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Macrophages adopt diﬀerent phenotypes in response to microenvironmental changes, which can be principally
classiﬁed into inﬂammatory and anti-inﬂammatory states. Inﬂammatory activation of macrophages has been
linked with metabolic reprogramming from oxidative phosphorylation to aerobic glycolysis. In contrast to mouse
macrophages, little information is available on the link between metabolism and inﬂammation in human
macrophages. In the current report it is demonstrated that lipopolysaccharide (LPS)-activated human peripheral
blood monocyte-derived macrophages (hMDMs) fail to undergo metabolic reprogramming towards glycolysis,
but rely on oxidative phosphorylation for the generation of ATP. By contrast, activation by LPS led to an increased extracellular acidiﬁcation rate (glycolysis) and decreased oxygen consumption rate (oxidative phosphorylation) in mouse bone marrow-derived macrophages (mBMDMs). Mitochondrial bioenergetics after LPS
stimulation in human macrophages was unchanged, but was markedly impaired in mouse macrophages.
Furthermore, treatment with 2-deoxyglucose, an inhibitor of glycolysis, led to cell death in mouse, but not in
human macrophages. Finally, glycolysis appeared to be critical for LPS-mediated induction of the anti-inﬂammatory cytokine interleukin-10 in both human and mouse macrophages. In summary, these ﬁndings indicate that LPS-induced immunometabolism in human macrophages is diﬀerent to that observed in mouse
macrophages.

1. Introduction
Metabolic reprogramming refers to changes in bioenergetic pathways in activated immune cells. Some of the key metabolic cascades
that are modulated include glycolysis, oxidative phosphorylation, the
pentose phosphate pathway, fatty acid oxidation and amino acid metabolism [1,2]. In particular, aerobic glycolysis has been shown to be
induced in a variety of activated immune cells such as NK cells, dendritic cells, B cells and eﬀector T cells [1], which in turn modulate their
functional characteristics. Notably, the paradigm that metabolic
changes may contribute to the functionality of immune cells may open
new options for therapeutic interventions in inﬂammatory diseases
[2,3].
Metabolic reprogramming from oxidative phosphorylation to

