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Exercise-induced specialized proresolving
mediators stimulate AMPK phosphorylation to
promote mitochondrial respiration in
macrophages
Ernesto Pena Calderin 1,2, Jing-Juan Zheng 1, Nolan L. Boyd 1, Lindsey McNally 1, Timothy N. Audam 1,
Pawel Lorkiewicz 1, Bradford G. Hill 1, Jason Hellmann 1,*
ABSTRACT

Objective: Physical activity has been shown to reduce the risk of CVD mortality in large-cohort longitudinal studies; however, the mechanisms
underpinning the beneficial effects of exercise remain incompletely understood. Emerging data suggest that the risk reducing effect of exercise
extends beyond changes in traditional CVD risk factors alone and involves alterations in immunity and reductions in inflammatory mediator
production. Our study aimed to determine whether exercise-enhanced production of proresolving lipid mediators contribute to alterations in
macrophage intermediary metabolism, which may contribute to the anti-inflammatory effects of exercise.
Methods: Changes in lipid mediators and macrophage metabolism were assessed in C57Bl/6 mice following 4 weeks of voluntary exercise
training. To investigate whether exercise-stimulated upregulation of specialized proresolving lipid mediators (SPMs) was sufficient to enhance
mitochondrial respiration, both macrophages from control mice and human donors were incubated in vitro with SPMs and mitochondrial res-
piratory parameters were measured using extracellular flux analysis. Compound-C, an ATP-competitive inhibitor of AMPK kinase activity, was
used to investigate the role of AMPK activity in SPM-induced mitochondrial metabolism. To assess the in vivo contribution of 5-lipoxygenase in
AMPK activation and exercise-induced mitochondrial metabolism in macrophages, Alox5�/� mice were also subjected to exercise training.
Results: Four weeks of exercise training enhanced proresolving lipid mediator production, while also stimulating the catabolism of inflammatory
lipid mediators (e.g., leukotrienes and prostaglandins). This shift in lipid mediator balance following exercise was associated with increased
macrophage mitochondrial metabolism. We also find that treating human and murine macrophages in vitro with proresolving lipid mediators
enhances mitochondrial respiratory parameters. The proresolving lipid mediators RvD1, RvE1, and MaR1, but not RvD2, stimulated mitochondrial
respiration through an AMPK-dependent signaling mechanism. Additionally, in a subset of macrophages, exercise-induced mitochondrial activity
in vivo was dependent upon 5-lipoxygenase activity.
Conclusion: Collectively, these results suggest that exercise stimulates proresolving lipid mediator biosynthesis and mitochondrial metabolism
in macrophages via AMPK, which might contribute to the anti-inflammatory and CVD risk reducing effect of exercise.

� 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Exercise decreases morbidity and all-cause mortality in large part by
protecting against the development and progression of cardiovascular
disease. After controlling for changes in traditional cardiovascular risk
factors such as lipids (e.g., low density lipoprotein), body weight, and
blood pressure, reductions in inflammatory factors contribute signifi-
cantly to the cardiovascular risk reducing effect of exercise [1e3].
Nevertheless, the cellular mechanisms responsible for the beneficial
effects of exercise remain incompletely understood. We have recently
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reported that the anti-inflammatory response to exercise is modified by
plasma levels of omega-3 polyunsaturated fatty acids and that exercise
enhances the production of omega-3 polyunsaturated fatty acid-
derived specialized proresolving mediators (SPMs), which stimulate
macrophage phagocytosis and resolution of acute inflammation [4,5].
Macrophage function and metabolism are interconnected. Anti-
inflammatory M2 macrophages that are responsible for tissue repair
and homeostasis rely primarily on the TCA cycle and oxidative phos-
phorylation for the generation of ATP with less dependence on ATP
derived from glycolysis [6e10]. Conversely, classically activated M1
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Abbreviations

CVD cardiovascular disease
SPM specialized proresolving mediators
RvD1 Resolvin D1
RvD2 Resolvin D2
RvE1 Resolvin E1
MaR1 Maresin 1
IRG1 immune response gene 1
hPBMC human peripheral blood mononuclear cells
hMDM human monocyte-derived macrophages
M-CSF macrophage colony-stimulating factor
GM-CSF granulocyte macrophage colony-stimulating factor
BMDM bone-marrow-derived macrophages
CompC compound C
OCR oxygen consumption rate
FcR Fc receptor
XF extracellular flux
PLS-DA Partial Least-squares Discriminate Analysis
DJm mitochondrial membrane potential
MFI mean fluorescence intensity

CLSM confocal laser scanning microscopy
5-LO 5-lipoxygenase
Alox5 5-lipoxygenase-coding gene
LTB4 leukotriene B4
PGD2 prostaglandin D2
PGE2 prostaglandin E2
TXB2 thromboxane B2
NC necroptotic cells
iNOS inducible nitric oxide synthase
ARG1 arginase 1
LM lipid mediator
TP prostanoids TP receptor
AnxA1 annexin A1
CaMK Ca2⁺/calmodulin-dependent protein kinase
ACC Acetyl-CoA carboxylase
LPS lipopolysaccharides
FFA free fatty acids
CPT1 carnitine palmitoyl transferase 1
HFD high fat diet
MCP-1 Monocyte Chemoattractant Protein 1
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inflammatory macrophages derive ATP primarily through substrate-
level phosphorylation via upregulation of key glycolytic isozymes,
which are also directly involved in the upregulated secretion of
proinflammatory cytokines IL-1b, IL-6, and TNFa [11e16]. Inflam-
matory murine M1 macrophages display an interrupted TCA cycle
resulting in the accumulation of citrate and succinate [17,18]. Citrate
accumulation drives acetyl CoA production and increases fatty acid
synthase activity, resulting in the upregulation of de novo proin-
flammatory lipid (i.e., prostaglandins) biosynthesis [19], while accu-
mulated succinate serves as a pseudohypoxia response sensor by
stabilizing HIF1-a and inducing IL-1b production [18,20,21]. Addi-
tionally, upregulation of glycolytic flux feeds the pentose phosphate
pathway, which in addition to supplying amino acids and nucleotides to
satisfy the biosynthetic needs of the highly secretory phenotype of M1
macrophages, increases NADPH-driven reactive oxygen species (ROS)
formation and NO production [22]. ROS formation further drives HIF-
1a-dependent IL-1b secretion, while NO, along with citrate-derived
(IRG1) itaconate further increases reverse electron transport through
ETC complex I, further increasing ROS production in a feedforward
cycle [7,21e23]. Despite these significant immunometabolic ad-
vances, the role of metabolic intermediates in anti-inflammatory
macrophages following exercise are largely unknown.
Emerging evidence suggests that imbalanced proinflammatory to
proresolving lipid mediator production contributes to the progression
of atherosclerotic cardiovascular disease [24e26]. Specialized pro-
resolving mediators (SPMs) are largely formed by lipoxygenase-
derived conversion of omega-3 polyunsaturated fatty acids and are
agonists of inflammation-resolution through their actions on GPCRs
[27e29]. SPMs are temporally produced and signal the termination of
inflammation by quelling aberrant inflammatory signaling pathways,
decreasing the recruitment of neutrophils to sites of injury, and by
stimulating macrophage phagocytosis. Nonetheless, the extent to
which exercise and SPMs alter macrophage metabolism to stimulate
phagocytic function and the resolution of inflammation remains
largely unknown. In this study, we aimed to assess the contribution of
SPM signaling pathways to exercise-induced changes in macrophage
metabolism.
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2. MATERIALS AND METHODS

