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A B S T R A C T   

Background and aims: New treatments are needed to prevent neointimal hyperplasia that contributes to post- 
angioplasty and stent restenosis in patients with coronary artery disease (CAD) and peripheral arterial disease 
(PAD). We investigated whether modulating mitochondrial function using mitochondrial division inhibitor-1 
(Mdivi-1) could reduce post-vascular injury neointimal hyperplasia by metabolic reprogramming of macro-
phages from a pro-inflammatory to anti-inflammatory phenotype. 
Methods and Results: In vivo Mdivi-1 treatment of Apoe− /− mice fed a high-fat diet and subjected to carotid-wire 
injury decreased neointimal hyperplasia by 68%, reduced numbers of plaque vascular smooth muscle cells and 
pro-inflammatory M1-like macrophages, and decreased plaque inflammation, endothelial activation, and 
apoptosis, when compared to control. Mdivi-1 treatment of human THP-1 macrophages shifted polarization from 
a pro-inflammatory M1-like to an anti-inflammatory M2-like phenotype, reduced monocyte chemotaxis and 
migration to CCL2 and macrophage colony stimulating factor (M-CSF) and decreased secretion of pro- 
inflammatory mediators. Finally, treatment of pro-inflammatory M1-type-macrophages with Mdivi-1 metaboli-
cally reprogrammed them to an anti-inflammatory M2-like phenotype by inhibiting oxidative phosphorylation 
and attenuating the increase in succinate levels and correcting the decreased levels of arginine and citrulline. 
Conclusions: We report that treatment with Mdivi-1 inhibits post-vascular injury neointimal hyperplasia by 
metabolic reprogramming macrophages towards an anti-inflammatory phenotype thereby highlighting the 
therapeutic potential of Mdivi-1 for preventing neointimal hyperplasia and restenosis following angioplasty and 
stenting in CAD and PAD patients.   

1. Introduction 

Atherosclerotic coronary arterial disease (CAD) and peripheral 

arterial disease (PAD) are among the leading causes of death and 
disability worldwide [1]. Despite intensive research, there are no 
effective treatments for preventing the onset or progression of 
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atherosclerosis in these patients. Revascularization by angioplasty and 
stenting remain the main stay of treatment for many patients with CAD 
and PAD, but this procedure is associated with a significant risk of 
restenosis, the results of which are repeated episodes of revasculariza-
tion and increased likelihood of complications. The key contributor to 
post-angioplasty restenosis is tunica neointima hyperplasia and infil-
tration of inflammatory cells [2,3]. As such, new treatments are needed 
to inhibit neointimal hyperplasia to prevent post-angioplasty restenosis 
in CAD and PAD patients to improve health outcomes in these patients. 

Mitochondria regulate ROS generation, calcium handling, and ATP 
synthesis [4], processes implicated in cell migration, proliferation [5], 
and macrophage polarization during inflammation in the setting of CAD 
[6]. Metabolic adaptations have been shown to contribute to the po-
larization of macrophages into different macrophage phenotypes. 
Recent next-generation and single-cell RNA sequencing data have 
underscored the plasticity of macrophages and revealed a previously 
unanticipated variety of macrophage identities [7,8]. Still, the classical 
categorization into M1-like proinflammatory or M2-like anti-in-
flammatory phenotypes holds utility and has been demonstrated to be 
linked to metabolic adaptions of these cells. These divergent metabolic 
profiles play a pivotal role in dictating macrophage function within the 
atherosclerotic plaque microenvironment, often dominated by the 
proinflammatory M1-like state, which significantly contributes to pla-
que formation and progression [9]. The growing field of immunome-
tabolism has emerged as a promising frontier for manipulating the 
immune response, particularly by targeting mitochondrial metabolism. 

Notably, M1-like macrophages are characterized by augmented 
glycolysis and pentose phosphate pathway activity, leading to increased 
production of proinflammatory cytokines, and the accumulation of 
metabolites such as succinate, which can potentiate inflammation 
through HIF1α regulation. Conversely, M2-like macrophages favor 
mitochondrial oxidative phosphorylation and fatty acid oxidation, 
aligning with their anti-inflammatory and tissue repair functions [10]. 
This intricate interplay between macrophage polarization, mitochondria 
metabolism, and the dynamic plaque microenvironment underscores the 
importance of modulating immunometabolism to modulate the immune 
response [11]. In this context, mitochondrial division inhibitor-1 
(Mdivi-1), known initially for its ability to regulate mitochondrial 
fission by inhibiting the dynamin-related protein 1 (Drp1), a GTPase that 
regulates mitochondrial fission in different cell types, has exhibited 
beneficial effects in ameliorating cardiovascular diseases [12]. Howev-
er, Mdivi-1 is demonstrated to not be a specific human Drp1 inhibitor, 
but also targets mitochondrial Complex I, mediating reactive oxygen 
species (ROS) production [13]. Thus, Mdivi-1 can serve as a therapeutic 
candidate to modulate mitochondrial metabolism, offering innovative 
avenues to influence macrophage polarization and temper the inflam-
matory processes associated with atherosclerosis. 

Therefore, we hypothesized that modulating mitochondrial function 
to target inflammation can impact on the formation and progression of 
atheroma following mechanical vascular injury. In this regard, in this 
study, we tested the influence of Mdivi-1 [14,15] on neointimal hy-
perplasia and plaque inflammation and progression in a carotid 
wire-injury mouse model. 

2. Materials and methods 

2.1. Carotid artery wire-induced vascular injury mouse model 

All experiments were approved by the Biomedical Sciences Institute 
Singapore Institutional Animal Care Committee and were undertaken in 
compliance with the Recommendation of the American Heart Associa-
tion on Design, Execution, and Reporting of Animal Atherosclerosis 
Studies [16]. Male 10- to 12-week-old Apoe− /− mice (C57BL/6J back-
ground) were obtained from Charles River Laboratory (Italy) and 
maintained on a 12h dark-light cycle. Mice were placed on a high-fat 
diet (21% fat, 0.15% cholesterol: Altromin) for three weeks, starting 

one week before and continued until two weeks post-vascular injury. 
The wire-induced injury procedure was performed as previously 
described [17]. Briefly, mice were anesthetized (100 mg/kg ketamine 
hydrochloride/10 mg/kg xylazine intraperitoneal [IP]) and subjected to 
endothelial denudation of the left common carotid artery by inserting a 
0.36 mm guidewire through a transverse arteriotomy of the external 
carotid artery. Prior to surgery and up to three days post-surgery, 
analgesia was administered via subcutaneous injection of Buprenor-
phine (0.05–0.1 mg/kg). Apoe− /− mice continuously received Mdivi-1 
(1.2 mg/kg/day) or vehicle during the experiment using Alzet osmotic 
mini-pumps, subcutaneously implanted 1 day before surgery. 

2.2. Histology and immunofluorescence 

Two weeks after the vascular injury procedure, mice were anes-
thetized (100 mg/kg ketamine hydrochloride/10 mg/kg xylazine IP) 
and perfused in situ with 4% paraformaldehyde. The injured carotid 
arteries were excised, fixed in 4% para-formaldehyde, dehydrated, and 
embedded in paraffin. Arteries were subsequently cut in 5 μm serial 
transverse sections (9 sections/mouse, 50 μm apart) collected within a 
distance of up to 320 μm from the bifurcation, stained using Elastica-van 
Gieson, and the injury-related plaque areas (lumen, neointima and 
media) were measured by planimetry using Diskus Software (Hilgers) as 
previously described [18]. For each mouse, data from the nine sections 
were averaged to represent lesion formation along this standardized 
distance. Adjacent sections were used to assess cellular plaque content. 
Total cell quantification was performed by nuclei staining using DAPI, 
whereas visualization of endothelial cells, macrophages, and smooth 
muscle cells was achieved by immunofluorescence staining for CD31 
(cluster of differentiation 31; M-20; Santa Cruz Biotechnology), MAC-2 
(Galectin-3; M3/38; Cedarlane), or SMA (smooth muscle actin; 1A4; 
Dako), respectively, followed by secondary antibody staining using 
fluorescein isothiocyanate (FITC)–conjugated or Cy3-conjugated anti-
bodies (Jackson ImmunoResearch) as previously described [19]. 
Plaque-related inflammatory markers were also visualized using 
immunofluorescence staining of TNF-α and ICAM-1. The polarization of 
macro-phages in the plaque was identified by double staining of MAC-2 
and Myeloperoxidase (MPO) (Neomarkers, ThermoFisher Scientific). 
Further, we have used Phyton to develop a new software program for 
automated segmentation of vascular structures, automatic calculations 
of the volumes of different vascular structures, as well as automatic 3D 
reconstruction of the injured vessels (500 μm starting with the bifurca-
tion) using 10 sections, 50 μm apart. 

