
Glutathione deficiency in type 2 diabetes impairs cytokine
responses and control of intracellular bacteria

Kai Soo Tan, … , Sylvie Alonso, Yunn-Hwen Gan

J Clin Invest. 2012;122(6):2289-2300. https://doi.org/10.1172/JCI57817.

 

Individuals with type 2 diabetes are at increased risk of acquiring melioidosis, a disease caused by Burkholderia
pseudomallei infection. Although up to half of melioidosis patients have underlying diabetes, the mechanisms involved in
this increased susceptibility are unknown. We found that B. pseudomallei–infected PBMCs from diabetic patients were
impaired in IL-12p70 production, which resulted in decreased IFN-γ induction and poor bacterial killing. The defect was
specific to the IL-12–IFN-γ axis. Defective IL-12 production was also observed during Mycobacterium tuberculosis
infection, in which diabetes is likewise known to be a strong risk factor. In contrast, IL-12 production in diabetic cells was
not affected upon Salmonella enterica infection or in response to TLR2, -3, -4, and -5 ligands. Poor IL-12 production
correlated with a deficiency in intracellular reduced glutathione (GSH) concentrations in diabetic patients. Addition of GSH
or N-acetylcysteine to PBMCs selectively restored IL-12 and IFN-γ production and improved bacterial killing. Furthermore,
the depletion of GSH in mice led to increased susceptibility to melioidosis, reduced production of IL-12p70, and poorer
disease outcome. Our data thus establish a link between GSH deficiency in diabetes and increased susceptibility to
melioidosis that may open up new therapeutic avenues to protect diabetic patients against some intracellular bacterial
pathogens.

Research Article Metabolism

Find the latest version:

https://jci.me/57817/pdf

http://www.jci.org
http://www.jci.org/122/6?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI57817
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/28?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/57817/pdf
https://jci.me/57817/pdf?utm_content=qrcode


Research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 122      Number 6      June 2012	 2289

Glutathione deficiency in type 2 diabetes 
impairs cytokine responses and control  

of intracellular bacteria
Kai Soo Tan,1 Kok Onn Lee,2 Kee Chung Low,1 Akshamal Mihiranga Gamage,1 Yichun Liu,3  

Gek-Yen Gladys Tan,3 Hui Qi Vanessa Koh,4,5 Sylvie Alonso,4,5 and Yunn-Hwen Gan1,5

1Department of Biochemistry and 2Department of Medicine, Yong Loo Lin School of Medicine, National University of Singapore, Singapore.  
3Defence Medical and Environmental Research Institute, Defence Science Organization National Laboratories, Singapore. 4Department of Microbiology,  

Yong Loo Lin School of Medicine, and 5Immunology Program, National University of Singapore, Singapore.

Individuals with type 2 diabetes are at increased risk of acquiring melioidosis, a disease caused by Burkholderia 
pseudomallei infection. Although up to half of melioidosis patients have underlying diabetes, the mechanisms 
involved in this increased susceptibility are unknown. We found that B. pseudomallei–infected PBMCs from dia-
betic patients were impaired in IL-12p70 production, which resulted in decreased IFN-γ induction and poor bac-
terial killing. The defect was specific to the IL-12–IFN-γ axis. Defective IL-12 production was also observed during 
Mycobacterium tuberculosis infection, in which diabetes is likewise known to be a strong risk factor. In contrast, 
IL-12 production in diabetic cells was not affected upon Salmonella enterica infection or in response to TLR2, -3, 
-4, and -5 ligands. Poor IL-12 production correlated with a deficiency in intracellular reduced glutathione (GSH) 
concentrations in diabetic patients. Addition of GSH or N-acetylcysteine to PBMCs selectively restored IL-12 and 
IFN-γ production and improved bacterial killing. Furthermore, the depletion of GSH in mice led to increased 
susceptibility to melioidosis, reduced production of IL-12p70, and poorer disease outcome. Our data thus estab-
lish a link between GSH deficiency in diabetes and increased susceptibility to melioidosis that may open up new 
therapeutic avenues to protect diabetic patients against some intracellular bacterial pathogens.

Introduction
Type 2 diabetes mellitus has been described as a global epidemic 
fueled by population growth, aging, urbanization, and increasing 
obesity. It is estimated that the number of people diagnosed with 
diabetes is expected to grow from 171 million in 2000 to 366–440 
million by 2030, with three-quarters of the patients living in low-
income countries (1). Besides being associated with major compli-
cations, such as cardiovascular disease, atherosclerosis, retinopa-
thy, nephropathy, and neuropathy (2–5), prevalence of infections 
is also much more common in diabetic individuals. This increased 
susceptibility to infection has been attributed to neutrophil dys-
function, dehydration, malnutrition, vascular insufficiency, and 
neuropathy (6). One of the infectious diseases in which type 2 
diabetes is identified as the strongest risk factor is melioidosis, 
caused by the Gram-negative bacterium Burkholderia pseudomal-
lei. Melioidosis is endemic in southeast Asia, northern Australia, 
southern China, and India, but has also been increasingly reported 
in Africa, the Middle East, and South America (7–9). In hyperen-
demic regions, such as northeastern Thailand, up to 60% of meli-
oidosis patients have underlying type 2 diabetes (8). In the state of 
Kedah in Malaysia, 57% of all diagnosed cases had underlying type 
2 diabetes (10). The disease is difficult to treat due to the inher-
ent antibiotic resistance of the bacterium, and treatment regimens 
involve prolonged antibiotic eradication therapies lasting months 
(8). With increasing incidence of diabetes in many of these lower 
income countries (1), the coincidence of diabetes with melioidosis 
looks set to increase and could present a financial and health care 
burden to resource-strapped regions.

B. pseudomallei is a facultative intracellular microbe with broad 
host and tissue tropism. It causes a wide spectrum of disease man-
ifestations ranging from asymptomatic seroconversion, acute or 
chronic pneumonia, localized infection involving one organ, and 
disseminated septicemic disease involving multiple organs to 
septic shock (7). Relapse of disease could occur many years after 
primary infection (7). The mortality rate remains as high as 40% 
in areas of hyperendemicity for septicemic disease (8). The strong 
association between type 2 diabetes and melioidosis presents a 
unique opportunity to identify, in diabetes, susceptibility factors 
to infection and disease. No studies have explored the mechanism 
for increased susceptibility to melioidosis in diabetic patients 
except for a recent report that found neutrophils isolated from 
diabetic individuals to be defective in chemotaxis, phagocytosis, 
and apoptosis toward B. pseudomallei (11).

