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A B S T R A C T   

Macrophage recruitment and pro-inflammatory differentiation are hallmarks of various diseases, including 
infection and sepsis. Although studies suggest that mitochondria may regulate macrophage immune responses, it 
remains unclear whether mitochondrial mass affects macrophage pro-inflammatory differentiation. Here, we 
found that lipopolysaccharide (LPS)-activated macrophages possess higher mitochondrial mass than resting cells. 
Therefore, this study aimed to explore the functional role and molecular mechanisms of increased mitochondrial 
mass in pro-inflammatory differentiated macrophages. Results show that an increase in the mitochondrial mass 
of macrophages positively correlates with inflammatory cytokine generation in response to LPS. RNA-seq 
analysis revealed that LPS promotes signal transducers and activators of transcription 2 (Stat2) and dynamin- 
related protein 1 (Drp1) expression, which are enriched in positive mitochondrial fission regulation. Mean
while, knockdown or pharmacological inhibition of Drp1 blunts LPS-induced mitochondrial mass increase and 
pro-inflammatory differentiation. Moreover, Stat2 boosts Drp1 phosphorylation at serine 616, required for Drp1- 
mediated mitochondrial fission. LPS also causes Stat2-and Drp1-dependent biogenesis, which contributes to the 
generation of additional mitochondria. However, these mitochondria are profoundly remodeled, displaying 
fragmented morphology, loose cristae, reduced Δψm, and metabolic programming. Furthermore, these remod
eled mitochondria shift their function from ATP synthesis to reactive oxygen species (ROS) production, which 
drives NFκB-dependent inflammatory cytokine transcription. Interestingly, an increase in mitochondrial mass 
with constitutively active phosphomimetic mutant of Drp1 (Drp1S616E) boosted pro-inflammatory response in 
macrophages without LPS stimulation. In vivo, we also demonstrated that Mdivi-1 administration inhibits LPS- 
induced macrophage pro-inflammatory differentiation. Importantly, we observed Stat2 phosphorylation and 
Drp1-dependent mitochondrial mass increase in macrophages isolated from LPS-challenged mice. In conclusion, 
we comprehensively demonstrate that a Stat2-Drp1 dependent mitochondrial mass increase is necessary for pro- 
inflammatory differentiation of macrophages. Therefore, targeting the Stat2-Drp1 axis may provide novel 
therapeutic approaches for treating infection and inflammatory diseases.   

1. Introduction 

Macrophages are monocyte-derived innate immune cells that regu
late tissue homeostasis and adaptive responses. They exist in most tis
sues of the human body and display high plasticity. In general, 
macrophages are differentiated into two main phenotypes: pro- 
inflammatory (M1), and anti-inflammatory (M2) [1]. In response to 

bacteria and lipopolysaccharide (LPS), resting macrophages undergo 
pro-inflammatory differentiation, characterized by release of large 
amounts of cytokines such as tumor necrosis factor alpha (TNF-α), 
interleukin (IL)-1β, and IL-6, as well as reactive oxygen species (ROS) 
[2]. These pro-inflammatory mediators are critical for the organism’s 
immune defense and for microbial killing. However, continuous in
flammatory activation in macrophages may cause collateral tissue 
damage and chronic inflammation. Macrophage elicited inflammation is 
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the hallmark of various pathologies, including infection, sepsis, and 
radiation sickness [3]. Therefore, targeting M1 phenotype macrophages 
may provide novel therapeutic opportunities for inflammatory-related 
diseases. 

Mitochondria are vital organelles in eukaryotic cells that regulate 
numerous biological processes ranging from ROS production, energy 
metabolism, and stress response to cell fate [4]. Recently, a growing 
body of literature has emphasized the critical role of mitochondrion as a 
key intracellular signaling platform modulating innate immune and in
flammatory processes [5,6]. Specifically, pro-inflammatory differenti
ated macrophages switch their core glucose metabolic pathway from 
mitochondrial oxidative phosphorylation to aerobic glycolysis [7]. 
Hence, inhibition of glycolysis with 2-deoxyglucose (2DG) attenuates 
LPS-induced production of ROS and pro-inflammatory factors [8]. 
Mitochondrial DNA (mtDNA) release is also regarded as a danger signal 
for the induction of ROS-dependent inflammation in macrophages. 
Moreover, mitochondrial ROS (mtROS) promotes macrophages inflam
matory responses by activating nuclear factor-κB (NFκB) and the NLR 
family pyrin domain-containing 3 (NLRP3) inflammasome [9,10]. 
Alternatively, scavenging mtROS reduces production of IL-1β and IL-18 
in LPS-activated macrophages. These findings suggest that ROS is a key 
factor involved in mitochondrial homeostasis and inflammatory 
signaling, however, the mechanism by which mitochondria, in 
LPS-activated macrophages, produce ROS is not well characterized. 

Mitochondria continuously remodel their mass, shape, size, and 
function by undergoing alternate processes of fission and fusion [11]. In 
general, excessive fission causes mitochondria to become fragmented 
into small pieces, while increased fusion supports the integration of 
adjacent mitochondria. Dynamin-related protein 1 (Drp1), an important 
cytosolic GTPase, is indispensable for mitochondrial fission. Drp1 be
comes activated via phosphorylation, which is initiated at several sites, 
including S616 and S637. Phosphorylation at S637 limits fission by 
blocking Drp1 recruitment to the mitochondria, while phosphorylation 
at S616 boosts fission by driving Drp1 mitochondrial translocation [12]. 
Upon activation, Drp1 is recruited to the mitochondrial surface where it 
interacts with accessory proteins, such as mitochondrial fission protein 1 
(Fis1), mitochondrial elongation factor 1 (Mief1) and mitochondrial 
fission factor (Mff) [13,14]. Previous reports also reveal that the balance 

in mitochondrial dynamics is associated with the biological functions of 
macrophages. Meanwhile, abnormal mitochondrial fusion-fission facil
itates the progression of LPS-induced inflammation in microglial cells 
and sepsis in mice [15,16]. Furthermore, Drp1-dependent mitochondrial 
fission is required for clearance of apoptotic cells by macrophages [17]; 
and unbalanced fission and fusion events generally cause changes in 
mitochondrial mass and functional disorder. Many reports have 
emphasized the importance of mitochondrial mass in controlling cell 
fate, including cell death, cell survival and cell differentiation. Greater 
mitochondrial mass endows CD8+ memory T cells with a bioenergetic 
advantage and a rapid recall ability in response to reinfection [18]. 
Mitochondrial mass also controls skeletal muscle strength and tumor 
growth [19,20]. However, the role of mitochondrial mass for macro
phage differentiation is not well understood. 

In the current study, we systematically investigated the alteration of 
mitochondrial mass in LPS-activated macrophages and their functional 
roles in the modulation of macrophage differentiation and inflammatory 
response. More importantly, the underlying molecular mechanisms 
involved were explored in depth. Our work provides novel insights into 
the role of mitochondrial mass during the process of macrophage pro- 
inflammatory differentiation, which facilitates the treatment of 
various infectious, and inflammatory diseases. 

2. Material and methods 

2.1. Materials 

The primary antibodies used in this study and their working dilutions 
are listed in Supplementary Table 1. The primers used for quantitative 
real-time reverse transcription PCR (qRT-PCR) were synthesized by 
AuGCT Biotechnology, and their sequences are listed in Supplementary 
Table 2. The information for all other reagents is described in the 
following sections. 

