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Emerging evidence suggests that cellular metabolism plays a critical role in regulating immune activation. Alterations in energy and
lipid and amino acid metabolism have been shown to contribute to type I interferon (IFN) responses in macrophages, but the
relationship between metabolic reprogramming and the establishment of early antiviral function remains poorly deﬁned. Here,
we used transcriptional proﬁling datasets to develop global metabolic signatures associated with early IFN-α responses in two
primary macrophage model systems: mouse bone marrow-derived macrophages (BMM) and human monocyte-derived
macrophages (MDM). Short-term stimulation with IFN-α (<4 hours) was associated with signiﬁcant metabolic rewiring, with
>500 metabolic genes altered in mouse and human macrophage models. Pathway and network analysis identiﬁed alterations in
genes associated with cellular bioenergetics, cellular oxidant status, cAMP/AMP and cGMP/GMP ratios, branched chain amino
acid catabolism, cell membrane composition, fatty acid synthesis, and β-oxidation as key features of early IFN-α responses.
These changes may have important implications for initial establishment of antiviral function in these cells.

1. Introduction
Type I interferons (IFN) (IFN-α and IFN-β) play a seminal
role in antiviral, antibacterial, and antitumour responses
and act as critical regulators of the innate and adaptive
immune system [1–5]. These pleiotropic cytokines are produced following engagement of pattern recognition receptors
and signal through the ubiquitously expressed transmembrane IFN-α receptor (IFNAR), composed of IFNAR1 and
IFNAR2 subunits [5–7]. Cellular responses to type I IFN
are cell type- and context-dependent and vary during the
course of an immune response [8–11]. The variability in
these responses are due, in part, to the cumulative eﬀects of
JAK-STAT, the p38 MAP kinase (MAPK), the MAP kinase
kinase/ERK/MAPK signal-interacting kinase, and the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of
rapamycin (mTOR) signaling pathways [11–13].

Emerging evidence suggests that cellular metabolism
plays a critical role in regulating and ﬁne tuning immune
function [14–16]. Alterations in cellular bioenergetics, amino
acid metabolism, and lipid metabolism have been shown to
aﬀect cytokine production, signaling protein activity, and cell
diﬀerentiation [17–19]. In macrophages, stimulation with
type I IFNs has been shown to increase glycolytic ﬂux,
inhibit sterol biosynthesis, shift lipid metabolism from de
novo synthesis to lipid import, and increase tryptophan
catabolism [20–25]. This metabolic reprogramming is
required to mount functional antiviral responses and has
been shown to regulate antigen presentation, inﬂammatory
mediator production, phagocytosis eﬃciency, and intracellular killing [26, 27].
Recent studies suggest metabolic adaptations in macrophages occur at the molecular level (i.e., gene expression)
very early during the process activation and functional
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polarization [28–30]. In lipopolysaccharide- (LPS-) stimulated macrophages, cellular activation has been shown to
undergo stages of time-resolved metabolic reprogramming
into initiation, early, and ampliﬁcation phases [28]. To date,
there has been no systematic characterization of metabolic
reprogramming associated with type I IFN responses,
particularly when examined as a function of time. In the
current study, we used transcriptional proﬁling to evaluate
global changes in metabolic gene expression following shortterm IFN-α stimulation (<4 hours) in two well-characterized
primary macrophage model systems: mouse bone marrowderived macrophages (BMM) and human monocyte-derived
macrophages (MDM). Our ﬁndings provide a systematic
understanding of altered metabolic genes associated with
early IFN-α responses in BMM and MDM and identify
potential metabolic mechanisms that may contribute to
initial establishment of antiviral immune responses.

2. Materials and Methods
2.1. Microarray Normalization and Processing. Microarray
datasets were extracted from the Gene Expression Omnibus
(GEO) repository from the National Center for Biotechnology Information (NCBI). Datasets were identiﬁed using the
search terms “Macrophage Interferon” and “Type I
Interferon” [31]. A total of 10 datasets were identiﬁed using
these search criteria. Two studies were identiﬁed that
assessed short-term stimulation (<4 hours) in either mouse
bone marrow-derived macrophages (BMM) or human
monocyte-derived macrophages (MDM). The selected
BMM dataset [32] diﬀerentiated bone marrow cells in
DMEM media with 10 ng/mL of macrophage colonystimulating factor (M-CSF), 10% FBS, and 1% penicillin/
streptomycin for seven days before replacing the media on
day six. BMM were stimulated with 62 U/mL IFN-α
(approximately 1 ng/mL) for 2.5 hours prior to cell lysis and
RNA extraction (Supplementary Figure S1). The selected
MDM dataset [33] isolated monocytes via adherence
(4 hours) and diﬀerentiated cells in DMEM media with
2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL
streptomycin, and 10% FCS for 7 days. After diﬀerentiation,
MDM were treated with 10 ng/mL IFN-α for 4 hours prior to
cell lysis and RNA extraction (Supplementary Figure S1).
Raw gene expression data was normalized by median
centering, and preprocessing was performed in dChip
[34]. Probes were excluded from the analysis when present
calls (p < 0 05) were identiﬁed in less than 20% of samples.
2.2. Identiﬁcation of Signiﬁcant Metabolic Genes in IFNStimulated Macrophages. Metabolic genes were identiﬁed
using the MetScape plugin in Cytoscape [35–37]. These
genes were identiﬁed by mapping Entrez Gene IDs to metabolic pathways found in the Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Edinburgh Human Metabolic
Network (EHMN) databases. Manual curation was performed to identify metabolic genes that did not map to
KEGG or EHMN pathways. Fold change (FC) analyses,
p values, and false discovery rates (FDR) were calculated
in R. Diﬀerentially expressed genes were deﬁned as a
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−1.2 ≤ FC ≥1.2, p value ≤ 0 05, and FDR ≤ 0 1. This fold
change cutoﬀ was selected to be inclusive of small diﬀerences
in gene expression. Biologically relevant alterations in metabolic gene expression were identiﬁed by combining FC with
pathway and network analyses. Classiﬁcation analyses
including principal component analysis (PCA), partial least
squares-discriminant analysis (PLS-DA), random forest
(RF), and unsupervised hierarchical clustering were performed in MetaboAnalyst [38]. Gene Set Enrichment Analysis (GSEA) [39] was performed using the hallmark gene sets
(H; n = 50), the curated gene sets (C2; n = 4731), and the GO
gene sets (C5; n = 5917) from Molecular Signatures Database
(MSigDB) version 6.0. Signiﬁcant enrichment was deﬁned as
a p ≤ 0 05 and FDR < 0 25. Metabolic pathway enrichment
and topology analysis were performed in MetaboAnalyst.
Signiﬁcant enrichment of metabolic datasets was deﬁned as
p ≤ 0 05. Metabolic network annotation and analysis were
performed in Cytoscape and the Database for Annotation,
Visualization and Integrated Discovery (DAVID) [40, 41].
The work ﬂow is shown in Figure 1(a).

3. Results
3.1. Type I IFN Stimulation of Mouse BMM and Human
MDM Is Associated with Enrichment of Metabolic Gene
Sets. Of the >45,000 unique probe sets analyzed across the
two datasets, 28,903 and 29,479 probes were identiﬁed as
present in the BMM and MDM datasets, respectively. In total,
7338 genes were diﬀerentially expressed in IFN-α-stimulated
BMM compared to unstimulated controls (Supplementary
Table S1). Conversely, 3804 genes were diﬀerentially
expressed in IFN-α stimulated MDM compared to controls
(Supplementary Table S2). GSEA identiﬁed signiﬁcantly
enriched gene sets within each dataset. Two hundred and
eighty-ﬁve gene sets were enriched in BMM distributed across
three main functional categories including immune signaling
and function (n = 151), cellular metabolism (n = 40), and
other biological states and processes (n = 94). Enriched
metabolic processes in BMM included glycolysis and
gluconeogenesis, the regulation of nitric oxide biosynthetic
process, and tryptophan, arginine, and proline metabolism
(Supplementary Table S3). In MDM, GSEA identiﬁed 948
enriched gene sets (immune signaling and function: n = 360,
cellular metabolism: n = 107, and other biological states
and processes: n = 481). Enriched metabolic processes
included reactive oxygen species (ROS) metabolism and
biosynthesis, tryptophan metabolism, regulation of steroid
biosynthetic process, and regulation of oxidoreductase
activity (Supplementary Table S4).
3.2. Metabolic Genes Represent Important Classiﬁers of Early
Type I IFN Responses in BMM and MDM. Given the significant enrichment of metabolic gene sets in GSEA analysis,
we used MetScape to identify all metabolic genes detected
across datasets. Of the >1600 metabolic genes identiﬁed,
517 and 354 were altered following short-term IFN-α
stimulation of BMM and MDM, respectively (−1 2 ≤ FC
≥ 1 2, p value ≤ 0 05, FDR ≤ 0 1). Ninety-four genes were
altered in both datasets with the same directionality (either
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Figure 1: Short term IFN-α stimulation is associated with altered expression of metabolic genes in human monocyte-derived macrophages
(MDM) and mouse bone marrow-derived macrophages (BMM). (a) Workﬂow used to identify diﬀerentially expressed metabolic genes in
IFN-α-stimulated mouse BMM (2.5 hours) and human MDM (4 hours). Metabolic genes were identiﬁed in MetScape using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and the Edinburgh Human Metabolic Network (EHMN) databases. (b) Venn diagram
showing the number of metabolic genes common to the BMM (yellow) and MDM (blue) datasets (FC > 1 2, p < 0 05, FDR < 0 10). (c)
Principal component analysis (PCA) of metabolic gene sets from BMM (left) and MDM (right) following IFN-α stimulation (n = 517 and
354 metabolic genes in the BMM and MDM datasets, resp.).

