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Macrophagic AMPKa1 orchestrates regenerative
inflammation induced by glucocorticoids
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Abstract

Macrophages are key cells after tissue damage since they mediate
both acute inflammatory phase and regenerative inflammation by
shifting from pro-inflammatory to restorative cells. Glucocorticoids
(GCs) are the most potent anti-inflammatory hormone in clinical
use, still their actions on macrophages are not fully understood.
We show that the metabolic sensor AMP-activated protein kinase
(AMPK) is required for GCs to induce restorative macrophages. GC
Dexamethasone activates AMPK in macrophages and GC receptor
(GR) phosphorylation is decreased in AMPK-deficient macrophages.
Loss of AMPK in macrophages abrogates the GC-induced acquisi-
tion of their repair phenotype and impairs GC-induced resolution
of inflammation in vivo during post-injury muscle regeneration
and acute lung injury. Mechanistically, two categories of genes are
impacted by GC treatment in macrophages. Firstly, canonical cyto-
kine regulation by GCs is not affected by AMPK loss. Secondly,
AMPK-dependent GC-induced genes required for the phenotypic
transition of macrophages are co-regulated by the transcription
factor FOXO3, an AMPK substrate. Thus, beyond cytokine regula-
tion, GR requires AMPK-FOXO3 for immunomodulatory actions in
macrophages, linking their metabolic status to transcriptional con-
trol in regenerative inflammation.

Keywords acute lung injury; glucocorticoids; macrophages; regenerative

inflammation; skeletal muscle regeneration

Subject Categories Immunology; Signal Transduction; Stem Cells &

Regenerative Medicine

DOI 10.15252/embr.202255363 | Received 6 May 2022 | Revised 28 November

2022 | Accepted 29 November 2022 | Published online 15 December 2022

EMBO Reports (2023) 24: e55363

Introduction

Resolution of inflammation is essential for the return to tissue

homeostasis after an inflammatory insult, both to limit excessive

organ damage and to initiate the regenerative inflammation that

sustains the repair process (Watanabe et al, 2019). Resolution

involves the suppression of pro-inflammatory active cells and the

acquisition of an anti-inflammatory/restorative phenotype by

immune cells to initiate tissue repair. Macrophages are central to

this process, being involved in both the acute inflammatory phase

and the regenerative phase (Arnold et al, 2007; Wynn & Vannella,

2016; Watanabe et al, 2019). Inflammatory macrophages rapidly

infiltrate the target tissue and release pro-inflammatory cytokines

(Mantovani et al, 2004; Turner et al, 2014). Macrophages then

phagocytose apoptotic cells in a process called efferocytosis.

Engulfment of apoptotic cells provokes a macrophage phenotypic

switch to a repair state, which promotes return to tissue home-

ostasis (Ortega-Gomez et al, 2013). A failure of inflammatory res-

olution leads to chronic inflammation, impaired repair/

regeneration, and eventually tissue erosion. Thus, elucidating

pathways that induce and stabilize restorative phenotypes of

macrophages is of utmost importance.

We and others showed that AMP-activated protein kinase

(AMPK) plays is required for the promotion of repair macrophage

phenotype (Sag et al, 2008; Mounier et al, 2013). AMPK controls a

wide variety of metabolic functions in cells and is activated by a

high AMP:ATP ratio or through diminished cellular glucose concen-

tration (Hardie et al, 2012), making AMPK a sensor of cellular

energy deprivation. Upon activation, AMPK phosphorylates various

proteins to inhibit cellular anabolism and activate catabolism

(Hardie et al, 2012). Of note, the sole catalytic subunit of AMPK

being expressed in macrophages is a1.

1 Institute of Comparative Molecular Endocrinology, Universit€at Ulm, Ulm, Germany
2 Institut NeuroMyoG�ene, Universit�e Claude Bernard Lyon 1, CNRS UMR 5310, INSERM U1217, Universit�e de Lyon, Lyon, France
3 Department of Cardiology, Charit�e Universit€atsmedizin Berlin, Berlin, Germany
4 Franklin/German Centre for Cardiovascular Research (DZHK), Partner Site Berlin/Institute of Health (BIH), Berlin, Germany

*Corresponding author. Tel: +33 426688249; E-mail: benedicte.chazaud@inserm.fr
**Corresponding author. Tel: +49 731 5032600; E-mail: jan.tuckermann@uni-ulm.de
***Corresponding author. Tel: +33 478777555; E-mail: remi.mounier@univ-lyon1.fr
†These authors contributed equally to this work
‡These authors contributed equally to this work as senior authors
§Present address: Laboratory of Molecular Metabolism, The Rockefeller University, New York, NY, USA
–Present address: Department of Medical Genetics, School of Biomedical Engineering and the Biomedical Research Centre, Vancouver, BC, Canada

� 2022 The Authors. Published under the terms of the CC BY NC ND 4.0 license. EMBO reports 24: e55363 | 2023 1 of 16

https://orcid.org/0000-0002-1576-8499
https://orcid.org/0000-0002-1576-8499
https://orcid.org/0000-0002-1576-8499
https://orcid.org/0000-0001-9358-1155
https://orcid.org/0000-0001-9358-1155
https://orcid.org/0000-0001-9358-1155
https://orcid.org/0000-0002-5845-9223
https://orcid.org/0000-0002-5845-9223
https://orcid.org/0000-0002-5845-9223
https://orcid.org/0000-0001-8535-8156
https://orcid.org/0000-0001-8535-8156
https://orcid.org/0000-0001-8535-8156
https://orcid.org/0000-0001-7925-2283
https://orcid.org/0000-0001-7925-2283
https://orcid.org/0000-0001-7925-2283
https://orcid.org/0000-0002-1024-4506
https://orcid.org/0000-0002-1024-4506
https://orcid.org/0000-0002-1024-4506
https://orcid.org/0000-0002-8059-8756
https://orcid.org/0000-0002-8059-8756
https://orcid.org/0000-0002-8059-8756
https://orcid.org/0000-0003-4953-601X
https://orcid.org/0000-0003-4953-601X
https://orcid.org/0000-0003-4953-601X
https://orcid.org/0000-0002-1262-502X
https://orcid.org/0000-0002-1262-502X
https://orcid.org/0000-0002-1262-502X
https://orcid.org/0000-0003-3691-275X
https://orcid.org/0000-0003-3691-275X
https://orcid.org/0000-0003-3691-275X
https://orcid.org/0000-0003-3464-3322
https://orcid.org/0000-0003-3464-3322
https://orcid.org/0000-0003-3464-3322


Having underscored the role of AMPKa1 for inducing restora-

tive macrophage polarization, it is absolutely unclear whether

AMPK contributes to the efficacy of anti-inflammatory drugs.

Most prominent anti-inflammatory agents are glucocorticoids

(GCs), with over 1% of the UK, Danish, and American popula-

tions, at one point, having received a prescription for GCs (Fardet

et al, 2011; Overman et al, 2013; Laugesen et al, 2017). GCs sig-

nal through the glucocorticoid receptor (GR), a member of the

nuclear receptor superfamily, which acts as a transcription factor

to regulate gene expression upon exposure to ligand (Weikum

et al, 2017b). GR regulates transcription through transactivation

and transrepression (Weikum et al, 2017b). Suppression of pro-

inflammatory cytokines occurs at the transcriptional level through

GR tethering to pro-inflammatory transcription factors such as

NFjB and AP-1, or by direct binding to DNA at, or nearby NFjB
and AP-1 response elements and represses transcription through a

tethering independent mechanism (Uhlenhaut et al, 2013;

Weikum et al, 2017a; Hudson et al, 2018). Suppression of cytoki-

nes was considered as the canonical mechanism of immunosup-

pression by GCs for decades (Barnes, 2011). However, recent

studies implicated that GR-dependent upregulation of anti-

inflammatory genes plays an essential role in the resolution of

inflammation. In particular, the expression of Tsc22d3 (Gilz), Dus-

p1, Sphk1, Ikkb, and A20 are important for the anti-inflammatory

properties of GCs (Eddleston et al, 2007; Vandevyver et al, 2012;

Vettorazzi et al, 2015; Oh et al, 2017). Whether and how GCs

interfere with a metabolic sensor such as AMPK in inflammatory

cells is still uncompletely understood.

In this study, we demonstrate that AMPK is activated by the

GC Dexamethasone in macrophages and that GR S211 phosphory-

lation is decreased in AMPK-deficient cells. In vitro, loss of AMPK

results in the failure to induce a restorative macrophage pheno-

type, preventing the GC-induced repair phenotype. In vivo, mice

having a myeloid-specific deletion of AMPKa1 show impaired GC-

driven resolution of tissue repair (skeletal muscle injury) and res-

olution of acute lung inflammation (induced by endotoxin shock).

The signature of GC-regulated genes in macrophages revealed two

categories of genes. AMPK-independent genes include the canoni-

cal GR-regulated genes. AMPK-dependent genes are enriched in

FOXO3 target genes, and we identified an AMPK-dependent load-

ing of FOXO3 together with GR at their regulatory regions. These

results demonstrate a new regulatory pathway of GC action in

macrophages, that is required for their function in the resolution

of inflammation.