glycolysis is also a hallmark of activated inﬂammatory (M1) macrophages. In contrast, anti-inﬂammatory (M2) macrophages have been
shown to rely primarily on oxidative phosphorylation (OxPhos) [4,5].
In inﬂammatory macrophages a break in the TCA cycle with accumulation of citrate and succinate has been reported, which might account
for the pro-inﬂammatory phenotype characterized by increased reactive oxygen species (ROS), nitric oxide (NO) and prostaglandin production [4,6]. Most of the experimental ﬁndings on metabolic reprogramming in macrophages have been obtained from studies in mouse
macrophages, but as recently highlighted by Van den Bossche and
colleagues, very little information is available on metabolic reprogramming in human macrophages [5]. Of note, considerable divergences have been reported in the immunological responses of human
and mouse macrophage to TLR4 signaling [7,8]. Hence, the major goal
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production in mouse macrophages. To test this hypothesis we determined the role of OxPhos and glycolysis for ATP production in
human and mouse macrophages. A time-dependent decrease of ATP
levels was signiﬁcantly higher in hMDMs treated with the OxPhos inhibitor oligomycin (4 μM) in comparison to those treated with the
glycolysis inhibitor 2-deoxyglucose (2DG) (5 mM). This eﬀect was observed in both unstimulated and LPS-activated cells (Fig. 2C), indicating that OxPhos is the predominant source of ATP production. By
contrast, ATP levels were reduced to a similar extent by both 2DG and
oligomycin in unstimulated and LPS-activated mBMDMs (Fig. 2D)
suggesting that these cells substantially rely on both glycolysis and
OxPhos for energy generation. Of note, total ATP levels were signiﬁcantly reduced after LPS activation in mBMDMs, but increased in
LPS-activated hMDMs (Fig. S2A), which might be due to the fact that
glycolysis is less eﬃcient in comparison to OxPhos for generation of
ATP. To substantiate the role of OxPhos for ATP production in hMDMs,
we also analyzed mitochondrial ROS production because mitochondrial
function has been shown to shift from energy metabolism to ROS production in inﬂammatory mouse macrophages [10]. However, our analysis in human macrophages revealed that LPS-activation did not signiﬁcantly alter mitochondrial ROS production, whereas treatment with
the complex I inhibitor rotenone increased ROS levels (Fig. S2B). Additionally, the ability of human macrophages to induce glycolysis was
tested. Upon treatment with mitochondrial respiratory complex inhibitors, hMDMs exhibited substantial induction of glycolysis as shown
by increased lactate levels (Fig. S2C), indicating that human macrophages can switch to glycolysis when responding to stimuli diﬀerent
from LPS. Collectively, these ﬁndings indicate that, in contrast to mouse
macrophages, human macrophages do not exhibit bioenergetic dysfunction upon stimulation with LPS.
In T cells, early activation of glycolysis is involved in the regulation
of cytokine synthesis [12]. Hence, we also evaluated whether metabolic
diﬀerences between human and mouse macrophages contribute differentially to the inﬂammatory cytokine response. To this end, the proinﬂammatory cytokine IL-6 and the anti-inﬂammatory cytokine IL-10
were determined in supernatants from hMDMs and mBMDMs stimulated with LPS alone or LPS in the presence of either 2DG or oligomycin. As shown in Fig. 2E, 2DG or oligomycin blocked LPS-induced
secretion of IL-6 in both cell types. Interestingly, treatment with 2DG,
but not with oligomycin, abrogated the LPS-induced secretion of IL-10
in both hMDMs and mBMDMs (Fig. 2F). These ﬁndings indicate that the
diﬀerential species-speciﬁc metabolic reprogramming by LPS does not
seem to aﬀect IL-6 and IL-10 production and that glycolysis but not
OxPhos is necessary for the production of the anti-inﬂammatory cytokine IL-10 in human and mouse macrophages. IL-10 is an important
anti-inﬂammatory cytokine, which regulates the function of inﬂammatory immune cells. IL-10 has been shown to work in an autocrine fashion to regulate NO production in mouse macrophages [13].
Moreover, IL-10 production enables glycolysis to be kept in check and
also promotes mitophagy of dysfunctional mitochondria [14]. The dependence of macrophages on glycolysis for IL-10 production as observed in this study suggests that a potential translational approach
based on inhibition of glycolysis in human macrophages might be unfavorable during inﬂammatory conditions. This notion is further supported by recent ﬁndings showing that 2DG blocked the anti-inﬂammatory polarization of macrophages [15].

