
1Scientific Reports | 6:22637 | DOI: 10.1038/srep22637

www.nature.com/scientificreports

Age-associated metabolic 
dysregulation in bone marrow-
derived macrophages stimulated 
with lipopolysaccharide
Fan Fei1,2, Keith M. Lee2, Brian E. McCarry1 & Dawn M. E. Bowdish2

Macrophages are major contributors to age-associated inflammation. Metabolic processes such 
as oxidative phosphorylation, glycolysis and the urea cycle regulate inflammatory responses by 
macrophages. Metabolic profiles changes with age; therefore, we hypothesized that dysregulation 
of metabolic processes could contribute to macrophage hyporesponsiveness to LPS. We examined 
the intracellular metabolome of bone marrow-derived macrophages from young (6–8 wk) and old 
(18–22 mo) mice following lipopolysaccharide (LPS) stimulation and tolerance. We discovered known 
and novel metabolites that were associated with the LPS response of macrophages from young mice, 
which were not inducible in macrophages from old mice. Macrophages from old mice were largely non-
responsive towards LPS stimulation, and we did not observe a shift from oxidative phosphorylation to 
glycolysis. The critical regulatory metabolites succinate, γ-aminobutyric acid, arginine, ornithine and 
adenosine were increased in LPS-stimulated macrophages from young mice, but not macrophages 
from old mice. A shift between glycolysis and oxidative phosphorylation was not observed during LPS 
tolerance in macrophages from either young or old mice. Metabolic bottlenecks may be one of the 
mechanisms that contribute to the dysregulation of LPS responses with age.

Inflammation is an evolutionarily conserved response to infection and tissue injury, which triggers a complex 
cascade of metabolic and genomic responses1. Both innate and adaptive immune function declines with age2–4, 
and this contributes to decreased vaccine responses5 and increased susceptibility to sepsis and inflammatory 
diseases6. Franceschi et al. proposed that macrophages play a central role in producing age-associated inflamma-
tion, which ultimately impairs the immune response7. Macrophages are heterogeneous tissue-resident sentinel 
cells that are derived from hematopoietic progenitors8. They initiate inflammatory responses towards microbial 
pathogens and repair damaged tissues7 by responding to their local cytokine environment and adapting to either 
pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes9. With age, macrophage functions, including 
phagocytosis, wound healing and polarization, are impaired10,11.

Bacterial lipopolysaccharide (LPS) is a potent inflammatory stimulant that is often used to study mac-
rophage function. Upon repeated challenge with LPS, macrophages become refractory to stimulation with 
LPS and this “LPS tolerance” can persist for 24–48 hrs after initial stimulation12. LPS tolerance is an essential 
immune-homeostatic response that protects against hyper-inflammatory responses during persistent infec-
tion13, but may alsocontribute to septic and non-infectious systemic inflammatory response syndrome (SIRS) in 
humans13. Peritoneal macrophages from young mice develop LPS tolerance more effectively than macrophages 
from old mice14. Whether failure to control inflammation due to chronic LPS exposure contributes to increased 
susceptibility to inflammatory diseases in old age is not known.

Inflammatory responses of macrophages can be regulated by intracellular and extracellular levels of metabo-
lites. It is known that upon LPS stimulation, macrophages switch from oxidative phosphorylation to glycolysis as 
their primary energy source to sustain the increased energy demand during inflammation15,16. Enhanced glyco-
lytic function is measured by increased levels of intra- and extra-cellular lactate. Specific transcriptional responses 
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promoting inflammation have been shown to be regulated by metabolites such as succinate and γ -aminobutyric 
acid17. Additionally, M1/M2 polarization is regulated by increasing levels of urea cycle intermediates such as argi-
nine, ornithine, citrulline18. Increased levels of adenosine as a result of inflammation can regulate inflammatory 
responses and are protective against tissue damage19. Metabolic changes have been noted in mice and humans 
as a result of aging20,21. Whether metabolic dysregulation can contribute to macrophage dysfunction with age is 
not known.

Here, for the first time, we identified age-specific metabolic dysregulation of LPS responses in bone 
marrow-derived macrophages. Additionally, we quantified the metabolic changes during LPS tolerance in both 
young and old macrophages. We discovered novel metabolites that are associated with LPS stimulation. We have 
found metabolic reprogramming of oxidative phosphorylation to glycolysis was suppressed in LPS stimulated 
macrophages from old mice. In addition, arginine metabolism, which is vital for macrophage polarization18,22, 
was also impaired in old macrophages. Our data indicate a possible metabolic bottleneck that prevents energy 
intensive inflammatory responses in old macrophages.

