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Immunoresponsive gene 1 (Irg1) is highly expressed in mammalian
macrophages during inflammation, but its biological function has
not yet been elucidated. Here, we identify Irg1 as the gene coding
for an enzyme producing itaconic acid (also known as methylene-
succinic acid) through the decarboxylation of cis-aconitate, a tricar-
boxylic acid cycle intermediate. Using a gain-and-loss-of-function
approach in both mouse and human immune cells, we found Irg1
expression levels correlating with the amounts of itaconic acid,
a metabolite previously proposed to have an antimicrobial effect.
We purified IRG1 protein and identified its cis-aconitate decarbox-
ylating activity in an enzymatic assay. Itaconic acid is an organic
compound that inhibits isocitrate lyase, the key enzyme of the
glyoxylate shunt, a pathway essential for bacterial growth under
specific conditions. Here we show that itaconic acid inhibits the
growth of bacteria expressing isocitrate lyase, such as Salmonella
enterica and Mycobacterium tuberculosis. Furthermore, Irg1 gene
silencing in macrophages resulted in significantly decreased intra-
cellular itaconic acid levels as well as significantly reduced antimi-
crobial activity during bacterial infections. Taken together, our
results demonstrate that IRG1 links cellular metabolism with im-
mune defense by catalyzing itaconic acid production.

During inflammatory responses, activated peripheral macro-
phages and microglial cells, the resident immune cells in the

central nervous system, produce an array of inflammatory cyto-
kines and free radicals that are responsible for their antimicro-
bial activity (1). Depending on the pathogens and the cytokine
environment, macrophages are able to acquire a large spectrum
of different phenotypes having specific pro- or anti-inflammatory
properties (2, 3). Similar observations have been made in
microglial cells, where the pro- or anti-inflammatory states have
been elicited by different cytokines or bacterial components (4).
In this context, gene expression profiling studies of murine
macrophages and microglial cells have identified immunores-
ponsive gene 1 (Irg1) as one of the most highly up-regulated
genes under proinflammatory conditions, such as bacterial
infections (5–9). Increased Irg1 expression levels have also been
detected in chicken spleen macrophages after infection with
Salmonella enterica (10). Furthermore, it has been shown that
IRG1 could play an important role in the susceptibility toward
Marek disease virus (11). Irg1 was originally identified as a 2.3-kb
cDNA from a library synthesized from mRNA isolated from
a murine macrophage cell line after LPS stimulation (12). Irg1 is
also highly expressed in the early events leading to implantation
in the pregnant uterus (13, 14), the specific phase in which a high
level of inflammatory cytokines are secreted by the endometrial
cells as well as by cells of the immune system that are recruited to
the site of implantation (15). Interestingly, Irg1 has been used to
classify functional profiles of neurotoxic C-C chemokine receptor
9+Irg1+ and neurosupportive C-X-C chemokine receptor 3+Irg1−

microglia in vivo (16). Although no mitochondria targeting
signal sequence could be identified in the IRG1 amino acid

sequence, IRG1 protein has been reported to associate with
mitochondria (6).
Taken together, these data indicate an important role of Irg1

during immune response. Although expression levels of Irg1
have been extensively studied, its cellular function has not been
addressed and is unknown. Based on sequence homology, IRG1
has been classified into the MmgE/PrpD family (17), which
contains some proteins for which enzymatic activities have been
identified in microorganisms (18). To elucidate if mammalian IRG1
exhibits an enzymatic function, we performed siRNA-mediated
silencing of its expression in various cell models under inflam-
matory conditions and performed a nontargeted metabolomics
analysis to detect significantly affected metabolites. Based on this
analysis, we were able to elucidate the function of IRG1 as an
enzyme catalyzing the production of the antimicrobial metabo-
lite itaconic acid by decarboxylating cis-aconitate.

