7 cells were pretreated with or without CHX (1 μg/mL) for
30min, followed by LPS stimulation (1 μg/mL) for the indicated time. GSS level in cell lysates were detected by western blot (*P < 0.05 compared with control,
#P < 0.05, ##P < 0.01, and ###P < 0.001 compared with CHX + control). (B) RAW 264.7 cells were treated with LPS (1 μg/mL) for the indicated time, and
total RNA was isolated and subjected to GSS mRNA level detection by quantitative PCR. (C) RAW 264.7 cells were treated with LPS (1 μg/mL) for the indicated time,
and nuclear and cytoplasmic fractions were extracted for immunoblot analysis using antibodies against Nrf2, GSS, GCLC, and GCLM. (D) RAW 264.7 cells were
pretreated with Nrf2 inducer tBHQ (10 μM) (*P < 0.05, **P < 0.01, and ***P < 0.001 compared with control) or (E) were pre-incubated with Nrf2 inhibitor
ML385 (5 μM) for 30min, and than were stimulated with LPS (1 μg/mL) for 12 h. Nuclear and cytoplasmic fractions were extracted for immunoblot analysis using
antibodies against Nrf2, GSS, GCLC, and GCLM (##P < 0.01 and ###P < 0.001 compared with control; *P < 0.05 and **P < 0.01 compared with LPS sti-
mulation). (F) RAW 264.7 cells were treated with LPS (1 μg/mL) for the indicated time and analyzed by western blot using the indicated antibodies (*P < 0.05,
**P < 0.01, and ***P < 0.001 compared with control). (G) RAW264.7 cells were pre-incubated with an inhibitor of IκB kinase Evo (10 μM) for 30min and
stimulated with LPS (1 μg/mL) for 15min. Cell lysates were detected by western blot through using indicated antibodies. (I) RAW264.7 cells were pre-incubated with
Evo (10 μM) for 30min and stimulated with LPS (1 μg/mL) for 12 h. Cell lysates were detected by western blot using antibodies against Nrf2, GSS, GCLC, and GCLM
(*P < 0.05 compared with LPS stimulation; ##P < 0.01 compared with control). Data represent the mean ± SD of three independent experiments.
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2.10. RNA extraction and quantitative PCR

Total RNA was extracted with Trizol reagent (Ambion, Carlsbad,
USA). RNA was used to generate cDNA using PrimeScript reverse
transcription reagents (TaKaRa, Shiga, Japan) according to manufac-
turer's protocol. 500 ng cDNA was amplified using 2×Tap plus master
mix (Dye) (Vazyme Biotech, Nanjing, China). The mouse GSS transcript
was amplified using the following primers: forward primer, 5′-GCCCC
ATTCACGCTCTTCCCC-3′, reverse primer, 5′-ATGCCCGGCCTGCT-
TAGCTC-3′ and mouse GAPDH transcript used as an internal control
was amplified using the following primers: forward primer, 5′-GAGA
GTGTTTCCTCGTCCC- GTAG-3′, reverse primer, 5′-GCCTCACCCCATT
TGATGTTAGT-3′. The PCR products were visualized in 1.0% agarose

gels stained with ethidium bromide.

2.11. Statistical analysis

The experimental data were presented as mean ± SD from three
times replicate experiments. The statistical analysis was performed
using GraphPad Prism5 software. Data were analyzed by using analysis
of variance (ANOVA). Statistical significance was determined using
unpaired Student's two-tailed t-test for two data sets. The survival rates
were constructed using the Kaplan-Meier curve, and differences in
mortality were compared using the log-rank (Mantel-Cox) test.
Statistical significance was defined as *, p < 0.05; **, p < 0.01; ***,
p < 0.001,

Fig. 6. Nrf2 and NF-κB pathways influence GSS expression. (A–C) RAW264.7 cells were pre-incubated with or without ML385 (5 μM) for 30min or γ-GC (4mM) and
stimulated with LPS (1 μg/mL) for 12 h. (D–F) RAW264.7 cells were pre-incubated with or without Evo (5 μM) for 30min or γ-GC (4mM) and stimulated with LPS
(1 μg/mL) for 12 h. (G–I) RAW264.7 cells were pre-incubated with or without Evo (5 μM) or Evo (5 μM) for 30min or γ-GC (4mM) and stimulated with LPS (1 μg/mL)
for 12 h. Intracellular ROS levels, total GSH, and reduced GSH level were measured using the described methods. *P < 0.05, **P < 0.01, and ***P < 0.001;
#P < 0.05 and ###P < 0.001. Data represent the mean ± SD of three independent experiments.
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3. Results

