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Abstract

Glutathione reductase (Gsr)1 catalyzes the reduction of glutathione disulfide to glutathione, a

major cellular antioxidant. We have recently shown that Gsr is essential for host defense against

the Gram-negative bacteria Escherichia coli in a mouse model of sepsis. While we have

demonstrated that Gsr is required for sustaining the oxidative burst and the development of

neutrophil extracellular traps, the role of Gsr in other phagocytic functions remains unclear. It is

also unclear whether Gsr-deficient mice exhibit host defense defects against Gram-positive

bacteria. In the present study, we characterized the effects of Gsr deficiency on the innate immune

responses to a Gram-positive bacterium, group B Streptococcus, and to the Gram-negative

bacterial cell wall component lipopolysaccharide (LPS). We found that like, E. coli, group B

Streptococcus resulted in a substantially more robust cytokine response and a markedly higher

morbidity and mortality in Gsr-deficient mice than in wildtype mice. The increased morbidity and

mortality were associated with greater bacterial burden in the Gsr-deficient mice. Interestingly,

Gsr-deficient mice did not exhibit a greater sensitivity to LPS than did wildtype mice. Analysis of

1Abbreviations used: Gsr, glutathione reductase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK,
mitogen-activated protein kinase; Mkp, MAPK phosphatase; GSH, glutathione; GSSG, glutathione disulfide; ROS, reactive oxygen
species; F-actin, actin filaments; BMDM, bone marrow-derived macrophages; PMN, polymorphonuclear leukocytes; PEC, peritoneal
elicited leukocyte cells; LPS, lipopolysaccharides; PMA, phorbol myristate acetate; GBS, group B Streptococcus; FSC, forward
scatter; SSC, side scatter; LC-MS/MS, liquid chromatography coupled tandem mass spectrometry; MFI, mean fluorescence intensity;
MOI, multiplicity of infection; cfu, colony forming unit.
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the neutrophils of Gsr-deficient mice revealed impaired phagocytosis. In response to thioglycollate

stimulation, Gsr-deficient mice mobilized far fewer phagocytes, including neutrophils,

macrophages, and eosinophils, into their peritoneal cavities than did wildtype mice. The defective

phagocyte mobilization is associated with profound oxidation and aggregation of ascitic proteins,

particularly albumin. Our results indicate that the oxidative defense mechanism mediated by Gsr is

required for an effective innate immune response against bacteria, likely by preventing phagocyte

dysfunction due to oxidative damage.
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Bacterial infection; phagocytes; redox regulation; oxidative burst; host defense; animal model;
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Introduction

Reactive oxygen species (ROS) are pivotal in the host defense mediated by the innate

immune cells, particularly neutrophils and macrophages, against bacterial and fungal

pathogens. Upon encountering these pathogens, phagocytes engulf the microbial particles

through phagocytosis, which activates NADPH oxidase, leading to a robust production of

ROS, including H2O2. While ROS are critical for the killing of engulfed microbial

pathogens, these ROS may oxidize biomolecules of the host and thereby inhibit phagocytic

function. Glutathione, or GSH, is critical for the elimination of H2O2 in cells. GSH reacts

with H2O2 through a chemical process catalyzed by glutathione peroxidase, resulting in

glutathione disulfide (GSSG) [1, 2]. Glutathione reductase (Gsr) catalyzes the regeneration

of GSH from GSSG, utilizing NADPH generated by the hexose monophosphate shunt.

Therefore, by catalyzing the GSH/GSSG cycle to facilitate electron transfer from glucose to

H2O2, Gsr functions to prevent the accumulation of excessive amounts of ROS and the

resulting oxidative damage. Previously, it has been shown that Gsr is required for a

sustained respiratory burst in neutrophils after activation [3, 4]. Loos et al. reported that

neutrophils isolated from a family with minimal residual GSR activity exhibited a very brief

respiratory burst and these neutrophils also displayed a marginal defect in bacterial killing

assays in vitro [4]. Very recently, we have shown that Gsr-deficient mice are more sensitive

to challenge by the Gram-negative bacteria, Escherichia coli [5]. Upon E. coli challenge,

Gsr-null mice exhibited greater mortality, which was associated with a more robust cytokine

storm, than did wildtype mice. Analyses of neutrophil function from Gsr-deficient mice

revealed considerable defects in both phagocytic respiratory burst and the development of

neutrophil extracellular traps. While the critical importance of Gsr in host defense against E.

coli is clear, it is not clear whether Gsr also plays a significant role in host defense against

other types of bacteria. It is also unclear whether Gsr-deficiency affects other aspects of the

innate immune response besides the oxidative burst and the development of neutrophil

extracellular traps.

In the present study, we investigated the effects of Gsr deficiency on host defense against a

Gram-positive bacterium, group B Streptococcus (GBS), which is a major cause of

meningitis, sepsis, and pneumonia in neonates. To understand the mechanisms underlying
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the substantially elevated mortality of Gsr-deficient mice following E. coli infection, we

examined the effects of Gsr deficiency on cellular signaling and cytokine production during

the response to LPS. We also studied the effects of Gsr deficiency on leukocyte mobilization

and phagocytosis. Our studies revealed novel functions of Gsr in the innate immune system.

Materials and methods

Mice

Wildtype C3H/HeN mice (6–10 weeks old) were purchased from Harlan. The initial

generation of the Gsr-deficient mice has been previously described [6]. The genetic mutation

in these mice has been characterized as a 13 kb deletion that starts in intron 1 and ends in

intron 5 of the Gsr gene [7]. This deletion eliminates a region in the open reading frame of

Gsr and causes a frame shift in the resulting mutant Gsr mRNA, preventing its translation

into a functional protein. The original Gsr mutant mice were crossbred to C3H/HeN mice for

10 generations in our laboratories and bred to homozygosity. The genotype of the offspring

was determined by PCR, using the following primers: 5'-

GCCTCAGTTCAGTTTCCAGC-3' and 5'-GTGCTCCTAAGCACCGAGTC-3' for

detecting the wildtype allele (364 bp); 5'-TGGGAATTCCCTAAGGAGCTCCAT-3'and 5'-

GTGCTCCTAAGCACCGAGTC-3' to detect the mutant allele (208 bp). Animals had free

access to food and water in a specific pathogen-free vivarium at 25°C with humidity

between 30% and 70% and with a 12-h alternating light-dark cycle. Animals were treated

humanely according to the NIH guidelines and all animal experiments were approved by the

Institutional Animal Care and Use Committees of the Research Institute at Nationwide

Children's Hospital and Seattle Children's Research Institute.

Bacteria

The GBS serotype H1 strain (COH1), a virulent type III GBS originally isolated from a

septic neonate, was purchased from ATCC. The bacteria were grown in tryptic soy broth

until the OD600 value reached 0.6. Bacterial concentrations were verified by colony

formation assays on tryptic soy agar plates, and bacteria were diluted to the appropriate

working concentration in sterile PBS before inoculation. To obtain heat-killed GBS, live

bacteria were placed in a 60°C water bath for 1 h, and death was verified by plating on

tryptic soy agar plates.

Streptococcal infection, endotoxemia, bacterial burden

In the GBS infection model, mice were given varying doses of GBS, i.p. Control animals

were given equal volumes of PBS or 107 colony forming unit (cfu) equivalents of heat-killed

GBS, i.p. Mice were observed every 4 h for the first 24 h post infection, every 8 h between

24 and 48 h post infection, then every 24 h thereafter for 7 d for signs of morbidity and

mortality. At every observation time-point, each mouse was assigned a score on a scale of

one to six, based on clinical signs of sepsis or death (Table 1). Moribund mice were assigned

a clinical score of 5 and were euthanized. Dead mice were assigned a clinical score of 6.