Results and Discussion

AMPKa1 is required for a Dex-induced restorative phenotype
in macrophages

To determine whether GCs affect AMPK activity, we determined

the activation of AMPK in bone marrow-derived macrophages

(BMDMs). BMDMs were treated with the AMPK activating com-

pound “991” (Willows et al, 2017), Dexamethasone (Dex) or a com-

bination of both for 1 h and AMPK signaling was assessed. Dex

significantly increased the phosphorylation of AMPK at T172 to a

similar extent as 991, but with no additive effect of co-treatment

(Fig 1A and B). AMPK phosphorylation resulted in increased activity

of AMPK, as the downstream target ACC was also phosphorylated

in response to Dex treatment (Fig 1C), indicating a previously

unknown role of GCs in stimulating AMPK signaling. Only four

studies have reported a link between AMPK signaling and GR signal-

ing in non-immune cells and organs, through various crosstalks.

Indirect AMPK activation was observed in muscle cells due to GC

induction of mitochondrial dysfunction (Liu et al, 2016).

Dexamethasone-dependent activation of AMPK in hepatocytes but

inhibition in adipocytes was observed, highlighting the cell-type

selectivity of GR-AMPK cross-talk (Christ-Crain et al, 2008). We

determined how genetic loss of AMPKa1, the only AMPK catalytic

subunit expressed in macrophages, affects GR phosphorylation.

Both wildtype (WT) and AMPKa1 knockout (AMPKa1�/�) BMDMs

were treated with Dex for 1 h, and phosphorylation of GR at S211, a

strong indicator of transcriptional activity (Wang et al, 2002), was

assessed by immunoblot (Fig 1D). Upon Dex treatment, GR phos-

phorylation was increased as expected; however, GR phosphoryla-

tion was strongly diminished in AMPKa1�/� macrophages (Fig 1D).

This was in agreement with elevated GR-S211 phosphorylation in

the presence of phosphorylated AMPK in hepatocytes (Ratman et al,

2016). AMPK indirectly phosphorylates GR S211 via p38 in preadi-

pocytes and hepatocytes (Nader et al, 2010) but not in macro-

phages, in both genotypes (Fig EV1A). Finally, a physical link

between phospho-AMPK and phospho-GR in complex with PPARa
was proposed to increase the transcriptional activity of the latter

upon starvation (Ratman et al, 2016). The activation of S211 phos-

phorylation is still poorly understood. Many kinases were described

to be involved in different cell types, such as JNKs, CDKs, Erks, Akt

and GSK3 (Faus & Haendler, 2006). To which other kinases and

phosphatases are involved in GR-S211 phosphorylation dependent

on AMPK is of interest to investigate in the future.

▸Figure 1. Glucocorticoid signaling through AMPK in macrophages.

A Bone marrow-derived macrophages (BMDMs) were treated with either the AMPK activator 991, Dexamethasone (Dex) or a combination for 1 h before analysis by
Western blot.

B, C Phospho-AMPK (B) and phospho-ACC (C) were quantified.
D WT and AMPKa1�/� BMDMs were treated with Dex for 1 h before analysis by Western blot and GR phosphorylation at S211 was quantified.
E WT and AMPKa1�/� BMDMs were treated with Dex for 24 h and analyzed by RNA-seq. Differentially expressed genes between any condition were clustered using

c-means clustering.
F WT and AMPKa1�/� BMDMs were treated with Dex for 24 h and anti�/pro-inflammatory markers assessed using immunofluorescence.
G, H WT and AMPKa1�/� BMDMs were treated with Dex for 72 h, washed and conditioned medium was recovered after 24 h used to treat muscle stem cells.

Proliferation (Ki67 immunostaining) (G) or differentiation (desmin immunostaining and counting the percentage of muscle cells with 2 nuclei or more) (H) were
assessed in muscle stem cells.

Data information: results are means � SEM or z-score or displayed with boxes and whiskers in which the central band represents the median. N = 6 (B, C), 3 (D), 3–4 (F)
of 4 biological replicates (G, H). *P < 0.05, **P < 0.01, ***P < 0.001 statistical analysis using Student’s t-test (B, C) or ANOVA tests (D, G, H). Bar = 25 lm (G, H).
Source data are available online for this figure.
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RNA-Seq analysis revealed that a substantial fraction of Dex-

regulated genes was differentially expressed between WT and

AMPKa1�/� macrophages, supporting the need of AMPK to modu-

late Dex-triggered gene expression (Fig 1E). Clustering of genes dif-

ferentially expressed between all conditions highlighted genes

which regulation was independent from AMPK (genes activated

[cluster C2] or repressed [clusters C3 & C6] by Dex in both geno-

types) and genes regulated in an AMPK-dependent manner: genes

repressed by Dex in WT and not in AMPKa1�/� macrophages (clus-

ter C1), genes activated by Dex in WT and not in AMPKa1�/� cells

(cluster C4) and genes that were activated by Dex only in

AMPKa1�/� macrophages (cluster C5).

Dex-regulated AMPK-independent genes were enriched in GOs

related to metabolic processes, mainly catabolic (C2), immune cell

response and migration (C3), and cell division (C6; Dataset EV1).

Dex-regulated AMPK-dependent genes were highly enriched in GOs

associated with mitochondria function, respiration, oxidative meta-

bolism, and oxidoreductase activity (C1), with mitochondria biosyn-

thesis, biosynthetic processes, and response to stress (C5; Dataset

EV2). Interestingly, C4, which contained genes that were not upreg-

ulated upon Dex treatment in AMPKa1�/� macrophages, was

strongly enriched in chromatin organization and regulation of tran-

scription, regulation of biosynthetic processes and a series of enzy-

matic activities (including kinases), as well as, for a lesser extent,

microtubule organization, matrix/cell interactions, and organelle

lumen formation (Dataset EV2).

To gain more insight into macrophage function, we used gene set

variation analysis (GSVA, Hanzelmann et al, 2013) to obtain enrich-

ment of genes in datasets using macrophages upon pro-

inflammatory and anti-inflammatory conditions (Fig EV1B). As

expected, datasets involving genes enriched in classically activated

(pro-inflammatory, red label, Fig EV1B) macrophages were less

enriched in Dex-treated WT macrophages. Genes involved in alter-

native macrophage activation (e.g., upon IL-4 treatment, green

label, Fig EV1B) were more enriched in Dex-treated WT than in

Dex-treated AMPKa1�/� macrophages. Dex-treated AMPKa1�/�

macrophages had higher enrichment of genes regulated by pro-

inflammatory stimuli (71% in AMPKa1�/�, as compared with 64%

in WT). This analysis indicates that genes regulated in WT by Dex

and not in AMPKa1�/� were more associated with the acquisition of

the restorative phenotype. This was confirmed at the protein level

on naive macrophages. The expression of the anti-inflammatory

marker CD206 was increased in Dex-treated WT cells, but not in

AMPKa1�/� cells (Fig 1F). TGFb expression was even decreased in

AMPKa1�/� cells upon Dex treatment (Fig 1F). Unsurprisingly, Dex

had no effect on the expression of the pro-inflammatory marker

iNOS in either genotype since these were not activated macrophages

(Fig 1F).

The phenotypic failure of acquiring a restorative profile upon

Dex treatment in the absence of AMPK was confirmed at the func-

tional level. Conditioned medium from Dex-treated WT macro-

phages decreased myoblast proliferation (Fig 1G) and increased

myoblast differentiation (Fig 1H), a cardinal feature of restorative

phenotype of macrophages (Mounier et al, 2013; Varga et al,

2016a). However, these properties were lost in AMPKa1�/� macro-

phages (Fig 1G and H).

Taken together, these results establish that AMPK deficiency sub-

stantially impairs the induction of a restorative phenotype of

macrophages driven by GCs and that this translates into a failure of

Dex-induced expression of anti-inflammatory marker proteins and

secreted factors associated with the restorative function of macro-

phages, regulating myogenesis.

AMPKa1 in macrophages is required for the GC-induced effects
on post-injury muscle regeneration

We previously showed that AMPKa1 in macrophages is required for

the resolution of inflammation during skeletal muscle regeneration

(Mounier et al, 2013). Thus, we aimed to determine whether the

anti-inflammatory actions of GCs could promote muscle regenera-

tion in AMPK-dependent manner, despite the usual catabolic effects

of GCs (Schakman et al, 2009). To induce muscle injury, cardiotoxin

(CTX) was injected into the Tibialis Anterior muscle of wildtype

(AMPKa1fl/fl) or mice lacking AMPKa1 specifically in the myeloid

lineage (LysM-a1�/�). We optimized the application of Dex to avoid

the usual catabolic effects of GCs on muscle (Fig EV1C–E). While

multiple daily dosing (Fig EV1D), or a single high dose of 1 mg/kg

(Fig EV1E) resulted in muscle atrophy as measured by myofiber

cross-sectional area, a single I.P. dose of 0.1 mg/kg Dex given

3 days after muscle damage, that is, at the time of resolution of

inflammation, did not reduce myofiber size (Fig EV1C). This latter

application regimen was therefore used for the further experiments.

In this model, no differences were observed between WT and LysM-

a1�/� neither on the number of immune cells (CD45+) nor macro-

phages (CD64+; Fig EV1F). We determined the expression of embry-

onic myosin heavy chain (EmbMHC), which identifies myofibers

undergoing regeneration, to monitor the repair process (Fig 2A).

