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a b s t r a c t

Macrophages play a role in host defense, tissue remodeling and inflammation. Different inflammatory
stimuli drive macrophage phenotypes and responses. In this study we investigated the relationship
between macrophages immune phenotype and mitochondrial bioenergetics, cell redox state and
endoplasmic reticulum (ER)-mitochondria interaction. Bacterial lipopolysaccharide (LPS) and interferon-
g (IFNg) pro-inflammatory stimuli decreased oxidative metabolism (basal, phosphorylating and maximal
conditions) and increased baseline glycolysis (117%) and glycolytic capacity (43%) in THP-1 macrophages.
In contrast, interleukin-4 (IL4) and interleukin-13 (IL13) anti-inflammatory stimuli increased the oxygen
consumption rates in baseline conditions (21%) and associated with ATP production (19%). LPS þ IFNg
stimuli reduced superoxide anion levels by accelerating its conversion into hydrogen peroxide (H2O2)
while IL4þIL13 decreased H2O2 release rates. The source of these oxidants was extra-mitochondrial and
associated with increased NOX2 and SOD1 gene expression. LPS þ IFNg stimuli decreased ER-
mitochondria contact sites as measured by IP3R1-VDAC1 interaction (34%) and markedly upregulated
genes involved in mitochondrial fusion (9e10 fold, MFN1 and 2) and fission (~7 fold, DRP1 and FIS1).
Conversely, IL4þIL13 stimuli did not altered ER-mitochondria interactions nor MFN1 and 2 expression.
Together, these results unveil ER-mitochondria interaction pattern as a novel feature of macrophage
immunological, metabolic and redox profiles.

© 2022 Elsevier Inc. All rights reserved.
1. Introduction

Macrophages are key cells involved in acute and chronic
inflammation. They may develop a wide range of phenotypes
depending on the microenvironment and specific stimuli. These
cells contribute to repair, resolve or perpetuate an inflammatory
condition. Besides, macrophage responses go beyond immunity
and affects both metabolic and cardiovascular diseases.

IFNg, TNFa and toll-like receptor (TLR) ligands - such as lipo-
polysaccharide (LPS) from gram-negative bacteria - polarize mac-
rophages towards the M1 state. This pro-inflammatory phenotype
is related with bactericidal and phagocytic functions. M1
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macrophages use glycolysis as the main source of ATP and secrete
high levels of pro-inflammatory cytokines, such as IL6, IL12 and
TNFa. In contrast, IL4 and IL13 stimuli drive macrophage polariza-
tion towards the M2 state, which present wound healing and tissue
repair functions. M2macrophages use oxidative phosphorylation to
sustain energy cellular demands and produce high levels of anti-
inflammatory cytokines, including IL10 and TGFb [1]. Although
M1 and M2 phenotypes only exist in controlled in vitro experi-
ments, they are useful tools to study macrophage properties in
distinct physiological conditions. Other macrophage phenotypes
include the M4, Mox, Mhem and M(Hb) states [2].

The interaction between ER and mitochondria plays a role in
inflammatory diseases [3]. Recent reports show rheumatoid
arthritis, coronary artery disease [4] and hypercholesterolemia [5]
change ER-mitochondria interaction pattern in macrophages,
which affect overall cell signaling and cellular functions. Based on
that, we hypothesized changes in the ER-mitochondria interaction
might participate in the macrophage immunometabolic pattern
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switch. Thus, we investigated the potential relationship between
macrophages immune phenotype (naïve M0 and M1 or M2 polar-
ized macrophages) and mitochondrial bioenergetics and dynamics,
cell redox state and ER-mitochondria interaction.

2. Material and methods

2.1. Cell culture

THP-1 monocytes (ATCC, TIB-202, Manassas, VA) were kept in
RPMI-1640 medium (Vitrocell, Campinas, BR) containing 10 mM
HEPES pH 7.4,1 mM sodium pyruvate, 25 mM glucose and 10% (v/v)
fetal bovine serum (Vitrocell) at 37 �C and 5% (v/v) CO2. Monocytes
were differentiated into naïve macrophages (M0) using 150 hM
phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis,
MO) for 24 h. Next, macrophages rested in a complete fresh me-
dium for additional 24 h. To polarize in the M1 state, macrophages
were incubated with 20 hg/ml interferon-g (IFNg, Abcam, Cam-
bridge, UK) and 1 hg/ml lipopolysaccharide (LPS) from Escherichia
coli O111:B4 (Sigma-Aldrich). To polarized in the M2 state, macro-
phages were incubated with 20 hg/ml interleukin-4 (IL4, Sigma-
Aldrich) and 20 hg/ml interleukin-13 (IL13, Sigma-Aldrich) [6].
Polarization followed for 24 or 48 h.

