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ABSTRACT 14 

Microglia act as sensors of injury in the brain, favouring its homeostasis. Their activation 15 

and polarization towards a pro-inflammatory phenotype are associated to injury and 16 

disease. These processes are linked to a metabolic reprogramming of the cells, 17 

characterized by high rates of glycolysis and suppressed oxidative phosphorylation. This 18 

metabolic switch can be reproduced in vitro by microglial stimulation with 19 

lipopolysaccharide (LPS) plus interferon-γ (IFNγ). In order to understand the 20 

mechanisms regulating mitochondrial respiration abolishment, we examined potential 21 

alterations in mitochondrial features during this switch. Cells did not show any change in 22 

mitochondrial membrane potential, suggesting a limited impact in the mitochondrial 23 

viability. We provide evidence that reverse operation of F0F1-ATP synthase contributes 24 

to mitochondrial membrane potential. In addition, we studied the possible implication of 25 

mitochondrial dynamics in the metabolic switch using the mitochondrial division 26 

inhibitor-1 (Mdivi-1), which blocks Drp1-dependent mitochondrial fission. Mdivi-1 27 

significantly reduced the expression of pro-inflammatory markers in LPS+IFNγ-treated 28 

microglia. However, this inhibition did not lead to a recovery of the oxidative 29 

phosphorylation ablation by LPS+IFNγ or to a microglia repolarization. Altogether, these 30 

results suggest that Drp1-dependent mitochondrial fission, although potentially involved 31 

in microglial activation, does not play an essential role in metabolic reprogramming and 32 

repolarization of microglia. 33 

Keywords:  microglia, metabolic switch, pro-inflammatory stimul, Mdivi-1, 34 

mitochondria35 
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INTRODUCTION 36 

Microglial cells are the resident macrophages of the central nervous system (CNS). They 37 

contribute to the tissue development, integrity and homeostasis through an active 38 

surveillance process 1,2 that can lead to different states of activation. Microglia display an 39 

enormous plasticity of responses to injury, ranging from effects that may contribute to 40 

neuroinflammation and eventually tissue damage, to essential responses for regenerative 41 

processes 3. These mechanisms are associated to a broad spectrum of activation states, 42 

which are in turn related to molecular changes and adaptations 4. One of these adaptive 43 

mechanisms is the metabolic reprogramming of microglia and other immune cells in 44 

response to immune activation 5–8. Similar to macrophages 6,7, microglia exposed to pro-45 

inflammatory stimulus shift their metabolism from oxidative phosphorylation 46 

(OXPHOS) to aerobic glycolysis 9,10, in an event similar to the Warburg effect suffered 47 

by cancer cells 7. This metabolic reprogramming is essential to activate cellular defense 48 

mechanisms and to manage various microenvironments in inflamed tissue 7,11–13.  49 

Moreover, these cells overexpress inflammatory markers such as interleukin-1β (IL-1β), 50 

tumour necrotic factor α (TNFα), or inducible nitric oxide synthase (iNOS), which takes 51 

part in the metabolism of arginine. In contrast, macrophages exposed to anti-52 

inflammatory stimuli are primarily characterized by oxidative phosphorylation and 53 

increased fatty acid oxidation for ATP synthesis 6,12, a fact that has not been corroborated 54 

in microglia cells. This anti-inflammatory activation is commonly accompanied by an 55 

increase in the expression of specific markers, such as arginase 1 (Arg1), which competes 56 

with iNOS to hydrolyse arginine to ornithine 14, or the mannose receptor (MNR). 57 

As mitochondria are crucial organelles in OXPHOS-related metabolism of the cells, we 58 

hypothesized that disbalances in their integrity or dynamics, may contribute to microglia 59 

metabolic reprogramming towards a glycolytic phenotype. Mitochondrial dynamics, 60 
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involving processes of both fusion and fission, are known to contribute to cell 61 

homeostasis and the maintenance of other mitochondrial functions 15. Basal 62 

mitochondrial fission is required for mitochondrial trafficking to synapses, mitochondrial 63 

quality control, and brain development 16. Misbalances in these dynamic mechanisms are 64 

thought to contribute to the development of various neurological disorders 17–19. 65 

Moreover, these processes are associated to the production of reactive oxygen species 66 

(ROS). Mitochondrial fission is triggered by the dynamin-related protein 1 (Drp-1) 67 

recruitment from the cytosol to the outer mitochondrial membrane, which is mediated by 68 

different adaptor proteins 20,21. Lately, the pharmacological inhibition of Drp1 with the 69 

mitochondrial division inhibitor 1 (Mdivi-1), a quinazonilone derivative, has become a 70 

promising strategy to analyse the physiological and pathological role of mitochondrial 71 

fission 22.  72 

We tested whether mitochondria are functionally affected during metabolic 73 

reprogramming conditions. Moreover, we assessed whether mitochondrial fission is 74 

involved in microglia metabolic reprogramming. We used Mdivi-1 to block Drp1-75 

dependent mitochondrial fission in vitro, and found that whereas this inhibition leads to 76 

a modulation of the expression of inflammatory markers in microglial cells, this is not 77 

sufficient to alter the metabolic switch suffered by the cells, in sharp contrast with the 78 

results reported in a previous study 9. Furthermore, as Mdivi-1 treatment generated a 79 

decrease in iNOS expression, we have assessed whether this outcome was capable to 80 

favour a repolarization process in microglia.  81 
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MATERIALS AND METHODS 82 

Animals 83 

All experiments were performed according to the procedures approved by the Ethics 84 

Committee of the University of the Basque Country (UPV/EHU). Animals were handled 85 

in accordance with the European Communities Council Directive, and were kept under 86 

conventional housing conditions (22 ± 2°C, 55 ± 10% humidity, and 12-h day/night cycle) 87 

at the UPV/EHU animal facilities. The study was carried out in compliance with the 88 

