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Abstract 

Highly plastic macrophages are pivotal players in the body's homeostasis and pathogenesis. Grasping 
the molecular or cellular factors that drive and support the macrophage activation will help to 
develop diagnostics and manipulate their functions in these contexts. However, the lack of in vivo 
characterization methods to reveal the dynamic activation of macrophages impedes these studies in 
various disease contexts.  
Methods: Here, in vitro bone marrow-derived macrophages (BMDMs) and in vivo Matrigel plug were 
used to evaluate how mitochondria dynamics supports cellular activation and functions. We 
conducted macrophage repolarization in vitro to track mitochondria dynamics during the shift of 
activation status. For in vivo diagnosis, a novel MitoTracker-loaded liposome was first developed to 
label macrophage mitochondria in mice before/after inflammatory stimulation. 
Results: Based on the typical activation of in vitro BMDMs, we found glycolysis based macrophages 
have punctate and discrete mitochondria, while OXPHOS active macrophages have elongated and 
interconnected mitochondria. M1, M2a, M2b, and M2c activated BMDMs showed clustered and 
differentiable features in mitochondrial morphology. These features also hold for Matrigel 
plug-recruited macrophages in mice. Furthermore, with the interventions on M2a macrophages in 
vitro, we demonstrated that mitochondria morphology could be a metabolic index to evaluate 
macrophage activation status under drug manipulation. Using the MitoTracker-loaded liposomes, 
we further achieved subcellular imaging of macrophage mitochondria in vivo. Their organization 
dynamics revealed the dynamic change from anti-inflammatory macrophages to inflammatory ones 
in vivo under the lipopolysaccharide (LPS) challenge.  
Conclusion: These results reveal that subcellular imaging of mitochondria organization can 
characterize the activation status of macrophage in vitro and in vivo at a single-cell level, which is 
critical for the studies of noninvasive diagnosis and therapeutic drug monitoring. 
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Introduction 
Macrophages, a type of immune cell, have 

remarkable plasticity and can modify their physiology 
to carry out tissue-dependent functions when exposed 
to special environmental cues. Activated macro-
phages are commonly classified as pro-inflammatory 
(M1) and alternatively activated (M2) macrophages, 
and M2 macrophages can be further subdivided into 

M2a, M2b, M2c, and M2d sub-types based on the 
stimulation scenarios [1]. Accumulating evidence 
indicates that abnormally activated macrophages are 
closely related to a plethora of diseases, including 
cancer, diabetes, obesity, and atherosclerosis [2]. 
Therefore, a better understanding of the molecular or 
cellular factors that drive and support the 
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macrophage activation will help to grasp and 
manipulate their functions in these contexts. 

Recent immunometabolism studies conclude 
that metabolic shifts triggered by activation scenarios 
support the functions of activated macrophages [3]. 
For instance, M1 macrophages enhance glycolysis, 
fatty acid de novo synthesis, and pentose phosphate 
pathway (PPP) to support pro-inflammatory and 
microbial killing function. M2a macrophages aug-
ment oxidative phosphorylation (OXPHOS) and fatty 
acid oxidation (FAO) to promote tissue remodeling 
and repairing. These characteristic metabolic 
signatures not only provide an opportunity to identify 
activated macrophages from the metabolomic assay 
[4] and metabolic imaging [5-7], but also provide a 
therapeutic target to edit macrophage polarization by 
manipulating their metabolism [8]. For example, Chen 
and colleagues used chloroquine to repolarize M2-like 
tumor-associated macrophages (TAMs) toward the 
pro-inflammatory M1 phenotype by driving their 
metabolic shift from OXPHOS to glycolysis. 
Chloroquine-reset macrophages inhibited tumor 
development by ameliorating immunosuppression 
[9]. Conversely, inactivation of pro-inflammatory 
macrophages may stop the cytokine storms, tissue 
damage, or chronic inflammation [10]. However, the 
re-activation of M1 macrophages toward 
healing-promoted M2 states in an inflammatory 
environment remains a challenge. Recently, Bossche 
and colleagues showed that inflammatory M1 
macrophages disable their mitochondrial function to 
impede the repolarization to an anti-inflammatory M2 
phenotype [11]. These findings suggest that activated 
macrophages might modify mitochondria biology to 
maintain their function and determine the cell fate. 

On the other hand, recent studies also revealed 
that mitochondrial structures are highly dynamic and 
correlated with cell lineages [12]. Their organizations 
could determine the metabolic function of cells and 
are mainly regulated by the concentration ratio of 
fusion proteins over fission ones. Dynamin-related 
protein 1 (Drp1) causes mitochondrial fission when 
activated by kinases, producing fragmented and dis-
crete mitochondria [13]. Mitochondrial fragmentation 
can impair OXPHOS [14], augment reactive oxygen 
species (ROS) generation [15], and facilitate mito-
phagy [16]. Mitochondrial fusion includes mitofusin 
(Mfn1 and Mfn2) mediated outer membrane fusion 
and optic atrophy 1 (Opa-1) mediated inner mem-
brane fusion, driving mitochondria into elongated 
and interconnected networks. Mitochondrial fusion 
can maximize OXPHOS activity by remodeling cristae 
shape [17, 18], and prolong cell longevity [19]. 
Recently, Buck and colleagues discovered that 
enforcing mitochondrial fusion in effector T cells 

improves antitumor function by elevating their 
OXPHOS capacity and longevity [20]. This study 
indicated that mitochondrial morphology is strongly 
correlated to cell-type due to its metabolic shift. Such 
a morphological phenotype of cellular metabolism 
could serve as an index for cell-type identification. 

Although past research has revealed that 
mitochondrial organization correlates macrophage 
function [21, 22], there are limited studies to analyze 
the mitochondrial morphology in different subtypes 
of activated macrophages, not to mention to use the 
extracted features to characterize their activation 
status. In this study, we use bone marrow-derived 
macrophages (BMDMs) to assess the mitochondrial 
morpho-dynamics during macrophage maturation 
and activation. Through the morphological analysis of 
the mitochondrial organization, we extract the 
characteristic parameters that can differentiate and 
identify the activation status of macrophages. With 
these parameters and local delivery of liposome- 
encapsulated MitoTracker, we successfully realized 
the targeted labeling of macrophage mitochondria 
and the in vivo characterization of macrophage 
activation in the context of inflammation challenges. 
Thus developed approach can help to identify 
macrophage metabolic phenotype and activation 
status at the single-cell level in the dynamic immune 
microenvironment (such as tumors, wound, and 
diabetic adipose tissues), which is pivotal for disease 
diagnosis and macrophage-targeted drug evaluation. 

Materials and Methods 
Mice  

C57BL/6 mice were obtained from the Animal 
Facility of the Faculty of Health Sciences at the 
University of Macau. B6 (Cg)-Tyrc-2J/J transgenic mice 
and B6.129P2-Lyz2tm1(cre)Ifo/J transgenic mice were 
purchased from The Jackson Laboratory. STOCK 
Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J transgenic 
mice were kind gifts from Dr. Kai MIAO (University 
of Macau). The Animal Research Ethics Committee of 
the University of Macau approved all experiments. 

Generation of macrophage-reporter mice 
B6.129P2-Lyz2tm1(cre)Ifo/J mice express Cre from 

the myeloid-specific LysM promoter. STOCK Gt 
(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J mice are dual- 
reporter (membrane-targeted Tomato [mTOM]/ 
membrane-targeted enhanced green fluorescent 
protein [mEGFP]-floxed reporter) mouse strain. This 
strain expresses reporter gene mTOM (red) in the 
absence of Cre, whereas expresses reporter gene 
mEGFP (green) upon Cre activation. B6.129P2- 
Lyz2tm1(cre)Ifo/J mice were crossed with STOCK 
Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J mice to get 
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LysM-Cre\mTmG mice in which LysM-Cre positive 
myeloid cells would express EGFP.  

Mononuclear cell isolation 
Whole blood of C57BL/6 mice was collected 

from retro-orbital venous plexus using heparinized 
(Sigma) microtubes. The heparinized blood was 
diluted with the four-times volume of PBS containing 
0.5% bovine serum albumin (BSA), then layered on 4 
mL Histopaque (1.077g/mL, Sigma) gradient layer. 
Mononuclear cells were collected from the 1.077-PBS 
interface. After the elimination of red blood cells 
(RBCs) via hypotonic lysis, mononuclear cells were 
resuspended in the completed RPMI-1640 medium for 
mitochondria staining and the next examination. PE 
anti-mouse CD115 (CSF-1R) antibody (AFS98, 1:80, 
Biolegend) was used to gate monocytes from 
mononuclear cells.  