Kinetics of EmbMHC expression in untreated WT muscle indicated a

strong decrease (from 59.3 to 5.6%) of myofibers expressing

EmbMHC between day 8 and day 14, indicative of the maturation of

new regenerating myofibers (Fig 2A and B). Dex accelerated muscle

regeneration in an AMPK-dependent fashion since Dex treatment

decreased the number of EmbMHCpos myofibers at day 8 in WT

mice (�23%) but not in LysM-a1�/� muscle (Fig 2A and B). Then,

at day 14, when the WT muscle is almost fully recovered (indicated

by very low number of embMHCpos myofibers), Dex treatment did

not rescue the delay in the maturation of regenerating myofibers

observed in LysM-a1�/� with a 2-fold increase of EmbMHCpos

myofibers (Fig 2A and B). Accordingly, muscle mass was found low

in Dex treated LysM-a1�/� animals (Fig 2C). Altogether, these data

show that Dex promoted muscle regeneration in a macrophage

AMPKa1-dependent manner.

Efferocytosis of muscle debris is required for the resolution of

inflammation during skeletal muscle regeneration (Arnold et al,

2007) and is dependent on AMPK activation (Mounier et al, 2013).

WT and LysM-a1�/� mice were injected with Dex at 2.5 days after

injury and CD64+ macrophages were FACS-isolated and ex vivo

tested for their capacity to engulf fluorescent apoptotic myoblasts.

Three macrophage subsets were sorted as pro-inflammatory Ly6Cpos

macrophages, Ly6Cneg restorative macrophages, and a Ly6Cint sub-

set of macrophages that are shifting from pro-inflammatory to

restorative profile (Mounier et al, 2013; Varga et al, 2013, 2016a,b;

Fig EV1G). In WT mice, Dex treatment 15 h prior to macrophage

isolation increased by +42% the efferocytic capacity of Ly6Cint

macrophages assessed by the increased GeoMean Fluorescent Inten-

sity of macrophages having engulfed apoptotic fluorescent
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myoblasts (Figs 2D and EV1G). On the contrary, Ly6Cint macro-

phages from regenerating LysM-a1�/� muscle did not modify their

efferocytic capacity upon Dex treatment (Figs 2D and EV1G). More-

over, upon Dex treatment, macrophages isolated from regenerating

WT muscles showed an increased expression of markers associated

with the restorative phenotype (Lyve1, Folate Receptor, CD206),

while they did not respond to Dex when lacking AMPK (Fig 2E).

In vitro experiments were performed to mimic the damaged mus-

cle environment. Muscle-derived damage-associated molecular pat-

terns (DAMPs, from injured muscle, see experimental procedures)

induced a pro-inflammatory profile in both WT and AMPKa1�/�

BMDM, as assessed by the increased expression of iNOS and CCL3

A

D

F

E

B C

Figure 2.
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proteins (Fig 2F). As expected, Dex treatment of WT DAMP-

activated macrophages induced a decreased expression of those pro-

inflammatory markers and an important increase of the expression

of the anti-inflammatory markers CD206, CD163, and TGFb
(Fig 2F). On the contrary, Dex had no impact on the expression of

pro- and anti-inflammatory marker proteins in AMPKa1�/� macro-

phages (Fig 2F).

Taken together, these results show that the absence of AMPK

abrogates Dex-induced repair phenotype in macrophages in vitro

and in vivo and positive effects on muscle regeneration. This is in

accordance with previous works showing that AMPKa1 activation

in macrophages is triggered by upstream signals delivered early

after the injury by myeloid cells, such as the specialized pro-

resolving mediator Annexin A1, which is a mediator of GC-induced

resolution of inflammation (Desgeorges et al, 2019a; McArthur et al,

2020).

AMPKa1 in macrophages is required for GC protection during
acute lung inflammation and endotoxin shock

Since AMPKa1 alters GC-dependent restorative phenotype in macro-

phages, we suspected that AMPK would also be essential for the res-

olution of acute inflammation. To this end, we used an LPS-induced

endotoxin shock to model acute lung injury (ALI), where we

showed that GR action in macrophages is decisive for the effects of

GCs (Vettorazzi et al, 2015). We treated WT and LysM-a1�/� mice

with vehicle, 10 mg/kg LPS or LPS + 1 mg/kg Dex, before intra-

venous injection of oleic acid to induce lung inflammation and mice

were sacrificed 24 h later. LPS induced alveolar collapse in both WT

and LysM-a1�/� mice, which was partially recovered in WT mice

treated with Dex, but not in mice with myeloid cells deficient for

AMPK (Fig 3A). At the molecular level, no effect on bronchioalveo-

lar lavage (BAL) cytokine content was observed upon AMPKa1 dele-

tion since the levels of TNFa, IL-6, IFNc, and IL-10 (among others)

were increased upon ALI and reduced by Dex treatment in both WT

and LysM-a1�/� mice (Figs 3B and EV2A). At the cellular level, LPS

increased the number of cells in the BAL fluid of both WT and

LysM-a1�/� mice, but Dex treatment reduced the cell numbers in

BAL only in WT, but not in LysM-a1�/� mice (Fig 3C).

No differences were observed in the abundance of neutrophils in

WT and LysM-a1�/� mice, only a small reduction in mutant mice

after Dex administration (Fig EV2B), in agreement with our previous

data showing that macrophages are the major targets of GC effects

in this model (Vettorazzi et al, 2015). Importantly, the number of

Ly6Cpos pro-inflammatory macrophages was dramatically reduced

after Dex treatment (to reach 10% of CD45pos cells) while it

remained high in LysM-a1�/� mice, accounting for 50% of the

immune cells present in the damaged tissue (Fig 3D). These data

indicate a failure of Dex to resolve inflammation when AMPK is

absent in macrophages, which is independent of cytokine regula-

tion. The final evaluated outcome was the survival of the mice in

both conditions (Stearns-Kurosawa et al, 2011). ALI induced death

similarly in WT and LysM-a1�/� (Fig 3E). However, Dex treatment

allowed the survival of most WT but not LysM-a1�/� mice, indicat-

ing that Dex rescue from ALI was AMPK dependent (Fig 3E). Tem-

perature and weight loss were similar in both genotypes, these

parameters being part of the ethical reasons for sacrifice (Fig EV2C

and D). These data demonstrate that GCs suppressed inflammation

during ALI through AMPK in macrophages to reduce the number of

pro-inflammatory macrophages, promoting the resolution of inflam-

mation leading to improved tissue recovery and survival.

Dex effect on the resolution of inflammation upon LPS activation

in macrophages was confirmed in vitro in the same conditions as for

ALI in vivo. We found that in WT BMDMs, Dex strongly reduced the

LPS-induced expression of iNOS and CCL3, that was not observed in

AMPKa1�/� BMDMs (Fig 3F). Inversely, the expression of the anti-

inflammatory markers CD206, CD163, and TGFb were induced by

Dex in LPS-exposed WT BMDMs, but not in AMPKa1�/� cells

(Fig 3F), showing that AMPK is required for the anti-inflammatory

effects of GCs in LPS-treated macrophages.

Taken together, these results demonstrate that AMPK is neces-

sary to mediate the anti-inflammatory effects of Dex in the resolu-

tion of an acute lung injury model. These data implicate

convergence and interdependence of GR and AMPK signalings in

the resolution of inflammation that is independent on the canonical

regulation of cytokine expression by GCs.

FOXO3 coordinates AMPK-dependent GC-mediated gene
expression and macrophage function

To determine the nature of genes regulated by Dex dependent on

AMPK, we re-visited the RNA-seq data of Dex exposed wild type

and AMPKa1�/� BMDMs shown in Fig 1 to assess genes up and

down-regulated in WT cells. This analysis identified six major clus-

ters, as mentioned previously. Interestingly, canonical GR targets,

both upregulated and repressed, were found in the AMPK-

independent clusters 2, 3, and 6 (Fig 1E). The expression of these

classically transactivated (Gilz, Dusp1) and transrepressed (Tnfa,

◀ Figure 2. AMPKa1 in macrophages is required for glucocorticoid-dependent resolution of inflammation during cardiotoxin induced skeletal muscle damage.

A–C After cardiotoxin injection to damage the muscle, AMPKa1fl/fl (WT) and LysM-a1�/� mice were treated with a single dose of Dexamethasone (Dex) intra-peritoneal
(i.p.) (0.1 mg/kg) at day 3 (D3) and Tibialis Anterior (TA) muscles were harvested at day 8 (D8) and 14 (D14) after injury. (A) Representative embryonic myosin heavy
chain (EmbMHC) immunostaining on whole TA muscle section at D8 and D14 after injury. (B) Quantification of (A), results are expressed as percentage of positive
myofibers expressing the EmbMHC on the whole muscle section. (C) Muscle mass at D14 after injury.

D, E TA muscle from WT and AMPKa1�/� (D) or LysM-a1�/� (E) mice was damaged with cardiotoxin and Dex (or vehicle) was i.p. injected around 60 h after injury
(~ 2.5 days) prior CD45pos cells were sorted with magnetic beads 15 h later (day 3). (D) CD45pos CD64pos Ly6Cpos, Ly6Cint and Ly6Cneg macrophage subsets were
cultured with dead fluorescently labeled myoblasts for 6 h. Phagocytosis was evaluated by flow cytometry and expressed as the GeoMean fluorescence Intensity
of the phagocyting cells. (E) The proportion of macrophages (CD64pos) expressing anti-inflammatory markers was assessed by flow cytometry.