Type 2 diabetes is increasingly being recognized as a disorder 
of the innate immune system characterized by a chronic low 
level of inflammation and deregulation of the inflammasome 
(12). Besides neutrophils, other cell types, such as macrophages 
and cytokines, such as IFN-γ, have been shown to be important 
for the innate host defense against B. pseudomallei (13, 14). To dis-
cover host susceptibility factors that would predispose diabetic 
individuals to B. pseudomallei infections, we screened the immune 
profile of PBMCs isolated from diabetic patients and their age- 
and sex-matched healthy controls in response to B. pseudomallei. 
We found that defective IL-12 and therefore IFN-γ production by 
cells from diabetic patients led to poor control of intracellular bac-
terial replication. Furthermore, we were able to trace the defective 
IL-12 response to a deficiency in intracellular reduced glutathione 
(GSH) in diabetic cells not only in response to B. pseudomallei but 
also to Mycobacterium tuberculosis.
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Results
Poor intracellular bacterial control is due to impaired IL-12 and IFN-γ pro-
duction in PBMCs from diabetic individuals. To determine the mecha-
nisms underlying the strong association of melioidosis with type 
2 diabetes, we investigated whether PBMCs isolated from diabetic 
and age- and sex-matched nondiabetic healthy volunteers (Table 
1) show any differential capacity at controlling bacterial infection. 
PBMCs from the respective groups were infected with B. pseudo
mallei, and the numbers of intracellular bacteria were enumerated 
8 hours later. PBMCs from diabetic patients were found to harbor 
significantly more intracellular bacteria than their healthy coun-
terparts (Figure 1A). This observation correlated with the poorer 
respiratory burst generated by the diabetic PBMCs in response to 
B. pseudomallei compared with healthy PBMCs, even though the 
baseline ROS production was higher in diabetic cells (Supple-
mental Figure 1; supplemental material available online with this 
article; doi:10.1172/JCI57817DS1). Since early control of bacte-
rial infection involves the production of inflammatory cytokines, 
we screened for cytokine differences in PBMCs infected with 
B. pseudomallei from 5 matched pairs of diabetic versus healthy 
individuals in order to identify the contributing factors to poor 
intracellular bacterial control in diabetic PBMCs. We found sig-
nificantly lower IL-12 and IFN-γ production in diabetic PBMCs, 
whereas other cytokines we profiled showed similarity (Supple-
mental Figure 2, A and B) between diabetic and healthy cells. The 
lower production of IL-12 and IFN-γ in diabetic PBMCs upon  
B. pseudomallei infection was further confirmed in a bigger cohort 
of diabetic and healthy subjects (Figure 1, B and C).

Since IL-12 is a major inducer of IFN-γ production, we deter-
mined whether the low IFN-γ production in B. pseudomallei–infect-
ed PBMCs was a result of low IL-12 concentration. Neutralizing 
antibodies against p40 reduced B. pseudomallei–induced IFN-γ pro-
duction by 80% (Figure 1D). Although the neutralization could 
potentially affect IL-23 due to the shared p40 subunit (15), IL-23 
was undetectable following B. pseudomallei infection of PBMCs, 
making this possibility remote. Primed monocytes are known to 
be one of the primary sources of IL-12, and monocytes isolated 
from peripheral blood of diabetic patients showed a significant-
ly lower production of IL-12 upon bacterial infection compared 
with those from healthy individuals, similar to what was observed 
with PBMCs (Figure 1E). In addition, quantitative real-time PCR 
analysis revealed that the transcript levels for the IL-12p35 subunit 
(IL12A) were significantly decreased in diabetic monocytes com-
pared with healthy individuals, whereas the p40 (IL12B) transcript 
levels remained comparable (Figure 1, F and G).

Since IFN-γ primes phagocytes for increased oxidative burst, 
the low production of IL-12 and IFN-γ could be the cause of poor 
bacterial control in the diabetic cells. To investigate the correla-
tion between poor control of bacterial replication and low levels 

of IL-12 in diabetic PBMCs, IL-12 was added exogenously to the 
cells and the bacterial killing efficacy monitored. The number of 
intracellular bacteria was significantly reduced in both the healthy 
and diabetic groups compared with their respective controls 
(without exogenous IL-12) (Figure 2, A and B). The addition of 
exogenous IFN-γ also significantly improved bacterial killing in 
both healthy and diabetic cells (Figure 2, C and D). Although the 
absolute number of bacteria was still higher in the diabetic cells, 
the diabetic cells could respond effectively to IL-12 and IFN-γ, and 
there were no inherent defects in these receptors or their signal-
ing pathways. Together, these data demonstrate that PBMCs (and 
monocytes in particular) from diabetic subjects were impaired in 
the early control of B. pseudomallei infection due to a lower pro-
duction of IL-12, which led to subsequent poor IFN-γ produc-
tion. Furthermore, we showed that impaired receptor function 
or downstream signaling could not account for the production 
defect in both cytokines.

Selective defect in IL-12 production to B. pseudomallei and M. tuberculo-
sis infection is MyD88 and TRIF (TIR domain-containing adaptor-induc-
ing IFNβ) independent. The poor IL-12 production in diabetic indi-
viduals could be a general defect or only in response to specific 
stimuli. To distinguish between these 2 possibilities, we compared 
infection of PBMCs from diabetic or healthy donors with B. pseudo-
mallei and 2 other intracellular pathogens, Salmonella enterica and 
M. tuberculosis. Defective IL-12 and IFN-γ production was observed 
in cells infected with either B. pseudomallei or M. tuberculosis, but not 
with S. enterica (Figure 3, A and B). Furthermore, IL-12 production 
in response to TLR2, -4, and -5 agonists was comparable between 
diabetic and healthy monocytes. Together, these findings indi-
cated that the lower IL-12 production observed with the diabetic 
cells is pathogen dependent and suggest that IL-12 production in 
response to B. pseudomallei and M. tuberculosis is TLR2, -4, and -5 
pathway independent (Figure 3C).

To determine whether the IL-12 response is dependent on the 
MyD88 signaling pathway, monocytes infected with B. pseudom-
allei or S. enterica were treated with a MyD88 peptide inhibitor. 
IL-12 production from S. enterica–infected cells was maximally 
inhibited by the peptide inhibitor to the same level as that of 
the cells stimulated with control TLR2 agonist, whereas IL-12 
response from B. pseudomallei–infected cells was inhibited by 
about 60% (Figure 3D). Furthermore, the IL-12 response in  
B. pseudomallei–infected cells was inhibited by 50% with the 
TRIF peptide inhibitor and 100% with both MyD88 and TRIF 
inhibitors (Figure 3E). Thus, these data indicated that, whereas 
S. enterica-induced IL-12 production is fully MyD88-dependent, 
B. pseudomallei–induced IL-12 relies on both MyD88 and TRIF 
signaling pathways. Furthermore, similar levels of IL-12 were 
measured with monocytes from diabetic and healthy donors 
stimulated with TLR3 ligand poly(I:C), which signals exclusive-
ly through TRIF (Figure 3F). This latest observation thus ruled 
out the possibility that a defect in the TRIF pathway would 
account for the impaired IL-12 production of diabetic cells in 
response to B. pseudomallei and M. tuberculosis. In conclusion, our 
data support that the impaired production of IL-12 in diabetic 
monocytes is pathogen specific and is not due to a defect in the 
MyD88 and TRIF signaling pathways.