Macrophage preparation and drug treatments 
Bone marrow-derived macrophages (BMDMs) 

were differentiated from mouse bone marrow cells 
[23]. Briefly, bone marrow cells were isolated from the 
femur and tibia of C57BL/6 mice (or LysM-Cre\ 
mTmG mice) and cultured in the completed RPMI- 
1640 medium containing 20 ng/mL recombinant 
murine M-CSF (rmM-CSF, 315-02, PeproTech) or 15% 
L929 cells (ATCC) conditioned medium. On day 6, 
cells were harvested from Petri dishes by 20 mM 
EDTA treatment for further examination.  

For macrophage activation, BMDMs were stimu-
lated for 24 hr with certain cytokines after removal of 
rmM-CSF. 20 ng/mL IFN-γ (315-05, PeproTech) plus 
10 ng/ml LPS (O111:B4, Sigma-Aldrich) was used to 
induce M1 macrophages, 20 ng/mL IL-4 (214-14, 
Peprotech) to induce M2a, 10 µg/mL immune 
complex (150 μg/ml monoclonal anti-chicken egg 
albumin antibody [C6534] preincubated with 15 
μg/ml ovalbumin [A5503] at 37°C for 30 min; Sigma 
Aldrich) plus 50 ng/ml LPS (O111:B4, Sigma-Aldrich) 
to induce M2b, and 50 ng/mL IL-10 (210-10, 
Peprotech) to induce M2c, respectively. 

For repolarization of M2a macrophages, BMDMs 
were primed with IL-4 for 24 hr to induce M2a 
macrophages; then cells were washed and treated 
with IFN-γ plus LPS for an additional 24 hr. To 
investigate the blocking of macrophages toward M1 
polarization, the BMDMs were stimulated for 24 hr 
with IFN-γ plus LPS either in the presence or absence 
of 10 µM Mdivi-1 (Sigma-Aldrich) plus 20 µM fusion 
promoter M1 (Sigma-Aldrich), 100 µM 1400W 
(Beyotime), or 5 mM NAC (Sigma-Aldrich). 

Flow Cytometry 
Nonspecific binding was blocked by Fc-block 

(Mouse TruStain FcX™ PLUS, S17011E, 1:2000, 

Biolegend) before surface staining. Fluorescent-dye 
conjugated monoclonal antibodies were used to 
identify macrophage maturation and to differentiate 
their activation status, including Alexa Fluor 647 
anti-mouse F4/80 antibody (BM8, 1:200, Biolegend), 
PE anti-mouse/human CD11b antibody (M1/70, 1:80, 
Biolegend), PE anti-mouse CD86 antibody (GL-1, 1:20, 
Biolegend), PE anti-mouse CD206 antibody (C068C2, 
1:40, Biolegend), and PE anti-mouse CD163 antibody 
(TNKUPJ, 1:80, eBioscience).  

Mitochondria staining was performed according 
to the manufacturer’s instructions (M7514, 100 nM, 
Invitrogen). Briefly, cells were incubated in the 
completed medium containing 100 nM MitoTracker 
Green FM for 30 min; then cells were washed twice 
with the completed medium. Cell viability was 
assessed by 7-AAD staining (1:100, Biolegend).  

JC-1 staining was performed according to the 
manufacturer’s instructions (ab113850, Abcam). 
Briefly, cells were incubated in completed medium 
containing 5 μM JC-1 for 20 min; then cells were 
washed twice with the completed medium. 100 μM 
fluoro-carbonyl cyanide phenylhydrazone (FCCP)- 
treated cells were used as a positive control.  

For the staining of intracellular arginase, cells 
were fixed and permeabilized with 100% methanol 
(chilled at -20°C) at room temperature for 5 min and 
were stained with anti-mouse arginase-1 antibody 
(24HCLC, 1:100, Invitrogen), followed by incubation 
with Alexa Fluor 488 Donkey anti-Rabbit Secondary 
Antibody (A-21206, 1:200, Invitrogen).  

For the staining on macrophages of mice ear, a 
single-cell suspension was prepared as described 
before [24]. Briefly, mice ear was chopped with 
scissors into small pieces and post immersed in the 
digestion cocktail (2.5 mg/ml Collagenase Type 2 
[Worthington-Biochem], 2.5 mg/ml Collagenase Type 
IV [Gibco] and 0.5 mg/ml DNAse I [Roche]) at 37 °C 
for 90 min. Following incubation, digested skin 
samples were squeezed and filtered to get the 
suspension of cells. Data were acquired with a BD 
Accuri™ C6 Cytometer (BD Biosciences, USA) and 
analyzed using BD Accuri C6 Software (BD 
Biosciences) or FlowJo software (Tree Star).  

Transmission electron microscopy (TEM) 
BMDMs were stimulated as described above. 

Cells were first fixed with 2.5% glutaraldehyde at 4 °C 
overnight. Following fixation, cells were washed three 
times with PBS and postfixed in 1% osmic acid at 4 °C 
for 1.5 hours. Then cells were dehydrated in a graded 
ethanol series and embedded in acrylic resin. Cut 
sections were stained with uranyl acetate and lead 
citrate, and then imaged using a Hitachi H-7500 
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transmission electron microscope (Hitachi, Japan) 
equipped with a digital camera. 

Metabolism Assays 
XF-96 Extracellular Flux Analyzer (Seahorse 

Bioscience, USA) was used to analyze the metabolic 
profiles of activated macrophages [4]. 25,000 BMDMs 
were seeded in a 96 well culture plate and activated as 
indicated. Oxygen consumption rates (OCR) and 
extracellular acidification rates (ECAR) were 
measured after the sequential addition of 1 µM 
oligomycin; 1.5 µM fluoro-carbonyl cyanide phenyl-
hydrazone (FCCP); and 100 nM rotenone plus 1 µM 
antimycin A. Bradford assay (500-0205, Bio-rad) was 
conducted to normalize cell number after metabolic 
analysis [4]. Basal respiration can be calculated as the 
difference between OCR before drug injection and 
lower OCR after rotenone plus antimycin A injection. 
ATP production can be calculated as the difference 
between basal OCR and lower OCR after oligomycin 
injection. Spare respiratory capacity can be 
established by the difference between basal OCR and 
the highest OCR after FCCP injection. Basal glycolysis 
can be calculated from the measurement of ECAR 
before drug injection. Glycolytic capability can be 
calculated from the measurement of ECAR after 
oligomycin injection. The glycolytic reserve can be 
calculated as the difference between higher ECAR 
after oligomycin injection and highest ECAR after 
FCCP injection. 

Glucose uptake assay 
For glucose uptake capacity, BMDMs were 

starved in the glucose-free medium for 1 hr, then 
incubated in glucose-free medium containing 100 µM 
2-NBDG (Invitrogen) for 30 min in 37 °C incubator. 
Cell viability was assessed by 7-AAD staining (1:100, 
Biolegend). Data were acquired with a BD Accuri™ 
C6 Cytometer (BD Biosciences, USA) and analyzed 
using BD Accuri C6 Software (BD Biosciences) or 
FlowJo software (Tree Star). 

Macrophage function assay 
BMDMs seeded in a 96 well culture plate were 

stimulated as described above. Intracellular reactive 
oxygen species (ROS) production and nitric oxide 
(NO) production were measured using DCFH-DA 
and DAF-FM DA respectively, according to the 
manufacturer’s instructions (Beyotime). After 
incubation, fluorescence was detected by Microplate 
Reader (Molecular Devices, USA) immediately. 

Confocal microscopy imaging and 
mitochondrial morphology analysis 

Mitochondria staining was performed according 
to the manufacturer’s instructions (M7512, Invitro-

gen). Briefly, BMDMs were incubated in the 
completed medium containing 100 nM MitoTracker 
Red CMXROS for 30 min and then 2 μg/mL Hoechst 
33342 (Sigma Aldrich) for an additional 2 min. After 
incubation, cells were washed twice and replaced 
with the completed medium for live-cell imaging. For 
live-cell imaging, BMDMs on confocal dishes were 
placed in a micro-incubator system, which 
maintained 37 °C and 5% CO2 within a humidified 
environment. Images were acquired using a Nikon 
A1MP+ fluorescence confocal microscope (Nikon, 
Japan) with a water-immersed 40× and 1.15 NA 
objective. We acquired MitoTracker images at 561 nm 
excitation, and Hoechst images at 405 nm excitation. 
Images were subsequently imported into ImageJ 
software for analysis. 

Analysis of mitochondrial morphology (Figure 
S1) was performed using the macro MiNA in Fiji 
software (ImageJ) [25]. Briefly, the macro MiNA 
creates a skeleton of the mitochondrial network by 
several preprocessing steps (Figure S1A), then 
calculates several parameters reflecting mitochondrial 
morphology (Figure S1B), such as mean length of 
branches, mean network size (the mean number of 
branches per network), and mitochondrial footprints 
(mitochondrial coverage area). Three dimensional 
(3D) or two dimensional (2D) scatter plots were 
generated via Origin software (version 8.6). 