2.2. Animals 

Wildtype (WT) C57BL/6 mice (8–10 weeks old) were obtained from 
the Experimental Animal Center of Fourth Military Medical University 

Abbreviations 

BMDMs bone marrow-derived macrophages 
DCFH-DA 2,7-dichlorodi-hydrofluorescein diacetate 
Dcn decorin 
Drp1 dynamin-related protein 
ECAR extracellular acidification rate 
ELISA enzyme-linked immunosorbent assay 
EtBr ethidium bromide 
ETC electron transport chain 
FCCP carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone 
Fis1 mitochondrial fission protein 1 
Fpkm fragments per kilobase million 
FSC forward scatter channel 
IL interleukin 
iNOS inducible nitric oxide; 
LPS lipopolysaccharide; 
Mff mitochondrial fission factor 
MFI mean fluorescence intensity 
MIEF1 mitochondrial elongation factor 1 
Miga2 mitoguardin 2 
MitoQ mitoquinone 
MOI multiplicity of infection 
mtDNA mitochondrial DNA 

MTG MitoTracker-Green 
Mus musculus 
NFκB nuclear transcription factor-kappa B 
NLPR3 NLR family, pyrin domain-containing 3 
Nrf1 nuclear respiratory factor 1 
OCR oxygen consumption rate 
PGC-1α Peroxisome proliferator activator receptor gamma- 

coactivator 1α 
PMA phorbol-12-myristate-13-acetate 
PMs peritoneal macrophages 
Prkn Parkin RBR E3 ubiquitin protein ligase 
Rho-123 rhodamine 123 
ROS reactive oxygen species 
SSC side scatter channel 
Stat2 signal transducers and activators of transcription 2 
TAK-242 Resatorvid 
TFAM mitochondrial transcription factor A 
TFI total fluorescence intensity 
TLR4 Toll-like receptor 4 
TMRM Tetramethylrhodamine methyl ester 
TNF-a tumor necrosis factor alpha 
2DG 2-deoxy-D-glucose 
Δψm mitochondrial membrane potential  
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(Xi’an, China). Animals were maintained under specific pathogen-free 
conditions. All experimental procedures were approved by the Animal 
and Ethical Committee of the University, which strictly followed the 
National Institutes of Health (NIH) guidelines for the Use of Laboratory 
Animals (NIH No. 85–23, revised 2011). 

2.3. Bone marrow-derived macrophages 

Bone marrow-derived macrophages (BMDMs) are widely used pri
mary macrophages that are differentiated from mammalian bone 
marrow (BM) cells. Briefly, 8–10-week old male C57BL/6 mice were 
euthanized in a 2.5% isoflurane and sacrificed by cervical dislocation. 
BM cells were dissociated from the bone cavity and differentiated in 
RPMI 1640 with 10% heat-inactivated fetal calf serum (FBS, Hyclone, 
SV30106.03), 1% penicillin streptomycin and 20% L929 fibroblast su
pernatant. After 7 days, attached BMDMs were harvested and used for 
further experiments. 

2.4. Peritoneal macrophages isolation 

To elicit large numbers of peritoneal macrophages (PMs), 8-10-week 
old male C57BL/6 mice were intraperitoneally injected (i.p.) with 2 mL 
of heat-inactivated thioglycolate media. Four days later, mice were 
sacrificed and injected (i.p.) with 5 mL of PBS (containing 5 mM EDTA) 
to wash the peritoneal cavity. Next, PMs were purified by removing non- 
adherent cells. Approximately 10 million PMs were collected from each 
mouse. 

2.5. Cell culture and treatment 

RAW264.7 macrophages (RAW, murine), phorbol-12-myristate-13- 
acetate (PMA; Sigma-Aldrich, P1585)-induced THP-1 macrophages 
(human), and BV-2 microglia cells (murine) were obtained from 
American Type Culture Collection (Manassas, VA, USA). BMDMs and 
PMs were harvested as described above. Cells were cultured in RPMI 
1640 with 10% heat-inactivated FBS and maintained in a humidified 
CO2 incubator at 37 ◦C. To induce pro-inflammatory differentiation, 
macrophages were treated with 0.5 or 1 μg/mL LPS for up to 24 h. 
Furthermore, RAW and BMDMs were treated with 0.5 μg/mL LPS 
(Sigma-Aldrich, L2880) for 12 h in the presence of DMSO (Control), 
Drp1 inhibitor Mdivi-1 (50 μM; Selleck, S7162), mitochondrial ROS 
scavenger mitoquinone (MitoQ, 250 and 500 nM; Abmole, M9068) or 
TLR4 inhibitor resatorvid (TAK-242, 100 nM, Selleck, S7455). 

2.6. Knockdown and forced expression of target genes 

pSIH-H1-Puro lentiviral vectors expressing short hairpin (sh) RNA 
targeting murine Stat2 and Drp1, as well as pCDH-CMV-MCS-EF1-Blast- 
3×Flag lentiviral vectors expressing wildtype Drp1 (Flag-Drp1WT), S616 
phosphorylation-defective mutant Drp1 (Flag-Drp1S616A) and 
(Drp1S616E, a phosphomimetic mutant) were also designed by Gen
eChem Co. Ltd (Shanghai, China). An empty vector (EV) served as a 
control. BMDMs and RAW were transfected with shDrp1 vectors or EV 
with polybrene (Sigma-Aldrich, H9268) according to the manufacturer’s 
protocol. Furthermore, RAW expressed shDrp1 were rescued with either 
EV, Drp1WT or Drp1S616A. The multiplicity of infection (MOI) used in 
these experiments was 30. The transfected cells were selected with pu
romycin (Thermo Fisher, A1113803) and blasticidin (InvivoGen, ant-bl- 
05). Finally, the transfected cells were stimulated with or without 0.5 
μg/mL LPS for 12 h. 

2.7. RAW-ρ0 cells generation 

RAW cells were long-term treated with 45 ng/mL ethidium bromide 
(EtBr; Invitrogen, 5585011) to inhibit mtDNA replication and tran
scription. After 4 weeks incubation, most of the mitochondrial DNA in 

RAW was deleted. Both RAW-ρ0 and RAW cells were then treated with or 
without 0.5 μg/mL LPS for 12 h. 

2.8. Mitochondrial mass and morphology assessment 

MitoTracker-Green (MTG, Molecular Probes, M7514) is a Δψm-in
dependent dye that can monitor mitochondria. After treatment, cells 
were stained with MTG (100 nM) and analyzed by flow cytometry 
(Accuri C6, BD Biosciences, MD, USA). The mean fluorescence intensity 
(MFI) was quantified using the FlowJo software (Tree Star, San Jose, CA, 
USA). Meanwhile, laser scanning confocal microscopy (LSCM, Olympus, 
Tokyo, Japan) was used to observe mitochondrial morphology. The 
mitochondrial mass and length were analyzed by Image J software (NIH, 
Bethesda, MD) and averaged for 20 cells per sample. 

2.9. Transmission electron microscopy (TEM) 

After treatment, 2 × 106 cells were fixed in 4% glutaraldehyde (Santa 
Cruz, CA, USA) for 24 h at 4 ◦C. Samples were incubated with 1% 
osmium tetroxide (Electron microscopy sciences, 51007), after which 
they were alcohol dehydrated, and araldite embedded. Thin sections 
(85 nm) were stained with uranyl acetate and lead citrate. Ultrastruc
tural analysis was conducted via TEM (FEI, Hillsboro, Oregon) at 80 kV. 

2.10. ROS analysis 

2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma, D6883) 
is an indicator for intracellular oxidants. MitoSOX ™ Red (Molecular 
Probes, M36008) is a specific fluorescent probe for detection of mito
chondrial ROS. Briefly, samples were stained with DCFH-DA (10 μM) 
and MitoSOX ™ Red (5 μM) at 37 ◦C for 30 min. After washing twice 
with PBS, cells were analyzed by flow cytometry, and their MFIs were 
quantified. 

2.11. Δψm measurement 

2.11.1. Rho-123 dye 
Rhodamine 123 (Rho-123; Invitrogen, R-302) is a cell-permeant 

green fluorescent probe for Δψm. Briefly, samples were stained with 
Rho-123 (50 μM) at 37 ◦C for 30 min. The images were captured using 
LSCM, and Rho-123 MFI was assessed by Image J software. Cells were 
also assessed via flow cytometric assay. The ratio of Rho-123 MFI and 
MTG MFI was analyzed. 

2.11.2. TMRM dye 
Tetramethylrhodamine methyl ester (TMRM; Invitrogen, T-668) is a 

cell-permeant cationic lipophilic red fluorescent probe for Δψm. Briefly, 
samples were stained with TMRM (20 nM) and MTG TM (100 nM) at 
37 ◦C for 30 min. Cells were analyzed using flow cytometry. The ratio of 
TMRM MFI and MTG MFI was assessed. 