3.1. γ-GC reduces sepsis lethality and attenuates systemic inflammatory
responses

Sepsis mouse models were established by CLP or intraperitoneal
injection of LPS. The CLP model is a well-established polymicrobial
sepsis model demonstrated as the most representative animal model of
human sepsis [26]. Mice injected with high-dose LPS suffer lethal en-
dotoxin shock [27]. In the present study, oral administration of γ-GC
(1200mg/kg) following CLP surgery reduced the mortality rate from
90% to 40% (Fig. 1A), whereas γ-GC administration (1200mg/kg) at
30min post-LPS treatment reduced the mortality rate from 80% to 40%
(Fig. 2A). Compared with the effects of NAC and GSH on the mouse
mortality rate, γ-GC treatment was more effective in either CLP or LPS
injection models (Figs. 1A and 2A). Additionally, we found that the
release of the proinflammatory cytokines, TNF-α and IL-1β, induced by
CLP or LPS in both serum and tissues attenuated following γ-GC ad-
ministration (Figs. 1C–F and 2C–F).

Organ damage is a leading cause of death in patients with lethal
inflammation. In sepsis, lung tissue is particularly susceptible to acute
injury. Moreover, the liver is an important metabolic organ that ex-
hibits antioxidant functions and in which γ-GC is converted to GSH.
Therefore, we performed histological observation to lung and liver
tissue. As shown in Figs. 1B and 2B, γ-GC administration alleviated
mouse lung injury including alveolar wall thickening, alveolar de-
struction, bleeding, and liver injury, and inflammatory cell infiltrates
induced by LPS or CLP challenge. These data indicated that γ-GC was
effective in preventing LPS- or CLP-induced systemic inflammatory
response and organ damage suggesting its potential therapeutic effects
on sepsis.

3.2. γ-GC downregulates LPS-induced production of inflammatory
mediators in RAW264.7 cells

MTT detection showed that γ-GC from 20 μM to 12.5mM did not
significantly influence cell viability, suggesting its low cytotoxicity
(Supplemental Fig. 1A). Release of inflammatory cytokines plays an
essential role in inflammatory processes, we thus assess the effects of γ-
GC on LPS-induced cytokine release from macrophages. RAW264.7
cells were incubated with various concentrations of γ-GC, and 24 h after
LPS stimulation, secretion of TNF-α, IL-1β, and high-mobility group box
1 (HMGB1) in the culture medium was detected by ELISA. The results
indicated that γ-GC administration attenuated the secretion of these
LPS-induced proinflammatory cytokines (Fig. 3A–C).

The two most prominent molecular mechanisms that mediate

inflammatory processes are the formation of nitric oxide (NO) by in-
ducible NO synthase (iNOS) and the production of prostaglandins by
cyclooxygenase 2 (COX-2; prostaglandin H2 synthase) [28,29]. We in-
cubated RAW264.7 cells with various concentrations of γ-GC, and 24 h
after LPS stimulation, western blot analysis was performed on cell ly-
sates. We found that γ-GC attenuated LPS-elevated protein level of iNOS
and COX-2 (Fig. 3D). Furthermore γ-GC reduced LPS-triggered NO re-
lease (Fig. 3E). These results indicated that γ-GC attenuated LPS-sti-
mulated inflammatory responses of macrophages.

3.3. γ-GC protects cells against LPS-induced oxidative stress and elevates
intracellular GSH level

Reactive oxygen species (ROS) are generated in cellular response to
xenobiotics, cytokines, and bacterial invasion. Oxidative stress refers to
the imbalance due to excess ROS or oxidants over the capability of the
cell to mount an effective antioxidant response [30]. We found that γ-
GC administration decreased ROS levels induced by LPS in RAW264.7
cells (Fig. 4A). γ-GC is the immediate precursor to GSH, which is gen-
erated during cellular response to inflammatory stimuli [3]. As shown
in Fig. 4B, the γ-GC treatment significantly elevated intracellular GSH
level. Besides, 4 h after 2 μM or 4 μM γ-GC treatment, GSH/GSSG(ox-
idized GSH) ratio apparently increased, thereby alleviating LPS-induced
decreases in GSH levels (Fig. 4C).