Structured illumination microscopy (SIM) 
For the super-resolution imaging of mitochon-

dria, BMDMs were incubated in the completed 
medium containing 100 nM MitoTracker Red 
CMXROS for 30 min. After incubation, cells were 
washed twice and replaced with the completed 
medium for live-cell imaging. Super-resolution 
images were acquired using a Nikon N-SIM system 
(Nikon, Japan) with an oil-immersed 100× and 1.49 
NA objective. Images for live-cell imaging (live 
N-SIM) were taken at a single Z-plane. Images were 
captured using Nikon NIS-Elements and recon-
structed using slice reconstruction in NIS-elements. 
Cells used for live-cell imaging were maintained in a 
37 °C, 5% CO2, and humidified environment. 

For super-resolution imaging of single liposome, 
MitoTracker-loaded liposome and Matrigel were 
mixed and smeared on the confocal dish to 
immobilize the liposome. Liposomes were imaged 
with the same imaging conditions used in live-cell 
experiments. 

In vivo Matrigel plug assay 
Matrigel plug implanted in C57BL/6 mice was 

used for macrophage in vivo activation. To induce 
activated macrophages in mice, 0.25 mL Matrigel (BD 
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Biosciences) containing rmM-CSF (100 ng/mL)+PBS 
was used for naive macrophage differentiation, 
Matrigel containing rmM-CSF+LPS (10ng/mL) + 
IFN-γ (20ng/mL) for M1, Matrigel containing rmM- 
CSF+IL-4 (20 ng/mL) for M2a, Matrigel containing 
rmM-CSF+immune-complexes (10 μg/mL)+LPS (50 
ng/mL) for M2b, Matrigel containing rmM-CSF+ 
IL-10 (50ng/mL) for M2c, and Matrigel containing 
PBS only for control group. All procedures were 
completed on ice. C57BL/6 mice were anesthetized 
with isoflurane, then Matrigel mixture was sub-
cutaneously injected into the inguinal areas of mice.  

Five days after plug implantation, mice were 
euthanized by CO2 asphyxiation for Matrigel plug 
excision. For ex vivo live-cell imaging, Matrigel plugs 
were labeled by MitoTracker Red CMXRos and 
Hoechst 33342. Then they were placed in the 
micro-incubator system on the confocal microscope 
for further observation. MitoTracker images were 
collected at 561 nm excitation, and Hoechst images 
were collected at 405 nm excitation. For immuno-
fluorescence staining, Matrigel plugs were OCT- 
embedded and sectioned for further examination. 

Mitotracker-loaded liposome preparation 
Liposomes were prepared by the ethanol 

injection method as described before [26]. Briefly, 10 
mg phospholipids and 5 mg cholesterol were 
dissolved in 500 µL ethanol, then MitoTracker Red 
CMXRos stocking solution was added to the above 
ethanolic solution. The resulting organic phase was 
dropped in 4 mL PBS under 100 rpm/min stirring. 
Unloaded MitoTracker Red CMXRos and ethanol 
solvent were removed by ultracentrifugation of 
liposome suspension at 14,000 rpm for 1 hour. The 
obtained precipitates were dispersed in PBS and 
stored at 4°C. After dilution with water, the particle 
size and zeta potential of MitoTracker-loaded 
liposomes were measured by a Zetasizer Nano-ZS 
(Malvern Instruments, UK). 

For in vitro testing, cells were incubated in a 
completed medium containing MitoTracker Red 
CMXRos-loaded liposome for 60 min. Then, cells were 
washed twice and replaced with the completed 
medium for live-cell imaging. To evaluate the 
MitoTracker release from liposome during the cell 
endocytosis process, we constructed the fluorescent 
green/red dyes double-loaded liposome by labeling 
the membrane of Mitotracker-loaded liposomes with 
the Green Fluorescent Cell Linker Kit, according to 
the manufacturer’s instructions (Sigma). Briefly, 
precipitates of Mitotracker-loaded liposome was 
dispersed in Diluent C from the Kit and subsequently 
mixed with equal volumes of Diluent C containing 
PKH67 dye for 3 min at room temperature. Then, stop 

the staining by adding PBS containing 1% FBS and 
remove unloaded PKH67 by ultracentrifugation at 
14,000 rpm for 1 hour. After re-suspension, cells were 
incubated in a completed medium containing 
MitoTracker and PKH67 double-loaded liposome for 
60 min. For the control group, MitoTracker-loaded 
liposome and free PKH67 were sequentially stained 
for 60 min and for 3 min. Then, cells were washed 
twice and replaced with the completed medium for 
live-cell imaging.  

In vivo skin inflammation experiment and 
two-photon excited microscopy imaging 

The same experimental protocol was used and 
performed on c2J mice and LysM-Cre\mTmG mice. 
To observe the mitochondrial structure of resident 
macrophages in vivo, mice were anesthetized by 
intraperitoneal injection of Avertin (25 µL of injection 
volume/g of body weight), then a single subcuta-
neous injection of MitoTracker-loaded liposomes (in 
30 µL PBS) was administrated into the dorsal side of 
ear pinna with the hair removed. One day after 
liposome injection, mice were anesthetized by Avertin 
for mitochondria intravital imaging. To track the 
dynamics of mitochondria morphology after 
inflammatory stimulation, the LPS (30 µg in 30 µL 
PBS) was subcutaneously injected into the dorsal side 
of ear pinna after mice anesthetization. On the 3rd-day 
post LPS injection, MitoTracker-loaded liposomes (in 
30 µL PBS) were subcutaneously injected into the ear 
of mice to label mitochondria in vivo. On the 4th-day 
post LPS injection, mice were anesthetized by Avertin 
for intravital imaging. Briefly, anesthetized mice ear 
pinnae were mounted on slides, immersed by glycerol 
and nipped by a cover glass.  

Images were acquired using a Nikon A1MP+ 
microscope (Nikon, Japan) with a water-immersed 
40× and 1.15 NA objective. Two-photon laser 
excitation was provided by an 800-1300 nm tunable 
femtosecond laser (Insight X3, Spectra-Physics). For 
c2J mice, mitochondrial images were acquired at 1120 
nm excitation. The fluorescence of MitoTracker Red 
CMXRos and second harmonic generation (SHG) 
images in the ear of c2J mice were collected in the 
wavelength range of 604-679 nm and 506-593 nm, 
respectively. For LysM-Cre\mTmG mice, EGFP cell 
images were acquired at 970 nm excitation, and the 
fluorescence of EGFP and SHG was collected in the 
wavelength range of 506-593 nm and 415-485 nm, 
respectively. Mitochondrial images of LysM-Cre\ 
mTmG mice were acquired at 1180 nm excitation, and 
the fluorescence of MitoTracker Red CMXRos was 
collected in the wavelength range of 604-679 nm. The 
corresponding spectra were acquired with an Andor 
iDus 401 series Spectroscopy CCD (Andor, EU) 
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coupled on the back-side port of the Nikon A1MP+ 
microscope and analyzed using Graphpad Prism 
software (version 6.0). For immunofluorescence 
staining, mice's ear was OCT-embedded and 
sectioned for further examination. For the flow 
cytometer, mice's ear was harvested and digested to 
get the cell suspension. 

Immunofluorescence staining 
BMDMs or tissue sections were fixed with 4% 

paraformaldehyde in PBS or permeabilized with 100% 
methanol (chilled at -20°C) at room temperature for 5 
min, blocked with 1% BSA in PBS for 30 min. Primary 
antibodies were incubated overnight at 4°C, followed 
by the secondary antibody for 1 hr at room 
temperature if needed or Hoechst 33342 for 5 min at 
room temperature. Antibodies used were FITC 
anti-mouse F4/80 antibody (BM8, 1:100, Biolegend), 
Alexa Fluor 647 anti-mouse CD86 antibody (GL-1, 
1:100, Biolegend), Alexa Fluor 647 anti-mouse CD206 
antibody (C068C2, 1:200, Biolegend), PE anti-mouse 
CD163 antibody (TNKUPJ, 1:40, eBioscience), 
anti-mouse arginase-1 antibody (24HCLC, 1:100, 
Invitrogen), Alexa Fluor 488 donkey anti-rabbit 
secondary antibody (A-21206, 1:1000, Invitrogen). 
Images were acquired using a Nikon A1MP+ 
fluorescence confocal microscope (Nikon, Japan) with 
a water-immersed 40× and 1.15 NA objective.  

Statistical Analysis 
Data were evaluated with Graphpad Prism 

software (version 6.0) using unpaired two-tailed 
Student’s t-tests. Data are expressed as means ± the 
standard deviation (SD). Differences were considered 
significant when p values were below 0.05. 