Intracellular GSH levels selectively affect IL-12 from bacteria-infected 
cells. The selective defect in IL-12 induction in response to B. pseu-
domallei but not other MyD88-dependent stimuli suggests altera-
tions in specific signaling pathways in diabetic cells. It is possible 

Table 1
Characteristics of the study population

Group	 Age	 Male/female	 HbA1c
Healthy control (n = 45)	 48.8 ± 7.7	 28/17	 ND
Poor control (n = 45)	 50.3 ± 7.7	 28/17	 9.99 ± 1.99
Good control (n = 9)	 49.1 ± 6.8	 4/5	 6.64 ± 0.46

Values are expressed as mean ± SD. ND, not determined.
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that the changes wrought by hyperglycemia, such as increased oxi-
dative stress or glycation of proteins in diabetes, could lead to sig-
naling modulations affecting IL-12 (16). It was previously reported 
that LPS-induced IL-12 production from macrophages was selec-
tively modulated by intracellular GSH concentrations (17). Since 
diabetic cells showed an increased oxidative stress with constitu-
tive higher basal production of ROS (Supplemental Figure 1A), 
we reasoned that a GSH deficiency in diabetic cells may affect IL-
12 production in response to B. pseudomallei infection. To test this 
hypothesis, B. pseudomallei–infected PBMCs from healthy donors 
were incubated with cell-permeable reduced GSH or depleted of 
intracellular GSH via diethyl maleate (DEM) treatment. The addi-
tion of GSH significantly boosted the production of both IL-12 
and IFN-γ in B. pseudomallei–infected cells (Figure 4, A and B). Con-
versely, the addition of DEM reduced bacteria-induced IL-12 and 

IFN-γ (Figure 4, A and B). GSH addition had no effect on the other 
10 cytokines profiled by multiplex ELISA (Figure 4C). Treatment 
with N-acetylcysteine (NAC) also increased IL-12 and IFN-γ, pro-
viding further support that alteration of the cellular redox balance 
modulated the IL-12–IFN-γ axis (Figure 4, D and E). A titration of 
both GSH and NAC concentrations indicated that 5 mM is opti-
mal, and increasing the concentrations led to a drop in IL-12 pro-
duction (Figure 4F), in agreement with what had been previously 
reported (18).

The above observations prompted us to determine the intra
cellular levels of GSH in PBMCs isolated from diabetic and 
healthy donors. Diabetic patients were further divided into good 
and poor glycemic control groups based on their HbA1c levels, 
and all 3 groups of volunteers were matched according to sex and 
age. The ratios of GSH to oxidized GSH (GSSG) in cells from the 

Figure 1
Decreased IL-12 and IFN-γ production contribute to high intracellular bacterial loads in diabetic PBMCs. (A) PBMCs isolated from healthy or 
diabetic subjects were infected with KHW, a strain of B. pseudomallei, at an MOI of 50:1 for 8 hours, and the amount of intracellular bacteria 
was enumerated by plating on TSA plates. (B) IL-12 and (C) IFN-γ concentrations were determined by ELISA. (D) PBMCs from healthy donors  
(n = 3) were left untreated or pretreated for 4 hours with either isotype control (10 μg/ml) or p40 neutralizing antibody (10 μg/ml) prior to infection 
with B. pseudomallei. IFN-γ concentrations were determined by ELISA 24 hours after B. pseudomallei infection. (E) Monocytes isolated from 
healthy or diabetic individuals were pretreated with recombinant IFN-γ (100 ng/ml) 2 hours prior to bacterial infection, and IL-12 concentrations 
were determined 24 hours after infection. Monocytes isolated from healthy or diabetic individuals were infected with B. pseudomallei for 6 hours 
after which (F) IL12A and (G) IL12B transcripts were determined by quantitative PCR. Each symbol represents data obtained from 1 study sub-
ject, and the horizontal lines denote the means for the respective experimental groups. ***P < 0.001; **P < 0.01; n.s. = P > 0.05.
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poor glycemic control group were significantly lower compared 
with those in the good glycemic control or the healthy groups, 
and the ratios of the good glycemic control subjects resembled 
those of the healthy donors (Table 2). Thus, a high GSH/GSSG 
ratio correlates with a lower HbA1c level in diabetics. Although 
the good glycemic control subjects had the highest BMIs, which 
were significantly different from those of the healthy as well as 
the poor glycemic control subjects, their GSH/GSSG ratios were 
similar to those of the healthy subjects. This excluded obesity as 
a contributing factor.

Increasing GSH concentration in diabetic cells reverses low IL-12 pro-
duction and improves intracellular bacterial control. In further examin-
ing the correlations in the 3 groups of donors, we found that the 
intracellular bacterial numbers in PBMCs of diabetic individuals 
with good glycemic control were significantly lower compared 
with those of individuals with poor glycemic control and were 
similar to those of the healthy group (Table 2). Consistently, the 
good glycemic control group and the healthy group showed sig-
nificantly higher IL-12 and IFN-γ production compared with the 
poor glycemic control group (Table 2). Therefore, low GSH/GSSG 
ratio in cells from diabetic subjects correlates with poor IL-12 
and IFN-γ production in response to B. pseudomallei and defective 
bacterial control. To ascertain whether low GSH concentration is 
responsible for poor IL-12 and bacterial control in the poor glyce-
mic control group, cells from this group of diabetic donors were 
supplemented with GSH prior to infection with B. pseudomallei. 
Diabetic cells treated with GSH showed significant improvement 
in the control of intracellular B. pseudomallei, as evidenced by a drop 
in bacterial numbers (Figure 5A), establishing the causal effect of 
GSH on IL-12 and intracellular bacterial control in diabetes. Fur-
thermore, while exogenous addition of GSH increased the levels 
of IL-12 and IFN-γ in B. pseudomallei– and M. tuberculosis–infected 
cells, no effect was observed with S. enterica-infected cells (Figure 5, 
B and C), thus confirming the existence of pathogen-specific sig-
naling pathways of IL-12 production and variability among these 
pathways in their susceptibility to modulation by GSH. Further-
more, exogenous addition of GSH did not affect IL-12 production 

by poly(I:C)–treated PBMCs (Supplemental Figure 3), demonstrat-
ing that GSH does not directly modulate the TRIF pathway per se 
and confirming that the TRIF pathway is not involved.