F Macrophage polarization was determined by immunofluorescence in vehicle, DAMPs and DAMPs + Dex treated WT and AMPKa1�/� BMDMs.

Data information: results are displayed with box and whiskers in which the central band represents the median (B, C, D, E) or means � SEM (F). N = 7–12 muscles (B, C),
5–6 biological replicates (D), 4–12 muscles (E) and 4–5 biological replicates (F). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 using ANOVA (B-F) tests.
Bars = 500 lm (A), 25 lm (F).
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Ccl3) genes by GR was similar in WT and AMPKa1�/� macrophages

treated with LPS and Dex (Fig EV2E). Accordingly, we saw no effect

of loss of AMPK on GR translocation in response to Dex (Fig EV2F),

suggesting an alternate mechanism of AMPK-GR crosstalk than

AMPK regulation of translocation.

Then, we investigated the AMPK-dependent Dex-regulated genes

and subjected genes of clusters 1 (down) and 4 (up) to oPOSSUM

analysis for potential transcriptional regulators and the most

enriched binding sites are listed in Figs EV3 and EV4. As expected,

GR consensus binding site was enriched in genes commonly acti-

vated by Dex in WT and AMPKa1�/� macrophages, validating the

relevance of this strategy. Interestingly, binding sites for the tran-

scription factors Sry, Nkx2-5, Foxd1, and Foxo3 were specifically

enriched in genes upregulated by Dex only in WT cells (Fig EV3)

together with genes down-regulated by Dex only in AMPKa1�/� cells

(Fig EV4). To refine our search for potential AMPK-dependent

A

F

B C

E

D

Figure 3. AMPKa1 in macrophages is required for glucorticoid-dependent suppression of inflammation in endotoxin-induced lung injury.

AMPKa1fl/fl (WT) and LysM-a1�/� mice were treated with vehicle or with 10 mg/kg lipopolysaccharide (LPS) or LPS + Dexamethasone (Dex, 1 mg/kg), before an intra-
venous injection of oleic acid was made to induce lung inflammation.
A Hematoxylin–eosin staining of lung tissue after 24 h.
B Broncho-alveolar lavage (BAL) cytokine content was measured by Luminex after 24 h.
C, D After 24 h, mice were culled and cells infiltrating the lungs were analyzed. (C) The number of cells present in the BAL fluid was counted. (D) The number of pro-

inflammatory macrophages (F4/80pos Ly6Cpos) was evaluated by flow cytometry as a percentage of CD45pos cells.
E Survival curve of mice treated with vehicle or Dex.
F Macrophage polarization was determined by immunofluorescence in vehicle, LPS and LPS + Dex treated WT and AMPKa1�/� BMDMs, data are expressed as

percentage positive cells.

Data information: Results are displayed with box and whiskers in which the central band represents the median (C, D) or means � SEM (F). N = 5–10 (C), 5–7 (D), 3–7
(data below detection threshold were excluded from analysis) (B), 13–15 (E) or 3 (F) biological replicates. Statistical analysis by ANOVA (C, D, F) or Gehan–Breslow–
Wilcoxon test (E). *P < 0.05, **P < 0.01, ***P < 0.001. Bar = 20 lm (A), 25 lm (F).
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regulators of GR activity, we assessed the z-score of regulation for

GR, AR (which has high motif similarity to GR) and three transcrip-

tion factors known to be regulated by AMPK, FOXO3 (Li et al, 2009),

HIF1a (Faubert et al, 2013), and PPARc (Sozio et al, 2011; Fig 4A).

Interestingly, FOXO3 sites were highly enriched in WT-selective Dex-

upregulated genes, thus AMPKa1-dependent genes (cluster 4 shown

in Fig 1E). As FOXO3 is a well-established direct target of AMPK

activity (Greer et al, 2007b), we focused our further analysis on

FOXO3 function in AMPK-dependent GC-mediated gene regulation.

First, we performed Gene Set Enrichment Analysis on Dex-

regulated genes in WT and AMPKa1�/� macrophages combined to a

gene set of Dex-regulated and FOXO3-dependent genes defined in

FOXO3�/� macrophages (Litvak et al, 2012; Fig EV5A). We found

that WT cells had a significant enrichment for FOXO3-dependent

genes upon Dex treatment, while Dex-regulated genes in AMPKa1�/�

macrophages did not. We thus performed an RNAseq analysis of WT

and FOXO3�/� macrophages treated or not with Dex. We found a

subset of FOXO3-dependent genes, cluster F3, which were no longer

upregulated by GC treatment in the FOXO3�/� macrophages

(Fig 4B). These data suggest a co-regulatory role of FOXO3 and GR,

requiring AMPK for gene expression. To determine whether genetic

deletion of Foxo3 may affect AMPK-dependent Dex-regulated genes,

we compared the log2 fold change of upregulated genes in response

to Dex in the FOXO3�/� cells between AMPK-dependent (cluster 4

shown in Fig 1E) and AMPK-independent genes (cluster 2 shown

in Fig 1E). We observed that in FOXO3�/� macrophages, AMPK-

dependent genes had a strongly reduced response to Dex, as com-

pared to AMPK-independent genes (Fig 4C), suggesting a common

regulatory mechanism of AMPK and FOXO3 on GR action. Therefore,

we selected four genes involved in macrophage functions, which are

upregulated by Dex and are dependent on AMPK and FOXO3

(Fig EV5B from Figs 1E and 4B), and assessed by ChIP-PCR whether

GR and FOXO3 DNA loading was regulated by Dex in both WT and

AMPKa1�/� cells (Fig 4D and E). We used publicly available ChIP-

seq data to choose sites where GR binds to determine whether

FOXO3 binds at similar loci (Fig EV5C). Strikingly, FOXO3 was

recruited to similar loci as GR in response to Dex at Jag1, Klf3, Rxra

and Stat3 genes, but FOXO3 loading was diminished in AMPKa1�/�

macrophages (Fig 4D). Along with diminished FOXO3 binding at

these sites, we identified reduced GR loading in the AMPKa1�/� cells

(Fig 4E), suggesting that a co-regulatory even on the DNA between

GR and FOXO3 promotes gene expression, dependent on AMPKa1.
As for GR localization, FOXO3 cellular localization was not affected

by AMPK deficiency (Fig EV5D). However, phosphorylation of

FOXO3 was increased upon Dex treatment in WT macrophages but

not in AMPKa1�/� cells, indicating the need of AMPK for Foxo3

phosphorylation upon GC treatment (Fig 4F). Of note, AMPKa1 acti-

vator 991 did not induce Foxo3 phosphorylation (Fig 4F).

Next, we performed in vitro loss- and gain-of-function for FOXO3 in

macrophages. Efferocytosis assay using FOXO3�/� BMDMs showed

that deletion of Foxo3 in macrophages blunted GC-induced efferocyto-

sis (Fig 4G). Accordingly, pro-inflammatory FOXO3�/� macrophages

did not acquire the restorative phenotype upon Dex treatment

(Fig 4H). Gain-of-function included the indirect activation of FOXO3

using the ATK inhibitor MK2206 (Brunet et al, 1999; and shown by

increased expression of FOXO3 target genes Rxra and Jag1 in

Fig EV5E), after which the evaluation of the macrophage inflammatory

state was done in WT and AMPKa1�/� macrophages activated to be

pro-inflammatory cells with LPS or DAMPs, then treated with Dex.

Activation of FOXO3 restored Dex sensitivity of AMPKa1�/� macro-

phages, as assessed by the decreased expression of the pro-

inflammatory marker iNOS (Fig 4I) and the increased expression of the

anti-inflammatory marker CD206 (Fig 4I) upon MK2206 treatment.

Taken together, these data demonstrate that FOXO3 regulates

with GR the expression of a subset of AMPKa1-dependent genes that
are required for anti-inflammatory actions and the resolution of

inflammation by GCs. FOXO3 is activated upon metabolic stress

(high cortisol and high AMP), suggesting that it is regulated by both

GR and AMPK. Indeed, FOXO3 is a direct target of AMPK-dependent

phosphorylation (Greer et al, 2007a; Lutzner et al, 2012) and FOXO3

is activated by GR, indirectly through the expression of SGK1, which

alleviates the inhibition of FOXO3 transcriptional activity. FOXO3

was previously highlighted as an important factor in macrophages

and inflammatory responses: FOXO3 is required for the differentia-

tion of monocytes into macrophages via AMPKa1 activation and

autophagy (Zhang et al, 2017) and promotes anti-viral response in

macrophages (Zhang et al, 2019). Strikingly, FOXO3 is involved in

the GC-driven anti-inflammatory response in Systemic Lupus

▸Figure 4. An AMPK-GR-FOXO3 trinity regulates glucocorticoid induction of restorative macrophages.

A Transcriptional regulators of differentially regulated identified by oPOSSUM were stratified into known interactors with AMPK.
B Heat map from RNA-seq data performed in WT and FOXO3�/� macrophages treated or not with Dex clustered to show genes responsive in WT.
C Box plot of log2 fold change of genes upregulated in response to Dexamethasone (Dex) of genes in FOXO3�/� macrophages, stratified by AMPK dependency

(clusters C4 and C2 of Fig 1E).
D, E FOXO3 (D) and GR (E) enrichment at GR binding sites for 4 AMPK-dependent GC-regulated genes.
F WT and AMPKa1�/� bone marrow-derived macrophages (BMDMs) were treated with either Dex or the AMPK activator 991 and protein phosphorylated on serine

were immunoprecipitated. Western blot for FOXO3, AMPKa1, actin and the phosphorylated form of FOXO3 were done. Quantification of the band intensity is pro-
vided normalized to those of actin and total FOXO3, a representative example is shown.