Results 
Mitochondria elongation and fusion might 
support the differentiation of monocytes 
toward macrophages 

Under challenging conditions, circulating blood 
monocytes will be recruited to inflammation sites and 
differentiate into macrophages [27]. It is now 
becoming clear that monocytes reprogram their 
metabolism to facilitate monocyte-macrophage 
activation. However, relatively little is known about 
mitochondrial morpho-dynamics during monocyte- 
macrophage differentiation. As a preliminary 
examination, we used the histopaque to isolate 
mononuclear cells from mice peripheral blood (green 
band in Figure 1A). We found CD115-positive 
monocytes (M) had more tubular mitochondria 
(Figure 1B) than lymphocytes (L). These data agree 
with previous findings that mitochondria of 
peripheral-blood monocytes from a healthy donor are 

tubular and interconnected [28]. Moreover, flow 
cytometer analysis showed that monocytes had more 
mitochondrial mass compared to lymphocytes (not 
shown in this paper). These data could also explain 
why monocytes have higher bioenergetic capability 
than that of lymphocytes at their basal state in 
previous studies [29]. 

To characterize the mitochondrial morphology 
after monocyte-macrophage differentiation, we used 
mouse bone marrow cells to develop BMDMs [30]. 
Five days after treating macrophage colony- 
stimulating factor (M-CSF), high purity BMDMs were 
harvested and prepared for further examination 
(Figure 1C). After mitochondria staining, we found 
naive BMDMs had elongated and interconnected 
mitochondria (Figure 1D). To quantitatively evaluate 
mitochondrial structures, we used ImageJ macro tools 
to analyze mitochondrial network morphology [25]. 
Compared with peripheral-blood monocytes, naive 
BMDMs had more mitochondrial mass, including 
mitochondrial footprints and network size (Figure 1E 
and 1F). These findings suggest that similar to stem 
cell differentiation [31], mitochondria of monocytes 
undergo biosynthesis and elongation during 
monocyte-macrophage differentiation (Figure 1E and 
1G). Past research revealed that peripheral blood 
monocytes mainly fuel cell function by both glycolysis 
and OXPHOS at basal state [29], while the M-CSF 
induced BMDMs are featured by more active 
OXPHOS due to elevated expression of M2 macro-
phages-like genes [4, 32]. Meanwhile, mitochondrial 
elongation elevates OXPHOS activity [18]. Collec-
tively, mitochondrial elongation and fusion might 
support more energetic requirements of OXPHOS 
during monocyte-macrophage differentiation. 

Mitochondrial morphology correlates with the 
metabolism-dependent activation of 
macrophages in vitro 

Naive BMDMs can be further activated into two 
functionally polarized populations, termed as M1 
(stimulated by IFN-γ [interferon γ] combined with 
LPS [lipopolysaccharide]) and M2 (M2a by IL-4 
[interleukin 4]; M2b by immune-complexes combined 
with LPS; M2c by IL-10 [interleukin 10]) [33]. These 
activated macrophages fuel featured functions by 
reprogramming cell metabolism. Metabolic profiles of 
M1 and M2a macrophages were well studied and 
defined in the past decade [34]. Moreover, it is now 
becoming clear that fusion and fission directly control 
the function of mitochondria in cell respiration [20, 
35]. Together, it’s reasonable to infer that the 
mitochondria organization will change with the 
activation of macrophages. Here, we developed four 
subtypes of activated macrophages from naive 
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BMDMs, including M1, M2a, M2b, and M2c 
(illustrated in Figure 2A). Phenotyping on surface 
markers (Figure 2B) and functional assay (Figure 2C 
and 2D) showed that naive macrophages were 
successfully polarized into expected activation 
statuses. Using confocal microscopy, structured 

illumination microscopy (SIM) and transmission 
electron microscopy (TEM), we found that M1 and 
M2b macrophages had highly fragmented and 
discrete mitochondria, while M2a and M2c 
macrophages had elongated and interconnected ones 
(Figure 2E, 2G and 3A). 

 

 
Figure 1. Mitochondrial morphology varies from peripheral blood monocytes to bone marrow-derived macrophages (BMDMs). (A) Schematic diagram 
showing the isolation of mononuclear leukocytes from the peripheral blood of mice using Histopaque (1.077 g/mL) banding method. (B) Fluorescence confocal images of 
mitochondria (green color, MitoTracker Green FM), nuclei (blue color, Hoechst 33342), and surface marker (red color, CD115-PE) in monocytes (M) and lymphocytes (L). Scale 
bar, 10 µm. (C) Schematic diagram showing the preparation of naive bone marrow-derived macrophages (BMDMs) using macrophage colony-stimulating factor (M-CSF) 
stimulation. The macrophage lineage was validated by the F4/80-Alexa 647 vs CD11b-PE scatter plot. (D) Fluorescence confocal images of mitochondria (red color, MitoTracker 
Red CMXRos) and cellular membrane (green color, PKH67 Green) in BMDMs. Scale bar, 20 µm. (E) Mitochondrial network morphology of mononuclear cells (corresponds to 
Figure 1B) and BMDMs (corresponds to Figure 1D) produced by ImageJ macro tools. Scale bar, 10 µm. (F) Mitochondrial organization analysis of monocytes and BMDMs. 
Mitochondrial footprint reflects mitochondrial mass in a cell, mean network size is the mean number of branches per network, while mean branch/rod length is the average size 
of all rods/branches. Dots are data from individual cells (n=10). (G) Flow cytometer data of MitoTracker Green FM fluorescence in monocytes (red line) and BMDMs (gray area). 
All data shown were representative of two or three independent runs of experiments. 
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Figure 2. Mitochondria organization correlates with the activation status of BMDMs in vitro. (A) Schematic diagram showing the activation of bone 
marrow-derived macrophages (BMDMs) using different cytokines. Naive BMDMs were represented by gray color, M1 by red color, M2a by blue color, M2b by violet color, and 
M2c by green color. (B) After 24 hr of cytokine treatment, a flow cytometer was used to assess CD86, CD206, CD163 expression of BMDMs (naive, M1, M2a, M2b, and M2c). 
(C) After 24 hr of cytokine treatment, reactive oxygen species (ROS) and nitric oxide (NO) production of BMDMs were measured using DCFH-DA and DAF-FM DA fluorescent 
probes, respectively. (D) Flow cytometer was used to assess the intracellular arginase-1 expression of BMDMs. Fold changes of expression relative to naive were evaluated by 
mean fluorescence intensity (MFI). (E) Fluorescence confocal images of mitochondria (red color, MitoTracker Red CMXRos), and nuclei (blue color, Hoechst 33342) in BMDMs. 
Scale bar, 10 µm. (F) 2D scatter plots from mitochondrial network analysis (footprints, network size, and branch length) performed on BMDMs (naive, M1, M2a, M2b, and M2c). 
The quadrants of fission/fusion were added to enclose clustered macrophages in feature space based on their mitochondrial organization. The coordinates of each dot represent 
the feature values of individual cells (n≥10). (G) Representative structured illumination microscopy (SIM) images of mitochondria (red color, MitoTracker Red CMXRos) in 
BMDMs. Scale bar, 10 µm. All data shown were representative of two or three independent runs of experiments. 
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Among all the status of activation, the M1 
macrophages had the least mitochondrial footprints, 
smallest network size, and shortest branch/rod length 
(Figure 2F, and S1B). These organization features 
might be due to excessive mitochondrial fission via 
de-phosphorylation of Drp1 [36, 37]. We further 
investigated the bioenergetic profiles of M1 
macrophages by measuring the oxygen consumption 
rate (OCR) and extracellular acidification rate 
(ECAR). We found that OCR of M1 macrophages did 
not change with the serial administration of inhibitors 
(Figure 3C and 3D), indicating impaired OXPHOS 
capability of mitochondria [11]. The TEM images 
showed that M1 macrophages had punctate and swell 
mitochondria with damaged cristae (Figure 3A). 
Moreover, the JC-1 assay revealed M1 macrophages 
typically had low mitochondrial membrane potential 
(Figure 3B). These findings verified the dysfunction of 
mitochondria in M1 macrophages. Under such 
conditions, M1 macrophages can only exploit 
glycolysis to fuel ATP requirements and thus elevated 
their lactate production (Figure 3E). Recent evidences 
revealed that lactate might maintain the glycolysis 
state of M1 macrophages by lactylation of histone 
lysine residues [38]. Besides, the truncated TCA cycle 
indirectly elevates glycolysis flux through PPP, while 
active PPP provides a large amount of NADPH for 
NADPH oxidase-mediated ROS and NO generation 
[15]. Our results confirmed that M1 macrophages had 
higher ROS and NO production (Figure 2C), and 
much lower Arginase-1 expression (Figure 2D).  