GSH depletion results in increased susceptibility to melioidosis in mice. 
To establish a direct causal link between GSH deficiency and sus-
ceptibility to B. pseudomallei infection in vivo, we chose to induce a 
state of GSH deficiency in a murine model of melioidosis rather 
than employing a diabetic mouse model because BM-derived DCs 
and peritoneal-elicited macrophages from diabetic mice induced by 
streptozotocin for 70 days showed significantly lower cytokine gene 
expression in many genes, such as TNFA, IL12B, IL1B, and IL18 in 
response to B. pseudomallei infection in the diabetic animals com-
pared with healthy animals (19). In the BKS.Cg-Dock7m +/+ Leprdb/J 
mice, which carry a mutation in the leptin receptor, the homozygous 
(db/db) mice were obese and showed increased TNFA, IL1B, and IL6 
expression in response to B. pseudomallei infection when compared 
with the heterozygous littermates even at time points when bacterial 
loads were comparable between the 2 groups (20). The broad differ-
ences seen in these models are different from what we found in our 
human study. The depletion of GSH was achieved by treating the 
mice with DEM/buthionine sulfoximine (BSO) before infection, as 
previously described (21, 22). Control mice treated with DEM/BSO, 
but not infected, remained well throughout the experiment. How-
ever, infected mice pretreated with DEM/BSO exhibited lethality at 
twice the rate of those without treatment, thus demonstrating that 
GSH deficiency results in increased susceptibility to disease (Fig-
ure 6A). At both time points after infection, a significantly higher 
bacterial load in the spleens of GSH-depleted animals was seen, 
especially at the earlier time point (Figure 6B). IL-12p70 was signifi-
cantly decreased in the GSH-depleted animals at day 2 after infec-
tion (Figure 6C), and there was an obvious decrease in IFN-γ produc-
tion in most of these animals at day 2, although overall it did not 
approach statistical significance (Figure 6D). IFN-γ, IL-1β, (Figure 
6E), and TNF-α (Figure 6F) were all increased significantly at day 
1 after infection in the GSH-depleted animals, corresponding with 
the very significant increase in bacterial loads. It is well established 
that acute melioidosis induces hyperinflammation characterized by 

Figure 2
Defective IL-12 and IFN-γ production contribute to 
high intracellular bacterial loads in diabetic PBMCs. 
Intracellular bacterial loads were determined as 
described above. PBMCs from either the (A and 
C) healthy or (B and D) diabetic individuals were 
pretreated with recombinant (A and B) IL-12 (100 
ng/ml) or (C and D) IFN-γ (100 ng/ml) 2 hours prior 
to infection with B. pseudomallei, and the number of 
intracellular bacteria were determined as described 
above. Each symbol represents data from 1 study 
subject. Values obtained from the same study sub-
ject before and after cytokine treatment are joined by 
a line. ***P < 0.001.
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high levels of IFN-γ in humans (23) and mice (24). In the infection 
model involving BALB/c and C57BL/6 mice, although the suscep-
tible BALB/c mice produced less IL-12 than the relatively resistant 
C57BL/6 mice at all time points examined, they succumbed to high 
bacterial loads that corresponded with an early transient increase in 
IFN-γ that was not seen in C57BL/6 mice (24). Similarly, it is likely 
that the hyperinflammation and transient surge in IFN-γ caused by 
bacterial sepsis at day 1 masked the effects induced by GSH in the 
DEM/BSO-treated animals. At day 2 after infection, the effect of 
GSH became evident with the decrease in IL-12 and IFN-γ in DEM/
BSO-treated animals. Consistent with our previous in vitro data, 
production of IL-1β and TNF-α was not affected by GSH depletion 
in the mice at day 2 after infection (Figure 6, E and F).

To separate the effect of bacterial-induced hyperinflamma-
tion and hyper-production of IFN-γ from the primary effect of 
GSH depletion, we examined GSH depletion in splenocytes iso-
lated from naive mice and infected in vitro with B. pseudomallei. 

We found that GSH depletion with 50 μM of DEM consistently 
depleted the production of IFN-γ, but did not affect TNF-α 
concentration (Figure 6, G and H). Concentration of IL-12p70 
was below the limit of detection by the ELISA kit. As treatment 
with DEM did not result in changes in the distribution of vari-
ous cell types in the spleen (Supplemental Table 1), this shows 
that the decrease in IL-12 is not due to selective depletion of 
cell types. This is consistent with our claim that GSH depletion 
selectively reduces IL-12 and IFN-γ production in response to 
B. pseudomallei infection.

Discussion
In this study, we have shown that low intracellular GSH concen-
trations in PBMCs from diabetic patients with poor glycemic 
control (HbA1c ≥ 8) contribute to a significant decrease in IL-12 
production, with reduced IL-12p35 transcription in response to 
B. pseudomallei infection. The consequence of low IL-12 is a reduc-

Figure 3
Diabetic PBMCs infected with B. pseudomallei or M. tuberculosis show defective IL-12 and IFN-γ production. PBMCs isolated from healthy  
(n = 5) or diabetic (n = 5) individuals were infected ex vivo with either B. pseudomallei, S. enterica, or M. tuberculosis for 24 hours. (A) IL-12 and 
(B) IFN-γ production were determined by ELISA. (C) Primary monocytes isolated from either healthy (n = 5) or diabetic (n = 5) individuals were 
treated with PAM3CSK4 (1 μg/ml), UP-LPS (1 μg/ml), or flagellin (1 μg/ml) for 24 hours. (D) Primary monocytes isolated from a healthy donor 
were left untreated or treated with MyD88 inhibitor peptide (100 μM) 6 hours prior to treatments with B. pseudomallei, S. enterica, or PAM3CSK4 
for 24 hours. (E) Primary monocytes from a healthy donor were left untreated or pretreated with TRIF inhibitor peptide alone (25 μM) or a mixture 
of TRIF (25 μM) and MyD88 inhibitor (100 μM) peptides 6 hours prior to KHW or LPS treatments. (F) Primary monocytes isolated from donors 
were stimulated with PAM3CSK4 (1 μg/ml) or poly(I:C) (50 μg/ml) for 24 hours. All experiments with primary monocytes involved priming the cells 
with IFN-γ (100 ng/ml). Each symbol represents data obtained from 1 study subject. Horizontal lines for the dot plots show the mean values for 
that particular experimental group. Data for the bar charts are presented as mean ± SEM. **P < 0.01; *P < 0.05; n.s. = P > 0.05.
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tion in IFN-γ production, compounding the poor respiratory 
burst, thereby leading to a decrease in microbicidal killing effi-
cacy in diabetic subjects as compared with healthy controls. The 
defective production of IL-12 and IFN-γ after bacterial infection 
of diabetic cells was highly specific because other proinflamma-
tory cytokines, such as TNF-α, IL-1β, IL-18, IL-8, and antiinflam-
matory cytokines, such as IL-10, were similarly produced by cells 
from both groups of individuals. Therefore, our work has uncov-
ered the unique link between GSH concentrations in PBMCs and 
susceptibility to intracellular bacterial infections in type 2 diabe-
tes specifically through the action of IL-12. Our model provides 
an explanation for the increased susceptibility of type 2 diabetic 
patients to melioidosis and possibly tuberculosis.