2.3. Cell culture, differentiation and treatment 

The THP-1 cell line was obtained from ATCC and maintained at 
2.5x105 cells/ml in RPMI 1640 medium supplemented with 10% FBS 
and 1% L-glutamine at 37 ◦C and 5% CO2. THP-1 cells (1x106 cells/mL) 
were seeded in a six-well plate (Costar) and differentiated to macro-
phages as described [20]. Briefly, cells were treated with 10 ng/mL 
phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) for 48 h fol-
lowed by a resting period incubating the cells in fresh RPMI 1640 (10% 
FBS, 1% L-glutamine) for a further 24h (PMA-free). Cells were treated 
with Mdivi-1 at a final concentration of 50 μM (TOCRIS) dissolved in 
DMSO (SIGMA). Control groups were treated with DMSO using a final 
concentration of 0.1%. To induce proinflammatory (M1-like) or 
anti-inflammatory profile (M2-like), cells were treated with a mix of 
100 ng/mL of LPS (LPS-EB Ultrapure - InvivoGen) and 20 ng/mL of 
IFN-y (Miltenyi Biotec) or 20 ng/mL of IL-4 (Miltenyi Biotec), respec-
tively. THP-1-derived macrophages were detached by trypLE Express 
(Gibco) according to the manufacturer’s instructions. At the end of the 
study, supernatants and cell pellets were collected and stored at − 80 ◦C 
for further analysis. Cell viability and cytotoxicity were assessed by 
trypan blue exclusion test and cytotoxicity detection kit (LDH; Roche), 
respectively. 
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2.4. Cell culture of murine bone marrow-derived macrophages (BMDM) 

BMDMs were derived from the femurs of male C57BL/6J mice aged 
10–12 weeks (Jackson Laboratory). The process involved isolating bone 
marrow cells and culturing them as previously described [21]. In 
essence, these cells were incubated in Dulbecco’s Modified Eagle Media 
(DMEM, Gibco) complemented with 10% heat-inactivated fetal bovine 
serum (FBS) sourced from Life Technologies, 1% pen-
icillin/streptomycin, 1% glutamine, and 20% L929 cell supernatant, 
which served as the M-CSF provider. On the 7th day of culture, the cells 
underwent a wash and were re-plated in DMEM media without L929 
supernatant, with a cell density of 200,000 cells per well in a 96-well 
polystyrene Seahorse plate. After a 24h period, macrophages were 
subjected to a 6h stimulation using the same concentrations of stimu-
lating agents, mirroring those used for human THP-1 cells, to induce 
M1-like and M2-like polarization. This was performed both in the 
presence or absence of Mdivi-1. 

2.5. Isolation of human peripheral blood mononuclear cells 

Peripheral blood mononuclear cells were isolated as previously 
described [22]. Briefly, peripheral blood was collected and mixed with 
an equal volume of phosphate-buffered saline (PBS); peripheral blood 
mononuclear cells were isolated by density gradient centrifugation 
using Ficoll-Paque Plus (GE Healthcare, Germany). After centrifugation, 
cells in the interphase were carefully collected and subsequently washed 
with pre-warmed PBS (Invitrogen). The pellet was then resuspended in 
RPMI 1640 medium (Invitrogen) supplemented with 10% FCS, 1% 
penicillin/streptomycin, 2 mM L-glutamine and 1% non-essential amino 
acids (Sigma Aldrich, Germany). Cells were maintained at 37 ◦C in a 
humidified atmosphere of 5% CO2. Primary human monocytes were 
then purified by negative depletion using the Monocytes Isolation Kit II 
from Miltenyi Biotec (Bergisch Gladbach, Germany) according to the 
manufacturer’s protocol. The purity of isolated monocytes was analysed 
by flow cytometry (FACS) using an anti-CD14 (Miltenyi Biotec). The 
mentioned isolation protocol was approved by the local ethics com-
mittee and carried out in accordance with the guidelines of the National 
Heart Centre of Singapore (CIRB ref 2018/2497) and LMU Munich 
University Hospital. 

2.6. Cell migration assays 

The migratory behavior of isolated human peripheral blood mono-
cytes in response to CCL2 was assessed using 3D chemotaxis μ-Slide 
(Ibidi GmbH, Munich, Germany) according to the manufacturer’s pro-
tocol and previously established procedures [23–25]. Briefly, freshly 
isolated monocytes (4.0x106) were seeded in a gel containing 1 mg/ml 
rat tail collagen type I and 1x DMEM. The collagen gel-containing cell 
suspension was incubated at 37 ◦C for 30 min for polymerization and 
was subsequently subjected to a gradient of MCP-1/CCL2 (100 ng/ml) in 
the presence or absence of Mdivi-1 (10 μM or 50 μM). Cell motility was 
monitored by performing time-lapse imaging every 2 min at 37 ◦C for 2h 
using a Leica DMi8 M Microscope (Leica, Germany). Images were im-
ported as stacks to ImageJ software and were analysed with manual 
tracking using the chemotaxis and migration tools from Ibidi GmbH 
(Munich, Germany). Transwell chemotaxis assays were performed using 
a 24-well Transwell plate (6.5 mm diameter, 8 μm pore size, Costar) as 
described [26] with some modifications. Briefly, the bottom chamber of 
the Transwell was filled with RPMI 1640 medium 0.5% (vol/vol) FBS 
medium containing human macrophage colony-stimulating factor 
(Miltenyi Biotec) as a chemoattractant (20 ng/mL). Thereafter, 2.5x105 

THP-1 cells were placed on the top of the insert-filter in RPMI 1640 
medium containing 0.5% FBS. After 6h of incubation at 37 ◦C, the 
bottom chamber was harvested, and the viable transmigrated cells were 
counted in a Countess II FL Automated Cell Counter (Life Technologies) 
as previously described [20]. For the experiments of chemotaxis 

inhibition, cells were seeded on the top of the filter in the mentioned 
media with 50 μM Mdivi-1 (TOCRIS) dissolved in DMSO (SIGMA). For 
the control, the same final concentration of DMSO (0.5%) was used. 

2.7. RNA isolation and real-time PCR analysis 

Total RNA was prepared from cell lysates using Qiagen RNeasy Mini 
kit, according to the manufacturer’s instructions and immediately sub-
jected to DNase digestion process using RNase-free DNase I (Thermo 
Scientific) including the application of Thermo Scientific RiboLock 
RNase Inhibitor, following the manufacturer’s instructions. Synthesis of 
cDNA was performed using iScript™ cDNA Synthesis Kit (BIO-RAD) 
following the manufactured protocol. For each cDNA synthesis, 1 μg of 
total RNA was used. Complementary DNA was diluted to a final con-
centration of 1 ng/μL and stored at − 20 ◦C prior to PCR analyses. Real- 
time PCR analysis was performed using specific primer pairs purchased 
from Sigma-Aldrich, on an Applied Biosystems Viia 7 instrument, with 
PrecisionFAST™ 2X qPCR Mastermix (PrimerDesing). PCR runs 
included a 2 min pre-incubation at 95 ◦C to allow heat activation of 
polymerase, followed by 40 cycles of a three-step PCR consisting of a 
denaturing phase at 95 ◦C for 5 s and an annealing phase at 64 ◦C for 5 s 
and an extension phase at 72 ◦C for 10 s. After completion of PCR, a 
melting curve was recorded, and the expression of target genes was 
normalized to the housekeeping gene (beta-actin). RT-PCR data were 
analysed using the comparative Ct method [27]. 