To determine bacterial burden, mice were dosed with 106 cfu of GBS, i.p., and euthanized

by CO2 inhalation after 24 h. Blood was collected via cardiac puncture, and 100 μl of whole
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blood were combined with 900 μl tryptic soy broth. Serial dilutions were conducted and

plated on tryptic soy agar to enumerate the bacterial counts, as previously described [8, 9].

In the endotoxin shock model, mice were challenged i.p. with LPS (E. coli O55:B5, Sigma-

Aldrich) at various doses, and the survival of these animals was monitored.

Determination of cytokine levels

To assess cytokine and chemokine levels in the blood, mice were euthanized and blood was

harvested. Cytokines and chemokines in the sera were either determined by ELISA as

previously described [10–12], or determined in plasma by using multiplex cytokine analysis

kits according to the manufacturer's protocol (Millipore, Billerica, MA). In the multiplex

assays, data were collected using the Luminex-200 system Version 1.7 (Luminex, Austin,

TX). Data analysis was performed using the MasterPlex QT 1.0 system (MiraiBio, Alameda,

CA).

Thioglycollate stimulation, peritoneal lavage, and ex vivo macrophage stimulation

Approximately 2 ml of thioglycollate medium (3%, Invitrogen) was injected into the

peritonea of female mice. Peritoneal cells were harvested at various time-points following

thioglycollate injection, by lavage with approximately 10 ml of phenol red-free DMEM.

Cells were sedimented by centrifugation at 300×g for 5 min. These cells were then stained

with leukocyte cell markers and analyzed by flow cytometry. Peritoneal macrophages were

enriched by adherence to tissue culture dishes, and treated with LPS at a concentration of

100 ng/ml as previously described [13]. To generate bone marrow-derived macrophages

(BMDM), bone marrow cells were harvested from wildtype and Gsr-null mice, and cultured

in DMEM containing 10% FBS, 100 units/ml penicillin, 100 g/ml /streptomycin, and 25

ng/ml M-CSF (PeproTech) for 7 days.

Antibodies and fluorophores

For flow cytometry, the following antibodies or fluorophores were used. F4/80-PE-Cy7

(BM8) and CD11b-eFluor 605NC (M1170) were purchased from eBioscience. Ly-6G-

Pacific Blue (1A8) and Gr-1-Pacific Blue (RB6-8C5) were purchased from BioLegend.

Annexin V-FITC and PI (51-65874x), Siglec-F-PE (E50-2440), and rat anti-mouse CCR3

(CD193)-Alexa Fluor 647 (557974) were purchased from BD Bioscience. Goat anti-mouse

CCR2 (CD192) (AAM72) was purchased from Serotec. Qdot 655-conjugated rabbit anti-

goat IgG (H+L) (Q11821MP, Invitrogen) was used as a second antibody to detect CCR2.

Alexa Fluor 488-conjugated phalloidin (A12379) was also from Invitrogen.

Flow cytometry

Thioglycollate-elicited peritoneal cells were harvested and analyzed by flow cytometry

(LSR II, BD Biosciences). The populations of polymorphonuclear leukocytes (PMN)

(CD11b+Ly-6G+F4/80−), eosinophils (CD11b−F4/80low), resident macrophages (CD11b+

F4/80high CCR2−), inflammatory macrophages (CD11b+ F4/80highCCR2+), and their cell

viability parameters were compared between wildtype and Gsr-deficient mice.

Yan et al. Page 4

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Phagocytosis

Blood sample were used to assess the phagocytotic activity of wildtype and Gsr-null

monocytes, as previously described [5]. Briefly, pH-sensitive pHrodo-conjugated E. coli

bioparticles (Invitrogen) were opsonized using serum according to manufacturer's

instruction. Heparinized blood samples (100 l) harvested from wildtype or Gsr-null mice

were incubated with opsonized pHrodo-conjugated E. coli bioparticles at 37qC for 1 h. As

controls, blood samples were incubated with pHrodo-conjugated E. coli bioparticles on ice.

Cells were then stained with specific leukocyte makers (CD11b, Gr1, and F4/80), and

subjected to flow cytometry analysis. Phagocytosis by monocytes (CD11b+Gr-1lowF4/80+)

was quantified.

To assess F-actin formation, neutrophils were purified from mouse bone marrow by Percoll

gradient centrifugation, as previously described [5, 14]. Bone marrow neutrophils were

stimulated with 100 nM phorbol myristate acetate (PMA) for different lengths of time. Cells

were then fixed, permeabilized, and stained with Alexa Fluor 488-labeled phalloidin

(Molecular Probes). Cells were either examined by confocal microscope (LSM-710, Zeiss),

or analyzed by flow cytometry.

Western blotting

Western blot analysis was performed as previously described (42) using antibodies against

mitogen-activated protein kinase phosphatase (Mkp)-1 (Santa Cruz Biotechnology),

phosphorylated and total c-Jun N-terminal kinase (JNK), p38, and extracellular signal-

regulated kinase (ERK) (Cell Signaling Technology).

Mass spectrometry

Mice were injected with 2 ml thioglycollate medium i.p., and euthanized 48 h later. The

gelatinous coating on the liver of Gsr-null mice was collected with clean and sterile forceps,

and mixed with 1× NuPAGE lithium dodecyl sulfate (LDS) sample buffer (2.5% glycerol,

0.5% LDS, 1% Ficoll-400, 62 mM Tris-HCl pH8.5, 0.064 mM phenol red, 0.055 mM Serva

blue G250, 0.13 mM EDTA, and 50 mM DTT). Similarly, sera and PBS lavage supernatants

collected from healthy mice were mixed with 4× NuPAGE LDS sample buffer (Invitrogen).

The mixtures were heated at 65°C for 10 min, and samples were centrifuged at room

temperature for 5 min. The samples were resolved on 10% NuPAGE gels (Invitrogen), and

the gels were stained with Coomassie G250. The major band at ~65 kDa was excised from

the gel, incubated with 25 mM DTT to reduce cystine residues to cysteines, then incubated

with 55 mM iodoacetamide to alkylate the cysteine residues. Finally, the protein was

digested with trypsin, and the tryptic peptides analyzed by liquid chromatography coupled

tandem mass spectrometry (LC-MS/MS). Further LC-MS/MS analysis coupled with peptide

sequencing was used to quantify differentially oxidized albumin peptides. Peak areas of

serum albumin peptides that only contained carbamidomethylated cysteine (or cystine) and

peptides that were heavily oxidized (containing oxidized methionine and/or cysteic acid)

were measured from the selected ion chromatogram. The degree of abnormal albumin

oxidation was estimated by calculating the percentages of the peptide containing only

carbamidomethylated cysteine (or cystine) and the peptide that contains oxidized methionine

Yan et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and/or cysteic acid(s), using the formula: [peak area of a given peptide/(peak area of

carbamidomethylated peptide + peak area of heavily oxidized peptide)]×100.

Statistics

Differences in survival between wildtype and Gsr-deficient mice after GBS infection were

determined by Kaplan-Meier analyses. Bacterial burdens were compared between wildtype

and Gsr-deficient mice using χ2 analyses. Differences between the two groups in clinical

scores were identified using two-way ANOVA. Differences between wildtype and Gsr-

deficient mice in other parameters were identified using unpaired Student's t-tests. A p value

of less than 0.05 was considered significant. The LD50 values and 95% confidence intervals

of wildtype and Gsr-deficient mice following LPS challenge were calculated using the R

package [15].