G FOXO3�/� BMDMs were treated or not with Dex and cultured with CSFE-fluorescently labeled apoptotic thymocytes for 2.5 h. The number of macrophages with
ingested apoptotic cells was evaluated by flow cytometry. Results are expressed as percentages of positive cells.

H WT and FOXO3�/� BMDMs were treated with LPS for 24 h prior addition of Dex for 6 h; immunofluorescence for pro- (iNOS, CCL3) and anti- (CD163, CD206) inflam-
matory markers was performed.

I WT and AMPKa1�/� BMDMs were treated with either lipopolysaccharide (LPS) or muscle Damaged Associated Molecular Patterns (DAMPs) for 24 h and further
treated with the AKT inhibitor MK2206 for 1 h prior addition of Dex for 6 h; before immunofluorescence for pro- (iNOS) and anti- (CD206) inflammatory markers
was performed. Results are expressed as percentages of positive cells.

Data information: results are z-score of 4 (B), or box and whiskers in which the central band represents the median (D–G, I) or means � SEM (I). N = 4–6 (D, E), 4–5 (F,
G), 3 (H), 4 (I) biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001 using Mann–Whitney–Wilcoxon test (C) or ANOVA and Kruskal–Wallis tests (D–I).
Source data are available online for this figure.
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Erythematosus through the reinforcement of the blockage of NF-ΚB
activity (Lu et al, 2016). Of note, GR and FOXO1, a related Forkhead

box transcription factor, are found at similar loci in the liver, suggest-

ing that GR-FOXO cross-talk occurs across multiple transcription fac-

tors, potentially in a cell-type specific manner (Kalvisa et al, 2018).

These observations open the possibility that GR or FOXO3 are assist-

ing one another in binding the DNA and regulating macrophage gene

expression. Our data did not define a hierarchy in AMPK-GR-FOXO3

signaling, partly due to the complex molecular links between GC acti-

vation of both GR and AMPK, and AMPK-dependent activation of

FOXO3. However, as GR has the capacity to promote the binding of

other transcription factors to DNA, via chromatin remodeling

(Miranda et al, 2013; Goldstein et al, 2017), it is likely that GR would

promote FOXO3 binding at regulatory elements, as FOXO3 requires

pre-programmed chromatin to bind, and it does not often work as a

pioneer factor (Eijkelenboom et al, 2013a,b). Cortisol and insulin,

which activate GR and inhibit FOXO3 respectively, along with

changes in cellular AMP levels may therefore modulate inflammation

together, depending on the metabolic status of the cell and organism.

Supporting the notion that FOXOs are important for the resolution of

inflammation, insulin treatment has been shown to exacerbate

sepsis-induced lung injury in diabetic rats (Filgueiras et al, 2014).

Moreover, GCs control skeletal muscle metabolism, through the

induction of the transcription factor KLF15, which activity is a key

component for repair in a mouse model of Duchenne muscular dys-

trophy (Morrison-Nozik et al, 2015). The metabolic actions of GCs

may therefore be highly unappreciated in the regulation of inflamma-

tory diseases, but our data further support the necessity for metabolic

modulation as a core aspect of GCs in the resolution of inflammation.

However, the clear implication of an AMPK-GR-FOXO3 regulatory

trinity is that multiple hormonal signals are integrated to fine-tune

gene expression in immune cells. We demonstrate that Foxo3 dele-

tion recapitulates the effects of AMPKa1 loss, also reducing the effect

of GCs on efferocytosis, linking these three pathways together.

To conclude, we demonstrate that GCs activate and require

AMPKa1 to efficiently polarize macrophages to a restorative pheno-

type and promote the resolution of inflammation. This effect

requires the recruitment of FOXO3 at loci targeted by GR in an

AMPKa1-dependent way. Intriguingly, a part of the GC response

was maintained in AMPKa1-deficient macrophages and another part

was strictly dependent on AMPK activity. Indeed, the expression of

the classical GR target genes was not affected in AMPKa1-deficient
macrophages, despite a reduced phosphorylation of the GR, leading

to unaltered cytokine regulation. On the other hand, AMPKa1 acti-

vation appeared to control the gene networks involved in the

metabolic-dependent change required for the shift of macrophage

phenotype (Varga et al, 2016a). This has implications for the role of

GR signaling on macrophage function depending on the energy sta-

tus of the cell and could help identification of new small molecule

strategies to enhance GC action in a clinical setting.

Materials and Methods

Animal models

C57BL/6, LysMcre/+;AMPKɑ1fl/fl (B6-Prkaa1flox/flox/J; B6-Lyz2tm1(cre)ifo,

designated as LysM-a1�/�) and 129;B6-Prkaa1tm (AMPKa1�/�) adult

male mice (8–14 weeks old), Foxo3�/� mixed sex between 9 and

21 weeks old were bred, FVB/N mixed sex mice between 8 and

21 weeks old were purchased from Charles River and used according

to French and German legislations and protocols were approved by

ethical committees. Mice received water and food ad libitum. For mus-

cle injury experiments, mice were anesthetized with isoflurane and

Tibialis Anterior (TA) muscle was injected with cardiotoxin (Latoxan)

at 12 lM (50 ll per muscle) as previously described (Mounier et al,

2013). Mice were treated by intra-peritoneal (i.p.) injection of either

Dexamethasone (Dex; concentrations indicated in the figures, Sigma-

Aldrich, D2915) or PBS (Vehicle) at various time points after injury.

Muscles were harvested at different time points after injury. For lung

inflammation experiments, male and female mice (8–14 weeks) were

injected i.p. with either vehicle (PBS) or LPS (Sigma-Aldrich, L2880) at

a concentration of 10 mg/kg. Mice were then injected with either Dex

(Sigma-Aldrich, D2915) 1 mg/kg or cyclodextrin (1 mg/kg) vehicle

control. After 30 min, mice were injected intra-venous (i.v.) with

2.6 ll/g oleic acid (Sigma-Aldrich, O1008) as a solution of 40% oleic

acid in 1% bovine serum albumin (Sigma-Aldrich, A3912) as previ-

ously described (Vettorazzi et al, 2015). Mice were killed 24 h later

and bronchoalveolar lavage (BAL) was performed by instilling the

lungs with 1 ml of BAL fluid (PBS, 10 mM EDTA, 1% BSA) three

times. Survival after lung inflammation was measured for 28 h. Mice

body temperature and body mass were measured each 4 h after induc-

tion of lung injury. Mice were sacrificed when limit points were

reached, body temperature lower than 29°C and 15% of total body

weight loss. General aspect of mice was also considered.

Western blot

AMPK/ACC: Macrophages were seeded at 208,000 cells/cm2 in 6-

well plates. Cells were treated with Dex (Sigma-Aldrich, D4902,

1 × 10�7 M or 1 × 10�8 M) and 991 (Spirochem, 129739-36-2,

1 lM) for 1 h in DMEM containing 10% of charcoal stripped serum

(Gibco, 12676029). Total protein extract was obtained in cell lysis

buffer containing 50 mM Tris–HCL (pH 7.5), 1 mM EDTA, 1 mM

EGTA, 0.27 M sucrose, 1% triton, 20 mM glycerol-2-phosphate dis-

odium, 50 mM NaF, 0.5 mM PMSF, 1 mM benzamidine, 1 mM

Na3VO4, and 1% cocktail phosphatase inhibitor 3 (Sigma-Aldrich,

P0044). Thirty micrograms of protein were subjected to SDS–PAGE

(100 V) and transferred onto a nitrocellulose membrane overnight

at 4°C, 30 V. Blots were probed with antibodies against p-AMPKɑ
(Cell Signaling, #2535, 1:1,000), AMPKɑ (Cell Signaling, #2532,

1:1,000), p-ACC (Cell Signaling, #3661, 1:1,000), ACC (Cell Signal-

ing, #3662, 1:1,000), with b-actin (Sigma-Aldrich, A5316, 1:2,000)

as a loading control. p-AMPK1a immunoblots and AMPKa1ɑ immu-

noblots were performed on separated blot and each independent

experiment was also performed on independent Western blot. Blots

were quantified using ImageJ software and results represent (p-

AMPKa/b-actin) ratio on (AMPKa/b-actin) ratio for each experi-

ment and they are also normalized to the control condition.