2.8. Western blot analysis 

Cell pellets from THP-1-Monocytes were lysed with RIPA buffer 
(Thermo Fisher Scientific) and protein concentration was quantified 
using the BCA protein assay kit (Thermo Fisher Scientific). Equal 
amounts of solubilised proteins were electrophoretically resolved by 
10% SDS-PAGE and then transferred to a PVDF membrane using the 
Trans-Blot Turbo system (Bio-Rad). The membranes were blocked in 5% 
(w/v) of blotting-grade blocker (Bio-Rad) and subsequently incubated 
overnight at 4 ◦C with the following monoclonal antibodies (1:1000; 
Cell Signalling): anti-phospho-Drp1 (Ser616), anti-phosphor-DRP1 
(Ser637) or anti-Drp1 (D6C7). The monoclonal antibody anti-GAPDH 
(1:1000; Cell Signalling) was used as a loading control. After washing, 
membranes were incubated for 2h with horseradish peroxidase (HRP)- 
conjugated secondary antibodies (1:2000; Cell Signalling Technology). 
Antibody binding was detected using a chemiluminescence reaction 
(Cell Signalling Technology) with the Bio-Rad Chemi-Doc instrument 
and bands-optical density analysis was performed using ImageJ. 

2.9. Confocal fluorescence microscopy and image analysis 

Control and stimulated THP-1 monocytes were seeded on poly-D- 
lysine coated glass-bottom dishes (Thermo) and fixed with 4% PFA, 
permeabilised with 0.1% Triton X-100, blocked with 5% BSA, and 
stained with COX-IV antibody (1:250 dilution; Cell Signaling Technol-
ogy #4850) overnight at 4 ◦C. The following day, cells were washed and 
stained with Alexa Fluor 488–conjugated secondary antibodies (1:400 
dilution Life Technologies) for 1h at room temperature, and counter-
stained with DAPI. Stained cells were examined under Zeiss LSM710 
confocal microscope (Carl Zeiss). For mitochondria morphometric 
assessment, blinded analysis was performed by two independent re-
searchers using an ImageJ workflow as previously described [28]. 

2.10. Measurement of cellular respiration (MitoStress assay) 

The XF96 extracellular flux analyser (Seahorse Biosciences, North 
Billerica, MA) was used to determine the bioenergetic profile of THP-1 
cells and BMDM. Briefly, THP-1 monocytes were plated on poly-D-lysine- 
coated plates and THP-1 macrophages were differentiated on the same 
plate type (96-well polystyrene Seahorse plate) at 200,000 cells per well 
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(same seeding density was used for BMDM). Cells were stimulated with 
the corresponding treatments for 6h and then the medium was changed 
to XF media (containing 5 mM HEPES), supplemented with 5.5 mM 
glucose, 2 mM glutamine and 1 mM sodium pyruvate and incubated for 
1h at 37 ◦C with 0% CO2 atmosphere prior to the experiment. The ox-
ygen consumption rate (OCR) was recorded to assess mitochondrial 
respiratory activity. After three measurements under basal conditions, 
cells were treated sequentially with 1 μM oligomycin, 1 μM carbonyl 
cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) and 1 μM rote-
none/antimycin A (seahorse biosciences), with three consecutive mea-
surements under each condition that were subsequently averaged. Using 
Seahorse Wave software, metabolic parameters were obtained from the 

OCR profiling after subtraction of the rotenone/antimycin-insensitive 
respiration and normalized to the total amount of protein. Basal OCR 
is the oxygen consumption rate in the absence of effectors. ATP turnover 
was estimated from the difference between the basal and the 
oligomycin-inhibited respiration, and the maximal respiratory capacity 
was the rate in the presence of the uncoupler FCCP [29]. 

2.11. Cytokine arrays 

Cytokines in cell culture supernatants from THP-1 monocytes and 
macrophages were determined using the human cytokine antibody array 
(Membrane, 23 targets; Abcam) with 23 different anti-cytokine/ 

Fig. 1. Mdivi-1 treatment inhibited neointimal hyperplasia and reduced plaque complexity following wire-induced vascular injury. 
(A) Representative photomicrographs of Pentachrome-stained sections 2 weeks after vascular injury in the presence or absence of Mdivi-1 treatment, scale bar 200 
μm. Compared to control, treatment with Mdivi-1: reduced plaque area (B); decreased neointima area (C); but had no effect on medial area (D). (E) Representative 3D 
reconstructions of injured and uninjured arteries were analysed over 500 μm of vessel. Compared to control, treatment with Mdivi-1: reduced intima volume (F); 
increased lumen volume (G); had no effect on medial area (H); reduced the total number of plaque cells (DAPI), scale bar 100 μm (I); decreased the number of plaque 
smooth muscle cells (SMA+), scale bar 100 μm (J); lowered the number of plaque macrophages (MAC2+), scale bar 200 μm (K); but had no effect on the total number 
of plaque endothelial cells (CD31+), scale bar 100 μm (L). Corresponding isotype control is represented in the inset. Values represent mean ± SD. p values (p values 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns – not significant) were assessed using Student t tests. 
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chemokine antibodies spotted in duplicate on a nitrocellulose mem-
brane according to manufacturer’s protocol. Protein Array Analyzer tool 
from ImageJ was used for quantification, background correction and 
normalization of membrane signals as previous described [30]. The 
expression of cytokines/chemokines data was documented as their 
change in treated versus untreated (control) cells. The amount of TNFα 
and IL-6 in cell culture supernatants was determined using a human 
TNF-α ELISA (R&D Systems) and human IL-6 ELISA (Thermo Scientific) 
according to the manufacturer’s protocols. 

2.12. Metabolomic analysis 

For metabolomics, THP-1 monocytes were incubated for 6h with 
Mdivi-1 or/and LPS + IFN-y to differentiate them towards M1-like 
phenotype. After incubation, the cells were washed with ice-cold PBS 
and suspended in 1:1 acetonitrile:water with 0.3% formic acid. Organic 
acids were extracted from the cell suspension, and their trimethylsilyl 
derivatives were quantitated by gas chromatography–mass spectrom-
etry (GC-MS). Acylcarnitines and amino acids were extracted, and their 
methyl and butyl esters, respectively, were quantitated by liquid chro-
matography–mass spectrometry (LC-MS). Mass spectrometry analysis 
was performed by the Duke-NUS Metabolomics Core Facility. Results 
were normalized to total protein content. 

2.13. Statistical analysis 

GraphPad Prism for MAC (version 9) was used for all the statistical 
analyses. Differences were determined by one-way analysis of variance 

(ANOVA) with repeated measures, followed by post-hoc Bonferroni test 
where appropriate. Differences were considered significant when p<
0.05. 