2.11.3. JC-1 dye 
JC-1 (Invitrogen, T-3168) can form red fluorescent aggregates in 

normal mitochondria, however, it becomes transformed into green 
fluorescent monomers in depolarized mitochondria. Here, samples were 
stained with 2 μg/mL JC-1 for 30 min at 37 ◦C. Cells were then analyzed 
by flow cytometry, and the ratio of red/green was used to indicate Δψm 
alternation. 

2.12. Enzyme-linked immunosorbent assay 

Cytokine concentrations in cell supernatants and mice serum were 
detected using specific enzyme-linked immunosorbent assay (ELISA) 
kits (Cusabio, Wuhan, China) for mouse TNF-a, IL-6 and IL-1β according 
to the manufacturer’s instructions. The optical density was monitored at 
450 nm using a microplate reader (Thermo Fisher Scientific, USA). 
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Concentrations of cytokines were calculated using the professional 
software Curve Expert 1.3. 

2.13. ATP detection 

ATP level was detected using an ATP Determination kit (Beyotime 
Biotechnology, S0027) according to the manufacturer’s protocol. 
Luminescence was recorded using the luminescence plate reader 
(Thermo Fisher, USA). 

2.14. Oxygen consumption and extracellular acidification analysis 

Cells were plated at 0.5 × 106 cells/well in a 24-well Seahorse plate 
one day prior to measurement. The plate was incubated in glucose- 
supplemented Seahorse XF assay media at 37 ◦C for 1 h without CO2. 
Oxygen consumption rate (OCR) was measured with oligomycin (1 μM), 
carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP, 1 μM), 
and rotenone (0.5 μM). Meanwhile, the extracellular acidification rate 
(ECAR) was assessed using glucose (10 mM), oligomycin (1 μM), and 2- 
deoxy-D-glucose (2-DG, 0.5 μM). These plates were run on the Seahorse 
XF-24. 

2.15. RNA-sequencing analysis 

Total RNA was isolated in PBS- and LPS-treated BMDMs in triplicate. 
Sequencing libraries were produced using the TruSeq RNA Sample 
Preparation kit (Illumina, San Diego, CA, USA). RNA-sequencing (RNA- 
seq) analysis was conducted by Personal Biotechnology Cp. Ltd 
(Shanghai, China). Twenty genes enriched in mitochondrial fission and 
fusion regulation were analyzed. Heat maps were made based on the 
data shown in Supplementary Table 3; and the enrichment results for 
Stat2 are presented in Supplementary Table 4. 

2.16. qRT-PCR 

Total RNA was extracted from macrophages or tissues using the 
TRIzol reagent (Sigma-Aldrich, T9424). Complementary DNA (cDNA) 
was synthesized using the TIANScript cDNA kits (TIANGEN, KR104). 
Then, cDNA was amplified using a SYBR Green PCR kit (TIANGEN, 
FP402). qRT-PCR analysis was performed using a Cycler Sequence 
Detection System (Bio-Rad, CFX96, USA). The cycling parameters were 
as follows: 40 cycles at 95 ◦C for 15 s, 55 ◦C for 15 s and 72 ◦C for 15 s. 
Relative expression of target genes normalized to Gapdh were analyzed 
with CFX Manager 2.1 software (Bio-Rad). 

2.17. mtDNA copy number 

Total DNA in macrophages was extracted with a TIANamp Genomic 
DNA kit (DP304, Beijing, China) according to the manufacturer’s pro
tocol. Briefly, samples were amplified using primers for cytochrome b 
(mtDNA), and beta2-microglobulin (nuclear DNA) by qRT-PCR. Here, 
expression of cytochrome b normalized by beta2-microglobulin was 
used to indicate the mtDNA copy number. 

2.18. Western blot 

Proteins were prepared by direct lysis of cells and tissues using RIPA 
buffer (Beyotime Biotechnology, P0013). A total of 20 μg proteins was 
separated with 10–15% SDS-PAGE electrophoresis and blotted to poly
vinyl difluoride membranes. The blots were blocked with PBS (pH = 7.4) 
containing 10% serum for 1 h, and incubated with primary antibodies 
overnight at 4 ◦C. After washing with PBS, the membranes were incu
bated with HRP-conjugated secondary antibodies (Sigma-Aldrich) for 2 
h at a dilution of 1:3000. Finally, the images were captured with the 
Molecular Imager ChemiDoc XRS + System (Bio-Rad, Hercules, CA, 
USA). Densitometry of the bands was quantified using Quantity One 

software (Bio-Rad). 

2.19. Endotoxin-induced inflammatory model in vivo 

Herein, 32 WT male C57/Bl6 mice were randomly assigned to four 
groups (eight mice per group). Mice intraperitoneally injected (i.p.) 3% 
thioglycolate once to elicit macrophages. Four days later, animals were 
intraperitoneally injected with 20 mg/kg Mdivi-1 or DMSO for 2 h, 
followed by 15 mg/kg LPS or PBS stimulation (i.p.) for 6 h. Then, PMs 
and blood samples were harvested after mice were sacrificed by cervical 
dislocation. 

2.20. Immunofluorescence staining 

BMDMs treatment with or without LPS and MitoQ were per
meabilized with 0.1% Triton X-100 (Sigma-Aldrich, X100) in PBS for 15 
min. Samples were then blocked with 10% FBS for 1 h, and incubated 
with primary antibodies overnight at 4 ◦C. After washing, samples were 
incubated with FITC-conjugated secondary antibodies for 2 h at room 
temperature. DAPI was used to stain the cell nuclei. Finally, the images 
were captured using LSCM. 

2.21. Statistical analysis 

Statistical significance between two groups was analyzed using 
Student’s t-tests with GraphPad Prism software (GraphPad, 8 San Diego, 
USA). Data were expressed as mean ± SEM. Correlations between two 
parameters were assessed by Spearman correlation analysis. p < 0.05 
was considered significant. 

3. Results 

3.1. Pro-inflammatory differentiated macrophages have higher 
mitochondrial mass and lower Δψm than resting macrophages 

To explore the differences in the mitochondria of resting macro
phages and M1 differentiated macrophages, we measured membrane 
potential (Δψm) in bone marrow-derived macrophages (BMDMs) with a 
fluorescent probe, Rhodamine 123 (Rho-123). The accumulation of 
TNF-α, IL-6, and IL-1β production in supernatants indicated that LPS 
induced pro-inflammatory differentiation of BMDMs (Fig. S1A). Flow 
cytometry results showed that Rho-123 MFI was increased by approxi
mately 2–3 fold in BMDMs stimulated with LPS for 1–24 h (Fig. S1B). 
However, ROS, as indicated by DCF MFI, increased by 3–11 fold in LPS- 
activated macrophages (Fig. S1C). Excessive ROS generally causes Δψm 
collapse by disrupting mitochondrial membrane homeostasis. Our re
sults seemed to contradict previously published conclusions [21]. 

Here, we observed that LPS-treated macrophages were enlarged in 
size (Fig. S2A). Meanwhile, LPS-treated RAW and BMDMs showed 
higher forward scatter channel (FSC) signals, indicating larger cell size; 
and greater side scatter channel (SSC) signal, indicating higher granu
larity or internal complexity (Figs. S2B and S2C). MitoTracker-Green 
(MTG), a fluorescent probe independent of the Δψm, is widely used to 
measure mitochondrial mass. Interestingly, flow cytometry results 
showed a 2–4 folds increase in the mitochondrial mass of LPS-stimulated 
RAW264.7 (RAW), THP-1, BV-2, peritoneal macrophages (PMs), and 
BMDMs (Fig. 1A and B and S2D). In addition, mitochondrial 
morphology in macrophages stained with MTG was assessed by LSCM. 
Compared to the resting cells, LPS-treated macrophages contained more 
mitochondria with predominant punctate morphology (Fig. 1C and D 
and S3A). Although pro-inflammatory differentiated macrophages 
possess enlarged cell shape and increased mitochondria, their cell size 
did not always correlate with mitochondrial mass, particularly in pri
mary cultured cells (Fig. S3B). Consistently, ultrastructural analysis 
indicated that mitochondria in LPS-treated macrophages had greater 
mitochondrial mass, shorter length, and looser cristae than those in 
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resting cells (Fig. 1E and F and S3C). Moreover, the higher mtDNA/ 
nDNA ratio confirmed that LPS-activated macrophages have increased 
mtDNA copy number compared to resting cells (Fig. 1G). 

