N
N

N

HAL

open science

Glucocorticoids coordinate macrophage metabolism
through the regulation of the tricarboxylic acid cycle
Ulrich Stifel, Eva-Maria Wolfschmitt, Josef Vogt, Ulrich Wachter, Sabine

Vettorazzi, Daniel Tews, Melanie Hogg, Fabian Zink, Nora Maria Koll, Sandra

Winning, et al.

» To cite this version:

Ulrich Stifel, Eva-Maria Wolfschmitt, Josef Vogt, Ulrich Wachter, Sabine Vettorazzi, et al.. Gluco-
corticoids coordinate macrophage metabolism through the regulation of the tricarboxylic acid cycle.

Molecular metabolism, 2021, 57, 10.1016/j.molmet.2021.101424 . hal-03874845

HAL Id: hal-03874845
https://hal.science/hal-03874845

Submitted on 28 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03874845
https://hal.archives-ouvertes.fr

I

MOLECULAR
METABOLISM

Glucocorticoids coordinate macrophage
metabolism through the regulation of the
tricarboxylic acid cycle

Check for
updates

Ulrich Stifel ', Eva-Maria Wolfschmitt 2, Josef Vogt?, Ulrich Wachter 2, Sabine Vettorazzi ', Daniel Tews >,
Melanie Hogg %, Fabian Zink 2, Nora Maria Koll *, Sandra Winning *, Rémi Mounier °, Bénédicte Chazaud °,
Peter Radermacher 2, Pamela Fischer-Posovszky °, Giorgio Caratti "7, Jan Tuckermann "

ABSTRACT

Objectives: Glucocorticoids (GCs) are one of the most widely prescribed anti-inflammatory drugs. By acting through their cognate receptor, the
glucocorticoid receptor (GR), GCs downregulate the expression of pro-inflammatory genes and upregulate the expression of anti-inflammatory
genes. Metabolic pathways have recently been identified as key parts of both the inflammatory activation and anti-inflammatory polarization of
macrophages, immune cells responsible for acute inflammation and tissue repair. It is currently unknown whether GCs control macrophage
metabolism, and if so, to what extent metabolic regulation by GCs confers anti-inflammatory activity.

Methods: Using transcriptomic and metabolomic profiling of macrophages, we identified GC-controlled pathways involved in metabolism,
especially in mitochondrial function.

Results: Metabolic analyses revealed that GCs repress glycolysis in inflammatory myeloid cells and promote tricarboxylic acid (TCA) cycle flux,
promoting succinate metabolism and preventing intracellular accumulation of succinate. Inhibition of ATP synthase attenuated GC-induced
transcriptional changes, likely through stalling of TCA cycle anaplerosis. We further identified a glycolytic regulatory transcription factor, HIF1a, as
regulated by GCs, and as a key regulator of GC responsiveness during inflammatory challenge.

Conclusions: Our findings link metabolism to gene regulation by GCs in macrophages.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION e.g. Tnf[9]. However, merely suppressing cytokine production alone is

not sufficient for the anti-inflammatory actions of GR, suggesting other

Glucocorticoids (GCs) are among the most potent anti-inflammatory
agents known [1]. Since their discovery in the 1950s, GCs are still
used by clinicians to treat various inflammatory disorders, such as
rheumatoid arthritis, lupus, sepsis, and acute lung injury associated
with SARS-COV-2 infection [2—5]. Innate immune cells, such as
macrophages, are a major target of GC therapy [6], but the mecha-
nisms by which GCs inhibit the inflammatory activation in macro-
phages are still not fully understood.

GCs signal through the glucocorticoid receptor (GR), a ligand-activated
transcription factor, which regulates gene expression. GR activates
various anti-inflammatory genes such as Gilz (Tsc22d3) and Dusp1
[7,8] while repressing the expression of pro-inflammatory cytokines,

important mechanisms at play. We and others have proposed the in-
duction of anti-inflammatory genes as a key aspect of GR suppression
of inflammation [10—14]; however, whether GCs regulate macrophage
metabolism has been overlooked.

Although it is well documented that GCs control the metabolic functions
of various tissues (e.g. liver and adipose [15, 16]), and there are re-
ports of GCs regulating mitochondrial function in neuronal cells [17,
18], the contribution of GCs to the cellular metabolism of macrophages
remains an intriguing question. Metabolic regulation in macrophages
has recently become an area of interest due to metabolic rewiring
driving both pro- and anti-inflammatory processes [19—21]. Activation
of pro-inflammatory macrophages results in an increase in glycolysis,
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pentose-phosphate shunt, and mitochondrial dysfunction [22],while
treatment with anti-inflammatory cytokines such as IL-4 promotes
mitochondrial functionality and network connectivity and the switch to
more oxidative metabolism [22]. Inflammatory signals influence
mitochondrial function, leading to increased ROS production and the
accumulation of tricarboxylic acid cycle (TCA) intermediates, which
have downstream effects on macrophage function. For example,
succinate stabilizes HIF1o. expression, while itaconate acts as a
negative feedback loop on inflammation [23,24].

Here, we analyzed the macrophage transcriptome and metabolome in
response to lipopolysaccharide (LPS) and GC treatment in vitro. We
identified the pathways involved in TCA cycle functionality under
control of GCs, which prevent the accumulation of succinate and
reactive oxygen species. Inhibition of mitochondrial functionality or
addition of exogenous succinate inhibits GC transcriptional actions
through a HIF1¢-GR regulatory axis.

2. RESULTS

2.1. Glucocorticoids regulate genes involved in cellular metabolism
In order to assess whether GCs potentially regulate the metabolic path-
ways under inflammatory conditions, we analyzed RNA-seq from bone
marrow-derived macrophages (BMDMs) treated with vehicle (DMSO0),
dexamethasone (Dex, 100 nM), LPS (lipopolysaccharide, 100 ng/ml) or
LPS + dex for 24 h. Genes differentially regulated (p < 0.05) between
LPS- and LPS + Dex-treated samples were used for clustering
(Figure 1A, Fig. S1A), and the resulting differentially expressed genes
were assessed for gene ontology enrichment (Fig. S1B).

We identified multiple pathways involved in metabolic functionality
enriched in gene sets upregulated and downregulated in LPS + Dex
versus LPS conditions. Ontological terms linked to neutrophil biology
and the electron transport chain were highly enriched in upregulated
genes. To investigate this further, all genes involved in an ontology
related to metabolism were manually selected and clustered using K-
means clustering (Figure 1B). Subsequently, individual clusters were
reanalyzed by gene ontology to determine which metabolic pathways
were altered in each cluster (Figure 1C). We identified three main
clusters, consisting of genes upregulated by LPS + Dex (cluster 3),
genes upregulated by LPS and repressed by the addition of Dex
(cluster 2), and a less well-defined cluster with genes upregulated by
the addition of Dex (cluster 1) (Supplementary Table 1). Cluster 3
exhibited enrichment for genes involved in the TCA cycle and the
function and development of mitochondria. The GO cellular component
also localized these genes to the mitochondria. Cluster 2 was highly
enriched for the negative regulation of gene expression, as well as
translation. Cluster 1 was enriched for the regulation of gene
expression and lipid metabolites, such as sphingolipids or glyco-
sphingolipids, consistent with our previous reports [13]. Both clusters 1
and 2 were enriched for localization to the nucleus or non-
mitochondrial organelles. In addition, we validated genes from all
three clusters via gPCR (Fig. S1C). Based on these gene expression
data, we hypothesized that GC control of metabolism may be important
for anti-inflammatory actions in macrophages.

2.2. Metabolomics identifies tricarboxylic acid cycle and reactive
oxygen species as glucocorticoid regulated

To better understand how the identified GC-regulated genes involved in
macrophage metabolism have consequences for metabolite abun-
dance, we performed unbiased metabolomics. By this, we aimed to
identify the metabolites regulated by GCs in macrophages and thus
infer pathways. After 24-h treatment, the cells were analyzed by LC/

MS. Metabolites, with a KEGG identifier, were clustered using hierar-
chical clustering based on differential detection in LPS vs LPS + Dex
(p < 0.1) (Figure 1D, Supplementary Table 2). While LPS and Dex
alone induced specific changes in the metabolome of macrophages,
the co-treatment of LPS + Dex returned the detected metabolites back
to a state similar to that of vehicle-treated cells (Fig. S2A). The
pathways involved in amino acid metabolism as well as glutamine and
glutathione metabolism were highly enriched in the metabolites
differentially detected between LPS and LPS + Dex (Fig. S2B). How-
ever, integration of the differentially expressed genes from Figure 1A
with the metabolomics using MetaboAnalyst-based KEGG pathway
analysis resulted in the enrichment of three clear pathways (Figure 1E,
Supplementary Table 3). While each pathway has an important func-
tionality individually, glutathione metabolism, TCA cycle, and lysine
metabolism are all linked to the regulation of reactive oxygen species
(ROS) [25—27]. Indeed, LPS-induced ROS production was inhibited by
the treatment of macrophages with GCs (Figure 1F). These data
collectively suggest that GC regulation of metabolism has functional
consequences for macrophages. However, the enrichment of the TCA
cycle pathway in the integrative analysis was of interest due to the
knowledge that TCA cycle intermediates can play important roles in
macrophage action [28]. Indeed, GCs treatment of macrophages
suppressed the LPS-induced induction of intracellular succinate
accumulation (Figure 1G), suggesting a clear role of GCs in regulating
mitochondrial and TCA cycle functionality. Furthermore, the activity of
succinate dehydrogenase (SDH) was strongly impaired after LPS
treatment, which was recovered by the addition of Dex (Figure 1H)