GR/p38: Macrophages were seeded at confluency in 10 cm

plates, and changed to DMEM containing charcoal stripped serum

(Sigma-Aldrich, F7524) overnight. The following day, cells were

treated with vehicle (DMSO) or Dex (Sigma-Aldrich, D4902,

1 × 10�7 M) for 1 h. Cells were then washed twice in ice cold PBS

and total protein was extracted using RadioImmunoprecipitation

Assay (RIPA) buffer (50 mM Tris–HCl pH 7.4, 1% NP40, 0.25%
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sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) containing pro-

tease inhibitors (Roche, 04694124001), phosphatase inhibitor cock-

tail 2 (Sigma-Aldrich, P5726) and phosphatase inhibitor cocktail 3

(Sigma-Aldrich, P0044). 25 lg of protein was subjected to SDS-

PAGE (100 V) and transferred to a nitrocellulose membrane for 1 h

at 4°C, 100 V. Blots were blocked with 5% BSA (Sigma-Aldrich)

and probed with antibodies against p-GR (Cell Signaling, #4161,

1:1,000), GR (Cell Signaling, #3660, 1:1,000), p-p38 (Cell Signaling

#4511, 1:1,000), p38 (Cell Signaling, #8690, 1:1,000) with b-actin
(Sigma-Aldrich, A5316, 1:2,000) or tubulin (Santa Cruz, sc-8035,

1:1,000) as a loading control. Blots were quantified using ImageJ.

Immunoprecipitation

BMDMs were treated with Dex or 911 as described above and

washed with PBS containing pStop (Roche) and Complete Protease

inhibitor (Roche). Cells were lysed using RIPA buffer and protein

content was measured using BCA. Immunoprecipitation was per-

formed with 300 lg of proteins using Pierce Protein A Magnetic

Beads (Thermo Fisher Scientific). Protein lysates were precleared by

incubation with protein A beads followed by incubation with 1:100

anti-pSerine AB (Novus NB100-1953) or 3 lg of IgG control antibod-

ies (Cell Signaling Technology) overnight on a rotator at 4°C. Beads

were washed with PBS and resuspended in 1× SDS buffer, which

was then boiled for 5 min. Leftover beads were removed using a

magnet. Western blot was then performed as described above. IgG

band intensity was removed from calculations.

Analysis of lung immune cells, total cell counts and FACS

Cells isolated by BAL were centrifuged, washed with BAL fluid and

red blood cells lysed. Resulting cells were counted using a hemocy-

tometer and normalized to the total amount of BAL fluid recovered.

For FACS, cells were suspended in BAL fluid containing FcɣRII/III
block (eBiosciences, 1:300), washed then incubated with antibodies

against CD45 (APC, Invitrogen 30-F11, 1:300), CD11b (FITC, Invit-

rogen M1/70, 1:300), F4/80 (AF700, Invitrogen BM8, 1:300), Ly6G

(Pe-Cy7, Invitrogen RB6-8C5, 1:300), Ly6C (PerCP-Cy5.5, eBio-

sciences HK1.4, 1:300). After washing, cells were analyzed immedi-

ately using a flow cytometer (LSRII, BD). Data were analyzed using

FlowJo software.

Cytokine multiplex

Cytokines were determined in BAL fluid using a Cytokine & Chemo-

kine Convenience 36-Plex Mouse ProcartaPlex Panel 1A (Thermo-

Fisher) using a Bio-plex 200 System (Bio-Rad). Samples below the

detection threshold were excluded from analysis.

Histological analysis and in vivo immunostaining

TA muscles were mounted on piece of cork and fixed with traga-

canth gum (VWR, 24437.260) before being frozen in isopentane

cooled by liquid nitrogen. Muscles were stored at �80°C. TA mus-

cles were sectioned with cryomicrotome (NX50, Microm) in 10 lm
thick sections and slides were kept at �80°C. Slides were first stain

with hematoxylin and eosin to check cardiotoxin injection and

immunofluorescence was performed only on muscles that showed

at least 90% of their area occupied by regenerating myofibers (i.e.,

exhibiting central nuclei). For immunofluorescence experiments,

slides were incubated with Triton ×100 0.5%, saturated with bovine

serum albumin (BSA) 2% and were incubated overnight with pri-

mary anti-body: anti-embMHC (Santa Cruz, sc-53091, 1:100) or

anti-laminin (Sigma Aldrich, L9393, 1:200). Slides were washed

with PBS and incubated with secondary antibodies: Alexa Fluor 488

anti-mouse IgG1 (Jackson Immuno research, 115-545-205, 1:200) or

Cy5 Donkey anti-Rabbit IgG (H + L; Jackson Immuno research, 711-

175-152, 1:200). Sections were soaked for 10 s in Hoechst solution

H 33342 (Sigma-Aldrich, B2261, 1:1,000) and washed once with

PBS before mounting with antifading Fluoromount G medium

(Interchim, FP-483331). Slides were stored at 4°C protected from

light until picture acquisition. For adult myosin immunostaining, tri-

ton was not used and slides were blocked with Mouse on Mouse

(M.O.MTM) Blocking Reagent (Vector Laboratories, MKB-2213). All

samples of the same experiment were recorded in similar conditions

(microscope, magnification, exposure time, and binning). For whole

section analysis, slides were automatically scanned at ×10 or ×20 of

magnification using an Axio Observer.Z1 (Zeiss) connected to a

CoolSNAP HQ2 CCD Camera (Photometrics) using Metavue soft-

ware. The whole muscle section was automatically reconstituted by

Metavue software. Cross-sectional analysis was performed using

Open-CSAM ImageJ macro (Desgeorges et al, 2019b).

After BAL, lungs were fixed in 4% PFA overnight, then trans-

ferred to 70% ethanol. Fixed lungs were processed and embedded

into paraffin, then cut to 5 lm sections using a microtome (Leica

RM2255). Slides were then stained with hematoxylin and eosin and

imaged using an Olympus BX41 microscope at 20× magnification.

Bone marrow-derived macrophages

Macrophages were obtained from bone marrow precursors as previ-

ously described (Mounier et al, 2013). Total bone marrow was iso-

lated from mice by flushing the femur and tibiae bone marrow with

culture medium. Extracted bone marrow was cultured in DMEM

high glucose high pyruvate (Gibco, 11995065) containing 20% of

FBS, 1% of penicillin/streptomycin, 1% of fungizone and 30% of

L929 conditioned medium for 5–7 days. L929 secrete high levels of

macrophage colony-stimulating factor (MCSF) that triggers macro-

phage differentiation. L929 conditioned medium was obtained after

10 days of L929 cells culture with DMEM containing 10% FBS.

DAMPs—Damaged associated molecular patterns from muscle

DAMPs were obtained from ischemia-injured muscles. Briefly, mice

hindlimb underwent an ischemia for 2 h. After 20 h of reperfusion,

all hindlimb muscles were harvested. Three mice were pooled for

each substrate. Once harvested, muscles were digested with Mam-

malian cell lysis buffer (Sigma-Aldrich, MCL1). Two tungsten beads

were added in samples to homogenize the muscle extract with a tis-

sue lyser. After centrifugation, samples were sonicated and super-

natant was recovered, pooled, and stored at �80°C.

Macrophage inflammatory status—in vitro

Macrophages were seeded at 54,000 cells/cm2 in DMEM containing

10% of FBS on glass coverslips in 12-well plates. Cells were treated

� 2022 The Authors EMBO reports 24: e55363 | 2023 11 of 16

Giorgio Caratti et al EMBO reports



with muscle DAMPs (1 lg/ml) or LPS (100 ng/ml for 24 h) and Dex

(Sigma-Aldrich, D4902, 1 × 10�8 M) was further directly added in

the well for 6 h. In the AKT inhibition experiments, after the 24 h

incubation with muscle DAMPs or LPS, cells were treated with MK-

2206 (Adooq Bioscience, A10003, 1 lM; or 0.01% of DMSO for con-

trols) for 1 h prior addition of Dex.

Cells were fixed with PFA 4%, permeabilized with Triton ×100

0.5% and incubated for 1 h with BSA 4%. Staining for CCL3 (Santa

Cruz, sc-1383, 1:50), iNOS (Abcam, ab3523, 1:50), CD206 (Santa

Cruz, sc-58987, 1:50), CD163 (Santa Cruz, sc-33560, 1:50 or BIOSS,

bs-2527R, 1:100), TGFb1 (Abcam, ab64715, 1:50) was performed as

in (Mounier et al, 2013). All samples of the same experiment were

recorded in similar conditions (microscope, magnification, exposure

time and binning). At least 10 pictures per condition were acquired

at ×20 magnification on an Axio Imager.Z1 microscope (Zeiss) con-

nected to a CoolSNAP MYO CCD camera (photometrics) using Meta-

Morph Software. Quantification of macrophage markers was done

manually using ImageJ software.

RNA-sequencing and RT–qPCR

Macrophages were seeded and allowed to adhere for 16 h. Cells

were then washed twice with PBS and medium was changed to

Macrophage-SFM (Thermo Fisher, 12065074) with 1% penicillin/

streptomycin, 1% L-glutamine, 1% sodium pyruvate, 1% fungizone

for 16 h. Cells were then treated with either vehicle (DMSO) or

100 nM Dex (Sigma, D4902), for 24 h. Cells were then washed twice

with PBS and total RNA extracted using TRIzol (Invitrogen,

15596018), according to the manufacturer’s protocol. For qRT–PCR,

RNA was measured using a Nanodrop 1 lg of RNA was then reverse

transcribed into cDNA (Applied Biosystems, High Capacity cDNA

kit, 4368813) with additional RNase inhibitor (Invitrogen RNase

OUT, 10777019). cDNA was quantified using a ViiA 7 (Applied

Biosystems) and analyzed using the delta–delta CT method, relative

to the average of WT vehicle treated samples. For Rxra and Jag1

expression analysis, the normalized relative quantity (NRQ) method

was used as previously described (Juban et al, 2018) with Ppia as

the housekeeping gene (list of primers in Table 1). RNA integrity

was assessed using a 2100 Bioanalyzer (Agilent) and samples with a

RIN value of > 6 were taken forward for library prep. Library prep

and sequencing was performed using the Novaseq 6000 S4 platform

at Novogene (Novogene, Beijing, China). Differential expression

analysis was performed using DESeq2. Gene ontology and pathway

analyses were performed using DAVID (Huang da et al, 2009), and

ENRICHR (Kuleshov et al, 2016).