upregulated or downregulated) (Figure 1(b)) including
genes associated with cellular bioenergetics (PFKFB3,
PDP), tryptophan metabolism (KMO, WARS), nucleotide
metabolism (NT5C3, CNP), and lipid metabolism
(SPTLC2, AGPAT5, SQLE, and SOAT1). PCA showed a
clear separation between the control and IFN-α-treated
samples in both BMM and MDM based on the metabolic
gene subset (Figure 1(c)). Similarly, random forest analysis
classiﬁed control and IFN-α-stimulated cells with 100%
predictive accuracy using metabolic genes. Variable importance in projection (VIP) analysis identiﬁed genes involved
in nucleotide degradation (PNP, AMPD3) and lipid metabolism (ETNK1, HMGCS1) as top classiﬁers in IFN-α stimulation in BMM. Top classiﬁers in MDM included genes
associated with glycolysis (PFKFB3), tryptophan catabolism (KYNU), and reactive oxygen species production
(GCH1, SOD2) (Figures 2(c) and 2(d)). Only EIF2AK2,
NAMPT, and NT5C3 and the ubiquitin-related gene
USP18 overlapped as top classiﬁers across datasets. EIF2AK2
is involved in mRNA translation and inﬂammasome

activation [42], NAMPT is a key NAD+producing gene
[43], and NT5C3 is an antiviral pyrimidine nucleotidase [44].
Pathway enrichment and topology analysis identiﬁed
enrichment in purine, pyrimidine, inositol phosphate, and
branched-chain amino acid metabolism in addition to lysine
degradation in both BMM and MDM. Metabolic pathways
uniquely enriched in BMM included arginine and proline
metabolism, steroid biosynthesis, sphingolipid and glycerophospholipid metabolism (Figure 2(a), Supplementary
Figure S2). Metabolic pathways uniquely enriched in MDM
included amino sugar and nucleotide sugar metabolism,
nicotinate and nicotinamide metabolism, galactose
metabolism, and fatty acid (FA) metabolism (Figure 2(b),
Supplementary Figure S2).
3.3. Short Term IFN-α Stimulation Alters Genes Associated
with Energy Metabolism in BMM and MDM. To better functionally characterize diﬀerential gene expression in IFN-αstimulated BMM and MDM, altered genes (−1 2 ≤ FC ≥ 1 2,
p value ≤ 0 05, FDR ≤ 0 1) were mapped to metabolic
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Figure 2: Metabolic genes are top classiﬁers of IFN-α stimulation in BMM and MDM. (a) Pathway enrichment and topology analysis of
mouse BMM and human MDM following IFN-α stimulation (p < 0 05). Analyses were performed using all metabolic genes. The blue bars
represent enrichment analysis. The yellow bars represent topology scores. (b) Top metabolic classiﬁers of IFN-α stimulation were
identiﬁed using variable importance in projection (VIP) scores based on PLS-DA models (p < 0 05). Analyses were performed using all
metabolic genes (p < 0 05). Red and green in the heat map represent upregulation and downregulation of gene expression, respectively.

pathways and networks. Consistent with the literature [20],
short-term IFN-α stimulation of BMM was associated with
an upregulation of glycolytic genes (HK2, HK3, PGM2, PFKP,
PFKFB3, and INSR) compared to unstimulated controls
(Figure 3, Supplementary Figure S3). Key genes involved in
pyruvate metabolism were also altered in BMM following
IFN-α stimulation. Whereas pyruvate dehydrogenase kinase
3 (PDK3) was upregulated, pyruvate dehydrogenase
phosphatase 1 (PDP1) and dihydrolipoamide dehydrogenase
(DLD) were downregulated. These alterations may aﬀect the
activity of the pyruvate dehydrogenase complex (PDH) and
increase lactate production. Consistent with these ﬁndings,
lactate dehydrogenase D (LDHD) was also upregulated in
IFN-α-stimulated BMM. Interestingly, IFN-α-stimulated
BMMs also upregulated levels of isocitrate dehydrogenase
(IDH3A) and the downregulation of DLD and
dihydrolipoamide S-succinyltransferase (DLST) expression.

DLD and DLST are key components of the oxoglutarate
dehydrogenase complex (OGDC) and play an important role
in converting 2-oxoglutarate to succinyl-CoA. Along the
succinate-fumarate-malate axis, succinate dehydrogenase
complex subunit A (SDHA) was downregulated in
stimulated compared to unstimulated BMM. SDHA is the
major catalytic subunit of the succinate-ubiquinone
oxidoreductase. Altered SDHA expression may also have
signiﬁcant eﬀects on oxidative phosphorylation (OXPHOS).
Short-term IFN-α stimulation of MDM was not associated with signiﬁcant alterations in glycolytic genes or genes
linked to lactate production (Figure 3, Supplementary
Figure S3). Alternatively, stimulation was associated with
the downregulation of genes associated with the conversion
of galactose to glucose (GALK2, GALT, and GALE) and
glycogen breakdown (INSR, PHKA1, PHKA2, PHKG2, and
AGL). Early responses in MDM were associated with

Mediators of Inﬂammation

5

Extracellular ﬂuid

Extracellular ﬂuid
Insulin
receptor

Insulin
receptor

Cytosol

Galactose 1phosphate

PYG
PGM2

UDP-galactose

Fructose 2,6-phosphate

UDP-glucose

PGI

Glucose 6-phosphate

UDP-galactose
GALE

PFKFB3
Fructose 2,6-phosphate

Fructose 6-phosphate

UDP-glucose

PFKP

PFKP
Fructose 1,6-phosphate

Fructose 1,6-phosphate

LDHD
Lactate

GALT

Glucose 1-phosphate

PGI

GALE

PFKFB3
Fructose 6-phosphate

PYG

HK
PGM

Glucose 1-phosphate

Glαucose 6-phosphate

Galactose 1phosphate

AGL

A1 G2

Glucose

GALT

GALK2

Glycogen

PHKA2

AGL

HK3

𝛼-D-Galactose
GALM

GALK

Glucose
HK2

𝛽-D-Galactose

GALM

Glycogen
PHK

Cytosol

𝛼-D-Galactose

𝛽-D-Galactose

LDH
Lactate

Pyruvate

Pyruvate

+

H

Intermembrane space
ATP
synthase
(complex
V)

Pyruvate

ADP
ATP PDHX DLD PDH
+
DLAT
+ H
Pi
Acetyl-CoA
PDP1
PDK3

Intermembrane space
ATP
synthase
(complex
V)

𝛼-Ketoglutarate

GPT2

Pyruvate
DLD PDH
ADP
ATP
+
PDHX
+ H
DLAT
P
Acetyl-CoA

Citrate
ACO

CS

𝛼-Ketoglutarate

GPT2

Citrate
ACO

CS

i

Oxalcecetate

Isocitrate

PDP1

IDH3A

MDH
Malate

𝛼-Ketoglutarate

FH

DLD OGDC
DLST
Succinyl-CoA

Fumarate

PDK2

Oxaloacetate

Isocitrate
IDH

MDH
Malate

𝛼-Ketoglutarate

FH

DLD OGDC
DLST
Succinyl-CoA

Fumarate

SCS

SCS

Mitochondrial
matrix

H2O +
QH

Succinate

H+

2

Complex
IV

Mitochondrial
matrix

NAD+ + H+ NADH

Complex
III

Complex
II (SDH)
QH2

Q

Complex
I

HO
2 O +
H
2

Complex
IV

Succinate

Complex
III

+

H+

+

H

DHAP

Complex
II (SDH)
QH2

Q

Complex
I

GPD2

GPD2
H+

NAD+ + H+ NADH

H+

H
Glycerol 3-phosphate

H+

H+
DHAP Glycerol 3-phosphate

Human monocyte-derived macrophages

Mouse bone marrow-derived macrophages
Fold change
−4.5

6.5

Figure 3: Genes associated with bioenergetic processes are diﬀerentially expressed in mouse BMM and human MDM following IFN-α
stimulation. Signiﬁcantly altered (−1 2 ≤ FC ≥ 1 2, p value ≤ 0 05, FDR ≤ 0 1) metabolic genes involved in energy production were mapped
to their respective pathways using MetScape and DAVID. Green and red represent genes that have been signiﬁcantly upregulated or
downregulated, respectively. Blue represents genes that were not altered following IFN-α stimulation.