Past studies had found that disease prognosis for melioidosis 
patients with underlying diabetes did not seem to be worse than 
for those without diabetes, and there appeared to be an inverse 
correlation between diabetes and mortality; recently, glyburide 
or glybenclamide has been identified as the confounding factor 
in those studies (25). More than half of all diabetic melioidosis 
patients were prescribed this oral hypoglycemic agent, and those 
on glyburide had a survival advantage compared with nondiabetic 
melioidosis patients and with diabetic melioidosis patients on 
other diabetic medications, such as metformin and insulin. The 
beneficial effect of glyburide was attributed to its antiinflamma-
tory nature (25), as it had been shown to be able to inhibit NLRP3 
inflammasome activation (12). Our findings support the inter-

Figure 4
Effects of GSH modulators on 
B. pseudomallei –induced IL-12 
and IFN-γ production in PBMCs 
isolated from healthy donors. 
PBMCs were pretreated with 
either GSH (5 mM) or DEM 
(60 μM) prior to infection with  
B. pseudomallei for 24 hours. 
(A) IL-12 and (B) IFN-γ produc-
tion were determined by ELISA. 
(C) PBMCs were left untreated or 
pretreated with GSH (5 mM) for 
24 hours prior to infection. The 
production of 12 cytokines (IL-1α,  
IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, 
IL-12p70, IL-17A, IFN-γ, TNF-α, 
and GM-CSF) was determined by 
multiplex ELISA. (D and E) PBMCs 
were pretreated with NAC (5 mM) 
for 24 hours before infection, and 
(D) IL-12 and (E) IFN-γ produc-
tion were determined by ELISA. 
(F) PBMCs were pretreated with 
the indicated concentrations of 
either GSH or NAC for 24 hours 
prior to infection. IL-12 production 
was determined by ELISA. Each 
symbol represents data obtained 
from 1 study subject. Horizontal 
lines for the dot plots show the 
mean values for that particular 
treatment group. Data for the bar 
charts are presented as mean ± 
SEM. ***P < 0.001; **P < 0.01;  
*P < 0.05. n.s. = P > 0.05.
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pretation that low intracellular GSH levels in diabetics are criti-
cal in allowing better initiation of the intracellular infection and 
provide an explanation for the increased susceptibility of diabetic 
individuals to melioidosis. The low intracellular GSH/GSSG ratio 
could also affect disease progression and outcome, provided the 
confounding effect of glyburide is removed. Our depletion of 
GSH in the mouse model of melioidosis supports the conclusion 
that GSH deficiency contributes to decreased IL-12 production, 
increased disease susceptibility, and poorer disease outcome.

Diabetes mellitus is also recognized as a major risk factor for 
tuberculosis, and several studies have shown that coaffliction with 
tuberculosis and diabetes is common in both low- and high-income 
countries (1). Our ex vivo data support the interpretation that GSH 
deficiency in PBMCs from diabetics accounts for the impaired abil-
ity to control tuberculosis infection via a defect in IL-12 production. 
Consistently, GSH supplementation in mice has been reported to 

improve control of tuberculosis infections via a direct cytolytic effect 
of GSH on the bacteria and by improving NK cell activity and Th1 
response, resulting in better T cell control of infection, although the 
underlying mechanisms are unknown (26). Furthermore, low con-
centrations of NAC used to increase GSH levels augmented bacil-
lus Calmette-Guérin–triggered IL-12 production through increased  
c-rel translocation into the nucleus for NF-κB activation (18). These 
data support our interpretation that susceptibility to tuberculosis in 
diabetic patients is contributed by the GSH/GSSG imbalance, which 
affects IL-12 production and subsequent bacterial control. Although 
this study did not examine the adaptive responses of diabetic patients 
with low GSH/GSSG ratio to B. pseudomallei or M. tuberculosis, it is 
possible the adaptive Th1 responses are also compromised.

Redox balance and oxidative stress in the diabetic condition 
have been examined previously, but those studies reported lower 
intraerythrocytic or plasma concentrations of GSH in type 2  

Table 2
Correlation among glycemic control, GSH/GSSG ratio, bacterial loads, and IL-12 and IFN-γ concentrations in PBMCs

	 Healthy	 Good glycemic control	 Poor glycemic control	 P value
n	 10	 9	 10	 –
HbA1c	 NA	 6.64 ± 0.46	 10.44 ± 2.51	 0.001A

GSH/GSSG	 7.68 ± 0.84	 8.76 ± 1.61	 4.46 ± 0.75	 0.001A

BMI	 22.59 ± 3.02	 29.31 ± 4.65	 25.66 ± 10.65	 0.05B

Bacterial loads (CFU/ml)	 2816 ± 1766	 3401 ± 3392	 8305 ± 4330	 0.01C

				    0.05D

IL-12p70 (pg/ml)	 48.84 ± 27.77	 50.70 ± 28.91	 24.93 ± 20.97	 0.05E

IFN-γ (pg/ml)	 248.86 ± 78.61	 221.37 ± 103.18	 138.93 ± 64.77	 0.01C

				    0.05D

Values are expressed as mean ± SEM from 10 individuals per group except for the good glycemic control group of 9 individuals. AP < 0.001, differences 
between poor glycemic control and either healthy or good glycemic control groups. BP < 0.01, differences between healthy and good glycemic control 
groups. CP < 0.01, differences between poor glycemic control and healthy groups. DP < 0.05, differences between poor glycemic control and good glycemic 
control groups. EP < 0.05, differences between poor glycemic control and either healthy or good glycemic control groups. NA, not applicable.