Similarly, mitochondria of M2b macrophages 
also have small network sizes, less mitochondrial 
footprints, and short mean branch/rod length (Figure 
2F and S1B). Due to the stimulation of LPS, M2b 
macrophages also featured by the low arginase-1 
expression, high iNOS activity, high ROS production, 
and impaired OXPHOS (Figure 2C, 2D and 3C) [36, 
37, 39]. The major difference between M1 and M2b are 
the expression of CD163 (Figure 2B). However, 
different from pro-inflammatory M1 macrophages, 
M2b macrophages possess both immune-regulated 
and anti-inflammatory functions [40]. They have more 
mitochondrial footprints than M1 (Figure 2F and S1B), 
which might result from the elevated level of IL-10 
[41]. Recent studies show that IL-10 has anti- 
inflammatory effects by eliminating dysfunctional 
mitochondria [42]. JC-1 assay revealed that M1 
macrophages had more impaired mitochondria than 
that of M2b macrophages (Figure 3B). Moreover, the 
functional assay also showed that M2b macrophages 
had lower NO and ROS production than M1 
macrophages (Figure 2C). Such a clearance 
mechanism will reduce the proportion of punctate 
organization induced by LPS. Moreover, we found 

that M2b macrophages had a higher acidification rate, 
spare respiratory capacity, and glycolysis capacity 
compared to M1 macrophages (Figure 3D and 3E). 
This feature of M2b might result from a relatively 
higher glucose uptake of M2b (Figure 3F).  

In contrast to M1 and M2b, pro-healing M2a 
macrophages had more interconnection among 
mitochondria (Figure 2E, and 2G). Their organizations 
have significantly higher values in footprints, 
network size, and branch length (Figure 2F and S1B). 
As mentioned before, M-CSF induced BMDMs were 
M2-like macrophages and had fused mitochondria. 
We found that M2a macrophages had higher 
OXPHOS than naive BMDMs, including basal respi-
ration, maximum respiration, and spare respiration 
capability (Figure 3D), possibly caused by these 
following reasons. Firstly, IL-4 elevates the expression 
of OXPHOS-related genes in M2a macrophages to 
support the enhanced OXPHOS [43]. Moreover, IL-4 
was proved to promote mitochondrial fusion in 
macrophages [44]. TEM showed that M2a macro-
phages had more tubular mitochondria with dense 
and folded cristae (Figure 3A). Mitochondrial fusion 
can improve the efficiency of mitochondrial electron 
transport chain (ETC) by increasing cristae formation 
and supercomplexes formation, further maximizing 
OXPHOS capability [17, 45]. Last, M2a macrophages 
also fuel energy by FAO in addition to glucose 
metabolism [46], while fused mitochondria can 
facilitate the utilization of fatty acids via trafficking 
lipid droplets [47]. Functionally, we found that M2a 
macrophages markedly elevated the expression of 
Arginase-1 (Figure 2D), its resulting polyamines are 
important for wound healing. Moreover, elevated 
Arginase-1 can block iNOS activity by the competitive 
combination of its substrate (arginine) and 
down-regulated NO generation, which is consistent 
with our findings (Figure 2C). Together, fused 
mitochondria elevate the efficient operation of 
OXPHOS in M2a macrophages, further support their 
anti-inflammatory and wound healing function. 

M2c macrophages had larger interconnected 
mitochondria similar to M2a macrophages (Figure 2E 
and 2F). Interestingly, M2c macrophages had even 
fewer punctate mitochondria (Figure 2E and 2G) and 
lower ROS production (Figure 2C) than naive 
BMDMs, possibly caused by that IL-10 can eliminate 
dysfunctional mitochondria via mitophagy [42]. JC-1 
assay revealed M2c macrophages had a much lower 
percentage of dysfunctional mitochondria relative to 
others (Figure 3B). However, in contrast to what we 
expected, we found that M2c macrophages had 
slightly decreased basal respiration and glycolytic 
reserve relative to naive BMDMs (Figure 3D and 3E). 
Previous studies pointed out that IL-10 eases glucose 
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uptake by regulating the glucose transporter (GLUT1) 
translocation, and inhibits glycolysis by downregu-
lating the gene expression of glycolytic enzymes [42]. 
Our glucose uptake assay (Figure 3F) further supports 

this notion. Therefore, the reduction of glucose uptake 
might be a reason accounting for the reduced basal 
respiration and glycolytic reserve.  

 

 
Figure 3. Mitochondria regulate the cellular respiration of activated BMDMs in vitro. (A) Representive transmission electron microscopy (TEM) images of 
mitochondria in BMDMs. Scale bar, 1 µm. (B) Mitochondrial membrane potential (ΔΨm) was measured using JC-1 probes. 100 μM FCCP-treated naive BMDMs as a positive 
control. A shifted population to lower fluorescence in the JC-1 aggregates channel shows the mitochondrial membrane potential is compromised. (C) The oxygen consumption 
rate (OCR) of BMDMs at baseline and in response to sequential treatment with oligomycin (OM), FCCP, and rotenone plus antimycin A (Rot/AA). (D) Basal respiration, ATP 
production, maximum respiration, and spare respiratory capacity of BMDMs at different activation status. (E) Glycolysis, glycolytic capability, and glycolytic reserve of BMDMs 
at different activation status. (F) Glucose uptake capability of BMDMs was measured using 2-NBDG fluorescent probes. Fold changes of 2-NBDG uptake were evaluated by MFI. 
(G) The mapping of metabolic phenotype based on the basal OCR and basal ECAR of BMDMs (naive, M1, M2a, M2b, and M2c). All data shown were representative of two or 
three independent runs of experiments. 
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Overall, the metabolic phenotype of OCR and 
ECAR can effectively differentiate the activation 
status of macrophages (Figure 3G). The metabolism 
reprogramming during activation was highly 
dependent on the mitochondrial organization. These 
three quantitative parameters of footprints, network 
size, and branch length can extract the organization 
features of macrophage mitochondria. In the corres-
ponding two-dimension (2D) scatter plots (Figure 2F), 
the data points of naive and four major activation 
status were clustered and separated from each other. 
These results indicate that morpho-phenotypes of 
mitochondria can serve as a metabolic index to 
characterize the activation status of macrophages in 
the contexts.  

Imaging mitochondria helps to dissect 
macrophage activation status in situ 

Physical and mechanical transductions may 
regulate the activation and phenotypes of macro-
phages [48]. Compared to the 2D culture on a plastic 
petri dish, softer Matrigel, a basement membrane 
matrix, provides a 3D growth environment with 
mechanical properties similar to those in vivo [49]. To 
investigate whether the differences of mitochondrial 
morphology among different activation status are still 
significant in situ, we added M-CSF and various 
stimulating cytokines into growth factor-reduced 
Matrigel mixtures and subcutaneously implanted 
them into mice. Then the Matrigel plug attracted 
circulating monocytes and educated macrophages in 
mice (illustrated in Figure 4A). To avoid the effect of 
hypoxia and starvation on macrophage activation, the 
injection volume of Matrigel plugs were below 250 
µL. On the 5th-day post-implantation, large numbers 
of F4/80 positive macrophages (Figure 4B right panel, 
green color) infiltrated Matrigel plugs. In contrast, the 
phosphate-buffered saline (PBS) control group 
attracts quite a few (Figure 4B left panel). Evaluated 
by the intensities of immunofluorescence, the relative 
expression levels of surface markers (CD86, CD206, 
and CD163) and functional enzymes (Arginase-1) in 
these F4/80 positive macrophages (Figure S2A) 
agreed with the designed activation. These data 
confirmed that macrophages derived from peripheral 
blood monocytes were successfully activated in 
Matrigel plug just like those from BMDMs. 

To characterize the mitochondrial organization 
in these activated macrophages, we took out Matrigel 
plugs from mice and incubated them with a 
completed medium for ex vivo imaging. Morphologi-
cally, we found that M1 and M2b macrophages were 
still featured by punctate mitochondria, and M2a and 
M2c macrophages were featured by interconnected 
mitochondria (Figure 4C). Quantitatively, OXPHOS- 

active M2a and M2c macrophages still had bigger 
mitochondrial footprints, a larger networks, and 
longer branches compared to glycolytic M1 and M2b 
macrophages (Figure 4D, and S2B). M2c has a longer 
mean branch length than M2a’s (Figure 4D). All the 
cell types have decreased mitochondria footprints 
(solid circles in Figure 4E). This shrinking of 
organization parameters might be due to a 2D 
projection of 3D networks. The soft environment may 
play some roles to affect the proportion of shrinkage, 
which is different among activation types. Even so, 
the organization features of glycolytic M1 and M2b 
macrophages are still separable from those of 
OXPHOS supported M2a and M2c ones (Figure 4E). 