3. Results 

3.1. Mdivi-1 treatment inhibited neointimal hyperplasia and reduced 
plaque complexity following wire-induced vascular injury 

Treatment with Mdivi-1 reduced plaque area (Mdivi-1: 82.7 ± 10.9 
× 103 μm2 vs. control: 131.5 ± 15.9 × 103 μm2, n = 6; p=0.03) and 
neointimal thickness (Mdivi-1: 24.4 ± 6.2 × 103 μm2 vs. control: 73.9 ±
7.4 × 103 μm2, n = 6; p=0.0004) in experimental mice compared with 
the control group (Fig. 1A–C), whereas tunica medial areas remained 
unchanged in both groups (Fig. 1D). Using our newly developed soft-
ware to analyze 3D vascular segments, we confirmed that Mdivi-1 
treatment reduced neointima thickness (Fig. 1E and F), increased the 
vascular lumen in the lesion (Fig. 1g) but did not affect tunica media 
thickness (Fig. 1H). There were fewer cells in plaques in the carotid 
artery after treatment with Mdivi-1 when compared to control (Mdivi-1: 
147.1 ± 25.8 cells/plaque vs. control: 438.2 ± 45.0 cells/plaque, n = 6; 
p=0.0247; Fig. 1I). Additionally, vascular smooth muscle cells (SMA+) 
(Mdivi-1: 35.6 ± 5.6 cells/plaque vs. control: 54.2 ± 6.3 cells/plaque, n 
= 6; p=0.0372; Fig. 1J) as well as macrophages (MAC-2+) (Mdivi-1: 42.5 
± 8.3 cells/plaque vs. control: 127.5 ± 16.8 cells/plaque, n = 6; 
p=0.0042; Fig. 1K) were significantly decreased in the vascular lesions 
of Mdivi-1-treated mice compared to control. However, there were no 
significant differences in luminal endothelial cells (CD31+) between 

Fig. 2. Mdivi-1 treatment reduced vascular inflammation and endothelial activation after wire-induced vascular injury. 
(A) Representative immunofluorescence images of TNF (Tumor necrosis factor)-α staining (green) in the plaque after vascular injury (scale bar 100 μm) showing 
Mdivi-1 treatment significantly reducing TNF-α levels when compared to control. (B) Representative immunofluorescence images of ICAM-1 (intercellular adhesion 
molecule 1) (red) at the luminal level after vascular injury (scale bar 100 μm) showing Mdivi-1 treatment significantly reducing plaque ICAM-1 levels. (C) 
Representative immunofluorescence of M1-like macrophages (Yellow), M2-like macrophages (Green) and neutrophils (Red) (scale bar 100 μm) 2 weeks after arterial 
injury showing Mdivi-1 treatment significantly reduced numbers of plaque M1-like (MPO+/MAC2+, yellow) macrophages, but with no effect on numbers of (D) 
plaque neutrophils (MPO+, red) or (E) M2-like (MAC2+, green) macrophages. Values represent mean ± SD. p values (*p < 0.05, **p < 0.001, ns – not significant) 
were assessed using Student t tests. (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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treatment groups (Fig. 1L), demonstrating no differences in re- 
endothelialization between treatment groups. As expected, apoptosis 
was reduced in cells in the plaque, as assessed by TUNEL staining 
(Supplementary Fig. 1). 

3.2. Mdivi-1 treatment reduced vascular inflammation and endothelial 
activation after wire-induced vascular injury 

Mdivi-1 treatment reduced inflammation at the site of vascular 
injury compared to control, as evidenced by decreased plaque levels of 
the pro-inflammatory marker, TNF-α (Mdivi-1: 14.5 ± 1.6 arbitrary 
units/μm2 vs. control: 24.4 ± 3.0 arbitrary units/μm2, n = 6; p=0.0226; 
Fig. 2A). Similarly, Mdivi-1 reduced the levels of plaque-associated 
intercellular adhesion molecule-1 (ICAM-1), as a marker of endothelial 
activation (Mdivi-1: 20.4 ± 4.0 arbitrary units/μm2 vs. control: 34.6 ±
4.1 arbitrary units/μm2, n = 6; p=0.0367; Fig. 2B). Interestingly, Mdivi1 
reduced the percent of pro-inflammatory macrophages in the plaque 
(Mdivi-1: 0.04 ± 0.01% vs. control: 0.29 ± 0.06%, n = 6; p=0.0023; 
Fig. 2C) without affecting the numbers of neutrophil and anti- 
inflammatory macrophage populations, suggesting a possible effect of 
Mdivi1 in macrophage polarization (Fig. 2D and E). 

3.3. Mdivi-1 treatment attenuated pro-inflammatory gene expression in 
monocytes and macrophages 

We next investigated the effect of Mdivi-1 on monocyte/macrophage 
polarization using the THP-1 monocyte cell line. Under basal conditions, 
THP-1 monocytes as well as THP-1 differentiated macrophages showed 
an upregulation of the mRNA expression of anti-inflammatory marker 

CD206 (mannose receptor) after treatment with Mdivi-1, with initially 
no changes in pro-inflammatory target genes (Fig. 3A and B). During 
LPS + IFN-γ stimulation, Mdivi-1 prevented the polarization of THP-1 
monocytes/macrophages towards M1-like phenotype, as demonstrated 
by the significant upregulation of CD206 mRNA expression in both, 
THP-1 monocytes (Fig. 3C) and THP-1 differentiated macrophages 
(Fig. 3D). The switch from pro-inflammatory to an anti-inflammatory 
phenotype (M2-like polarization) was also evidenced by the decrease 
in the mRNA expression of pro-inflammatory chemokines and cytokines, 
such as CCL2, the chemokine (C-X-C motif) ligand 3 (CXCL3), MMP-1 
(Matrix metalloproteinase-1), the adhesion molecule ICAM-1 and IL-1β 
(Interleukin-1 β) in polarized THP-1 monocytes in the presence of Mdivi- 
1 (Fig. 3C). Similarly, the THP-1-derived macrophages demonstrated a 
significant decrease in mRNA levels of pro-inflammatory molecules, 
such as CCL2, MMP-1, and the adhesion molecule ICAM-1 (Fig. 3D). 

3.4. Mdivi-1 treatment reduced pro-inflammatory cytokines and 
chemokines in monocytes and macrophages 

We next measured protein expression of cytokines in the supernatant 
of polarized THP-1 cells by ELISA in the presence or absence of Mdivi-1. 
The polarized THP-1 monocytes/macrophages towards M1-like pheno-
type under LPS + IFN-γ stimulation released high levels of TNF-α 
(Supplementary Fig. 2A) and IL-6 (Supplementary Fig. 2B) compared to 
their corresponding control (unstimulated cells), where the protein 
levels of both cytokines were below the detection level. Mdivi-1 treat-
ment significantly reduced the protein levels of TNF-α and IL-6 in both 
monocytes (Fig. 4A) and macrophages (Fig. 4B) after short (6h) and long 
(24h) treatment period. 

Fig. 3. Mdivi-1 treatment attenuated pro-inflammatory gene expression in THP-1 monocytes and macrophages. 
Treatment of (A) THP-1 monocytes or (B) THP-1 macrophages with Mdivi-1 for 24 h increased mRNA expression of the anti-inflammatory cytokine, CD206, but did 
not affect levels of other cytokines, CCL2, IL-1β, MMP-1, ICAM-1 and CXCL3. (C and D) Gene expression data are normalized to LPS + IFN-γ treated group in the 
absence of Mdivi1 (dashed-red line) and displayed as fold changes between target gene expression and β-actin mRNA. Treatment of (C) THP-1 monocytes or (D) THP- 
1 macrophages stimulated with LPS + IFN-γ and Mdivi-1 significantly decreased mRNA levels of CCL2, IL-1β, MMP-1, ICAM-1 and CXCL3 and increased mRNA levels 
of CD206. Values represent mean ± SD (n = 3 per group in triplicates); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns - not significant vs. DMSO (A, B) or 
LPS + IFN-γ treated cells (C, D) were assessed using 2way ANOVA and Bonferroni multiple comparisons post-test. (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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Fig. 4. Mdivi-1 treatment reduced pro-inflammatory cytokines and chemokines in THP-1 monocytes and macrophages. 
Treatment of LPS + IFN-stimulated (A) THP-1 monocytes or (B) THP-1 macrophages with Mdivi-1 significantly decreased levels of TNF-α and IL-6 levels in the 
supernatant at 6 h and 24 h. (C) Representative membranes of a human cytokine antibody array analysing 23 cytokines from supernatant from untreated (control) 
and LPS + IFN-γ treated THP-1 monocytes (upper panel) and THP-1 macrophages (lower panel) with/without Mdivi-1. (D and E) The quantitative signal intensity of 
selected cytokines from THP-1 monocytes and macrophages, with changes in cytokine levels, are expressed as relative fold-change of the respective untreated control 
group. Mdivi-1 treatment of (D) THP-1 monocytes or (E) THP-1 macrophages attenuated the increase in GCSF, CXCL1,2,3, IL-6, CCL2, CCL8, CCL5, and TNF-α 
stimulated with LPS + IFN-γ, when compared to control. Values represent mean ± SD from three independent experiments. p values **p < 0.01, ***p < 0.001, 
****p < 0.0001, ns – not significant were assessed by 1-way ANOVA and Bonferroni multiple comparisons post-test. The readouts from densitometry scans were 
normalized using the intensity of positive control dots on the membrane corners and plotted as relative fold-change of the untreated control. 