Results and Discussion
IRG1 Function. To investigate whether IRG1 has a potential en-
zymatic function, we analyzed the metabolomics profile of siRNA-
mediated Irg1 silencing under LPS stimulation in RAW264.7 cells.
We first confirmed that the silencing of Irg1 resulted in an 80%
decrease of Irg1 mRNA level compared with nonspecific siRNA
control (Fig. 1A). We detected very low levels of Irg1 mRNA (17-
fold less compared with LPS-activated cells) in nonactivated
macrophages. After silencing of Irg1 in RAW264.7 cells, we
measured 260 intracellular metabolites and, of these, we found
that 5 were significantly different compared with untreated
RAW264.7 cells (Welch’s t test, P < 0.05). Most strikingly, we
observed that the metabolite most significantly affected by Irg1
silencing was itaconic acid (P = 2.5 × 10−8). This metabolite was
very recently discovered by Strelko and colleagues in LPS-activated
macrophages (19). However, until now, the enzyme catalyzing its
production has not been described. Based on our experiments, the
silencing of Irg1 elicited a 60% decrease of itaconic acid compared
with control conditions (Fig. 1A). Only low levels of the metabolite
(11.5-fold less compared with LPS-activated cells) were measured
in resting macrophages. Having identified itaconic acid as the main
affected metabolite by Irg1 silencing, we performed an intracellular
quantification of this compound and found a concentration of
3 mM in BV2 retroviral-immortalized microglia (BV-2) cells and
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8 mM in RAW264.7 mouse macrophages after LPS treatment
(LPS 10 ng/mL) (Fig. 1B). We measured similar amounts in
murine primary microglial cells induced by LPS treatment (Fig.
S1). Such high intracellular itaconic acid concentrations after
LPS treatment clearly point toward an immunological function
of this metabolite.
To further study the metabolic activity of IRG1, we overex-

pressed murine Irg1 in A549 human lung cancer cells. We found
that these cells contained high amounts of both Irg1 gene tran-
script and itaconic acid metabolite (0.2 ± 0.05 mM) 24 h after
transfection, but not in nontransfected cells or in cells trans-
fected with an empty control plasmid, in which Irg1 mRNA and
itaconic acid were below detection limit (Fig. 1 C and D).
Finally, to investigate the dynamics of Irg1 expression and

itaconic acid production after a proinflammatory stimulus, we
analyzed RAW264.7 cells activated with LPS (10 ng/mL) at
different time points. Although Irg1 transcript was already pro-
duced after 2 h, significant amounts of itaconic acid could be
measured starting 6 h after LPS treatment (Fig. 1E). The time-
course of Irg1 expression is in line with observed expression

profiles of other proinflammatory cytokines. The positive time-
dependent correlation between Irg1 expression and itaconic acid
levels further support the cellular role of IRG1 in itaconic
acid production.