Results

Gsr-deficient mice exhibit increased morbidity and mortality as well as a more robust
cytokine storm following group B Streptococcus infection

To assess the functional importance of Gsr in host defense against GBS, wildtype and Gsr-

deficient mice were infected i.p. with GBS serotype H1 strain (COH1), a clinical isolate

from a case of fatal infant septicemia. Animal survival was monitored over 7 days. Figure

1A depicts the survival curves of wildtype and Gsr-deficient mice after challenge with

1×107 cfu of GBS. Gsr-deficient mice not only exhibited a lower overall rate of survival but

also succumbed to GBS earlier than did wildtype mice. To quantify the susceptibility of

these two strains of mice to GBS, we infected wildtype and Gsr-deficient mice with a wide

range of doses of bacteria, and documented the survival (Table 2). The LD50 values for

wildtype and Gsr-deficient mice were estimated to be 3.01×107 and 1.36×106 cfu of GBS,

respectively.

A clinical scoring system was developed to evaluate disease severity in wildtype and Gsr-

deficient mice following GBS challenge (Table 1). Gsr-null mice not only exhibited more

severe disease, but also developed disease earlier than did wildtype mice (Figure 1B). At a

dose of 107 cfu of GBS per animal, Gsr mice developed significantly more severe signs of

disease, including rough coat and slow or labored breathing within 8 h, while wildtype mice

had few signs of disease at this time-point. By 16 h, all Gsr-deficient mice developed signs

of severe sepsis, whereas the wildtype mice remained relatively asymptomatic. All 8 Gsr-

deficient mice reached a clinical score of 6 by 40 h post bacterial challenge. In contrast, with

the same dose of GBS only one out of 8 wildtype mice had reached a clinical score of 6 at

96 h post inoculation, while all others survived the 7 day observation period.

To understand the mechanisms underlying the high morbidity and mortality of Gsr-deficient

mice after GBS infection, we measured the levels of cytokines and chemokines in the

plasmas of animals. Mice were given PBS, 106, or 107 cfu of live GBS per animal. As an

additional control, mice were also given 107 cfu equivalents of heat-killed GBS per animal.

Mice were euthanized 24 h post bacterial administration, and cytokines and chemokines in

the plasma were measured using multiplex assays (Figure 2). The levels of cytokines and
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chemokines in the PBS-treated wildtype and Gsr-deficient mice were very low. Infection of

wildtype mice with 106 cfu of live GBS resulted in little changes in blood cytokine and

chemokine levels, suggesting that inflammation was minimal in these mice at 24 h.

Compared to wildtype mice, Gsr-deficient mice infected with 106 cfu of live GBS exhibited

a much more robust inflammatory response, as indicated by dramatic increases in blood

cytokine and chemokine levels. Specifically, Gsr-deficient mice had substantially higher

concentrations of TNF-. IL-6, IL-10, IFN-, KC, MCP-1, MIP-1, MIP-1, MIP-2, RANTES,

IP-10, G-CSF, GM-CSF, and M-CSF, than did wildtype micẽ Infection of wildtype mice

with a higher dose of GBS (107 cfu) substantially increased the levels of TNF-. IFN-, KC,

MCP-1, MIP-1, RANTES, IP-10, G-CSF, and M-CSF, suggesting significant inflammation

in these mice. Furthermore, the concentrations of TNF-. IL-6, IL-10, KC, MCP-1, MIP-1,

MIP-1, MIP-2, RANTES, G-CSF, GM-CSF, and M-CSF in Gsr-deficient mice infected with

107 cfu of GBS were higher than those in similarly infected wildtype mice. The differences

in plasma cytokines and chemokines between the wildtype and Gsr-deficient mice were

dependent on the viability of the administered GBS, since wildtype and Gsr-deficient mice

given 107 cfu of heat-killed GBS had levels of blood cytokines and chemokines comparable

to mice given PBS.

Gsr-deficient mice display higher bacterial burdens following group B Streptococcus
infection

To understand the effects of Gsr deficiency on bactericidal function against GBS, we

assessed bacterial burden in infected mice. As shown in Table 3, 9 out of 10 wildtype mice

dosed with 106 cfu of GBS cleared their bacteria by 24 h, with only one animal showing low

but detectable levels of bacteria (<104 cfu/ml blood). In contrast, out of 10 Gsr-deficient

mice only one mouse cleared GBS and another mouse had bacterial counts in the low but

detectable range of bacterial burden (<104 cfu/ml blood), while the remaining 8 mice

exhibited high bacterial counts (>2×105 cfu/ml blood). χ2 analysis revealed a significant

difference in the bacterial loads between wildtype and Gsr-deficient mice (P<0.0005).

Phagocytotic defects of Gsr-null phagocytes

Phagocytes play a critical role in host defense against extracellular bacteria [16], and Gsr-

deficient mice displayed higher bacterial burdens. We have shown previously that

neutrophils deficient in Gsr exhibit marked impairment in phagocytic activity [5]. However,

it is unclear whether other types of phagocytic cells also exhibit similar impairment. We

investigated the effects of Gsr deficiency on phagocytic activity of monocytes, since they

play an important role in the detection of invading pathogens. Heparinized blood was

harvested from uninfected wildtype or Gsr-deficient mice, and blood leukocytes were

incubated with opsonized pHrodo-conjugated E. coli bioparticles at 37°C or 0°C for 1 h. The

leukocytes were then stained with specific leukocyte makers (CD11b, Gr1, and F4/80), and

subjected to flow cytometry analysis. pHrodo Green-conjugated E. coli bioparticles are non-

fluorescent outside the leukocytes at neutral pH, but fluoresce brightly green at acidic pH

such as in phagosomes. In combination with monocyte markers (CD11b+Gr-1lowF4/80+),

phagocytosis by mature monocytes was quantified (Figure 3A, Left panel). At 0°C, very few

E. coli bioparticles were engulfed by monocytes from either wildtype or Gsr-null mice, and

no differences in phagocytotic activities were detected between the two groups (Top and 2nd
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histograms in left panel of Figure 3A). However, at 37°C, there was a clear difference in the

phagocytotic properties between these two monocyte groups. Compared to wildtype

monocytes, Gsr-deficient monocytes engulfed fewer E. coli particles, indicated by the

leftward shift of the fluorescent spectrum (3rd and bottom histograms in left panel of Figure

3A) and decreased mean fluorescence intensity (MFI) in these cells (Figure 3A, Bar graph).

Phagocytosis is mediated by rapid actin polymerization and depolymerization [17, 18]. The

most striking feature of phagocytosis is the formation of the phagocytic cup characterized by

focal accumulation of actin filaments (F-actin), which can be visualized using fluorescent-

labeled phalloidin [19]. In addition to phagocytosis of foreign particles, actin assembly in

neutrophils can also be invoked by phorbol myristate ester (PMA) stimulation [20]. To

examine the role of Gsr in actin assembly in phagocytes, we investigated F-actin formation

in both wildtype and Gsr−/− neutrophils by confocal fluorescent microscopy. Without PMA

stimulation, F-actin was primarily located near the cell surface (Figure 3B). Within 5 min

after PMA stimulation, increased F-actin was detected on the cell membrane in both

wildtype and Gsr-deficient neutrophils. However, while F-actin was relatively stable and

lasted over 60 min on the cell membrane in wildtype neutrophils, F-actin rapidly

disappeared from the cell membrane in Gsr-deficient neutrophils. By 15 min post PMA

stimulation, F-actin was only barely detectable on the membrane in a small fraction of the

Gsr-deficient neutrophils. In the majority of the Gsr-deficient neutrophils, F-actin was either

undetectable or faintly detectable near the segmented nuclear lobe, suggesting rapid F-actin

depolymerization in these cells.