Results
In order to quantitate differences in macrophage metabolism during LPS stimulation and LPS tolerance, bone 
marrow derived macrophages from young and old mice were analyzed using both comprehensive and targeted 
metabolomic strategies (Fig. 1). Liquid chromatography-mass spectrometry (LC-MS) was used to create a com-
prehensive metabolomic profile, which was composed of 2125 metabolite features, of which 57 polar metabolites 
and 64 phospholipids were identified. Gas chromatography (GC)-MS was used for targeted metabolomic analysis, 
which included 25 intermediates in glycolysis, the citric acid cycle (TCA), the aspartate-argininosuccinate shunt, 
the γ -aminobutyric acid (GABA) shunt and the urea cycle pathways (Table S1).

Comprehensive analysis reveals novel metabolites associated with LPS responses.  The metab-
olome of bone marrow derived macrophages from young mice were analyzed and compared at 0, 4 and 16 hr of 
LPS stimulation. To ensure any metabolic changes only resulted from LPS stimulation and were not a result of the 
22 hr incubation, we compared the metabolic profiles of unstimulated macrophages at t =  0 hr and t =  22 hrs. Less 
than 1.3% of the metabolic features showed any significant change over the 22 hr period. Significant metabolic 
changes were observed for LPS stimulated macrophages after 4 hrs of stimulation, and a more dramatic change 
was noted after 16 hrs of LPS stimulation (Fig. 2A). The metabolite features from young macrophages that were 
differentially expressed after 4 hrs of LPS stimulation were compared to the unstimulated control 4.5% (96/2125) 
(Fig. 2B). After 16 hrs of LPS stimulation, over half of the metabolic features (1081/2125) were significantly altered 
in the young macrophages. Of the differentially expressed features, 27.2% (579/2125) showed increased expres-
sion and 23.6% (502/2125) features were reduced compared to the unstimulated control. Metabolites that were 
found to increase in macrophages of young mice after 16 hrs of LPS stimulation included adenine, adenosine, 
ornithine, arginine (Fig. 3A–D), pantothenic acid, uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), 
N-acetyl-phenylalanine, taurine, hypotaurine, UDP-glucose (UDP-G), glucosamine-6-phosphate (GlcN6P), 
methyl-malonic acid, lysine, proline, glutamine, phosphatidylglycerols (PGs), phosphatidylethanolamine (PEs) 
and phosphatidylglycerols (PCs). N-acetyl glutamic acid and N-acetyl-aspartic acid were reduced after 16 hrs of 
LPS exposure. Most metabolic features remained unidentified. The comprehensive metabolomic approach allows 
the discovery of novel metabolites associated to macrophage LPS responses (normalized levels of metabolites are 
included in the supplementary material 2).

Macrophage metabolism in response to LPS decreases with age.  The metabolomes of bone mar-
row derived macrophages from both young and old mice were analyzed and compared prior to LPS stimulation 
(t =  0 hr), and after 4 and 16 hrs of LPS stimulation. Only 0.4% of the metabolites were significantly different 
between macrophages derived from young and old mice in the unstimulated controls indicating that there were 
virtually no detectable age-associated metabolic differences in the steady state. Age-associated differences in 
metabolism after LPS stimulation were visualized using an OPLS-DA score plot (Fig. 2A). Old macrophages were 
essentially non-responsive to LPS stimulation as compared to the young. After 4 hrs of LPS stimulation metabolic 
changes were apparent between young and old macrophages, and these became more distinct after 16 hrs of 
LPS stimulation. Unlike LPS stimulated young macrophages where approximately half of the metabolome was 
altered, only 2.2% (46/2125) and 13.3% (282/2125) of the features were altered in the old macrophages after 4 hrs 
and 16 hrs of LPS stimulation, respectively. There were however, 10.0% (211/2125) of the metabolic features were 
significantly changed with similar magnitude in both young and old macrophages after 16 hrs of LPS stimulation. 
Metabolites that were found to be increased in both young and old macrophages after 16 hrs of LPS stimula-
tion included pantothenic acid, UDP-GlcNAc, N-acetyl-phenylalanine, PEs and almost half of detectable PCs. 
Overall, metabolic responses to LPS stimulation decrease with age.

Macrophages from old mice have defects in core metabolism during LPS stimulation.  
Macrophages switch their core metabolism from oxidative phosphorylation to glycolysis when stimulated with 
LPS15,16. To examine whether the core metabolism of activated macrophages was affected by age, we designed a 
targeted metabolomics approach including in intermediates in glycolysis, the TCA cycle, the GABA shunt, the 
aspartate-argininosuccinate shunt and the urea cycle.

After 4 hrs of LPS stimulation, metabolites associated with the TCA cycle including oxaloacetate, malate, 
fumarate, succinate, α -ketoglutarate, citrate and glutamate were increased in macrophages from young mice (Figs 
S2A and S3A). After 16 hrs of LPS stimulation, the above-named metabolites remained elevated, and in addition, 
fructose-6-phosphate, lactate, GABA, arginine and ornithine also increased compared to the unstimulated con-
trol (Fig. 4A). In contrast, very few changes in this core metabolic pathway were noted in macrophages from old 
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mice after LPS stimulation. Isocitrate, 2-phosphoglycerate (2PG) and 3PG were only decreased in the old mac-
rophages after 4 hrs of LPS stimulation, and after 16 hrs of LPS stimulation, only arginine, malate, aspartate and 
GABA were increased (Fig. 5A, S2B, S3B). Decreased glucose-1-phosphate was observed in macrophages from 
both young and old mice after 4 and 16 hrs of LPS stimulation.