2.1. Animals and human samples
Male mice 8e12 weeks of age were maintained on normal chow
laboratory diet and housed in temperature-controlled environment
(21 �C year-round) with a 12:12-h light/dark cycle. Animals were
randomly assigned to experimental groups and housed in groups with
up to 5 littermates, except for mice subjected to voluntary wheel
running, which were single housed for the duration of the exercise
protocol. Fpr2�/� mice were maintained on a C57BL/6Ntac back-
ground as provided by Idorsia Pharmaceuticals and C57BL/6NTac from
Taconic Bioscience (Germantown, New York) were bred in-house and
served as Fpr2�/� controls. Alox5�/� (B6.129S2-Alox5tm1Fun/J) mice
on the C57BL/6J background were purchased from The Jackson
Laboratory (strain # 004155) and C57BL/6J mice purchased from The
Jackson Laboratory (strain # 000664) served as controls for studies
involving Alox5�/� mice. Resolvin D1 (RvD1; 7S,8R,17S-trihydroxy-
4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid), Resolvin D2 (RvD2;
7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-docosahexaenoic
acid), Resolvin E1 (RvE1; 5S,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-
eicosapentaenoic acid) and Maresin1 (MaR1; 7R,14S-dihydroxy-
4Z,8E,10E,12Z,16Z,19Z-docosahexaenoic acid) were purchased from
Cayman Chemical, catalog numbers: 10012554, 10007279,
10007848 and 10878, respectively. Compound C (CAS 866405-64-3)
was purchased from EDM Millipore (cat. # 171261-1 MG). Oligomycin-
A (PubChem CID 52947716), FCCP (Carbonyl cyanide p-tri-
fluoromethoxyphenylhydrazone), Antimycin-A (PubChem CID
6450197) and Rotenone (PubChem CID 6758) were purchased from
Millipore Sigma (cat.# O4876-5 MG, C2920-10 MG, A8674-50 MG and
R8875-1G, respectively)

2.2. Mouse voluntary wheel running exercise
Mice were single-housed in home cages with free access to in-cage
stainless steel running wheels (STARR Life Sciences, Oakmont, PA,
USA). The mice were randomly assigned to cages containing free-
spinning wheels (exercise group) or locked wheels (sedentary con-
trol group) for 4 weeks. Wheels of exercised mice were locked 24 h
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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prior to euthanasia. All other housing conditions were kept constant as
previously described.

2.3. Mouse elicited peritoneal macrophage (PM) extraction and
culture
To elicit macrophage recruitment, mice were given a sterile 3 mL I.P.
injection of 3% w/v brewer modified thioglycolate medium (cat. #
211716, BD, NJ, USA). After 72 h, mice were euthanized and cellular
exudates were collected following peritoneal lavage with 3 mL of
sterile, room temperature Ca2þ Mg2þ free DPBS. Cells were
enumerated, centrifuged, and supernatant (peritoneal lavage fluid) was
collected and stored for further analysis. An aliquot of cells was
subjected to Seahorse XFe96 extracellular flux analysis (Agilent
Technologies, California, USA) following resuspension in pre-warmed
DMEM (cat. # 11-965-092, Thermo Fisher, MA, USA) supplemented
with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 25 mM
D-Glucose and 4 mM L-Glutamine (PM media), while another aliquot
was resuspended in Ca2þ Mg2þ free DPBS with 1% FBS (flow buffer)
and subjected to flow cytometric analysis. For the Seahorse XF ex-
periments, 5E4 cells/well were seeded in tissue-culture treated Sea-
horse XF 96-well culture plates (cat.# 102601-100, Agilent
Technologies) and allowed to adhere for 3h at 37 �C, 5% CO2, in
100 mL PM media per well, before proceeding with the assay.

2.4. Human PBMC isolation and human monocyte-derived
macrophage (hMDM) differentiation and culture
Human peripheral blood mononuclear cells (hPBMC) were isolated
from fresh mixed, peripheral venous blood by density gradient
centrifugation (300 RCF for 10 min) on a 45e50% Percoll gradient
(cat.# 17089101, Cytiva Life Sciences, MA, USA). The selection criteria
for donors was: healthy male or female; 18e60 years of age; weigh
over 110 lb; with no chronic health conditions; and medication-free
24 h prior to blood collection. For in vitro differentiation of hPBMC
into monocyte-derived macrophages (MDM), 20E6 cells/well were
seeded into tissue-culture treated 6-well plates and cultured for 6 days
in 3 mL of RPMI1640 (cat.# 21870092, Thermo Fisher) supplemented
with 10% heat-shocked fetal bovine serum (FBS) (cat. # S11150H,
R&D Systems, MN, USA), 100 U/mL penicillin, 100 mg/mL strepto-
mycin (cat.# P0781-100M, MilliporeSigma, MA, USA), 11.1 mM D-
Glucose, 2 mM Glutamax, 1 mM sodium pyruvate (hMDM media), in
the presence of either 20 ng/mL human recombinant M-CSF or GM-
CSF (cat.# 78057.1 and 78015.1, respectively; STEMCELL Technolo-
gies, British Columbia, CA). Cells were washed with DPBS (with Ca2þ

and Mg2þ) and fresh hMDM media added on days 1, 3, 5 and 6 of
culture to remove non-adherent cells, metabolic waste, and to provide
fresh nutrients. Cells were lifted on day 6 by first washing once with
pre-warmed DPBS (Ca2þ and Mg2þ free) and then by incubating with
pre-warmed accutase (cat.# 07922, STEMCELL Technologies) at
37 �C for 5 min, followed by gentle scraping. An aliquot of cells was
used for flow cytometric analysis while another for Seahorse XF ex-
periments. For the Seahorse XF experiments, 1.5E5 MDM cells/well
were seeded in 300 mL hMDM media in a Seahorse XF 96-well tissue
culture treated plate and incubated overnight at 37 �C, 5% CO2.

2.5. Mouse bone marrow cell isolation and bone marrow-derived
macrophage culture
For in vitro differentiation of mouse bone marrow cells into bone
marrow-derived macrophages (BMDMs), both tibias and femurs were
flushed with up to 30 mL of DPBS (Ca2þ and Mg2þ free). Cell extracts
were then washed and seeded into non-tissue-culture treated 6-well
plates (cat.# 229506, CELLTREAT, MA, USA) (2E6 cells/well) or T-75
MOLECULAR METABOLISM 66 (2022) 101637 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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(cat.# CC7672-4875, USA Scientific, FL, USA) (50E6 cells), and
cultured for 6e7 days in 3 mL or 10 mL, respectively, of DMEM/F12
(cat.# 10565018, Thermo Fisher) supplemented with 10% heat-
inactivated FBS, 100 U/mL penicillin, 100 mg/mL streptomycin,
17.5 mM D-Glucose, 2.5 mM Glutamax, 0.5 mM sodium pyruvate
(BMDM media), and 40 ng/mL mouse recombinant M-CSF (cat.#
78059, STEMCELL Technologies). Cells were replenished with fresh
BMDM media on day 2, 4 and 6, and lifted on day 6 by incubating with
pre-warmed accutase at 37 �C for 5 min followed by gentle scraping.
Cell aliquots were subjected to either flow cytometric analysis or
extracellular flux analysis. For the Seahorse extracellular flux analysis,
1E5 BMDM cells/well were seeded with 300 mL BMDM media in a
Seahorse XF 96-well culture plate (tissue culture treated) and incu-
bated overnight at 37 �C, 5% CO2.