To further evaluate the effects of γ-GC on oxidative stress, we
compared γ-GC with NAC and GSH during stress response. NAC is a
source of cysteine used in the production of γ-GC, and GSH is the
outcome of GSS-catalyzed transformation of γ-GC. Our results showed
that γ-GC administration provided better protection against lethal
shock as compared with NAC or reduced GSH (Figs. 1A and 2A). We
thus compared the effects of γ-GC, NAC and GSH on cellular ROS, total
GSH, and GSH/GSSG ratio levels following LPS stimulation to
RAW264.7 cells. Results showed that γ-GC, at concentration of 4 μM,
inhibited the elevation of ROS induced by LPS treatment for 1 h,
whereas NAC and GSH did not significantly alter the ROS levels
(Fig. 4D). As shown in Fig. 4G, cellular ROS level progressively in-
creased during 12 h LPS treatment, which was suppressed by γ-GC and
NAC but not GSH. The further study showed that γ-GC significantly
increased intracellular GSH and GSH/GSSG ratio level 1 h after LPS
stimulation and NAC only slightly increase GSH level but not affected
GSH/GSSG ratio level (Fig. 4E and F). Two hours after LPS treatment
intracellular GSH and GSH/GSSG ratio level declined gradually (Fig. 4H
and I; Supplemental Fig. 1B), whereas, γ-GC significantly increased GSH
and GSH/GSSG ratio level. Although NAC also raised GSH and GSH/
GSSG ratio level after LPS treatment, its efficiency was much weaker
than γ-GC. These results indicated that γ-GC exhibited more effective in
raising cellular GSH level, especially the reduced GSH level, than NAC
under LPS stimulation, suggesting that the stronger anti-inflammatory
activity of γ-GC was related with its capacity to elevate cellular GSH
level.

3.4. LPS promotes GSS expression in RAW264.7 cells through Nrf2 and NF-
κB pathways

As shown in Fig. 4B and C, intracellular GSH levels were elevated
following γ-GC treatment. Interestingly, the higher GSH level was ob-
served in LPS-stimulated cells following γ-GC treatment than that in
control cells. GSH synthesis from γ-GC and glycine is catalyzed by GSS
[11,31], we thus investigated the effect of LPS on GSS level in
RAW264.7 cells. Cells were incubated with LPS (1 μg/mL) for various
time periods in the presence or absence of the protein-synthesis in-
hibitor cycloheximide (CHX). Western blot analysis indicated that LPS
stimulation increased the synthesis of GSS protein in a time-dependent
manner (Fig. 5A). Subsequent quantitative polymerase chain reaction
(qPCR) demonstrated that LPS increased in GSS mRNA level (Fig. 5B).
These data indicated that LPS upregulated the expression of GSS protein

Fig. 7. A proposed schematic diagram describing the protective mechanisms of
γ-GC against LPS-induced sepsis.
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at transcription and translation levels.
Nrf2 and NF-κB are transcription factors that play important roles in

LPS-mediated inflammatory responses [32,33]. To investigate the me-
chanisms by which LPS affects GSS expression, we evaluated activation
of the Nrf2 and NF-κB pathways. Our results revealed that total Nrf2
level increased from 8 to 12 h after LPS treatment and reached to the
highest level 12 h after LPS treatment (Fig. 5C). Nuclear Nrf2 also in-
creased from 8 to 12 h after LPS treatment (Fig. 5C). Meanwhile, GSS
and GCLM expression increased after 8 h treatment of LPS, whereas no
alteration were observed in GCLC expression (Fig. 5C). Additionally,
treatment of cells with a Nrf2-specific inducer tBHQ increased GSS and
GCL protein level, in contrary, treatment with a Nrf2-specific inhibitor
ML385 reduced GSS and GCLM level and had no effect on GCLC level
(Fig. 5D and E). We then evaluated the activation of NF-κB pathway.
LPS resulted in the phosphorylation of IKKα/β and IκBα in RAW 264.7
cells 5 min after challenge and peaked at 15min (Fig. 5F). Subse-
quently, evodiamine (Evo), an inhibitor of IκB kinase, suppressed GSS
expression but did not affected GCLM level (Fig. 5G). In further ex-
periment, when we treated RAW 264.7 cells with ML385 and Evo to
suppress the activation of both Nrf2 and NF-κB pathways, we found that
γ-GC-mediated attenuation of ROS level and increase of total GSH and
GSH/GSSG ratio level were prevented (Fig. 6). These results suggested
that LPS promoted GSS expression by activating the Nrf2 and NF-κB
pathways (Fig. 7).