Given the observation that LPS-activated macrophages possess more 
mitochondria, we proposed that the amplification of Rho-123 MFI does 
not necessarily represent higher Δψm. Notably, LPS diminished the ratio 
of Rho-123 MFI and MTG MFI, suggesting that Rho-123 fluorescence in 
individual mitochondria was reduced (Figure S1B, S2D and 1H). 
Importantly, laser confocal analysis showed that LPS boosted Δψm loss, 
indicated by weakened Rho-123 brightness (Fig. 1I). Tetramethylrhod
amine methyl ester (TMRM) is a cell-permeant cationic lipophilic red 
fluorescent probe for Δψm. Although the TMRM MFI was increased in 
LPS-challenged macrophages, the ratio of TMRM MFI and MTG MFI was 
decreased (Fig. 1J). Taken together these results indicate that pro- 
inflammatory differentiated macrophages experience membrane depo
larization which differs from the results of previous studies that reported 
hyperpolarization [22]. JC-1, another probe for Δψm, can form red 
fluorescent aggregates in normal mitochondria, and is transformed to 
green fluorescent monomers in depolarized mitochondria. The ratio of 
JC-1 red/green is determined only be Δψm. Here, we found that LPS 
decreased the ratio of JC-1 red/green in BMDMs, indicating the loss of 
Δψm (Fig. 1K). Therefore, we demonstrated that pro-inflammatory 

differentiated macrophages possess more mitochondria. However, 
these mitochondria undergo profound remodeling, including frag
mented morphology, loose cristae, and reduced Δψm. 

3.2. Increased mitochondrial mass contributes to inflammatory cytokine 
release in LPS-activated macrophages 

Next, we investigated whether more mitochondrial mass contributes 
to the inflammatory cytokine production in LPS-activated macrophages. 
BMDMs were stimulated with 0.5 μg/mL LPS for 0, 1, 3, 6, 12, and 24 h. 
We found that LPS robustly boosted the expression (Fig. S3D) and pro
duction (Fig. 2A) of pro-inflammatory cytokines, including TNF-α and 
IL-6. Spearman correlation analysis showed that both TNF-α (Fig. 2B) 
and IL-6 (Fig. 2C) in supernatants positively correlated with mitochon
drial mass in BMDMs. To further investigate the role of mitochondria 
mass in LPS-induced inflammatory response, we used long-term expo
sure to EtBr to develop RAW-ρ0 cells that lack mtDNA (Fig. 2D) as 
previous reports revealed that deletion of mtDNA with EtBr also reduced 
mitochondrial biogenesis and mitochondrial mass [23,24]. Ultrastruc
tural analysis indicated that the mitochondria content in RAW-ρ0 cells 
was significantly lower than that in resting cells (Fig. S3E). Moreover, 
RAW-ρ0 and RAW cells were stained with MTG, and detected by LSCM 

Fig. 1. Pro-inflammatory differentiated macrophages show higher mitochondrial mass and lower Δψm than resting macrophages. RAW, BV-2, THP-1, PMs, 
and BMDMs were stimulated with 0.5 μg/mL LPS for 12 h. (A) MTG-stained cells were detected by flow cytometry. (B) Calculated MTG MFI, n = 3. (C) MTG-stained 
RAW, THP-1 and BMDMs were tested by LSCM; scale bars, 5 μm. (D) MTG total fluorescence intensity (TFI) per cell were analyzed, n = 20 cells. (E) Ultrastructural 
images of mitochondria in BMDMs captured using TEM; scale bars, 500 nm. (F) Calculated mitochondria per cell (left, n = 20 cells) and mitochondrial length (right, 
165 mitochondria from 15 Ctrl cells; 203 mitochondria from 8 LPS-treated cells). (G) qRT-PCR measured mtDNA copy number in RAW and BMDMs, and expressed as 
mtDNA/nDNA ratio, n = 3. (H) Flow cytometry determined Rho-123 MFI/MTG MFI ratio in BMDMs treated with LPS, n = 3. (I) Rho-123 stained BMDMs captured 
using LSCM; scale bars, 5 μm. Rho-123 brightness was measured, n = 20 cells. (J) BMDMs co-stained with MTG and TMRM analyzed by flow cytometry, and TMRM 
MFI/MTG MFI ratio, n = 3. (K) JC-1 stained BMDMs analyzed by flow cytometry, and JC-1 red/green ratio, n = 3. Data are expressed as mean ± SEM, *p < 0.05, vs. 
Ctrl (control cells). 
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(Fig. 2E) and flow cytometry (Fig. 2F). Our results show that RAW-ρ0 

cells have lower mitochondrial mass than wildtype RAW cells in the 
absence and presence of LPS. Compared with wildtype RAW, RAW-ρ0 

also exhibit decreased cell size (FSC signal) in response to LPS (Fig. S3F). 
Importantly, LPS-challenged RAW-ρ0 showed significantly lower TNF-α 
and IL-6 expression (Fig. 2G and H) and production (Fig. 2I) compared 
to wildtype RAW. These results indicate that increased mitochondrial 
mass contributes to the pro-inflammatory cytokines release in 
LPS-activated macrophages. 

3.3. Knockdown or inhibition of Drp1 blunts LPS-induced increase of 
mitochondrial mass and pro-inflammatory cytokines 

To elucidate the molecular mechanism of LPS-driven mitochondrial 
mass increase, gene expression profiles in PBS- and LPS-treated macro
phages were analyzed. RNA-seq analysis results revealed that LPS 
caused dynamic changes in the gene transcriptome. Using a |log2-fold 
change|>1 and p < 0.05 as thresholds for inclusion, a total of 3919 
differentially expressed genes (DEGs, 1882 up-regulated and 2037 
down-regulated) were screened between the two groups. Gene ontology 
(GO) enrichment and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis were then conducted to analyze the DEG 
biological pathways and functions. Taking a false discovery rate (FDR) 
< 0.01 and p < 0.05 as thresholds for inclusion, a total of 1331 signif
icant GO terms were enriched, and the top 20 terms are listed in 
Fig. S3G. These GO terms were associated with regulating the immune 
system, organelle, and metabolic processes. The KEGG enrichment 

analysis also revealed that 50 pathways were significantly enriched 
(FDR < 0.01 and p value < 0.05). As shown in Fig. S3H, the top 20 
pathways were associated with the TNF, NFκB, Toll-like receptor, and 
JAK-STAT signaling pathways. 

Notably, 28 GO terms (p < 0.05) were enriched in regulating mito
chondria. In general, mitochondrial mass is determined by the balance 
of fission and fusion. Here, GO enrichment analysis indicated that 20 
genes may modulate mitochondrial fission and fusion (Supplementary 
Table 3 and Fig. 3A). LPS caused a > 2-fold increase in positive regu
lators of mitochondrial fission, including, Drp1, Stat2, Mief1, and 
Decorin (Dcn, excluded for fragments per kilobase million (fpkm) < 1). 
RT-PCR and western blotting confirmed that LPS significantly enhanced 
the expression of Drp1 and Stat2, however, had no effect on Mief1 
(Fig. 3B and C). For positive regulators of mitochondrial fusion, mito
guardin 2 (Miga2) and parkin RBR E3 ubiquitin protein ligase (Prkn, 
excluded for fpkm<1) were decreased by > 2-fold by LPS. However, RT- 
PCR and western blotting showed that LPS caused a slight increase in 
Miga2 mRNA and protein expression (Fig. 3B and C). We, therefore, 
further examined the role of Stat2 and Drp1 in modulating mitochon
drial homeostasis. 