Metabolic changes during LPS tolerance.  To examine the metabolic response associated with LPS toler-
ance in macrophages, we analyzed the metabolome of macrophages stimulated with a second dose of LPS for 4 hrs 
(“tolerance”). As a control, after 16 hrs of LPS stimulation, the cells were washed and cultured in LPS-free medium 
for 6 hrs (“recovery”). As visualized by the OPLS-DA score plot, the “recovery” and “tolerance” metabolic profiles 
from young mice resembled the early stage of LPS stimulation (Fig. 1C). In contrast, these profiles from old mac-
rophages were distinct from 4 and 16 hrs of LPS stimulation (Fig. 1D).

Figure 1.  (A) The experimental outline. (B) The experimental workflow for analyzing macrophage extracts. 
From one macrophage culture, the sample extract was analyzed separately with HILIC-TOF-MS and GC-qMS 
with distinct sample preparation, data acquisition, data processing, data analysis, and quality assurance.
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We confirmed the LPS tolerance by quantifying transcripts that were known to be associated with the LPS 
tolerance (Fig. S4). Some metabolic changes appeared to be reversible when LPS was removed, whereas others 
were irreversible. Reversible metabolites were induced upon the first LPS stimulation but whose levels returned 
to baseline when LPS were removed. Reversible metabolites did not change expression levels after and LPS 
re-stimulation, however. Irreversible metabolites were induced upon primary LPS stimulation and remained 
elevated during the LPS re-stimulation. There are also a unique set of metabolites that whose exposure only 
changed during LPS re-stimulation (i.e. in the tolerant macrophages). For macrophages from young mice, 20.0% 
(424/2125) of the metabolic features were irreversible, 30.9% (657/2125) were reversible, and 9.4% (200/2125) 
of the features were differently expressed after LPS re-stimulation (i.e. in tolerant macrophages). Metabolites 
that were increased in primary LPS stimulation and remained elevated in both the “recovery” and “tolerance” 
group included taurine, hypotaurine, UDP-G, GlcN6P, lysine, proline, ornithine, arginine, glutamine, PEs and 
PCs. Changes in PG levels also increasedduring LPS tolerance, although the magnitude of induction during LPS 
re-stimulation was much lower compared to after the 16 hr of LPS stimulation. Conversely, for macrophages from 
old mice, 6% (128/2125) of the metabolic features were irreversible, 7.2% (154/2125) were reversible, and 6.8% 
(145/2125) of the features were only significantly different in the tolerance group. Interestingly, arginine, ornith-
ine, UDP-GlcNAc, UDP-G, ornithine, glutamine and hypotaurine, which were only elevated in the young mac-
rophages after 4 and 16 hrs of LPS stimulation, were found elevated in the “recovery” and “tolerance” groups of the 
old macrophages. This suggests that the metabolic responses to LPS stimulation are delayed in old macrophages.

Figure 2.  The comprehensive analyses of bone marrow-derived macrophage extracts acquired using 
HILIC-TOF-MS. The ionization responses of 2125 intracellular metabolite features were normalized using 
IS. Extracts were performed in sextuplicate with three biological replicates and two culture replicates. 
(A) OPLS-DA score plot comparing the metabolic profiles of control (0 hr), 4 hr and 16 hr LPS stimulated 
macrophage extracts from both young and old mice. (B) Heat map visualization of the intracellular metabolite 
changes of macrophages of young and old mice in response to LPS stimulation. The 920 significant metabolite 
features (p <  0.05 one-way ANOVA, fold change greater than 1.5 compared to control) are represented in rows, 
and the experimental conditions were listed in columns. The heat map is plotted based on log2(fold change) with 
respect to the average levels of each metabolite feature in the control of macrophages from young mice using 
Euclidean distance and complete-linkage clustering. OPLS-DA score plot comparing the metabolic profiles of 
control (0 hr), 4 hr, and 16 hr LPS stimulated macrophage extracts as well as “recovery” and “tolerance” treated 
macrophage extracts from (C) young or (D) old mice. Controls 1 and 2 obtained at the beginning (t =  0 hr) 
and the end of the experiments (t =  22 hrs) were considered as a single group. Samples belonging to the same 
treatment group were highlighted by open circles.
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Similar trends were also observed for metabolites associated with macrophage core metabolism. In young 
macrophages, almost all of the metabolites that were elevated after 16 hrs of LPS stimulation were still elevated 
in the “recovery” and “tolerance” groups. These included citrate, oxaloacetate, malate, fumarate, succinate, 
α -ketoglutarate, arginine, ornithine, glutamate and glutamine. Only GABA and lactate decreased to the levels 
observed in unstimulated macrophages. Interestingly, proline levels did not increase during LPS stimulation, 
but increased in the “recovery” group. Intermediates of the glycolysis pathway including isocitrate and glycolysis 
intermediates such as glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), 3PG and 2PG were induced only 
after secondary LPS exposure in the young macrophages. Metabolic responses to LPS were delayed in the old 
macrophages. Metabolites such as oxaloacetate, fumarate, glutamine, arginine and ornithine were only increased 
in old macrophages after 16 hrs of LPS stimulation and in both the “recovery” and “tolerance” macrophages.