ARRIVE guidelines. All possible efforts were made to minimize animal suffering and the 89 

number of animals used. 90 

Microglial culture 91 

Primary mixed glial cultures were prepared from the cerebral cortex of neonatal rats (P0-92 

P2). After 10-15 days in culture, microglia were isolated by mechanical shaking (400 93 

rpm, 1h) and purified by plating them on non-coated bacterial grade Petri dishes (Sterilin; 94 

Thermo Fisher), as previously described 23. Microglial cells obtained with this procedure 95 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented 96 

with 10% Fetal Bovine Serum (FBS; Gibco).  97 

Microglial cells were polarized with specific stimuli. To generate an anti-inflammatory 98 

phenotype in these cells, they were treated for 24 hours with IL-4 (20 ng/ml; Peprotech) 99 

and IL-13 (50 ng/ml; Peprotech). On the other hand, pro-inflammatory microglia were 100 

generated with a treatment of both LPS (10 ng/mL; Sigma-Aldrich) and IFNγ (20 ng/ml; 101 

Peprotech) 24 hours. In the experiments for the study of the pro-inflammatory activation 102 

time course, the LPS+IFNγ treatment was maintained for 2, 6 or 24 hours. The 103 

repolarization protocol implied a 24h pro-inflammatory activation followed by the 104 

treatment with the anti-inflammatory stimuli for the same amount of time. 105 
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Immunofluorescence analysis 106 

Several immunocytochemistry (ICC) assays were performed on the cells in different 107 

conditions. Cells in culture were fixed in 4% p-formaldehyde (PFA) in PBS and processed 108 

for ICC as previously described 24. Primary antibodies were used as follows to: Iba1 109 

(1:500, Wako), iNOS (1:500, BD Bioscience), a pro-inflammatory marker, and mannose 110 

receptor C type 1 (MRC1; 1:1000, Abcam), specific for anti-inflammatory cells. As 111 

secondary antibodies, we used goat anti-rabbit Alexa Fluor 488 (1:250 Invitrogen) and 112 

goat anti-mouse Alexa Fluor 594 (1:250, Invitrogen). The morphology of microglial cells 113 

was analyzed using the Iba1 immunofluorescence, as the whole soma was stained by it. 114 

The circularity of the cell was calculated as defined in the ImageJ software; a circular 115 

shape would approach a value of 1. All the image analysis was performed with the ImageJ 116 

software (NIH). Immunoreactivity of the different markers was calculated as the 117 

fluorescence intensity normalized to the number of cells in the selected field of view.  118 

Cell viability assays 119 

Microglial viability was assessed using both the calcein-AM dye (Invitrogen) and the 120 

Cytotox 96® Non-Radioactive Cytotoxicity Assay (Promega).  121 

For the performance of the calcein assay, cells were incubated with 0.5 μM of the dye for 122 

30 minutes at 37º C. The wells were then washed with PBS and the number of viable cells 123 

were calculated with a Synergy HT fluorimeter/spectrophotometer reader (Bio-Tek) with 124 

485 nm excitation and at 528 nm of emission wavelengths. A well with PBS was also 125 

measured in each experiment to subtract its values as a background control. The results 126 

are expressed as the relative percentage of cellular death with respect to non-treated 127 

microglial cells.  128 
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For the Cytotox 96® Non-Radioactive Cytotoxicity Assay, culture supernatants were 129 

harvested from the plate, mixed with the specific Assay Buffer and incubated for 30 130 

minutes at 37º C. The reaction was then stopped and the absorbance at 490 nm was 131 

immediately recorded in the fluorimeter. The levels of absorbance are associated with the 132 

amount of lactate dehydrogenase in the medium, a stable cytosolic enzyme that is released 133 

upon cellular death and its consequent lysis. All the data obtained through both assays 134 

was analysed using Gen5 software (Bio-Tek).  135 

Quantitative RT-PCR 136 

Total RNA of microglial cells was extracted using Trizol (Invitrogen) according to the 137 

manufacturer’s instructions. Afterwards, 1 μg of this RNA was used to perform a 138 

retrotranscription protocol, using SuperScript III retrotranscriptase (200 U/μl; Invitrogen) 139 

and random hexamers as primers (Promega).  140 

Real-time quantitative PCR reactions (qPCRs) were conducted in a Bio-Rad CFX96 real-141 

time PCR detection system, as previously described 25. The reactions were performed 142 

using SYBR-Green as a DNA-binding dye, and specific primers for anti-inflammatory 143 

and pro-inflammatory markers (Table 1). These primers were designed using Primer 144 

Express software (Applied Biosystems) at exon junctions to avoid genomic DNA 145 

amplification. The cycling conditions comprised 3 minutes of polymerase activation at 146 

95°C and 40 cycles consisting of 10 seconds at 95°C and 30 seconds at 60ºC. After every 147 

qPCR reaction, the melting curve was assessed in order to check the specificity of the 148 

amplification. The amount of cDNA was quantified using a standard curve from a pool 149 

of cDNA obtained from the different conditions of each experiment. Subsequently, the 150 

results were normalized using a normalization factor, based on the geometric mean of 151 

housekeeping genes (Table 1), obtained for each condition using the GeNorm v3.5 152 

software 26.  153 
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Mitochondrial membrane potential and mitochondrial calcium measurements 154 

For quantification of mitochondrial membrane potential, microglial cells were loaded 155 

with quenching concentrations of Rhodamine 123 (Rh123; 10 µM) for 20 min in medium 156 

without phenol red. After this, microglia were washed for 10 minutes in the same medium. 157 

Living cell imaging was performed with a 63x objective in an inverted Leica LCS SP2-158 

AOBS confocal microscope at an acquisition rate of 1 frame every 15 seconds for 5 min. 159 

After obtaining some basal images, FCCP (1 µM), an uncoupler of the mitochondrial 160 

oxidative phosphorylation, was added to the plates and the increase in the Rh123 161 

fluorescence level was measured to determine the membrane potential. For each plate, a 162 

homogenous population of approximately 20 cells was selected in the field of view, and 163 

the background fluorescence signal was subtracted from the individual values.  164 