As a key dynamin-related GTPase, Drp1 has a significant role in 
regulating mitochondrial fission [12]. We therefore first investigated the 
role of Drp1 in LPS-induced mitochondrial remodeling and inflamma
tory responses with a chemical inhibitor, Mdivi-1. Flow cytometry re
sults showed that Mdivi-1 blunted the LPS-induced increase in 
mitochondrial mass (indicated by MTG MFI, Figs. S4A and 3D) and cell 
size (indicated by FSC, Fig. S4B) in BMDMs, RAW, and THP-1 cells. 

Fig. 2. Increased mitochondrial mass contributes to inflammatory cytokine release in LPS-activated macrophages. (A–C) Cells were treated with 0.5 μg/mL 
LPS for indicated time points. (A) TNF-α and IL-6 in BMDM supernatants measured by ELISA, n = 4. The correlations between MTG MFI and log10TNF-α (B) or 
log10IL-6 (C) were evaluated by Spearman analysis, p < 0.001, n = 24. (D–I) RAW-ρ0 and wildtype RAW cells (RAW) were treated with or without 0.5 μg/mL LPS for 
12 h. (D) The mtDNA/nDNA ratio was measured by qRT-PCR, n = 3. (E) MTG-stained cells captured by LSCM; scale bars, 5 μm. MTG TFI per cell was analyzed, n =
20 cells. (F) MTG-stained cells analyzed by flow cytometry, and calculated MTG MFIs, n = 3. (G) Western blotting of p-NF-κB, TNF-α, and IL-6. (H) TNF-α and IL-6 
mRNA as analyzed by qRT-PCR, n = 3. (I) TNF-α and IL-6 in supernatants measured by ELISA, n = 4. Data are expressed as mean ± SEM, *p < 0.05 vs. Ctrl (A); *p <
0.05 vs. RAW (D-F, H, I), #p < 0.05 vs. RAW + LPS (F, H, I). 
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Similarly, ultrastructural analysis revealed that Mdivi-1 inhibits the 
LPS-induced mitochondrial division into fragments in BMDMs (Figs. 3E 
and S4C). Mdivi-1 also inhibited the LPS-induced production of TNF-α, 
IL-6, and IL-1β (Fig. 3F). Further, expression of lentiviral shRNA Drp1 
(shDrp1) in BMDMs (Fig. 3G) attenuated LPS-induced increases in 
mitochondrial mass (Fig. 3H and I), as well as pro-inflammatory cyto
kine expression (Fig. 3J), and production (Fig. 3K). These findings 
suggest that Drp1-dependent mitochondrial fission contributes to 
LPS-induced mitochondrial mass increase and pro-inflammatory cyto
kine production. 

3.4. LPS promotes mitochondrial biogenesis in a Drp1-and Stat2- 
dependent manner 

Increases in mitochondrial mass require abundant proteins encoded 
by mitochondrial and nuclear genomes. Mitochondrial biogenesis is the 
key mechanism responsible for the synthesis of these proteins, which is 
controlled by several transcriptional factors, including peroxisome 
proliferator activator receptor gamma-coactivator 1α (PGC-1α), nuclear 
respiratory factor 1 (Nrf1), and mitochondrial transcription factor A 
(TFAM). Hence, we next sought to determine whether mitochondrial 
biogenesis is enhanced in LPS-activated macrophages. In response to 

LPS, mRNA and protein expressions of PGC-1α, Nrf1, and TFAM rapidly 
increased within 6 h and gradually returned to normal levels at 24 h 
(Fig. 4A and B). Inhibition of Drp1 with Mdivi-1 abrogated the LPS- 
induced mitochondrial biogenesis (Fig. 4C). 

As a key transcription factor, Stat2 plays an important role in regu
lating immune responses. In response to LPS, Stat2 phosphorylation 
increased in 30 min and was sustained at high levels until 12 h (Fig. 4D 
and E). Many reports suggest that the LPS-induced inflammatory 
response is a multi-step process initiated by Toll-like receptor 4 (TLR4) 
activation [25]. Here, we demonstrated that inhibition of TLR4 with 
TAK-242 abrogated LPS-induced Stat2 phosphorylation (Fig. 4F). 
RNA-seq analysis further suggested that Stat2 may modulate the 
biosynthesis of macromolecules (Supplementary Table 4). Meanwhile, 
knockdown of Stat2 by shRNA Stat2 (shStat2) in BMDMs (Fig. 4G) 
blunted LPS-induced increase of PGC-1α, Nrf1, and TFAM expression at 
both the mRNA and protein levels (Fig. 4H and I). Therefore, our results 
suggest that LPS boosts mitochondrial biogenesis in both a Stat2-and 
Drp1-dependent manner. Hence, enforcing biogenesis may contribute 
to mitochondrial mass increase by regulating cellular macromolecule 
biosynthesis. 

Fig. 3. Knockdown or inhibition of Drp1 blunts LPS-induced increase in mitochondrial mass and pro-inflammatory cytokine expression. (A–C) BMDMs 
were treated with 0.5 μg/mL LPS for 12 h or the indicated times. (A) RNA-seq analysis of gene expression profile in Ctrl and LPS-treated BMDMs. (B) qRT-PCR 
analysis of Drp1, Stat2, Mief1 and Miga2 mRNA expression, n = 3. (C) Proteins of Drp1, Stat2, Mief1, and Miga2 analyzed via western blotting. (D–F) BMDMs, 
RAW, and THP-1 cells were stimulated with LPS in the presence of DMSO or 50 μM Mdivi-1 for 12 h. (D) MTG-stained cells analyzed by flow cytometry, and 
calculated MFIs, n = 3. (E) Mitochondrial morphologies in BMDMs detected by TEM; scale bars, 500 nm. (F) TNF-α, IL-6, and IL-1β in supernatants tested by ELISA, n 
= 4. (G–K) BMDMs transfected with EV and shDrp1 were treated with or without LPS. (G) Drp1 mRNA and protein expressions detected by qRT-PCR and western 
blotting. (H) Confocal images of MTG-stained cells captured using LSCM, scale bars, 5 μm. (I) MTG TFI per cell, n = 20 cells. (J) p-NFκB, TNF-α, and IL-6 analyzed by 
western blotting. (K) TNF-α and IL-6 in supernatants analyzed by ELISA, n = 4. Data are expressed as mean ± SEM, *p < 0.05 vs. Ctrl (B); *p < 0.05 vs. LPS + DMSO 
(D, F); *p < 0.05 vs. EV (G, I, J), #p < 0.05 vs. EV + LPS (I, J). 
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3.5. Stat2 phosphorylation of Drp1 at serine 616 is required for LPS- 
induced accumulation of mitochondrial mass and pro-inflammatory 
cytokines 

Drp1 phosphorylation at the S616 site promotes its recruitment to 
the mitochondria, which is required for subsequent fission [26]. In this 
study, we found that LPS induced Drp1 S616 phosphorylation in a dose- 
and time-dependent manner in BMDMs (Figs. S4D and 5A). Immuno
fluorescence results showed that LPS induced Drp1 recruitment to the 
mitochondria, as indicated by increased colocalization of Drp1 and 
MitoTracker-Red (Fig. S4E). To further elucidate the role of p-Drp1 
(S616) in LPS-treated macrophages, a non-phosphorylatable mutant 
Drp1 (Flag-Drp1S616A), and wildtype Drp1 (Flag-Drp1WT) over
expressing vectors were designed. Here, Flag-labeled Drp1 represented 
exogenous Drp1. Re-expressed Drp1WT in RAW cells with stable 
knockdown of Drp1 restored both Drp1 and p-Drp1S616, while 
re-expressed Drp1S616A abrogated LPS-induced Drp1 phosphorylation at 
S616 (Figs. 5B and S4F). Furthermore, non-phosphorylatable mutation 
of Drp1 at S616 blunted the LPS-induced increase of mitochondria mass 
(Fig. 5C) and pro-inflammatory cytokines (Fig. 5D). Interestingly, 
RNA-seq analysis suggested that Stat2 was simultaneously enriched in 
pathways associated with regulating immune response, mitochondrion 
organization, and protein phosphorylation (Fig. 5E). Meanwhile, 
knockdown of Stat2 remarkably reversed LPS-mediated Drp1 S616 
phosphorylation (Fig. 5F) and mitochondrial mass increase (Fig. 5G). In 
response to LPS, shStat2-transfected BMDMs exhibited decreased 
pro-inflammatory cytokines expression (Fig. S4G) and production 