2.6. Lipid mediator quantification by targeted liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
To quantify differences in lipid mediators, mice were euthanized and
2e3 mL of cell-free peritoneal lavage fluid was isolated from
sedentary and exercise mice and immediately frozen at �80 �C. On
the day of extraction, samples were thawed on ice, volumes recorded,
and incubated in two volumes of ice-cold methanol containing 500 pg
of deuterium-labeled internal standards (i.e. Resolvin D2-d5, Resolvin
D3-d5, Maresin 1-d5, Maresin 2-d5, Lipoxin A4-d5, Resolvin E1-d4,
5(S)-HETE-d8, 15(S)-HETE-d8, (þ)11(12)-EET-d11, 15-deoxy-D12,14-
Prostaglandin J2-d4, Prostaglandin E2-d4, and Leukotriene B4-d4) to
determine extraction efficiency. Samples were then placed at �80 �C
for 45 min to promote protein precipitation. Protein precipitates were
pelleted by centrifuging samples at 6200 RCF for 10 min at 4 �C and
supernatants were transferred into 12 mL borosilicate glass round-
bottom tubes. Supernatants were dried to w400 mL in a Biotage
TurvoVap Classic by the addition of a gentle stream of N2 gas while
keeping tubes at 37 �C. Samples were then acidified by the addition of
pH 3.5 HPLC-grade H2O and promptly loaded onto Biotage ISOLUTE
C18 SPE columns (cat.# 220-0020-c, Biotage), which were pre-
equilibrated with 3 mL of HPLC-grade MeOH and 3 mL HPLC-grade
H2O. After samples were loaded, columns were then neutralized
with 5 mL of HPLC-grade H2O and subsequently treated with 5 mL of
HPLC-grade hexane to remove neutral lipids. Lipid mediators of in-
terests were then eluted and collected by the addition of 5 mL HPLC-
grade methyl formate. Samples were dried to completion with a gentle
stream of N2 gas in a 37 �C water bath and immediately resuspended
in 50 mL of MeOH:H2O (50:50 v/v). For LC-MS/MS analysis, samples
were injected onto a Kinetex Polar C18 HPLC column (100 mm length x
3 mm diameter; 2.6 mm particle size; 100 Å pore size) (cat.# 00D-
4759-Y0, Phenomenex, California, USA) maintained at 60.6 �C using a
Shimadzu LC-20AD with a SIL-20AC autoinjector (Shimadzu, Kyoto,
JP), coupled to a 5500 Qtrap (AB Sciex, Toronto, CA). Targeted LC-MS/
MS analysis was carried first by gradient elution of lipid mediators with
a constant 0.5 mL/min mobile phase delivery, initially consisting of
45:55:0.01 (v/v/v) methanol:water:acetic acid, which was then ramped
up to 80:20:0.01 over 16.5 min, and then to 98:2:0.01 over the next
2 min. The 5500 Qtrap was operated in negative polarity mode. All data
were acquired using Analyst v1.7.1 and analyzed with Sciex OS-Q
v3.0.0.3339.
Each analyte was identified using multiple reaction monitoring (MRM)
and enhanced product ion (EPI) mode (Supplemental Table S1) with
retention time (RT) matching to synthetic standards (Fig. S1B). A given
chromatographic peak was quantified if the following criteria were
met: (1) RT was withinþ/� 0.1 min of the synthetic standard’s RT; (2)
chromatographic peak was composed of at least 5 points across
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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baseline; (3) MS/MS spectra at the appropriate RT contained at least 6
diagnostic ions; (4) signal-to-noise ratio (SNR) was greater than 3; (5)
the calculated analyte concentration was greater than the empirically-
determined LLOD and LLOQ for the respective analyte.
Determination of the lower limit of detection (LLOD) and lower limit of
quantitation (LLOQ) was carried out as recommended by the Interna-
tional Council for Harmonization analytical guideline Q2 (R2) (https://
www.ich.org/page/quality-guidelines). Briefly, for all analytes, cali-
bration standards (Cayman Chemical) were prepared by mixing twelve
synthetic standards with a beginning concentration of 100 pg/ml
(Standard 1) and serially diluted in HPLC-grade methanol (Sigmae
Aldrich) by 1:2 to a final concentration of 0.048 pg/ml (Standard 12).
For each standard, an injection volume of 5 ml was used. At least five
independent injections of each standard were used to generate data to
determine LLOD and LLOQ for each analyte. From the accumulated
data, the slope (S) of the calibration curve and the standard deviation
(s) of the y-intercept, which represents the blank condition, were
calculated. LLOD and LLOQ were calculated using 3.3*s/S and 10*s/
S, respectively.
Lipidomics data was analyzed using MetaboAnalyst 5.0 (metab-
oanalyst.ca). Analytes missing data in more than 50% of the samples
were removed and missing values were imputed with 1/5 of the
minimum positive value. Data were log transformed and autoscaled
before analysis, as described in Fredman et al. [24]. Global changes
between groups were compared using Student’s t-tests (P< 0.05) and
a fold-change threshold of 1.5.

2.7. Real-time extracellular flux (XF) analysis
After 3h (PM) or overnight incubation (hMDM and BMDM), cells were
washed twice with 200 mL Seahorse XF DMEM medium per well (free
of sodium bicarbonate, phenol red, and serum, pH 7.4; cat.# 103575-
100, Agilent Technologies). For PM and BMDM cells, XF DMEM was
supplemented with 24 mM D-Glucose, 4 mM L-Glutamine and 1 mM
sodium pyruvate; for hMDM, the medium was supplemented with
11.1 mM D-Glucose, 2 mM L-Glutamine and 1 mM sodium pyruvate.
These supplemented media formulations will henceforth be referred to
as XF media. Cells were either left untreated or treated with the
respective SPM compounds at the indicated concentrations for 2 h,
while incubating at 37 �C and at normal atmospheric CO2 partial
pressure. The lack of added CO2 to incubator air for 1e2 h is a
manufacturer-recommended step to facilitate removal of dissolved
CO2 gas from culture media and all culture vessel materials, which is
crucial for proper OCR and ECAR measurements on the Seahorse XF
analyzer. Where indicated, BMDM were washed with XF DMEM after
overnight culture, and incubated with 500 nM Compound C (CompC)
for 30 min before 2 h incubation with 1 nM of the indicated SPM (e.g.,
RvD1, RvD2, RvE1, MaR1).
After 2 h incubation, cells were subjected to either continuous readings
for 80 min or to a mitochondrial stress assay where indicated in the
Seahorse XFe96. For this assay, oligomycin, FCCP, and Antimycin-A/
Rotenone (cat. # O4876-5 MG, C2920-10 MG, A8674-50 MG and
R8875-1G, respectively, MilliporeSigma) solutions were successively
added (without washing away the previous compound) to each well at
the indicated time points. Assay configuration: 80-min total; 6-min
interval between each datapoint, with 3 min spent mixing and 3 min
reading, for each datapoint. The following working concentrations of
mitochondrial inhibitors were used for the respective cell type, as
determined by dose response titrations performed beforehand in
separate experiments (data not shown): For PM and BMDM: 1.5 mg/mL
oligomycin, 1.5 uM FCCP, 10 uM Antimycin-A, 1 uM Rotenone. For
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hMDM: 2 mg/mL oligomycin, 2 uM FCCP, 10 uM Antimycin-A, 2.5 uM
Rotenone.
The following formulas were used to calculate the indicated mito-
chondrial respiratory parameters: Non-Mitochondrial OCR ¼ minimum
OCR value achieved after Antimycin-A þ Rotenone (AA/R) injection;
Basal OCR ¼ (last OCR value before oligomycin injection) e (Non-
Mitochondrial OCR); Maximal OCR ¼ (max OCR value after FCCP in-
jection) e (Non-Mitochondrial OCR); ATP-Linked OCR ¼ (last OCR
value before oligomycin injection) e (minimum OCR value achieved
after oligomycin injection); Spare Respiratory Capacity ¼ (Max OCR) e
(Basal OCR); Spare Respiratory Capacity as % of Basal ¼ [(Max OCR)/
(Basal OCR)] x 100%; Hþ Leak ¼ (minimum OCR value after
oligomycin injection) e (Non-Mitochondrial OCR); % Coupling
Efficiency ¼ [(ATP-Linked OCR)/(Basal OCR)] x 100%.