Transcription factor binding site analysis

Genes up- or down-regulated by Dex were analyzed for over-

represented transcription factor binding sites using the Single Site

Analysis function from oPOSSUM-3 software (Kwon et al, 2012).

Sequences from 2000 bp upstream to 2000 bp downstream of the tran-

scription start sites were analyzed against all the 29,347 genes in the

oPOSSUM database using a 0.4 conservation cut-off and a 85% matrix

score threshold. Enriched transcription factor binding sites were

ranked by Z-score and only the 15 highest scores were considered.

Gene set variation analysis

For GSVA (Hanzelmann et al, 2013), human analogues of differen-

tially expressed mouse genes were determined before analysis using

selected macrophage datasets from the Molecular Signatures Data-

base using C7 – Immunologic signature gene sets (Subramanian

et al, 2005; Liberzon et al, 2011). A FOXO3-dependent gene set was

defined using GSE37051, comparing unstimulated wildtype BMDMs

to unstimulated FOXO3 deficient BMDMs, analyzed by GEO2R.

Gene set enrichment was performed using GSEA 4.0.3 (Mootha

et al, 2003; Subramanian et al, 2005).

Myoblast—macrophage coculture

Macrophages were seeded at 54,000 cells/cm2 in 12-well plates in

DMEM 10% FBS. They were treated for 3 days with 1 × 10�7 or

1 × 10�8 M of Dex and washed. DMEM free serum was added for 24 h

to obtain conditionedmedium. Myoblasts were obtained from TAmus-

cles and were cultured in DMEM/F12 containing 20% FBS and 2%

UltroserG (Pall Inc, 15950-017) as previously described (Mounier et al,

2013). For proliferation studies, myoblasts were seeded at 10,000

cells/cm2 on Matrigel (Corning, 356231, 1:10) and incubated for 1 day

with macrophage-conditioned medium +2.5% FBS. Myoblasts were

then washed, fixed and incubated with anti-Ki67 antibody (Abcam,

ab15580, 1:100) visualized using cy3-conjugated secondary antibody

(Jackson Immunoresearch, 711-165-152, 1:200). For differentiation

experiments, myoblasts were seeded at 30,000 cells/cm2 on Matrigel

(Corning, 356231, 1:10) for 3 days with macrophage-conditioned

medium containing 2% Horse Serum (Gibco). Cells were washed,

fixed, and stained with anti-desmin antibody (Abcam, ab32362, 1:200)

and visualized by cy3-conjugated secondary antibody (Jackson

immunoresearch, 711-165-152, 1:200). At least 9 � 1 pictures per con-

dition were acquired at ×20 magnification on an Axio Imager.Z1 micro-

scope (Zeiss) connected to a CoolSNAP MYO CCD camera

(Photometrics) using MetaMorph Software. Quantification of prolifera-

tion (Ki67pos cells) and of differentiation (percentage of cells with 2

nuclei or more) was done manually using ImageJ software.

Glucocorticoid receptor and Foxo3a subcellular localization

BMDMs were seeded at a density of 20,000 cells in 96-well plates.

Medium was changed to Macrophage-SFM (Thermo Fisher,

12065074) with 1% penicillin/streptomycin, 1% L-glutamine, 1%

Table 1. Primer list for RT–qPCR.

Target Forward Reverse

Rpl CCTGCTGCTCTCAAGGTT TGGCTGTCACTGCCTGGTACTT

Tnf AGGGGCCACCACGCTCTTCT TGAGTGTGAGGGTCTGGGCCAT

Gilz GACCTCGTGAAGAACCACCT AGCCACTTACACCGCAGAAC

Dusp1 GTGCCTGACAGTGCAGAATC CACTGCCCAGGTACAGGAAG

Ccl3 TGCCCTTGCTGTTCTTCTCTG CAACGATGAATTGGCGTGG

Il6 AAACCGCTATGAAGTTCCTCTCT AGCCTCCGACTTGTGAAGTGGT

Ppia GTGACTTTACACGCCATAATG ACAAGATGCCAGGACCTGTAT

Rxra CAAACATTTCCTGCCGCTCG CAGTGGAGAGCCGATTCCC

Jag1 GGGTCTACGCCTGTCATCG TCCACCAGCAAAGTGTAGGAC
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sodium pyruvate, 1% fungizone overnight. The following day, cells

were treated with 100 nM Dex (Sigma-Aldrich, D4902) for 1 h, and

fixed with 4% PFA for 15 min at 4°C. PFA was removed, and sam-

ples were washed with PBS 3 times. Cells were permeabilized with

permeabilization buffer (PBS, 0.1% TritonX-100) for 30 min at 4°C,

then non-specific binding sites blocked with blocking buffer (PBS,

0.1% TritonX-100, 1% fetal calf serum) for 1 h at room temperature,

then overnight at 4°C. Cells were incubated with anti-GR antibody

(Cell Signaling D8H2 3660, 1:200) or with anti-Foxo3a antibody

(Cell Signaling 75D8 9467, 1:250) overnight at 4°C. After washing

with PBS 5 times, cells were incubated with a fluorescently labeled

secondary antibody (Thermo Fisher, A11037 anti-rabbit IgG Alex-

afluor 594) for 2 h at room temperature. Cells were washed five

more times and incubated with 1 lg/ml DAPI (Sigma-Aldrich,

D9542) for 10 min at room temperature. Cells were washed twice

more and retained in PBS for immediate imaging. Images were

acquired using the ImageXpress MicroConfocal (Molecular Devices),

at least 12 images were acquired per biological sample. Nuclear GR

intensity was determined using ImageJ.

Ex vivo phagocytosis assay

TA muscle was damaged as described above. Two and a half days

after injury, mice were treated with i.p. injection of Dex (Sigma-

Aldrich, D2915, 1 mg/kg). At day 3, TA muscles were harvested,

digested for 1 h with collagenase (Roche, 11088831001, 1 mg/ml) in

RPMI medium at 37°C. Digested muscles were filtered through

30 lm filter with DMEM containing 50% FBS. CD45pos cells were

isolated using magnetic sorting (Milteny Biotec, 130-042-201 and

130-052-301) and were seeded at 190,000 cells per wells in 12-well

plates in DMEM serum free. Primary myoblasts previously stained

with PKH67 (Sigma-Aldrich, MINI67) were first submitted to 20 mM

of H2O2 for 20 min to induce necrosis before being added to wells at

1:3 ratio (570,000 myoblasts per condition). After 6 h of phagocyto-

sis, cells were harvested, blocked with FcR Blocking Reagent (Mil-

tenyi Biotec, 130-059-901) and thereafter stained with anti-CD45

antibody (eBioscience, 25-0451-82, 1:200), anti-Ly6C antibody

(eBioscience, 12-5932-82, 1:400) and anti-CD64 antibody (BD

Pharmingen, 558539, 1:100) for flow cytometry analysis.

Macrophage inflammatory status—in vivo

TAmuscle was damaged and treated as described above for the ex vivo

phagocytosis. After muscle digestion, non-viable cells were labeled

with Ghost Dye Red 780 (Tonbo Biosciences, 13-0865-T100, 1:1,000).

Then, the cell suspension was incubated with anti-mouse FcR Blocking

Reagent and further stained with BV510-conjugated anti-CD45 (Biole-

gend, 103138, 1:100), AF647-conjugated anti-CD64 (Biolegend,

139322, 1:50), PE-Cy7-conjugated anti-Lyve1 (Novus Biologicals,

NBP1-43411PECY7, 1:100), PE-conjugated anti-Folate receptor (Biole-

gend, 153304, 1:100) or AF488-conjugated anti-CD206 (eBioscience,

53-2061-82, 1:100) antibodies for 20 min at 4°C. Macrophages were

analyzed with a FACSCanto II flow cytometer (BD Biosciences).

In vitro phagocytosis assay

BMDMs were isolated as described above. After differentiation,

100,000 BMDMs per well were seeded into 12 well plates,

allowed to adhere and medium changed to L929 conditioned

medium with charcoal stripped serum. Simultaneously, thymuses

were isolated from two mice, and treated over-night with Dex

(Sigma-Aldrich, D4902, 1 × 10�6M) in RPMI-1640 (Sigma-Aldrich,

R8758) to induce apoptosis. The next day, apoptotic thymocytes

were washed with cold PBS and FCS to remove excess Dex, then

7 × 106 cells were incubated with CSFE (Thermofisher, C34554,

1:25,000) for 20 min at 37°C. Labeled thymocytes were then

added to BMDMs in a ratio of 5:1 and incubated at 37°C for

2.5 h to allow phagocytosis. A negative control was maintained

at 4°C. Cells were then washed twice with PBS, and scraped into

FACS buffer (PBS, 10 mM EDTA, 1% BSA). The cell mixture was

first blocked with anti-FcɣRII/III (eBiosciences, 14-0161-82) then

stained with anti-F4/80 (Invitrogen, BM8, 1:300) and analyzed on

a flow cytometer (LSRII, BD). Data were analyzed with FlowJo,

with signal higher than the 4°C control considered a positive

phagocytosis event.