G.E. Crespo-Avilan et al.                                                                                                                                                                                                                      



Atherosclerosis 390 (2024) 117450

8

Fig. 5. Mdivi-1 treatment reduced migration and motility of THP-1 monocytes in response to chemoattractant. 
(A) Mdivi-1 treatment significantly reduced the migration of resting (left panel) and LPS-activated (right panel) THP-1 monocytes in response to M-CSF in a transwell 
migration assays. Values represent mean ± SD. p values (p values *p < 0.05, **p < 0.01) were assessed using Student t tests. (B) Treatment of THP-1 monocytes (left 
panel) and human monocytes (right panel) with Mdivi-1 in the presence of M-CSF or CCL2 did not affect cell viability (values represent mean ± SD, 1-way ANOVA 
and Bonferroni’s multiple comparison post-test was employed). (C) Representative figures showing multiple migration tracks of individual human monocytes in -a) 
control, -b) in the presence of MCP-1, -c) in the presence of CCL2 and Mdivi-1 (10 μM), and -d) in the presence of CCL2 and Mdivi-1 (50 μM). (D) As expected, the 
Forward migration index perpendicular to chemoattractant showed no effect of CCL2 or Mdivi-1 on monocyte migration. (E) Forward migration index parallel to 
chemoattractant showed significantly reduced chemotaxis-induced migration induced by CCL2 compared to control by the treatment of human monocytes with 
Mdivi-1 (50 μM). (F) CCL2 induced cell velocity was also significantly reduced by Mdivi-1 treatment. (G) Similarly, accumulated distance and (H) Euclidean distance 
calculated were reduced by Mdivi-1 treatment. (I) Representative image of centre of mass showing that Mdivi-1 treatment re-established the displacement induced by 
CCL2 stimulation. Values represent mean ± SD. p values ***p < 0.001, ****p < 0.0001, ns - not significant were assessed by 1way ANOVA and Bonferroni multiple 
comparisons post-test. 
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Besides TNF-α and IL-6, many other pro-inflammatory cytokines and 
chemokines were reduced after 24h Mdivi-1 treatment, as demonstrated 
by densitometry analysis of a semi-quantitative determination of 23 
targets using a protein profiler (Fig. 4C–E, Supplementary Fig. 2C). 
Mdivi-1 treatment reduced significantly the pro-inflammatory media-
tors (G-CSF; CXCL1,2,3; IL-6; CCL2, CCL8; CCL5 and TNF-α) released by 
THP-1 monocytes (Fig. 4C and D) and THP-1 differentiated macro-
phages (Fig. 4C–E) in response to LPS + IFN-γ stimulation. Other pro-
teins were minimally affected or not affected by the Mdivi-1 treatment 
(Supplementary Fig. 2D) in both, THP-1 monocytes (Supplementary 
Fig. 2E) and THP-1 differentiated macrophages (Supplementary Fig. 2F). 

3.5. Mdivi-1 reduced the migration and motility of monocytes 

We next investigated the effect of Mdivi-1 treatment on monocyte 
migration given that we had found reduced macrophage count in 
atherosclerotic plaques of mice treated with Mdivi-1 when compared to 
control. In a classic Boyden chamber (Transwell) assay, Mdivi-1 signif-
icantly reduced cell chemotaxis of resting and LPS-activated THP-1 
monocytes in response to M-CSF (Fig. 5A). The reduced count number 
under Mdivi-1 treatment was not the result of increased cell death, since 
none of the experimental conditions affected the cell viability of the cells 
(Fig. 5B). 

Further, using 3D chemotaxis assay, simulating a physiological 
environment (as illustrated in Supplementary Fig. 3A), cell motility was 
monitored by performing time-lapse imaging every 2 min using a Leica 
DMi8 M microscope (Leica, Germany) and analysed with manual 
tracking using the chemotaxis and migration tools from Ibidi GmbH 
(Munich, Germany) (Supplementary Fig. 3B). Primary human mono-
cytes responded to the CCL2 gradient showing a homogenous directional 
migration (Fig. 5C–b), compared to the buffer control group (Fig. 5C–a). 
The treatment with a low concentration of Mdivi-1 (10 μM) reduced the 
directionality of the cell movement (Fig. 5C–c), whereas a high con-
centration (50 μM) of Mdivi-1 fully abrogated the migration behavior of 
monocytes towards the CCL2 gradient (Fig. 5C-d). 

To exclude the possibility of random migration and to ensure that 
cell movement complied with the criteria for a directed/chemotactic cell 
migration, six different parameters were checked. First, the forward 
migration index (FMI), both perpendicular (Fig. 5D) and parallel 
(Fig. 5E) to the chemoattractant, was assessed with or without Mdivi-1. 
As expected, no differences were found in FMI perpendicular to CCL2, 
excluding the possibility of biased migration by non-chemotactic envi-
ronmental factors. However, FMI parallel to chemoattractant was 
increased compared to control (Control: 3.5x10− 3±0.1; CCL2: 
1.85x10− 1±0.09), and treatment with both concentrations of Mdivi-1 
abolished the effect of CCL2 (Mdivi-1 [10 μM]: 1.89x10− 2±0.126; 
Mdivi-1 [50 μM]: 3.21x10− 4±0.11). Then, the influence of Mdivi-1 on 
chemotaxis velocity was studied, in which CCL2 induced a significant 
increase in cell velocity compared to the control (Fig. 5F), which was 
completely abrogated by treatment with 50 μM (Fig. 5F), but not by 10 
μM Mdivi-1 treatment (Control: 1.11 ± 1.05 μm/min; CCL2: 5.84 ±
1.74 μm/min; Mdivi-1 [10 μM]: 5.33 ± 1.92 μm/min; Mdivi-1 [50 μM]: 
1.22 ± 0.68 μm/min). Additionally, the expected increase in accumu-
lated distance as well as the Euclidean distance induced by the chemo-
attractant were significantly attenuated by Mdivi-1 (50 μM) treatment, 

but not by Mdivi-1 (10 μM) (Table 1; Fig. 5G and H). 
When assessing the Centre of Mass (COM), a displacement towards 

the CCL2-treated group compared to the control was noted (Fig. 5I), 
indicating that these cells primarily traveled in the direction of the 
chemoattractant. However, in the presence of Mdivi-1, this directional 
movement was abolished. These results are consistent with the Rayleigh 
test p values (Control: p = 0.255, CCL2: p = 1.41x10− 6, Mdivi-1 [10 μM]: 
p = 0.191 and Mdivi-1 [50 μM]: p = 0.903), indicating that the distri-
bution of the cell endpoints was only significantly inhomogeneous (i.e., 
distributed towards the chemoattractant) in the presence of CCL2 alone. 
Collectively, these data indicate that Mdivi-1 modulates monocyte 
recruitment and chemotaxis and may limit the cellular transmigration 
capacity. 