4. Discussion

In the present study, we determined the efficacy of γ-GC in enhan-
cing cellular GSH level and suppressing inflammation，and our find-
ings suggested that γ-GC was potential to act as a therapeutic candidate
for sepsis. Sepsis is a clinical condition associated with GSH depletion
and a major public health concern [34–37]. A series of therapies and
adjunctive drugs, such as glucocorticoids, insulin, and recombinant
activated protein C, have been used for clinical treatment for sepsis
[38–40], however, these drugs induce several side effects ranging from
potentially life-threatening (e.g., cardiovascular events and infections)
to those less clinically serious (e.g., sleep disturbances, stomach upset
during the treatment period) [41–43]. γ-GC is a relatively unexplored
option for sepsis treatment, despite its exhibiting anti-inflammatory
effects with little or no side effects [44].

In the present study, we investigated the anti-inflammatory poten-
tial of γ-GC and compared the anti-inflammatory and anti-oxidant ac-
tivity of γ-GC with NAC and GSH. Our findings suggest γ-GC as having
potential advantages over the other two substrates in the context of
promoting anti-inflammation effects. GSH was limited for being a
therapeutic agent because of its unfavorable biochemical and phar-
macokinetic properties [45]. NAC is one kinds of source of thiol groups
able to trigger GSH synthesis, and as a result, to promote detoxification
and to act as a scavenger of ROS [46–48]. However, because of its low
bioavailability, the results of NAC in animal models and in vitro ex-
periments are controversial. Besides, the synthesis of GSH from NAC
needs three enzymes and the effect of GCL is rate limited. Exogenous γ-
GC would be directed into the cell and catalyzed by GSS to elevate
intracellular GSH levels. Additionally, γ-GC does not result in allosteric
feedback inhibition of GSS activity [31], which suggests that it is more
effective for γ-GC in GSH synthesis compared with NAC. Altogether, our
findings are consistent with these reports with.

As the precursor to GSH, γ-GC elevated GSH and GSH/GSSG ratio
levels slightly in the absence of LPS, however, upon LPS stimulation,
total GSH level as well as GSH/GSSG ratio in cells pretreated with γ-GC
markedly increased. We observed time-dependent increases in GSS
mRNA and protein levels following LPS stimulation, which subse-
quently promoted increases in GSH level. This could be explained by
the LPS-induced inflammatory response stimulating the production and
activation of enzymes associated with GSH biosynthesis [49]. Com-
pared with other enzymes related to GSH biosynthesis, GSS was more

sensitive to inflammation or LPS stimulation. GSS is the key enzyme
that catalyzes γ-GC and glycine to produce GSH. It has been reported
that decreased GGS activity alone in the absence of changes in GCL
levels resulted in attenuated GSH level following surgical trauma in
human skeletal muscle [50]. Additionally, Choi et al. described that the
decreased hepatic GSH level was correlated with reduced GSS activity
in Tat-transgenic mice [51]. Our findings together with previous studies
suggested more importance for GSS in GSH synthesis in inflammatory
and oxidant stresses.

It has been reported that bucillamine induces the increase of both γ-
GCS and GSS expression by activating Nrf2 and thereby, further induces
intracellular GSH increase [52,53]. Additionally, NF-κB activates the
rat GSS promoter, albeit indirectly via activator protein 1 [54]. To in-
vestigate the underlying mechanism involved in LPS-induced elevations
in GSS levels, we assessed activation of the Nrf2 and NF-κB pathways.
Assays involving inhibitors or inducers of these two signaling pathways
revealed that Nrf2 and NF-κB activation was essential for LPS-induced
GSS upregulation. A previous study indicated that activated Nrf2 sig-
naling upregulates the transcription of glutathione reductase (GR),
which increased GR activity and resulted in reduction of GSSG to GSH
[55]. This could explain our observation of γ-GC administration re-
sulting in elevated GSH/GSSG ratios upon LPS stimulation, as upregu-
lated GSS levels promoted GSH synthesis, and upregulated GR levels
likely promoted GSSG reduction to GSH.

In conclusion, our in vitro and in vivo results demonstrated the
therapeutic potential of γ-GC for treating sepsis. We found that γ-GC
administration protected mice from CLP- or LPS-induced lethal toxicity,
and that the mechanism associated with this anti-inflammatory activity
involved increased intracellular GSH levels and inhibition of ROS ac-
cumulation. Moreover, γ-GC exhibited better anti-inflammatory effects
as compared with those observed following NAC administration, sug-
gesting γ-GC as a potentially efficacious therapeutic reagent for sepsis
treatment.
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