of the current study was to determine metabolic reprogramming in
human macrophages in response to the prototypical inﬂammatory stimulus LPS. Upon LPS activation, human peripheral blood monocytederived macrophages (hMDMs) do not exhibit the switch to glycolysis
and bioenergetic dysfunction that have previously been established for
mouse macrophages. Moreover, activated hMDMs rely on OxPhos rather than glycolysis for ATP production unlike mouse macrophages.
Finally, studies using 2-deoxyglucose (2-DG), an inhibitor of glycolysis,
indicate that the glycolytic pathway is directly involved in cell survival
of mouse, but not human macrophages.
2. Results and discussion
2.1. Bioenergetic dysfunction and metabolic reprogramming to aerobic
glycolysis is not a feature of human inﬂammatory macrophages
To assess the principal comparability of primary human and mouse
macrophages in inﬂammatory conditions, hMDMs and mBMDMs were
characterized for their ability to polarize into either: 1) the inﬂammatory M1 state after exposure to LPS or IFN-γ+LPS or 2) the antiinﬂammatory M2 state after stimulation with IL-4. Treatment with LPS
and IFN-γ+LPS, but not IL-4, induced M1 polarization in both hMDMs
and mBMDMs as indicated by increased surface expression of CD80
(Figs. S1A and B). In contrast, only treatment with IL-4 increased the
expression of CD206 associated with M2 polarization of both human
and mouse macrophages (Figs. S1A and B). Further, mRNA expression
of the pro-inﬂammatory genes TNF-α and IL-6 was only induced by
treatment with LPS and IFN-γ+LPS, but not by IL-4 (Figs. S1C and D).
These ﬁndings indicate that both human and mouse primary macrophages similarly undergo M1 or M2 polarization in our experimental
setting. Moreover, stimulation with LPS alone is suﬃcient to induce the
inﬂammatory phenotype.
Accumulating evidence indicates that metabolic reprogramming of
immune cells is an important determinant of their function [9]. To
investigate the metabolic alterations in activated human macrophages,
the bioenergetic proﬁle of unstimulated and LPS-activated macrophages was assessed with the Seahorse XF-analyzer. Oxygen consumption rate (OCR), an index of OxPhos in LPS-activated hMDMs (16
h), was comparable to that of unstimulated cells, whereas the extracellular acidiﬁcation rate (ECAR), an index of glycolysis, was mildly but
signiﬁcantly reduced (Fig. 1A). This ﬁnding was unexpected because
inﬂammatory activation of mouse macrophages has been shown to
cause reduced OxPhos and increased glycolysis [10,11]. Accordingly,
LPS activation (16 h) in mBMDMs caused a marked reduction in OCR
and a concomitant increase in ECAR (Fig. 1A). Stimulation with LPS
minimally altered the Mito Stress proﬁle in hMDMs (Fig. 1B). Although
a tendency towards a decrease in reserve capacity and an increase in
proton leak was observed, ATP-linked OCR and maximal OCR were not
signiﬁcantly aﬀected after LPS activation in hMDMs (Fig. 1C). In contrast, stimulation with LPS in mBMDMs led to impaired mitochondrial
bioenergetics (Fig. 1B) with a signiﬁcant reduction in respiratory
parameters such as ATP-linked OCR, reserve capacity and maximal OCR
(Fig. 1B and C). These data indicate that LPS stimulation does not aﬀect
mitochondrial bioenergetics in human macrophages.
Diﬀerent responses to LPS in human and mouse macrophages were
also observed for the OCR/ECAR ratio, an important indicator of cellular metabolism. While activation of hMDMs with LPS resulted in an
increase of OCR/ECAR ratio, treatment of mBMDMs with LPS signiﬁcantly decreased this parameter (Fig. 2A). Accordingly, levels of the
end product of glycolysis, lactate, remained unchanged in culture
media of LPS-stimulated hMDMs, but were increased in LPS-treated
mBMDMs (Fig. 2B). These data suggest that glycolysis is preferentially
adopted by mouse but not human macrophages upon activation with
LPS. A possible explanation for this diﬀerential metabolic reprogramming might be that upon attenuation of OxPhos, glycolysis is required
to compensate for the reduced capacity of mitochondrial ATP

2.2. Glycolysis is dispensable for the maintenance of mitochondrial
membrane potential (ΔΨm) and cell survival in human macrophages
It has been reported for astrocytes [16] and dendritic cells [17] that
mitochondrial dysfunction leads to the use of glycolysis-derived ATP to
maintain ΔΨm, in which case Fo/F1 ATP synthase works in the reverse
direction to hydrolyze ATP. To evaluate whether glycolysis-derived
ATP may aﬀect ΔΨm in our experimental setting, LPS-activated hMDMs
were treated with 2DG to inhibit glycolysis or oligomycin to block Fo/
2
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Fig. 1. LPS induces glycolysis and mitochondrial dysfunction in mouse but not in human macrophages. Untreated (Con) or LPS-activated (16 h) mouse (mBMDM)
and human (hMDM) macrophages were subjected to a Mito Stress test using a Seahorse XF-analyzer. (A) Basal oxygen consumption rate (OCR), an index of oxidative
phosphorylation, and extracellular acidiﬁcation rate (ECAR), an index of glycolysis, are shown. (B) A representative Seahorse plot of the Mito Stress test assessed by
recording OCR after injection of oligomycin (1 μg/ml), carbonyl cyanide-4-(triﬂuoromethoxy), phenylhydrazone (FCCP, 0.7 μM), and rotenone (1 μM) plus antimycin
(1 μM) from three independent experiments is shown. (C) The values of the indicated respiratory parameters were calculated from the Mito Stress test and are shown
as mean ± SEM of three independent experiments. Statistical analysis was performed using Student's t-test (Con Vs LPS); *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. Activated mouse and human macrophages display diﬀerential dependence on metabolic pathways for energy production but not for cytokine secretion. (A)
Mean values of OCR/ECAR ratio in untreated (Con) or LPS-activated (16 h) human (hMDM) and mouse (mBMDM) macrophages from three independent experiments.
(B) Lactate production measured in the culture supernatants and normalized to the total protein of cell lysates. (C–D) Intracellular ATP levels were determined before
and after addition of 2-deoxyglucose (2DG, 5 mM) or oligomycin (oligo, 4 μM) for the indicated time points. (E–F) Human (hMDM) or mouse (mBMDM) macrophages
were stimulated with LPS alone or in combination with 2DG (5 mM) or oligo (2 μM) for 8 h (mBMDM) and 16 h (hMDM), respectively. Culture supernatants were
collected for ELISA to detect (E) IL-6 and (F) IL-10 and the values obtained were normalized to the total protein content of the respective total cell lysates. Values
represent mean ± SEM of three independent experiments. Statistical analysis was performed using either a Student's t-test (Con vs. LPS) for OCR/ECAR and lactate
(2DG vs. Oligo) or One-way ANOVA with Tukey's post-hoc analysis for ATP (0 min vs 5/10 min) and ELISA (LPS vs. LPS+2DG/oligo). *p < 0.05,
**p < 0.01,***p < 0.001*.