Age-associated changes in arginine metabolism.  Macrophage polarization requires arginine metab-
olism via the urea cycle18. The urea cycle intermediates, arginine and ornithine, were increased in the young 
macrophages after 16 hrs of LPS stimulation (Fig. 4). The levels of arginine and ornithine remained elevated in 
the young macrophages when LPS was removed and also during LPS tolerance. Similar to changes observed in 
macrophage core metabolism, there was a delay in arginine metabolism in old macrophages. Increasing levels of 
arginine and ornithine were only observed during the “recovery” and “tolerance” samples (Fig. 5).

The gene expression of Arg1, iNOS (Nos2) and the cationic amino acid transport (Slc7a2) were quantified. The 
expression of Arg1 and iNOS were elevated but not statistically different between LPS stimulated macrophages 
from young and old mice. Only Slc7a2 was differentially expressed between young and old macrophages after 
16 hrs of LPS exposure, for which the expression of Slc7a2 in young macrophages was 1.43-fold greater than the 
old (Fig. 3E–H).

Discussion
LPS stimulation triggers a shift in macrophage core metabolism from oxidative phosphorylation to glycolysis15,16. 
Glycolysis occurs in the cytoplasm and produces two ATPs per glucose. The end product of glycolysis, pyruvate, 
enters the mitochondria and initiates the TCA cycle and oxidative phosphorylation and results in the production 
of an additional 36 ATPs under aerobic conditions. Under anaerobic conditions, pyruvate is reduced to lactate 
in the cytoplasm and secreted23. Although only 5% of the glucose’s energy potential is taken advantage of dur-
ing glycolysis, it can produce ATP at a much faster rate than oxidative phosphorylation. In addition to glucose 
metabolism, glutamine contributes to a third of the energy requirement of unstimulated macrophages via glu-
tamine anaplerosis24. The metabolic switch to glycolysis during LPS stimulation is a rapid way to accommodate 
the increased energy demand during inflammation. As macrophages shift from using oxidative phosphorylation 
to glycolysis, lactate and TCA intermediates such as malate, citrate and fumarate are increased intracellularly15,16. 
Consistent with this, we have observed increasing levels of those metabolites in young macrophages after 16 hrs 
of LPS stimulation.

Macrophage specific adaptation of the TCA cycle has beenreported. Jha et al. have reported that in mac-
rophages, the metabolic flow between isocitrate and α -ketoglutarate is disrupted due to aM1 macrophage specific 
metabolic break-point in the TCA cycle25. Consistent with this result, in young macrophages, we also observed 

Figure 3.  The relative intracellular levels and gene expression of selected metabolites and genes. The 
intracellular levels of adenine (A), adenosine (B), arginine (C) and ornithine (D) were acquired at control (0 hr), 
4 hr and 16 hr of LPS stimulation as well as at the “recovery” and “tolerance” conditions for macrophages of both 
young and old mice. The gene expressions of Arg1 (E), iNOS (F) and Slc7a2 (G) were acquired at control (0 hr), 
4 hr and 16 hr of LPS stimulation for macrophages of young and old mice. The urea pathway was illustrated in (H). 
Metabolomics and gene expression data of macrophages from young mice were labelled in shades of blue; those 
from old mice were labelled in shades of red. *p <  0.05; **p <  0.01; ***p <  0.001.