increased levels of phosphofructokinase (PFK) activator
PFKFB3, which assists in the production of pyruvate from
glucose and pyruvate dehydrogenase complex component X
(PDHX), which may facilitate acetyl-CoA production from
pyruvate. IFN-α was also associated with the upregulation
of genes associated with OXPHOS including genes from
complexes I and V of the electron transport chain (NDUFA9,
NDUFS4, and ATP5G3) and the glycerol phosphate shuttle
(glycerol 3-phosphate dehydrogenase 2 [GPD2]). Collectively, these results suggest that early changes in energy
metabolism may play an important role in the initiation of
antiviral responses in both BMM and MDM.
3.4. IFN-α-Stimulated BMM and MDM Show Signs of
Alterations in Genes Associated with Redox Regulation. Given
the link between energy metabolism and ROS metabolism
[45–47], we next examined alterations between early IFN-α
responses and genes linked to cellular redox status (oxidant
and antioxidant genes). In BMM, IFN-α short-term stimulation was associated with altered expression of genes associated with the nitric oxide cycle including the upregulation

of argininosuccinate synthetase 1 (ASS1) and nitric oxide synthase 1 (NOS1), and downregulation of arginase 2 (ARG2)
expression, which may favour ﬂux of arginine towards NO
production (Figure 4, Supplementary Figure S4). Early IFNα responses in BMM were also associated with the downregulation of genes associated with the antioxidant response
(superoxide dismutase 2 (SOD2), glutamate-cysteine ligase,
catalytic subunit (GCLC), NAD kinase (NADK), and thioredoxin reductase 1 and 3 (TXNRD1, TXNRD3)) and the upregulation of thioredoxin interacting protein (TXNIP), which
inhibits the antioxidant activity of thioredoxin [48, 49].
Alternatively, IFN-α stimulation of MDM was associated
with the upregulation of antioxidant genes including SOD2
and myeloperoxidase (MPO) as well as genes associated with
glutathione production (glutamate-cysteine ligase, modiﬁer
subunit (GCLM) and NAD+ kinase (NADK)) (Figure 4,
Supplementary Figure S4). Short-term IFN-α was also
associated with upregulation of and glutaredoxin (GLRX),
thioredoxin 1 (TXN1), and thioredoxin-interacting protein
(TXNIP). These alterations may help regulate electron linkage
and subsequent ROS production associated with the
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Figure 4: IFN-α stimulation of MDM is associated with increased expression of genes associated with ROS production and antioxidant
responses. Diﬀerentially expressed metabolic genes (−1 2 ≤ FC ≥ 1 2, p value ≤ 0 05, FDR ≤ 0 1) were mapped to pathways associated with
cellular redox status using MetScape and DAVID. Green and red represent genes that have been signiﬁcantly upregulated or
downregulated, respectively. Blue represents genes that were not altered following IFN-α stimulation.

upregulation of genes associated with OXPHOS in these cells
(Figures 3 and 4).
3.5. Early Type I IFN Responses Are Associated with
Alterations in Genes Associated with cAMP and cGMP
Production. Given the enrichment of gene sets associated
with nucleotide metabolism in both datasets, we examined
the speciﬁc eﬀects on short-term IFN-α stimulation on
purine and pyrimidine metabolism. In BMM, short-term
stimulation was associated with the downregulation of amidophosphoribosyltransferase (PPAT) and UMP synthetase
(UMPS). These enzymes play a central role in ribose 5phosphate incorporation during de novo purine and pyrimidine synthesis, which may represent an antiviral mechanism.
At the level of purine degradation, IFN-α was associated
with an upregulation of purine nucleoside phosphorylase
(PNP), guanine deaminase (GDA), xanthine dehydrogenase
(XDH), and ectonucleoside triphosphate diphosphohydrolase 2 and 5 (ENTPD2, ENTPD5) suggesting increased degradation. Interestingly, IFN responses were also associated
with alterations in genes that regulate cyclic guanine monophosphate (cGMP)/GMP and cyclic adenosine monophosphate (cAMP)/AMP ratios (Figure 5, Supplementary
Figure S5). Four phosphodiesterases (PDE4D, PDE7A,
PDE7B, and PDE8B) and two adenylate cyclases (ADCY2,
ADCY4) were upregulated, and adenylate kinase (ADK)
and AMP deaminase 3 (AMPD3) were downregulated in
stimulated versus unstimulated cells. These proﬁles suggest
that IFN-α-activated BMM may accumulate both AMP and

cAMP. IFN-α stimulation of BMM was also associated with
the upregulation of guanylate kinase (GUK) and downregulation of phosphodiesterase 1B (PDE1B), suggesting these cells
may favour cGMP production.
In MDM, IFN-α stimulation was not associated with
signiﬁcant changes in genes associated with de novo
purine synthesis. However, IFN-α was associated with the
downregulation of carbamoyl phosphate synthetase 2,
aspartate transcarbamylase, and dihydroorotase (CAD), a
protein responsible for the ﬁrst three enzymatic steps of the
pyrimidine biosynthesis pathway. Genes involved in nucleoside production within the purine and pyrimidine degradation pathways, such as GMP reductase (GMPR), AMPD3,
5′-nucleotidase, cytosolic II (NT5C2), and adenosine deaminase (ADA), are found to be upregulated in MDM which
suggests an increase in nucleotide salvaging (Figure 5,
Supplementary Figure S5). At the level of cGMP/GMP and
cAMP/AMP regulation, the downregulation of PDE6D and
adenylate cyclase 7 (ADCY7) as well as the upregulation of
PDE4B and two soluble forms of guanylate cyclase
(GUCY1A3, GUCY1B3) suggest a shift towards cGMP and
AMP production. Varied expression of these bioactive nucleotides that function as intracellular secondary messengers
may contribute to early type I IFN responses.
3.6. Short-Term IFN-α Stimulation Is Associated with
Alterations in Tryptophan and Branched-Chain Amino Acid
Catabolism in BMM and MDM. Consistent with the literature [50, 51], alterations in genes associated with tryptophan
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Figure 5: Type I IFN responses are associated with altered cAMP and cGMP production in BMM and MDM. Metabolic genes identiﬁed as
signiﬁcantly altered (−1 2 ≤ FC ≥ 1 2, p value ≤ 0 05, FDR ≤ 0 1) were mapped to pathways associated with AMP and GMP production using
MetScape and DAVID. Green and red represent genes that have been signiﬁcantly upregulated or downregulated, respectively. Blue
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and branched-chain amino acid catabolism were pronounced in early IFN-α responses. Both BMMs and MDMs
exhibited a pronounced upregulation of genes associated
with tryptophan catabolism via the kynurenine pathway
(Figure 6, Supplementary Figure S6). While IFN-α-stimulated BMM upregulated tryptophan 2,3-dioxygenase
(TDO2) and KMO, stimulation of MDM was associated with
the upregulation of KMO and kynureninase (KYNU). This
shift in tryptophan catabolism was accompanied by the
upregulation of nicotinamide phosphoribosyltransferase
(NAMPT), suggesting an increased ﬂux of tryptophan
towards NAD+ production.
Both IFN-α-activated BMM and MDM showed altered
expression of genes associated with branched-chain amino
acid (Figure 6, Supplementary Figure S6). In BMMs, IFN-α
stimulation leads to the upregulation of genes associated with
isoleucine (propionyl-CoA carboxylase; PPCA, 3-ketoacylCoA thiolase 1A and 2; ACAA1A/2) and valine (3hydroxyisobutyrate dehydrogenase; HIBADH) catabolism.
Upregulation of AU RNA binding/methylglutaconyl-CoA
hydratase (AUH) and downregulation of methylcrotonoylCoA carboxylase 1 (MCCC1) and 3-hydroxymethyl-3methylglutaryl-CoA lyase (HMGCL) suggest decreased
leucine catabolism in BMM. However, AUH may be
functioning in its secondary role in promoting mRNA
degradation [52]. In MDM, IFN-α stimulation was associated
with a downregulation of multiple genes associated with
branched-chain amino acid catabolism including branchedchain aminotransferase 2 (BCAT2), isovaleryl-CoA
dehydrogenase (IVD), hydroxyacyl-CoA dehydrogenase
(HADH), and methylmalonyl-CoA epimerase (MCEE).
Together, this indicates that alterations in branched-chain
amino acid catabolism may be key to driver of early IFN-α
responses in primary macrophage systems.