Chromatin immunoprecipitation

ChIP was performed as described elsewhere (Nelson et al, 2006),

with some modifications. 20 × 106 BMDMs were changed to

macrophage serum free medium (Gibco) overnight before treat-

ment with vehicle (DMSO) or Dex (100 nM; Sigma) for 2 h. Cells

were washed twice with ice cold PBS then fixed for 15 min with

1% formaldehyde (ThermoScientific 28908). Formaldehyde was

quenched using 1 M Glycine (Sigma, 33226) for 5 min at room

temperature. Cells were then washed twice more with ice-cold

PBS before homoengization with a Dounce homogenizer (Active

Motif, 40415) in Fast IP buffer (150 mM NaCl, 50 mM Tris–HCl

(pH7.5), 5 mM EDTA, 0.5%v/v NP-40, 1%v/v Triton X-100) with

protease inhibitors (cOmplete Tablets EDTA-free, EASYpack,

Roche, 04693132001). Resulting nuclei were centrifuged at 4,000 g

and resuspended in shearing buffer (1% SDS, 10 mM EDTA pH

8, 50 mM Tris pH8) and sheared in 1.5 ml Bioruptor Microtubes

(Diagenode, C30010016) in a Bioruptor (Diagenode) for 8 cycles

30 s on, 30 s off. Resulting sheared chromatin was cleared by

centrifugation for 10 min at 13,500 g, 4°C before diluting 1/10.

1 ml of diluted chromatin was incubated with 3 lg anti-FOXO3

antibody (Santa Cruz D-12, sc-48348), or 3 lg of isotype control

antibody (Rabbit DA1E mAb IgG XP Isotype Control, 3900, Cell

Signaling Technologies) rotating overnight at 4°C. Chromatin-

antibody mixes were then incubated with 20 ll Protein A Dyn-

abeads (Invitrogen, 10001D) for 3 h, rotating at 4°C. After wash-

ing with Fast IP buffer, beads were eluted, and DNA

precipitated. Chromatin was then analyzed by qPCR and calcu-

lated as fold enrichment over IgG control (list of primers in

Table 2).

Table 2. Primer list for ChIP-PCR.

Target Forward Reverse

Jag1 ChIP ACCTTGGGCTAGTTAGGGGT GAGCCAGATTCGGAGTAGGC

Stat3 ChIP CTGACAGCTGGGCGTTTAGA GCAATGTCCCCAGCCTCTTA

Rxra ChIP CTCCCATCTCCCAGTTAGCG TTAGAGCCTGGAGTGAGGCA

Klf3 ChIP CCCACCACAATGTACTGCCT CGCTTGGCATCTCTGAAGC
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Statistical analysis

Whenever possible, counting and analyses were done in a blind

way. All experiments were performed at least using three indepen-

dent primary cultures. For in vivo experiments, at least four mice

were analyzed from three independent experiments for each group.

Statistic tests were performed using GraphPad Prism software. Nor-

mality was tested with Shapiro–Wilk test. Depending on the experi-

ment and the normality, parametric (Student t-test, ANOVA) or non-

parametric (Wilcoxon–Mann–Whitney, Kruskal–Wallis with post

hoc comparisons) tests (two-sided) were used. Gehan Breslow Wil-

coxon test was used for survival experiments. P < 0.05 was consid-

ered significant.

Data availability

The datasets produced in this study are available in the following

databases:

• RNA-Seq data for AMPKa1KO dataset: Gene Expression Omnibus

167382 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=

GSE167382).

• RNA-Seq data for Foxo3aKO dataset: Gene Expression Omnibus

190235 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=

GSE190235).

Expanded View for this article is available online.
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Expanded View Figures

▸Figure EV1. Glucocorticoid treatment during skeletal muscle regeneration and signaling through AMPK in macrophages is independent of p38.

A WT and AMPKa1�/� Bone marrow-derived macrophages (BMDMs) were treated with Dexamethasone (Dex) for 1 h before analysis by Western blot for p38 phos-
phorylation and quantified.

B Representation of GSVA analysis from Fig 1F with gene sets labeled.
C–E Experimental procedure of mice treatment with Dex. After cardiotoxin injection to damage the muscle, AMPKa1fl/fl (WT) and LysM-a1�/� mice were treated with

(C) a single dose of Dexamethasone (Dex) intra-peritoneal (i.p.) (0.1 mg/kg) at day 3 (D3), or (D) multiple doses of Dex i.p. (0.1 mg/kg) on D3 to D7 after CTX, or (E) a
single dose of Dex i.p. (1 mg/kg) at D3, and Tibialis Anterior (TA) muscles were harvested at day 8 (D8) and 14 (D14) after injury. Myofiber cross sectional area was
then quantified.

F The number of immune cells (CD45pos, left panel) and macrophages (CD45posCD64pos, right panel) per milligram of muscle tissue (TA muscle) was assessed by flow
cytometry in AMPKa1fl/fl (WT) and LysM-a1�/� mice at day 2, 4 and 8 after cardiotoxin injury.

G Muscles and cells were treated as described in the legend of Fig 2D. Plot on top shows the whole population of macrophages stained with CD64 and Ly6C. Plots on
bottom show proportion of macrophages that have phagocytosed fluorescent dead myoblasts in the Ly6Cpos (green population), Ly6Cint (orange population) and
Ly6Cneg (red population) macrophages in the various conditions.

Data information: results are means � SEM (A) or box and whiskers in which the central band represents the median of three biological replicates (A) or 7 (D), 8–10 (C,
E), 2–6 (F–G) animals. $P < 0.05, $$$P < 0.001 vs untreated WT, using ANOVA tests.
Source data are available online for this figure.
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▸Figure EV2. AMPKa1 in macrophages is not required for glucocorticoid-dependent suppression of specific classical inflammatory gene expression and
glucocorticoid receptor localization.

A, B AMPKa1fl/fl (WT) and LysM-a1�/� mice were exposed for 24 h to vehicle, lipopolysaccharide (LPS) or LPS + Dex treatment and (A) cytokines and (B) neutrophil num-
bers were quantified in BAL.

C, D (C) Body mass and (D) body temperature curves for each group during survival experiment in Fig 3E.
E RT–qPCR was performed on AMPKa1fl/fl and LysM-a1�/� macrophages treated with LPS and Dex for 6 h.
F WT and AMPKa1�/� BMDMs were treated with Dex for 1 h and nuclear Glucocorticoid Receptor (GR) intensity determined by immunofluorescence was compared

to cytoplasmic GR intensity.

Data information: results are means � SEM or box and whiskers in which the central band represents the median of 5–9 (B), 13–15 (C, D), 3–7 (A, data below detection
threshold were excluded from analysis) animals, and 3 (E, F) biological replicates. Statistical analysis by ANOVA (A, B) or ANOVA with repeated measures (C, D). *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. $P < 0.05, $$P < 0.01, $$$P < 0.001 vs untreated WT; £P < 0.05 vs untreated LysM-a1�/� or AMPKa1�/�, using one-way ANOVA.
Bar = 70 lm.
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▸Figure EV3. Transcription factor binding sites enriched in Dexamethasone-activated genes.

Top 15 transcription factor binding sites enriched in Dexamethasone (Dex)-activated genes commonly in WT and AMPKa1�/� macrophages (left panel), in WT cells only
(middle panel) and in AMPKa1�/� cells only (right panel), ranked by decreasing Z-score. The consensus binding motif for each transcription factor is shown from the JASPAR
database, and its associated Z-score.
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▸Figure EV4. Transcription factor binding sites enriched in Dexamethasone-repressed genes.

Top 15 transcription factor binding sites enriched in Dexamethasone (Dex)-repressed genes commonly in WT and AMPKa1�/� macrophages (left panel), in WT cells only
(middle panel) and in AMPKa1�/� cells only (right panel), ranked by decreasing Z-score. The consensus binding motif for each transcription factor is shown from the JASPAR
database, and its associated Z-score.
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◀ Figure EV5. AMPK-GC signaling required FOXO3.

A GSEA analysis of Dexamethasone (Dex)-regulated genes in WT and AMPKa1�/� Bone marrow-derived macrophages (BMDMs) for FOXO3-dependent targets.
B Venn diagram corresponding to the heatmap shown in Fig 4B.
C Screenshot of Integrative Genomics Viewer from publicly available GR ChIP-seq data showing GR DNA binding sites on Klf3, Rxra, Stat3 and Jag1 genes, which are

upregulated by Dex specifically in wildtype macrophages (primer position is highlighted in red). Data from GSE110279 (Sacta et al, 2018).
D WT and AMPKa1�/� BMDMs were treated with Dex for 1 h and nuclear FOXO3 intensity was determined by immunofluorescence (results are means � SEMs of five

biological replicates, ANOVA test, no statistical differences).
E AMPKa1�/� BMDMs were treated with lipopolysaccharide (LPS) for 24 h and then incubated with Dex for 6 h in the presence or not of the AKT inhibitor MK-2206.

Rxra and Jag1 mRNA levels were analyzed by RT–qPCR (results are means � SEMs of four biological replicates, Student’s t-test with *P < 0.05, **P < 0.01).
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