For the measurement of the mitochondrial calcium content time-lapse images were 165 

acquired using a 63X objective in a Leica TCS STED CW SP8 confocal microscope, at 166 

an acquisition rate of 1 frame every 15 seconds for 5 min. Cells were loaded with 1 µM 167 

Fluo-4 (Thermo Fisher) in HBSS (Ca2+- and Mg2+-free) with 0.5 µM EGTA for 30 168 

minutes at 37ºC. Subsequently, microglial cells were washed and after obtaining some 169 

basal images, 1 µM FCCP was added to depolarize the mitochondrial membrane and force 170 

the release of Ca2+ from mitochondrial matrix to the cytosol. The analysis was made as 171 

above.  172 

Mitochondrial morphology analysis 173 

For the quantification of mitochondrial length, living cell imaging was performed on 174 

microglial cells, loaded with Rhodamine 123 (Rh123; 50 nM) for 20 min. Mitochondrial 175 

images were taken using a Zeiss LSM800 confocal microscope at 40X magnification and 176 

a pixel resolution of 1024x1024, and analyzed using the Object Analyzer tool of Huygens 177 
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image analysis software (Scientific Volume Imaging, B.V, version 20.10). First, 178 

background noise was removed using the maximum fluorescence intensity value of 179 

Rhodamine 123 in the nuclear region.  Afterwards, a size filter was applied to remove 180 

objects smaller than mitochondria (38 voxels = 0.06 µm3) 27. Next, a watershed 181 

segmentation was performed using a Sigma value of 0.2 to separate objects that were not 182 

discriminated in the raw images due to the inherent resolution limit of confocal 183 

microscopy. After this pre-processing, the average length of each mitochondrial object 184 

per cell was calculated.  185 

Oxygen consumption rate analysis 186 

Real time measurements of oxygen consumption rate (OCR), extracellular acidification 187 

rate (ECAR) and glycolytic proton efflux rate (glycoPER) were performed using a 188 

Seahorse XFe96 Extracellular Flux Analyzer (Agilent), following manufacturer’s 189 

instructions to carry out the XF Cell Mito Stress Test Kit or the XF Glycolytic Rate Assay 190 

Kit (Agilent). Microglia cells were seeded as a monolayer in the XF96 microplate. Before 191 

the assay, cells were washed and equilibrated in the XF Assay modified DMEM medium 192 

for 30 minutes at 37ºC.  193 

For the performance of the XF Cell Mito Stress Test Kit, the real levels of OCR were 194 

determined in response to the sequential addition of oligomycin (2 M), FCCP (1 M) 195 

and rotenone/antimycin A (0.5 M). Specifically, basal mitochondrial respiration was 196 

calculated subtracting OCR rate after rotenone/antimycin A addition from basal OCR. as 197 

the last measurement before addition of oligomycin – non-mitochondrial respiration 198 

(minimum rate measurement after the treatment with rot/antA). The spare respiratory 199 

capacity was obtained by subtracting the basal respiration level from the maximum rate 200 
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measurement after addition of FCCP. ATP-linked OCR was determined by subtracting 201 

oligomycin-induced OCR from basal OCR.  202 

For the measurement of the basal glycoPER, the XF Glycolytic Rate Assay Kit was 203 

carried out. This test includes the sequential addition of rotenone/antimycin A (0.5 M), 204 

and 2-deoxyglucose (2-DG; 50 mM). The glycoPER corresponds to the proton efflux rate 205 

derived from glycolysis (discounting the effect of CO2-dependent acidification, included 206 

in the ECAR measurement) All these parameters were obtained using the specific Agilent 207 

Report Generator. For each single experiment, eight replicates were performed.  208 

 

Data analysis  209 

All the data shown in the figures are presented as the mean ± SEM. All the statistical 210 

analyses were performed with GraphPad Prism 8.0 (GraphPad Software, Inc.). 211 

Specifically, every comparison between two groups was analysed using paired Student’s 212 

two-tailed t-test. Comparison among multiple groups were analysed by one-way analysis 213 

of variance (ANOVA) followed by Bonferroni’s multiple comparison tests for post hoc 214 

analysis. Statistical significance was considered at p < 0.05. 215 



11 

 

RESULTS 216 

Metabolic reprogramming in microglia is not associated to mitochondrial damage  217 

To test whether microglia metabolic reprogramming from OXPHOS to glycolysis upon 218 

pro-inflammatory stimulation is associated to mitochondrial damage, we set up an in vitro 219 

protocol to study the metabolic switch and we measured oxygen consumption rate (OCR) 220 

and extracellular acidification rate (ECAR) in real time as indicative of mitochondrial 221 

respiration and glycolysis respectively. Cells treated with classical pro-inflammatory 222 

stimuli (LPS and IFNγ) showed a flat profile regarding OXPHOS, and all the parameters 223 

(basal OCR, ATP-linked respiration and spare respiratory capacity) related to this 224 

molecular process were practically abolished (Fig. 1A), as previously described 28. This 225 

suggests a metabolism shift from OXPHOS to glycolysis in order to rapidly obtain 226 

energy. Conversely, microglia treated with anti-inflammatory factors (IL-4 and IL-13) 227 

showed a significant increase in basal OCR, spare respiratory capacity and ATP-linked 228 

respiration, thus, indicating that mitochondrial OXPHOS was boosted. In contrast, ECAR 229 

measurement showed an increase in basal glycolysis in both pro-inflammatory and anti-230 

inflammatory microglia (Fig. 1B), suggesting that activated microglia have higher 231 

energetic demands. Moreover, inhibition of mitochondrial F0F1-ATP synthase with 232 

oligomycin, thus blocking OXPHOS, increased glycolytic rate in control and anti-233 

inflammatory microglia but not in pro-inflammatory microglia (Fig. 1B). Finally, the 234 

basal ratio between mitochondria OCR (mitoOCR) and the glycolytic proton efflux rate 235 