www.nature.com/scientificreports/

6Scientific Reports | 6:22637 | DOI: 10.1038/srep22637

Figure 4.  The enrichment map of glycolysis, the TCA cycle, the GABA shunt, and the urea cycle intermediates 
in bone marrow-derived macrophages from young mice in response to (A) 16 hr LPS stimulation, (B) 
“recovery”, and (C) “tolerance” as compared to unstimulated macrophages. The network of metabolite 
interactions was built based on the BioCyc database and pathway published from Jha et al.25. The node size is 
proportional to the significance of metabolite changes compared to the control. The colors of the nodes indicate 
the log2(fold changes) of metabolite levels of each experimental condition compared to the control with a 
decrease colored in red and an increase colored in blue. Acetyl-CoA, succinyl-CoA and succinic semialdehyde 
are not detected and therefore are labelled in grey. The glycolysis pathway is labelled in orange; the TCA cycle is 
labelled in blue; the GABA shunt is labelled in green; the glutamate-argininosuccinate shunt is labelled in red; 
the urea cycle is labelled in purple.
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Figure 5.  The enrichment map of glycolysis, the TCA cycle, the GABA shunt, and the urea cycle intermediates 
in bone marrow-derived macrophages from old mice in response to (A) 16 hr LPS stimulation, (B) “recovery”, 
and (C) “tolerance” as compared to unstimulated macrophages. The network of metabolite interactions was 
built based on the BioCyc database and pathway published from Jha et al.25. The node size is proportional to 
the significance of metabolite changes compared to the control. The colors of the nodes indicate the log2(fold 
changes) of metabolite levels of each experimental condition compared to the control with a decrease colored 
in red and an increase colored in blue. Acetyl-CoA, succinyl-CoA and succinic semialdehyde are not detected 
and therefore are labelled in grey. The glycolysis pathway is labelled in orange; the TCA cycle is labelled in blue; 
the GABA shunt is labelled in green; the glutamate-argininosuccinate shunt is labelled in red; the urea cycle is 
labelled in purple.
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a metabolic break in the TCA cycle between citrate and α -ketoglutarate where, despite a global increase of 
almost all the TCA cycle intermediates, isocitrate remained unchanged after 16 hrs of LPS stimulation. Since we 
also observed this in our model of inflammation, this break-point in the TCA cycle may not be specific to M1 
phenotypes but rather an indication of energy metabolism during inflammation. We did not observe the cit-
rate/α -ketoglutarate metabolic break in old macrophages because the TCA cycle remained effectively unchanged 
after LPS stimulation.

In the macrophages from old mice, the core metabolism was mostly unchanged in response to LPS stimula-
tion, suggesting that mitochondrial function may be impaired. Mitochondrial dysfunction during aging is well 
documented26. Although mitochondrial metabolic dysfunction has not been thoroughly studied in macrophages, 
several studies of mitochondria from muscle tissues have shown reduced rates of glycolysis and the TCA cycle 
with age27,28. We did not detect increasing levels of lactate, malate, fumarate and citrate in LPS stimulated mac-
rophages from old mice, consistent with mitochondrial dysfunction and an inability to shift from oxidative phos-
phorylation to glycolysis.

Interestingly, succinate was the only TCA cycle intermediate that was elevated in macrophages from both 
young and old mice in response to LPS stimulation (3.58- and 2.73- fold change at 16 hrs LPS respectively). 
Elevated succinate in response to LPS stimulation has been shown to stabilize hypoxia-inducible factor-1α  
(HIF-1α ), a transcription factor that is required for IL-1β  production17. IL-1β  is a key inflammatory cytokine pro-
duced by macrophages during inflammatory responses. The induction of glutamine anaplerosis and the GABA 
shunt pathways are the principle source of succinate17. In young macrophages, we have observed consistently 
elevated levels of GABA (2.37-fold), glutamate (2.38-fold) and glutamine (2.66-fold) that fed into succinate pro-
duction. In contrast, only GABA (2.70-fold) was increased in old macrophages after LPS stimulation. Although 
there are conflicting reports as to whether old macrophages produce more or less inflammatory cytokines in 
response to LPS11,29, our data imply succinate and its biosynthetic pathway would not be a rate limiting factor in 
generating an inflammatory response.

Arginine is required for macrophage activation22. Elevated levels of arginine and ornithine were observed in 
young but not old macrophages following 16 hrs of LPS stimulation. Intracellular arginine is mostly imported 
from the extracellular environment via cationic amino acid transport (CAT) in both humans and mice30,31. Of all 
the genes encoding the CAT, Slc7a2 is the only gene whose expression is inducible and is required during both 
M1 and M2 macrophage polarization31,32. We have observed a 30% reduction in Slc7a2 expression in the old mac-
rophages compared to the young after 16 hrs of LPS stimulation, which likely contributes to the lower intracellular 
arginine level in the old macrophages. Arginine may also be synthesized via the aspartate-argininosuccinate 
shunt, which joins the TCA cycle with the urea cycle25. Inhibition of the aspartate-argininosuccinate shunt inhib-
its M1 polarization with low iNOS expression and nitric oxide production25. However, in our study, 16 hrs of 
LPS stimulation did not affect the aspartate-argininosuccinate shunt (i.e. aspartate, argininosuccinate) in mac-
rophages from both young and old mice. Therefore, the aspartate-argininosuccinate shunt is unlikely to contrib-
ute to the increase of intracellular arginine in activated macrophages.