F-actin remodeling in neutrophils upon exposure to PMA was also quantified by flow

cytometry after staining with fluorescent phalloidin (Figure 3C). PMA stimulated a

significant actin polymerization in wildtype neutrophils, which lasted for at least 30 min.

While PMA also tended to increase actin polymerization in Gsr-deficient neutrophils,

similar to the pattern of the confocal results F-actin detected by flow cytometry was short-

lived such that by 15 min after PMA stimulation F-actin was significantly lower in Gsr-

deficient neutrophils than in wildtype neutrophils (Figure 3C). These results suggest that

Gsr-deficient neutrophils have impaired cytoskeleton remodeling during phagocytosis.

Gsr-deficient mice do not exhibit increased sensitivity to endotoxin

To understand whether Gsr-deficient mice have defects in the innate immune response to

bacterial components, we challenged wildtype and Gsr-deficient mice with

lipopolysaccharide (LPS), and documented mouse survival. Although Gsr-deficient mice

exhibited an increased susceptibility to E. coli infection [5], these animals did not exhibit an

increased sensitivity to LPS (Table 4). In fact, Gsr−/− mice were slightly more resistant to

LPS than were wildtype mice. The LD50 value for wildtype mice, representing the dose of

LPS that caused a mortality of 50%, was estimated to be 14.9 mg/kg body weight (95%

confidence interval: 13.9 – 19.0 mg/kg). On the other hand, the LD50 value for Gsr−/− mice

was estimated to be 20.9 mg/kg body weight (95% confidence interval: 17.6 – 24.4 mg/kg).

Consistent with the overall comparable endotoxin sensitivities of the two strains of mice,

serum TNF- levels were similar in wildtype and Gsr-deficient mice at both early and late

time-points (Figure 4A). Similarly, no marked differences between wildtype and Gsr−/−
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groups were observed in the serum levels of KC and MCP-1, two important chemokines.

Nonetheless, modest differences were found in the serum levels of IL-6 and IL-10. Serum

IL-10 levels were higher in wildtype than in Gsr-null mice 2 h after LPS challenge. At 18 h

after LPS challenge, IL-6 and IL-10 levels in wildtype mice were significantly higher than in

Gsr-deficient mice. These results suggest that the inflammatory response to LPS at this time-

point in wildtype mice could be more robust than in Gsr-deficient mice.

To examine the effect of Gsr deficiency on the macrophage response to LPS, we elicited

peritoneal macrophages with thioglycollate and assessed cytokine production of isolated

peritoneal macrophages. Thioglycollate-elicited peritoneal macrophages from both wildtype

and Gsr-deficient mice produced comparable amounts of cytokines after LPS stimulation

(Figure 4B). Likewise, BMDM generated from both wildtype and Gsr-deficient mice also

produced comparable amounts of TNF-, IL-6, IL-10, and IL-1 after LPS stimulation (data

not shown). Similarly, Gsr deficiency did not noticeably affect the kinetics of LPS-induced

mitogen-activated protein kinase (MAPK) activation in thioglycollate-elicited peritoneal

macrophages. Activation of ERK, JNK, and p38, as well as induction of Mkp-1, occurred

similarly in both wildtype and Gsr-deficient macrophages (Figure 4C). These results

indicate that Gsr deficiency in macrophages neither markedly alters the cellular signaling

events nor substantially affects cytokine production during the response to LPS.

Abnormal leukocyte mobilization after thioglycollate stimulation in Gsr-deficient mice

When we prepared thioglycollate-elicited peritoneal macrophages, we noticed that there

were far fewer peritoneal cells recovered from Gsr-deficient mice after thioglycollate

stimulation than from wildtype mice (Figure 5A). However, in the absence of any

stimulation, peritoneal lavage cell numbers were not different between the two strains of

mice. To understand the mechanism underlying the dramatic difference in the population of

thioglycollate-elicited peritoneal macrophages between the two genotypes, we characterized

the time-course of appearance of peritoneal lavage cells in wildtype and Gsr-deficient mice

after thioglycollate stimulation. Several differences were observed between wildtype and

Gsr-deficient mice in these cells. First, the total number of peritoneal lavage cells started to

differ significantly between the two groups of mice by 24 h after thioglycollate stimulation,

and the difference increased through 96 h (Figure 5A). Initially (6–24 h), the majority of the

peritoneal lavage cells were CD11b+Ly-6GhighF4/80− neutrophils in both wildtype and Gsr-

deficient mice (Figure 5B). However, the numbers of neutrophils that migrated to the

peritoneal cavity in wildtype mice were significantly higher than those in Gsr-deficient

mice. The differences in neutrophil numbers were initially modest (6 h), but became

substantial by 24 h. After 24 h, both the absolute numbers and percentages of neutrophils

among peritoneal lavage cells declined in both groups. Second, far fewer monocytes/

macrophages were recruited to the peritoneal cavity of Gsr-deficient mice following

thioglycollate stimulation (Figure 5C). After thioglycollate stimulation, monocytes/

macrophages (CD11b+F4/80high) arrived to the peritoneal cavity later than did neutrophils

(Figure 5C, enclosed in ovals). In wildtype mice, macrophage numbers were increased by 24

h and reached maximal levels at about 48 h, which persisted through 96 h. In contrast,

macrophage numbers in the Gsr-deficient mice did not increase substantially following

thioglycollate stimulation. Third, Gsr-deficient mice failed to accumulate eosinophils in the
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peritoneal cavity after thioglycollate stimulation (Figure 5C). Similar to macrophages, a

group of CD11b−F4/80low cells also migrated to the peritoneal cavity after thioglycollate

stimulation (Figure 5C, outlined in the squares). Flow cytometry analysis indicated that this

group of CD11b−F4/80low cells expressed both Siglec-F and CCR3 (Figure 5C, column on

the far right), two markers characteristic of eosinophils [21]. The eosinophil populations

were dramatically lower in Gsr-deficient exudates than in the wildtype exudates. Finally,

among the monocytes/macrophages, the inflammatory macrophage populations

(CD11b+F4/80highCCR2+) [22] were substantially lower in the Gsr-deficient exudates than

in the wildtype exudates (Figure 5D). In the wildtype mice, thioglycollate stimulation

resulted in a substantial increase in the inflammatory macrophage population. In contrast,

accumulation of inflammatory macrophages in the peritonea of the Gsr-deficient mice was

minimal.

The abnormalities in leukocyte mobilization were not due to decreases in chemokine

production. The levels of the neutrophil chemokine KC and the monocyte chemokine

MCP-1 in the blood and peritoneal lavage fluids of Gsr-deficient mice after thioglycollate

stimulation were similar to those in the wildtype mice (data not shown). However,

thioglycollate-stimulated Gsr-deficient mice contained greater numbers of apoptotic cells in

their peritoneal cavities than did similarly treated wildtype mice (Figure 6). Apoptosis was

more prevalent in the Gsr-deficient neutrophils. Additionally, more apoptotic eosinophils

were also found in the Gsr-deficient mice at 24 h (Figure 6). Interestingly, Gsr-deficient

macrophages did not exhibit enhanced apoptosis. These results indicate that Gsr plays an

important role in the mobilization of inflammatory leukocytes after inflammatory

stimulation, perhaps in part by facilitating cell survival in the face of cellular stress.