2.3. The mitochondrial network, but not oxidative metabolism, is
regulated by glucocorticoids

Next, we analyzed mitochondrial morphology in macrophages by the
immunofluorescence of the mitochondrial marker TOM20 (Figure 2A).
LPS induced the fragmentation of mitochondria, as demonstrated by
the reduced number of branches per mitochondrion. This coincided
with increased sphericity of each mitochondrion [29]. These changes
were not accompanied by differences in the mitochondrial volume,
indicating a reduction in mitochondrial interconnectivity, rather than an
increase in mitochondrial biogenesis. GC treatment partially recovered
the fragmentary effect of LPS on the mitochondrial network, increasing
branching and demonstrating the protective effect of Dex on the
mitochondria under inflammatory conditions. However, GCs did reduce
the mitochondrial volume, in comparison with vehicle and LPS treat-
ments. In turn, we investigated the mitochondrial copy number by
measuring the expression of mitochondrial DNA relative to genomic
DNA but could not observe any changes in response to LPS + Dex
(Fig. S2C), which indicates that multiple levels of control are involved in
the determination of the mitochondrial number and volume.

To test whether the effects detected by transcriptomics, metabolomics,
and mitochondrial morphology translated into differences in glycolytic
or oxidative metabolism, we analyzed metabolism in real time using a
Seahorse Extracellular Flux analyzer in two myeloid cell types, mac-
rophages, and bone marrow-derived dendritic cells (BMDCs), known to
have metabolism altered by inflammatory stimuli [32]. In macro-
phages, LPS caused an increase in the extracellular acidification rate
(ECAR), and maximal ECAR, which was repressed to baseline by GCs
(Figure 2B), indicating direct control of GCs on glycolytic activity in
macrophages. Surprisingly, despite our findings on the TCA cycle
through metabolomics and mitochondrial morphology, we did not
observe any effect of GCs on oxygen consumption, neither basal nor
maximal, despite a trend toward decreased maximal oxygen con-
sumption (Figure 2C). We did not observe this with the treatment with
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Figure 1: Glucocorticoids Regulate Macrophage Metabolic Genes. (A) Hierarchical clustering of RNA seq in vehicle, Dex (100 nM), LPS (100 ng/ml), or LPS + Dex 24-h-
treated macrophages based on differentially regulated genes between LPS and LPS + Dex (N = 2). (B) Clustering of genes associated with metabolism (N = 3). (C) Gene ontology
analysis of clusters from B. (D) Hierarchical clustering of metabolites identified in vehicle, Dex (100 nM), LPS (100 ng/ml), or LPS + Dex 24-h-treated macrophages by untargeted
metabolomics based on differentially regulated metabolites between LPS and LPS + Dex. (E) Integrative KEGG pathway analysis of differently regulated metabolites and
differentially regulated genes from A. (F) 2/,7’-Dichlorfluorescein-Diacetat (DCFHDA) fluorescence of macrophages treated with vehicle, LPS, or LPS + Dex for 16 h measured on a
plate reader (N = 5). (G) Intracellular succinate accumulation of macrophage treated with vehicle, LPS, or LPS + Dex for 24 h (N = 6). (H) SDH activity was measured using MTT in
macrophages treated with vehicle, LPS, or LPS + Dex for 24 h (N = 5). Data are presented as z-scores, -log10 p-value, or mean + SEM. Statistical analysis was performed by
one-way ANOVA using a Tukey post-hoc test. P < 0.05%, <0.01 **, <0.001*** <0.0001 ****
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Figure 2: Mitochondrial Dynamics are Glucocorticoid Responsive. (A) Macrophages were treated for 24 h with vehicle, LPS (100 ng/ml), or LPS + Dex (100 nM) before
analysis. Immunofluorescence images of mitochondria (anti-TOM20) were quantified by Mitochondria Analyzer ImageJ plug-in to determine mitochondrial morphology. Each data
point represents an individual cell (N = 31—35). Data from 4 separate macrophage isolations. (B, C) Metabolic flux in macrophages was analyzed using the Seahorse extracellular

flux analyzer. Cells were treated for 24 h with vehicle, Dex, (100 nM), LPS (10 ng/ml), or a
N = 3. Scale bar: 5 um (A). Data are presented as violin plots. Statistical analysis was
<0.001***, <0.0001 ****,

10 ng/pl or 100 ng/ul LPS, while the effect of ECAR was consistent
within both treatments (Figure 2B, Fig. S3C). In dendritic cells, the
combination of LPS + Dex suppressed glycolysis to a statistically
significant extent similarly to macrophages, but both Dex or LPS + Dex
inhibited maximal glycolytic activity in contrast with macrophages

combination of LPS + Dex before measurement. Data normalized to well DNA content.
performed by one-way ANOVA using a Tukey post-hoc test. p < 0.05%, <0.01 **,

(Fig. S3A). Furthermore, LPS increased respiration, which was
inhibited by the further addition of GCs, while maximal respiration was
inhibited by all treatments (Fig. S3B). These data indicate that GCs
have the ability to inhibit metabolism in two different myeloid cell
types, albeit in different ways
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2.4. Glucocorticoids promote tricarboxylic acid cycle anaplerosis
The identification of the TCA cycle as a highly enriched pathway
through integrative metabolomics and transcriptomics, as well as
changes in the mitochondrial morphology led us to hypothesize that
GCs play a role in the regulation of TCA cycle intermediates but not
oxidative phosphorylation. We therefore used high-resolution meta-
bolic flux analysis to determine the flow rate of stable isotope-labelled
glucose and glutamine through the TCA cycle in vehicle-, LPS-, and
LPS + Dex-treated macrophages using gas chromatography followed
by mass spectrometry (GC/MS). LPS promoted glucose conversion into
lactate and entry into the pentose phosphate pathway (Figure 3A,B), a
pathway known to be involved in ROS production [38]. LPS also
inhibited glutamine uptake and conversion into o-ketoglutarate;
however, the addition of GCs increased glutamine metabolism
(Figure 3A), consistent with the generation of the anti-inflammatory
macrophage phenotype [30]. Furthermore, TCA cycle anaplerosis
was inhibited by LPS via the glutamine to the o-ketoglutarate pathway,
but this was overcompensated by GCs, further increasing flux. The GC-
dependent effects on the TCA cycle matched with our observation that
LPS-driven cytoplasmic succinate accumulation was repressed by Dex
(Figure 1G), likely due to the increased flow rate through the TCA cycle,
consuming succinate.

2.5. Activation of the glucocorticoid receptor in macrophages

promotes mitochondrial Network and TCA cycle genes in vivo

We next aimed to assess whether the activation of GR in a mouse
model of endotoxin shock would also result in changes in the
macrophage mitochondrial function. To do so, we treated wildtype
(GR""") mice or mice with a deletion of GR in the macrophage/myeloid
lineage (GRY*MCRE) with an intraperitoneal dose of LPS or a combi-
nation of LPS and Dex. After 24 h, two distinct macrophage populations
were isolated from the same mice and were analyzed separately due to
material limitations. Lung macrophages were isolated using prepara-
tive sorting (Fig. S4A) and purity was confirmed by qPCR (Fig. S4B).
Peritoneal macrophages were isolated and selected via adherence
enrichment (Figure 4A). Treatment with Dex prevented the dramatic
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loss in body temperature, but only in GR"* mice (Figure 4B),
demonstrating the contribution of macrophage GR to disease toler-
ance. There was no effect on weight loss in the groups during the 24-h
time course (Fig. S4C). Loss of macrophage GR resulted in increased
TNF in the serum of mice after 24 h with no response to Dex
(Figure 4C). To determine the role of metabolic regulation by GCs in
macrophages, we initially assessed the mitochondrial network of
peritoneal macrophages. Indeed, reminiscent to the in vitro data in
Figure 2, the mitochondrial network was highly fragmented under LPS
conditions, in both GR™™ and GRYSMCRE macrophages. Dex, however,
reduced the sphericity of mitochondria and increased the branches per
mitochondrion, which did not occur in the GR-deficient macrophages
(Figure 4D), reestablishing the deleterious mitochondrial network that
occurs after LPS treatment. However, in contrast with the in vitro
experiments, there was no effect on the mitochondrial volume in
macrophages isolated ex vivo. To validate our transcriptomic analysis
and integrative analysis (Figure 1B,E), macrophages isolated from the
lungs of LPS- and LPS + Dex-treated mice were analyzed by RT-gPCR.
Genes involved in succinate metabolism, Sdhd and Suclg1, as well as
in mitochondrial NADH metabolism, Ndufa6 and Ndufa12, were all
upregulated by Dex in macrophages isolated from wildtype mice but
not in those lacking GR (Figure 4E). We also foundGstt3, highlighted in
the integrative analysis as a regulator of GST metabolism, and
therefore ROS was activated in Dex-treated GR™™ macrophages
(Figure 4E).