Metabolism of arginine via Arg1 or iNOS in the urea cycle regulates macrophage polarization18 M1 mac-
rophages express iNOS which metabolizes arginine to nitric oxide to prevent pathogen infection by limiting 
free arginine and producing nitric oxide, a powerful antimicrobial agent. M2 macrophages express Arg1 which 
hydrolyzes arginine to ornithine to stimulate cell division and tissue repair through the production of polyamines 
and proline. LPS is known to induce both Arg1 and iNOS 9, which we have also observed in LPS stimulated mac-
rophages from young and old mice. Gene expression of Arg1 and iNOS were measured to further characterize the 
role of the urea cycle in age (Fig. 3H). Consistent with our data, there were no age-associated changes in iNOS or 
Arg1 expression in bone marrow-derived macrophages; however, others have reported decreased expression in 
LPS stimulated splenic and peritoneal murine macrophages11. Therefore, arginine metabolism is unlikely to be 
the rate limiting factor in the LPS response of old macrophages.

Dysregulation of LPS tolerance has been proposed as a contributing factor to the increased susceptibility of 
the elderly to sepsis and inflammatory disorders13. To test whether macrophages from old mice have defects in 
LPS tolerance, we measured a well-defined set of pro-inflammatory and anti-microbial genes associated with this 
phenomenon12. Both the young and old macrophages experienced LPS tolerance equally at the transcriptional 
level. However, our data demonstrated that there were metabolic changes specific to LPS tolerance. In the young 
macrophages, lactate levels were increased after the initial LPS stimulation, but returned to baseline levels when 
LPS was removed and did not increase during the second LPS stimulation. This indicated that the core metab-
olism of young macrophages did not shift from oxidative phosphorylation to glycolysis during LPS tolerance. 
This inability to adjust macrophage core metabolism to during LPS tolerance may be compensated for by the 
up-regulation of glycolysis as indicated by the elevated levels of glycolysis intermediates. The inability to switch 
from glycolysis to oxidative phosphorylation may be a key metabolic break in LPS tolerance. In contrast to young 
macrophages, old macrophages did not shift from oxidative phosphorylation to glycolysis in either the first or 
second LPS stimulation. Moreover, elevated levels of arginine and TCA cycle intermediates were detected in both 
the first and second LPS stimulation in the young macrophages. In old macrophages, those metabolites were only 
induced much later, indicating that the old macrophages had a delayed metabolic response to LPS stimulation. 
Whether this delay is because of age-associated deterioration in mitochondria function, and specifically ATP 
production from glucose, is worth future investigation.

Adenosine is a “retaliatory metabolite” whose intracellular level is amplified at sites of injury and inflamma-
tion, and also mediates the resolution of inflammation by limiting tissue destruction19. Utilization of ATP during 
macrophage activation as a result of high metabolic activity leads to increased levels of intracellular adenosine33. 
Moreover, elevated levels of adenosine are known to enhance glycolysis and ATP production that supports metab-
olism in activated macrophages33. When adenosine is expressed in excess, it binds to adenosine receptors to 
suppress inflammatory responses, which preserves tissue homeostasis and prevents tissue damage19. Preventing 
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adenosine breakdown by inhibiting adenosine deaminase reduces systemic inflammation such as sepsis34. We 
observed increasing intracellular levels of adenosine and its precursor, adenine, after LPS stimulation in young 
macrophages. Young macrophages reduced the expression of adenosine and adenine to the baseline level of 
unstimulated macrophages during LPS tolerance. In contrast, levels of adenosine and adenine were not changed 
during LPS stimulation or tolerancein old macrophages. This might be a result of the decreased metabolic activity 
and reduced rate of glycolysis in old macrophages.

Overall, age-associated metabolic dysfunction was observed in bone marrow-derived macrophages after LPS 
stimulation and during LPS tolerance. Inflammatory responses are energetically costly and result in high met-
abolic activity35. For example, a 1 °C to 4 °C rise in core body temperature during fever helps to resolve bacte-
rial and viral infections, and a 1 °C increase in temperature demands a 10–12.5% increase in metabolic rate36. 
However, fever responses are often absent or blunted in the elderly37, and rapid muscle wasting to sustain the 
high energy demand is common38. We have observed metabolic bottlenecks between the switch from oxidative 
phosphorylation to glycolysis, which might contribute to impaired LPS-induced inflammation in the elderly. 
Moreover, the elderly are more vulnerable to nutrient deficiencies, such as arginine39. Low arginine can attrib-
ute to the retarded immune function22 and is associated to poor health outcomes in the elderly40. We found old 
macrophages are unable to adjust intracellular arginine level in response to LPS stimulation, but whether this is 
associated with arginine-related immune deficiencies is not known. In this study, metabolic bottlenecks were 
observed for macrophages from old mice during LPS stimulated inflammatory events, and metabolic dysregula-
tion should be considered as a possible mechanism for declining immune function with age.