To investigate the mechanism underlying the attenuated leukocyte mobilization we

performed necropsy. To our surprise, a thick layer of gelatinous material was found on

internal organs, particularly on the liver, in the thioglycollate-stimulated Gsr-deficient mice,

but not on the internal organs of wildtype mice (Figure 7A). The lobes of the livers in the

thioglycollate-stimulated wildtype mice could be separated easily. In contrast, the lobes of

the livers in the Gsr-deficient mice were difficult to separate, as if the gelatinous material

acted as an adhesive between the hepatic lobes. It is worth noting that in the absence of

thioglycollate stimulation, no gelatinous material was found in Gsr-deficient mice (data not

shown). The gelatinous material on the liver of Gsr-deficient mice was clearly seen in the

histology sections (Figure 7B). The gelatinous material on the livers of thioglycollate-

stimulated Gsr-deficient mice was collected and placed in buffer containing 1% Triton

X-100. Because the material was largely insoluble in this buffer, we mixed the material with

1× NuPAGE sample buffer containing 50 mM DTT and 0.5% LDS (a strong detergent

similar to SDS). After heating the samples to 65 C for 10 min, the samples were resolved by

electrophoresis using 10% NuPAGE gel (Figure 7C). To characterize the composition of the

gelatinous material, we also separated serum and lavage supernatants isolated from wildtype

and Gsr-deficient mice. Proteins in these samples were stained by Coomassie blue. The

overall protein patterns in these different samples were very similar, suggesting that the

gelatinous material covering the internal organs in the thioglycollate-stimulated Gsr-

deficient mice was ascitic protein aggregates. The most abundant protein in the gelatinous
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material recovered on the livers of thioglycollate-stimulated Gsr-deficient mice exhibited an

apparent molecular mass of approximately 65 kDa.

The major band of ~65 kDa was excised from the gel, incubated with 25 mM DTT to reduce

cystine residues to cysteines, and then incubated with 55 mM iodoacetamide to alkylate the

cysteine residues. Finally, the protein was subjected to enzymatic digestion with trypsin,

then to LC-MS/MS. LC-MS/MS identified 31 peptides from mouse serum albumin with

high abundance, 12 peptides from murine hemopexin with medium abundance, as well as

peptides derived from several other serum proteins in substantially lower quantities. The

results were not surprising, since a single band was subjected to analysis. To understand the

nature of protein aggregation in Gsr-deficient mice, we analyzed the albumin peptides for

signs of oxidation. Further LC-MS/MS analysis coupled with peptide sequencing revealed

67 differentially oxidized albumin peptides (see partial list in Table 5). The cystine residues

that normally exist as disulfide bonds in albumin were mostly oxidized to cysteic acids in

the aggregated samples. A wide disparity in the percentage of oxidation was observed

among the different cystine residues, ranging from 2% at Cys340 (data not shown) to 53% at

Cys501 (Table 5). We estimated that on average at least 3–4 cystine residues per albumin

molecule, which has a total of 36 cysteine/cystine residues, were oxidized to cysteic acids.

In summary, the gelatinous material observed in Gsr-deficient mice following thioglycollate

stimulation is largely composed of abnormally oxidized serum albumin.

Discussion

Our studies reveal a number of previously under-appreciated functions of Gsr in innate host

immunity against bacterial infection. Our findings presented here indicate that Gsr-deficient

mice are defective in their bactericidal mechanism against GBS (Table 3). In the absence of

Gsr, mice more readily developed cytokine storm (Figure 2), and exhibited greater

susceptibility to GBS infection (Figure 1, Table 2). Studies of the phagocytotic function of

the neutrophils and monocytes of Gsr-deficient mice revealed defects in phagocytosis

(Figure 3). Moreover, Gsr-deficient mice exhibit a marked defect in the mobilization of

inflammatory leukocytes (Figure 5), which likely contributes to the antimicrobial defects in

these mice. Analysis of the peritoneal lavage cells from thioglycollate-stimulated mice

indicate that Gsr deficiency renders neutrophils, and to a lesser degree eosinophils, more

susceptible to apoptosis (Figure 6). The defects in the leukocyte mobilization of Gsr-

deficient mice were associated with accumulation of profoundly oxidized serum albumin,

one of the most abundant proteins in ascites. Taken together, our studies indicate that the

redox regulation mediated by Gsr is crucial for optimal host defense against bacterial

infection.

Gsr catalyzes the reduction of GSSG to GSH, a major cellular antioxidant. During infection,

neutrophils engulf bacteria, and undergo a robust respiratory burst to produce ROS,

including H2O2 and O2
•−, in the phagolysosome. Although H2O2 and O2

•− created through

the respiratory burst are critical for bactericidal activity in the phagolysosome, these ROS

can cause oxidation and inactivation of a variety of host biomolecules when they diffuse out

from the phagolysosome. In the cytosol, H2O2 is detoxified by GSH, through the reaction

(H2O2+2GSH→2H2O+GSSG) mediated by glutathione peroxidase [1, 2]. The cellular pool

Yan et al. Page 11

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



of GSH is replenished by two mechanisms: 1) GSH regeneration from GSSG mediated by

Gsr and 2) GSH synthesis mediated by both -glutamate-cysteine ligase and glutathione

synthetase. Gsr converts GSSG back to GSH via the reaction (GSSG+NADPH+H+→2GSH

+NADP+), thus supplying GSH for cytosolic H2O2 detoxification to protect phagocytes

from the collateral damage of the respiratory burst [1, 2]. NADPH is produced by the hexose

monophosphate shunt. Thus, by catalyzing the reduction of GSSG to GSH, Gsr facilitates

the NADPH-mediated electron transfer from glucose to H2O2. As a result of the GSH

recycling process, phagocytes can sustain the respiratory burst and kill engulfed bacteria. In

the absence of Gsr, this GSSG/GSH cycle is non-functional. It is conceivable that during

massive bacterial infection, GSH consumption for cytosolic H2O2 detoxification could

overwhelm GSH synthesis. Once this occurs, ROS will spill into the cytosol resulting in

oxidation of biologically active host molecules, likely leading to compromised phagocytic

activity. This is consistent with the higher bacterial burden in GBS-infected Gsr-null mice,

and the greater morbidity and mortality in these mice (Figure 1). The dramatic increases in

serum cytokine and chemokine levels observed in Gsr-deficient mice after GBS infection

are likely the consequence of greater bacterial growth and spread (Figure 2).

The contrast in the susceptibilities of Gsr-deficient mice to E. coli and LPS

Previously, we have demonstrated that Gsr-deficient mice are dramatically more sensitive to

infection by bacteria, including E. coli [5]. In the present study, we found that compared to

wildtype mice Gsr-deficient animals were not more sensitive to LPS, a cell wall component

of Gram-negative bacteria. In fact, Gsr-deficient mice are actually slightly more resistant to

LPS, indicated by a small increase in LD50 value (Table 4). Perhaps reflecting this small

increase in LPS resistance, we found that serum IL-6 and IL-10 levels in the Gsr-deficient

mice 18 h post LPS challenge were lower than that in the wildtype mice (Figure 4A).

Analyses of cytokine production and cellular signaling events of both wildtype and Gsr-

deficient macrophages following LPS stimulation revealed no substantial differences

between these two groups (Figures 4B & C). The overall comparable macrophage responses

indicate that Gsr does not play an essential role in the detection of LPS as well as in the

initiation of the inflammatory response. These results suggest that the increased

susceptibility of Gsr-deficient mice to bacterial infection is probably not due to a hyper-

responsiveness of these animals to bacterial products, but rather due to their inability to

contain and eliminate the invading and proliferating micro-organisms. This is consistent

with the observation that Gsr-deficient neutrophils fail to mount a robust and persistent

oxidative burst and to generate neutrophil extracellular traps [5].