Itaconic Acid Metabolic Pathway. Intriguingly, murine IRG1 shows
a 23% amino acid sequence identity to the enzyme cis-aconitate
decarboxylase (CAD) expressed by the fungus Aspergillus terreus
(Fig. S2). In fact, IRG1 is evolutionary conserved across a large
set of species (Fig. S3). This fungus is commonly used for the
biotechnological production of itaconic acid at an industrial scale
(20). The biosynthesis of this dicarboxylic acid has been of in-
terest because it can be used as a starting material for chemical
synthesis of polymers (21). The fungal CAD enzyme catalyzes
the formation of itaconic acid by decarboxylating cis-aconitate to
itaconic acid (22). To determine if mammalian IRG1 has a sim-
ilar function as CAD in A. terreus, we performed stable-isotope
labeling experiments. We incubated LPS-activated RAW264.7
macrophages with uniformly 13C-labeled glucose (U-13C6). Cit-
rate synthase catalyzes the transfer of two labeled carbon atoms
from acetyl-CoA to oxaloacetate resulting in M2 cis-aconitate
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Fig. 1. (A) Levels of mRNA (left y axis, black bars) or itaconic acid (right y axis, gray bars) in resting (Ctr) or LPS-activated RAW264.7 macrophages transfected
with either siRNA specific for Irg1 or with siRNA Ctr. Metabolites and RNA extractions were performed after 6 h of stimulation. The levels of Irg1 mRNA were
determined by real-time RT-PCR and normalized using L27 as a housekeeping gene. Each bar represents the average expression fold change (± SD). The levels
of itaconic acid were determined by GC/MS measurements. Each bar represents itaconic acid levels (± SD). *P < 0.05, **P < 0.01. (B) Itaconic acid quantification
(mM) in mouse microglial cells (BV-2 cell line) and mouse macrophages (RAW264.7 cell line) after 6 h of LPS stimulation at 10 ng/mL (gray bars). Untreated cells
were used as a control (black bars). Bars represent the mean of itaconic acid concentration (± SEM). **P < 0.01. Levels of mRNA (C) or itaconic acid (D) in
human A549 lung cancer cells transfected with the mouse Irg1 overexpressing plasmid (pmIrg1). Metabolites and RNA extractions were performed 24 h after
transfection. Real-time RT-PCR results are normalized using L27 as a housekeeping gene and are shown as average expression fold change (± SEM). *P < 0.05,
**P < 0.01. (E) RAW264.7 cells were treated with LPS (10 ng/mL) at different time points and analyzed for Irg1 expression and itaconic acid concentration (mM).
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isotopologues (Fig. 2A). If the decarboxylation is performed by
a CAD homolog, the first carbon atom of the molecule is expected
to be removed during the decarboxylation, resulting in M1 iso-
topologues of itaconic acid. In our experimental setting, we de-
termined 45% of the citric acid molecules as M2 isotopologues,
whereas 38% of the itaconic acid molecules were M1 isotopologues
(Fig. 2B). We also found a significant fraction of M2, M3, and M4
itaconic acid isotopologues. The M4 fraction of itaconic acid re-
flects pyruvate carboxylase or reverse malic enzyme activity. Be-
cause of the symmetry of succinic acid, subsequent turns of the
tricarboxylic acid (TCA) cycle can result in M2 or M3 isotopologues
of itaconic acid.
The observations described so far strongly suggest that Irg1

encodes a mammalian enzyme that catalyzes the decarboxylation
of cis-aconitate to itaconic acid.

IRG1 Protein Purification and CAD Activity Assay. To directly dem-
onstrate that the IRG1 protein catalyzes the decarboxylation of cis-

aconitate, we purified FLAG-tagged IRG1 protein from human
embryonic kidney 293T (HEK293T) cells transfected with a
pCMV6-Entry-Irg1 expression plasmid. As depicted in Fig. 3A,
protein extracts prepared from those cells catalyzed the conversion
of cis-aconitate to itaconic acid. No itaconic acid formation was
detected when extracts were prepared from cells transfected with an
empty vector. Furthermore, affinity purification of the extract pre-
pared from FLAG-Irg1 overexpressing cells clearly showed coelu-
tion of the cis-aconitate decarboxylase activity with a protein band
identified as IRG1 by SDS/PAGE (expected molecular weight
∼55 kDa for Flag-Irg1; Fig. 3B) and Western blot analysis using
anti-IRG1 antibody (Fig. 3C). SDS/PAGE analysis showed that
this purification procedure yielded a homogenous preparation of
the IRG1 protein (Fig. 3B), demonstrating that the cis-aconitate
decarboxylase activity measured in the purified fractions was not
due to another contaminating protein.