Figure 5
GSH supplementation reduces intracellular bacterial loads and improves IL-12 and IFN-γ production in PBMCs isolated from diabetics with poor 
glycemic control. (A) PBMCs isolated from diabetics with poor glucose control were left untreated or pretreated with GSH (5 mM) prior to infec-
tion with B. pseudomallei, and intracellular bacterial loads were determined 8 hours after infection. (A) Each symbol denotes data obtained from 
1 study subject either before or after GSH treatment. Values obtained from the same study subject before and after treatment are joined by a 
line. PBMCs were left untreated or pretreated with GSH (5 mM) prior to infection with B. pseudomallei, S. enterica, or M. tuberculosis, and the 
amount of (B) IL-12 and (C) IFN-γ production was determined. (B and C) Each symbol denotes data obtained from 1 study subject. Horizontal 
lines in the dot plots represent the mean values for that particular experimental group. **P < 0.01; n.s. = P > 0.05.



research article

2296	 The Journal of Clinical Investigation      http://www.jci.org      Volume 122      Number 6      June 2012

diabetic versus healthy individuals (27, 28). We found that 
intracellular GSH concentrations and the GSH/GSSG ratios in 
white blood cells of diabetic patients were also significantly lower 
than those from healthy controls. This compromised the ability of 
the innate immune cells to produce, in response to certain infec-
tions, IL-12, a key cytokine necessary for the initiation of a proin-
flammatory response due to its ability to activate the production 
of IFN-γ. IFN-γ is important for activating phagocytes, such as 
monocytes, so that they become microbicidal. Several studies had 
shown that depletion of GSH in APCs could shift T cell matura-
tion to a Th2 response, whereas GSH or NAC supplementation 
resulted in a Th1 response via the production of IL-12 from the 
APCs (17, 18, 29, 30), although the mechanism remains unknown. 
In contrast, Mazzeo et al. found that NAC and GSH decreased  

IL-12p70 dimer formation (31). Our results are in agreement with 
the majority of the studies in which we have shown that GSH 
concentrations in PBMCs of diabetic patients affect their acute 
response to certain bacterial infections through the production of 
IL-12 and IFN-γ. The key difference in the latter study (31) could 
be the incubation of GSH and NAC throughout the stimulation, 
which could affect IL-12p70 dimer formation directly, whereas 
we removed GSH/NAC prior to bacterial infection so that the 
effect of GSH/NAC was solely to increase the GSH/GSSG ratio. 
Since we have shown that decreased IL-12 response in diabetics 
is not a general defect in IL-12 production because TLR agonists 
and S. enterica could trigger comparable IL-12 production from 
diabetic and healthy cells, the use of a different bacterial agent 
such as S. aureus (31) would also result in a different outcome. 

Figure 6
Effect of GSH depletion in murine model of melioidosis. BALB/c mice were left untreated or treated with DEM/BSO intraperitoneally 2 hours prior 
to infection with B. pseudomallei. (A) Survival of control or DEM/BSO-depleted mice following infection. Statistical significance was determined 
using the log-rank test. (B) Bacterial loads in the spleens of control or DEM/BSO-treated mice at day 1 and day 2 after infection. (C) IL-12p70 
(D) IFN-γ, (E) IL-1β, and (F) TNF-α concentrations in spleens of untreated and DEM/BSO-treated groups. Results shown in B–F are combined 
from 2 independent sets of experiments. (G and H) Splenocytes were pretreated with DEM (50 μM) for 2 hours before infection with B. pseu-
domallei for 36 hours. (G) IFN-γ and (H) TNF-α production were determined by ELISA. Each symbol represents data obtained from 1 animal. 
The horizontal lines for the dot plots show the mean values for particular experimental groups. Data for the bar charts are presented as mean ± 
SEM. ***P < 0.001; *P < 0.05; n.s. = P > 0.05.
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We believe that B. pseudomallei and M. tuberculosis likely trigger a 
signaling pathway different from S. enterica that is susceptible to 
the changes in intracellular GSH concentrations, even though 
IL-12 and IFN-γ have been shown to be important for the con-
trol of all 3 intracellular pathogens (13, 32). The MyD88- and 
TRIF-dependent signaling pathways appeared not to be involved 
directly because stimulation by specific TLR agonists produced 
similar IL-12 responses from the monocytes of both diabetic and 
healthy donors. Instead, our data support that B. pseudomallei and 
M. tuberculosis, but not S. enterica, induce an alternative pathway 
that subsequently triggers IL-12 production. It has been shown 
that IL-15 produced from the crosstalk between conventional 
DCs (cDCs) and plasmacytoid DCs drove the production of IL-12 
from cDCs (33). IL-15 is produced from many cell types, including 
monocytes (34). It is possible that IL-15 could be differentially pro-
duced between diabetic and healthy cells upon bacterial infection, 
as elevated plasma concentrations of IL-15 were indeed present 
in patients with severe melioidosis (23). Differences in signaling 
from other cell types could also accentuate the differential IL-12 
production. It has been documented that B. pseudomallei infection 
induced early IFN-γ production by NK cells and bystander T cells 
with memory phenotype both in mice and humans (35–37). These 
early sources of IFN-γ represent the priming signals in our mono-
cyte model, necessary to help monocytes produce IL-12 when trig-
gered by bacterial infection. This scenario would be similar to the 
3-cell model involved in the priming of Th1 polarization, in which 
NK or γδ T cells produce IFN-γ to provide help to DCs triggered by 
bacterial Pathogen Associated Molecular Patterns (PAMPs), so that 
the DCs can provide antigen and costimulatory signals to prime 
naive T cell differentiation (38). It is thus conceivable that, besides 
the defective IL-12 production in monocytes due to the low GSH/
GSSG ratio, the early IFN-γ priming signals from NK or activated/
memory T cells could also be suboptimal in diabetic individuals 
with poor glycemic control. Thus, the low GSH concentrations in 
NK and T cells would affect the production of the priming signals. 
GSH could potentially affect cell signaling in many ways, such as 
modulating intracellular free radicals, maintaining the thiol status 
of proteins, and covalently binding cysteine moieties in cytosolic 
proteins (S-glutathionylation) (39). Furthermore, the sensitivity of 
tyrosine phosphatases to intracellular thiol status has been shown 
to be important in regulating the immune response (40, 41). For 
example, a GSH deficiency in HIV-infected CD4+ T cells impaired 
tyrosine phosphatase activity, which could be restored by the pres-
ence of NAC (42). The system is no doubt a complicated one, and 
future studies would require the simultaneous examination of sev-
eral cell types and their relative roles as well as how their signaling 
pathways could be affected by GSH concentrations.

Three mechanisms have been proposed to explain the reduced 
levels of GSH under hyperglycemic conditions in type 2 diabetes. 
First, glucose affects GSH synthesis by decreasing the activity of 
the rate-limiting enzyme γ-glutamylcysteine ligase (39, 43). Sec-
ond, excess glucose is converted to sorbitol via the polyol path-
way, consuming NADPH in the process. As NADPH is a cofactor 
required for GSH regeneration from GSSG, the consumption of 
NADPH affects the regeneration of GSH (16). Third, advanced gly-
cation end-products (AGE) induce formation of superoxide and 
hydrogen peroxide, which deplete GSH (44, 45). We have shown 
that diabetics with good glycemic control (HbA1c ≤ 7) indeed had 
intracellular GSH concentrations similar to those of healthy con-
trols. The GSH/GSSG ratio only became aberrant in patients with 

HbA1c greater than or equal to 8.0. The GSH/GSSG ratio is tightly 
correlated with IL-12–IFN-γ production and intracellular bacte-
rial control. Our results thus argue for the potential use of that 
intracellular GSH to GSSG ratio as a reliable biomarker to predict 
the state of health of the immune system of diabetic patients and 
their ability to control certain types of intracellular bacterial infec-
tions. It remains to be seen whether our prediction model can be 
extended beyond B. pseudomallei and M. tuberculosis to other bacte-
ria or viruses such as influenza (46).