The role of Gsr in phagocytosis

Depletion of GSH stores in the neutrophils of the Gsr-deficient mice may also be a

contributing factor to their phagocytotic defects. Phagocytosis is a highly dynamic process

mediated by actin polymerization and depolymerization controlled by intricate signal

transduction pathways [17, 18]. It is conceivable that the engulfment of bacterial particles

initiates the respiratory burst, and that the oxidation of host proteins, as a result of GSH

depletion, vastly changes the dynamics of the cellular events within the phagocytes,

eventually compromising the subsequent phagocytotic process. This idea is consistent with

the observation that Gsr-deficient neutrophils were defective in reorganizing F-actin
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(Figures 3B &C). Previously, we have shown that Gsr-deficient neutrophils exhibit marked

impairment in phagocytic activity. Here we demonstrated that in addition to neutrophils,

Gsr-deficient monocytes also display a significant defect in phagocytic activity (Figure 3A).

We speculate that the effect of Gsr deficiency on F-actin represents only the “tip of the

iceberg” of the phagocytic impairments of the Gsr−/− phagocytes. For example, it has been

demonstrated that GSH depletion prevents microtubule assembly and causes breakdown of

preassembled cytoplasmic microtubules in human neutrophils [23, 24]. Additionally, it has

been shown that growth factor-mediated actin polymerization into filaments, translocation to

the cell periphery, and membrane ruffling are regulated by S-glutathionylation [25–27].

Actin S-glutathionylation induced by ROS during cell adhesion is essential for cell

spreading and cytoskeleton remodeling [26]. It is plausible that depletion of GSH in Gsr-

deficient phagocytes would substantially alter the dynamics of protein S-glutathionylation,

leading to impaired cytoskeleton remodeling during phagocytosis. Very recently, Sakai et al.

have shown that actin undergoes glutathionylation in a ROS-dependent manner [28]. They

further demonstrated that actin glutathionylation attenuates actin polymerization and impairs

phagocytosis. Since Gsr deficiency shifts the GSH/GSSG balance and Gsr-deficient

phagocytes exhibit compromised actin polymerization (Figure 3) and impaired phagocytosis

[5], we speculate that actin glutathionylation may be significantly enhanced in Gsr-deficient

phagocytes.

The effects of Gsr deficiency on leukocyte mobilization

Leukocyte mobilization plays a critical role in organizing an effective innate immune

response [22, 29]. Thioglycollate stimulation recruits neutrophils, monocytes, and

eosinophils to the peritoneal cavity to clear the irritant substances through chemokine-

mediated leukocyte trafficking [30–33]. We found that leukocyte populations, including

neutrophils, inflammatory macrophages, and eosinophils, in thioglycollate-stimulated Gsr-

deficient mice are substantially smaller than those in the wildtype mice (Figure 5). While the

exact mechanisms underlying such dramatic differences are not entirely clear, we can offer

some speculations. Leukocyte recruitment in response to infection is dependent on the

dynamic interaction among the various phagocytic cell types [22]. The resident

macrophages produce chemokines such as KC and MCP-1 to induce the mobilization of

neutrophils and inflammatory monocytes/macrophages into the peritoneal cavity [30–34].

The concentrations of KC (critical for neutrophil trafficking) and MCP-1 (crucial for

monocyte chemotaxis) in the blood and peritoneal lavage after thioglycollate stimulation

were either similar in the two groups of mice or actually higher in Gsr-deficient mice (data

not shown). Therefore, abnormalities in leukocyte mobilization are unlikely to be caused by

defects in chemokine production.

We think that the failure of Gsr-deficient mice to mobilize leukocytes to the peritoneum

after thioglycollate stimulation may be the consequence of defective redox regulation in

leukocytes. It has been shown that neutrophils play a pivotal role in recruiting inflammatory

monocytes by secreting chemotactic substances through degranulation [35, 35]. Since

neutrophils in Gsr-deficient mice exhibit a dramatic abnormality, we speculate that defects

in neutrophils are likely the major contributing factor to defects in leukocyte mobilization in

Gsr-deficient mice after thioglycollate stimulation. The inflammatory stimuli might cause
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activation of blood neutrophils, leading to a production of small amounts of ROS. In the

absence of Gsr, ROS produced may overwhelm the antioxidant mechanism and cause

oxidative damage to neutrophils, compromising their trafficking to the peritoneal cavity and

the resultant recruitment of inflammatory macrophages. On the other hand, Gsr deficiency

may also alter the intrinsic chemotactic properties of leukocytes. Oxidation of proteins as the

result of altered redox state in Gsr-deficient phagocytes may inhibit the chemotactic process

through inactivating critical signaling events [36], thereby compromising phagocyte

mobilization. Sakai et al. have shown that actin glutathionylation plays a critical role in actin

polymerization and cytoskeletal remodeling and defects in the regulation of protein

glutathionylation impairs chemotaxis [28]. As discussed earlier, Gsr deficiency may alter the

glutathionylation of actin, compromising actin polymerization and cytoskeletal remodeling.

Since chemotaxis depends on a very dynamic cytoskeletal remodeling [28], dysregulation of

actin glutathionylation may explain the defects of Gsr-null mice in neutrophil trafficking and

consequently monocyte mobilization to peritoneal cavity following thioglycollate injection.

Alternatively, due to the absence of Gsr-mediated GSH regeneration ROS may directly

inactivate chemokines or other chemoattractants in the proximal extracellular environment

surrounding he activated neutrophils. This concept is supported by the highly abnormal

albumin oxidation (Table 5) in the thioglycollate-stimulated Gsr-deficient mice. In normal

conditions, serum albumin exists as a highly folded polypeptide containing a large number

of disulfide bonds, with only one cysteine residue, Cys34, in the reduced sulfhydryl state [37,

38]. We assume that the observed abnormal oxidation of a large numbers of cystines to

cysteic acids (sulfonic acids) probably causes the denaturation of this protein, eventually

resulting in the precipitation in the abdominal cavity. This highly abnormal albumin

oxidation in the Gsr-deficient mice after thioglycollate stimulation raises the possibility that

other proteins in the ascitic fluid, for example chemokines, may also be subject to a highly

oxidative environment. Since intramolecular protein disulfide bonds are critical for

chemokine activity [39–42], oxidation of the critical cystine residues on chemokine

molecules to cysteic acids may provide a plausible postulate for the defects in leukocyte

trafficking in the Gsr-deficient mice. Finally, accumulation of oxidants as the result of Gsr

deficiency may also render phagocytes in the peritoneal cavities of the Gsr-deficient mice

more susceptible to apoptosis [43, 44]. Regardless of the mechanisms leading to the

abnormalities in leukocyte mobilization, the impairments in leukocyte recruitment are likely

to contribute to the defective bactericidal activity of Gsr-deficient mice.

Conclusion

We have identified a critical function of Gsr in host defense against bacterial infection. Our

studies indicate that Gsr is essential for host survival when challenged with large doses of

bacteria. In the absence of Gsr, mice fail to contain invading bacterial pathogens, likely due

to impairments in leukocyte mobilization, phagocytosis, and bactericidal activities.

However, Gsr deficiency does not affect the detection of TLR ligands by macrophages and

the subsequent cellular responses. Our studies illustrate an intricate relationship between

bactericidal action and phagocyte protection. Our findings suggest that regeneration of GSH

mediated by Gsr plays a critical role for the protection of the bactericidal functions of

phagocytes, particularly those that produce large quantities of oxidants during massive

bacterial infection. Thus, it appears that the function of Gsr is to protect the cytosolic
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organelles of phagocytes and the proximal extracellular environment surrounding the

phagocytes from the collateral damage of the oxidative burst that occurs in the

phagolysosomes, thus maximizing phagocytic bactericidal activity.
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Highlights

• Gsr−/− mice are highly susceptible to challenge by group B Streptococcus.