3.6. Mdivi-1 treatment inhibited mitochondrial respiration in THP-1 
monocytes and macrophages 

As metabolic remodeling plays a key role in cell polarization, the 
next step was to determine whether Mdivi-1 could modulate monocyte 
and macrophage oxidative metabolism and impact cell polarization 
status towards the M1-like or M2-like phenotypes. The determination of 
bioenergetics parameters was performed using the Seahorse system and 
the sequential use of mitochondrial complex modulators (Fig. 6A) such 
as oligomycin (mitochondrial ATP synthase inhibitor), FCCP (an 
uncoupling agent that collapses the proton gradient and disrupts the 
mitochondrial membrane potential) and a combination of rotenone and 
antimycin A (blockade of mitochondrial respiration by inhibiting com-
plexes I and III, respectively), as previously described [29]. Both, 
M1-like (LPS + IFN-γ stimulated monocytes and macrophages) and 
M2-like (IL-4 stimulated macrophages) polarized cells exhibited a 
higher basal oxygen consumption rate (OCR) compared with unstimu-
lated cells (DMSO), a difference that was abolished in the presence of 
Mdivi-1 (Fig. 6B–I). Moreover, maximal respiratory capacity in M1-like 
and M2-like monocytes/macrophages was increased compared to 
unstimulated cells, and the difference was abolished by the treatment 
with Mdivi-1 (Fig. 6C–J). Similar findings were observed in M1-like 
monocytes/macrophages and M2-like monocytes treated with Mdivi-1 
when assessing ATP-linked respiration (Fig. 6 D, K). Further, Mdivi-1 
treatment reduced the increase in reserve capacity (Fig. 6E–L) and 
non-mitochondrial respiration (Fig. 6F–M) in M1-like and M2-like 
monocytes and macrophages. Lastly, the increase in proton leak 
observed in both M1-like and M2-like monocytes was abolished in the 
presence of Mdivi-1 (Fig. 6G), while no differences were observed in 
proton leak in macrophages (Fig. 6N). The results were also reproduced 
in the primary isolated and differentiated bone marrow-derived mac-
rophages (BMDM), where Mdivi-1 reduced the ATP-linked respirations 
and proton leak in M1-polarized cells (Supplementary Fig. 4). 

3.7. Mdivi-1 treatment reprogrammed metabolism in THP-1 monocytes 

To further explore the changes seen in oxygen consumption in the 
presence of Mdivi-1, a metabolomic analysis was performed to investi-
gate the influence of Mdivi-1 treatment on main metabolic pathways 
involved in monocyte polarization, such as TCA cycle organic acids, 
amino acids, and acylcarnitine metabolism. Characteristic for the M1- 
like differentiated monocytes, succinate levels increased significantly, 
while amino acids, such as arginine and citrulline were depleted in our 
model, as detected by LC-MS. Remarkably, Mdivi-1 effectively pre-
vented the succinate accumulation while restoring the levels of arginine 
and citrulline in M1-like monocytes (as shown in Fig. 7A). This is vital 
for preserving mitochondrial homeostasis, sustaining cellular energy 
levels, and ensuring proper cellular function. While not affected by the 
LPS + IFN-γ polarization stimulus, we found that Mdivi-1 treatment 
reduced the main components of the TCA-cycle in THP-1 monocytes, 
such as α-ketoglutarate, succinate, fumarate, malate, and citrate 
(Fig. 7B), impairing their accumulation and probably reducing the pro- 

Table 1 
Accumulated and Euclidean distance of human monocytes in a 3D chemotaxis 
assay.  

Experimental groups Accumulated distance 
(μm) 

Euclidean distance 
(μm) 

Control 202.6 ± 187.3 27.35 ± 31.19 
MCP-1 1052 ± 313.2 221.0 ± 81.77 
MCP-1 + Mdivi-1 [10 μM] 951.7 ± 350.9 177.6 ± 119.9 
MCP-1 + Mdivi-1 [50 μM] 219.3 ± 122.9 26.11 ± 22.41  
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Fig. 6. Mdivi-1 treatment inhibited mitochondrial respiration in THP-1 monocytes and macrophages. 
(A) Representative time-dependent courses of oxygen consumption rate (OCR) measured with the Seahorse XFe96 metabolic analyser in THP-1 monocytes polarized 
to M1-like (LPS + IFN-γ) or M2-like (IL-4) phenotype and untreated (control) cells for 6h, in the presence or absence of Mdivi-1 were subjected to serial injections of 
oligomycin (ATP production), FCCP (Maximal respiration) and antimycin A/rotenone. Effects on (B) basal respiration, (C) maximal respiratory capacity, (D) ATP- 
linked respiration, (E) reserve capacity, (F) non-mitochondrial respiration and (G) proton leak are depicted separately. (H) Representative time-dependent courses of 
OCR measured with the Seahorse XFe96 metabolic analyser in THP-1 macrophages polarized to M1-like (LPS + IFN-γ) or M2-like (IL-4) phenotype and untreated 
(control) cells for 6h, in the presence or absence of Mdivi-1 were subjected to serial injections of oligomycin (ATP production), FCCP (Maximal respiration) and 
antimycin A/rotenone. Effects on (I) basal respiration, (J) maximal respiratory capacity, (K) ATP-linked respiration, (L) reserve capacity, (M) non-mitochondrial 
respiration, and (N) proton leak are depicted separately. Overall, treatment of THP-1 monocytes and macrophages with LPS + IFN-γ increased mitochondrial 
respiration, and this effect was attenuated by treatment with Mdivi-1. Treatment with Mdivi-1 also decreased mitochondrial respiration in THP1 monocytes and 
macrophages stimulated with IL-4. Values represent mean ± SD (THP-1 monocytes n = 28–32 wells analysed per group; THP-1 macrophages n = 6–8 wells analysed 
per group); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, ns - not significant were assessed by 1way ANOVA and Bonferroni multiple comparisons post-test. 
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inflammatory phenotype [31]. Also not related to the M1-like polari-
zation, Mdivi-1 was able to increase the availability of the amino acids, 
which are essential for cellular function and homeostasis (Fig. 7C) [32]. 
Further, Mdivi-1 influenced particularly the short-chain acylcarnitine 

fraction in acylcarnitine metabolism, responsible for activating the 
alternative energy sources (Fig. 7D), unrelated to polarization processes. 

Fig. 7. Metabolomic changes in THP-1 monocytes with/without Mdivi-1 treatment. 
(A) Treatment of THP-1 monocytes with LPS + IFNg to induce M1-like polarization increased levels of succinate and reduced levels of arginine and citrulline. 
Treatment with Mdivi-1 alone significantly reduced succinate and citrulline levels but had no effect on arginine levels. Treatment with Mdivi-1 of THP-1 monocytes 
stimulated by LPS + IFNg significantly reduced succinate and significantly increased both arginine and citrulline levels. (B) Mdivi-1 treatment reduces the main 
components of the TCA-cycle in THP-1 monocytes, such as α-KG, succinate, fumarate, malate, and citrate. (C) Mdivi-1 increased the availability of different amino 
acids. (D) Mdivi-1 influenced particularly the short-chain acylcarnitine fraction in acylcarnitine metabolism. Values represent mean ± SD (n = 3); *p < 0.05; **p < 
0.01; ***p < 0.001; ****p < 0.0001, ns - not significant were assessed by 1way ANOVA and Bonferroni multiple comparisons post-test. 
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3.8. Mdivi-1 treatment had no effect on mitochondrial morphology in 
monocytes 

Given the role of Mdivi-1 as a putative Drp1 inhibitor, we investi-
gated the effect of Mdivi-1 on mitochondrial morphology in THP-1 
monocytes undergoing M1/M2-like polarization. There was a non- 
significant increase in mitochondrial fusion with Mdivi-1 treatment 
compared to the control, but no differences were found in mitochondrial 
morphology in any of the other groups (Supplementary Figs. 5A and B). 
These results correlated with the phosphorylation status of Drp-1 
(Ser616/Ser637) as assessed by Western blot analysis (Supplementary 
Figs. 5C and D) in which no significant changes were seen in LPS + IFN- 
γ-treated monocytes in the presence or absence of Mdivi-1. These data 
indicate that the observed effects of Mdivi-1 on bioenergetics in human 
monocytes appear to be independent of changes in mitochondrial 
morphology and Drp-1 phosphorylation. 