2.6. Mitochondrial function is required for glucocorticoid-mediated
gene expression

Previous reports have identified that while the anti-inflammatory
signaling molecule interleukin-4 rewires macrophage metabolism,
these alterations are also important for interleukin-4 functionality [30].
We therefore hypothesized that GCs not only alter macrophage
metabolism but also require metabolic regulation for effectiveness of
GR-mediated changes in transcription. We used the ATPase complex V
inhibitor, oligomycin, to dissect out these effects. Treatment with oli-
gomycin decreases oxidative phosphorylation and increases glycolysis
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Figure 3: TCA Cycle Anaplerosis is Promoted by Glucocorticoids. Metabolic flux through (A) the glycolytic pathway, tricarboxylic acid pathway, and (B) pentose phosphate
pathway was analyzed by GC/MS after macrophages were treated for 24 h with vehicle, LPS (100 ng/ml), or LPS + Dex (100 nM) and incubated with labeled glucose and
glutamine. Cells from 7 mice were combined into two replicates. Data were presented as z-scores and graphical representation of the pathways.
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Figure 4: Activation of the Glucocorticoid Receptor Regulates Macrophage Metabolism In Vivo. GR™ and GRY*M°RE mice were subjected to experimental endotoxin shock for 24 h
with or without Dex treatment. (A) Schematic of experiment and cell isolations. (B) Rectal temperature of mice before LPS and 24 h after LPS treatment (N = 8—14). (C) Serum TNF
was determined by ELISA (N = 5—7). (D) Immunofluorescence images of mitochondria (anti-TOM20) from peritoneal macrophages were quantified by Mitochondria Analyzer
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as cells respond to the energetic demand, preventing TCA cycle pro-
gression through the accumulation of NADH-+ [31]. Macrophages were
pretreated with oligomycin for 30 min and then with either vehicle,
LPS, or LPS + Dex for a further 24 h. We then quantified the key anti-
inflammatory genes upregulated by GCs (Gilz (Tsc22d3) and Dusp1) [8]
(Figure 5A) and observed that oligomycin treatment completely
inhibited the Dex-mediated upregulation of Gilzand Dusp1. Repression

of the pro-inflammatory cytokine 7nf by GCs was also abrogated by
oligomycin treatment (Figure 5A). These effects, however, were not
dependent either on oligomycin regulation of GRmRNA expression or
on GR protein abundance (Figs. S5A and B).

This indicates afunctional control of GR-dependent gene regulation by
mitochondrial metabolism and suggests that the effect of GCs on
macrophage metabolism is necessary for their anti-inflammatory
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activities. This reliance on mitochondrial activity was also observed in
dendritic cells, albeit to a lesser extent (Fig. S5C). We next pretreated
macrophages with the cell-permeable diethyl-succinate to bypass the
preventive effect of GCs on succinate accumulation, before incubation
with vehicle, LPS, or LPS + Dex, and analyzed gene expression
(Figure 5B). In a similar manner to ATPase inhibition, succinate
attenuated the upregulation of the anti-inflammatory genes Dusp7 and
Gilz, which again was not dependent on the GR expression (Figs. S5A
and B). However, succinate had no effect on GC-mediated repression
of Tnf, indicating a specific effect of succinate on gene activation,
unlike the effect of oligomycin.

2.7. HIF1a abrogate glucocorticoid actions in myeloid cells
Glycolysis and the inflammatory Warburg effect in macrophages are
driven, in part, by succinate-dependent HIF1a. expression (23). As we
identified that GCs promote TCA cycle anaplerosis at the glutamine-c.-
ketoglutarate pathway, prevent succinate accumulation, and regulate
ROS production, we hypothesized that GCs could inhibit the LPS-
induced expression of HIF1o to promote succinate metabolism and
inhibit glycolysis. GCs suppressed Hifla mRNA (Figure 1C) and
reduced the expression of HIF1a protein (Fig. S5D). We also found a
significant reduction of nuclear HIF1a. in peritoneal macrophages
isolated from GR™™ mice treated with LPS + Dex compared with their
LPS-treated counterparts (Fig. S5E). There was also a small, but
significant, reduction in macrophage nuclear HIF1¢. in GRYSMC'® mice
treated with Dex, likely due to the known limitations of the LysM-CRE,
which have around a 70% recombination rate in macrophages [14].
However, the Dex-treated GRY*MC™® macrophages had significantly
more nuclearHIF1¢e in comparison with the Dex-treated GR"* cells
(Fig. S5E), suggesting increased HIF1¢ activity. As a readout of HIF1a.
activity, we probed the RNA-seq in Figure 1 for HIF1a. target genes
based off the HIF1o. KEGG pathway. Indeed, multiple genes in the
HIF1o pathway were also regulated by LPS + dex, suggesting reduced
HIF1a. activity, in the LPS + dex-treated macrophages compared with
LPS alone (Fig. S5F).

As LPS induces HIF1o. accumulation [23], and GCs downregulate
HIF1a, we used a pre-treatment with CoCl, to artificially increase
cellular HIF1a expression, followed by treatment of macrophage with
vehicle, LPS, or LPS + Dex (Figure 5C). Indeed, CoCl, inhibited the GC-
dependent regulation of the anti-inflammatory genes Gilz and Dusp1,
but not the repression of Tnf, and with no effect on GR abundance
(Figs. S5A and B). Next, we used macrophages with a genetic deletion
of Hiflato determine the contribution of HIF1 4. to GC regulation of gene
expression. Both wildtype and Hif7a*/*macrophages were treated
with vehicle, LPS, or LPS + Dex (Figure 5D). Indeed, upon Hifla
deletion, there was an upregulation of Gilz andDusp1in response to
Dex under LPS-treated conditions compared with the wildtype cells.
This suggests that without HIF1a., GCs are more capable of inducing an
anti-inflammatory macrophage response and that downregulation of
Hifla is a core aspect of GC anti-inflammatory activities in macro-
phages. The effect, however, was independent of cytokine regulation
as the repressive effect of Dex on Tnfgene expression was unchanged
between the genotypes, matching the data on succinate pretreatment,
and artificial HIF1o stabilization.

Taken together, these findings demonstrate that mitochondrial function
is needed for GR regulation of pro- and anti-inflammatory genes in
myeloid cells. While GCs did not increase oxidative phosphorylation per
se, GCs inhibited the LPS-induced glycolytic switch in macrophages
and dendritic cells. GCs also corrected the inhibitory effects of LPS on
the TCA cycle, reducing succinate and ROS accumulation. By pre-
venting the transcriptional and post-translational effects of LPS
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onHIF1¢,, GCs force macrophages away from glycolysis and ROS
production. We also provide evidence that HIF1al is an important
regulator of GR function in macrophages, and that hyperactivation of
HIF1o inhibits GC-mediated gene expression, while its deletion pro-
motes GC-mediated gene expression.

3. DISCUSSION

GCs have long been known to regulate metabolism on an organismal
level, and more recently on a cellular level (17, 18, 32); however, this
has not been directly linked to the major role of GCs as anti-
inflammatory compounds in immune cells. Here, we show for the
first time that GCs rewire macrophage metabolism during inflamma-
tion. We also demonstrate that coordination of succinate metabolism in
important for the anti-inflammatory effects of GCs. Pharmacological
doses of GCs are capable of altering the mitochondrial network of
macrophages both in vitro and in vivo, as well as regulating a subset of
metabolic genes and metabolites associated with glutathione and
succinate metabolism. GCs further increased TCA cycle anaplerosis
between glutamine and a-ketoglutarate while having very little effect
on the oxidative capacity of macrophages. GCs did however suppress
inflammatory glycolysis. We further linked GC-regulated macrophage
metabolism to gene regulation, demonstrating that with severe mito-
chondrial inhibition, or excess succinate, GC-gene activation was
diminished. Furthermore, this effect is dependent on HIF1a, an
important component of the cellular metabolism network. These data
cement GR within the intracellular metabolism network, which regu-
lates macrophage function during inflammation.