(glycoPER) was significantly inhibited in pro-inflammatory microglia (Fig. 1C). These 236 

results further support the idea that pro-inflammatory microglia metabolism relies 237 

exclusively on glycolysis.  238 

In other immune cells, such as dendritic cells, the metabolic switch to glycolysis occurs 239 

within minutes after TLR activation with LPS 29. However, microglia acute treatment 240 
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with LPS did not induce any change in OCR (Fig. 1D). Time course analysis 241 

demonstrated that the metabolic switch began to occur at 2h, was clear at 6h and 242 

completed at 24h (Fig. 1E). 243 

Since OXPHOS takes place in the mitochondrial inner membrane and it is determinant 244 

for H+ movement and mitochondrial membrane potential (Ψm) maintenance, the arrest 245 

of mitochondrial OXPHOS by pro-inflammatory stimuli could induce a collapse in Ψm. 246 

To check whether mitochondrial membrane potential was altered in microglia treated 247 

with pro-inflammatory stimuli, we performed live cell imaging of Rhodamine 123 248 

(Rh123) fluorescent dye in microglia under “quenching” conditions 30. Addition of the 249 

mitochondrial oxidative phosphorylation uncoupler FCCP provoked the release of Rh123 250 

from the mitochondria and consequently increased its cytoplasmic fluorescence two-fold 251 

over baseline (100%) in control microglia as well as in microglia treated with LPS + IFNγ 252 

(Fig. 2A), indicating that basal mitochondrial potential is maintained in pro-inflammatory 253 

microglia despite the arrest of OXPHOS. To further assess mitochondrial integrity we 254 

measured resting [Ca2+]mit by recording [Ca2+]cyt upon addition of FCCP in the absence 255 

of extracellular Ca2+, which is indicative for [Ca2+]mit 31. Again, we observed no 256 

significant differences in the release of mitochondrial calcium to the cytosol after the 257 

addition of FCCP (Fig. 2B). Moreover, pro-inflammatory stimulation of microglia 258 

induced a significant increase in reactive oxygen species (ROS) production, as revealed 259 

with the dichlorofluorescein diacetate (DCFDA) dye (Fig. 2C), despite the blockage of 260 

OXPHOS. All these results suggest that pro-inflammatory activation and its subsequent 261 

lack of OXPHOS activity in microglia is not related to and it does induce any 262 

mitochondrial dysfunction or alteration in mitochondrial membrane potential.  263 

Maintaining mitochondrial membrane potential is essential to prevent the release of pro-264 

apoptotic factors into the cytosol and subsequent cell death. Indeed, despite the blockage 265 
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of OXPHOS, LPS plus IFN stimulation did not induce any significant microglia cell 266 

death (Fig. 2D). We hypothesized that Ψm could be maintained in cells with respiration 267 

inhibited by the reverse operation of F0F1-ATP synthase and the adenine nucleotide 268 

translocase (ANT), which pump H+ out of the matrix 32. To test this hypothesis, we 269 

analysed the impact of the F0F1-ATP synthase and ANT in cell viability and Ψm. Indeed, 270 

treatment of LPS + IFNγ stimulated microglia with oligomycin, a F0F1-ATP synthase 271 

inhibitor, induced a significant increase in microglia cell death (Fig. 2D). In contrast, 272 

bongkrekic acid, an inhibitor of ANT 33, did not induce microglia cell death (Fig. 2D). 273 

Accordingly, a role of F0F1-ATP synthase in mitochondrial Ψm maintenance in pro-274 

inflammatory microglia was further corroborated by live cell imaging of 275 

tetramethylrhodamine ethyl ester (TMRE), a fluorescent dye that accumulates in active 276 

mitochondria. Addition of oligomycin induced a significant decrease in Ψm in pro-277 

inflammatory microglia but not in control microglia (Fig. 2E), supporting the idea that 278 

the former’s mitochondrial integrity depends on the activity of the ATP synthase. 279 

  

Mitochondrial fission inhibition does not reverse mitochondrial metabolic 280 

reprogramming  281 

Previous data have showed that activation of microglia with LPS induced a transient 282 

shortening of mitochondria by fission at 2h. Similarly, we detected a shortening of 283 

mitochondrial length at 2h after LPS + IFNγ treatment, an effect that was reverted in the 284 

presence of the mitochondrial fission inhibitor Mdivi-1 9,34 (Figure S1). Since microglia 285 

metabolic switch has been associated previously to mitochondrial fission 9, we further 286 

analysed this hypothesis in our cultures using Mdivi-1. First, we assessed whether the 287 

Mdivi-1 treatment would have an effect on microglia itself. A 24h-treatment with Mdivi-288 
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1 (50 µM) provoked a morphological change in microglia with a significant  increase in 289 

cytoplasm circularity, indicating that Mdivi-1 treatment induces an amoeboid 290 

morphology (Fig. 3A). Although this characteristic is generally associated with cell 291 

activation, we found no differences in the basal expression of pro-inflammatory (iNOS) 292 

or anti-inflammatory markers (mannose receptor, MNR) (Fig. 3B), nor in cell viability 293 

(Fig. 3C). However, Mdivi-1 reduced significantly the increased expression of iNOS in 294 

response to LPS and IFNγ stimulation (Fig. 3D). We further analysed by qPCR the 295 

expression of different pro-inflammatory mediators. Treating microglia with LPS + IFN-296 

γ induced an increase in all the pro-inflammatory genes expression assessed (Ccl2, Il1b, 297 

iNOS) with respect to control cells, and also the expression of arginase-1 (Arg1), an anti-298 

inflammatory mediator which is known to carry an opposite function to iNOS regarding 299 

cellular metabolism 14. The treatment with Mdivi-1 significantly reduced pro-300 

inflammatory mediators overexpression as well as that of Arg1 (Fig. 3E). These results 301 

suggest that Drp1-dependent mitochondrial fission is potentially involved in microglial 302 

activation.  303 

Next, we checked whether the impact of Mdivi-1 on microglial activation could affect 304 

microglia metabolic reprogramming. In addition to the blockage of drp-1 mitochondrial 305 

fission, Mdivi-1 could inhibit acutely and reversibly mitochondrial complex I in neurons 306 