Itaconic Acid Is Produced by Human Primary Macrophages but at
Lower Levels Compared with Mouse Cells. Because an Irg1 homol-
ogous gene is annotated in the human genome on chromosome
13, we were interested to further analyze IRG1 expression and
itaconic acid amounts in human immune cells. To investigate
this, we isolated CD14+ primary human monocytes from the
blood of different donors, cultured them for differentiation into
macrophages for 11 d, and stimulated an inflammatory response
with LPS (10 μg/mL) for 6 h. In line with our previous observa-
tions in mouse macrophages, we observed that IRG1 expression
in human peripheral blood mononuclear cell (PBMC)-derived
macrophages was highly up-regulated after LPS activation
compared with resting conditions in which IRG1 mRNA levels
were almost undetectable (Fig. 4A). Our results are in accor-
dance with those of Roach and colleagues (23), who analyzed
LPS-activated PBMCs’ transcriptional profiles and observed
IRG1 up-regulation compared with control conditions. At the
metabolite level, itaconic acid amounts were highly increased
under LPS-induced inflammatory conditions compared with
resting cells in which the metabolite was measured in low amounts
or below the detection limits (Fig. 4B). In line with the induction of
itaconic acid production, we observed elevated IRG1 expression
(Fig. 4C andD). A similar trend was also mirrored by the expression
of TNF-α mRNA, indicating that macrophages were activated (Fig.
S4). Compared with the intracellular itaconic acid concentration in
mouse immune cells, the concentration in human macrophages was
two orders of magnitudes lower (8 mM vs. ∼60 μM).
A major difference between mouse and human is the elevated

production of NO in mouse macrophages under inflammatory
conditions (24). It is well known that NO inhibits aconitase, the
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Fig. 2. (A) Synthesis pathway of itaconic acid in the TCA cycle. Itaconic acid can only contain one labeled carbon if produced in the first round of the TCA
cycle (yellow-marked atoms). (B) Labeling of citric acid (black bars) and itaconic acid (gray bars) using glucose as a tracer in RAW264.7 macrophages. The major
fraction of labeled itaconic acid contains one isotope, whereas citric acid contains mainly two labeled atoms.

Fig. 3. Purification of cis-aconitate decarboxylase from HEK293T cells
transfected with the pCMV6-Entry-Irg1 expression plasmid. (A) Extracts from
cells transfected with empty plasmid or Flag-Irg1 plasmid were loaded onto
an affinity resin (Cell MM2, FlagM purification kit, Sigma Aldrich) and pro-
teins were eluted with Flag peptide. Cis-aconitate decarboxylase activity was
measured in cell extracts and purification fractions as described in Materials
and Methods. (B) A total of 12 μL of each protein fraction was loaded onto an
SDS/PAGE gel that was stained with Coomassie Blue. (C) Western blot analysis
of the same protein fractions was performed using an IRG1-specific antibody.
F1-F3, elution fractions; FT, flow through; P, pellet; SN, supernatant; W, wash.
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enzyme producing the itaconic acid precursor cis-aconitate (25–
27). To test whether the NO-mediated inhibition of aconitase
has an effect on itaconic acid production, we silenced the in-
ducible nitric oxide synthetase (iNOS) gene to decrease NO
levels in mouse macrophage (Fig. S5 A and B). On the other
hand, we treated human PBMC-derived macrophages with the
intracellular NO donor, diethylamine NONOate (28), to elevate
the NO level in these cells (Fig. S6 A–C). We could not detect
any effect on intracellular itaconic acid levels in either case.
Based on these results, we assume that aconitase is not a rate-
limiting step for itaconic acid synthesis.
Finally, we transfected A549 human lung cancer cells with

a pCMV6 plasmid expressing human IRG1 cDNA (phIrg1) to
show CAD activity of human IRG1. We observed high amounts
of both IRG1 gene transcript and itaconic acid (0.044 ± 0.0018
mM) 24 h posttransfection (Fig. 4 E and F).

In Vivo Irg1 Expression and Itaconic Acid Production. To confirm Irg1
expression and itaconic acid production in vivo, we intraperi-
toneally injected C57BL/6 mice with LPS (1 mg/kg) and har-
vested the peritoneal macrophages after 24 h. We were able to
measure high Irg1 mRNA expression levels correlating with high
amounts of intracellular itaconic acid compared with the saline-
injected mice (Fig. 5 A and B).