Global profiling of genes and metabolites highlighted GC regulation of
macrophage immunometabolism. While the effect of GCs on inflam-
matory processes was expected, the striking result was the identifi-
cation of metabolic pathways as enriched, especially those associated
with mitochondria. Previous expression profiles also suggested regu-
lation of metabolic traits in macrophages by GCs [7,33]; however we
linked our findings to the consequences of metabolite regulation and
glucose metabolism. Our integrative analysis clarified that the gene
expression and metabolite abundance changes converged on path-
ways associated with ROS buffering and the TCA cycle. ROS production
contributes to bactericidal effects in macrophages but is also a major
driver of tissue damage in chronic or excessive inflammation [34]. GCs
therefore control TCA cycle flux and regulate metabolites involved in
the glutathione and lysine degradation pathways, all contributing to
GC-driven tissue protection from damage and resolution of inflam-
mation. We chose to focus on succinate metabolism as a major focal
point, due to its well-known role in macrophage immunometabolism
[23,35—37]. Succinate can not only stabilize HIF1o but also alter the
activity of other proteins through succinylation of lysine residues,
malking a case for HIF1o-independent effects of succinate on GR-
mediated gene regulation. This can affect the enzymatic functions of
the modified proteins, contributing to effects on cell metabolism [34].
Competition between succinate and o-ketoglutarate can also inhibit
histone demethylases, linking succinate accumulation to epigenetic
control of gene regulation [35]. While we only assessed intracellular
succinate, the release of succinate into the extracellular space can act
paracrine via the succinate receptor (SUCNR1). Of note, SUCNR1 is
expressed in metabolic organs such as the liver and white adipose
tissue, and succinate metabolism has been linked to global glucose
and lipid homeostasis [39]. Thus, future directions should focus on
understanding how GC control of the TCA cycle can influence not only
macrophage metabolism but also whole-body metabolism, whether
acting locally via macrophages or by signaling to other cell types. In
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Figure 5: Tricarboxylic Acid Cycle Functionality and HIF1a Regulate Glucocorticoid Action. (A) Macrophages were pre-treated with oligomycin (5 1tM) for 30 min (N = 5—6) or (B)
3 h with 5 mM succinate (N = 5—6) prior to incubation with vehicle, LPS (100 ng/ml) or LPS + Dex (100 nM) for 24 h and analyzed by RT-qPCR. (C) Macrophages were pretreated
with CoCl,(100 pM) for 3 h before treatment with vehicle, LPS (100 ng/ml), or LPS -+ Dex (100 nM) for 8 h and analyzed by qPCR (N = 5).(D) Hif7a knockout macrophages were
treated with vehicle, LPS, or LPS + Dex for 8 h before analysis by RT-gPCR (N = 3—4). Data are shown as mean + SEM. Statistical analysis was performed by two-tailed T-test
(paired comparison) or one-way ANOVA with a Tukey post-hoc test (multiple comparisons). p < 0.05%, <0.01**, <0.001***, <0.0001****,
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addition, it would be necessary to untangle the HIF1o-dependent ef-
fects and independent effects of GC control of succinate metabolism.
As mentioned above, the regulation of TCA cycle succinate but also
glutathione/ROS metabolism by GCs readily links GC activity to the
stabilization of HIF10(26), previously unappreciated in macrophages.
ROS in combination with TCA cycle disruption and succinate accu-
mulation [23] results in the activation of HIF1a signaling in pro-
inflammatory macrophages, which is further amplified by the inhibi-
tory effect LPS has on SDH activity [22]. Indeed, GCs suppressed both
the protein and RNA expression of HIF1¢, along with HIF1a target
genes and glycolytic metabolism of macrophages, a major HIF1a, ef-
fect. But furthermore, they also increased SDH activity, which in part
counteracts the disturbance of the TCA cycle. We also identified HIF1 ¢
as a regulator of GR action, whereby excess stabilization using CoCl,or
succinate inhibited GR-mediated gene expression. Mirroring this ef-
fect, knockout of HIF1a. promoted GR action in macrophages. There
have been multiple studies linking GC signaling to HIF1 ¢, albeit not in
macrophages. Surprisingly, the mechanisms vary depending on the
cell type observed [40,41].

Recently, cistromic studies in HELA cells have demonstrated that
hypoxia can rewire the GR cistrome [42,43]. In a similar manner to
what we observed in macrophages, GILZ (TSC22D3) regulation by GCs
was inhibited by HIF1o activation in HELA cells, opening the possibility
of a conserved GR-HIF1oe mechanism across classically activated
macrophages and cancer cells, potentially linked by the Warburg effect
and succinate metabolism. We therefore identified a new regulator
loop in the macrophages between GR and HIF1a, and the reciprocal
regulation between these two factors may serve to tune the macro-
phage metabolic flux dependent on tissue oxygenation.

The mitochondrial network and thus efficient mitochondrial meta-
bolism in macrophages are important for the resolution of inflamma-
tion, promoting the development of anti-inflammatory functions and
preventing excess inflammatory signaling [22,33]. While we saw no
effects on the mitochondrial copy number, we did observe a significant
reduction in the mitochondrial volume in vitro. This may be caused by
shrinking of the mitochondria in response to LPS + Dex rather than a
reduction in the absolute number of mitochondria. Shrinkage of
mitochondria can be caused by changes in the redox homeostasis,
which were highlighted in the metabolomic/transcriptomic integrative
analysis, indicating glutathione metabolism [54]. Furthermore, GCs
prevented the LPS-induced mitochondrial fragmentation; however, we
did not find GC-mediated regulation of Drp1, Opal, Mfi,or Mf2, the
major regulators of mitochondrial fission and fusion [44], in our
sequencing analysis. This may be an issue with Kinetics, and these
genes may be acutely regulated by GCs rather after 24 h, or GCs may
alter their activity rather than expression. Efficient mitochondrial
metabolism, and thus TCA cycle anaplerosis allows the clearance of
inflammatory intermediates that build up under LPS-treated condi-
tions, especially succinate [35], which control multiple downstream
inflammatory processes. Indeed, promoting this metabolic phenotype
in vivo using Dex recapitulated some of the effects we see in vitro.
Treatment with Dex had a protective effect on core temperature in
GRlox mice, indicating the necessity of macrophage GR responses for
disease tolerance during endotoxin shock. Importantly, the effects we
saw were dependent on GR expression itself, in the absence of GR in
macrophages, the cells were unable to regulate the mitochondrial
network, and metabolic genes in response to Dex. Due to the long
duration of treatment, both in vitro and in vivo, we cannot determine
whether the effects of GCs on metabolic function are through direct GR
target genes, or secondary effects altered by GR-regulated genes. This
should be further investigated in future studies; however, due to the
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lack of regulation of oxidative phosphorylation, which occurs in IL-4-
mediated metabolic control, we hypothesize that GR acts indepen-
dently of IL4 signaling [20, 22, 31, 46]. GCs were able to regulate TCA
cycle anaplerosis at the glutamine-a-ketoglutarate pathway and the
mitochondrial network independently from oxidative phosphorylation,
which suggests that GCs drive an alternate program of metabolic
rewiring in macrophages. This alternate program is entirely different
from the well-studied IL-4-dependent effects [20,22,30,45], despite
having a rather similar — anti-inflammatory — outcome.

Multiple TCA cycle components are capable of altering gene regulation
through epigenetic means. For example, acetyl-CoA, the entry point of
the TCA cycle is the major donor for histone acetylation (28), thus
providing a direct link from cellular metabolism to gene regulation.
Indeed, modulating macrophage metabolism using oligomycin drasti-
cally inhibited GC regulation of the core GR target and anti-inflammatory
genes Gilz and Dusp1, providing a proof of principle that GR requires
efficient mitochondrial function for access to certain genes. Also, LPS
itself causes changes in mitochondrial function [22], suggesting that
inflammatory conditions could paradoxically inhibit GR action. Recently,
in a model of polymicrobial sepsis, the ability for GR to regulate genes in
the liver was substantially limited during inflammation [47], indicating a
conserved mechanism across cell types. Whether LPS mitochondrial
dysfunction stratified cells into responders or non-responders at the
single-cell level should be investigated in more detail.

This study provides the basis for GC regulation of myeloid immuno-
metabolism, linking GC anti-inflammatory actions to mitochondrial
function, through the regulation of glutathione/ROS production and TCA
cycle functionality. We also identify a HIF1a-dependent mechanism of
inhibition of GC signaling during inflammatory activation of macro-
phages. We propose that the regulation of cellular metabolism is
therefore a key aspect of GC-mediated anti-inflammatory functions
and may be used to find further strategies to limit excessive inflam-
mation in a clinical setting.

4. METHODS

4.1. Animals

All animal experiments were performed in accordance with the
accepted standards of animal welfare and with permission of the
responsible authorities of the Regierungsprésidium Tiibingen, license
1332. Myeloid-specific GR mutant mice (Nr3c7im2Gsclyz2tmi(crejiioly
GRYSMC'® on a C57BL/6 background were described previously [14].
Myeloid-specific HIF1o. mutant mice (or Hif1a™Rsio; Lyzotmi(crelifoy
Hif1a%*MCe on a C57BL/6 background and wildtype controls were
used to generate primary cells. Mixed-sex cohorts between 8 and 15
weeks old were used for all the experiments.