35. To determine the direct impact of Mdivi-1 on microglial bioenergetics, we treated 307 

microglia with Mdivi-1 for 1h and 24h and we measured microglial OCR. We also 308 

observed a reduction in mitochondrial respiration at 1h, however the effect was transient 309 

and disappeared at 24h (Fig. 4A, B). Next, we analysed the impact of Mdivi-1 on the 310 

metabolic switch of pro-inflammatory microglia. Treatment with Mdivi-1 did not 311 

increase OCR levels in cells stimulated with LPS and IFNγ, to recover the normal 312 

bioenergetics profile (Fig. 4B). These results indicate that, although Drp1-mediated 313 
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mitochondrial fission could modulate or contribute to microglia activation, it does not 314 

play an active role in the metabolic switch produced in inflammatory paradigms.  315 

Mdivi-1 treatment does not improve microglial repolarization  316 

Redirection of microglia from a detrimental to a regenerative phenotype is a major 317 

concept to develop new therapies targeting these cells 36. Nitric oxide (NO), the product 318 

of iNOS activity, blunts mitochondrial respiration of pro-inflammatory macrophages and 319 

this dysfunction prevents editing macrophage towards an anti-inflammatory phenotype. 320 

Thus, inhibiting NO production improves mitochondrial metabolic impairment and  321 

macrophages reprogramming towards an anti-inflammatory phenotype 37. Given that 322 

Mdivi-1 reduced iNOS expression in pro-inflammatory microglia, we assessed the 323 

capacity of Mdivi-1 to promote repolarization in microglia. To that end, microglia cells 324 

were primed for 24 hours with LPS+IFN (with or without Mdivi-1, to reduce NO 325 

production), and then treated 24h with anti-inflammatory cytokines (see scheme on Fig. 326 

5A). We first compared the IL-4+IL-13-induced response in cells previously primed with 327 

LPS+IFNwith the response of cells exposed to anti-inflammatory stimulus only. After 328 

exposure to IL-4+IL-13, microglia primed with LPS+IFN exhibited efficient 329 

upregulation in the expression of the anti-inflammatory marker mannose receptor and 330 

downregulation in the expression of iNOS (Fig. 5B). The expression of iNOS and MNR 331 

were further reduced or increased respectively in cells treated with Mdivi-1 during 332 

LPS+IFN priming (Fig. 5B). When the metabolic profile of the cells was assessed using 333 

Seahorse XFe96 Analyzer, we observed that microglia primed with LPS+IFN recovered 334 

partially the mitochondrial respiration after exposure to IL-4+IL-13. However, Mdivi-1 335 

treatment during LPS+IFN priming did not further enhance the final OCR and therefore 336 
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the OXPHOS activity (Fig. 5C). These results do not support the implication of 337 

mitochondrial dynamics in the repolarization process of microglia.   338 

 

DISCUSSION 339 

Immunometabolism has recently emerged as an important focus of research, as it opens 340 

a novel therapeutic approach for inflammatory and autoimmune diseases. To conduct 341 

some responses, effector immune cells such as microglia/macrophages undergo a 342 

metabolic reprogramming process 5,7. Here, we have monitored this effect in primary 343 

microglia and its consequences in mitochondrial integrity; moreover, we have checked 344 

whether this metabolic switch is associated to mitochondrial fission. It is noteworthy to 345 

mention that the ablation of oxidative phosphorylation in active cells is not due to a 346 

challenge to mitochondrial integrity. Moreover, we have shown that Drp1-dependent 347 

mitochondrial fission, although potentially involved in microglial activation, does not 348 

play an essential role in metabolic reprogramming of microglia.  349 

Upon pro-inflammatory stimulation, cells are able to redirect their entire metabolic 350 

processes to the glycolytic pathway, in order to rapidly obtain energy. This process is an 351 

outcome of different molecular pathways; nevertheless, the precise mechanisms involved 352 

are yet to be defined. Here, we have observed that even though the oxidative 353 

phosphorylation machinery is completely halted, this is not associated to mitochondrial 354 

damage or dysfunction nor with microglia cell death. This is opposed to what was 355 

observed when the Warburg effect was firstly described; he hypothesized that 356 

dysfunctional mitochondria would be the reason underlying the switch in metabolism and 357 

eventually, the development of cancer cells.  38. Indeed, recent studies have highlighted 358 

the importance of mitochondria regarding the production of ROS as agents to support not 359 
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only the development of cancer cells but also the pro-inflammatory state of macrophages 360 

39,40. Thus, toll like receptor activation in macrophages induced mitochondrial ROS 361 

generation, an essential step for efficient intracellular bacteria killing 40. We observed that 362 

Ψm was maintained in pro-inflammatory microglia through the reverse operation of 363 

F0F1-ATP synthase and that this protects microglia from cell death. Indeed, the blockage 364 

of complex I, III and IV abolishes H+ translocation and it would lead to a transient drop 365 

in Ψm. However, the F1 subunit of F0F1-ATP synthase can hydrolyse mitochondrial 366 

ATP under these circumstances and drives the F0-rotor to pump H+ out of the matrix to 367 

be able to maintain the Ψm  41. Thus, the mitochondria of pro-inflammatory microglia 368 

would become consumers, rather than ATP generators, further increasing the energetic 369 

demand of these cells 42. We have not found any essential role in the ANT reversal 370 

activity, which has also been described as key in the Ψm maintenance process in similar 371 

paradigms 32.Signalling events mediated by extracellular signals can regulate the 372 

metabolic pathways in immune cells, such as macrophages or microglia 43. Accordingly, 373 

diverse cellular functions have been associated to metabolic reprogramming, including 374 

those related to mitochondrial function in general. Previous data suggested that 375 

mitochondrial dynamics contribute to this mechanism 9. Our results demonstrated that 376 