3.7. IFN-α Stimulation Is Associated with Altered Lipid
Metabolism in BMM and MDM. Lipid metabolism has been
shown to play an important role in antiviral responses in
BMM and MDM [53]. Several studies have reported alterations in cholesterol metabolism during IFN and antiviral
responses [21–23]. Here, we also identiﬁed alterations in
genes associated with phospholipid and sphingolipid metabolism and FA biosynthesis following short-term IFN
responses. Consistent with previous studies, short-term
IFN-α stimulation of BMM and MDM was associated with
the downregulation of genes associated with de novo cholesterol synthesis (Figure 7, Supplementary Figure S7). In BMM,
IFN-α was associated with the downregulation of genes
involved in mevalonate synthesis (HMGCS1, HMGCR),
lanosterol synthesis (FDFT1, SQLE, and LSS) and cholesterol
synthesis (CYP51, MSMO1, HSD17B7, and SC5D). It was also
associated with the downregulation of genes associated with
cholesterol ester formation and the upregulation of carboxyl
ester lipase (CEL), cholesterol 25-hydroxylase (CH25H), and
sterol 27-hydroxylase (CYP27A1). In MDM, IFN-α stimulation was associated with decreased levels of SQLE and sterol
O-acyltransferase 1 (SOAT1) and increased levels of CH25H.
SQLE catalyzes the ﬁrst oxygenation step in sterol biosynthesis and is thought to be a rate-limiting enzyme of this
process [54].
At the level of phospholipid and sphingolipid metabolism, IFN-α-treated BMM upregulated phospholipid phosphatase 2 (PLPP2) and neutral ceramidase (ASAH2) and
downregulated sphingolipid kinases (SPHK2, CERK) suggesting a shift away from phosphorylated sphingolipids
to sphingosine in acute IFN responses (Figure 7, Supplementary Figure S7). Stimulation of BMM was also associated with the upregulation of 1-acylglycerol-3-phosphate
O-acyltransferase 1 (AGPAT1) and phosphatidate
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cytidylyltransferase 1 (CDS1), which may increase cytidine
diphosphate- (CDP-) diacylglycerol production, a precursor
for phosphatidylinositol, phosphatidylglycerol, and cardiolipin synthesis. Phosphatidylinositol is a minor component
on the cytosolic side of cell membranes, and cardiolipin is
an important component of the inner mitochondrial membrane [55]. Consistent with these ﬁndings, IFN-α stimulation
was associated with the upregulation of three diﬀerent phospholipase A2 (PLA2G2D, PLA2G4A, and PLA2G16) genes
and the downregulation of two phospholipase D (PLD1,
PLD2) genes. These genes cleave phosphatidylcholine and
phosphatidylethanolamine, which represent the major phospholipids in mammalian membranes. The relative ratio of
these lipids to one another within the cell membrane has signiﬁcant implications on membrane integrity [55]. In MDM,
PLA2G4A and sphingomyelin synthase 1 (SGMS1) were
upregulated and lysophospholipid acyltransferase (LPCAT4)
and PLA2G15 were downregulated following IFN-α stimulation (Figure 7, Supplementary Figure S7). IFN-α stimulation
was also associated with the downregulation of AGPAT5,
choline kinase alpha (CHKA), and ethanolamine kinase 1
(ETNK1), which play an important role in the synthesis of
phosphatidylglycerol, phosphatidylcholine, and phosphatidylethanolamine. Collectively, these alterations suggest
IFN-α responses may alter the composition of the plasma
and mitochondrial membranes of BMM and MDM as part
of early type I IFN responses.
Finally, at the level of fatty acid synthesis, IFN-α stimulation of BMM was also associated with the downregulation of
FA synthase (FAS) and FA desaturase 1 (FADS1) as well as
the upregulation of carnitine palmitoyltransferase 1A
(CPT1A). Alternatively, in MDM, IFN-α was associated with
the upregulation of long-chain fatty acid- (LCFA-) producing aldehyde dehydrogenase 3b1 (ALDH3B1) and three
acyl-CoA synthetase long-chain genes (ACSL1, ACSL5, and
ACSL6) and the downregulation of carbonyl reductase 4
(CBR4), acetyl-CoA carboxylase-α (ACACA), mitochondrial
3-oxoacyl-ACP synthase (OXSM), trimethyllysine hydrolase
ε (TMLHE), and hydroxyacyl-CoA dehydrogenase
(HADH). Diﬀerences in fatty acid metabolism may indicate
diﬀerential dependencies of BMM and MDM on βoxidation for energy production.