4.2. Mouse model of endotoxin shock

Mixed-sex cohorts of mice aged between 10 and 14 weeks were
injected i. p. with either vehicle (PBS) or LPS (Sigma—Aldrich, L2880)
at a concentration of 10 mg/kg. The mice were then injected i. p. with
either 1 mg/kg Dex (Sigma—Aldrich, D2915) or vehicle control. The
mice were killed 24 h later. Mice body temperature and body mass
were measured every 4 h after LPS injection. The mice were sacrificed
if limit points were reached, i.e., body temperature lower than 28 °C
and a total body weight loss of 15%. Sickness-related behaviors were
also considered.

4.3. lsolation of peritoneal macrophages
Peritoneal cavity of mice was washed with RMPI-1640 (Sigma, R7388)
and lavage was centrifuged at 300 g for 5 min. The resulting pellet was
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incubated in RPMI-1640 supplemented with 10% FCS (Sigma) for 3 h
at 37 °C and 5% CO0,. Non-adherent cells were then washed off with
PBS, and the remaining cells were fixed with 4% para-formaldehyde
before downstream analysis.

4.4, lsolation of lung macrophages

Lungs were harvested, minced, and digested using collagenase
(Gibco, 17,018—029) for 1 h at 37 °C. The resulting suspensions were
filtered through a 70 um cell strainer and sorted using an Aria Il
system (BD Biosciences).

4.5. Cell culture

BMDMs were prepared as described previously [13], however using
30% L929 conditioned medium, and maintained for 7 days at 37 °C
and 5% CO,. The cells were washed with PBS and maintained in
macrophage serum-free medium (Macrophage SFM, Thermofisher)
overnight before all experiments.

BMDCs were produced by flushing the femur and tibia and maintaining
the resulting bone marrow in macrophage serum-free medium, con-
taining 10% fetal calf serum (Sigma), 1% penicillin/streptomycin, 1%
L-glutamine, and 50 uM B-mercaptoethanol. The cells were seeded at
2 x 108 cells per 10 cm plate and supplemented with 20 ng/ml GM-
CSF (Sigma Aldrich, SRP3201) to initiate differentiation. After 3 days of
culture at 37 °C and 5% CO,, an additional 10 ml of medium with
20 ng/ml GM-CSF was gently added into the dishes. After another 3
days of differentiation, 10 ml of medium was removed, centrifuged for
5 min at 1500 rpm, resuspended in 10 ml of medium with 20 ng/ml
GM-CSF, and added back into the culture. After 2 more days, the cells
were harvested.

All cells were treated with vehicle (DMSO0), Dex (100 nM), LPS
(100 ng/ml) (all Sigma, Germany), or a combination of LPS -+ Dex for
24 h unless otherwise stated. Oligomycin (5 nM) (Sigma, Germany)
was used for 30 min pretreatment before the addition of LPS or
LPS + Dex. Diethyl succinate (5 mM) (Sigma, Germany) was used for
3 h pretreatment. Cobalt chloride (100 puM) was used for a 3-h
pretreatment.

4.6. Reactive oxygen species detection

Cells were plated at 200,000 cells per well and treated with vehicle,
LPS, or LPS + Dex for 16 h. The cells were then washed 3 times with
PBS and incubated with 2’,7’-Dichlorfluorescein-Diacetate (DCFDA)
(Sigma, Germany) diluted in PBS at 20 puM for 10 minat 37 °C, before
washing with PBS and measuring on a fluorescent plate reader
(CLARIOstar PLUS, Germany). The average MFI of technical duplicates
was used for each data point.

4.7. RNA isolation and RT-qPCR

RNA was isolated using Trizol (Invitrogen), and equivalent concentra-
tions of RNA in each sample were reverse transcribed using High-
Capacity cDNA Kit RT (ThermoFisher). Real-time PCR was performed
with SYBR Green PCR Master Mix (Invitrogen) using a ViiA 7 (Applied
Biosystems) and analyzed using the delta—delta CT method.

4.8. RNA sequencing analysis

Sequencing was performed using the Novoseq platform (Novogene,
China) and differentially expressed genes between LPS and LPS + Dex
(p < 0.05) were subjected to gene ontology analysis using ENRICHR
[55]. The genes were selected for ontology terms related to meta-
bolism and clustered. The clusters were re-analyzed individually by

ENRICHR. Clustering was performed using R software. Data can be
found at GSE167382.

4.9. Metabolomics analysis

11 x 10 BMDMs were treated for 24 h before washing 3 times with
cold PBS and pelleted before snap freezing. Samples were analyzed
using the BGI platform (BGI, Hongkong). In brief, 25 mg of cell pellet
was homogenized and the metabolites were extracted for LC-MS
analysis. QC was performed on an equal amount of all samples
pooled together. The metabolites were separated and detected using a
Waters 2D UPLC (Waters, USA) and a tandem Q-Exactive high-
resolutionmass spectrometer (Thermo Fisher Scientific, USA). Anal-
ysis was performed with metaX [49]. Partial Least Squares Method-
Discriminant Analysis (PLSDA) and Variable Importance in Projection
(VIP) values of the first two principal components of the model,
combined with variability analysis, were used to generate the fold
change and theStudent’st-test was used to screen for differential
metabolites. Pathway analysis was performed with MetaboAnalyst
v5.0 [45,48]. Clustering was performed using R software.

4.10. Seahorse Extracellular Flux analysis

Cells were treated with vehicle, Dex, LPS (10 ng/ml and 100 ng/ml) or
a combination and analyzed by Seahorse assay as described previ-
ously [50], with minor modifications (60,000 cells/well, oligomycin
(2 uM), FCCP (2 M) rotenone (0.5 pM), antimycin A (0.5 pM) initial
injection with glucose (10 mM)). Data were normalized to DNA content
per well using picogreen staining (Invitrogen) and analyzed on a Tecan
multimode reader (Tecan, Switzerland).

4.11. Metabolic Flux by Gas Chromatography and Mass
Spectrometry

BMDMs pooled from 7 mice were pretreated with vehicle, LPS, or
LPS + Dex in triplicate for 24 h before incubation for 2 h in 1 ml of
RPMI-1640 (Sigma) at 37 °C in a closed tube with either 0.9 mg/ml U—
3cs glucose (Campro Scientific, Germany), 1,2—'°C glucose, or
0.6 mg/ml U—"3C5 glutamine (Cambridge Isotope Laboratories, USA).
Unlabeled glucose and glutamine were added for a final concentration
of 1.8 mg/ml and 0.6 mg/ml, respectively. Molecular ions as well as
fragments of aspartate, glutamate, lactate, and itaconate were
measured by GC/MS (5975—6890, Agilent, Waldbronn), and their
carbon labelling patterns were analyzed to estimate TCA or pentose
phosphate shunt flow rates with samples run in duplicate. For the
analysis of metabolic flux data, we used RStan (R interface to Stan) a
library for Bayesian modelling, which utilizes user-defined models and
data to return posterior simulations of prior defined parameters
[51,52],t0 obtain absolute flow rates from the cumulative release of
13C02, itaconate, and lactate. Data were converted to Z-scores, and
the relative rates of each condition were displayed.

4.12. Succinate measurements

Intracellular succinate was measured using a succinate assay/mea-
surement kit (abcam ab204718) according to the manufacturer’s
instructions

4.13. MTT assay

A total of 60,000 BMDMs were seeded per well of a 96-well plate. The
cells were treated for 24 h, as indicated above before the addition of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT)
(Roche 11,465,007,001) at 0.5 mg/ml for 4 h at 37 °C and 5% CO..
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MTT was dissolved using DMSO, and the absorbance was measured at
570 nm.

4.14. Immunofluorescence and Imaging

Cells were plated at 500,000 cells/well onto coverslips and left to
adhere overnight before serum starvation the following day. The cells
were treated with vehicle (DMS0), Dex (100 nM), LPS (100 ng/ml) (all
Sigma, Germany), or a combination of LPS + Dex for 24 h before
fixation with 4% PFA for 1 h at 4 °C and consecutively washed with
PBS before permeabilization with 0.1% TritionX-100 (Sigma) for
30 min at 4 °C. After washing with PBS, the cells were blocked with
0.5% FCS overnight at 4 °C.The next day, the cells were then stained
with anti-TOM20 (1/200, D8T4N, Cell Signaling) overnight. On the next
day, secondary anti-rabbit Alexafluor-488 (1/500, 21,206, Thermo-
fisher) was used to detect the primary antibody. After washing, the
cells were stained with DAPI and mounted using Fluromount (Sigma)
and imaged with a Leica TCS SP8 microscope to acquire z-stacks of
cells. Images were deconvolved and analyzed using the Mitochondrial
AnalzyerimageJ plugin [53].