2.8. Flow cytometric analysis
For all experiments except TMRM staining and intracellular pAMPK
staining, ice cold FACS buffer (DPBS, Ca2þ/Mg2þ free, with 1% FBS)
was used for washing, FcR blocking, staining, and running samples. All
incubations were done in the dark with tubes on ice. For TMRM
staining of BMDM cells, pre-warmed, XF media (see recipe above;
additionally supplemented with 10 mM EDTA and 10% FBS) was used
for washing, FcR blocking, staining, and running samples, and sam-
ples were kept at 37 �C at all times.
1E5 (BMDM and hMDM) or 1E6 (PM) cells were aliquoted, per sample,
after either peritoneal lavage (PM) or accutase digestion (BMDM and
MDM). Cells were washed once and resuspended and incubated for
10 min on ice or at 37 �C (for TMRM experiments) in 50 mL of an Fc
receptor blocking solution (for mouse BMDM and PM: 0.5 mg of a rat
anti-mouse CD16/CD32 monoclonal Ab, clone 93 [cat.# 14-0161-82,
Thermo Fisher]; for hMDM: 5 mL of Human BD Fc Block, clone
Fc1.3216 [cat.# 564220, BD] Biosciences). After FcR blocking, 50 mL
of a staining solution was added for a total staining volume of 100 mL.
The following primary flow cytometry Ab (See Table S2 in Supple-
mental Methods) were incubated together at the indicated amounts in
a 100 mL staining volume:
For PM: CD45-FITC, F4/80-PE, CD64-BV421 and Ly6G-APC. For
BMDM: CD45-FITC and CD64-BV421 were used as indicated above,
with F4/80-eFluor 660 added to the flow cytometric panel. For hMDM,
the following Ab were used: CD14-StarBright Violet 610, CD16-FITC,
CD206-APC and CD64-BV421.
For TMRM staining of BMDM or PM: 40 nM TMRM (cat.# I34361,
Thermo Fisher) was added with other primary flow cytometry anti-
bodies (CD45-FITC, F4/80-eFluor 660 and CD64-BV421) and was
incubated for 30 min at 37 �C in the dark. For all other flow cytometry
experiments not involving TMRM staining, samples were stained for
30 min, on ice, in the dark. After staining, samples were washed with
5X volumes of either ice-cold flow buffer or 5 � volumes of pre-
warmed XF media (for TMRM experiments on BMDM or PM) before
centrifuging and resuspending samples in the respective solution
before submitting samples for flow cytometric analysis.
All data were analyzed using BD FlowJo v10.8.1. To generate a t-SNE
map of PM stained with cell surface markers CD45-FITC, F4/80-
eFluor660, CD64-BV421 and lipophilic potentiometric dye, TMRM, all
FCS files were cleaned up by removing doublets and cell debris. A
subset of 10,000 events per sample were randomly chosen using
DownSampleV3 FlowJo plug in and concatenated into a single FCS file
containing all events to create a dataspace representative of all
possible cell populations. The sample identity for each event from each
individual FCS file was maintained by creating a Sample ID parameter
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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during the concatenation process. The t-SNE map was created using
the concatenated file, using the opt-SNE algorithm implementation
developed by Belkina et al. [30] with the following hyperparameters:
Iteration number ¼ 1000, Perplexity ¼ 30, learning rate
(eta) ¼ 15783), KNN algorithm: Exact (vantage point tree), gradient
algorithm: Barnes-Hut. The FlowSOM algorithm developed by Van
Gassen et al. [31] was ran on the same concatenated file using the
following hyperparameters: number of metaclusters ¼ 12, SOM grid
size (W x H) ¼ 10 x 10. The TMRM MFIs for the respective FlowSOM
populations were then extracted for each individual sample using a
sample ID parameter created during the FCS file concatenation pro-
cess, as described above.

2.9. Intracellular detection of p-AMPKa1(Thr172) by flow
cytometry
1E6 PMs from C57BL/6J WT mice were incubated with 20 mM
Compound C (stock: 2.5 mM in DMSO) or Veh for 2h at 37C in incu-
bation media (RPMI1640, 10% FBS, 1X GlutaMAX) before being
washed and incubated with 100 mM metformin (stock: 100 mM in
water; cat # 317240, Millipore Sigma), in the presence of CompC or
Veh, for 30 min at 37C. Cells were then washed with Ca2þ/Mg2þ free
DPBS, spun down and resuspended in 750 mL of Cytofix/Cytoperm
solution (cat.# 554714, BD Biosciences) per sample, and incubated for
20 min on ice. After fixing and permeabilizing, cells were washed twice
with 3 mL of 1X Perm/Wash buffer (cat.# 554714, BD Biosciences),
and then spun down and resuspended in 50 mL of an FcR block so-
lution in Perm/Wash buffer (0.5 mg of a rat anti-mouse CD16/CD32
monoclonal Ab, clone 93 [cat.# 14-0161-82, Thermo Fisher]) and
incubated for 10 min on ice. Cells were then stained with a polyclonal,
rabbit anti-mouse FITC-labeled p-AMPKa1(Thr172) antibody (Biorbyt,
cat. # orb8540) in a 100 mL staining volume (perm/wash buffer) and
incubated 30 min on ice. Tubes were washed twice with 3 mL of perm/
wash buffer and finally centrifuged and resuspended in FACS buffer
before analyzing samples. All data was acquired on a BD LSR-Fortessa
X-20 flow cytometer equipped with 4 lasers (Violet 405 nM, Blue
488 nM, Yellow-green 561 nM, and Red 640 nM) and using FACSDiva
v8.03.

2.10. Confocal laser scanning microscopy (CLSM)
BMDM were cultured as previously described. Cells were harvested at
the end of day 6, as described above, and 1.75E6 cells were re-seeded
in 35 mm glass bottom dishes (14 mm glass diameter) (cat.# P350G-
0-14-C, MerTek) in 3 mL of BMDM media. After overnight incubation
and without washing away culture media, 5 nM TMRM (cat. # I34361,
Thermo Fisher) and 5 mg/mL Hoechst 33342 (cat. # H3570, Thermo
Fisher) were directly added to the cells and allowed to incubate for
30 min at 37 �C, in the dark. After incubation, 3 mL of staining solution
was carefully removed as to not disturb cells, 2 mL of pre-warmed XF
media was added, and imaged for Hoechst and TMRM. Immediately
after capturing images, FCCP was directly added to the dish at a final
concentration of 25 uM, incubated in the dark at room temperature for
10 min, and re-imaged. Images were taken on a Nikon A1 CLSM,
mounted on a Nikon TE-2000E2 microscope body, using a Plan Apo
60X/NA 1.4 Oil objective. Images were produced with a Galvano
scanner at 1/2 frame per second (1024 � 1024 pixels), one-way
scanning with line averaging value of 2, a scanner zoom value of 1,
and pinhole size of 39.7 mm. Hoechst 33342 fluorescence emission
was captured using a 405 nm solid state laser at 2% power, using a
450/50 long pass (LP) filter, and setting PMT voltage gain at 100.
TMRM fluorescence emission was captured using a 561 nm solid state
laser at 2.5% power, using a 525/50 LP filter, and setting PMT voltage
MOLECULAR METABOLISM 66 (2022) 101637 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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gain at 100. The transmitted light channel (TL-DIC) was captured via
transmitted light DIC technique, setting the transmitted light PMT
detector gain at 120.

2.11. Immunoblotting analysis
Bone marrow cells/well were seeded (non-tissue culture treated 6-well
plate) in 3 mL BMDM media and cultured for 6 days as described
above. On day 6, media was removed, and 3 mL fresh BMDM media
containing 1 nM RvD1 or not was added for 1h before removing media
and collecting cell lysate in 100 mL of ice-cold lysis buffer per well.
Lysis buffer was composed of 50 mM HEPES, 5 mM EDTA, 150 mM
NaCl, 1% (v/v) NP-40, 0.1% (w/v) SDS, 1X Halt Protease inhibitor
cocktail (cat.# 87785, Thermo Fisher) and 1X Halt Phosphatase in-
hibitor cocktail (cat.# 78420, Thermo Fisher). Protein concentration
was determined using Pierce BCA protein assay kit (cat.# 23227,
Thermo Fisher). 60 mg of protein per sample was mixed with 1X
Laemmli sample buffer (cat.# 1610747, BioRad) and resolved on a
10% Criterion TGX Precast Midi SDS-PAGE gel (cat.# 5671033, Bio-
Rad) and electrotransferred to Immun-Blot PVDF membranes (150e
160 mg/cm2) (cat.# 1620177, BioRad). Membranes were blocked with
5% (w/v) non-fat milk (cat.# M�0841, LabScientific, MA, USA) in TBST
buffer (TBS containing 0.1% Tween-20) for 1h. The membrane was
then probed overnight with rabbit phospho-AMPKa (Thr172) (1:1000;
cat.# 2535S, Cell Signaling Technology, MA, USA) antibody diluted in
5% (w/v) BSA in TBS-T. The blot was washed three times in TBST and
incubated with anti-rabbit HRP-conjugated secondary IgG (1:2000;
cat.# 7074S, Cell Signaling Technology) in 5% (w/v) non-fat milk for
1h. The membrane was washed 3 times in TBST and then incubated
with Pierce ECL Plus (cat.# 32132, Thermo Fisher) and imaged using
an MYECL Western Blotting Detection System (Thermo Fisher). After
imaging, the membrane was stripped using Restore Western Blot
Stripping Buffer (cat.# 21059, Thermo Scientific) and re-probed with
mouse AMPKa (1:1000; cat.# 2793S, Cell Signaling Technology) to
normalize p-AMPKa expression.