(Fig. 5H) compared to the corresponding vehicle control. 
Moreover, we developed a vector that encodes a constitutively active 

phosphomimetic mutant of Drp1, Drp1S616E (Fig. 5I). Interestingly, RAW 
cells overexpressing Drp1S616E showed higher mitochondrial mass (5J) 
and proinflammatory cytokine levels (Fig. 5I and K) compared to RAW 
cells transfected with EV. Moreover, RAW cells with Stat2 knockdown 
were overexpressed with either Drp1WT or Drp1S616E. As shown in 
Fig. 5L, transfection with Drp1WT failed to increase Drp1 S616 phos
phorylation in shStat2-transfected BMDMs, while overexpression of 
Drp1S616E induced increased phosphorylation. In response to LPS, 
shStat2+Drp1S616E cells exhibited an apparent increase in mitochon
drial fragmentation and inflammatory cytokines, while shStat2+Drp1WT 

cells blunted these processes (Fig. 5M and N). Moreover, 
shStat2+Drp1S616E cells displayed slightly higher expression of PGC-1α, 
Nrf1, and TFAM compared to shStat2+Drp1WT cells (Fig. S4H). There
fore, our findings demonstrate that Stat2 phosphorylation of Drp1 at 
serine 616 is crucial for LPS-induced increase of mitochondrial mass and 
pro-inflammatory cytokines. 

3.6. The Stat2-Drp1 axis induces mitochondria in LPS-activated 
macrophages to generate ROS rather than ATP which drives inflammation 

Pro-inflammatory differentiated macrophages undergo metabolic 
programming from oxidative phosphorylation to aerobic glycolysis 
[27]. Here, we evaluated the OCR and extracellular acidification rate 
(ECAR) by Seahorse assay. In response to LPS, basal respiration, 
maximal respiration, and ATP production were remarkably reduced in 

Fig. 4. LPS promotes mitochondrial biogenesis in a Drp1-and Stat2-dependent manner. (A–F) BMDMs were treated with 0.5 μg/mL LPS for the indicated times, 
or for 12 h, in the presence of DMSO, 50 μM Mdivi-1, or 100 nM TAK-242. (A) mRNA and (B) protein of PGC-1α, Nrf1, and TFAM in BMDMs treated with LPS were 
quantified by qRT-PCR and western blotting, respectively, n = 3. (C) PGC1A Nrf1, and TFAM mRNA in BMDMs treated with LPS and Mdivi-1 measured by qRT-PCR, 
n = 3. (D) Western blotting analysis of Stat2 and p-Stat2 proteins in BMDMs treated with LPS. (E) Ratio of p-Stat2/Stat2, n = 3. (F) Western blotting analysis of Stat2 
and p-Stat2 proteins in BMDMs treated with LPS and TAK-242. (G–I) EV and shDrp1 transfected BMDMs were stimulated with 0.5 μg/mL LPS for 12 h. (G) Western 
blotting analysis of Stat2 and p-Stat2. (H) mRNA and (I) protein of PGC-1α, Nrf1 and TFAM tested by qRT-PCR and western blotting, respectively, n = 3. Data are 
expressed as mean ± SEM, *p < 0.05 vs. Ctrl (A, E); *p < 0.05 vs. DMSO + PBS, #p < 0.05 vs. DMSO + LPS (C); *p < 0.05 vs. EV, #p < 0.05 vs. EV + LPS (H). 
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BMDMs (Fig. 6A and B). In contrast, LPS-activated BMDMs showed 
higher glycolytic activity than resting macrophages (Figs. S5A and 6C). 
ATP synthesis efficiency via glycolysis is much lower than mitochondrial 
oxidative phosphorylation; and thus, ATP content was decreased in 

LPS-treated RAW, THP-1, and BMDMs (Fig. 6D). In contrast, we found 
that LPS-induced a 7–15 folds increase in mitochondrial ROS, as indi
cated by MitoSOX (Figs. S5B and 6E). Moreover, mitochondrial ROS was 
increased in parallel with the mitochondrial mass in LPS-activated 

Fig. 5. Stat2 phosphorylation of Drp1 at S616 is required for LPS-induced accumulation of mitochondrial mass and inflammatory cytokines. (A) Western 
blotting analysis of Drp1 and p-Drp1 (S616) in BMDMs stimulated with 0.5 μg/mL LPS for indicated times, and quantified p-Drp1:Drp1 ratios, n = 3. (B–D) RAW cells 
were engineered to express shDrp1 and rescued with either EV, Flag-Drp1WT or Flag-Drp1S616A, prior to treatment with 0.5 μg/mL LPS for 12 h. Drp1WT, vectors 
expressing wildtype Drp1; Drp1S616A, vectors encoding a non-phosphorylatable mutant Drp1 at S616. (B) Western blotting analysis of p-Drp1, Drp1, and Flag-Drp1. 
(C) LSCM analysis of MTG-stained cells; scale bars, 5 μm. MTG TFI per cell was analyzed, n = 20 cells. (D) TNF-α and IL-6 in supernatants were quantified via ELISA, 
n = 4. (E) GO analysis suggests that Stat2 was enriched in pathways associated with regulation of immune response, mitochondrion organization, and protein 
phosphorylation. (F–H) BMDMs expressed EV and shStat2 and were treated with 0.5 μg/mL LPS for 12 h. (F) Drp1 and p-Drp1(S616) were analyzed using western 
blotting, and quantified p-Drp1:Drp1 ratios, n = 3. (G) LSCM analysis of MTG-stained cells; scale bars, 5 μm, and MTG TFI per cell, n = 20 cells. (H) TNF-α and IL-6 in 
supernatants analyzed by ELISA, n = 4. (I–K) RAW cells expressed EV and Drp1S616E. (I) Western blotting analysis of Drp1, p-Drp1, TNF-α and IL-6. (J) MTG-stained 
cells analyzed by flow cytometry, and calculated MFIs, n = 3. (K) TNF-α and IL-6 in supernatants analyzed by ELISA, n = 4. (L–N) RAW cells were engineered to 
encode shStat2 and overexpressed EV, Drp1WT and Drp1S616E (a phosphomimetic mutant), and were then treated with 0.5 μg/mL LPS for 12 h. (L) Western blotting 
analysis of Stat2, p-Stat2, Drp1 and p-Drp1, and quantified p-Drp1:Drp1 ratios, n = 3. (M) LSCM analysis of MTG-stained cells; scale bars, 5 μm, and MTG TFI per cell, 
n = 20 cells. (N) TNF-α and IL-6 in supernatants analyzed by ELISA, n = 4. Data are expressed as mean ± SEM, *p < 0.05 vs. Ctrl (A); *p < 0.05 vs. shDrp1+Drp1WT 

+ LPS (C, D); *p < 0.05 vs. EV + LPS (F–H, L); *p < 0.05 vs. EV (J, K); #p < 0.05 vs shStat2+Drp1WT + LPS (L); *p < 0.05 vs. shStat2+Drp1WT + LPS (M, N). 
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macrophages (Figs. S5C and S5D). Meanwhile, RAW-ρ0 cells lacking 
mitochondrial DNA displayed lower ROS generation compared to 
normal RAW cells (Fig. S5E). Cumulatively, these results indicate that 
mitochondrial fragmentation drives ROS generation rather than ATP 
production. 