4.15. Immunoblot analysis

Immunoblots were performed as described previously [16] with mi-
nor modifications. In brief, macrophage lysates were prepared by
scraping cells into RIPA buffer (50 mM TrisHCI pH 7.4, 1% NP40,
0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) with pro-
tease inhibitors (Roche, cOmplete Protease inhibitor cocktail) and
phosphatase inhibitors (Roche, PhosSTOP). Protein (20 pg) was run
on a 10% acrylamide gel and then transferred on ice for 1 h to a
0.22 pum nitrocellulose membrane (Santa Cruz sc-3718). The
membrane was then blocked with 5% BSA (Serva, 11930.04) in TBS-
T for 1 h before incubation with primary antibodies against HIF1o
(Cell Signaling, D1S7W, 1/1000), GR (Cell Signaling D8H2, 1/1000),
or B-actin (Sigma A1978, 1/2000). The primary antibodies were
detected using goat anti-rabbit (Invitrogen, A10547) or goat anti-
mouse (Dako-Agilent, AF3628) HRP-linked secondary antibodies (1/
5000). Chemiluminescence was detected using Immobilon Forte
Western HRP substrate (Merck Milipore, WBLUF0100) using a

I

MOLECULAR
METABOLISM

founded by German Research Foundation (DFG) through the grant 91BGG INST 381/39—
1. We thank the Ulm University Medical Centre Core Facility Extracellular Flux analyzer for
the help. We thank the Core Facility Cytometry (Medical Faculty, University of Ulm) for
help with sorting. We thank the central animal facility of the University of Ulm for excellent
support. D.T. received funding from DFG (TE912-2/2); P.F.-P. received funding from DFG
(Fi1700/7—1). S.V. received funding from the Deutsche Forschungs-gemeinschaft (DFG,
German Research Foundation) — Project-ID 251293561 — SFB 1149; G.C. received
funding from University Clinic Ulm Baustein and University Uim PROtrainU grants. J.T. and
P.R. received funding from the Deutsche Forschungs-gemeinschaft (DFG, German
Research Foundation) — Project-ID 251293561 — SFB 1149; J.T. and B.D. received
funding from DFG ANR (DFG Tu220/13—1).

CONFLICT OF INTEREST
None declared.
APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://doi.org/10.1016/j.
molmet.2021.101424.

REFERENCES

[1] Quax, R.A., Manenschijn, L., Koper, J.W., Lamberts, S.W., van Rossum, E.F.,
et al., 2013. Glucocorticoid sensitivity in health and disease. Nature Reviews
Endocrinology  9(11):670—686.  https://doi.org/10.1038/nrendo.2013.183.
Epub 2013 Oct 1. PMID: 24080732.

[2] Hua, C., Buttgereit, F., Combe, B., 2020. Glucocorticoids in rheumatoid
arthritis: current status and future studies. RMD Open 6(1):536.

[3] Ruiz-lrastorza, G., 2020. Can we effectively treat lupus and reduce the side-
effects of glucocorticoids? The Lancet Rheumatology 2(1):e3—e5.

[4] Venkatesh, B., Finfer, S., Cohen, J., Rajbhandari, D., Arabi, Y., Bellomo, R., et al.,
2018. ADRENAL Trial Investigators and the Australian—New Zealand Intensive
Care Society Clinical Trials Group. Adjunctive Glucocorticoid Therapy in Patients
with Septic Shock. New England Journal of Medicine 378(9):797—808. https://
doi.org/10.1056/NEJMoa1705835. Epub 2018 Jan 19. PMID: 29347874,

BioRadChemiDocMP. [5] The RECOVERY Collaborative Group, 2020. Dexamethasone in hospitalized
patients with covid-19. New England Journal of Medicine 384(8):693—704.
4.16. Statistical analysis [6] Escoter-Torres, L., Caratti, G., Mechtidou, A., Tuckermann, J., Uhlenhaut, N.H.,
Data were analyzed using Graphpad Prism version 9 (Graphpad). Vettorazzi, S., 2019. Fighting the fire: mechanisms of inflammatory gene
Individual comparisons were performed using a two-tailed t-test, regulation by the glucocorticoid receptor. Frontiers in Immunology 10:1859.
and multiple comparisons were performed with one-way or three- https://doi.org/10.3389/fimmu.2019.01859.  PMID:  31440248;  PMCID:
way ANOVA with a Tukey post-hoc test. Details of the sample PMC6693390.
numbers can be found in the appropriate figure Iegend. N values [7] Oh, K.S., Patel, H., Gottschalk, R.A., Lee, W.S., Baek, S., Fraser, I.D.C., et al.,
represent data/cultures from individual mice unless otherwise 2017. Anti-inflammatory chromatinscape suggests alternative mechanisms of
stated. glucocorticoid receptor action. Immunity 47(2):298—309.e5. https://doi.org/
10.1016/j.immuni.2017.07.012. Epub 2017 Aug 8. PMID: 28801231; PMCID:
AUTHOR CONTRIBUTIONS PMC5572836.
[8] Desgeorges, T., Caratti, G., Mounier, R., Tuckermann, J., Chazaud, B., 2019.
Conceptualization: G.C. and J.P.T. Methodology and investigation: G.C., Glucocorticoids shape macrophage phenotype for tissue repair. Frontiers in
US., E-M.W., S.V., M.H., F.Z, SW., N.K., and D.T. Data analysis: G.C., Immunology 10(JULY):1591.
U.S., E-M.W., J.V., and U.W. Resource acquisition: G.C., R.M., B.C., [9] Rhen, T., Cidlowski, J.A., 2005. Antiinflammatory action of glucocorticoids -
PR., P.F—P., SW., NK., and J.P.T. Supervision: G.C. and J.P.T. new mechanisms for old drugs. New England Journal of Medicine 353(16):
Writing: G.C. and J.P.T wrote the manuscript. All authors edited the 17111723
manuscript. [10] Vandevyver, S., Dejager, L., Tuckermann, J., Libert, C., 2013. New insights
into the anti-inflammatory mechanisms of glucocorticoids: an emerging role
ACKNOWLEDGEMENTS for glucocorticoid-receptor-mediated transactivation. Endocrinology 154(3):
993—-1007.
We thank the Uim University Centre for Translational Imaging MoMAN and Core Facilty ~ [11] Vandevyver, S., Dejager, L., Van Bogaert, T. Kleyman, A, Liu, Y,
Confocal and Multiphoton Microscopy for the support. The microscope SP8 Leica was Tuckermann, J., et al., 2012. Glucocorticoid receptor dimerization induces
MOLECULAR METABOLISM 57 (2022) 101424 © 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 1

www.molecularmetabolism.com


https://doi.org/10.1016/j.molmet.2021.101424
https://doi.org/10.1016/j.molmet.2021.101424
https://doi.org/10.1038/nrendo.2013.183
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref2
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref2
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref3
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref3
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref3
https://doi.org/10.1056/NEJMoa1705835
https://doi.org/10.1056/NEJMoa1705835
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref5
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref5
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref5
https://doi.org/10.3389/fimmu.2019.01859
https://doi.org/10.1016/j.immuni.2017.07.012
https://doi.org/10.1016/j.immuni.2017.07.012
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref8
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref8
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref8
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref9
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref9
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref9
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref9
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref10
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref10
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref10
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref10
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref10
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

Original Article

N2

3]

N4

(3]

(e

(17

s

)

[20]

[21]

[22]

[23]

12

MKP1 to protect against TNF-induced inflammation. Journal of Clinical
Investigation 122(6):2130—2140. https://doi.org/10.1172/JCI60006. Epub
2012 May 15. PMID: 22585571; PMCID: PMC3366401.

Kleiman, A., Hiibner, S., Rodriguez Parkitna, J.M., Neumann, A., Hofer, S.,
Weigand, M.A., et al., 2012. Glucocorticoid receptor dimerization is required
for survival in septic shock via suppression of interleukin-1 in macrophages.
Federation of American Societies for Experimental Biology Journal 26(2):722—
729. https://doi.org/10.1096/fj.11-192112. Epub 2011 Oct 31. PMID:
22042221.

Vettorazzi, S., Bode, C., Dejager, L., Frappart, L., Shelest, E., KlaBen, C., et al.,
2015. Glucocorticoids limit acute lung inflammation in concert with inflam-
matory stimuli by induction of SphK1. Nature Communications 6(1):7796.
https://doi.org/10.1038/ncomms8796. PMID: 26183376; PMCID:
PMC4518295.

Tuckermann, J.P., Kleiman, A., Moriggl, R., Spanbroek, R., Neumann, A,
llling, A., et al., 2007. Macrophages and neutrophils are the targets for im-
mune suppression by glucocorticoids in contact allergy. Journal of Clinical
Investigation 117(5):1381—1390. htips://doi.org/10.1172/JCI28034. Epub
2007 Apr 19. PMID: 17446934; PMCID: PMC1849982.