2.2. Gene expression

THP-1 cells were seeded at 150,000 cells/well in a 24-well plate
(Nest Biotechnology, Wuxi, CN), differentiated and polarized as
described above. Total RNA was extracted using TRIzol reagent
(ThermoFisher Scientific, Waltham, MA) and quantified in Nano-
Drop spectrophotometer (ThermoFisher Scientific). Two micro-
grams of total RNA were reverse transcribed using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystem, Foster City,
CA). Amplification step was carried out using Fast SYBR Green
Master Mix (ThermoFisher Scientific), 50 hg cDNA and 300 hM of
each forward and reverse oligonucleotide (Table S1). RT- PCR assays
were conducted in the 7500 Real-Time PCR System (Applied Bio-
systems). Results were normalized based on GAPDH gene expres-
sion. Relative gene expression was quantified using the DDCT
method [7].

2.3. Cytokine secretion

THP-1 cells were seeded at 150,000 cells/well in a 24-well plate
(Nest Biotechnology), differentiated and polarized as described
above. Cytokine secretion was determined in the culture medium
using Human Interleukin-10 Quantikine HS ELISA kit (R&D Sys-
tems) and Human IL-1b/IL-1F2 Quantikine HS ELISA kit (R&D Sys-
tems, Minneapolis, MN), according to the manufacturer
instructions.

2.4. Mitochondrial respiration and glycolysis

THP-1 cells were seeded at 250,000 cells/well in a 24-well
Seahorse XFe24 cell culture plate (Agilent Technologies, Santa
Clara, CA), differentiated and polarized as described above. Mac-
rophages were incubated in a non-buffered RPMI-1640 medium at
37 �C in the absence of phenol red, fetal bovine serum and CO2.
Macrophages were analyzed in the Seahorse XFe24 Extracellular
Flux Analyzer (Agilent Technologies). The oxygen consumption
rates (OCR) associated with different mitochondrial states were
assessed using different drugs. This includes 1 mM oligomycin (ATP
synthase inhibitor), 1 mM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, mitochondrial uncoupler) and a mix of
1 mM antimycin A (complex III inhibitor) plus 1 mM rotenone
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(complex I inhibitor). Extracellular acidification rates (ECAR) were
determined independently of OCR assays, as follows, 11.1 mM
glucose was added to the culture medium to stimulate glycolysis
and a mix of 1 mM antimycin A plus 1 mM rotenone was used to
evaluate the maximal glycolysis activity. OCR and ECAR data were
normalized using violet crystal-stained cells.

2.5. Superoxide anion production

THP-1 cells were seeded at 75,000 cells/well in a 96-well plate
with mClear bottom (Greiner Bio-one, Kremsmünster, AT), differ-
entiated and polarized as described above. Next, the culture me-
dium was replaced and cells were washed with PBS solution
(137 mM NaCl, 2.7 mM KCl, 4.3 mM NaH2PO4, 1.4 mM KH2PO4 and
pH 7.4) at 37 �C. Cells were incubated with 2 mM dihydroethidium
(DHE, Thermo Fisher Scientific) or 10 mMmitochondrial superoxide
indicator (MitoSOX Red, Thermo Fisher Scientific) diluted in PBS
solution at 37 �C, 5% (v/v) CO2 for 10 min. Fluorescence was
monitored in a SpectraMax M3 spectrophotometer (Molecular
Devices) at 518/605 nm for DHE and 510/580 nm for MitoSOX
(excitation/emission wavelength). Results were background-
subtracted using non-probed cells.