2.12. RT-qPCR
Human MCSF-MDM and GMCSF-MDM were harvested after 6 days of
differentiation culture and whole-cell RNA was isolated and purified
using RNeasy Mini Kit (cat. # 74106, Qiagen; Hilden, Germany), per-
forming DNA digestion with RNase-free DNase I Set (cat#. 79256,
Qiagen) before eluting. RNA concentration and purity were determined
by UV absorbance spectrophotometry with a NanoDrop 2000c (Thermo
Fisher). cDNA was prepared by reverse transcription PCR using 1 mg of
RNA as template and using MultiScribe Reverse Transcriptase with the
random primers scheme for initiation of cDNA synthesis (part of the
High Capacity cDNA RT Kit; cat.# 43-688-13, Thermo Fisher). PowerUP
SYBR Green Master Mix (cat.# A25776, Thermo Fisher) with Dual-Lock
Taq DNA polymerase and ROX as passive reference dye was used for
quantitative RT-PCR in an Applied Biosystems QuantStudio 5 (Thermo
Fisher). All manufacturer’s recommended steps were followed. Vali-
dated, commercially available PCR primers (see primer information in
Table S3 of Supplemental Methods) were purchased from Qiagen (RT2

qPCR Primers, cat#. 330001) and used for quantitative PCR assays.
The 2 �DDCT method was used to calculate relative expression
following normalization to the housekeeping gene Hprt.

2.13. Study approval
All murine procedures were performed under approved protocols by
the University of Louisville Institutional Animal Care and Use Committee
(#20732) and institutional biosafety committee (#21e295). Mixed
human venous peripheral blood was collected under an approved
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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protocol from the University of Louisville’s Institutional Review Board
(21.0688) from de-identified donors following written consent.

2.14. Statistical analysis
Results are expressed mean � standard error of the mean (SEM) of n
observations, where n represents the number of biological replicates
per experimental group. All animals were randomly assigned to
experimental groups and age matched with proper controls. All sta-
tistical comparisons were performed with GraphPad Prism v9.3.1.
Statistical comparisons between two groups were conducted using
either paired or unpaired two-tailed Student’s t test, while comparisons
of multiple groups were performed using one-way ANOVA or two-way
ANOVA, where appropriate, with Holm-�Sídák’s post hoc tests. In all
cases, statistical significance was set at P< 0.05. Sample sizes and p
values (for the indicated pair-wise comparisons) for the respective
graphs are indicated in figure legends.

3. RESULTS

3.1. Exercise induces SPM biosynthesis and enhances
mitochondrial respiration in macrophages
Consistent with published literature [32], voluntary wheel running
provided a robust model of aerobic exercise training in C57BL6 mice,
as evidenced by high levels of wheel running activity (w4 km per day
at w 0.25 m/s average speed) (Fig. S1A). To examine whether ex-
ercise training affects lipid mediator production and cellular meta-
bolism of macrophages, peritoneal exudates collected from sedentary
and exercise-trained mice were subjected to targeted LC-MS/MS lip-
idomic analysis, while intraperitoneal leukocytes, of which w85% are
elicited peritoneal macrophages (PM), were subjected to extracellular
flux (XF) analysis, respectively (Figure 1A). Using a data dimensionality
reduction approach, we found that Partial Least-Squares Discriminate
Analysis (PLS-DA) of lipid mediator concentrations resulted in distinct
group clustering of sedentary and exercise animals (Fig. 1B). A sum-
mary of fold change analysis of individual lipid mediators is presented
as a heat map (Fig. 1D). Exercise increased the concentration of the
proresolving lipid mediator RvE1, while also increasing the levels of
20-OH-LTB4, PGJ2, and 13,14-dihydro-15-keto-PGE2; breakdown
metabolites of pro-inflammatory lipid mediators LTB4, PGD2, and PGE2,
respectively (Fig. 1C). Likewise, exercise induced a decrease in the
arachidonic acid metabolite, 5S,15S-diHETE, which has been shown to
be an eosinophil chemoattractant and neutrophil degranulation agonist
[33e35] (Fig. 1C). These data suggested that exercise promotes the
production of proresolving lipid mediators and metabolic breakdown of
pro-inflammatory lipid mediators. In support of this, we found that the
ratio of 5-lipoxygenase (5-LO) derived proresolving (e.g., RvE1 and
RvD1) to pro-inflammatory (e.g., LTB4, 6-trans LTB4, and 6-trans-12-
epi LTB4) lipid mediators is increased following exercise.
We next asked whether the observed exercise-induced upregulation of
RvE1 biosynthesis was associated with changes in PM intermediary
metabolism. To this end, we found that four weeks of wheel running
resulted in enhanced basal, ATP-linked, maximal, and spare mito-
chondrial respiratory capacity (Figure 1EeF) in PM, indicating that
exercise promotes SPM production and mitochondrial metabolism in
macrophages.

3.2. SPMs stimulate mitochondrial metabolism in macrophages
Given that exercise increased proresolving lipid mediator RvE1 levels
and mitochondrial respiration, we asked whether RvE1 and other SPMs
directly alter mitochondrial metabolism in PMs isolated from control
mice (Figure 2A). We found that 1 h incubation with 1 nM RvD1, RvD2,
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RvE1 and MaR1 stimulated basal and ATP-linked respiration with a
mean increase in maximal respiration in PMs (Figure 2BeC). More-
over, the observed increase in basal respiration at the start of the
mitochondrial stress assay persisted for over 60 min (Figs. S2AeS2E),
suggesting that SPM signaling pathways contribute to sustained in-
creases in mitochondrial respiration in macrophages.

3.3. RvD1 and RvE1 differentially alter mitochondrial metabolism in
human macrophages
Given that exogenous RvE1 and RvD1 treatment enhanced mito-
chondrial metabolism in murine PM, we explored whether these ef-
fects were also common to human monocyte-derived macrophages
(MDM) differentiated in the presence of either M-CSF (MCSF-MDM) or
GM-CSF (GMCSF-MDM). We first characterized MDM cell surface
expression of monocyte-macrophage lineage markers following he-
matopoietic growth factor treatment, MCSF-MDM and GMCSF-MDM
(Figure 3AeB). As previously reported [36e39], the hematopoietic
growth factors for in vitro differentiation of MCSF-MDM and GMCSF-
MDM did not differentially alter expression of canonical M1 (CD64)
or M2 (CD206) (Figure 3AeB) cell surface markers. However, as re-
ported previously [40], CD14 and CD16 were differentially expressed:
CD14 expression was approximately 7-fold higher in MCSF-MDM
compared to GMCSF-MDM, while CD16 expression was approxi-
mately 2.6-fold higher in MCSF-MDM relative to GMCSF-MDM (Fig 3B).
These findings were associated with increased cellular respiration and
extracellular acidification rates in GMCSF-MDM compared to MCSF-
MDM. Results of which are consistent with human GMeCSFe
derived macrophages having higher oxidative phosphorylation activity
[41].
As expected, SPM-mediated enhancements in cellular metabolism
observed in murine PM was also observed in human GMCSF-MDM,
whereby 1h incubation with 1 nM RvD1 increased basal and ATP-
linked mitochondrial respiration (Figure 3CeD). Surprisingly, stimu-
lation of mitochondrial respiration was not recapitulated in MCSF-MDM
cells (Figure 3EeF). RvD1 treatment, and not RvE1, resulted in stim-
ulating mitochondrial respiration only in GMCSF-MDM, which may
have resulted from down regulation of the RvE1 receptor CHEMR23
following GMCSF-MDM differentiation (Fig. S3). Nevertheless, these
data suggest that proresolving signaling pathways also promote
mitochondrial metabolism in human GMCSF monocyte-derived
macrophages.