Caratti, G., Igbal, M., Hunter, L., Kim, D., Wang, P., Vonslow, R.M., et al.,
2018. REVERBa couples the circadian clock to hepatic glucocorticoid action.
Journal of Clinical Investigation 128(10):4454—4471. https://doi.org/10.1172/
JCI96138. Epub 2018 Sep 4. PMID: 30179226; PMCID: PMC6160001.
Mueller, K.M., Hartmann, K., Kaltenecker, D., Vettorazzi, S., Bauer, M.,
.Mauser, L., et al., 2017. Adipocyte glucocorticoid receptor deficiency atten-
uates aging- and HFD-induced obesity and impairs the feeding-fasting tran-
sition. Diabetes 66(2):272—286. https://doi.org/10.2337/db16-0381. Epub
2016 Sep 20. Erratum in: Diabetes. 2017 Nov 16;: PMID: 27650854.

Du, J., Wang, Y., Hunter, R., Wei, Y., Blumenthal, R., Falke, C., et al., 2009.
Dynamic regulation of mitochondrial function by glucocorticoids. Proceedings
of the National Academy of Sciences of the United States of America 106(9):
3543—3548. hitps://doi.org/10.1073/pnas.0812671106. Epub 2009 Feb 6.
PMID: 19202080; PMCID: PMC2637276.

Hunter, R.G., Seligsohn, M., Rubin, T.G., Griffiths, B.B., Ozdemir, Y.,
Pfaff, D.W., et al., 2016. Stress and corticosteroids regulate rat hippocampal
mitochondrial DNA gene expression via the glucocorticoid receptor. Pro-
ceedings of the National Academy of Sciences of the United States of America
113(32):9099—9104. https://doi.org/10.1073/pnas.1602185113. Epub 2016
Jul 25. PMID: 27457949; PMCID: PMC4987818.

Koenis, D.S., Medzikovic, L., van Loenen, P.B., van Weeghel, M.,
Huveneers, S., Vos, M., et al., 2018. Nuclear receptor Nur77 limits the
macrophage inflammatory response through transcriptional reprogramming of
mitochondrial metabolism. Cell Reports 24(8):2127—2140.e7. https://doi.org/

[24]

[29]

[26]

[27]

[28]

[29]

[30]

[31]

[B32]

[33]

[34]

[33]

doi.org/10.1038/nature11986. Epub 2013 Mar 24. PMID: 23535595; PMCID:
PMC4031686.

Mills, E.L., Ryan, D.G., Prag, H.A., Dikovskaya, D., Menon, D., Zaslona, Z.,
et al., 2018. Itaconate is an anti-inflammatory metabolite that activates Nrf2
via alkylation of KEAP1. Nature 556(7699):113—117. https://doi.org/10.1038/
nature25986. Epub 2018 Mar 28. PMID: 29590092; PMCID: PMC6047741.
Muri, J., Kopf, M., 2020. Redox regulation of immunometabolism. Nature
Reviews Immunology, 1—19.

Chandel, N.S., McClintock, D.S., Feliciano, C.E., Wood, T.M., Melendez, J.A.,
Rodriguez, A.M., et al., 2000. Reactive oxygen species generated at mito-
chondrial Complex Il stabilize hypoxia-inducible factor-1a. during hypoxia: a
mechanism of 02 sensing. Journal of Biological Chemistry 275(33):25130—
25138. https://doi.org/10.1074/jbc.M001914200. PMID: 10833514.
Olin-Sandoval, V., Yu, J.S.L., Miller-Fleming, L., Alam, M.T., Kamrad, S.,
Correia-Melo, C., et al., 2019. Lysine harvesting is an antioxidant strategy and
triggers underground polyamine metabolism. Nature 572(7768):249—253.
https://doi.org/10.1038/s41586-019-1442-6. Epub 2019 Jul 31. PMID:
31367038; PMCID: PMC6774798.

Martinez-Reyes, I., Chandel, N.S., 2020. Mitochondrial TCA cycle metabolites
control physiology and disease. Nature Communications 11(1):1—11.
Legland, D., Arganda-Carreras, I., Andrey, P., 2016. MorphoLibJ: integrated
library and plugins for mathematical morphology with ImageJ. Bioinformatics
32(22):3532—3534.

Nagy, C., Haschemi, A., 2015. Time and demand are two critical dimensions of
immunometabolism: the process of macrophage activation and the pentose
phosphate pathway. Frontiers in Immunology 6(APR):164.

Liu, P.S., Wang, H., Li, X., Chao, T., Teav, T., Christen, S., et al., 2017. a-
ketoglutarate orchestrates macrophage activation through metabolic and
epigenetic reprogramming. Nature Immunology 18(9):985—994. htips://
doi.org/10.1038/ni.3796. Epub 2017 Jul 17. PMID: 28714978.

Lee, 0., O'Brien, P.J., 2010. Modifications of mitochondrial function by toxi-
cants. In: Comprehensive toxicology, ed. Elsevier. p. 411—45.

Morgan, D.J., Poolman, T.M., Williamson, A.J., Wang, Z., Clark, N.R.,
Ma’ayan, A., et al., 2016. Glucocorticoid receptor isoforms direct distinct
mitochondrial programs to regulate ATP production. Scientific Reports 6(April).
https://doi.org/10.1038/srep26419. PMID: 27226058; PMCID: PMC4881047.
Mittal, M., Siddiqui, M.R., Tran, K., Reddy, S.P., Malik, A.B., 2014. Reactive
oxygen species in inflammation and tissue injury. Antioxidants and Redox
Signaling 20(7):1126—1167.

Harber, K.J., de Goede, K.E., Verberk, S.G.S., Meinster, E., de Vries, H.E., van
Weeghel, M., et al., 2020. Succinate is an inflammation-induced immuno-
regulatory metabolite in macrophages. Metabolites 10(9):372. https://doi.org/
10.3390/metabo10090372. PMID: 32942769; PMCID: PMC7569821.

10.1016/j.celrep.2018.07.065. PMID: 30134173; PMCID: PMC6113932.
Nelson, V.L., Nguyen, H.C.B., Garcia-Cafiaveras, J.C., Briggs, E.R., Ho, W.Y.,
DiSpirito, J.R., et al., 2018. PPARY is a nexus controlling alternative activation
of macrophages via glutamine metabolism. Genes & Development 32(15—16):
1035—1044. https://doi.org/10.1101/gad.312355.118. Epub 2018 Jul 13.
PMID: 30006480; PMCID: PMC6075146.

Seim, G.L., Britt, E.C., John, S.V., Yeo, F.J., Johnson, A.R., Eisenstein, R.S.,
et al., 2019. Two-stage metabolic remodelling in macrophages in response to
lipopolysaccharide and interferon-+y stimulation. Nature Metabolism 1(7):731—
742. hitps://doi.org/10.1038/s42255-019-0083-2. Epub 2019 Jul 12. PMID:
32259027; PMCID: PMC7108803.

van den Bossche, J., Baardman, J., Otto, N.A., van der Velden, S., Neele, A.E.,
van den Berg, S.M., et al., 2016. Mitochondrial dysfunction prevents repo-
larization of inflammatory macrophages. Cell Reports 17(3):684—696. https:/
doi.org/10.1016/j.celrep.2016.09.008. PMID: 27732846.

Tannahill, G.M., Curtis, A.M., Adamik, J., Palsson-McDermott, E.M.,
McGettrick, A.F., Goel, G., et al., 2013. Succinate is an inflammatory signal
that induces IL-1B through HIF-1c. Nature 496(7444):238—242 https://

36]

[37]

[38]

[39]

[40]

[41]

Mills, E.L., Kelly, B., Logan, A., Costa, A.,S.H., Varma, M., Bryant, C.E., et al.,
2016. Succinate dehydrogenase supports metabolic repurposing of mito-
chondria to drive inflammatory macrophages. Cell 167:457—470.e13. htips:/
doi.org/10.1016/j.cell.2016.08.064. Epub 2016 Sep 22. PMID: 27667687;
PMCID: PMC5863951.

Mills, E., O'Neill, L.A.J., 2014. Succinate: a metabolic signal in inflammation.
Trends in Cell Biology 24(5):313—320.

Fan, J., Krautkramer, K.A., Feldman, J.L., Denu, J.M., 2015. Metabolic
regulation of histone post-translational modifications. ACS Chemical Biology
10(1):95—108.

Ariza, A.C., Deen, P.M.T., Robben, J.H., 2012. The succinate receptor as a
novel therapeutic target for oxidative and metabolic stress-related conditions.
Frontiers in Endocrinology, 22.

Flygare, J., Estrada, V.R., Shin, C., Gupta, S., Lodish, H.F., 2011. HIF1a
synergizes with glucocorticoids to promote BFU-E progenitor self-renewal.
Blood 117(12):3435—3444.