2.6. Hydrogen peroxide production

THP-1 cells were seeded at 250,000 cells/well in a 96-well plate
(Greiner Bio-one), differentiated and polarized as described above.
Hydrogen peroxide was measured using 25 mM Amplex Red
(ThermoFisher Scientific) and 0.2 U/ml Pierce Horseradish Peroxi-
dase (HRP, ThermoFisher Scientific) as previously described [5]. To
determine hydrogen peroxide released from non-mitochondrial
sources, macrophages were first incubated with 1 mM FCCP [8].

2.7. Gene silencing

THP-1 cells were seed at 60,000 cells/well (in a 96-well plate) or
150,000 cell/well (in a 24-well plate) and differentiated as
described above. Cells rested for 24 h in complete fresh medium
before transfection. M0 macrophages were transfected with 1
rmol/well (for 96-well plate) or 5 rmol/well (for 24-well plate) of
specific siRNA for VDAC1 (Thermo Fisher Scientific, HSS187665),
ITPR1 (Thermo Fisher Scientific, HSS179996) or AllStars Negative
Control (Qiagen, 1027281) using Lipofectamine RNAiMAX (Thermo
Fisher Scientific). Gene silencing was carried out for 24 h.

2.8. Proximity ligation assay (PLA)

THP-1 cells were seeded at 60,000 cells/well in a 96-well plate
with a mClear bottom (Greiner Bio-one), differentiated and polar-
ized as described above. Immunocytochemistry and proximity
ligation assay (PLA) were performed exactly as previously
described [5]. Cells labeled with fluorescent dyes (Cyanine-5 or
DAPI) were imaged in the ImageXpress Micro Confocal High Con-
tent Imaging System (Molecular Devices), using a CFI Super Plan
Fluor ELWD 40X/0.60 (Nikon, 236 MRH08430, Melville, NY) with
0.17 correction collar. Raw images were analyzed in theMetaXpress
6 software using the Transfluor tool (Molecular Devices). Repre-
sentative images were corrected regarding intensity above back-
ground, contrast and brightness using Fiji software [9].

2.9. Statistical analyses

Data were expressed as mean ± standard error (SE). Statistical
analyses were carried out with Prism 7 (GraphPad, San Diego, CA).
Data were compared using a two-tailed unpaired Student t-test
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when datasets passed Saphiro-Wilk omnibus normality test
(alpha ¼ 0.05). Comparisons among three groups were performed
using one-way ANOVA followed by a Bonferroni's post-test. Sta-
tistical significance was defined for p < 0.05.

3. Results

3.1. Characterization of M1/M2 macrophage phenotypes

As expected, LPS þ IFNg pro-inflammatory stimuli increased
TNFa, IL1b, CXCL10 and CXCL11 gene expression in macrophages
24 h (Fig. 1A) and 48 h (Fig. S1A) after treatment. Because serum
may contain oxidized phospholipids, we evaluated the Mox
phenotype marker NFE2L2 [10,11]. LPS þ IFNg stimuli upregulated
NFE2L2 gene expression 48 h after treatment (Fig. S1A). Following,
IL1b secretion increased 62 times 24 h after stimulation and
remaining increased after 48 h (Fig. 1B). Regarding the anti-
inflammatory IL4þIL13 stimuli, we observed significant increases
in IL10, MMR and CCL22 gene expression in macrophages 24 h
(Fig. 1C) and 48 h (Fig. S1B) after stimuli, whereas CD163 marker
was downregulated 24 h after treatment (Fig. 1C). NFE2L2 gene
expression was downregulated 24 and 48 h after stimulation
(Fig. 1C, Fig. S1B). Besides, IL10 secretion showed a 2.6-fold increase
48 h after stimulation (Fig. 1D). Therefore, LPS þ IFNg stimuli
induce the expression of pro-inflammatory genes and IL1b secre-
tion (M1 phenotype), whereas IL4þIL13 stimuli induce the
expression of anti-inflammatory genes and IL10 secretion (M2
phenotype).