Itaconic Acid Inhibits Bacterial Growth and Contributes to Antimi-
crobial Activity of Mouse Macrophages. It has previously been
shown that itaconic acid has an antimicrobial activity by inhib-
iting isocitrate lyase (ICL) (29, 30), an enzyme of the glyoxylate
shunt (Fig. 6A). The glyoxylate shunt is not present in animals,
but is essential for the survival of bacteria growing on fatty acids
or acetate as the limiting carbon source (31). The strategy for
survival during chronic stages of infection entails a metabolic
shift in the bacteria’s carbon source to C2 substrates generated by
β-oxidation of fatty acids (31). Under these conditions, glycolysis
is decreased and the glyoxylate shunt is significantly up-regulated
to allow anaplerotic maintenance of the TCA cycle and assimi-
lation of carbon via gluconeogenesis (32). Highly elevated levels
of ICL are observed in Mycobacterium tuberculosis grown on C2
sources (33) and shortly after uptake into human macrophages
(34). Furthermore, it has been shown that persistence of M. tu-
berculosis in macrophages and mice requires the glyoxylate shunt
enzyme ICL (35). In fact, M. tuberculosis cannot persist in macro-
phages when both isoforms of icl are genetically knocked out
(36). Because the glyoxylate shunt is exclusively found in pro-
karyotes, lower eukaryotes, and plants, it represents a unique
target for drug development (37).
To confirm the antimicrobial effect of itaconic acid on bac-

terial replication (30), we cultured the pathogens M. tuberculosis
and S. enterica (both known to synthesize ICL for biosynthesis
through the glyoxylate shunt) in liquid minimal medium sup-
plemented with acetate as the unique carbon source to force the
bacterial metabolism to use the glyoxylate shunt.
We determined bacterial growth in this medium in the pres-

ence of increasing itaconic acid concentration and observed that
the effective concentration of itaconic acid varies depending on
the analyzed bacteria. The growth of M. tuberculosis in vitro was
completely inhibited at 25–50 mM itaconic acid concentrations
(Fig. 6B), whereas significant effects were already observed at
10 mM for S. enterica (Fig. 6C). To exclude secondary toxic effects
of itaconic acid, we measured the growth of the bacteria on
glycerol or glucose as a carbon source. In this case, bacterial
metabolism does not rely on the glyoxylate shunt. Under these
conditions, itaconic acid does not affect the bacterial growth
(Figs. S7A and S8A). To further demonstrate the specificity of the
antimicrobial activity of itaconic acid, we performed the same
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Fig. 4. Human IRG1 expression and itaconic acid
production. Levels of mRNA and itaconic acid in
resting (Ctr) and LPS-activated (10 μg/mL) PBMC-
derived macrophages. RNA and metabolites extrac-
tions were performed after 6 h of stimulation. (A)
The levels of IRG1 mRNA were determined by real-
time RT-PCR and normalized using L27 as a house-
keeping gene. Each bar represents the average ex-
pression fold change of five different donors
(± SEM). (B) The corresponding levels of itaconic
acid were determined by GC/MS measurements.
Each bar represents itaconic acid levels (± SEM). *P <
0.05, **P < 0.01. (C and D) Differential IRG1 gene
expression analysis and itaconic acid production
between five different donors. (E and F) Levels of
mRNA (E) or itaconic acid (F) in human A549 lung
cancer cells transfected with the human IRG1 over-
expressing plasmid (phIrg1). Metabolites and RNA
extractions were performed 24 h after transfection.
Real-time RT-PCR results are normalized using L27 as
a housekeeping gene and are shown as average ex-
pression fold change (± SEM). *P < 0.05, **P < 0.01.