Despite advances in treatment for melioidosis, the case fatality 
ratio has remained constant at around 15%–20% in Australia and 
40%–50% in Thailand (47). The finding, in 1989, that ceftazidime 
halves the mortality of severe melioidosis was seminal in estab-
lishing ceftazidime as the drug of choice used for the intensive 
phase of the therapy (48), and no other antibiotic regimens since 
then have been shown to have a mortality benefit (47). Eradica-
tion phase of the therapy involves the use of trimethoprim-sul-
famethoxazole (TMP-SMX) with doxycycline or TMP-SMX alone 
(47). G-CSF was originally thought to provide significant mortal-
ity benefit in melioidosis septic patients as an adjunctive therapy 
when compared with a historical control group in Australia (49), 
but in a subsequent randomized, placebo-controlled trial in Thai-
land, G-CSF was not associated with a mortality benefit, although 
it increased survival from 18.6 hours to 33 hours (50). The authors 
concluded that G-CSF may “buy time” by either reversing neutro-
phil defects associated with risk factors for melioidosis (such as 
diabetes) or through an antiinflammatory effect, although the 
high mortality overall suggests that it may not have an impact on 
the ultimate outcome (50). As our in vitro supplementation of 
NAC results in an increase in GSH concentrations and better bac-
terial control in diabetic cells, supplementation with antioxidants 
such as NAC, which has already been licensed for other clinical 
uses, could potentially be considered as another form of adjunctive 
therapy for diabetic patients with melioidosis. Its effect would like-
ly be broader than that of G-CSF in terms of reversing the redox 
imbalance in all cell types to result in better immune function, par-
ticularly that of the microbicidal function of phagocytes as shown 
in this study. The potential application of NAC would also extend 
beyond usage in septic melioidosis patients to include all with 
poorly controlled diabetes and could be given as an adjunctive dur-
ing the intensive and eradication phases. Given the relatively low 
cost of NAC treatment, it may even be considered as a preventive 
supplement in diabetics with poor glycemic control at high risk of 
contracting melioidosis in the hyperendemic regions.

Methods
Study population. Type 2 diabetic patients aged between 30 and 65 years 
were recruited from the Endocrinology Clinic, National University Hos-
pital, Singapore. Patients must have had type 2 diabetes for a period of 5 
or more years with HbA1c greater than or equal to 8.0 at the time of blood 
donation, except for in the experiment involving the comparison between 
diabetic patients with good glycemic and those with poor glycemic control. 
For the latter experiment, the good and poor glycemic groups consisted 
of individuals with HbA1c less than or equal to 7 or HbA1c greater than 
or equal to 8.5, respectively, for a period of 6 or more months. Age- and 
sex-matched nondiabetic volunteers served as healthy controls. Periph-
eral venous blood was obtained from diabetic patients or healthy controls 
and collected in vacutainers containing sodium heparin (BD Biosciences). 
PBMCs from some patients were used simultaneously for intracellular bac-
terial replication and cytokine assays.
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Cell manipulation. PBMCs were isolated from the blood by density gradi-
ent centrifugation using Histopaque 1077 (Sigma-Aldrich). Following cell 
separation, PBMCs were recovered and washed twice with 1× PBS and resus-
pended in antibiotic-free RPMI 1640 (Gibco; Invitrogen) supplemented 
with 5% heat-inactivated FBS (Gibco; Invitrogen). Primary monocytes were 
isolated from PBMCs by positive selection using CD14+ magnetic beads 
(Miltenyi Biotech). Monocytes used for all experiments were greater than 
90% pure as determined by flow cytometry. Primary monocytes were treated 
with 100 ng/ml human recombinant IFN-γ (BioLegend) 2 hours prior to 
bacterial infection or stimulation with TLR agonists. Pam3CSK4 (PAM), 
poly(I:C), and ultra-pure LPS (UP-LPS) from E. coli K12 were obtained from 
Invivogen, whereas recombinant B. pseudomallei flagellin was prepared as 
described previously (51). Anti-human IL-12p40 antibody and isotype con-
trol were obtained from BioLegend. Primary monocytes were treated with 
MyD88 (100 μM) (Imgenex) or TRIF (25 μM) (Invivogen) peptide inhibitors 
for 6 hours prior to bacterial infection. The dosage used had been titrated 
using positive and negative controls to ascertain sensitivity and specificity.

Bacterial infection. B. pseudomallei KHW strain, a clinical isolate obtained 
from a patient who died from melioidosis, was used in this study (24).  
S. enterica was a gift from J. Kwang (Temasek Life Sciences Laboratory, 
Singapore). B. pseudomallei or S. enterica was cultured in Luria-Bertani (LB) 
broth or plated on tryptic soy agar (TSA). Mid-log phase bacteria were pre-
pared by inoculating 250 μl of overnight culture into 5 ml of LB broth and 
allowed to grow for 2 hours with constant agitation. Cells were infected 
with log-phase culture of B. pseudomallei or S. enterica at an MOI of 10:1. 
Infected cells were centrifuged at 500 g for 5 minutes to allow bacteria-cell 
contact. Two hours after infection, 250 μg/ml kanamycin was added to 
kill off extracellular bacteria. Cells were incubated for at 37°C at 5% CO2 
for 24 hours before the supernatants were collected for cytokine analysis. 
Frozen stocks of M. tuberculosis H37Rv wild-type strain were prepared by 
resuspending a log-phase bacterial culture in Middlebrook 7H9 Liquid 
Medium (BD Biosciences) supplemented with 25% glycerol and stored as 
1 ml single-use aliquots at –80°C. Bacterial concentration was determined 
by plating appropriate dilutions of a representative vial of stock on Middle-
brook 7H11 Agar supplemented with 10% Middlebrook OADC Enrich-
ment (BD Biosciences) and quantifying the number of viable colonies after 
incubating the plates for 16 days at 37°C and 5% CO2. Cells were infected 
with M. tuberculosis H37Rv at an MOI of 1:1. For each infection assay, a fro-
zen stock of H37Rv mycobacteria was defrosted and immediately diluted 
at the appropriate concentration in antibiotic-free cell culture medium; 
500 μl of inoculum was added directly to the cells, which were incubated 
at 37°C and 5% CO2 for 24 hours before the supernatants were collected 
for cytokine analysis.