which was also conﬁrmed by staining with a second cationic dye JC-1
that revealed red ﬂuorescence for hMDMs (indicative of a high ΔΨm)
and green ﬂuorescence for mBMDMs (indicative of a low ΔΨm)
(Fig. 3D). These observations led us to speculate that diﬀerences in the
basal ΔΨm might reﬂect the cellular resistance to stress-induced cell
death, a phenomenon that has previously been reported in hybridoma
and colonic tumor cell populations [18,19]. Hence, we tested whether
induction of glycolysis in activated mouse macrophages is necessary to
maintain cell survival. As expected, neither LPS and 2DG (5 mM) nor

F1 ATP synthase 30 min prior to tetramethylrhodamine methyl ester
perchlorate (TMRM) staining. We found that 2DG did not aﬀect ΔΨm,
whereas oligomycin caused hyperpolarization of ΔΨm indicating that
the Fo/F1 synthase was working in the forward direction (Fig. 3A).
Interestingly, treatment with 2DG in LPS-activated mBMDMs also did
not have a signiﬁcant impact on ΔΨm, while oligomycin hyperpolarized ΔΨm (Fig. 3B). These ﬁndings rule out the use of glycolysis-derived ATP to sustain ΔΨm in LPS-activated primary macrophages.
Notably, hMDMs exhibited a higher ΔΨm than mBMDMs (Fig. 3C),
4
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Fig. 3. Glycolysis-derived ATP is not used to sustain ΔΨm in mouse and human macrophages. (A) Human (hMDM) or (B) mouse (mBMDM) macrophages were
stimulated with LPS for 16 h followed by treatment with oligomycin (2 μM) and 2-DG (5 mM) for an additional 30 min. Cells were subjected to TMRM staining and
analyzed by ﬂow cytometry. A representative histogram plot is shown. The mean ﬂuorescent intensity (MFI) from three independent experiment ± SEM is shown as
fold induction relative to untreated (Con) cells. (C) Untreated mouse (mBMDM) and human (hMDM) macrophages were subjected to staining with TMRM for 30 min
and analyzed by ﬂow cytometry. A representative histogram and the MFI from three independent experiments ± SEM are shown. (D) Untreatred human (hMDM)
and mouse (mBMDM) macrophages were subjected to staining with the cationic dye JC-1 for 30 min. A representative image from three independent experiments is
shown. Green color JC-1 monomers are indicative of low ΔΨm and red color polymers are indicative of high ΔΨm. Bars (200 μm). The corrected total cell
ﬂuorescence (CTCF) is shown as a bar graph. Statistical analysis was performed using Student's t-test (mBMDM vs. hMDM) or One-way ANOVA with Tukey's post-hoc
analysis (Con vs. LPS/LPS+2DG/LPS+oligo); *p < 0.05, **p < 0.01,***p < 0.001. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the Web version of this article.)
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Fig. 4. Inhibiting glycolysis induces cell death in activated mouse but not human macrophages. Macrophages were stimulated with LPS alone or in the presence of
diﬀerent concentration of 2-deoxyglucose (2DG) or oligomycin (oligo, 2 μM) for 24 h and subjected to the indicated analysis. (A) Live/dead staining of human
macrophages (hMDM). Representative ﬂuorescence microscopy images of three independent experiments. Bars (200 μm). (B) MTT assay and (B) LDH assay in
hMDM. (C) Live/dead staining of mouse macrophages (mBMDM). Representative ﬂuorescence microscopy images of three independent experiments. Bars (200 μm)
(D) MTT assay and LDH assay in mBMDM. Values represent the mean ± SEM of three independent experiments. Statistical analysis was performed using One-way
ANOVA with Tukey's post-hoc analysis; (LPS Vs LPS+2DG/LPS+oligo) *p < 0.05, **p < 0.01,***p < 0.001.