Next, we investigated whether the Stat2-Drp1 pathway is associated 
with mitochondrial functional switching of LPS-treated macrophages. 
Interestingly, knockdown of Drp1 and Stat2 restored LPS-induced 
reduction of OCR parameters, including basal respiration, maximal 
respiration, and ATP production (Fig. 6F and G). Meanwhile, the LPS- 
induced ATP decrease (Fig. 6H), ROS increase (Fig. 6I) and Δψm loss 

(Figs. S5F and 6J) were reversed by shDrp1 and shStat2. 
Previous studies demonstrated that ROS may act as a mitochondrial 

redox signal to drive inflammation [28,29]. Hence, MitoQ, a 
mitochondria-targeted ROS scavenger, was used to limit LPS-induced 
ROS production (Fig. 6K). As a key transcription factor of 
pro-inflammatory cytokines, NF-κB phosphorylation and nuclear 
recruitment are required for its activation. Here we demonstrated that 
LPS promoted NF-κB phosphorylation and nuclear translocation in 
BMDMs, while MitoQ administration blunted these processes (Fig. 6L 
and M). Furthermore, inhibition of mitochondrial ROS production with 
MitoQ abrogated LPS-induced TNF-α and IL-6 expression (Fig. 6M and 

Fig. 6. Stat2-Drp1 induces mitochondria in LPS-activated macrophages to generate ROS rather than ATP, which then drives inflammation. (A–E) RAW, 
THP-1, and BMDMs were treated with 0.5 μg/mL LPS for 12 h. (A) Oxygen consumption rate (OCR) in BMDMs tested by Seahorse assay. (B) Quantitative levels of 
basal respiration, maximal respiration, ATP production, and proton leakage, n = 3. (C) Glycolysis in BMDMs determined from extracellular acidification rate (ECAR) 
by Seahorse assay, n = 3. (D) ATP levels in LPS-treated RAW, THP-1 and BMDMs measured using a specific ATP Determination kit, n = 3. (E) Mitochondrial ROS in 
LPS-treated RAW, THP-1, and BMDMs detected using MitoSOX by flow cytometry, n = 3. (F–J) BMDMs expressing EV, shDrp1 or shStat2 were stimulated with 0.5 
μg/mL LPS for 12 h. (F) OCR evaluated by Seahorse assay. (G) Basal respiration, maximal respiration, and ATP production quantified, n = 3. (H) ATP levels 
measured, n = 3. (I) MitoSOX stained cells tested by flow cytometry, and analysis of MFIs, n = 3. (J) LSCM analyzed Rho-123 brightness, n = 20 cells. (K–N) BMDMs 
stimulated with 0.5 μg/mL LPS for 12 h in the presence of DMSO or MitoQ (250 and 500 nM). (K) MitoSOX stained cells analyzed by flow cytometry, and calculated 
MFIs, n = 3. (L) NFκB expression (FITC-labeled, green), analyzed by immunofluorescence; DAPI (blue) stains nuclei. (M) Protein bands of p-NFκB, TNF-α, and IL-6 
measured by western blotting. (N) TNF-α and IL6 mRNA analyzed by qRT-PCR. Data are expressed as mean ± SEM, *p < 0.05 vs. Ctrl (B–E); *p < 0.05 vs. EV + LPS 
(G–J); *p < 0.05 vs. DMSO + PBS, #p < 0.05 vs. DMSO + LPS (K, N). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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N). 
Together, these findings suggest that Stat2-Drp1 signaling activation 

induces the mitochondrial functional shift from ATP synthesis to ROS 
generation. The ROS emanating from the mitochondria might then play 
a key role in regulating inflammatory cytokine generation. 

3.7. Inhibition of Drp1 reduces mitochondrial mass and inflammatory 
cytokines in peritoneal macrophages derived from LPS-challenged mice 

Lastly, we assessed the role of Drp1 in LPS-induced accumulation of 
mitochondrial mass and inflammatory cytokines in vivo (Fig. 7A). Here, 
peritoneal macrophages (PMs) isolated from DMSO + LPS mice 
exhibited higher Drp1 and Stat2 phosphorylation compared to control 
mice, while Mdivi-1 treatment reduced Drp1 expression and phos
phorylation (Fig. 7B and C). As expected, MTG staining results showed 

that LPS promoted increases in mitochondria mass in PMs, while Mdivi- 
1 inhibited this effect (Fig. 7D). LPS-challenged mice showed reduced 
JC-1 aggregates and increased JC-1 monomers in their PM cells, indi
cating Δψm loss. Mdivi-1 treatment restored LPS-induced Δψm depo
larization (Fig. 7E). Inhibition of Drp1 with Mdivi-1 blunted LPS- 
induced mitochondrial ROS production (Fig. 7F), NFκB phosphoryla
tion and pro-inflammatory cytokine expression in PMs (Fig. 7G and H). 
Furthermore, DMSO + LPS mice exhibited higher serum TNF-α and IL-6 
levels than DMSO + PBS mice, indicating that LPS causes obvious 
inflammation in vivo. Promisingly, Mdivi-1 treatment alleviated the 
inflammation in LPS-challenged mice (Fig. 7I). These results clearly 
demonstrate that the Drp1-dependent mitochondrial mass increase in 
macrophages is required for the pro-inflammatory effects of LPS in vivo. 

Fig. 7. Inhibition of Drp1 reduces mitochondrial mass and inflammatory cytokines in PMs derived from LPS-challenged mice. (A) 32 C57BL/6 mice were 
given 3% thioglycolate (i.p.) for 4 days to elicit macrophages. Animals were then injected (i.p.) with DMSO or Mdivi-1 (20 mg/kg) for 2 h, followed by PBS or LPS 
(15 mg/kg) for 6 h. PMs were isolated after mice were sacrificed. (B) Drp1, p-Drp1, p-Stat2 and Stat2 proteins in PMs analyzed by western blotting. (C) Quantification 
of p-Drp1:Drp1 and p-Stat2:Stat2 ratios. (D) MTG in PMs measured by LSCM; scale bars, 3 μm. Assessment of MTG TFI per cell, n = 20 cells. (E) JC-1 stained PMs 
analyzed by flow cytometry, and calculation of the JC-1 red:green ratio, n = 8. (F) MitoSOX stained PMs analyzed using flow cytometry, with calculated MFIs, n = 8. 
(G) TNF-α and IL6 mRNA in PMs analyzed by qRT-PCR, n = 3. (H) p-NFκB, TNF-α and IL-6 protein expressions analyzed by western blotting. (I) TNF-α and IL-6 in 
serum measured by ELISA, n = 8. Data are expressed as mean ± SEM, *p < 0.05 vs. DMSO + PBS, #p < 0.05 vs. DMSO + LPS. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

Emerging evidence has revealed that mitochondria may act as a key 
intracellular signaling platform for regulating immune responses [30]. 
In this study, we demonstrated that pro-inflammatory differentiated 
macrophages possess greater mitochondrial mass than resting cells. 
Consistent with previous reports, we found that LPS induces significant 
macrophage spreading and enlargement. In contrast, restriction of 
macrophage spreading by spatial confinement blunts the LPS-induced 
inflammatory response [31]. Our findings also revealed that the mito
chondrial mass increase correlates with cell size enlargement in 
LPS-treated macrophages. Meanwhile, deletion of mtDNA and inhibition 
of Drp1 effectively reduced mitochondrial mass and cell size in 
LPS-treated macrophages. Moreover, previous studies have shown that 
mitochondrial mass may be critical for the control of cell fate and im
mune responses; while higher mitochondrial mass contributes to T cell 
senescence and cancer cell chemo-resistance [32,33]. Increased mito
chondrial mass in platelets, specifically, drives platelet hyperreactivity 
and inflammation in aged mice [34]. Also, PGC-1α deficient mice show 
lower mitochondrial mass, which causes spontaneous kidney inflam
mation and injury [35]. Here, we found that mitochondrial mass in 
LPS-activated macrophages was positively correlated with 
pro-inflammatory cytokine production. Meanwhile, reduced mitochon
drial mass blunted the inflammatory response in LPS-activated macro
phages. Importantly, an increase in mitochondrial mass with Drp1S616E 

boosted macrophage pro-inflammatory differentiation, although 
without LPS stimulation. Thus, it is possible that increased mitochon
drial mass may serve as one of the most important events for macro
phage elongation and pro-inflammatory differentiation. 