Mitochondria provides a metabolic index to 
monitor M2a macrophage repolarization 

Editing the disease-promoting macrophages into 
opposite activation status may bring therapeutic 
effects. For instance, the switch of M2-like TAMs to 
inflammatory M1 macrophages [50-53] has been 
considered as a treatment strategy against cancer [54]. 
However, it is challenging to non-invasively monitor 
the dynamic change of macrophage activation status 
in the course of treatment. In the present study, to 
track the organization dynamics of macrophage 
mitochondria during manipulation, we further 
performed an M2a to M1 re-activation by stimulating 
M2a macrophages with LPS+IFN-γ (Figure 5A). 
Interestingly, we found that the treatment of 
LPS+IFN-γ elevated the expression of inflammatory 
surface marker (CD86) but didn’t remove M2a 
macrophage’s surface marker (CD206) on M2a→M1 
cells (Figure 5B). Functionally, M2a→M1 cells had 
elevated NO and ROS production, which was even 
higher than those of M1 macrophages (Figure 5C). 

We found that similar to M1 macrophages, the 
OCR of M2a→M1 cells did not change after the serial 
administration of several inhibitors (Figure 5D). The 
M2a→M1 cells also exhibited elevated glycolysis 
(Figure 5E) and impaired glucose uptake (Figure 5F). 
Additionally, we found that M1 and M2a→M1 cells 
had similar punctate mitochondria (Figure 5G and 
5H), indicating that LPS+IFN-r treatment induced 
mitochondrial fission during M1-activation. These 
data validated that mitochondrial fragmentation 
occurs when anti-inflammatory macrophages are 
activated to a pro-inflammatory phenotype. However, 
M2a→M1 cells still retained their CD206 surface 
markers (Figure 5B), which might mislead the 
identification of macrophage activation if only one 
marker was evaluated. In this situation, the mito-
chondria organization could serve as a helpful index 
to reveal the treatment response of macrophages in 
the contexts such as tumor microenvironment. 
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NO maintains M1 macrophage activation by 
blocking the mitochondrial dynamics 

Conversely, editing pro-inflammatory M1 
macrophages toward pro-healing M2 macrophages 
seems a very attractive way to mitigate the inflamma-
tion in diseases such as obesity, chronic wounds, and 
atherosclerosis [10, 55, 56]. However, M2-activation of 
M1 macrophages remains a challenge, mainly caused 

by their mitochondrial dysfunction [11]. The reasons 
why the mitochondria of M1 macrophages could not 
restore M2 metabolic functions even after the removal 
of inflammatory conditions remain unanswered. 
Based on the fragmentation dynamics of mitochon-
dria organization in M2a→M1 macrophages, we 
hypothesized that the fusion of mitochondria may be 
required for the M1→M2 repolarization. 

 

 
Figure 4. Mitochondrial dynamics reflects the activation status of Matrigel plug-recruited macrophages in situ. (A) Schematic overview of experiment 
procedures, including Matrigel mixture preparation, subcutaneous injection and ex vivo imaging on Matrigel plugs. To generated activated macrophages in mice, M-CSF+PBS were 
used for naive macrophage differentiation, M-CSF+LPS+IFN-γ for M1, M-CSF+IL-4 for M2a, M-CSF+immune-complexes+LPS for M2b, M-CSF+IL-10 for M2c, and PBS only for 
the control group. (B) Immunofluorescence imaging of F4/80 expression (green) of fixed cells in implanted Matrigel plugs. The nuclei are stained with Hoechst 33342 (blue). Scale 
bar, 100 µm. (C) Ex vivo live-cell imaging on mitochondria (red color, MitoTracker Red CMXRos), and nuclei (blue color, Hoechst 33342) in different types of macrophages 
recruited by Matrigel plugs (naive, M1, M2a, M2b, and M2c). Scale bar, 10 µm. (D) Quantitative analysis of mitochondrial organization on macrophages from Matrigel plugs 
(footprint, network size, and branch length). Dots are data from individual cells (n≥10). (E) Comparison of 2D scatter plots from mitochondrial organization parameters between 
BMDMs (Naive, M1, M2a, M2b, and M2c) in vitro and macrophages of Matrigel plugs (Naive in vivo, M1 in vivo, M2a in vivo, M2b in vivo, M2c in vivo). The quadrants of fission/fusion 
were added to enclose clustered macrophages in feature space based on their mitochondrial organization. Dots are data of individual cells (n≥10). All data shown were 
representative of two or three independent runs of experiments. 
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Figure 5. Mitochondrial morphology changes along with the repolarization of M2a macrophages. (A) Schematic illustration of the M1-activation of 
anti-inflammatory M2a macrophages. BMDMs were primed with IL-4 for 24 hr to generate M2a macrophages; then cells were treated with IFN-γ plus LPS for an additional 24 hr 
to generate M2a→M1 macrophages. (B) Flow cytometer data of CD86-PE and CD206-PE expression in M1, M2a, and M2a→M1 macrophages. (C) The ROS and NO production 
levels in naive, M1, M2a, and M2a→M1macrophages, measured by DCFH-DA and DAF-FM DA fluorescent probes, respectively. (D) Changes of OCR in M1, M2a, and M2a→M1 
macrophages with intervention. (E) Changes of glycolysis capability in M1, M2a, and M2a→M1 macrophages with intervention. (F) Glucose uptake capabilities of naive, M1, M2a, 
and M2a→M1 macrophages were measured by 2-NBDG fluorescent probes. (G) Fluorescence confocal images of mitochondria (red color, MitoTracker Red CMXRos), and 
nuclei (blue color, Hoechst 33342) in M2a and M2a→M1 macrophages. Scale bar, 20 µm. (H) Changes of the mitochondrial organization during the repolarization of M2a 
macrophages (M2a, M2a→M1). n=10. All data shown were representative of two or three independent runs of experiments. 

 
To examine this hypothesis, we treated 

macrophages with Mdivi-1 (mitochondrial fission 
inhibitor) plus mitochondrial fusion promoter M1 
(MfpM1) during LPS + IFN-r treatment (Figure 6A). A 

combination of Mdivi-1 and MfpM1 has been proved 
to restore the mitochondrial function of glycolytic 
effector T cells via promoting mitochondrial fusion 
[20]. In this study, Mdivi-1+MfpM1 failed to change 
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the expression of the M1 surface marker (Figure S3A) 
and didn’t ameliorate mitochondria fission in M1 
macrophages (Figure 6F and 6G). Although we did 
not observe increased OXPHOS in Mdivi-1+MfpM1 
treated cells (Figure 6D and S3B), they elevated 
metabolic activity by increasing glycolysis capability 
(Figure 6E and S3C), which was consistent with the 
findings in T cell experiments [20]. Increasing 
glycolysis of M1(+Mdivi-1+MfpM1) cells might be 
supported by elevated glucose uptake capability 
(Figure 6C). Mitochondrial fusion/fission is mainly 
regulated by the ratio of fusion proteins (Mfn1) to 
fission proteins (Drp1) [57]. Baker and colleagues 
found that LPS induces mitochondrial fission in 
macrophages via the de-phosphorylation and 
activation of Drp1 and the degradation of Mfn1 in an 
interleukin 1 receptor-associated kinase (IRAK-1)- 
dependent fashion [37]. Therefore, LPS-induced 
unbalance of Mfn1-to-Drp1 ratio might be one of the 
reasons leading to the failure of Mdivi-1+MfpM1 to 
edit the metabolic function in M1 macrophages. 

Moreover, accumulating evidence suggest that 
ROS and NO could regulate mitochondrial 
morphology and function via chemical reaction [58]. 
Katoh and colleagues showed that mitochondrial ROS 
production contributes to mitochondrial fission in 
microglia under inflammatory conditions [59]. To test 
the effect of ROS or NO on the reserve of 
mitochondrial function, we treated macrophages with 
NAC (N-acetylcysteine, the ROS scavenger), and 
1400w (the inhibitor of iNOS) during LPS + IFN-r 
stimulation (Figure 6A). We found that NAC 
markedly inhibited ROS production in M1 
macrophages (Figure 6B). However, similar to 
Mdivi-1+MfpM1, NAC also failed to block the 
expression of inflammatory surface marker (Figure 
S3A) and mitochondrial fission (Figure 6F and 6G), 
and to retain M1 mitochondrial function (Figure 6D 
and S3B). These findings indicate that there are 
additional triggers, rather than ROS, regulating 
mitochondrial dynamics in M1 macrophages. 