Fig. 5. Mouse peritoneal macrophages from eight saline- and seven LPS-
injected mice (1 mg/kg) were isolated and pooled 24 h after i.p. injection. (A)
Irg1 expression levels and (B) itaconic acid production were analyzed com-
pared with intraperitoneally saline-injected mice. Bars represent the mean
of three technical replicates (± SEM).
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bacterial growth experiments, but by supplementing the medium
with the itaconic acid precursor cis-aconitate. We observed that
bacteria grown in the presence of cis-aconitate elicited an even
more pronounced growth at different concentrations of this me-
tabolite in both bacteria (Figs. S7 B and C and S8B), thus in-
dicating that these bacteria started to use cis-aconitate as carbon
source, in strong opposition with the effect we observed with
itaconic acid.
It has been described that ICL exhibits additional methyl-

isocitrate lyase (MCL) activity inM. tuberculosis. MCL is required
for the detoxification of propionyl-CoA through the methylcitrate
cycle (38, 39) (Fig. 6A). Propionyl-CoA accumulates during
β-oxidation of odd-chain fatty acids and is produced from cho-
lesterol of the host macrophages (40). As a result, inhibition of
ICL in M. tuberculosis could have an additional toxic effect in the
presence of propionate. To investigate the potential accentuated
inhibition of the bacterial growth under these conditions, we in-
cubated M. tuberculosis in glycerol with 0.1 μM propionate and
increasing concentrations of itaconic acid. Indeed, the combina-
tion of these two effects inhibited M. tuberculosis growth at 5–10
mM of itaconic acid (Fig. S7D), thus confirming that MCL activity
of ICL is affected by the metabolite.
To further investigate the involvement of itaconic acid in the

antimicrobial activity of macrophages, we infected RAW264.7
cells with S. enterica and consequently observed an increased Irg1
expression associated with high intracellular amounts of itaconic
acid (Fig. S9 A and B). We saw that silencing of Irg1 gene ex-
pression resulted in a decrease of intracellular itaconic acid
concentration (Fig. S9B). We detected a significantly larger
number of intracellularly viable bacteria in macrophages treated
with siRNA targeting Irg1 compared with those treated with an
unspecific control siRNA or with siRNA targeting murine aco-
nitase 2 (Aco2) 4 h after infection (Fig. 6D and Fig. S10).
Taken together, our results clearly demonstrate the importance

of Irg1 expression in macrophages during bacterial infection, thus
contributing to their antimicrobial armature.

Conclusion
In this study, we report that the Irg1 gene encodes an enzyme
synthesizing itaconic acid from the TCA cycle intermediate cis-
aconitate. We showed a strong up-regulation of both Irg1

transcript and itaconic acid synthesis in macrophages in response
to LPS activation. Furthermore, our data also show that IRG1-
mediated itaconic acid production contributes to the antimicro-
bial activity of macrophages.
The discovery of an inducible enzyme linked to the TCA cycle

and catalyzing the production of an antimicrobial metabolite is
reminiscent of the mechanism found in the urea cycle responsible
for the production of NO. iNOS is the enzyme that catalyzes the
production of the antimicrobial compound NO from L-arginine
(41) and, like IRG1, is induced in mouse macrophages and
microglial cells under inflammatory conditions. In addition to
other factors, NO and itaconic acid production by immune cells
seem to represent an intrinsic property of these cells to self-react
toward an inflammatory insult, and those metabolites seem to
confer a form of innate metabolic immunity to macrophages and
microglial cells.

Materials and Methods
Cell Culture. Primary human monocytic CD14+ cells were isolated in two
steps from blood samples provided by Red Cross Luxembourg. First, (PBMCs
were separated in 50-mL Leucoseptubes (Greiner) through Ficoll-Paque
Premium (GE Healthcare) density-gradient centrifugation at 1,000 × g for
10 min at room temperature with no brake. Second, CD14+ cells were pu-
rified with magnetic labeling. Therefore, 2 μL of CD14 Microbeads (Miltenyi
Biotech) per 107 PBMCs were incubated for 30 min at 4 °C followed by
a positive LS column (Miltenyi Biotech) magnetic selection. The purified
CD14+ cells were differentiated in six-well plates for 11 d in RPMI1640
medium without L-glutamine and phenol red (Lonza) supplemented with
10% (vol/vol) human serum (A&E Scientific), 1% (vol/vol) penicillin/strepto-
mycin (Invitrogen), and 0.05% (vol/vol) L-glutamine (Invitrogen). The medium
was changed on days 4 and 7.