Furthermore, our findings reveal that new mitochondria undergo 
profound reorganization, including fragmented morphology, loose 
cristae, and reduced Δψm. Δψm is generated by proton pumping com
plexes of the respiratory chain, which are critical for modulating mito
chondrial homeostasis [36]. In fact, Mills et al. reported that LPS induces 
mitochondrial hyperpolarization, as indicated by higher TMRM 
analyzed by flow cytometry [22]. However, Rho-123 and TMRM signals 
in flow cytometry analysis are affected by mitochondrial mass and size, 
which may cause spurious results. In contrast, the ratio of JC-1 red/
green is determined exclusively by Δψm, rather than by other factors 
such as mitochondrial mass, size, and density [37]. We therefore, pro
posed that it may be prudent to simultaneously detect Δψm with 
Rho-123 and TMRM using flow cytometry, particularly in cases 
involving increased mitochondrial mass. Herein, our work reveals that 
pro-inflammatory differentiated macrophages possess increased mito
chondrial mass, however their Δψm is reduced. 

Mitochondrial mass is determined by the balance between fission 
and fusion. Increased fusion promotes adjacent mitochondrial integra
tion, while enforcing fission facilitates mitochondria fragmentation. 
Fission is controlled by several dynamin family GTPases, especially Drp1 
[38]. Recently, many reports have emphasized the key role of Drp1 in 
various physiological and pathological processes [39]. Here, RNA-seq 
analysis showed that LPS significantly increased Drp1 expression, 
while slightly decreasing Fis1. Furthermore, abrogation of Drp1 
remarkably attenuates LPS-induced mitochondrial mass increase and 
macrophage M1 differentiation in vivo and in vitro. It has been reported 
that Drp1 interaction with Fis1 is required for mitochondrial fission. 
Hence, selective inhibition of the Drp1/Fis1 interaction with P110 ab
rogates pathologic mitochondrial fragmentation [14]. However, 
emerging evidence indicates that Fis1 may be dispensable in mito
chondrial recruitment of Drp1, and subsequent mitochondrial fission 
[13,40]. Moreover, mitochondrial growth requires synthesis of ETC 
proteins, which is modulated by mitochondrial biogenesis [41]. How
ever, the impact of mitochondrial biogenesis on regulating the inflam
matory response continues to be a controversial matter. For instance, 
previous reports show that increased mitochondrial biogenesis con
tributes to inflammation resolution [42]. Moreover, survival of critical 

illnesses may be associated with activation of mitochondrial biogenesis 
by enabling ATP demands [43]. Conversely, we speculate that early 
biogenesis activation contributes to mitochondrial mass increase and 
pro-inflammatory differentiation of macrophages. 

Similar to the results reported in previous studies [31,44], our 
RNA-seq data revealed that LPS induced dramatic changes in the gene 
expression profile, and these DEGs were determined to be involved in 
multiple functions including, regulating the inflammatory response, 
cellular organelles, NF-κB pathway, and JAK-STAT pathway, etc. As a 
key signal transducer and transcriptional activator, Stat2 is indispens
able for type I interferon (IFN)-induced antiviral and anti-tumor re
sponses [45]. Although IFNs are the only cytokines known to directly 
activate Stat2, evidence also appears to support TLR-driven Stat2 
signaling pathway. Stat2 − /− mice are defective in regulating 
TLR-dependent dendritic cell activation and CD8+ T cell proliferation 
[46]. Interestingly, we found that LPS boosted Stat2 expression and 
phosphorylation in a TLR4-dependent manner. However, the precise 
role of Stat2 in regulating inflammation remains unclear. For instance, 
Stefania et al. have reported that Stat2 deficiency does not affect the 
production of TNF-α and IL-6 in response to LPS [46]. Meanwhile, Radha 
et al. demonstrated that influenza-infected Stat2− /− mice show higher 
viral burden, inflammation, and morbidity than wildtype mice [47]. 
Meanwhile, George et al. reported that high expression of Stat2 is suf
ficient for inducing IL-6 expression [48]; and Alazawi et al. found that 
Stat2− /− mice show lower inflammatory cytokine production in 
response to LPS [49]. Similarly, our current findings indicate that Stat2 
facilitates the inflammatory response of LPS-activated macrophages. 

Recently, many studies have underscored the prominent role of Stat2 
in regulation of mitochondrial homeostasis [50,51]. Moreover, Stat2 has 
been identified within mitochondria and has been implicated as an 
orchestrator of mitochondrial function and energy production [50]. In 
this study, we uncovered the mechanism involved in Stat2-mediated 
mitochondrial mass increase. Specifically, Stat2 promotes Drp1 phos
phorylation at S616, which is necessary for fission by impelling Drp1 
mitochondrial translocation [12]. Previously, extracellular regulated 
protein kinases and protein kinase A were found to activate Drp1 S616 
phosphorylation [26]. In agreement with our results, Rojeen et al. report 
that skin fibroblasts from Stat2 mutation patients show decreased Drp1 
S616 phosphorylation and mitochondrial fission [51]. However, little is 
known about whether Stat2 directly phosphorylates Drp1 at serine 616. 
Meanwhile, here we demonstrated that Stat2 favors LPS-induced mito
chondrial mass increase via transcriptional activation of mitochondrial 
biogenesis. Similarly, previous reports have emphasized that Stat1 and 
Stat3 may modulate mitochondrial biogenesis and respiration, however 
the precise role of Stat2 is not well explored [50]. Thus, our work reveals 
that Stat2 is necessary for LPS-induced mitochondrial mass increase 
through modulation of mitochondrial fission and biogenesis. 

The function of mitochondria may be determined by its mass, size, 
density, morphology, and distribution. Cells undergo mitochondrial 
remodeling and functional shift upon exposure to adverse stimuli [6]. 
The primary purpose of mitochondria in resting macrophages and 
memory T cells is ATP production through the oxidative phosphoryla
tion pathway [52]. Alternatively, pro-inflammatory differentiated 
macrophages and activated effector T cells generate their ATP by non
mitochondrial sources, namely aerobic glycolysis [7]. However, there is 
a large discrepancy in ATP synthesis efficiency between oxidative 
phosphorylation (32–36 ATPs), and glycolysis (2 ATPs). Hence, we 
propose that increased mitochondrial mass does not necessarily equate 
to more ATP production. Moreover, loose cristae and reduced Δψm in 
mitochondria generally impair mitochondrial ETC efficiency, which 
may result in lower ATP synthesis and increased electron leakage, which 
serves as the major source of mitochondrial ROS [53]. Our work showed 
that pro-inflammatory differentiated macrophages repurpose their 
mitochondria to generate ROS rather than ATP in a Stat2-Drp1 depen
dent manner. Oxidative stress and inflammation are interconnected 
pathophysiological processes associated with various inflammatory 
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diseases [54]. Pro-inflammatory differentiated macrophages release 
large amounts of ROS. In turn, ROS promotes pro-inflammatory cyto
kine production by regulating NF-κB, iNOS, and the NLPR3 inflamma
some [9,10]. A recent report has also reported that IL-1β promotes 
mitochondria and ROS production in epithelial cells through an auto
crine effect [55]. Thus, we demonstrated that ROS emanating from 
mitochondria modulate NF-κB-dependent cytokine production in 
pro-inflammatory differentiated macrophages. 

Tissue-resident and monocyte-derived macrophage infiltration, and 
activation, are hallmarks of infection and sepsis. It is becoming 
increasingly clear that regulating pro-inflammatory macrophage dif
ferentiation into the anti-inflammatory phenotype, or suppressing the 
differentiation of macrophages back toward a pro-inflammatory 
phenotype, has an important impact on the progression and resolution 
of many diseases [3]. In this study, we demonstrated that 
pro-inflammatory differentiated macrophages possess more mitochon
dria by inducing Stat2-Drp1-dependent mitochondrial fission and 
biogenesis. Interestingly, these remodeled mitochondria displayed 
fragmented morphology, loose cristae, reduced Δψm, and metabolic 
programming, which boosted their functional shift from ATP synthesis 
to ROS production, and further drove transcription of NFκB-dependent 
inflammatory cytokines. Therefore, our study provides novel insights 
into the differentiation of pro-inflammatory macrophages, as well as 
new strategies for treatment of infectious diseases. 
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