ELISA. Multi-Analyte ELISA Inflammatory Cytokine Panel (SA Biosci-
ences), inclusive of IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70,  
IL-17A, IFN-γ, TNF-α, and GM-CSF, was used to compare cytokine pro-
duction by PBMCs isolated from healthy or diabetic individuals following 
ex vivo infection with B. pseudomallei. Analysis of IL-18 and IL-23 produc-
tion in healthy and diabetic individuals was carried out using IL-18 and 
IL-23 ELISA kits (Bender Medsystems). Further validation of IL-12 and 
IFN-γ cytokine protein concentrations was carried out using single-analyte 
ELISA kits from BioLegend and Bender Medsystems, respectively.

RNA isolation and quantitative real-time PCR. Total RNA was isolated using 
RNeasy Mini Kit (QIAGEN). Contaminating DNA in the RNA preparation 
was removed using column digestion with DNase I (QIAGEN). Reverse 
transcription was performed using the High Capacity cDNA Synthesis Kit 
(Applied Biosystems). Transcripts were quantified by real-time PCR using 
SYBR Green (Invitrogen) in a Bio-Rad iQ5 machine. The expression of 
cytokine mRNAs was normalized to the relative abundance of a housekeep-
ing gene. Fold induction was calculated using the 2−ΔΔCt method (52).

Intracellular bacterial count. PBMCs were infected with B. pseudomallei at an 
MOI of 50:1. Kanamycin (250 μg/ml) was added 2 hours after infection to 
kill off extracellular bacteria. Cells were infected for 8 hours, after which 
cells were lyzed with 0.1% Triton-X and the amount of intracellular bacteria 
was determined by serial dilution and plating on TSA plates.

Measurement of ROS. Generation of intracellular ROS was measured using 
the luminol-amplified chemiluminescence method. Briefly, a 0.5-ml mix-
ture containing 50 μl of 5000 U/ml superoxide dismutase (Sigma-Aldrich), 
50 μl of 200 000 U/ml catalase (Sigma-Aldrich), and 50 μl of 0.5 mM lumi-
nol (Sigma-Aldrich) was freshly prepared and 50 μl of the mixture added to 
0.5 × 106 PBMCs inoculated with KHW at an MOI of 50:1 in a final volume 
of 0.5 ml. Luminescence was measured using a single-tube luminometer 
(Turner Designs).

Modulation and determination of intracellular GSH and GSSG concentrations. 
To increase intracellular GSH, PBMCs were treated with either 5 mM GSH 
reduced ethyl ester (GSH-OEt) (Sigma-Aldrich) or 5 mM NAC (Sigma-
Aldrich). Cells were treated with 60 μM DEM (Sigma-Aldrich) to deplete 
intracellular GSH. Cells were incubated with GSH modulators in RPMI 
1640 (Gibco; Invitrogen) supplemented with 1% heat-inactivated FBS for 6 
hours. Cells were washed twice with 1× PBS and resuspended in fresh antibi-
otic-free medium prior to bacterial infection. Intracellular GSH and GSSG 
concentrations in PBMCs were determined using Glutathione Colorimetric 
Detection Kit (Arbor Assays) according to the manufacturer’s instructions.

Animal infection studies. Female, 8- to 10-week-old BALB/c mice were pur-
chased from the Laboratory Animals Centre (National University of Sin-
gapore). Infection of mice was carried out in an animal BSL3 facility with 
protocols approved by the National University of Singapore and Defence 
Science Organization National Laboratories IACUC committees. To 
measure survival, mice in both untreated and DEM/BSO-treated groups 
at 6 mice per group were matched by weight. For GSH depletion, DEM 
(Sigma-Aldrich) (0.8 ml/kg) and BSO (Sigma-Aldrich) (700 mg/kg) were 
administered to mice 2 hours prior to infection with a dose of 2,000 CFU 
by intraperitoneal injection, and animals were monitored daily for sur-
vival. To measure the bacterial loads and cytokine production over time, 
2 independent experiments were performed and the data combined in the 
same graph. Mice in both untreated and DEM/BSO-treated groups were 
matched by weight. For GSH depletion, DEM (0.8 ml/kg) and BSO (700 
mg/kg) were administered to mice 2 hours prior to infection with a dose 
of 1,000 CFU by intraperitoneal injection. Infection dose was reduced to 
prevent premature death of animals before the time points. At 1 and 2 days 
after infection, 4 mice per group in the first experiment and 6 mice per 
group in the second experiment were sacrificed and spleens removed asep-
tically and homogenized in PBS. For organ load determination, the spleen 
homogenates were serially diluted accordingly and plated on Ashdown 
agar plates. For cytokine determination, the spleen homogenates were fil-
tered through 0.2-μm syringe filters (Millipore) before ELISA was carried 
out with the following cytokine ELISA kits: mouse IL-1β (BioLegend), IL-
12p70 (BioLegend), IFN-γ (Bender Medsystems), and TNF-α (eBioscienc-
es). Only 3 data points for all parameters were available for the untreated 
mice at day 2 after infection in the first experiment due to problems with 
the infection of 1 mouse that had to be discarded.

In vitro splenocyte studies. Eight- to ten-week-old female BALB/c mice were 
killed by carbon dioxide asphyxiation and spleens removed aseptically. Col-
lagenase D (Roche) treatment and homogenization were carried out on the 
isolated spleen before passing it through sterile nylon mesh to generate 
single-cell suspensions. Splenocytes were pretreated with DEM for 2 hours 
before infection. Splenocytes were infected with B. pseudomallei at an MOI 
of 5:1. Two hours after inoculation with bacteria, 250 μg/ml of kanamycin 
was added to inhibit the growth of the extracellular bacteria. For surface 
staining of cells, anti–CD19-APC (clone 6D5; BioLegend), anti–F480-APC 
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(clone BM8; BioLegend), anti–CD3-FITC (clone 145-2C11; BD Biosciences 
— Pharmingen), anti–I-A/I-E-FITC (clone M5/114.15.2; BioLegend), and 
anti–CD11c-APC (clone N418; Miltenyi Biotec) were used. Supernatants 
were collected after 36 hours for IL-12p70, TNF-α, and IFN-γ ELISAs, 
whereas splenocytes were harvested from wells at 10 hours after infection 
for surface staining.

Statistics. Statistical significance was determined by performing paired 
or unpaired 2-tailed Student’s t test. Paired tests were performed for 
data in Figure 2 and Figure 5A. For survival curves, statistical signifi-
cance was determined using log-rank test. Differences were considered 
significant at P < 0.05.

Study approval. All human studies were approved by the National Uni-
versity of Singapore Institutional Review Board, and written informed 
consent was obtained from all volunteers prior to their participation in 
the study. All animal studies were approved by the National University of 
Singapore as well as the Defence Science Organization Institutional Ani-
mal Care and Use Committees.
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