NO was demonstrated to induce mitochondrial 
fission in neurons [60]. Interestingly, we found only 
1400w improved metabolic function of mitochondria 
in M1 macrophages, including basal respiration, ATP 
production and maximum respiration (Figure 6D and 
S3B). Moreover, 1400w also markedly elevated the 
glucose uptake capability of M1(+1400w) cells in 
relative to M1 macrophages (Figure 6C). Morpho-
logically, we found that 1400w markedly blocked the 
mitochondrial fragmentation in M1 macrophages 
(Figure 6F), which were consistent with the findings 
from metabolomics assay. Aside from retaining 
OXPHOS capability, 1400w also elevated glycolysis in 
M1 macrophages (Figure 6E and S3C), which might be 

supported by elevated glucose uptake (Figure 6C). 
Functionally, Mdivi-1+MfpM1 and NAC failed to 
block the activity of iNOS whereas 1400w inhibited 
NO production in M1 macrophages (Figure 6B). 
Previous studies indicate that the genetical deletion of 
iNOS was proved to improve mitochondrial function 
in M1 macrophages [11]. Moreover, NO triggers 
persistent mitochondrial fission via S-nitrosylation of 
Drp1, and the S-nitrosylation is an irreversible protein 
modification process [61, 62], highlighting that NO 
production might be another reason leading to the 
failure of Mdivi-1+MfpM1 on promoting fusion. 
Collectively, these findings may explain why M1 
macrophages could not be easily repolarized to M2 
activation. Our method provides metabolic insights 
more than surface markers did.  

Preparation and characterization of 
MitoTracker-loaded liposomes for 
macrophage mitochondria labeling 

Even though there are already various in vitro 
methods to label mitochondrial structures [63], it’s 
still challenging to in vivo visualize mitochondrial 
morphology and dynamics in targeted cells. 
Clodronate-contained liposomes have been proven its 
efficacy and specificity to deplete macrophages in 
organs and tissues [64]. Besides, fluorescent 
dyes-loaded liposomes have been used to label and 
track macrophages in vivo [65]. Inspired by these 
approaches, here we developed MitoTracker-loaded 
liposomes to label the mitochondria of macrophages 
in vivo selectively. As shown in the 561 nm excited 
confocal images (Figure 7A), the hydrophobic 
MitoTracker Red probes were loaded on the lipid 
bilayers of liposomes. The mean diameter of the 
liposomes was around 200 nm (Figure 7B), and the 
mean zeta potential was about -5.9 mV when 
dissolved in water (Figure 7C). Both 1120 nm and 1180 
nm wavelengths can effectively excite the two-photon 
red fluorescence of the MitoTracker dyes (Figure 
S4A). The 617 nm peak wavelength of two-photon 
fluorescence spectra in liposomes (blue-solid and 
blue-dashed curves in Figure S4A) were longer than 
the 607 nm peaks of free MitoTracker d yes in PBS 
solution [66], and mitochondria bounded MitoTracker 
(red-solid and deep red-dashed curves in Figure S4A). 

To confirm the labeling efficacy, we firstly 
administered the MitoTracker-loaded liposomes to 
the activated BMDMs in vitro. After the engulfment by 
cells, the MitoTracker dyes successfully released from 
the MitoTracker-loaded liposomes and labeled the 
mitochondria in BMDMs (Figure 7D, upper panel). 
MitoTracker and PKH67 double-loaded liposomes 
failed to label the cell membrane (Figure 7D, lower 
panel) compared to free PKH67 dye staining (Figure 
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7D, upper panel), indicating that the MitoTracker was 
intracellularly released from intact liposomes after 
endocytosis. Moreover, the process of liposome 

uptake didn’t cause obvious alterations on the 
mitochondrial morphology of activated (M1 and M2a) 
macrophages (Figure 7E). 

 

 
Figure 6. NO blocks the mitochondrial fusion of M1 macrophages. (A) Schematic illustration of the intervention on M1 macrophage activation. The BMDMs were 
stimulated for 24 hr with IFN-γ plus LPS either in the presence or absence of Mdivi-1 (mitochondrial fission inhibitor) plus MfpM1 (mitochondrial fusion promoter), 1400W (the 
inhibitor of iNOS), or NAC (N-acetylcysteine, the ROS scavenger). (B) ROS production and NO production of macrophages were measured using DCFH-DA and DAF-FM DA 
fluorescent probes respectively. (C) Glucose uptake capability of macrophages (M1, M1[+Mdivi-1+MfpM1], M1[+1400w], and M1[+NAC]) were measured using 2-NBDG 
fluorescent probes. (D) Changes of OCR during M1 polarization with intervention (control, [+Md+MfpM1], [+1400w], and [+NAC]). (E) Changes of glycolytic capability during 
M1 polarization with intervention (control, [+Md+MfpM1], [+1400w], and [+NAC]). (F) Mitochondrial morphology of macrophages (M1, M1[+Mdivi-1+MfpM1], M1[+1400w], 
and M1[+NAC]). Mitochondria are red (MitoTracker Red CMXRos), and nuclei are cyan (Hoechst 33342). Scale bar, 20 µm. (G) Changes of mitochondrial organization during 
M1 polarization with intervention (control, [+Md+MfpM1], [+1400w], and [+NAC]). n=10. All data shown were representative of two or three independent runs of experiments. 
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Figure 7. Characterization of MitoTracker-loaded liposomes in vitro. (A) Schematic structure of MitoTracker-loaded liposome and the representative fluorescent 
image of liposome (red color, MitoTracker Red CMXRos) captured by SIM. Scale bar, 1 µm. (B-C) The distribution of sizes and surface zeta potentials of MitoTracker-loaded 
liposomes diluted by water. (D) The fluorescence confocal images of labeled membrane and mitochondria in naive BMDMs from C57BL/6 mice. Two ways of labeling, 
MitoTracker-loaded liposomes subsequently with free PKH67 dye (upper panel) and MitoTracker\PKH67 double-loaded liposomes simultaneously (lower panel), were 
compared. Cell morphology (gray, bright field), mitochondria (red color, MitoTracker Red CMXRos) and membrane structures (green color, PKH67 Green). Scale bar, 20 µm. 
(E) The fluorescence confocal images of labeled mitochondria in BMDMs (M1 and M2a activation) from C57BL/6 mice. Two ways of labeling, free MitoTracker, and 
MitoTracker-loaded liposomes, were compared. Mitochondria (red color, MitoTracker Red CMXRos). Scale bar, 20 µm. All data shown were representative of two or three 
independent runs of experiments. 

 

Imaging mitochondria in vivo reveals the 
metabolic transition of macrophages in the 
course of inflammation 

For the in vivo delivery test, we subcutaneously 
injected the MitoTracker-loaded liposomes into the 
ear of c2J mice (procedures illustrated in Figure 8A). 
One day after liposome injection, we used a 

multiphoton microscope excited at 1120 nm to 
observe the sectioning images in vivo and found some 
red fluorescence-labeled cells distributing in mice ear. 
The 607 nm fluorescent peaks of these labeled cells 
(Figure S4B) were consistent with those of free or 
mitochondria bounded MitoTracker Red (Figure 
S4A), which means the labeling dyes have left the 
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liposome and labeled mitochondria in vivo. The 
immunofluorescence staining of mice ears harvested 
before, and on the 4th-day after LPS challenge 
indicated that MitoTracker-liposome labeled cells 
were positive for F4/80 antibody staining (Figure S5). 
Data above validated that subcutaneously 

administered MitoTracker-loaded liposomes can be 
selectively delivered to macrophages and stained 
their mitochondria in vivo. These resident macro-
phages showed connected and elongated mitochon-
dria in the dermis layer of the normal ear (Figure 8B 
left panel, and more detail provided in Figure S6).

 

 
Figure 8. MitoTracker-loaded liposomes target mitochondria of macrophages in mice. (A) Experimental protocol. (1) To observe the mitochondria of resident 
macrophages, MitoTracker-loaded liposomes were subcutaneously injected into the dorsal side of mice ear pinna one day before in vivo imaging. (2) The LPS was subcutaneously 
injected into the dorsal side of mice ear pinna to prime inflammation. On the day 3 after LPS injection, MitoTracker-loaded liposomes were subcutaneously injected into the 
LPS-challenged mice ear. On the day 4 and day 7 after LPS injection, mice were anesthetized for two-photon in vivo imaging. (B) Second harmonic generation (SHG, green) images 
of collagens and two-photon fluorescence images of mitochondria (red) in c2J mice ear before/after LPS challenge. The excitation wavelength was 1120 nm. Scale bar, 10 µm. (C) 
2D scatter plots of mitochondrial organization parameters in macrophages from Matrigel plugs (Naive in vivo, M1 in vivo, M2a in vivo, M2b in vivo, and M2c in vivo) and c2J mice ear 
(before LPS, 4d after LPS, and 7d after LPS). The quadrants of fission/fusion were added to enclose clustered macrophages in feature space based on their mitochondrial 
organization. Dots are data of individual cells (n≥10). (D) Second harmonic generation (SHG) images of collagens (blue; excited at 970 nm) and two-photon fluorescence images 
of macrophage mitochondria (red; excited at 1180 nm) in LysM-Cre\mTmG mice ear before/after LPS challenge. Scale bar, 10 µm. All data shown were representative of two or 
three independent runs of experiments.  
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To observe the mitochondrial dynamics after 
inflammatory stimulation, we challenged the ear of 
c2J mice via subcutaneous LPS injection [67]. Flow 
cytometer and immunofluorescence imaging (Figure 
S4C and S4D) results of excised tissues revealed that 
resident macrophages expressed higher M2a/M2c 
markers (CD206) and lower M1/M2b markers 
(CD86), indicating that resident macrophages might 
be M2a/M2c-like macrophages before LPS challenge. 
As we expected, the LPS treatment elicited 
M1/M2b-like activation of macrophages. After the 
LPS challenge, abundant F4/80 positive macrophages 
infiltrated the inflammatory ear (Figure S4D), and 
they had higher CD86 expression and lower 
CD206/CD163 expression (Figure S4C and S4D), 
indicating newly recruited macrophages from 
peripheral blood were activated to M1/M2b-like 
phenotype under LPS treatment. On the 7th-day after 
LPS challenge, these F4/80 positive macrophages had 
a higher level of M2a/M2c marker expression but 
they also retained high expression of M1/M2b 
marker, revealing that this cell population still contain 
some M1/M2b macrophages (Figure S4C and S4D). 