Experimental procedures
Bone marrow-derived macrophage culture.  Bone marrow progenitors were collected from the 
femurs and tibia of young (6–8 wk) and old (18–22 mo) C57BL/6 mice (The Jackson Laboratory, Maine, USA). 
Progenitor cells were cultured for seven days in RPMI-1640 supplemented with 10% fetal bovine serum (FBS), 
1% L-glutamine, 1% penicillin/streptomycin and 15% L929 fibroblast cell conditioned medium on 150 mm Petri 
dish (Fisherbrand) as per standard protocols41,42. On day 8, bone marrow-derived macrophages were counted 
and seeded into 24-well tissue-culture-treated plates (Falcon) and incubated overnight. For metabolomic studies, 
three biological replicates were performed. For each biological replicate, 3 ×  105 macrophages were seeded per 
well in 1 mL RPMI-1640 with two culture replicates per mouse (n =  6 per treatment). For gene expression study, 
three biological replicates were performed. For each biological replicate, 1 ×  106 macrophages were seeded per 
well in 3 mL RPMI-1640 (n =  3 per treatment). All animal studies were approved by and performed in accordance 
with McMaster’s Animal Research Ethics Board.

Macrophage LPS stimulation.  Macrophages from both young and old mice were divided into six treat-
ment groups. Groups 1 and 2 were stimulated with 100 ng/mL of bacterial lipopolysaccharide (LPS, Ultrapure 
LPS, E. coli 0111:B4 from Invivogen) in RPMI-1640 for 4 and 16 hrs respectively. Group 3 (“tolerance”) was 
incubated for 16 hrs with an initial LPS challenge (100 ng/mL), washed in PBS, incubated in regular RPMI-1640 
for 2 hrs, and then re-stimulated with 100 ng/mL of LPS for 4 hrs. Group 4 (“recovery”) was incubated for 16 hrs 
with LPS (100 ng/mL), washed in PBS, incubated in regular RPMI-1640 for 6 hrs. Group 5 and 6 were controls 
that were cultured in regular RPMI-1640 for 0 and 22 hrs. The experimental protocol for LPS tolerance study was 
based on Foster et al.12. All cells were washed once with cold phosphate-buffered saline (PBS) and collected for 
metabolomic and gene expression studies.

Macrophage extraction for metabolomic analyses.  After macrophages were washed with 1 mL of 
cold PBS, the cells were detached from the 24-well plate using a cell lifter in the presence of cold extraction sol-
vent mixture methanol/ethanol/H2O (200 μL, 2:2:1, v/v) containing standards for recovery determination (98% 
L-methionine-d3, 98% L-tryptophan-d5)43. The cell suspension was transferred into a 1.5 mL microtube (Diamed, 
ON, Canada) and vortex mixed for 2 min in the presence of two 2 mm ball bearings. After removal of the bear-
ings, the mixture was centrifuged at 9500 ×  g for 3 min at 4 °C. The supernatant was collected and the precipitated 
pellet (containing DNA, RNA, and proteins) was re-extracted twice with cold methanol/ethanol/H2O (50 μL) as 
with above. Cell extract (150 μL) was dried under nitrogen gas and re-solubilized in 60%v/v ACN/H2O containing 
standards (50 μL, 98% L-phenylalanine-d8, diphenylalanine, glycine-phenylalanine) for peak area normalization 
(IS) for LC-MS analysis. A quality control pooled sample was prepared by combining ACN/H2O macrophage 
extracts (5 μL) from a total of 72 samples of all treatment groups.

For GC-MS analysis, 20 μL of the ACN/H2O macrophage extract or pooled samples was dried under nitrogen 
gas, and reconstituted in 25 μL of 1%v/v chlorotrimethylsilane (TMCS) in N-methyl-N-(trimethylsily)trifluo-
roacetamide (MSTFA) and 5 μL anthracenemethanol (IS for GC-MS) in toluene (1.2 ng/μL). The samples were 
incubated at 60 °C for 1 hr and analyzed by GC-MS immediately.

The entire sample preparation procedure was performed on ice or in a cold room. The sample extracts were 
stored in a − 80 °C freezer prior to analyses.

LC-HILIC-TOF-MS comprehensive analysis.  Macrophage extracts were analyzed using a Agilent 
Technologies Model 1200RR series II liquid chromatograph coupled to a Bruker micrOTOF II Mass Analyzer as 
previously described43. A Phenomenex Kinetix 2.6 μm core shell HILIC column (2.1 ×  50 mm, pore size 100 Å) 
was operated at 200 μL/min using a linear gradient of acetonitrile (A) and 10 mM ammonium acetate, adjusted 
to pH 3 (B). The column temperature was maintained at 40 °C, and the auto sampler storage tray was set at 4 °C. 
LC gradient: 0–0.5 min, 95% A; 0.5–12.5 min, 95% A to 35% A; hold at 35% A for 0.5 min; 35% A to 95% A over 
1 min; re-equilibration at 95% A for 10 min prior to the next injection. A 2 μL sample was injected to a total run 
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time of 24 min for both positive and negative electrospray ionization (ESI) modes. The mass spectrometer setting 
was identical to those previously reported in Fei et al.43.