• Gsr−/− phagocytes exhibit defects in phagocytosis.

• Gsr−/− mice do not exhibit decreased resistance to LPS challenge.

• Gsr−/− mice show defects in phagocyte trafficking upon thioglycollate

elicitation.

• Gsr−/− mice show abnormal ascites albumin oxidation upon thioglycollate

injection.
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Figure 1.
Morbidity and mortality of wildtype and Gsr-deficient mice following group B streptococcal

challenge. A. Survival curves for wildtype and Gsr-deficient mice after GBS challenge. GBS

(107 cfu) were introduced i.p. into wildtype and Gsr-deficient mice (n=18 for each group).

Mortality was documented over 7 days. Differences between the two groups were

determined by Kaplan-Meier analysis. B. Disease severity in wildtype and Gsr-deficient

mice after GBS infection. GBS (107 cfu) were introduced i.p. into wildtype and Gsr-

deficient mice (n=8 for each group, 4 male and 4 female). Morbidity was evaluated using the

scoring system described in Table 1. Data in the graphs represent mean ± SEM of 8 animals.

Differences between the two groups were identified using two-way ANOVA.
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Figure 2.
Serum cytokine and chemokine levels in wildtype and Gsr-deficient mice after GBS

challenge. Wildtype and Gsr-deficient mice were infected i.p. with GBS (either 106 or 107

cfu per animal), or given heat-killed GBS (107 cfu equivalent, marked as GBS HK in the

graph), or given PBS. Animals were euthanized 24 h after bacterial challenge, and blood

was harvested by cardiac puncture. The concentrations of cytokines and chemokines were

determined using cytokine multiplex kits. Data in the graphs represent mean ± SEM, n = 4–

6. *, p < 0.05, compared to similarly treated wildtype mice. †, p < 0.05, compared to mice

given heat-killed GBS (Student's t-test).
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Figure 3.
Compromised phagocytosis and actin polymerization in Gsr-deficient phagocytes. A.
Compromised phagocytosis in Gsr-deficient monocytes. Heparinized whole blood from

uninfected wildtype or Gsr-deficient mice was incubated with pHrodo-conjugated E. coli

Bioparticles (200 μg/ml) at 0°C (on ice) or at 37 °C for 1 h, and then stained with leukocyte

surface proteins. The cells were then analyzed by flow cytometry and the leukocytes were

gated to assess engulfment of pHrodo-conjugated E. coli Bioparticles by monocytes

(CD11b+Gr-1lowF4/80+). Left panel: Representative histogram of phagocytosis by blood

monocytes. Right panel: Graphic depiction of phagocytosis by monocytes. Data represent

the mean fluorescence intensity (MFI) of pHrodo™ particles engulfed by blood monocytes

(CD11b+Gr-1lowF4/80+). B. Representative images of F-actin in control and PMA-

stimulated neutrophils. Neutrophils were isolated from bone marrow and seeded on

uncoated glass coverslips. After 1 h, neutrophils were stimulated with PMA (100 nM) for

the indicated time, or left untreated (control). F-actin (green) was stained with Alexa Fluor

488-conjugated phalloidin and DNA (blue) was stained with DAPI. Cells were examined by

confocal microscopy. Scale bar represents 5 μm. C. Flow cytometry-based quantification of

F-actin assembly (measured as MFI) in PMA-stimulated wildtype and Gsr-deficient

neutrophils. Bone marrow neutrophils were stimulated with PMA (100 nM) for different

periods of time, stained with Alexa Fluor 488-conjugated phalloidin, and analyzed by flow

cytometry. For normalization, MFI of untreated neutrophils were set as 100%. Values in the

graphs in the right panel of A and C represent mean ± SEM from at least 3 independent

experiments. *, p < 0.05; **, p < 0.01 (Student's t-test), compared between the wildtype and

Gsr-deficient groups.

Yan et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
LPS responses of Gsr-deficient mice and macrophages. A. Serum cytokine and chemokine

levels in wildtype and Gsr-deficient mice. Mice were challenged with LPS i.p. (15 mg/g

body weight) and euthanized at the indicated time-points. Blood was collected by cardiac

puncture, and serum cytokines were measured by ELISA. Values in the graphs represent

mean ± SEM of 5–10 independent experiments. B. Cytokines produced by thioglycollate-

elicited peritoneal macrophages. Macrophages were stimulated with LPS (100 ng/ml) for 8

or 24 h, and cytokines in the medium were assessed by ELISA. *, p < 0.05 (Student's t-test),

compared between the wildtype and Gsr-deficient groups. Values in the graphs represent

mean ± SEM of at least 3 independent experiments. C. The activation of MAPKs and Mkp-1

induction in LPS-stimulated peritoneal macrophages. Macrophages were harvested from

thioglycollate-stimulated mice, and stimulated with LPS (100 ng/ml). The activation of

MAPKs and the induction of Mkp-1 were assessed by Western blot analysis using

antibodies against phospho-MAPKs and Mkp-1. The blots were stripped and blotted with

antibodies against total MAPKs. Data shown are representative results.
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Figure 5.
Abnormal leukocyte mobilization in Gsr-deficient mice after thioglycollate stimulation.

Resident and thioglycollate-elicited peritoneal cells were harvested from the peritoneal

cavity of wildtype and Gsr-deficient mice either prior to or after thioglycollate stimulation at

various time-points. Numbers of total leukocytes in peritoneal lavage fluid were counted

using a hemocytometer. The peritoneal lavage cells were sedimented by centrifugation,

stained with leukocyte markers, and analyzed by flow cytometry. Peritoneal lavage cells

were first gated on forward scatter (FSC) and side scatter (SSC) to exclude cell debris, and

viable cells were then gated for CD11b+Ly-6GhighF4/80− neutrophils, and CD11b+F4/80high

monocytes/macrophages. The CD11b−F4/80low cells outlined in the squares of were further

gated for CCR3 and Siglec-F expression (right column). Since the CD11b−F4/80low cells

were positive for Siglec-F and CCR3, these cells are considered to be eosinophils. A. Time-

dependent changes in the numbers of total peritoneal elicited leukocyte cells (PEC). B.
Time-dependent changes in the numbers (bar graph on the left) and flow cytometry plots

(on the right) of peritoneal neutrophils. Dots in the rectangle regions within the scatter plots

are neutrophils (CD11b+Ly-6GhighF4/80−), and numbers given on the right side of the

rectangles indicate the percentage of neutrophils among the total PEC. C. Time-dependent

changes in the numbers (bar graph on the left) and flow cytometry plots (on the right) of

peritoneal monocytes/macrophages and eosinophils. Dots in the ovals and squares within the

scatter plots are macrophages/monocytes (CD11b+F4/80high) and eosinophils

(CD11b−F4/80lowSiglec-F+CCR3+), respectively. The percentages of the monocytes/

macrophages (on the right side of the ovals) and the eosinophils (above the squares) among

the total PEC are indicated in the plots. Cells in the squares were further gated and plotted

for CCR3 and Siglec-F expression (right columns). Since the CD11b−F4/80low cells were

positive for Siglec-F and CCR3, these cells are considered as eosinophils. D. Time-

dependent changes in the numbers (bar graph on the left) and flow cytometry plots (on the

right) of inflammatory monocytes/macrophages. The CD11b+F4/80high monocytes/
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macrophages outlined in the ovals of cytometry plots in panel B were further gated for