MitoTracker-loaded liposomes were subcutane-
ously injected into LPS-challenged mice ear three days 
after the LPS challenge (Figure 8A). On the 4th-day 
post LPS challenge, we found the mitochondria were 
discrete and fragmented (Figure 8B middle panel, and 
Figure S6). They showed more connection again on 
the 7th-day post LPS challenge (Figure 8B right panel, 
and Figure S6). By extracting the backbones of 
mitochondria networks (Figure 8B), we analyzed their 
organization parameters, projected these data points 
in the 2D and 3D scatter plots, and compared them 
with those from Matrigel plugs (Figure 8C and S4E). 
As we expected, the organization features of resident 
macrophages distributed in the zone of OXPHOS 
preferred activation status (naive, M2a, and M2c). 
After the LPS challenge, the organization feature 
points of macrophages in vivo separated from resident 
ones and clustered to the left-bottom region in all 2D 
plots, where the glycolytic M1 and M2b macrophages 
reside (Figure 8C). After the resolution of the LPS 
challenge, on the 7th-day post LPS challenge, the 
distribution of data points moved back to the region 
where OXPHOS-preferred macrophages populated 
(Figure 8C). These findings were consistent with the 
results of phenotyping on surface markers (Figure 
S4C and S4D). 

To verify the specificity of liposome delivery in 
vivo, we employed a C57BL/6 transgenic (LysM-Cre\ 
mTmG) mice in which LysM-Cre positive 
macrophages would express the enhanced green 
fluorescence proteins (EGFP) on the cellular 
membranes. For other cell types that lack the 

expression of lysozyme will express tdTomato 
fluorescence proteins instead. The BMDMs of 
LysM-Cre\mTmG mice have the EGFP expression 
(Figure S7A), which verified the turn-on of EGFP 
expression in lysozyme positive macrophages. We 
used 970 nm femtosecond pulses to efficiently excite 
two-photon fluorescence of EGFP (green color in 
Figure S7B). According to the literature, the 
two-photon absorption cross-section of tdTomato 
almost vanished at 1180 nm [68]. Therefore, we 
excited the two-photon fluorescence of MitoTracker 
Red at 1180 nm (red color in Figure S7B) to avoid 
bleed-through contamination from tdTmoato. With 
such dual-color excited two-photon microscopy in 
transgenic mice, we found that the 1180 nm excited 
two-photon red fluorescence (red color in Figure S7B) 
can be observed in EGFP positive cells. The 
corresponding 607 nm fluorescence peak in each cell 
(Figure S7B) verified the presence of MitoTracker 
dyes (Figure S4A). Similar to the results of c2J mice, 
before the LPS challenge, macrophages had elongated 
tubular mitochondria, whereas EGFP positive 
macrophages in LPS-challenged ear had discrete and 
punctate mitochondria on the 4th-day post LPS 
injection (Figure 8D). Since most neutrophils will 
disappear on the 3rd-day post LPS induction, this 
colocalization of probes and LysM+ cells indicate the 
success of in vivo MitoTracker delivery to 
macrophages in mice ear. Together, our results 
proved that MitoTracker-labeled liposomes could be 
used to selectively label macrophages and observe 
their mitochondria in vivo. Thus obtained organiza-
tion features of mitochondria can reflect the metabolic 
dynamics of macrophages and differentiate their 
activation types into M1/M2b and naive/M2a/M2c 
categories.  

Discussion 
In this work, we developed a method to 

characterize the metabolic phenotype and activation 
status of activated macrophages in vivo, and further to 
speculate their functions in the complicated and 
dynamic immune microenvironment. To verify the 
conclusions obtained by confocal microscopy, we also 
used super-resolution microscopy to examine the 
structures of mitochondria in BMDMs. The results of 
N-SIM and TEM prove that our conclusions obtained 
in confocal images are valid and reliable. However, 
the tissues need to be fixed and sectioned before the 
TEM observation. It’s not possible for TEM to 
characterize the in vivo activation status and dynamics 
of macrophages. Although the SIM reveals better 
structural differences (transverse resolution ~120 nm) 
in vitro, considering the imaging depth and in vivo 
applicability, we still need to adopt confocal and 



Theranostics 2020, Vol. 10, Issue 7 
 

 
http://www.thno.org 

2915 

multiphoton microscopy to locate and analyze the 
mitochondria organization in situ and in vivo. At first 
glance, it’s a little bit difficult to distinguish the 
differences of mitochondria morphology in these 
confocal images. With the help of quantitative 
morphology analysis, we successfully extracted the 
organization features of mitochondria in confocal or 
multiphoton images and further enhanced their 
differences. This approach has translational potential 
for clinical diagnosis, especially for these chronic 
wounds and mucosal inflammation diseases. 
Moreover, subcellular imaging of mitochondria helps 
to track the transition of macrophage activation in 
vitro and in vivo even when the surface markers are 
ambiguous for identification, which provides a visual 
index for the evaluation of macrophage-targeted 
therapeutics. 

On the way toward the method development 
and testing, we also found many interesting features 
of mitochondria in macrophages. First, the monocytes 
expanded their mitochondrial networks to facilitate 
cell function during monocyte-macrophage differen-
tiation. However, accumulating studies demonstrate 
that blood monocytes with abnormal mitochondria 
are strongly correlated with systemic inflammatory 
diseases [28, 69, 70]. Moreover, increased expression 
of iNOS was found in circulating monocytes from 
patients with inflammatory diseases [71]. Based on 
these reports and our results, we speculate that pro- 
inflammatory cytokines in peripheral blood might 
suppress mitochondrial expansion via elevating NO 
production in circulating monocytes, leading to 
abnormal monocyte differentiation. These findings 
highlight that healthy mitochondria in peripheral 
monocytes are important for proper monocyte 
activation and the mitochondria organization of 
monocytes may act as a diagnostic marker for 
systemic inflammatory diseases. Second, we found 
that NO-induced mitochondrial fragmentation leads 
to their dysfunction in inflammatory macrophages, 
which can be markedly suppressed by the iNOS 
inhibitor. These results enlighten us that iNOS may 
serve as a therapeutic target to control inflammatory 
diseases and promote the repolarization of M1 
macrophages.  

Although the TEM, transgenic strategy and 
mitochondria-specific dyes help to make mitochon-
dria visible, label-free methods are still the preferable 
tools to achieve the least perturbation to their 
metabolism and functions. NADH, a metabolic 
fluorophore, presents in the cytoplasm and 
mitochondria of cells in free or protein-bound status. 
Free NADH is mainly localized in the cytosol, while 
bound NADH is predominately localized in the 
mitochondria. Imaging on NADH can reflect 

mitochondrial boundary in live cells because NADH 
fluorescence is predominantly derived from bound 
NADH [72, 73]. Recently, Dimitra Pouli and 
colleagues developed an approach to monitor 
mitochondrial dynamics in human skin by imaging 
NADH with two-photon fluorescence microscopy. 
They successfully differentiated malignant lesions 
from healthy skin epithelia based on the NADH 
revealed mitochondrial patterns [74]. However, this 
method can’t selectively image macrophages and 
their mitochondrial dynamics due to limited 
specificity. Fortunately, with continuing progress in 
optical imaging techniques, third-harmonic genera-
tion (THG) imaging based on granularity differences 
and three-photon autofluorescence (3PAF) imaging 
based on NADH differences have been used to 
achieve the identification of macrophages without 
any label [75, 76]. Combined imaging techniques will 
help to identify macrophages and their activation 
status via label-free imaging simultaneously in the 
near future. Collectively, we believe these findings 
will advance the study of various inflammation- 
related diseases, such as cancer, diabetes mellitus, 
autoimmune diseases, and chronic wounds. 
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