3.4. RvD1 stimulated macrophage mitochondrial metabolism is
dependent on FPR2 signaling
To assess whether RvD1-enhanced mitochondrial respiration in
macrophages is receptor-mediated, we subjected murine PM isolated
from Fpr2þ/þ and Fpr2�/� mice to 0.1 nM, 1 nM and 10 nM RvD1.
Notably, PM lacking FPR2 receptor expression display no change in
mitochondrial respiration following RvD1 treatment (Figure 4A, C). This
was indicated by no significant differences in basal, ATP-linked, or
maximal mitochondrial respiration (Figure 4B, D). Additionally, lack of
stimulation of basal respiration in Fpr2�/� PM was persistant, while,
as previously observed (Fig. S2), Fpr2þ/þ PM had a sustained increase
in basal respiration following RvD1 treatment (Fig. S4).
Given that basal respiration was elevated in Fpr2�/� PM relative to
Fpr2þ/þ PM (Fig. 4F), we immunophenotyped PM via flow cytometry to
assess potential differences in recruited population abundances that
may account for the observed difference. As shown in Figure 4GeH,
the lack of FPR2 expression did not alter the abundance of total CD45þ

cells, CD45þLy6Gþ neutrophils, small (CD45þF4/80low) PM, or large
(CD45þF4/80high) PM (Figure 4GeH). From these data, we infer that
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Exercise induces SPM biosynthesis and mitochondrial respiration in macrophages. (A) Experimental scheme outlining the isolation of PM from exercise-trained
mice and subsequent assessment of mitochondrial respiratory parameters via extracellular flux (XF) analysis, as well as extraction and quantification of lipid mediators in the cell-
free lavage fluid via SPE and HPLC-MS/MS, respectively. (B) Partial Least Squares-Discriminant Analysis (PLS-DA) and (D) heatmap of peritoneal lipid mediator metabololipidomics
following four weeks of voluntary wheel running (Exe) or sedentarism (Sed). (C) Quantification of RvE1, PGJ2, 20-OH LTB4, 5S,15S-diHETE and ratio of RvE1 and RvD1 to leu-
kotrienes (LTs; LTB4, 6-trans LTB4, and 6-trans-12-epi LTB4). (E) Cellular respiration was assessed by recording oxygen consumption rate (OCR) of peritoneal macrophages (PM)
isolated from exercise and sedentary mice. (F) Derived mitochondrial respiratory parameters calculated from the mitochondrial stress assay. Data expressed as mean � SEM,
n ¼ 4 for Sed mice, n ¼ 3 for Exe mice. *P < 0.05, **P < 0.01, two-tailed Student’s t-test.
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Figure 2: SPMs stimulate mitochondrial metabolism in peritoneal macrophages. (A) PM from non-exercised mice were treated without or with 1 nM of the indicated SPM
(RvD1, RvD2, RvE1, or MaR1) for 1h prior and throughout OCR and ECAR measurements of a mitochondrial stress assay. (B) Derived mitochondrial respiratory parameters were
quantified and (C) fold changes of each respiratory parameter for each SPM treatment vs control are summarized in radar plots. Data expressed as mean � SEM, n ¼ 3 for all
groups; **P < 0.01, ***P < 0.001; One-way ANOVA with Holm-�Sídák post-test.
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Figure 3: RvD1, but not RvE1, stimulates mitochondrial metabolism in human macrophages. (A) Human PBMC were subjected to flow cytometric analysis to quantify
expression level of monocyte-macrophage cell surface markers. Unstained samples shown in grey histograms while stained ones are shown in respective colored histograms:
GMeCSFedifferentiated hMDM in purple (top row) while MeCSFedifferentiated hMDM are shown in green (bottom row). (B) Quantification of CD14, CD16, CD64, and CD206 MFI
following differentiation in GM-CSF and M-CSF. Grey dashed line shows the MFI for the respective marker on undifferentiated hPBMC. (C, E) Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) values following treatment without or with 1 nM RvD1 or RvE1 in GM-CSF or M-CSF differentiated MDM. (D, F) Quantification of derived
mitochondrial respiratory parameters. Data expressed as mean � SEM; n ¼ 3 for all groups; **P < 0.01; One-way ANOVA with Holm-�Sídák post-test.
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Figure 4: RvD1 stimulated mitochondrial metabolism in macrophages is dependent on FPR2 signaling. (A, B, E) PM from non-exercised Fpr2þ/þ or (C, D, E) Fpr2�/� mice
were treated without or with 0.1 nM, 1 nM, or 10 nM RvD1 for 1h prior to, and throughout, (A, C) OCR and ECAR measurements of a mitochondrial stress assay. (B, D) Derived
mitochondrial respiratory parameters were quantified for macrophages isolated from (B) Fpr2þ/þ and (D) Fpr2�/� mice, and (E) fold changes of respiratory parameters for each SPM
treatment vs. control are summarized in radar plots. (F) Basal, ATP-linked and Maximal OCR for PM isolated from Fpr2þ/þ and Fpr2�/� mice. (G-H) PM aliquots were subjected to
immunophenotyping via polychromatic flow cytometric analysis to assess expression levels of cell surface markers diagnostic of mature, large (CD45þF4/80high) and small (CD45þF4/
80low) peritoneal macrophages, as well as neutrophiles (CD45þ Ly6Gþ). (H) Percent of CD45þ cells quantified out of viable, doublet-excluded cells. %Ly6Gþ and %F4/80þ cells
quantified out of viable, doublet-excluded, CD45þ cells. %F4/80dim and %F4/80high cells quantified out of viable, doublet excluded, CD45þ F4/80þ cells. Data expressed as
mean � SEM; n ¼ 3 in (A-F) and for n ¼ 6e7 in (G-H); *P < 0.05, **P < 0.01; One-way ANOVA with Holm-�Sídák post-test (B, D) or two-tailed Student’s t-test (FeH).

Original Article

10 MOLECULAR METABOLISM 66 (2022) 101637 � 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


deletion of FPR2 results in compensatory mechanisms that increase
basal and ATP-linked respiration. Nonetheless, these data collectively
suggest that RvD1-induced stimulation of mitochondrial respiration in
macrophages is mediated via FPR2 signaling.

3.5. SPMs stimulate mitochondrial metabolism in BMDMs
To assess whether SPM-mediated stimulation of mitochondrial
respiration extends beyond peritoneal macrophages, we examined the
effect of SPM signaling on mitochondrial function in bone marrow-
derived macrophages (BMDMs). BMDMs were treated with 1 nM
RvD1, RvD2, RvE1 or MaR1 and subjected to a mitochondrial stress
Figure 5: SPMs stimulate mitochondrial metabolism in BMDMs. BMDMs treated wi
cytometric analysis (C-E), or CLSM imaging (F). For the mitochondrial stress assay (A-B),
MaR1) for 1h prior to, and throughout 80 min of OCR and ECAR measurements (A) during a
are shown (B). For flow cytometric analysis (C-E), BMDMs were treated without or with 1 n
fluorescence intensity (MFI), on CD45þ F4/80þ CD64þ BMDMs (D). An aliquot of cells f
oligomycin and FCCP and resulting MFI recorded (E). BMDM from non-exercised mice w
channels, or using TL-DIC technique on a confocal laser scanning microscope (F). Top row
show cells after a 10-min FCCP incubation. Data expressed as mean � SEM; n ¼ 3e9 fo
two-tailed Student’s t-test (D), or two-way ANOVA with Holm-�Sídák post-test (E).
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assay (Figure 5AeB). Similar to murine PM and human MDM, murine
BMDMs treated with RvD1, RvD2, RvE1 and MaR1 display enhanced
basal and ATP-linked mitochondrial respiration, while maximal respi-
ration was significantly enhanced only by 1 nM RvD1 (Figure 5AeB).
SPM-induced basal and ATP-linked mitochondrial metabolism in
BMDMs was associated with changes in metabolic pathways
(Figs. S5AeS5C). Similar to the stimulatory effect of SPMs in PMs,
mitochondrial respiration in BMDMs was sustained following RvD1
incubation (Figs. S2FeS2G). These data are consistent with our PM
results and suggest that RvD1 treatment increases DJm and
oxidative phosphorylation.
thout or with indicated SPM and subjected to mitochondrial stress assay (A-B), flow
BMDMs were treated without or with 1 nM of the indicated SPM (RvD1, RvD2, RvE1, or
mitochondrial stress assay, for which the derived mitochondrial respiratory parameters
M RvD1 and mitochondrial membrane potential, DJm, was quantified via TMRM mean
rom the indicated groups was also treated with mitochondrial ETC complex inhibitors
ere stained with Hoechst 33342 and TMRM, and imaged in the indicated fluorescent
micrographs show cells in basal state (pre-FCCP incubation). Bottom row micrographs
r all groups; *P < 0.05, **P < 0.01; One-way ANOVA with Holm-�Sídák post-test (B),
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Since the magnitude of the mitochondrial electrochemical proton
motive force and respiratory chain activity (cellular OCR) are normally
coupled, we evaluated changes in TMRM fluorescence intensity as an
indication of mitochondrial function [42,43]. TMRM is a potentiometric,
lipophilic, membrane permeable dye whose fluorescence intensity,
under non-quenching conditions, correlates with mitochondrial
membrane potential (DJm), (i.e., increased fluorescence equals
increased polarized membrane potential). BMDMs, w96% CD45þF4/
80þCD64 (data not shown), were treated without or with 1 nM RvD1
for 1 h followed by the assessment of TMRM fluorescence. Following
differentiation, 98% of BMDMs showed positive TMRM fluorescence
values, indicating high BMDM vitality/viability (Figure 5CeD). Inter-
estingly, TMRM mean fluorescence intensity (MFI) increased after 1 h
treatment with 1 nM RvD1, indicating increased hyperpolarized
mitochondrial membrane potential (Figure 5DeE). To assess the dy-
namic range of mitochondrial function, we treated BMDMS with the
uncoupling protonophore FCCP, which resulted in a marked 13.6% and
27.7% decrease in TMRM MFI for control and RvD1-treated cells,
respectively (Fig. 5E) [44e47]. To assess maximum DJm, we next
added oligomycin, an ATP-synthase inhibitor that blocks Hþ re-entry
into the mitochondrial matrix and thus drives a DJm hyperpolar-
ization [44]. As expected, TMRM MFI significantly increased above
basal values (Fig. 5E).
To qualitatively assess TMRM staining and DJm, we utilized CLSM
and observed, as expected, a significant reduction in TMRM fluores-
cence intensity following the addition of FCCP (Fig. 5F).