4. Discussion
In the current study, we used publicly available transcriptional proﬁling datasets to develop metabolic gene signatures
associated with short-term IFN-α stimulation in mouse and
human macrophage models. Enrichment analysis, pathway
mapping, and network construction identiﬁed alterations in
central metabolic pathways in early IFN-α responses including glycolysis, oxidative phosphorylation, redox regulation,
nucleotide metabolism, amino acid catabolism, and lipid
metabolism. BMM had increased expression of genes associated with aerobic glycolysis, nitric oxide production,
branched-chain amino acid metabolism, and fatty acid βoxidation as well as decreased expression of genes associated
with cholesterol biosynthesis. MDM had increased expression of genes associated with increased OXPHOS activity
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and antioxidant production and decreased expression of
genes associated with branched-chain amino acid catabolism
and fatty acid β-oxidation. While the current study only
examines alterations in gene expression, these ﬁndings suggest that metabolic rewiring, at the level of transcription, is
a key feature of early IFN-α responses. Future studies are
required to validate the identiﬁed gene signatures and to validate the biological relevance of these alterations during early
antiviral immune responses.
A number of studies have reported increased aerobic
glycolysis and reduced oxidative phosphorylation in
macrophages following activation with inﬂammatory
stimuli [56–59]. Consistent with the literature, short-term
IFN-α stimulation of BMM was associated with increased
expression of genes associated with glycolysis (HK2, HK3,
PGM2, PFKP, PFKFB3, and INSR) and lactate production
(LDHD) and decreased expression of genes associated with
pyruvate production (PDK3, PDP1, and DLD) and ﬂux
through the TCA cycle (DLD, DLST, and SDHA). In
addition to meeting bioenergetic requirements of the cells,
these alterations may increase intracellular levels of
bioactive metabolites such as D-lactate, α-ketoglutarate, and
succinate. Lactate accumulation in the microenvironment
has been shown to suppress cytokine production and
migration of human cytotoxic T cells [60, 61]. Similarly, αketoglutarate has been shown to quell inﬂammatory
processes by suppressing NF-κB-mediated inﬂammatory
pathways [62]. Succinate can also modulate inﬂammatory
cytokine production. A recent study found that succinate
stabilizes HIF-1α expression in LPS-activated macrophages
[14], which facilitates HIF-1α transport into the nucleus
where it induces the expression of glycolytic targets such as
LDHA, HK2, and PKM2, as well as inﬂammatory genes
such as IL1B [63, 64]. Inhibition or decreased expression
of succinate dehydrogenase (SDH) has been shown to
promote IL-10 expression and to repurpose the
mitochondria for ROS production [19]. While functional
studies are required to validate these proﬁles, our
ﬁndings suggest bioenergetic reprogramming of BMM
may represent a feedforward mechanism that may
contribute to the immunomodulatory properties of type I
IFNs during early antiviral immune responses.
Unlike BMM, short-term IFN-α stimulation of MDM
was associated with the upregulation of a range of genes associated with the electron transport chain, which may favour
OXPHOS for energy production. While OXPHOS provides
more ATP per glucose molecule compared to aerobic glycolysis, energy and metabolic precursor production occurs more
slowly. Further, IFN-α stimulation of MDM was associated
with the downregulation of genes associated with the Leloir
pathway (GALK2, GALT, and GALE), which is responsible
for the conversion of galactose to glucose. Recent studies
have shown that T cells, but not B cells, can be activated
and proliferate in the presence of galactose when glucose is
absent [65, 66]. However, unlike activation in glucose-rich
environments, T cells in galactose are forced to rely on
OXPHOS for energy production, which occurs at signiﬁcantly slower rates [65]. This reliance on galactose also results
in suboptimal IFN-γ and IL-2 production suggesting
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galactose should only be used when no other energy substrate
is available [65]. Thus, decreased expression of genes associated with the Leloir pathway in MDM may represent a means
by which cells can improve the eﬃciency of energy production while maintaining functional immune responses.
Transcriptional proﬁling also identiﬁed redox regulation
as a key feature of early IFN-α responses in mouse and
human primary macrophage models. In BMM, IFN-α reprogramming was associated with increased expression of genes
associated with nitric oxide (NO) production (ASS1, NOS1,
and NAGS) and decreased antioxidants (SOD2, GCLC,
TXNRD1, and TXNRD3). NO is a potent antimicrobial molecule that has been shown to modulate cellular metabolism
[67–70] and immune function [71]. ASS1 and ASL are part
of the aspartate-argininosuccinate shunt, which recycles citrulline to resynthesize arginine for prolonged NO production
[72, 73]. In M1 macrophages, increased expression of ASS1
and the subsequent increased ﬂux through this shunt has
been shown to replenish TCA cycle intermediates following
decreased IDH and SDH gene expression [72]. Unlike
BMM, IFN-α-stimulated MDM had increased expression of
genes associated with OXPHOS and ROS production. ROS
are also potent antimicrobial molecules, capable of killing
intracellular pathogens [74]. The matched upregulation of
antioxidant genes (e.g., glutathione, glutaredoxin, and thioredoxin) in conjunction with ROS likely reﬂects a protective
mechanism to limit any associated cellular damage. Interestingly, a recent study found that the reducing nature of
glutathione can prime T cell inﬂammatory responses by
promoting mTOR-activated metabolic reprogramming
[75]. It is currently unclear if similar priming occurs in
macrophages. Collectively, our data suggest mouse BMM
and human MDM may adopt diﬀerential metabolic strategies to mount intracellular antimicrobial responses during
acute IFN responses.
Pathway mapping and network reconstruction identiﬁed
IFN-α-associated alterations in nucleotide metabolism. In
both BMM and MDM, IFN-α stimulation was associated
with a downregulation of genes associated with de novo
pyrimidine biosynthesis. A number of viruses including
human cytomegalovirus and herpes simplex viruses require
de novo pyrimidine synthesis for propagation and survival
[76, 77]. Furthermore, inhibitors of de novo pyrimidine biosynthesis have broad antiviral eﬀects against RNA, DNA, and
retroviruses such as inﬂuenza A, hepatitis C, human adenovirus, and human immunodeﬁciency virus (HIV) [78, 79]. In
MDM, IFN-α stimulation was also associated with increased
expression of genes associated with purine and pyrimidine
degradation pathways and nucleotide salvaging. The induction of nucleotide degradation pathways may act as a counterstrategy against viral-driven nucleotide biosynthesis [80].
Moreover, the activation of nucleotide salvaging pathways
may allow the cell to recycle degraded bases and nucleosides
and produce nucleotides to maintain cellular function.
Interestingly, IFN-α responses were also associated with
alterations in genes that regulate cGMP/GMP and cAMP/
AMP ratios. Cyclic nucleotide second messengers, including
cAMP and cGMP, are potent secondary messengers that
contribute to the regulation of a variety of cellular processes
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including metabolism [81]. cAMP has been shown to
suppress innate immune function including inﬂammatory
cytokine production, cell adhesion, phagocytosis, and intracellular killing [82, 83]. Additionally, the cAMP axis plays
an important role in antimicrobial defense as many microbes
have evolved virulence-enhancing strategies that exploit this
pathway [84–86]. In BMM, LPS responses are associated
with low levels of cAMP and cGMP accumulation, which
inhibit inﬂammatory cytokine production [87, 88]. Thus,
alterations in the cAMP/AMP and cGMP/GMP ratio
may play an important role in regulating inﬂammatory,
antimicrobial, and metabolism responses in acute type I
IFN responses.
Alterations in genes associated with tryptophan and
branched-chain amino acid catabolism were pronounced
in early IFN responses. Consistent with previous studies
[50, 89, 90], IFN-α stimulation was associated with
increased levels of genes associated with tryptophan catabolism. While we did not observe alterations in IDO1
expression, TDO2, KMO, and KYNU were increased in
both BMM and MDM. Many studies have shown that
tryptophan catabolism (via IDO activation) represents a
potent antiviral immune response [90–92]. Our study suggests downstream enzymes of the kynurenine pathway
may also contribute to this phenotype. Interestingly, we
also found that NAMPT was upregulated following acute
IFN-α stimulation, suggesting tryptophan may be directed
towards NAD+ salvaging. NAMPT plays an important role
in regulating glycolytic ﬂux, phagocytic activity, and TNFα production in LPS-stimulated macrophages and may
also contribute to IFN responses [93, 94]. At the level of
branched-chain amino acid metabolism, BMM had
increased expression of genes associated with branchedchain amino acid catabolism. Conversely, MDM downregulated genes associated with this pathway. Catabolic
products of branched-chain amino acid metabolism feed
into the TCA cycle contributing to the production of
succinyl-CoA and acetyl-CoA [95]. Previous studies have
shown that branched-chain amino acid availability is critical for lymphocyte proliferation and M1 macrophage activation, but little is known regarding the role of these
amino acids in regulating immune responses [96, 97].
Thus, upregulation of branched-chain amino acid catabolism in BMM may compensate for the loss of OXPHOS
activity, which is not required in MDM.
Lipid metabolism has been shown to play an important
role in antiviral responses in BMM and MDM [23, 24, 53].
Consistent with the literature, altered gene expression in
BMM and MDM suggest these cells may downregulate de
novo cholesterol synthesis and shunt available free cholesterol towards the production of oxysterols including 25hydroxycholesterol and 27-hydroxycholesterol. The role of
cholesterol ﬂux in antiviral responses has been described previously [21–23]. Increased cholesterol levels help facilitate
the entry of the dengue virus during the early phases of infection, which is reduced by the presence of oxysterols such as
25-hydroxycholesterol [22, 98–100]. Macrophages can also
counteract this demand by switching away from de novo synthesis towards lipid import [23]. Limiting ﬂux through the
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cholesterol biosynthetic pathway induces a STING-mediated
type I IFN response, which can be attenuated by exogenous
free cholesterol [21, 23]. We also observed signiﬁcant alterations in genes associated with phospholipid, sphingolipid,
and FA metabolism. Lipid membrane composition can play
a critical role in the antiviral capabilities of immune cells.
Sphingolipids and phosphatidylserine have been shown to
function as receptors for polyomavirus, HIV, and vesicular
stomatitis virus (VSV) [101–103]. Altering the lipid composition of the plasma membrane is a vital protective strategy
against viral entry by altering the potential interaction sites
for viruses [104, 105]. Thus, altering the membrane lipid
composition may be a critical feature of metabolic reprogramming in early antiviral responses.
Collectively, our study provides critical new insights into
the molecular underpinnings of metabolic reprogramming
associated with short-term IFN-α responses in mouse
BMM and human MDM. This is the ﬁrst study to systematically characterize changes in metabolic gene expression
using transcriptional proﬁling in this context. However, we
acknowledge certain limitations of this study. The current
study only evaluates gene expression proﬁles via microarray.
Validation and functional testing is required to understand
the biological relevance of these ﬁndings. While both BMM
and MDM were stimulated with short-term IFN-α, we cannot exclude the possibility that some of the reported diﬀerences may reﬂect the length of time in stimulant (2.5 h
versus 4 h). Preliminary studies from our laboratory suggest
metabolic proﬁles in stimulated BMM are similar within a
2–6-hour window. However, future time-course studies are
required to examine how metabolic signatures change in
BMM and MDM over short- and long-term IFN-α stimulation. Culture conditions and diﬀerentiation protocols may
also aﬀect metabolic proﬁles in BMM versus MDM. This limitation should be an important consideration across all studies examining relationships between immune and metabolic
processes in vitro, whether in humans or in mice. Careful
consideration of the model system may be required depending on downstream applications of the ﬁndings. Metaanalyses of transcriptional datasets may represent a powerful
tool to identify metabolic signatures that are consistently
altered across diﬀerent studies using diﬀerent models, time
points, culture conditions, and so on. To minimize these
eﬀects, only studies performed in high glucose DMEM (plus
glutamine and sodium pyruvate) with 10% FBS were selected
for analyses. Finally, both BMM and MDM were analyzed
using Aﬀymetrix technologies’ microarray chips. However,
we cannot exclude the possibility that the reported diﬀerences may be aﬀected by the microarray used. Despite these
limitations, we strongly believe this comparative study
provides important new insights into metabolic processes
that contribute to IFN responses in mouse and human macrophages. We believe that the power of an untargeted approach
such as transcriptional proﬁling is to systematically characterize these diﬀerences, which may have important implications
on eﬀector function depending on the local microenvironment. In the future, more targeted studies are required to evaluate the eﬀects of these gene expression proﬁles on protein
expression and functional metabolic and immune responses.
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5. Conclusions
In summary, this study identiﬁed a variety of metabolic pathways altered following short-term IFN-α stimulation in mouse
and human macrophage systems. This may have important
implications for the initiation of early antiviral immune
responses, including the induction of the speciﬁc antimicrobial and immunomodulatory functions of IFN-α. While functional studies are required to clearly elucidate the relationships
between this metabolic reprogramming and eﬀector function, it is clear that transcriptional regulation of metabolic
processes is a key feature of early type I IFN responses. An
in-depth understanding of this early reprogramming may
lead to the development of targeted therapeutics that regulate
and ﬁne tune speciﬁc type I IFN eﬀector function.
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Supplementary Table S1. A list of all metabolic genes identiﬁed in the BMM dataset.
Supplementary Table S2. A list of all metabolic genes identiﬁed in the MDM dataset.
Supplementary Table S3. A list of signiﬁcantly altered gene
sets identiﬁed by GSEA in the BMM dataset.
Supplementary Table S4. A list of signiﬁcantly altered gene
sets identiﬁed by GSEA in the MDM dataset.
Supplementary Figure S1. Workﬂow of BMM and MDM differentiation and IFN-α stimulation. Mouse bone marrow
cells and human monocytes were diﬀerentiated for 7 days
into BMM and MDM, respectively. Cells were then stimulated with IFN-α for less than 4 hours. RNA was extracted
from total cells and prepared for microarray analysis.
Supplementary Figure S2. IFN-α is associated with diﬀerential enrichment of metabolic pathways in mouse BMM compared to human MDM. Metabolite set enrichment analysis
(MSEA) was performed in MetaboAnalyst using metabolic
gene datasets. Pathways shown were signiﬁcantly enriched
(P < 0 05) in either IFN-stimulated BMM, MDM, or both.
Yellow and blue represent enrichment scores in BMM and
MDM, respectively (error bars = sem; n = 3).
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Supplementary Figure S3. IFN-α responses are associated
with altered bioenergetic proﬁles in mouse and human macrophages. The bar plots show signiﬁcantly altered genes associated with bioenergetics pathways (FC > 1.2, p < 0 05,
FDR < 0.10). Light blue and dark blue represent expression
levels in unstimulated (control) and IFN-α-treated macrophages, respectively (error bars = sem; n = 3).
Supplementary Figure S4. BMM and MDM express redoxrelated genes following short-term IFN-α stimulation. The
bar plots show signiﬁcantly altered genes associated with cellular redox pathways (FC > 1.2, p < 0 05, FDR < 0.10). Light
blue and dark blue represent expression levels in unstimulated (control) and IFN-α-treated macrophages, respectively
(error bars = sem; n = 3).
Supplementary Figure S5. IFN-α is associated with altered
expression of genes that regulate nucleotide metabolism
and cAMP/cGMP ratios. The bar plots show signiﬁcantly
altered genes associated with nucleotide metabolism
(FC > 1.2, p < 0 05, FDR < 0.10). Light blue and dark blue
represent expression levels in unstimulated (control) and
IFN-α-treated macrophages, respectively (error bars = sem;
n = 3).
Supplementary Figure S6. Short-term IFN-α stimulation is
associated with alterations in tryptophan and branched chain
amino acid catabolism. The bar plots show signiﬁcantly
altered genes associated with tryptophan and branched chain
amino acid metabolism (FC > 1.2, p < 0 05, FDR < 0.10).
Light blue and dark blue represent expression levels in unstimulated (control) and IFN-α-treated macrophages, respectively (error bars = sem; n = 3).
Supplementary Figure S7. Altered expression of genes associated with lipid metabolism is a key feature of IFN-α
responses. The bar plots show signiﬁcantly altered genes
associated with lipid metabolism (FC > 1.2, p < 0 05,
FDR < 0.10). Light blue and dark blue represent expression
levels in unstimulated (control) and IFN-α-treated macrophages, respectively (error bars = sem; n = 3).