4. Discussion 

The present study shows for the first time that treatment with Mdivi- 
1 significantly reduced neointimal hyperplasia, decreased monocyte 
recruitment into the plaque, and reduced vascular inflammation after 
carotid wire injury in Apoe− /− mice, fed a high-fat diet. These findings 
were accompanied by metabolic changes in monocytes and macro-
phages including decreased oxidative metabolism. The carotid wire- 
induced endothelial denudation mouse model is a widely used experi-
mental procedure to induce tunica intimal hyperplasia and recapitulates 
the restenosis process seen in CAD and PAD patients undergoing an-
gioplasty and stent procedures [18]. HFD-fed Apoe− /− mice subjected to 
endothelial denudation showed marked neointimal hyperplasia after 
two weeks of injury [17,18] that was accompanied by an increase in 
cellularity in the vascular lesion. In this model, Mdivi-1 treatment 
reduced neointimal hyperplasia and significantly decreased vessel wall 
thickness; findings that were associated with reduced plaque complexity 
due to decreased cell infiltration. Mdivi-1 treatment also lowered the 
number of macrophages and VSMCs recruited into the plaque area. 

In this regard, our in vivo data correlate well with a recent study 
showing that genetic deletion of Drp1 in macrophages in mice signifi-
cantly reduced intimal thickening and macrophage infiltration during 
femoral injury-induced vascular remodeling [33], although mice used in 
this study contained functional Apoe and were not administered an 
atherogenic diet as in our experimental mice. Furthermore, the Cre 
recombinase system used to induce the genetic ablation of Drp1 in 
macrophages also targeted the neutrophil population, and it is therefore 
expected that the inflammatory response after vascular injury in these 
mice was less severe when compared to our in vivo model of carotid-wire 
injury. All these findings reveal a favorable effect of Mdivi-1 adminis-
tration on vascular remodeling following wire-induced endothelial 
injury that was accompanied by a significant reduction of VSMCs and 
macrophage infiltration in the plaque. 

It has been reported that, following endothelial denudation, 
increased levels of the chemoattractant protein CCL2 and M-CSF are 
released at the site of vascular injury, mediating the recruitment of 
monocytes from the circulation and their later differentiation into 
macrophages [34–37] which is known to be a strong determinant for the 
progression of neointimal formation [36,38]. Our in vitro data showed 
that Mdivi-1 reduced monocyte chemotaxis and transmigration in 
response to both, CCL2 and M-CSF. In line with these findings, recent 
data have shown that Mdivi-1 could downregulate the expression of the 
CCL2 receptor (CCR2) in murine macrophages [33]. Also, our 
semi-quantitative protein determination showed a decreased production 
of CCL2 and CCL8 in LPS/IFN-γ-treated monocytes and macrophages, 
indicating that Mdivi-1 may be preventing cell migration via modulation 
of the CCL2/CCR2 pathway. This data correlates very well with the 
reduction in macrophage content found in the plaques of mice treated 
with Mdivi-1 when compared to control. 

Macrophages have been classically identified as the source of TNF-α 
after vascular injury [39]. Consistent with this observation, the analysis 
revealed an anti-inflammatory response following Mdivi-1 treatment in 
vivo, with lowered levels of TNF-α and reduced expression of the adhe-
sion molecule ICAM-1 in the vascular lesion. Adhesion molecules such as 
ICAM-1, V-CAM-1, and P-selectin are highly expressed after mechanical 
denudation of the vessel and are involved in the severity of the neo-
intimal hyperplasia [40–42] due to their roles in mediating inflamma-
tory cell recruitment to the site of injury [43–45]. Consistent with this 
data, our control mice (DMSO-treated) expressed the atherogenic 
adhesion molecule ICAM-1 in the vasculature after denudation. It has 
been reported that ICAM-1 is transcriptionally regulated by TNF-α in the 
endothelium in a NFκB-dependent manner [46–48] and that TNF-α 
production is post-transcriptionally regulated by Drp-1 in macrophages 
[49]. Hence, we hypothesize that Mdivi-1 may be modulating this reg-
ulatory mechanism which could explain the decreased levels of TNF-α 
and ICAM-1 seen in the carotid arteries after endothelial denudation. 
Together, these findings underline the properties of Mdivi-1 as an 
anti-inflammatory drug under conditions of vascular injury in vivo. 

Inflammation-related factors released by monocytes and macro-
phages, including cytokines and chemokines, are implicated in the 
initiation and progression of neointimal hyperplasia after vascular 
injury [50,51]. Here, in vitro evidence is provided in human THP-1 
monocytes and THP-1-derived macrophages, showing that Mdivi-1 
reduced the expression and production of several cytokines and che-
mokines following polarization to a M1-like phenotype using LPS/IFN-γ. 
Hence Mdivi-1 is promoting an M2-like phenotype that was evidenced 
by the upregulation of the M2-like marker CD206. As expected, levels of 
both TNF-α and IL-6 were higher in the macrophage population when 
compared to monocytes after stimulation with LPS + IFN-γ. This effect 
has been associated with a more susceptible response to 
pro-inflammatory stimuli of THP-1 cells after PMA treatment which 
induced the macrophage-like phenotype in these cells [52–54]. 

In agreement with our findings, the anti-inflammatory effect of 
Mdivi-1 has been reported in vitro in different cell types, such as 
epithelial cells, T cells, endothelial cells, microglia, and murine macro-
phages [55–58] as well as in vivo in a recent study using a murine model 
of diet-induced atherosclerosis [59]. Despite the overall 
anti-inflammatory function mediated by Mdivi-1 in these cells, THP-1 
cells showed a constitutive production of CXCL8, which has been pre-
viously reported in leukemic myelocytic cells as well [60,61], and 
Mdivi-1 seemed to enhance this basal production. However, in THP-1 
cells under inflammatory conditions (LPS/IFN-γ) this behaviour was not 
seen in the presence of Mdivi-1. Since this cytokine (IL-8) has been 
identified as an autocrine/paracrine growth factor for human hemato-
poietic progenitors, leading to growth and differentiation of cells of 
monocytic lineage [62], we propose that Mdivi-1 treatment potentiates 
these effects on THP-1 cells under basal conditions, but not after 
pro-inflammatory stimulation. 

Given that changes in mitochondrial function are known to 
contribute to alterations in the immune response [63], we evaluated 
whether changes in mitochondrial function and metabolism could be 
associated with the observed anti-inflammatory effects of Mdivi-1. 
Recent studies have reported that metabolic changes in macrophages 
may be used to assess the polarization status of these cells. Typically, 
M1-like macrophages display enhanced glycolytic metabolism and 
reduced mitochondrial activity, while anti-inflammatory M2-like mac-
rophages show high mitochondrial oxidative phosphorylation and are 
characterized by an enhanced spare respiratory capacity (SRC) [64–66]. 
In contrast, our results reveal that oxidative metabolism was highly 
stimulated in M1-like monocytes and macrophages, while Mdivi-1 could 
suppress this response, the findings of which may be explained as 
follows: 

The metabolic reprogramming of mitochondria after an inflamma-
tory stimulus has been studied in cells from myeloid linage, classifying 
them as early (0–6h), sustained (up to 24h), or tolerant (24h stimulation 
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followed by another 10–24h) response [67]. Our data indeed displayed 
the phenotype of an early response. In line with this, monocytes and 
macrophages isolated from patients with atherosclerotic CAD showed 
higher mitochondria activity after stimulation (3h) with LPS/IFN-γ, 
presenting significantly higher OCR when compared to control. Also, the 
glycolytic flux in the same cells was markedly elevated as reflected by 
increased ECAR values [68]. Another study showed enhanced basal OCR 
and SRC in human monocytes after LPS treatment (4h) [69]. The 
mechanism behind this finding was recently described by Langston et al. 
[70], who showed an increased oxidative metabolism and high glucose 
oxidation during acute LPS exposure of bone marrow-derived macro-
phages. This response was due to the enhanced activity of the mito-
chondrial glycerol 3-phosphate dehydrogenase (GPD2), a component of 
the glycerol phosphate shuttle (GPD), which drives forward electron 
transport (FET) in the electron transport chain and fueled the production 
of acetyl coenzyme A, enhancing acetylation of histones and inflam-
matory gene induction in these cells. 