Mdivi-1, a mitochondrial fission inhibitor a putative division inhibitor, reduced the 377 

enhancement of markers associated to microglial activation after LPS and IFN-γ 378 

exposure. This effect on microglial activation is in agreement with other studies, even in 379 

other paradigms of treatment 9,34. Drp1-mediated mitochondrial fission has been 380 

associated to enhanced activation of both p38 and NF-κβ, both mediators of signalling 381 

cascades leading to the expression of pro-inflammatory genes, in a paradigm of diabetic 382 

nephropathy 44. Moreover, blocking Drp1-dephosphorylation with oleuropein reduced the 383 

production of pro-inflammatory factors in microglia as well 45. In contrast, blockage of 384 
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mitochondrial fission with Mdivi-1 did not avoid the microglial metabolism switch to 385 

glycolysis upon LPS+ IFN-γ exposure, nor did it provoke any effect in the control cells. 386 

We concluded that mitochondria fission does not contribute to the metabolic switch in 387 

microglia. This result is apparently at odd with previous results 9. The contradiction may 388 

be explained in the basis of the different paradigm used; in this study, microglia is 389 

exposed to Mdivi-1 as a pre-treatment, before the stimulation with LPS.  390 

Distinct arginine metabolism plays a key role in the metabolic plasticity of immune cells. 391 

Pro-inflammatory microglia convert arginine into NO trough iNOS activity, increased in 392 

this phenotype 14,46. It has been described that the upregulation of iNOS and the resulting 393 

generation of NO contributes to the impairment of mitochondrial respiration both in 394 

immune cells as well as in astrocytes 47,48.  Moreover, editing macrophage and microglia 395 

(re)polarization is emerging as a new therapeutic approach and iNOS have been described 396 

as a target. Thus, iNOS inhibition improve metabolic and phenotypic reprograming to 397 

anti-inflammatory macrophages 37. Despite that Mdivi-1 treatment consistently reduced 398 

iNOS expression in pro-inflammatory microglia as well as we did not detect any 399 

significant improvement on mitochondrial respiration. There are two possible 400 

interpretations. The complete blockage of iNOS activity and total abolishment of NO 401 

production, as observed with the iNOS inhibitor 1400W , could be required to prevent the 402 

metabolic switch 49. In this sense, Mdivi-1 only partially reduced iNOS expression in pro-403 

inflammatory microglia. Alternatively, signalling pathways controlling metabolic switch 404 

could differ from those regulating phenotypic and inflammatory expression. Indeed, 405 

iNOS inhibition does not affect phenotypic polarization of cells, nor the inflammatory 406 

cytokine secretion of macrophages 37. Accordingly, the effect of Mdivi-1 on pro-407 

inflammatory gene expression does not produce any change on metabolism. For instance, 408 

Mdivi-1 rapidly and reversible attenuated complex I-dependent reverse electron transfer-409 
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mediated reactive oxygen species (ROS) production by brain mitochondria oxidizing 410 

succinate 20.  411 

CONCLUSIONS 412 

In summary, the present study sheds some light into the role of mitochondria in the 413 

metabolic reprogramming process in microglia. Pro-inflammatory stimuli dampen 414 

mitochondrial function without compromising their integrity and our results point to F0F1-415 

ATP synthase as a key regulator of mitochondrial potential and cell viability maintenance 416 

in these conditions. However, we concluded that mitochondrial dynamics, fusion-fission, 417 

although potentially involved in pro-inflammatory gene expression, do not contribute to 418 

microglial glycolytic switch after pro-inflammatory stimulation.  419 
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Table 1 554 

Target gene Forward sequence (5’->3’) Reverse sequence (5’->3’) 

Arg1 GGATTGGCAAGGTGATGGAA CGACATCAAAGCTCAGGTGAA 

Ccl2 AGCAGCAGGTGTCCCAAA TTCTTGGGGTCAGCACAGAC 

Il1b TGGCAACTGTTCCTGAACTCA GGGTCCGTCAACTTCAAAGAAC 

Nos2 GAGGAGCAGGTGGAAGACTA GGAAAAGACTGCACCGAAGATA 

Housekeeping gene Forward sequence (5’->3’) Reverse sequence (5’->3’) 

Hprt2 CAGTACAGCCCCAAAATGGTTA AGTCTGGCCTGTATCCAACA 

Ppia AGGGTTCCTCCTTTCACAGAA TGCCGCCAGTGCCATTA 

 

Table 1. List of primers for quantitative real-time PCR. Primers were designed using Primer 555 

Express software (Applied Biosystems) at exon junctions to avoid genomic DNA amplification  556 
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FIGURES  557 

Figure 1. Robust metabolic reprogramming to glycolytic pathway after 24 hours of 558 

pro-inflammatory stimulation in microglia  559 

(A) Representative experiment of OCR measurements in control microglia and in microglia 560 

after 24 hours of pro-inflammatory (LPS + IFNγ) and anti-inflammatory (IL-4 + IL-13) 561 

stimulations. Histograms show metabolic parameters obtained by the analysis of this 562 

metabolic profile compared to control cells (n = 7 independent experiments).  563 

(B) ECAR measurement obtained by the secretion of lactate of control microglia and 564 

microglia after 24-hour incubation with pro- and anti-inflammatory factors (n = 7). 565 

Histograms show the basal level of this parameter as well as the increase provoked by the 566 

acute treatment with oligomycin, relative to the control cells. Statistical analysis was 567 

performed by one-way ANOVA followed by Bonferroni post-hoc test.  568 

(C) Ratio between the basal OCR and the basal glycoPER control and both pro-inflammatory 569 

and anti-inflammatory microglia after 24 hours of stimulation. These parameters were 570 

obtained using the XF Glycolytic Rate Assay test (n = 3 independent experiments). 571 