References
[1] A. Isaacs and J. Lindenmann, “Virus interference. I. The
interferon,” Proceedings of the Royal Society of London - Series
B: Biological Sciences, vol. 147, no. 927, pp. 258–267, 1957.
[2] A. Isaacs, J. Lindenmann, and R. C. Valentine, “Virus interference. II. Some properties of interferon,” Proceedings of
the Royal Society of London - Series B: Biological Sciences,
vol. 147, no. 927, pp. 268–273, 1957.
[3] S. Pestka, C. D. Krause, and M. R. Walter, “Interferons,
interferon-like cytokines, and their receptors,” Immunological Reviews, vol. 202, no. 1, pp. 8–32, 2004.
[4] G. Trinchieri, “Type I interferon: friend or foe?,” The Journal
of Experimental Medicine, vol. 207, no. 10, pp. 2053–2063,
2010.
[5] C. E. Samuel, “Antiviral actions of interferons,” Clinical
Microbiology Reviews, vol. 14, no. 4, pp. 778–809, 2001.
[6] G. R. Stark, I. M. Kerr, B. R. G. Williams, R. H. Silverman, and
R. D. Schreiber, “How cells respond to interferons,” Annual
Review of Biochemistry, vol. 67, no. 1, pp. 227–264, 1998.

Mediators of Inﬂammation
[7] L. C. Platanias, “Mechanisms of type-I- and type-II-interferon-mediated signalling,” Nature Reviews Immunology,
vol. 5, no. 5, pp. 375–386, 2005.
[8] L. B. Ivashkiv and L. T. Donlin, “Regulation of type I interferon responses,” Nature Reviews Immunology, vol. 14,
no. 1, pp. 36–49, 2014.
[9] K. I. Arimoto, S. Lochte, S. A. Stoner et al., “STAT2 is an
essential adaptor in USP18-mediated suppression of type I
interferon signaling,” Nature Structural & Molecular Biology,
vol. 24, no. 3, pp. 279–289, 2017.
[10] W. M. Schneider, M. D. Chevillotte, and C. M. Rice, “Interferon-stimulated genes: a complex web of host defenses,”
Annual Review of Immunology, vol. 32, no. 1, pp. 513–545,
2014.
[11] J. W. Schoggins and C. M. Rice, “Interferon-stimulated genes
and their antiviral eﬀector functions,” Current Opinion in
Virology, vol. 1, no. 6, pp. 519–525, 2011.
[12] M. E. Bianchi, “DAMPs, PAMPs and alarmins: all we need to
know about danger,” Journal of Leukocyte Biology, vol. 81,
no. 1, pp. 1–5, 2007.
[13] A. Iannello, O. Debbeche, E. Martin, L. H. Attalah,
S. Samarani, and A. Ahmad, “Viral strategies for evading
antiviral cellular immune responses of the host,” Journal of
Leukocyte Biology, vol. 79, no. 1, pp. 16–35, 2006.
[14] G. M. Tannahill, A. M. Curtis, J. Adamik et al., “Succinate is
an inﬂammatory signal that induces IL-1β through HIF-1α,”
Nature, vol. 496, no. 7444, pp. 238–242, 2013.
[15] A. Errea, D. Cayet, P. Marchetti et al., “Lactate inhibits the
pro-inﬂammatory response and metabolic reprogramming
in murine macrophages in a GPR81-independent manner,”
PLoS One, vol. 11, no. 11, article e0163694, 2016.
[16] V. Infantino, V. Iacobazzi, F. Palmieri, and A. Menga, “ATPcitrate lyase is essential for macrophage inﬂammatory
response,” Biochemical and Biophysical Research Communications, vol. 440, no. 1, pp. 105–111, 2013.
[17] P. Kesarwani, A. K. Murali, A. A. Al-Khami, and
S. Mehrotra, “Redox regulation of T-cell function: from
molecular mechanisms to signiﬁcance in human health and
disease,” Antioxidants & Redox Signaling, vol. 18, no. 12,
pp. 1497–1534, 2013.
[18] H. Wang, H. Flach, M. Onizawa, L. Wei, M. T. McManus,
and A. Weiss, “Negative regulation of Hif1a expression and
TH17 diﬀerentiation by the hypoxia-regulated microRNA
miR-210,” Nature Immunology, vol. 15, no. 4, pp. 393–401,
2014.
[19] E. L. Mills, B. Kelly, A. Logan et al., “Succinate dehydrogenase
supports metabolic repurposing of mitochondria to drive
inﬂammatory macrophages,” Cell, vol. 167, no. 2, pp. 457–
470.e13, 2016.
[20] H. Jiang, H. Shi, M. Sun et al., “PFKFB3-driven macrophage
glycolytic metabolism is a crucial component of innate antiviral defense,” Journal of Immunology, vol. 197, no. 7, pp. 2880–
2890, 2016.
[21] M. Blanc, W. Y. Hsieh, K. A. Robertson et al., “Host defense
against viral infection involves interferon mediated downregulation of sterol biosynthesis,” PLoS Biology, vol. 9, no. 3,
article e1000598, 2011.
[22] M. Blanc, W. Y. Hsieh, K. A. Robertson et al., “The transcription factor STAT-1 couples macrophage synthesis of 25hydroxycholesterol to the interferon antiviral response,”
Immunity, vol. 38, no. 1, pp. 106–118, 2013.

Mediators of Inﬂammation
[23] A. G. York, K. J. Williams, J. P. Argus et al., “Limiting cholesterol biosynthetic ﬂux spontaneously engages type I IFN signaling,” Cell, vol. 163, no. 7, pp. 1716–1729, 2015.
[24] M. C. S. Boshuizen, M. A. Hoeksema, A. E. Neele et al.,
“Interferon-β promotes macrophage foam cell formation by
altering both cholesterol inﬂux and eﬄux mechanisms,”
Cytokine, vol. 77, pp. 220–226, 2016.
[25] B. Maneglier, C. Rogez-Kreuz, O. Spreux-Varoquaux et al.,
“Comparative eﬀects of two type I interferons, human IFNα and ovine IFN-τ on indoleamine-2,3-dioxygenase in
primary cultures of human macrophages,” Fundamental &
Clinical Pharmacology, vol. 21, no. 1, pp. 29–34, 2007.
[26] B. Acosta-Iborra, A. Elorza, I. M. Olazabal et al., “Macrophage oxygen sensing modulates antigen presentation and
phagocytic functions involving IFN-γ production through
the HIF-1α transcription factor,” Journal of Immunology,
vol. 182, no. 5, pp. 3155–3164, 2009.
[27] C. Peyssonnaux, V. Datta, T. Cramer et al., “HIF-1α expression regulates the bactericidal capacity of phagocytes,” The
Journal of Clinical Investigation, vol. 115, no. 7, pp. 1806–
1815, 2005.
[28] C. Nagy and A. Haschemi, “Time and demand are two critical
dimensions of immunometabolism: the process of macrophage activation and the pentose phosphate pathway,” Frontiers in Immunology, vol. 6, p. 164, 2015.
[29] B. Kelly and L. A. J. O'Neill, “Metabolic reprogramming in
macrophages and dendritic cells in innate immunity,” Cell
Research, vol. 25, no. 7, pp. 771–784, 2015.
[30] L. A. J. O’Neill and E. J. Pearce, “Immunometabolism governs
dendritic cell and macrophage function,” The Journal of
Experimental Medicine, vol. 213, no. 1, pp. 15–23, 2016.
[31] T. Barrett, S. E. Wilhite, P. Ledoux et al., “NCBI GEO: archive
for functional genomics data sets—update,” Nucleic Acids
Research, vol. 41, no. D1, pp. D991–D995, 2013.
[32] S.-Y. Liu, D. J. Sanchez, R. Aliyari, S. Lu, and G. Cheng, “Systematic identiﬁcation of type I and type II interferon-induced
antiviral factors,” Proceedings of the National Academy of Sciences of the United States of America, vol. 109, no. 11,
pp. 4239–4244, 2012.
[33] T. Greenwell-Wild, N. Vázquez, W. Jin, Z. Rangel, P. J.
Munson, and S. M. Wahl, “Interleukin-27 inhibition of
HIV-1 involves an intermediate induction of type I
interferon,” Blood, vol. 114, no. 9, pp. 1864–1874, 2009.
[34] C. Li and W. H. Wong, “Model-based analysis of oligonucleotide arrays: expression index computation and outlier detection,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 98, no. 1, pp. 31–36, 2001.
[35] J. Gao, V. G. Tarcea, A. Karnovsky et al., “Metscape: a Cytoscape plug-in for visualizing and interpreting metabolomic
data in the context of human metabolic networks,” Bioinformatics, vol. 26, no. 7, pp. 971–973, 2010.
[36] A. Karnovsky, T. Weymouth, T. Hull et al., “Metscape 2 bioinformatics tool for the analysis and visualization of metabolomics and gene expression data,” Bioinformatics, vol. 28,
no. 3, pp. 373–380, 2012.
[37] M. S. Cline, M. Smoot, E. Cerami et al., “Integration of biological networks and gene expression data using Cytoscape,”
Nature Protocols, vol. 2, no. 10, pp. 2366–2382, 2007.
[38] J. Xia, I. V. Sinelnikov, B. Han, and D. S. Wishart, “MetaboAnalyst 3.0—making metabolomics more meaningful,” Nucleic
Acids Research, vol. 43, no. W1, pp. W251–W257, 2015.