6
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LPS and oligomycin (2 μM) treatment aﬀected viability of hMDMs after
24 h as determined by live/dead staining, MTT and LDH assays
(Fig. 4A, -B). By contrast, a marked reduction in cell viability was noted
in mBMDMs stimulated with LPS in the presence of 2DG (5 mM)
(Fig. 4C). The eﬀect of 2DG on cell viability of mBMDMs was dosedependent (Fig. 4C and D) and oligomycin decreased cell viability only
to a minor extent (Fig. 4C and D). Of note, treatment with 2DG alone
decreased cell viability in unstimulated mBMDMs (not shown). In
summary, glycolysis appears to be essential for cell survival in activated
mouse macrophages, but not in human macrophages.
As it is established that mouse but not human macrophages generate
signiﬁcant amounts of nitric oxide (NO) upon LPS stimulation in vitro
[18] (Figs. S3A and B), we explored a role for nitric oxide (NO) in induction of glycolysis. Treatment of hMDMs with a NO donor (DETA
NONOate) in the presence of LPS increased nitrite levels in the supernatant (Fig. S3B), but did not aﬀect glycolysis as lactate production was
unchanged (Fig. S3D). Similarly, treatment with the iNOS inhibitor
1400W inhibited LPS-dependent production of NO in mouse macrophages (Fig. S3A), but failed to block the production of lactate indicating that NO does not aﬀect glycolysis (Fig. S3C) and conﬁrmed
observations from a previous study [11]. In summary NO does not
regulate glycolysis in LPS-activated macrophages.

Materials and methods
Reagents
Antibodies for ﬂow cytometry CD80 and CD206 and ELISA kits for
mouse and human IL-6 and IL-10 were purchased from Biolegend (San
Diego, CA, USA). Recombinant cytokines M-CSF, IL-4 and IFN-γ was
purchased from PeproTech Inc, USA. Lipopolysaccharide serotype
0111:B4 was from Invivogen (San Diego, CA, USA). Human AB serum
was purchased from c.c. pro. GmbH (Thuringia, Germany). DMEM,
RPMI-1640 and all the other reagents unless speciﬁed were purchased
from Sigma-Aldrich (St. Louis, MO, USA).
Mice
Wild type C57BL/6J 6-12 weeks old mice (Charles river, Sulzfeld,
Germany) were kept on a normal laboratory diet and were housed in
cages under standardized environmental conditions (12-h light/dark
cycle, 23 ± 1 °C and 55 ± 1% relative humidity). All experiments
were approved by the Committee for Animal Welfare.
Cell isolation and culture
Human peripheral mononuclear blood cells were isolated from
healthy donors by density centrifugation using lymphosep (c.c. pro
GmbH, Thuringia, Germany) and diﬀerentiated in RPMI 1640 medium
containing 5% AB-serum, 100 U/ml penicillin, and 10 mg/ml streptomycin and 25 ng/ml recombinant human macrophage-colony stimulating factor (M-CSF). Mouse bone marrow cells were isolated from the
tibia and femur of C57BL6/J and diﬀerentiated in DMEM high glucose
media containing 10% fetal bovine serum (FBS) (Merck), 100 U/ml
penicillin, 10 mg/ml streptomycin and 25 ng/ml recombinant mouse
M-CSF. Cells were harvested on the 7th day of diﬀerentiation and
plated in a 12-well plate for experiments. All treatments were done in
1% serum containing 12.5 ng/ml M-CSF and LPS was used at a concentration of 1 μg/ml.