This raises the possibility that the reduced oxidative metabolism seen 
in the presence of Mdivi-1 in both monocytes and macrophages may be 
due to the modulation of this adaptive mechanism of the mitochondria. 
However, in contrast to our results, Umezu et al. reported in murine 
macrophages neither an increase nor a decrease in mitochondrial 
respiration after exposure to LPS/IFN-γ alone or with and without 
Mdivi-1 [33]. Other studies in cancer cells have reported both a reduc-
tion [71,72] and an elevation [73] of oxidative metabolism after 
Mdivi-1 treatment. Additionally, human smooth muscle cells [74] and 
mouse neuroblasts [75] have shown increased OCR in the presence of 
Mdivi-1. The discordant findings may be due to the difference in cell 
type, culture conditions, Mdivi-1 concentration and treatment duration, 
or the metabolic assay used to assess mitochondrial respiration. 

Alterations in mitochondrial functions have been associated with 
changes in mitochondrial morphology, and it is well accepted that 
enhanced fission activity leads to mitochondrial fragmentation and 
impaired OXPHOS, whereas increased fusion activity leads to an 
enhanced oxidative metabolism [76]. As such, we investigated whether 
the observed metabolic effects of Mdivi-1 were associated with changes 
in mitochondrial morphology in THP-1 monocytes. Unexpectedly, 
treatment with Mdivi-1 only induced changes in mitochondrial 
morphology in basal unstimulated cell and had no significant effect in 
either mitochondrial morphology or Drp1 phosphorylation (at Ser616 
and Ser637), suggesting that the observed metabolic effects of Mdivi-1 
were independent of changes in mitochondrial morphology or Drp1 
phosphorylation status. 

High levels of mitochondria fragmentation were displayed in THP-1 
cells under basal conditions, which may be due to a constitutive IL-8 
production found in THP-1 cells, since this interleukin has been re-
ported to increase mitochondrial fragmentation in in vitro cultured cells 
[77]. In contrast, other studies have reported an increase in mitochon-
drial fragmentation with enhanced phosphorylation of Drp1-Ser616 in 
murine macrophages after LPS stimulation, and such changes were 
reversed by treatment with Mdivi-1 alone [33] or in combination with 
another fusion promoter molecule [78]. On the other hand, morpho-
metric analysis of mitochondria in primary human monocytes and 
THP-1-macrophages subjected to pro-inflammatory stimulation 
(LPS/IFN-γ) displayed elongated fused mitochondria [69,79]. The latter 
findings are consistent with our data in which LPS/IFN-γ treated THP-1 
monocytes had a trend to increase mitochondrial fusion, even though 
the data was not statistically significant. 

Finally, succinate and arginine metabolism also play important roles 
in the polarization of monocytes and macrophages, thereby influencing 
the immune response. While M1-like macrophages use arginine to pro-
duce nitric oxide and citrulline upon pro-inflammatory exposure [80], 
M2-like macrophages preferentially metabolize arginine into ornithine, 
which supports tissue repair and collagen synthesis [81]. Further, suc-
cinate is a key feature of M1-like polarization and is associated with the 
production of pro-inflammatory cytokines, increased glycolysis, and 

reduced mitochondrial respiration [82]. The accumulation of succinate 
in M1-like macrophages stabilizes HIF-1α, promoting the release of 
pro-inflammatory cytokines [83,84]. Additionally, succinate is known 
to induce reverse electron transport (RET) at mitochondrial respiratory 
complex I and drive pro-inflammatory ROS signal in LPS-activated 
macrophages. Notably, inhibition of complex I with substances like 
rotenone significantly reduces LPS-induced ROS levels [85]. 

M2-macrophages shift away from glycolysis and succinate accumu-
lation, thus increasing their anti-inflammatory capacity and promoting 
tissue-regeneration [86,87]. We found a significant accumulation of 
succinate as well as reduced levels of arginine in M1-like macrophages, 
as previously reported [88]. Similarly, citrulline levels were reduced, 
which should be important for an adequate immune response [89]. 
Notably, Mdivi-1 was able to effectively restore the arginine and 
citrulline levels to those seen in the control group and to reduce 
accordingly the succinate level. Moreover, even if there were no sig-
nificant differences in TCA cycle metabolites between the control and 
M1-macrophages in our model, Mdivi-1 still reduced significantly the 
level of fumarate, malate, and citrate, which demonstrated the impact of 
Mdivi-1 on the polarization process. This data provides additional sup-
port for the role of Mdivi-1 in regulating and stabilizing the polarization 
of macrophages towards an M2-like phenotype, thus representing a 
valuable therapeutic strategy to impair neointima formation after 
vascular injury. 

Taking together, this data indicates that the anti-inflammatory effect 
linked to reduced mitochondria respiration seen in THP-1 cells after 
Mdivi-1 treatment may be related to its inhibitory action on mitochon-
dria complex I and the reduced production of reactive oxygen species, 
instead of its putative role as a Drp1 inhibitor, adding evidence to some 
of its proposed off-targets effects [13,90]. This hypothesis is supported 
by experimental evidence showing the role of ROS during neointimal 
hyperplasia after vascular injury, promoting cell proliferation, migra-
tion, and apoptosis [91–95]. In line with this, our control mice showed 
increased levels of TdT-mediated dUTP nick end labelling (TUNEL), an 
indicator of apoptosis, and such elevation was reduced by Mdivi-1 
treatment. Therefore, we can assume that the reduced mitochondrial 
respiration after Mdivi-1 administration may lower the production of 
ROS via inhibition of mitochondria complex I, protecting it from 
ROS-mediated apoptosis. This hypothesis is also supported by a recent 
study showing that pharmacological inhibition of mitochondria com-
plex I could attenuate neointimal hyperplasia after vascular injury via 
modulation of cell proliferation and migration, possibly by reducing 
ROS production [96]. However, further studies are needed to elucidate 
the mechanisms by which Mdivi-1 potentially modulates ROS-induced 
neointimal hyperplasia. 

There are several limitations of our study as follows: First, the wire- 
induced injury was performed in healthy blood vessels that lack estab-
lished atherogenic pathology, which differs from the clinical setting in 
which angioplasty or stenting is performed in a diseased vasculature. 
Second, while most of our experiments were performed on THP-1 cells, 
there are well-known differences between these immortalized cells and 
the primary human monocytes [97], and therefore, more validation is 
needed using blood-derived monocytes to draw more definitive con-
clusions. Third, we focused on the monocyte/macrophage population, 
while more studies are needed to elucidate the protective effect of 
Mdivi-1 on VSMCs during vascular injury. Lastly, our results suggest that 
Mdivi-1 acts by a mitochondrial dynamics-independent mechanism, but 
whether it acts through Drp-1 or not remains an open question. There-
fore, due to the off-target effects of Mdivi-1, further studies are needed 
using agents that are more Drp1-specific such as Drpitor1 or Drpitor1a 
[98] to better understand the role of this mitochondrial fission protein 
during vascular restenosis. Nevertheless, despite these limitations, our 
results provide new insights into the interplay between mitochondrial 
function and modulation of the inflammatory response during vascular 
injury. Additional studies are required in this field for a complete and 
greater comprehension of the function of mitochondria and their 
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influence on inflammation during vascular restenosis. 
In conclusion, we describe here for the first time that Mdivi-1 

strongly protects against neointimal hyperplasia following endothelial 
wire-injury where it has beneficial effects on vascular remodeling by 
metabolic reprogramming of monocytes/macrophages from a pro- 
inflammatory to anti-inflammatory phenotype, potentially through 
Drp1-independent mechanisms (see Fig. 8). As such, metabolic modu-
lation of monocyte and macrophage polarization using Mdivi-1 may 
thereby provide a new therapeutic strategy for inhibiting post- 
angioplasty restenosis in patients with CAD and PAD. 
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