13
[39] A. Subramanian, P. Tamayo, V. K. Mootha et al., “Gene set
enrichment analysis: a knowledge-based approach for interpreting genome-wide expression proﬁles,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 102, no. 43, pp. 15545–15550, 2005.
[40] D. W. Huang, B. T. Sherman, X. Zheng et al., “Extracting biological meaning from large gene lists with DAVID,” Current
Protocols in Bioinformatics, vol. 27, no. 1, pp. 1–13, 2009.
[41] D. W. Huang, B. T. Sherman, and R. A. Lempicki, “Systematic and integrative analysis of large gene lists using DAVID
bioinformatics resources,” Nature Protocols, vol. 4, no. 1,
pp. 44–57, 2009.
[42] B. Lu, T. Nakamura, K. Inouye et al., “Novel role of PKR in
inﬂammasome activation and HMGB1 release,” Nature,
vol. 488, no. 7413, pp. 670–674, 2012.
[43] A. Garten, S. Petzold, A. Körner, S.-i. Imai, and W. Kiess,
“Nampt: linking NAD biology, metabolism and cancer,”
Trends in Endocrinology & Metabolism, vol. 20, no. 3,
pp. 130–138, 2009.
[44] J. W. Schoggins, S. J. Wilson, M. Panis et al., “A diverse range
of gene products are eﬀectors of the type I interferon antiviral
response,” Nature, vol. 472, no. 7344, pp. 481–485, 2011.
[45] D. C. Liemburg-Apers, P. H. G. M. Willems, W. J. H. Koopman, and S. Grefte, “Interactions between mitochondrial
reactive oxygen species and cellular glucose metabolism,”
Archives of Toxicology, vol. 89, no. 8, pp. 1209–1226, 2015.
[46] C. Quijano, M. Trujillo, L. Castro, and A. Trostchansky,
“Interplay between oxidant species and energy metabolism,”
Redox Biology, vol. 8, pp. 28–42, 2016.
[47] S. W. Kang, S. Lee, and E. K. Lee, “ROS and energy metabolism in cancer cells: alliance for fast growth,” Archives of
Pharmacal Research, vol. 38, no. 3, pp. 338–345, 2015.
[48] J. Hwang, H.-W. Suh, Y. H. Jeon et al., “The structural basis
for the negative regulation of thioredoxin by thioredoxininteracting protein,” Nature Communications, vol. 5, no. 1,
p. 2958, 2014.
[49] R. Watanabe, H. Nakamura, H. Masutani, and J. Yodoi,
“Anti-oxidative, anti-cancer and anti-inﬂammatory actions
by thioredoxin 1 and thioredoxin-binding protein-2,” Pharmacology & Therapeutics, vol. 127, no. 3, pp. 261–270,
2010.
[50] A. L. Mellor and D. H. Munn, “Tryptophan catabolism and
T-cell tolerance: immunosuppression by starvation?,” Immunology Today, vol. 20, no. 10, pp. 469–473, 1999.
[51] A. Boasso, A. W. Hardy, S. A. Anderson, M. J. Dolan, and
G. M. Shearer, “HIV-induced type I interferon and tryptophan catabolism drive T cell dysfunction despite phenotypic
activation,” PLoS One, vol. 3, no. 8, article e2961, 2008.
[52] J. Nakagawa, H. Waldner, S. Meyer-Monard, J. Hofsteenge,
P. Jenö, and C. Moroni, “AUH, a gene encoding an AUspeciﬁc RNA binding protein with intrinsic enoyl-CoA
hydratase activity,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 92, no. 6,
pp. 2051–2055, 1995.
[53] F. Coulombe, J. Jaworska, M. Verway et al., “Targeted prostaglandin E2 inhibition enhances antiviral immunity through
induction of type I interferon and apoptosis in macrophages,”
Immunity, vol. 40, no. 4, pp. 554–568, 2014.
[54] A. Chugh, A. Ray, and J. B. Gupta, “Squalene epoxidase as
hypocholesterolemic drug target revisited,” Progress in Lipid
Research, vol. 42, no. 1, pp. 37–50, 2003.

14
[55] G. van Meer, D. R. Voelker, and G. W. Feigenson, “Membrane lipids: where they are and how they behave,” Nature
Reviews. Molecular Cell Biology, vol. 9, no. 2, pp. 112–124,
2008.
[56] J. C. Rodríguez-Prados, P. G. Través, J. Cuenca et al., “Substrate fate in activated macrophages: a comparison between
innate, classic, and alternative activation,” Journal of Immunology, vol. 185, no. 1, pp. 605–614, 2010.
[57] A. Vazquez, J. Liu, Y. Zhou, and Z. N. Oltvai, “Catabolic eﬃciency of aerobic glycolysis: the Warburg eﬀect revisited,”
BMC Systems Biology, vol. 4, no. 1, pp. 58-59, 2010.
[58] H. Z. Imtiyaz and M. C. Simon, “Hypoxia-inducible factors as
essential regulators of inﬂammation,” Current Topics in
Microbiology and Immunology, vol. 345, pp. 105–120, 2010.
[59] V. Infantino, P. Convertini, L. Cucci et al., “The mitochondrial citrate carrier: a new player in inﬂammation,” The Biochemical Journal, vol. 438, no. 3, pp. 433–436, 2011.
[60] K. Fischer, P. Hoﬀmann, S. Voelkl et al., “Inhibitory eﬀect of
tumor cell–derived lactic acid on human T cells,” Blood,
vol. 109, no. 9, pp. 3812–3819, 2007.
[61] R. Haas, J. Smith, V. Rocher-Ros et al., “Lactate regulates
metabolic and pro-inﬂammatory circuits in control of T cell
migration and eﬀector functions,” PLoS Biology, vol. 13,
no. 7, article e1002202, 2015.
[62] L. He, H. Li, N. Huang et al., “Alpha-ketoglutarate suppresses
the NF-κB-mediated inﬂammatory pathway and enhances
the PXR-regulated detoxiﬁcation pathway,” Oncotarget,
vol. 8, no. 61, pp. 102974–102988, 2017.
[63] W. Luo, H. Hu, R. Chang et al., “Pyruvate kinase M2 is a
PHD3-stimulated coactivator for hypoxia-inducible factor
1,” Cell, vol. 145, no. 5, pp. 732–744, 2011.
[64] W. Luo and G. L. Semenza, “Pyruvate kinase M2 regulates
glucose metabolism by functioning as a coactivator for
hypoxia-inducible factor 1 in cancer cells,” Oncotarget,
vol. 2, no. 7, pp. 551–556, 2011.
[65] C.-H. Chang, J. D. Curtis, L. B. Maggi Jr. et al., “Posttranscriptional control of T cell eﬀector function by aerobic glycolysis,” Cell, vol. 153, no. 6, pp. 1239–1251, 2013.
[66] S. Milasta, C. P. Dillon, O. E. Sturm et al., “Apoptosis-inducing-factor-dependent mitochondrial function is required for
T cell but not B cell function,” Immunity, vol. 44, no. 1,
pp. 88–102, 2016.
[67] J. C. Drapier and J. B. Hibbs, “Diﬀerentiation of murine macrophages to express nonspeciﬁc cytotoxicity for tumor cells
results in L-arginine-dependent inhibition of mitochondrial
iron-sulfur enzymes in the macrophage eﬀector cells,” Journal of Immunology, vol. 140, pp. 2829–2838, 1988.
[68] E. Clementi, G. C. Brown, M. Feelisch, and S. Moncada, “Persistent inhibition of cell respiration by nitric oxide: crucial
role of S-nitrosylation of mitochondrial complex I and protective action of glutathione,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 95,
no. 13, pp. 7631–7636, 1998.
[69] M. W. J. Cleeter, J. M. Cooper, V. M. Darley-Usmar,
S. Moncada, and A. H. V. Schapira, “Reversible inhibition
of cytochrome c oxidase, the terminal enzyme of the mitochondrial respiratory chain, by nitric oxide. Implications for
neurodegenerative diseases,” FEBS Letters, vol. 345, no. 1,
pp. 50–54, 1994.
[70] P.-T. Doulias, M. Tenopoulou, J. L. Greene, K. Raju, and
H. Ischiropoulos, “Nitric oxide regulates mitochondrial fatty