Four cell lines, specifically murine microglial BV-2 cells (42), murine mac-
rophages RAW264.7 (43) (ATCC TIB-71), human epithelial A549 lung cancer
cells (44) (ATCC CCL-185), and human HEK293T cells (45) were used for
the experiments.

Mouse i.p. Injection of LPS and Peritoneal Macrophages Isolation. All animal
procedures, such as handling and euthanasia, have been performed
according to the Federation of European Laboratory Animal Science Asso-
ciations (FELASA) guidelines for the use of animals in research, and were
institutionally approved by the Luxembourg Centre for System Biomedicine
animal user committee and authorized by the local governmental agencies
(Ministry of Health, Ministry of Agriculture, chief veterinarian of the Lux-
embourg government). Three-to-four-month-old SJL mice were injected i.p.
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Fig. 6. Effect of itaconic acid on the bac-
terial growth. (A) Schematic of the glyox-
ylate shunt and the 2-methylcitrate cycle.
(B) GFP-expressing M. tuberculosis bacteria
were cultured in 7H9 medium supplemented
with acetate, without (w/o) or with various
concentrations of itaconic acid (5, 10, 25, 50
mM). Growth was measured as relative
light units (RLU) at indicated time points.
Curves represent the mean of three tech-
nical replicates. (C) S. enterica was grown in
liquid medium with acetate, without (w/o)
or in the presence of different concen-
trations of itaconic acid (5, 10, 50, 100 mM).
The OD was measured every hour. Curves
are calculated in percent relative to time
0 and represent the mean of three in-
dependent experiments. (D) RAW264.7 cells
were transfected with either siRNA specific
for Irg1 (siIrg1) or with siRNA control (siNeg).
After 24 h, the cells were infected with
S. enterica at a multiplicity of infection of
1:10 and incubated for 1 h at 37 °C (Materials
and Methods). Bars represent the mean of
the numbers of bacteria per ml (± SEM)
obtained from three independent experi-
ments. *P < 0.05.
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with LPS (1 mg/kg) or with saline vehicle and were deeply anesthetized after
24 h by i.p. injection of 50 mg/kg of ketamine·HCl and 5 mg/kg xylazine·HCl.
Mice were then euthanized by cervical dislocation. Eight saline- and seven LPS-
injected mice were used for peritoneal macrophages isolation. A small incision
was made in the upper abdomen, and peritoneal macrophages were washed
out with 4–5 mL ice-cold sterile PBS/mouse and pooled into falcon tubes. The
cell suspension was pelleted in a cooled centrifuge for 5 min at 250 × g and the
resulting pellet was worked up for metabolites and RNA extractions.

M. tuberculosis Growth Analysis. GFP-expressing M. tuberculosis H37Rv bac-
teria (47) were generated using the plasmid 32362:pMN437 (Addgene),
kindly provided by M. Niederweis (University of Alabama, Birmingham, AL)
(48). 1 × 106 bacteria were cultured in 7H9 medium supplemented with
different carbon sources as indicated in a total volume of 100 μL in a black
96-well plate with a clear bottom (Corning Inc) sealed with an air-permeable
membrane (Porvair Sciences). Growth was measured as relative light units

at 528 nm after excitation at 485 nm in a fluorescence microplate reader
(Synergy 2, Biotek) at indicated time points.

Statistical Analysis. For comparison of means between two different treat-
ments, the statistical analysis was done by the Student t test unless otherwise
indicated. Error bars indicate SD or SEM as specified in the text.

For more information on protein purification and CAD activity assay, RNA
isolation and RT-PCR, SDS/PAGE and Western blotting, GC/MS sample
preparation and procedure as well as glucose labeling assay, please see SI
Materials and Methods.
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