GC-MS targeted analysis.  GC-MS analyses were performed using an Agilent 6890 N gas chromatograph 
(Santa Clara, CA, USA), equipped with a DB-17ht column (30 m ×  0.25 mm i.d. × 0.15 μm film, J & W Scientific) 
and a retention gap (deactivated fused silica, 5 m ×  0.53 mm i.d.), and coupled to an Agilent 5973 MSD single 
quadruple mass spectrometer. The autosampler storage tray was maintained below 5 °C with a cooler system. The 
derivatized macrophage extract (1 μL) was injected using Agilent 7683 autosampler in splitless mode. The injector 
temperature was 230 °C and carrier gas (helium) flow was 0.8 mL/min. The transfer line was 280 °C and the MS 
source temperature was 230 °C. The column temperature was set at 70 °C for 0.1 min, raised to 225 °C at 5 °C/
min, and then 310 °C at 55 °C/min and held there for 4 min. After a five minute solvent delay, mass spectra were 
acquired using electron ionization (EI) with a selected-ion-monitoring (SIM) mode as in Table S2. Metabolic 
intermediates of glycolysis, TCA, aspartate-argininosuccinate shunt, GABA shunt and urea cycle were included 
in this study (Table S1).

Quality Control.  For both LC-MS and GC-MS metabolomic analyses, pooled samples were run 7 times to 
condition the column prior to sample analysis and also run after every 5th sample. MeOH/EtOH/H2O blank and 
a standard mixture containing IS and RS were also run after every 10 samples. All samples were run in a rand-
omized sequence.

Gene expression analysis.  Modified from previously published protocol44, the total RNA of macrophages 
was extracted and purified using TRIzol (Invitrogen, Carlsbad, CA, USA) and RNeasy Mini Kit (Qiagen, Venlo, 
Netherlands). Ribosomal RNA was depleted using the Human/mouse/Rat RiboZero Magnetic Kit (Epicentre, 
Madison, WI, USA), and verified using the Agilent RNA 6000 Nano Kit. DNases were removed using Turbo 
DNase (Invitrogen), and the sample was purified using RNAClean XP beads. The first strand of cDNA was syn-
thesized using Superscript III (Invitrogen). Complimentary second strand cDNA was synthesized with RNase 
H and Klenow fragment of DNA polymerase I (Invitrogen). The cDNA was sonicated into 150 base pair frag-
ments using a Covaris S220 Focused-ultrasonicator and deoxyadenosine monophosphate was incorporated to the 
cDNA fragment using NEBNext dA-Tailing Module (New England Biolabs). The cDNA library was sequenced 
using the Illumina HiSeq system.

Data Analyses and metabolite identification.  The comprehensive LC-MS data were processed as in Fei 
et al.43. The LC-MS spectra were converted to .mzXML format using Bruker CompassXport followed by intermal 
mass calibration using sodium formate cluster in both ESI+  and ESI−  modes by Bruker’s DataAnalysis 4.0 SP4. 
The metabolite features were extracted and aligned using open source XCMS with centWave algorithm (min-
frac =  0.8)45; adducts, isotopic ions, and in-source fragments were identified using CAMERA46. The metabolite 
features were normalized with IS eluted closest to their retention time (i.e. features eluted before 6.50 min were 
normalized by phe-phe; features eluted between 6.50 and 7.80 min were normalized by L-phenylalanine-d8; fea-
tures eluted after 7.80 min were normalized by gly-phe). After data reduction, the final data set was composed of 
2125 metabolic features (Table S4).

The metabolite features were identified by matching the mass-to-charge (m/z) and the retention time of 
authentic standards or compound analogs (for phospholipid identification only). There were 150 features identi-
fied to 121 metabolites in the final data set, 57 were polar metabolites and 64 were phospholipids. One metabolite 
could have multiple metabolic features resulting from adducts or in-source fragments.

For the GC-MS dataset, peak detection and spectrum deconvolution were processed using Agilent’s Enhanced 
ChemStation. Multiple peaks generated from direct derivitization of a single metabolite were combined. The peak 
area of metabolites was normalized to anthracenemethanol. The final data sets for comprehensive LC-MS and 
targeted GC-MS analyses are included in supplementary material 2.

Statistical Analyses.  The final data set of comprehensive LC-MS analysis was analyzed using mul-
tivariate analysis including principal component analysis (PCA) and OPLS-DA after pareto scaling by 
SIMCA-P +  12.0.1 (Umetrics, Umeå, Sweden). The normality of both LC-MS and GC-MS data were analyzed 
using Kolmogorov-Smirnov test by SPSS 20 (SPSS, Chicago, IL, USA). Both LC-MS and GC-MS data were ana-
lyzed with univariate statistical tool including Student’s t test (two-tailed, unpaired heteroscedastic) and one-way 
ANOVA by Microsoft Excel 2010 and MetaboAnalyst 3.0, respectively. Metabolic features or metabolites with 
p value less than 0.05 and fold change greater than 1.5 between treatment groups were considered significantly 
differentiated. Heatmap was generated with R Project 2.12.2 using gplots.
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