3.6. SPMs stimulate mitochondrial metabolism in macrophages
through AMPK activation
Because AMPK plays a crucial role as master regulator of cellular
bioenergetics and has been recently invoked in SPM signaling in
macrophages [25,48e50], we posited that SPMs enhance mito-
chondrial respiration via AMPK-dependent signaling pathways. To test
this, murine BMDMs were treated with either 1 nM RvD1, RvD2, RvE1
or MaR1 and expression of AMPK phosphorylation (Thr172) was
measured by immunoblotting. RvD1 treatment resulted in a 40% in-
crease in AMPK phosphorylation (Figure 6A). This prompted us to
evaluate the AMPK dependence in SPM-stimulated mitochondrial
respiration. For this, BMDMs were treated without or with Compound-C
(CompC), an ATP-competitive inhibitor of AMPK kinase activity, and
1 nM RvD1 (Fig. 6B), RvD2 (Fig. 6C), RvE1 (Fig. 6D) or MaR1 (Fig. 6E).
As observed before, 1 nM RvD1, RvD2, RvE1, and MaR1 increased
basal and ATP-linked respiration. Treatment with CompC however
prevented RvD1-, RvE1-, and MaR1-induced basal and ATP-linked
respiration, but not RvD2 (Figure 6BeE), consistent with our immu-
noblotting data (Fig. S6A). These data suggest that RvD1, RvE1, and
MaR1 stimulate mitochondrial respiration via an AMPK-dependent
signaling mechanism in macrophages, which is not invoked by RvD2.

3.7. 5-Lipoxygenase derived lipid mediators contribute to exercise-
induced mitochondrial function via AMPK activation
To assess the in vivo relevance of 5-LO derived lipid mediators (e.g.,
SPMs) in exercise-induced mitochondrial respiration in macrophages,
we subjected control and Alox5�/� mice to exercise training. After 4
weeks, PM isolated from Alox5�/� mice displayed a significant
decrease in phosphorylation of AMPK following exercise (Figure 7A). T-
distributed stochastic neighbor embedding with FlowSOM clustering
analysis identified 4 unique cell populations (e.g., population 1e4),
which accounted for greater than 99.0% of total cellular events
(Fig. 7B). Populations 1 (CD45þF4/80highCD64high), 3 (CD45þF4/
80�CD64lo), and 4 (CD45þF4/80�CD64-) displayed no significant
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reliance on 5-LO derived lipid mediators for mitochondrial activity
following exercise (Figure 7CeE). This contrasted with cells in popu-
lation 2 (CD45þF4/80loCD64lo), which displayed a significant reduction
in mitochondrial activity with deletion of 5-LO (Fig. 7E). Collectively,
these data suggest that in vivo, 5-LO derived lipid mediators contribute
to AMPK activation and mitochondrial activity in CD45þF4/80loCD64lo

macrophages following exercise.

4. DISCUSSION

The major findings of this study are that 4 weeks of exercise training in
mice significantly enhances the ratio of proresolving lipid mediators
(e.g., RvE1 and RvD1) to proinflammatory lipid mediators (e.g., LTB4).
This increased ratio was accompanied by enhanced basal, ATP-linked,
and maximal mitochondrial respiratory chain activity in peritoneal
macrophages, which suggested a role of SPMs in exercise enhanced
macrophage respiration. Data presented herein display that SPMs RvD1,
RvD2, RvE1, and MaR1 directly enhance mitochondrial metabolism in
peritoneal and bone marrow-derived macrophages. Additionally, the
enhancement in macrophage mitochondrial respiration by RvD1 was
receptor-dependent, as mice lacking the cognate RvD1 receptor, FPR2,
did not display increases in mitochondrial respiration upon RvD1 stim-
ulation. Interestingly, SPM-induced mitochondrial respiration in macro-
phages is dependent on signaling through the master energy sensor,
AMPK, as treatment with Compound C abrogated SPM-induced mito-
chondrial respiration (e.g., RvD1, RvE1, and MaR1, but not RvD2). This
conclusion is supported by our in vivo data showing decreased AMPK
activation and mitochondrial activity following exercise in macrophages
isolated from Alox5�/� animals. These data suggest that exercise
induced proresolving lipid mediators contribute to enhanced mitochon-
drial respiration in macrophages via stimulation of AMPK.
Although physical activity imparts its salutary effects by inhibiting the
development of chronic inflammation [2,3], the mechanisms by which
it may enhance proresolving pathways however remain poorly un-
derstood. We previously reported that in a mouse model of aerobic
exercise training, physical activity acts as an agonist of inflammation-
resolution, by enhancing SPM biosynthesis and macrophage phago-
cytic capacity [4]. Several studies [24,25,48,51] have established that
imbalanced pro-inflammatory-to-proresolving biosynthesis is a
defining characteristic of failed resolution and is a contributing factor to
the development of chronic inflammatory diseases such as obesity-
induced type 2 diabetes and atherosclerosis. This imbalanced pro-
duction prolongs inflammation and inhibits timely resolution, giving
way for the development of chronic inflammation and loss of tissue and
organ function [52]. As such, lipid mediators via autocrine/paracrine
signaling, play a critical role in maintaining tissue function in both
health and disease.
The relationship between metabolism and cellular function in macro-
phages has been well established. It became increasingly clear during
the late 1980s that differential L-Arg catabolism, either via iNOS to
produce NO and citrulline (in the case of M1 proinflammatory mac-
rophages), or via Arginase 1 to produce urea, ornithine and polyamines
(in the case of M2 anti-inflammatory and proresolving macrophages),
was a critical differentiating factor in macrophage activation state
[53e56]. Decades later, and although a more complex picture has
emerged with numerous metabolic pathways involved, it remains clear
that distinct changes in metabolic pathways underlie the immuno-
phenotypic states of macrophages [57,58]. For example, increased
reliance on aerobic glycolysis as the primary process for ATP gener-
ation, and lower levels of oxidative phosphorylation, along with
increased pentose phosphate pathway activity, directly supports the
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: SPMs stimulate AMPKa phosphorylation to enhance mitochondrial metabolism in macrophages. (A) Representative immunoblot and quantification (right) of
phosphorylated AMPKa (Thr172) and total AMPK in BMDMs treated without or with 1 nM RvD1 for 1h. (BeE) BMDMs treated without or with 500 nM Compound-C (CompC) and
1 nM of (B)RvD1, (C) RvD2, (D) RvE1, or (E) MaR1 for 1h. After treatment, cells were subjected to a mitochondrial stress assay and OCR values assessed (top panels BeE) and
derived mitochondrial respiratory parameters were quantified (below). Data expressed as mean � SEM; n ¼ 3 (A) or n ¼ 3e6 (BeE); *P < 0.05, **P < 0.01; two-tailed
Student’s t-test (a) or Two-way ANOVA with Holm-�Sídák post-test (BeE).
increased biosynthesis of proinflammatory cytokines, inflammatory
lipid mediators, and microbicidal superoxide species and citrulline
[11,15,23,59]. In contrast, M2 macrophages with an intact and bio-
energetically productive TCA cycle rely primarily on oxidative phos-
phorylation for ATP production. Interestingly, glycolysis, and not
necessarily b oxidation, as previously thought, is still required to supply
carbon in the form of pyruvate to maintain the TCA cycle. Moreover,
this was further illustrated by the fact that blunting of glycolytic flux
inhibits IL-4-mediated M2 polarization [7,60]. Despite the increased
understanding of the role that cellular metabolism and bioenergetics
play in innate immunity, whether and how lipid mediators directly
affect macrophage metabolism remains underexplored.
Recent findings, including our work presented here, have provided
evidence that changes in macrophage intermediary metabolism upon
lipid mediator signaling are involved in eliciting changes in macro-
phage function. In a study by Fredman et al. [25], mouse BMDMs
phagocytosing necroptotic cells (NC), which release a significant
MOLECULAR METABOLISM 66 (2022) 101637 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
amount of prostanoids (namely PGE2 and TXB2) relative to apoptotic
cells, showed decreased basal and maximal mitochondrial respiration,
a phenotype that correlated with increased pro-inflammatory-to-
proresolving LM ratio, and diminished phagocytic capacity. Upon
treating efferocytic BMDM with the TXA2 receptor (TP) agonist U-
46619, or with NC-conditioned media, a similar phenotype resulted.
Moreover, FCCP, a protonophoric uncoupler of mitochondrial respira-
tion that stimulates oxidative phosphorylation, was sufficient to rescue
NC-conditioned media treated macrophages. The authors further
showed that treatment with RvD1 stimulated fatty acid oxidation as
well as basal and ATP-linked respiration in BMDMs. In agreement with
our study, Fredman et al. found that RvD1 treatment increased AMPK
activation and that inhibition of AMPK kinase activity with Compound C
reduced RvD1-stimulated NC uptake and decreased DJm.
Conversely, treating macrophages with the AMPK activator, AICAR, an
adenosine analog that generates an AMPK-activating AMP-mimetic,
was able to enhance NC phagocytosis to the same extent as RvD1.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 13
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Figure 7: 5-lipoxygenase derived lipid mediators contribute to exercise-induced mitochondrial function via AMPK activation. (A) Flow cytometric analysis (MFI) of
intracellular AMPKa1(Thr172) phosphorylation in PMs isolated from WT and Alox5�/� mice following exercise. (B) FlowJo V10.8.1 generated t-SNE map (B,C) depicted in a 2D
dimensionally reduced dataspace showing all events combined from each experimental groups. The color axis overlay in (B) depicts metacluster populations identified using
FlowSOM, an unbiased machine learning clustering algorithm. (C) The percent frequency of each FlowSOM population (highlighted in red) for all samples combined, is denoted atop
of the respective t-SNE map. (D) The fluorescence distribution of each surface marker for the respective FlowSOM metacluster population is shown in red (vs the distribution for all
cells shown in grey) in the histogram overlays. (E) MFI of TMRM for each FlowSOM metacluster population from WT and Alox5�/� mice following exercise. Data expressed as
mean � SEM; n ¼ 5 (A and E); *P < 0.05; two-tailed Student’s t-test.