3.2. Macrophage immunological phenotypes alter their metabolic
profile

The three macrophage phenotypes (M0 naïve, M1 pro-
inflammatory and M2 anti-inflammatory) were different in terms
of oxidative metabolism (Fig. 2A). Mitochondria from M2
Fig. 1. LPS þ IFNg stimuli induce M1 macrophage state, whereas IL4þIL13 stimuli indu
naïve (M0) and M1/M2 polarized macrophages 24 h after stimulation. Three to six indepe
stimulation. Three to five independent cell batches analyzed in triplicates. Data are expressed
t-test. *, **, *** with p < 0.05, 0.01 and 0.001, respectively.
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macrophages had baseline oxygen consumption rate (OCR) higher
than those from M0 (21%) and M1 (69%) (Fig. 2B). OCR linked with
ATP synthesis was also higher in M2 than in M0 (19%) andM1 (60%)
(Fig. 2C). The maximal stimulated OCR was 68% higher in both M2
and M0 than in M1 (Fig. 2D). Mitochondria from M2 and M0
showed 67% higher spare respiratory capacity than M1 (Fig. 2E).
Proton leak was increased in M2 when compared to M0 (28%) and
M1 (116%) (Fig. 2F). M0 andM1 states showed 26% higher OCR from
non-mitochondria sources than M2 (Fig. 2G). The extracellular
acidification rates (ECAR) indicate the glycolytic metabolism
(Fig. 2HeK). M1macrophages showed enhanced baseline glycolytic
rate compared with M0 (54%) and M2 (45%) (Fig. 2I). Accordingly,
glycolytic capacity was higher inM1 than inM0 (31%) andM2 (28%)
(Fig. 2J). Glycolytic reservewas similar among the three phenotypes
(Fig. 2K). Together, these results show M2 macrophages use
oxidative metabolism as the main energy acquiring process while
M1 macrophages are mainly glycolytic.

3.3. Pro-inflammatory stimulus induces superoxide anion
conversion into hydrogen peroxide

M1 macrophages showed reduced whole-cell superoxide anion
levels when compared to M0 (36%) and M2 (46%) (Fig. 3A). Su-
peroxide anion derived from mitochondrial respiration was
equivalent among the three phenotypes (Fig. 3B). Total cell (Fig. 3C)
and non-mitochondrial (Fig. 3D) hydrogen peroxide release rates
were 29% higher in M0 and M1 macrophages than in M2. No sig-
nificant differences in the hydrogen peroxide released by mito-
chondria were observed among the three phenotypes (Fig. 3E).
Since superoxide anion levels are lower in M1 than M0 and
hydrogen peroxide levels are equivalent in M1 and M0, we may
conclude that superoxide anion conversion into hydrogen peroxide
is stimulated in M1, a hallmark of activated macrophages. Accord-
ingly, cytosolic SOD1 gene expression, but not mitochondrial SOD2,
is highly upregulated in M1 macrophages (Fig. 3F).
ce M2 macrophage state. (A,C) Relative gene expression of inflammatory markers in
ndent cell batches analyzed in duplicates. (B,D) Cytokine secretion 24 and 48 h after
as mean ± SE. Statistical analyses were performed using a two-tailed unpaired Student



Fig. 2. Macrophage metabolic profile depends on the inflammatory stimulus. Average curves of OCR (A) and OCR-associated with different mitochondrial states (BeG) in naïve
(M0) and M1/M2 polarized macrophages. Oligomycin (O), FCCP and rotenone plus antimycin-A (R þ A). Average curves of ECAR (H) and ECAR-associated with different glycolytic
states (IeK). Six independent cell batches analyzed in triplicates. Data are expressed as mean ± SE. Statistical analyses were performed using one-way ANOVA followed by a
Bonferroni's post-test. *, **, *** with p < 0.05, 0.01 and 0.001, respectively.
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Because oxidants were generated in the extra-mitochondrial
compartment, we evaluated the gene expression of phagocytic
NADPH oxidase 2 (NOX2) and its regulatory subunits p40phox,
p47phox and p67phox. Indeed, M1macrophages showedmarkedly
enhanced expression of NOX2 and regulatory subunits (Fig. 3G and
H). In addition, M1 macrophages exhibited upregulation of RAC1
and 2 genes encoding proteins recruited to form the NADPH oxi-
dase complex in the plasmamembrane (Fig. 3I). These results show
oxidants produced and released by M1 macrophages derives
mostly from NOX2 and SOD1 activity.
3.4. Pro-inflammatory stimulus reduces ER-mitochondria
interaction and upregulate genes involved in mitochondrial
dynamics

We evaluated ER-mitochondria interaction using IP3R1-VDAC1
contact sites as previously described [12]. To test the efficiency of
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this technique, macrophages were treated with small interfering
RNA (siRNA) to reduce VDAC1 or ITPR1 gene expression. In fact, we
observed 82% reduction in VDAC1 and 73% reduction in ITPR1
mRNA levels when compared to control cells (Figs. S2A and B). As a
consequence, the knocked down macrophages showed a 33%
decrease in IP3R1-VDAC1 interaction sites when compared to
control cells (Figs. S2C and D).