Marchi, D., Santhakumar, K., Markham, E., Li, N., Storbeck, K.H., Krone, N.,
et al., 2020. Bidirectional crosstalk between Hypoxia-Inducible Factor and

MOLECULAR METABOLISM 57 (2022) 101424 © 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.molecularmetabolism.com


https://doi.org/10.1172/JCI60006
https://doi.org/10.1096/fj.11-192112
https://doi.org/10.1038/ncomms8796
https://doi.org/10.1172/JCI28034
https://doi.org/10.1172/JCI96138
https://doi.org/10.1172/JCI96138
https://doi.org/10.2337/db16-0381
https://doi.org/10.1073/pnas.0812671106
https://doi.org/10.1073/pnas.1602185113
https://doi.org/10.1016/j.celrep.2018.07.065
https://doi.org/10.1016/j.celrep.2018.07.065
https://doi.org/10.1101/gad.312355.118
https://doi.org/10.1038/s42255-019-0083-2
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1038/nature11986
https://doi.org/10.1038/nature11986
https://doi.org/10.1038/nature25986
https://doi.org/10.1038/nature25986
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref25
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref25
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref25
https://doi.org/10.1074/jbc.M001914200
https://doi.org/10.1038/s41586-019-1442-6
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref28
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref28
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref28
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref29
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref29
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref29
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref29
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref30
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref30
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref30
https://doi.org/10.1038/ni.3796
https://doi.org/10.1038/ni.3796
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref32
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref32
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref32
https://doi.org/10.1038/srep26419
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref34
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref34
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref34
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref34
https://doi.org/10.3390/metabo10090372
https://doi.org/10.3390/metabo10090372
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1016/j.cell.2016.08.064
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref37
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref37
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref37
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref38
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref38
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref38
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref38
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref39
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref39
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref39
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref40
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref40
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref40
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref40
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

[42

[43

[44

[45

=
X

MOLECULAR METABOLISM 57 (2022) 101424 © 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

glucocorticoid signalling in zebrafish larvae. PLoS Genetics 16(5):e1008757.
https://doi.org/10.1371/journal.pgen.1008757. PMID: 32379754; PMCID:
PMC7237044.

Vettori, A., Greenald, D., Wilson, G.K., Peron, M., Facchinello, N., Markham, E.,
et al., 2017. Glucocorticoids promote von hippel lindau degradation and hif-1a
stabilization. Proceedings of the National Academy of Sciences of the United States
of America 114(37):9948—9953. https://doi.org/10.1073/pnas.1705338114.
Epub 2017 Aug 29. PMID: 28851829; PMCID: PMC5604011.

Yang, N., Berry, A., Sauer, C., Baxter, M., Donaldson, I.J., Forbes, K., et al.,
2020. Hypoxia regulates GR function through multiple mechanisms involving
microRNAs 103 and 107. Molecular and Cellular Endocrinology 518:111007.
https://doi.org/10.1016/j.mce.2020.111007. Epub 2020 Aug 29. PMID:
32871225; PMCID: PMC7646191.

Youle, R.J., van der Bliek, A.M., 2012. Mitochondrial fission, fusion, and
stress.  Science  337(6098):1062—1065.  https://doi.org/10.1126/sci-
ence.1219855. PMID: 22936770; PMCID: PMC4762028.

Jha, AK., Huang, S.C., Sergushichev, A., Lampropoulou, V., Ivanova, Y.,
Loginicheva, E., 2015. Network integration of parallel metabolic and tran-
scriptional data reveals metabolic modules that regulate macrophage polari-
zation. Immunity 42(3):419—430. https://doi.org/10.1016/
j.immuni.2015.02.005. PMID: 25786174,

Huang, S.C.C., Smith, A.M., Everts, B., Colonna, M., Pearce, E.L.,
Schilling, J.D., et al., 2016. Metabolic reprogramming mediated by the
mTORC2-IRF4 signaling Axis is essential for macrophage alternative activation.
Immunity  45(4):817—830.  https://doi.org/10.1016/j.immuni.2016.09.016.
PMID: 27760338; PMCID: PMC5535820.

Vandewalle, J., Timmermans, S., Paakinaho, V., Vancraeynest, L.,
Dewyse, L., Vanderhaeghen, T., et al., 2021. Combined glucocorticoid
resistance and hyperlactatemia contributes to lethal shock in sepsis. Cell

www.molecularmetabolism.com

48]

(49]

(50]

(51]

(52]

(53]

(54]

(58]

I

MOLECULAR
METABOLISM

Metabolism. https://doi.org/10.1016/J.CMET.2021.07.002. Epub 2021 Jul
23. PMID: 34302744.

Chong, J., Wishart, D.S., Xia, J., 2019. Using MetaboAnalyst 4.0 for
comprehensive and integrative metabolomics data analysis. Current Protocols
in Bioinformatics 68(1):e86.

Wen, B., Mei, Z., Zeng, C., metaX, Liu S., 2017. A flexible and comprehensive
software for processing metabolomics data. BMC Bioinformatics 18(1):183.
van den Bossche, J., Baardman, J., de Winther Mpj, 2015. Metabolic char-
acterization of polarized M1 and M2 bone marrow-derived macrophages using
real-time extracellular flux analysis. Journal of Visualized Experiments(105)
€53424—e53424.

Long, C.P., Antoniewicz, M.R., 2019. High-resolution 13C metabolic flux
analysis. Nature Protocols 14(10):2856—2877.

Vogt, J.A, Yarmush, D.M., Yu, Y.M. Zupke, C., Fischman, A.J.,
Tompkins, R.G., et al., 1997. TCA cycle flux estimates from NMR- and GC-MS-
determined [13C]glutamate isotopomers in liver. American Journal of Physi-
ology - Cell Physiology 272(6 Pt 1):2049—C2062. https://doi.org/10.1152/
ajpcell.1997.272.6.c2049. PMID: 9227434.

Chaudhry, A., Shi, R., Luciani, D.S., 2020. A pipeline for multidimensional
confocal analysis of mitochondrial morphology, function, and dynamics in
pancreatic [-cells. American Journal of Physiology. Endocrinology and
Metabolism 318(2):E87—E101.

Willems, P.H., Rossignol, R., Dieteren, C.E., Murphy, M.P., Koopman, W.J.,
2015 Aug 4. Redox homeostasis and mitochondrial dynamics. Cell Metabolism
22(2):207—218. https://doi.org/10.1016/j.cmet.2015.06.006. Epub 2015 Jul
9. PMID: 26166745.

Chen, E.J., Tan, C.M., Kou, Y., Duan, Q., Meirelles, G.V., 2013. Enrichr:
interactive and collaborative HTML5 gene list enrichment analysis tool. BMC
Bioinformatics. https://doi.org/10.1186/1471-2105-14-128.

13


https://doi.org/10.1371/journal.pgen.1008757
https://doi.org/10.1073/pnas.1705338114
https://doi.org/10.1016/j.mce.2020.111007
https://doi.org/10.1126/science.1219855
https://doi.org/10.1126/science.1219855
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.1016/J.CMET.2021.07.002
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref48
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref48
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref48
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref49
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref49
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref50
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref50
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref50
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref50
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref50
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref51
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref51
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref51
https://doi.org/10.1152/ajpcell.1997.272.6.c2049
https://doi.org/10.1152/ajpcell.1997.272.6.c2049
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref53
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref53
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref53
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref53
http://refhub.elsevier.com/S2212-8778(21)00282-9/sref53
https://doi.org/10.1016/j.cmet.2015.06.006
https://doi.org/10.1186/1471-2105-14-128
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

	Glucocorticoids coordinate macrophage metabolism through the regulation of the tricarboxylic acid cycle
	1. Introduction
	2. Results
	2.1. Glucocorticoids regulate genes involved in cellular metabolism
	2.2. Metabolomics identifies tricarboxylic acid cycle and reactive oxygen species as glucocorticoid regulated
	2.3. The mitochondrial network, but not oxidative metabolism, is regulated by glucocorticoids
	2.4. Glucocorticoids promote tricarboxylic acid cycle anaplerosis
	2.5. Activation of the glucocorticoid receptor in macrophages promotes mitochondrial Network and TCA cycle genes in vivo
	2.6. Mitochondrial function is required for glucocorticoid-mediated gene expression
	2.7. HIF1α abrogate glucocorticoid actions in myeloid cells

	3. Discussion
	4. Methods
	4.1. Animals
	4.2. Mouse model of endotoxin shock
	4.3. Isolation of peritoneal macrophages
	4.4. Isolation of lung macrophages
	4.5. Cell culture
	4.6. Reactive oxygen species detection
	4.7. RNA isolation and RT-qPCR
	4.8. RNA sequencing analysis
	4.9. Metabolomics analysis
	4.10. Seahorse Extracellular Flux analysis
	4.11. Metabolic Flux by Gas Chromatography and Mass Spectrometry
	4.12. Succinate measurements
	4.13. MTT assay
	4.14. Immunofluorescence and Imaging
	4.15. Immunoblot analysis
	4.16. Statistical analysis

	Author contributions
	Acknowledgements
	Conflict of interest
	Appendix A. Supplementary data
	References