(D) Metabolic profile of microglia after acute treatment with LPS and IFNγ (n = 3) 572 

(E) Metabolic profile of microglia treated during different time lapses with LPS and IFNγ. 573 

Histograms shows the metabolic parameters compared to control cells (n = 3). 574 

Data are presented as means ± SEM. *p < 0.05, **p < 0.005, ***p < 0.001. Unless otherwise 575 

stated, Student’s t-test was used to analyse the data. 576 
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 577 

 578 

Figure 2.  Pro-inflammatory microglia maintain mitochondrial integrity upon 579 

ATPase activity blockade 580 



29 

 

(A) Measurement of mitochondrial potential, represented as the increase in cytoplasmic 581 

Rh123 fluorescence measured after acute exposure to FCCP in control and LPS+IFNγ 582 

treated microglia (n = 50-75 cells from three independent experiments). 583 

(B) Measurement of mitochondrial-specific calcium represented as the increase in 584 

cytoplasmic Fluo-4 fluorescence in a Ca2+-free medium, after exposure to FCCP, in 585 

control and LPS+IFNγ treated cells (n = 50-75 cells from three independent experiments). 586 

(C) Reactive oxygen species quantification in control and pro-inflammatory cells (n = 3 587 

experiments performed in triplicate).  588 

(D) Microglial viability after 24-hour treatment with LPS+IFNγ, oligomycin and/or 589 

bongkrekic acid, compared to control cells. One-way ANOVA followed by Bonferroni 590 

post-hoc analysis (n = 3 experiments performed in triplicate).  591 

(E) Effect of ATPase inhibitor oligomycin in mitochondrial potential of control and 592 

LPS+IFN-γ treated cells (n = 70-80 cells from three independent experiments).  593 

Data are presented as means ± SEM. *p < 0.05, **p < 0.005, ***p < 0.001. Unless otherwise 594 

stated, Student’s t-test was used to analyze the data. 595 

  596 

597 
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  598 

Figure 3. Mitochondrial fission inhibition reduces the microglial inflammatory 599 

markers  600 
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(A) Representative images of Iba1+ control and Mdivi-1 treated microglia. Right column 601 

shows Iba1+ and DAPI staining (merge). Scale bar = 25 µm. Histogram represents the 602 

circularity of the cells as calculated by ImageJ software (n = 200 cells from three 603 

independent experiments).  604 

(B) Expression of anti-inflammatory (MNR) and pro-inflammatory mediators (iNOS) in 605 

control and Mdivi-1 treated microglia (n = 4 independent experiments performed with 606 

duplicates).  607 

(C) Microglial viability in control and Mdivi-1 cells, measured by both calcein assay and the 608 

quantification of LDH release to the medium, indicative of cell death (n = 3 experiments 609 

performed in triplicate). 610 

(D) Representative immunostaining of MNR and iNOS in control microglia, as well as in 611 

cells treated with LPS+IFNγ or Mdivi-1 and LPS+IFNγ. Scale bar = 40 µm. Histograms 612 

represent the mean fluorescence of the staining per cell (n = 4 independent experiments 613 

performed with duplicates). One-way ANOVA followed by Bonferroni post-hoc 614 

analysis. 615 

(E) Quantitative real time PCR (qRT-PCR) of pro-inflammatory (left) and an anti-616 

inflammatory mediators (right) in control microglia, as well as in microglia treated with 617 

Mdivi-1, LPS+IFNγ, and Mdivi-1 + LPS+IFNγ (n = 4 experiments performed in 618 

duplicate). Data are expressed relative to the expression in LPS+IFNγ. One-way ANOVA 619 

followed by Bonferroni post-hoc analysis. 620 

Data are presented as means ± SEM. *p < 0.05, **p < 0.005, ***p < 0.001. Unless otherwise 621 

stated, Student’s t-test was used to analyze the data. 622 

 623 

624 
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 625 

Figure 4. Mitochondrial fission inhibition does not reverse mitochondrial metabolic 626 

reprogramming  627 

(A) Metabolic profile of control and microglia treated for 1 hour with Mdivi-1 (above). 628 

Histogram shows the metabolic parameters related to OCR of Mdivi-1 treated cells, 629 

compared to the control ones (n = 3).  630 

(B) Metabolic profile of control microglia, as well as microglia treated for 24 hours with 631 

Mdivi-1, LPS+IFNγ and Mdivi-1 + LPS+IFNγ. Histograms show the metabolic 632 

parameters related to OCR compared to control microglia (n = 3). 633 

Data are presented as means ± SEM. *p < 0.05, ***p < 0.001. One-way ANOVA followed by 634 

Bonferroni post-hoc analysis. 635 
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Figure 5. Mdivi-1 treatment does not promote microglial repolarization  636 

(A) Scheme of the conditions used to study the role of Mdivi-1 in the repolarization capacity 637 

of microglia. Each treatment indicated lasts 24 hours. Anti-inflammatory microglia (ILs- 638 

treated) were compared to microglia that were primed for 24 hr with LPS + IFN before 639 

24 hr treatment with ILs.  640 

(B) Expression of anti-inflammatory (MRC1) and pro-inflammatory (iNOS) markers in every 641 

condition of the repolarization experiment. Histograms represent the mean ± s.e.m of the 642 

marker fluorescence intensity per cell (n =3 experiments performed in triplicate).  643 

(C) Metabolic profile (left) of microglia treated as schematized in subfigure A. Histograms 644 

(right) show metabolic parameters regarding OCR of the cells (n =3). Data was expressed 645 

as fold change versus control non-treated microglia.  646 

Data are presented as means ± SEM. *p < 0.05, **p < 0.005, ***p < 0.001. Student’s t-test. 647 

 

 

 

 

 

 

 