Next, we evaluated IP3R1-VDAC1 interaction sites after M1 or
M2 stimuli. M1 macrophages showed 35% less IP3R1-VDAC1
interaction sites than M0 and M2. IP3R1-VDAC1 contact sites were
equivalent in M0 and M2 (Fig. 4A and B).

We also tested whether M1 or M2 stimuli would affect mito-
chondrial dynamics related gene expression. M1 macrophages
showed marked enhanced gene expression (6e10-fold) of both
mitochondrial fusion (MFN1, MFN2 and OPA1) and fission (DRP1
and FIS1) markers when compared to M0. M2 macrophages had no
significant alterations in MFN1 and MFN2, but also showed



Fig. 3. Inflammatory stimuli modulate oxidants production in macrophages. Detection of superoxide anion production from whole-cell (DHE) (A) and mitochondria-derived
(MitoSOX) (B). Eight independent cell batches analyzed in triplicates. Quantitation of hydrogen peroxide (H2O2) release rate from whole-cell (C), non-mitochondrial (D) and
mitochondrial (E). Six independent cell batches analyzed in triplicates. Expression of genes related to oxidant generators (FeI). Four to six independent cell batches analyzed in
duplicates. Data are expressed as mean ± SE. Statistical analyses were performed using one-way ANOVA followed by Bonferroni's post-test. **, *** with p < 0.01 and 0.001,
respectively.

Fig. 4. M1 macrophages show reduced ER-mitochondria interaction and upregulated mitochondrial fusion and fission markers. (A) Representative images at 40x magni-
fication and (B) quantitative analysis of IP3R1-VDAC1 interaction in naïve (M0) and M1/M2 polarized macrophages. IP3R1-VDAC1 interaction was detected using PLA and further
labeled with Cyanine 5 (white dots). Nuclei were stained with DAPI (white spots). Scale bar ¼ 100 mm. Eight independent cell batches analyzed in duplicates. (C) Relative expression
of genes involved in mitochondrial fusion and fission. Four to six independent cell batches analyzed in duplicates. Data are expressed as mean ± SE. Statistical analyses were
performed using one-way ANOVA followed by a Bonferroni's post-test. **, *** with p < 0.01 and 0.001, respectively.
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increased fusion (OPA1) and fission (DRP1 and FIS1) mRNA levels,
although in a much lower extend (about 3-fold) (Fig. 4C). These
results show M1 macrophages present reduced ER-mitochondria
interaction and increased mitochondria-mitochondria in-
teractions due to increased expression of genes encoding mito-
chondrial fusion-fission regulatory proteins.

4. Discussion

Intracellular organelles interactions are hubs for overall cell
signaling [13]. Here we hypothesized that metabolic and redox
switches in polarized macrophages are associated with rearrange-
ments in the ER-mitochondria interaction pattern. In fact, we
showed LPS þ IFNg pro-inflammatory stimuli increased glycolytic
metabolism, superoxide to hydrogen peroxide conversion and
reduced the number of ER-mitochondria contact sites in M1 mac-
rophages. While M1 macrophages present exacerbated glycolytic
activity, M2 macrophages exhibited greater mitochondrial oxida-
tive metabolism, reduced hydrogen peroxide release without sig-
nificant effect on ER-mitochondria interaction. In addition, present
findings suggest that the phenotype switch also interferes with the
mitochondria-mitochondria interactions, once the mitochondrial
fusion-fission related genes were markedly increased by pro-
inflammatory stimuli.