Original Article
These findings are congruent with our results showing that SPMs
stimulate mitochondrial metabolism in macrophages through activa-
tion of AMPK to drive proresolving effector cell functions. Our findings,
and the findings by Fredman et al., that SPMs stimulate basal and ATP-
linked mitochondrial metabolism suggest that SPMs are stimulating
14 MOLECULAR METABOLISM 66 (2022) 101637 � 2022 The Author(s). Published by Elsevier GmbH. T
energetically demanding processes and thus increasing ATP demand-
processes that likely result in increasing proresolving function such as
phagocytic capacity.
In a model of skeletal muscle injury and regeneration, Perretti et al.
[49] reported that FPR2 signaling upon Annexin A1 (AnxA1) binding
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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induced a proresolving phenotype switch crucial for myogenesis.
Interestingly, these reparative actions of AnxA1 were dependent upon
AMPK signaling as well. Similarly, human PBMC-derived macrophages
treated with human recombinant AnxA1 showed phosphorylation of
AMPK signaling pathway components CaMK and Acetyl-CoA carbox-
ylase (ACC). The dependence on AMPK signaling in the proresolving
phenotypic switch and phagocytic capacity of macrophages in a mouse
model of skeletal muscle injury and regeneration was also demon-
strated in an earlier study by Mounier et al. [61]. Looking more broadly
beyond AMPK involvement in SPM-induced proresolving pathways,
two separate studies by Yang et al. [62] and Sag et al. [63], show that
exposure to not only canonical M1-polarizing ligands such as LPS, but
also to increased FFAs, both in vivo and in vitro, can increase a pro-
inflammatory macrophage phenotype (i.e., increased TNF-a) by
decreasing AMPK activation. Similarly, Galic et al. [64] show that
BMDMs from mice deficient in the AMPK b1 regulatory subunit display
decreased ACC phosphorylation, increased de novo fatty acid
biosynthesis, and decreased rates of fatty acid oxidation along with a
decrease in mitochondrial content. Interestingly, these macrophages
display a pro-inflammatory M1 phenotype and have increased pro-
inflammatory cytokine production when incubated with saturated
fatty acids. Macrophages isolated from AMPK b1-deficient mice also
display increased JNK activation concomitant with an increased iNos-
to-Arg1 ratio, which are metabolic markers of M1-polarized macro-
phages. In vitro pharmacological activation of AMPK b1 increased ACC
phosphorylation resulting in enhanced fatty acid oxidation and a
concomitant decrease in inflammatory M1 macrophage phenotype.
Conversely, direct pharmacological inhibition of fatty acid oxidation by
either the CPT1 inhibitor etomoxir or the complex I inhibitor rotenone
resulted in increased M1 macrophage marker expression. Further-
more, bone marrow transplantation from AMPK b1-deficient donors
into HFD-fed WT mice, enhanced pro-inflammatory adipose tissue
macrophage content, liver insulin resistance, and plasma levels of
MCP-1 and TNFa. These data highlight the importance of AMPK
signaling in regulating cellular metabolism and macrophage pheno-
type. Our data extend upon these findings by demonstrating the
dependence of AMPK activation in SPM-induced stimulation of mito-
chondrial activity in macrophages.
In addition to our findings that exercise and SPM-induced AMPK
signaling modulates macrophage metabolism, others have also found
that catecholamines, which are released during exercise, also induce
AMPK activation in adipose tissue, liver, and skeletal muscle of both
humans [65] and rats [66e69] in an adrenergic-receptor dependent
manner [68,69]. Although, to the best of our knowledge, exercise- and
catecholamine-driven AMPK activation and downstream metabolic
alterations have not been reported specifically in macrophages, it is
interesting to note that in a previous study by our group [4], exercise
stimulates SPM biosynthesis in macrophages in an AR-dependent
manner. This suggests that the AMPK-dependent enhancements in
mitochondrial metabolism shown here could be mediated by exercise-
induced catecholamine signaling. The findings presented thus far,
coupled with our previous work documenting a role for adrenergic
signaling in exercise-enhanced macrophage phagocytosis and reso-
lution of acute inflammation [4], highlight the importance of AMPK-
dependent signaling pathways in controlling macrophage meta-
bolism and function.
Taken together, the results of the present study provide strong evi-
dence that proresolving lipid mediators promote mitochondrial
respiration in macrophages, which may contribute to the anti-
inflammatory effects of exercise. Additionally, our findings sug-
gests that exercise-induced SPM production promotes energetically
MOLECULAR METABOLISM 66 (2022) 101637 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
demanding proresolving processes and concomitant changes in
mitochondrial metabolism. These SPM-induced changes in cellular
metabolism likely precede stimulation of the proresolving effector
functions (e.g., efferocytosis) of macrophages during inflammatory
responses. Moreover, anti-inflammatory approaches are associated
with increased risk of infection, therefore targeting proresolving
pathways to promote mitochondrial metabolism in macrophages
provides a distinct therapeutic advantage to prevent the development
of chronic inflammatory diseases, similar to the beneficial effects of
exercise.
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