3. Conclusion
Although the human and mouse immune system exhibit extensive
similarities, which makes it a primary tool of choice for research, several evolutionary divergences have been demonstrated [20]. The current study identiﬁes a diﬀerence in metabolic reprogramming in response to the TLR4 ligand LPS between human and mouse macrophages
indicating that inﬂammatory activation of human macrophages is not
driven by glycolytic reprogramming. The diﬀerences in ΔΨm and resistance to mitochondrial dysfunction that was observed in this study
might also be of evolutionary signiﬁcance and has to be explored further. While we acknowledge the limitation of this study that might arise
from the use of hMDMs (which is the most widely used model of human
macrophages) in comparison to BMDMs from mouse, our ﬁndings are in
accordance with a previous observation that human lung macrophages
displayed no metabolic alterations upon LPS stimulation in vitro [21].
The increased glycolysis characteristic of mouse macrophages with
mitochondrial dysfunction appears to play a role in cell survival as
previously shown for astrocytes [22]. It should be noted that metabolic
reprogramming is not restricted to glycolysis and changes in other
metabolic pathways such as fatty acid oxidation could occur. In conclusion, the ﬁndings from this study suggest the need to validate data
obtained on immunometabolism from rodent macrophages in human
macrophages to conﬁrm their relevance in translational medicine.

Analysis of mRNA expression
RNA isolation was performed using an RNeasy mini kit (Qiagen
GmbH, Hilden, Germany). High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Carlsbad, CA, USA) was used for cDNA
synthesis. Primers for quantiﬁcation of mRNA levels of TNF-α, IL-6 and
GAPDH were from Applied Biosystems. Ampliﬁcation was performed
with TaqMan Gene Expression Master Mix on a StepOnePlus™ RealTime PCR System (Applied Biosystems, Carlsbad, CA, USA). Thermal
cycling was performed at 95 °C for 10 min followed by 40 cycles at
95 °C for 15 s and 60 °C for 1 min. GAPDH was used as a control for
normalization of cDNA values. The ΔΔCT method was used to semi
quantify mRNA levels.

Author contributions

Extracellular ﬂux assay

VV, FG, RF, RM and SI designed the experiments. VV, PP, RF, LB and
HF conducted experiments. VV, PP, FG, RF, RM and SI wrote the
manuscript.

Real time bioenergetic proﬁle of mBMDMs and hMDMs were obtained by measuring oxygen consumption rate (OCR) and extracellular
acidiﬁcation rate (ECAR) using a Seahorse XF extracellular ﬂux analyzer (Seahorse Bioscience, Inc, North Billerica, MA, USA). Brieﬂy,
mBMDMs or hMDMs were seeded at a density of 50,000 cells per well.
After overnight culture, cells were left untreated or treated with LPS for
16 h. Cells were then washed and the medium was replaced with FCSand bicarbonate-free DMEM medium supplemented with 4.5 g/L Dglucose and 2 mM glutamine. Following incubation in an incubator
without CO2 at 37 °C for 60 min, basal OCR and ECAR were recorded
for 30 min. Mito Stress assay was performed by sequential addition of
1 μg/ml oligomycin (inhibitor of ATP synthesis), 0.7 μM carbonyl cyanide 4-(triﬂuoromethoxy) phenylhydrazone (FCCP, uncoupling agent)
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and 1 μM rotenone/antimycin A (inhibitors of complex I and complex
III of the respiratory chain, respectively). Parameters such as ATPlinked OCR, maximal OCR, reserve capacity and proton leak were
calculated from Mito Stress assays of three independent experiments as
previously described [23,24].

Statistical analyses

Flow cytometry

Appendix A. Supplementary data

At the end of the experiment, cells were detached with accutase
(Capricorn Scientiﬁc GmbH, Germany), collected in FACS tube and
washed once with PBS. Cells were stained with antibodies for mouse
and human CD80 and CD206 for 20 min followed by two wash steps
and resuspended in 300 μL volume PBS. Cells were analyzed using a
FACS Canto II ﬂow cytometer and FACSDiva Software (BD Biosciences,
San Jose, CA, USA). The mean ﬂuorescence intensity from three independent experiments were calculated and shown.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.redox.2019.101147.

All statistical data analysis was performed using One-way ANOVA
with Post Tukey's test or Student's t-test as indicated in the ﬁgure legends using GraphPad Prism Version 5 (GraphPad Prism Software Inc.).
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Mitochondrial membrane potential
Mitochondrial membrane potential was assessed either by JC-1 or
TMRM (Cayman Chemical, MI, USA). Cells were stained with JC-1
(1 μm) and TMRM (20 nM) for 30 min at 37 °C followed by ﬂuorescence
microscopy or FACS analysis. A positive control (FCCP 20 μM) was
included but not shown. For JC-1 staining, the microscopic images
taken with Olympus IX81 was quantiﬁed using Image J. Brieﬂy, the
corrected total cell ﬂuorescence of approximately 100 cells was calculated and represented as a bar graph.
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