Mediators of Inﬂammation

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

acid metabolism through reversible protein S-nitrosylation,”
Science Signaling, vol. 6, no. 256, article rs1, 2013.
S. Herbst, U. E. Schaible, and B. E. Schneider, “Interferon
gamma activated macrophages kill mycobacteria by nitric
oxide induced apoptosis,” PLoS One, vol. 6, no. 5, article
e19105, 2011.
A. K. Jha, S. C.-C. Huang, A. Sergushichev et al., “Network
integration of parallel metabolic and transcriptional data
reveals metabolic modules that regulate macrophage polarization,” Immunity, vol. 42, no. 3, pp. 419–430, 2015.
K. C. El Kasmi and K. R. Stenmark, “Contribution of metabolic reprogramming to macrophage plasticity and function,”
Seminars in Immunology, vol. 27, no. 4, pp. 267–275, 2015.
A. P. West, I. E. Brodsky, C. Rahner et al., “TLR signalling augments macrophage bactericidal activity through mitochondrial ROS,” Nature, vol. 472, no. 7344, pp. 476–480, 2011.
T. W. Mak, M. Grusdat, G. S. Duncan et al., “Glutathione
primes T cell metabolism for inﬂammation,” Immunity,
vol. 46, no. 4, pp. 675–689, 2017.
S. R. DeVito, E. Ortiz-Riaño, L. Martínez-Sobrido, and
J. Munger, “Cytomegalovirus-mediated activation of pyrimidine biosynthesis drives UDP–sugar synthesis to support
viral protein glycosylation,” Proceedings of the National
Academy of Sciences of the United States of America,
vol. 111, no. 50, pp. 18019–18024, 2014.
L. Vastag, E. Koyuncu, S. L. Grady, T. E. Shenk, and J. D.
Rabinowitz, “Divergent eﬀects of human cytomegalovirus
and herpes simplex virus-1 on cellular metabolism,” PLoS
Pathogens, vol. 7, no. 7, article e1002124, 2011.
H.-H. Hoﬀmann, A. Kunz, V. A. Simon, P. Palese, and M. L.
Shaw, “Broad-spectrum antiviral that interferes with de novo
pyrimidine biosynthesis,” Proceedings of the National Academy of Sciences of the United States of America, vol. 108,
no. 14, pp. 5777–5782, 2011.
M. Lucas-Hourani, D. Dauzonne, P. Jorda et al., “Inhibition
of pyrimidine biosynthesis pathway suppresses viral growth
through innate immunity,” PLoS Pathogens, vol. 9, no. 10,
article e1003678, 2013.
C. Gavegnano, E. M. Kennedy, B. Kim, and R. F. Schinazi,
“The impact of macrophage nucleotide pools on HIV-1
reverse transcription, viral replication, and the development
of novel antiviral agents,” Molecular Biology International,
vol. 2012, Article ID 625983, 8 pages, 2012.
K. Taskén, B. S. Sklhegg, T. Kristin Austlid et al., “16 Structure, function, and regulation of human cAMP-dependent
protein kinases,” Advances in Second Messenger and Phosphoprotein Research, vol. 31, pp. 191–204, 1997.
C. H. Serezani, M. N. Ballinger, D. M. Aronoﬀ, and M. PetersGolden, “Cyclic AMP: master regulator of innate immune
cell function,” American Journal of Respiratory Cell and
Molecular Biology, vol. 39, no. 2, pp. 127–132, 2008.
S. L. C. Jin, L. Lan, M. Zoudilova, and M. Conti, “Speciﬁc role
of phosphodiesterase 4B in lipopolysaccharide-induced signaling in mouse macrophages,” Journal of Immunology,
vol. 175, no. 3, pp. 1523–1531, 2005.
L. Rickman, C. Scott, D. M. Hunt et al., “A member of the
cAMP receptor protein family of transcription regulators in
Mycobacterium tuberculosis is required for virulence in mice
and controls transcription of the rpfA gene coding for a resuscitation promoting factor,” Molecular Microbiology, vol. 56,
no. 5, pp. 1274–1286, 2005.

Mediators of Inﬂammation
[85] R. S. Smith, M. C. Wolfgang, and S. Lory, “An adenylate
cyclase-controlled signaling network regulates Pseudomonas
aeruginosa virulence in a mouse model of acute pneumonia,”
Infection and Immunity, vol. 72, no. 3, pp. 1677–1684, 2004.
[86] L. Zhan, Y. Han, L. Yang et al., “The cyclic AMP receptor protein, CRP, is required for both virulence and expression of the
minimal CRP regulon in Yersinia pestis Biovar microtus,”
Infection and Immunity, vol. 76, no. 11, pp. 5028–5037, 2008.
[87] L. Connelly, A. T. Jacobs, M. Palacios-Callender, S. Moncada,
and A. J. Hobbs, “Macrophage endothelial nitric-oxide synthase autoregulates cellular activation and proinﬂammatory protein expression,” The Journal of Biological
Chemistry, vol. 278, no. 29, pp. 26480–26487, 2003.
[88] S. Endres, H. J. Fülle, B. Sinha et al., “Cyclic nucleotides differentially regulate the synthesis of tumour necrosis factoralpha and interleukin-1 beta by human mononuclear cells,”
Immunology, vol. 72, no. 1, pp. 56–60, 1991.
[89] O. Adams, K. Besken, C. Oberdörfer, C. R. MacKenzie,
O. Takikawa, and W. Däubener, “Role of Indoleamine-2,3dioxygenase in alpha/beta and gamma interferon-mediated
antiviral eﬀects against herpes simplex virus infections,” Journal of Virology, vol. 78, no. 5, pp. 2632–2636, 2004.
[90] M. W. Taylor and G. S. Feng, “Relationship between interferon-gamma, indoleamine 2,3-dioxygenase, and tryptophan
catabolism,” The FASEB Journal, vol. 5, no. 11, pp. 2516–
2522, 1991.
[91] A. L. Mellor and D. H. Munn, “IDO expression by dendritic
cells: tolerance and tryptophan catabolism,” Nature Reviews.
Immunology, vol. 4, no. 10, pp. 762–774, 2004.
[92] K. Obojes, O. Andres, K. S. Kim, W. Däubener, and
J. Schneider-Schaulies, “Indoleamine 2,3-dioxygenase mediates cell type-speciﬁc anti-measles virus activity of gamma
interferon,” Journal of Virology, vol. 79, no. 12, pp. 7768–
7776, 2005.
[93] G. Venter, F. T. J. J. Oerlemans, M. Willemse, M. Wijers, J. A.
M. Fransen, and B. Wieringa, “NAMPT-mediated salvage
synthesis of NAD+ controls morphofunctional changes of
macrophages,” PLoS One, vol. 9, no. 5, article e97378, 2014.
[94] A. J. Al-Shabany, A. J. Moody, A. D. Foey, and R. A. Billington, “Intracellular NAD+ levels are associated with LPSinduced TNF-α release in pro-inﬂammatory macrophages,”
Bioscience Reports, vol. 36, no. 1, article e00301, 2016.
[95] A. E. Harper, R. H. Miller, and K. P. Block, “Branched-chain
amino acid metabolism,” Annual Review of Nutrition, vol. 4,
no. 1, pp. 409–454, 1984.
[96] S. D. Skaper, D. P. Molden, and J. E. Seegmiller, “Maple syrup
urine disease: branched-chain amino acid concentrations and
metabolism in cultured human lymphoblasts,” Biochemical
Genetics, vol. 14, no. 7-8, pp. 527–539, 1976.
[97] J. Meiser, L. Krämer, S. C. Sapcariu et al., “Pro-inﬂammatory
macrophages sustain pyruvate oxidation through pyruvate
dehydrogenase for the synthesis of Itaconate and to enable
cytokine expression,” The Journal of Biological Chemistry,
vol. 291, no. 8, pp. 3932–3946, 2016.
[98] R. Soto-Acosta, C. Mosso, M. Cervantes-Salazar et al., “The
increase in cholesterol levels at early stages after dengue virus
infection correlates with an augment in LDL particle uptake
and HMG-CoA reductase activity,” Virology, vol. 442, no. 2,
pp. 132–147, 2013.
[99] K. Park and A. L. Scott, “Cholesterol 25-hydroxylase production by dendritic cells and macrophages is regulated by type I

15

[100]

[101]

[102]

[103]

[104]

[105]

interferons,” Journal of Leukocyte Biology, vol. 88, no. 6,
pp. 1081–1087, 2010.
S.-Y. Liu, R. Aliyari, K. Chikere et al., “Interferon-inducible
cholesterol-25-hydroxylase broadly inhibits viral entry by
production of 25-hydroxycholesterol,” Immunity, vol. 38,
no. 1, pp. 92–105, 2013.
S. S. Rawat, M. Viard, S. A. Gallo, R. Blumenthal, and A. Puri,
“Sphingolipids, cholesterol, and HIV-1: a paradigm in viral
fusion,” Glycoconjugate Journal, vol. 23, no. 3-4, pp. 189–
197, 2006.
A. E. Smith, H. Lilie, and A. Helenius, “Ganglioside-dependent
cell attachment and endocytosis of murine polyomavirus-like
particles,” FEBS Letters, vol. 555, no. 2, pp. 199–203, 2003.
H. Ewers, W. Romer, A. E. Smith et al., “GM1 structure determines SV40-induced membrane invagination and infection,”
Nature Cell Biology, vol. 12, no. 1, pp. 11–18, 2010.
T. Merino-Ramos, Á. Vázquez-Calvo, J. Casas, F. Sobrino, J.C. Saiz, and M. A. Martín-Acebes, “Modiﬁcation of the host
cell lipid metabolism induced by hypolipidemic drugs targeting the acetyl coenzyme a carboxylase impairs West Nile
virus replication,” Antimicrobial Agents and Chemotherapy,
vol. 60, no. 1, pp. 307–315, 2015.
J. Pezacki, S. M. Sagan, A. M. Tonary et al., “Transcriptional
proﬁling of the eﬀects of 25-hydroxycholesterol on human
hepatocyte metabolism and the antiviral state it conveys
against the hepatitis C virus,” BMC Chemical Biology, vol. 9,
no. 1, p. 2, 2009.

MEDIATORS
of

INFLAMMATION

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Gastroenterology
Research and Practice
Hindawi
www.hindawi.com

Volume 2018

Journal of

Hindawi
www.hindawi.com

Diabetes Research
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

International Journal of

Journal of

Endocrinology

Immunology Research
Hindawi
www.hindawi.com

Disease Markers

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
BioMed
Research International

PPAR Research
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Journal of

Obesity

Journal of

Ophthalmology
Hindawi
www.hindawi.com

Volume 2018

Evidence-Based
Complementary and
Alternative Medicine

Stem Cells
International
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Journal of

Oncology
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2013

Parkinson’s
Disease

Computational and
Mathematical Methods
in Medicine
Hindawi
www.hindawi.com

Volume 2018

AIDS

Behavioural
Neurology
Hindawi
www.hindawi.com

Research and Treatment
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Oxidative Medicine and
Cellular Longevity
Hindawi
www.hindawi.com

Volume 2018