M1 macrophages use glycolysis as the major source of ATP [14].
Macrophages activated via LPS/TLR pathway have enhanced
glucose uptake, glycolysis and pentose phosphate pathways
meanwhile oxidative phosphorylation and tricarboxylic acid cycle
(TCA) are reduced [15,16]. On the other hand, the molecular
mechanism underlyingmacrophage activation by cytokines IL4 and
IL13 is not so clear, but oxidative phosphorylation overcomes
glycolysis [17]. In fact, LPS þ IFNg pro-inflammatory treatment
decreased mitochondrial respiration rates in macrophages when
compared to naïve M0 or M2 macrophages. The OCR was reduced
in all conditions: basal, phosphorylating and maximal stimulated
(FCCP) respiration. Conversely, IL4þIL13 stimuli (M2) increased
OCR in baseline and phosphorylating conditions and reduced OCR
from non-mitochondrial sources compared with naïve M0 macro-
phages. Glycolysis and glycolytic capacity were increased in M1
macrophages and not changed in M2 as compared with M0
macrophages.

Macrophage polarization affects redox homeostasis. LPS þ IFNg
stimuli decreased superoxide anion production and increased
hydrogen peroxide release in macrophages. We excluded mito-
chondria as a source of both oxidants and found NOX2 and SOD1
genes upregulated. This suggest NOX2 as the major source of su-
peroxide anion and SOD1 as a pathway for hydrogen peroxide
formation in M1 macrophages. Moreover, nitric oxide-derived
species generated from inducible NO synthase (iNOS) activity in
LPS þ IFNg stimulated macrophages may damage the mitochon-
drial electron transfer chain once they inactivate iron-sulfur-
containing complexes I and II [18e20]. Excess of hydrogen
peroxidemay also lead to mitochondrial dysfunction in both in vivo
and in vitro models [21e23]. Thus, excess of oxidants may be
related with lower OCR observed in M1 macrophages.

ER-mitochondria proximity allows calcium flux towards mito-
chondria via themitochondrial calcium uniporter [24]. Low calcium
concentrations (~2 mM) inside the mitochondria are important for
ATP synthase activity [25] and optimal functioning of TCA enzymes
such as pyruvic dehydrogenase phosphatase, a-ketoglutarate and
isocitrate NADH dehydrogenases [26e29]. Thus, in mM range, cal-
cium speeds up mitochondrial aerobic metabolism. On the other
hand, excessive calcium concentrations induce mitochondrial
permeability transition, followed by cell death [23]. Recent work
showed that blood monocyte (CD14þ)-derived macrophages from
66
patients carrying rheumatoid arthritis or coronary artery disease
present increased ER-mitochondria cooperation, mitochondrial
calcium influx and mitochondrial OCR when compared to macro-
phages from control subjects [4]. Because we found reduced ER-
mitochondria interaction and OCR in LPS þ IFNg stimulated mac-
rophages, we suggest reduced mitochondrial calcium uptake may
be present in M1 macrophages, contributing to reduce oxidative
metabolism.

We also showed pro-inflammatory stimulation of macrophages
induces a pronounced upregulation of both mitochondrial fusion
(MFN1/2 and OPA1) and fission (DRP1 and FIS1) related genes
while anti-inflammatory stimulation induced mild changes in
OPA1, DRP1 and FIS1 expression. Mitochondrial fusion-fission dy-
namics may be reciprocally regulated by the cell redox state and
metabolism [30]. Both reactive nitrogen (RNS) and oxygen (ROS)
species are connected with alterations in mitochondrial
morphology, albeit in a cell- and context-dependent manner [30].
Mild oxidative stress has been shown to promote disulfide-
mediated dimerization of MFN molecules, thus driving organelle
tethering and subsequently fusion [31], while excessive ROS
signaling leads to mitochondrial fission [30]. In addition, reciprocal
crosstalk between mitochondrial dynamics and metabolism has
been demonstrated [32]. While an overall view links mitochondrial
fusion and fission to catabolic and anabolic states, respectively,
other opposing evidences have also been reported [32]. Here, we
suggest that both redox and metabolic shifts upon inflammatory
stimuli drive reshapes of mitochondrial network. Finally, since pro-
inflammatory stimulation of macrophages decreases ER-
mitochondrial interaction and, thus likely decreases calcium en-
try into the mitochondria, alterations in mitochondrial fusion-
fission processes driven by calcium signaling [33] are anticipated.

In conclusion, this study reveals ER-mitochondria interaction as
a novel feature of the macrophage immune, metabolic and redox
profiles.
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