CCR2 expression to identify inflammatory monocytes/macrophages

(CD11b+F4/80highCCR2+). The numbers given in the scatter plots in D indicate the

percentage of inflammatory monocytes/macrophages within the monocyte/macrophage

population. Absolute numbers of each leukocyte subset were calculated according to the

total PEC numbers and the percentages of each leukocyte groups determined by flow

cytometry. Values in the graphs represent mean ± SEM of at least 3 independent

experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (Student's t-test), compared between

wildtype and Gsr-deficient groups at the same time-points. The scatter plots shown are

results from representative experiments.
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Figure 6.
Increased phagocyte apoptosis in the peritoneal cavity of Gsr-deficient mice after

thioglycollate stimulation. Mice were treated as described for Figure 5, and peritoneal

leukocytes were harvested by lavage. The percentages of apoptotic cells in total PEC and in

distinct leukocyte populations were quantified by flow cytometry after staining with annexin

V and PI. Cells that were positive for annexin V were counted as apoptotic cells. Data

represent mean ± SEM from at least 3 independent experiments. *, p < 0.05; **, p < 0.01;

***, p < 0.001 (Student's t-test), compared between the two different groups at the same

time-points.
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Figure 7.
Demonstration and characterization of protein aggregation coating the internal organs of

Gsr-deficient mice after thioglycollate stimulation. Female wildtype and Gsr-deficient mice

were stimulated with thioglycollate medium (3%, 2 ml, i.p.) and euthanized 48 h later. The

peritoneal cavities were opened for photography, or collection of the coating on the livers.

Livers were excised from the animals, fixed, and liver sections were stained with H&E. A.
Photographs of the internal organs of wildtype and Gsr-deficient mice. Note the whitish

gelatinous coating materials on the liver of Gsr-deficient mice (indicated by arrows). B.
H&E staining of the liver sections. Note the layer of fibrous coating on the surface of the

liver of the Gsr-deficient mice marked by an arrow. Scale bar represents 100 μm. C.
Coomassie blue staining of proteins in the gelatinous material, serum, and lavage samples.

Mice were euthanized to collect blood by cardiac puncture, or peritoneal fluids by lavage

with PBS. Additional mice were euthanized to collect the gelatinous coating materials on the

liver of Gsr-deficient mice. The lavage fluids were centrifuged and supernatants were

separated on NuPAGE gel together with serum and the gelatinous coating collected from the

surface of the livers of thioglycollate-stimulated Gsr-deficient mice. The band marked with

an asterisk was subjected to mass spectrometry analysis.
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Table 1

Grading system for clinical assessment of mice after GBS infection
a

State normal moribund dead

Score 1 2 3 4 5 6

Activity active less active slowed movement slowed inactive, wobbly, unable to walk dead

Coat smooth rough rough, starred rough, starred rough, starred dead

Eyes clear clear dull some crusting closed, crusted dead

Breathing normal normal, slowed slowed labored labored, shallow none

Posture good some hunching hunched hunched lying on side none

Isolation none none none possible isolation isolation dead

Handling resists some resistance less resistance minimal resistance little or no resistance dead

a
Mice were inoculated with GBS i.p., and scored for disease severity according to the score index given above. Moribund mice were given a score

of 5 and dead mice were given a score of 6.
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Table 2

Survival of mice after GBS infection
a

Dose of infection (cfu)
Survived

b
 (total infected)

Wildtype Gsr-deficient

1 × 105 8 (8) 6 (8)

1 × 106 13 (14) 9 (14)

1 × 107 14 (18) 0 (18)

1 × 108 2 (12) 0 (12)

1 × 109 0 (4) 0 (4)

a
Mice were inoculated with GBS i.p.

b
Number represents animals survived after 7 days.
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Table 3

Bacterial burden in the blood of GBS-infected mice
a

Strain
animal number # of mice with blood bacterial counts in the range of

0 cfu/ml 0 < cfu/ml < 104 > 2 × 105 cfu/ml

Wildtype Male 5 4 1 0

Female 5 5 0 0

Total 10 9 1 0

Gsr-deficient Male 5 1 1 3

Female 5 0 0 5

Total 10 1 1 8

a
Mice were infected with 1 × 106 cfu GBS per animal, and euthanized 24 h later. Blood was harvested by cardiac puncture aseptically, and

bacterial burden in the blood was determined by culture.
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Table 4

Survival of WT and Gsr−/− mice at 72 h after LPS challenge
a

LPS (mg/kg)
Survived (total challenged)

WT Gsr−/−

7.5 5 (5) 5 (5)

10 5 (5) 5 (5)

15 8 (15) 13 (15)

20 2 (7) 2 (6)

25 1 (2) 0 (2)

30 0 (12) 3 (12)

35 0 (2) 0 (2)

LD50 was calculated by logistic regression.

LD50 wt= 16.2 mg/kg body weight; LD50 Gsr= 20.7 mg/kg body weight.

a
Mice were challenged i.p. with the indicated doses of LPS.

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 13.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Yan et al. Page 31

Table 5

Partial list of albumin-derived peptides containing oxidized cysteine residues

Sequence Modified residue Peak Area
a %

76TC(CAM)VADESAANC86
(CAM)DK88 68628062 90.10

76TC77
(SO3)VADESAANC86

(CAM)DK88 C77 7540211 9.90

106ENYGELADC114
(CAM)C115

(CAM)TK117 1081000552 93.30

106ENYGELADC114
(CAM)C115

(SO3)TK117 C115 36494575 3.15

106ENYGELADC114
(SO3)C115

(CAM)TK117 C114 41261358 3.56

123NEC125
(CAM)FLQHK130 189327692 85.50

123NEC125
(SO3)FLQHK130 C125 31989339 14.50

131DDNPSLPPFERPEAEMC148
(CAM)TSFK152 55278063

131DDNPSLPPFERPEAEM(OX)C148
(CAM)TSFK152 42665989 75.01

131DDNPSLPPFERPEAEMC148
(SO3)TSFK152 5174401

131DDNPSLPPFERPEAEM(OX)C148
(SO3)TSFK152 C148 27455790 24.99

470LPC472
(CAM)VEDYLSAILNR483 415788330 87.76

470LPC472
(SO3)VEDYLSAILNR483 C472 57983286 12.24

484VC485
(CAM)LLHEKR490 1064877544 78.6

484VC485
(SO3)LLHEKR490 C485 290225327 21.4

500C500
(CAM)C501

(CAM)SGSLVER508 19366640 47.0

500C500
(CAM)C501

(SO3)SGSLVER508 C501 21702104 53.0

509RPC511
(CAM)FSALTVDETYVPK524 119614451 84.54

509RPC511
(SO3)FSALTVDETYVPK524 C511 1124067375 15.46

528AETFTFHSDIC538
(CAM)TLPEK543 148799481

79.20
528AETFTFHSDIC538

(CAM)TLPEKEK454 154526450

528AETFTFHSDIC538
(SO3)TLPEK543

C538
64693802

20.80
528AETFTFHSDIC538

(SO3)TLPEKEK454 15091409

CAM: carbamidomethyl group.

Carbamidomethylated cysteine residues are derived from either cysteine or cystine.

a
Peak area is measured from the selected ion chromatogram generated for a given peptide(s). The last column (%) represents the percentages of

peptides whose cysteine(s) was carboamidomethylated and peptides where at least one cysteine was oxidized into cysteic acid or a methionine is
oxidized. For example, in the top raw 90.1% of C77 is not oxidized while 9.9% of C77 is oxidized into cysteic acid. The percentage of a given
peptide is estimated based on the area of the peptide peak relative to the total area of all the peaks derived from the same peptide.
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