Figures

Figure 1

Robust metabolic reprogramming to glycolytic pathway after 24 hours of pro-in�ammatory stimulation in
microglia (A) Representative experiment of OCR measurements in control microglia and in microglia after
24 hours of pro-in�ammatory (LPS + IFNγ) and anti-in�ammatory (IL-4 + IL-13) stimulations. Histograms
show metabolic parameters obtained by the analysis of this metabolic pro�le compared to control cells
(n = 7 independent experiments). (B) ECAR measurement obtained by the secretion of lactate of control
microglia and microglia after 24-hour incubation with pro- and anti-in�ammatory factors (n = 7).
Histograms show the basal level of this parameter as well as the increase provoked by the acute
treatment with oligomycin, relative to the control cells. Statistical analysis was performed by one-way
ANOVA followed by Bonferroni post-hoc test. (C) Ratio between the basal OCR and the basal glycoPER
control and both pro-in�ammatory and anti-in�ammatory microglia after 24 hours of stimulation. These
parameters were obtained using the XF Glycolytic Rate Assay test (n = 3 independent experiments). (D)
Metabolic pro�le of microglia after acute treatment with LPS and IFNγ (n = 3) (E) Metabolic pro�le of
microglia treated during different time lapses with LPS and IFNγ. Histograms shows the metabolic
parameters compared to control cells (n = 3). Data are presented as means ± SEM. *p < 0.05, **p < 0.005,
***p < 0.001. Unless otherwise stated, Student’s t-test was used to analyse the data.



Figure 2

Pro-in�ammatory microglia maintain mitochondrial integrity upon ATPase activity blockade (A)
Measurement of mitochondrial potential, represented as the increase in cytoplasmic Rh123 �uorescence
measured after acute exposure to FCCP in control and LPS+IFNγ treated microglia (n = 50-75 cells from
three independent experiments). (B) Measurement of mitochondrial-speci�c calcium represented as the
increase in cytoplasmic Fluo-4 �uorescence in a Ca2+-free medium, after exposure to FCCP, in control and
LPS+IFNγ treated cells (n = 50-75 cells from three independent experiments). (C) Reactive oxygen species
quanti�cation in control and pro-in�ammatory cells (n = 3 experiments performed in triplicate). (D)
Microglial viability after 24-hour treatment with LPS+IFNγ, oligomycin and/or bongkrekic acid, compared



to control cells. One-way ANOVA followed by Bonferroni post-hoc analysis (n = 3 experiments performed
in triplicate). (E) Effect of ATPase inhibitor oligomycin in mitochondrial potential of control and LPS+IFN-
γ treated cells (n = 70-80 cells from three independent experiments). Data are presented as means ± SEM.
*p < 0.05, **p < 0.005, ***p < 0.001. Unless otherwise stated, Student’s t-test was used to analyze the data.

Figure 3

Mitochondrial �ssion inhibition reduces the microglial in�ammatory markers (A) Representative images
of Iba1+ control and Mdivi-1 treated microglia. Right column shows Iba1+ and DAPI staining (merge).
Scale bar = 25 μm. Histogram represents the circularity of the cells as calculated by ImageJ software (n =
200 cells from three independent experiments). (B) Expression of anti-in�ammatory (MNR) and pro-



in�ammatory mediators (iNOS) in control and Mdivi-1 treated microglia (n = 4 independent experiments
performed with duplicates). (C) Microglial viability in control and Mdivi-1 cells, measured by both calcein
assay and the quanti�cation of LDH release to the medium, indicative of cell death (n = 3 experiments
performed in triplicate). (D) Representative immunostaining of MNR and iNOS in control microglia, as
well as in cells treated with LPS+IFNγ or Mdivi-1 and LPS+IFNγ. Scale bar = 40 μm. Histograms represent
the mean �uorescence of the staining per cell (n = 4 independent experiments performed with duplicates).
One-way ANOVA followed by Bonferroni post-hoc analysis. (E) Quantitative real time PCR (qRT-PCR) of
pro-in�ammatory (left) and an anti-in�ammatory mediators (right) in control microglia, as well as in
microglia treated with Mdivi-1, LPS+IFNγ, and Mdivi-1 + LPS+IFNγ (n = 4 experiments performed in
duplicate). Data are expressed relative to the expression in LPS+IFNγ. One-way ANOVA followed by
Bonferroni post-hoc analysis. Data are presented as means ± SEM. *p < 0.05, **p < 0.005, ***p < 0.001.
Unless otherwise stated, Student’s t-test was used to analyze the data.

Figure 4

Mitochondrial �ssion inhibition does not reverse mitochondrial metabolic reprogramming (A) Metabolic
pro�le of control and microglia treated for 1 hour with Mdivi-1 (above). Histogram shows the metabolic
parameters related to OCR of Mdivi-1 treated cells, compared to the control ones (n = 3). (B) Metabolic
pro�le of control microglia, as well as microglia treated for 24 hours with Mdivi-1, LPS+IFNγ and Mdivi-1
+ LPS+IFNγ. Histograms show the metabolic parameters related to OCR compared to control microglia (n
= 3). Data are presented as means ± SEM. *p < 0.05, ***p < 0.001. One-way ANOVA followed by
Bonferroni post-hoc analysis.



Figure 5

Mdivi-1 treatment does not promote microglial repolarization (A) Scheme of the conditions used to study
the role of Mdivi-1 in the repolarization capacity of microglia. Each treatment indicated lasts 24 hours.
Anti-in�ammatory microglia (ILs- treated) were compared to microglia that were primed for 24 hr with
LPS + IFNγ before 24 hr treatment with ILs. (B) Expression of anti-in�ammatory (MRC1) and pro-
in�ammatory (iNOS) markers in every condition of the repolarization experiment. Histograms represent
the mean ± s.e.m of the marker �uorescence intensity per cell (n =3 experiments performed in triplicate).
(C) Metabolic pro�le (left) of microglia treated as schematized in sub�gure A. Histograms (right) show
metabolic parameters regarding OCR of the cells (n =3). Data was expressed as fold change versus
control non-treated microglia. Data are presented as means ± SEM. *p < 0.05, **p < 0.005, ***p < 0.001.
Student’s t-test.
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