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Aims Angiotensin II (AngII) is a potential contributor to the development of abdominal aortic aneurysm (AAA). In aortic
vascular smooth muscle cells (VSMCs), exposure to AngII induces mitochondrial fission via dynamin-related protein
1 (Drp1). However, pathophysiological relevance of mitochondrial morphology in AngII-associated AAA remains
unexplored. Here, we tested the hypothesis that mitochondrial fission is involved in the development of AAA.

....................................................................................................................................................................................................
Methods and
results

Immunohistochemistry was performed on human AAA samples and revealed enhanced expression of Drp1. In
C57BL6 mice treated with AngII plus b-aminopropionitrile, AAA tissue also showed an increase in Drp1 expres-
sion. A mitochondrial fission inhibitor, mdivi1, attenuated AAA size, associated aortic pathology, Drp1 protein in-
duction, and mitochondrial fission but not hypertension in these mice. Moreover, western-blot analysis showed
that induction of matrix metalloproteinase-2, which precedes the development of AAA, was blocked by mdivi1.
Mdivi1 also reduced the development of AAA in apolipoprotein E-deficient mice infused with AngII. As with mdivi1,
Drp1þ/- mice treated with AngII plus b-aminopropionitrile showed a decrease in AAA compared to control
Drp1þ/þ mice. In abdominal aortic VSMCs, AngII induced phosphorylation of Drp1 and mitochondrial fission, the
latter of which was attenuated with Drp1 silencing as well as mdivi1. AngII also induced vascular cell adhesion
molecule-1 expression and enhanced leucocyte adhesion and mitochondrial oxygen consumption in smooth muscle
cells, which were attenuated with mdivi1.

....................................................................................................................................................................................................
Conclusion These data indicate that Drp1 and mitochondrial fission play salient roles in AAA development, which likely

involves mitochondrial dysfunction and inflammatory activation of VSMCs.
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1. Introduction

Abdominal aortic aneurysm (AAA) is characterized as a localized dilation
of the abdominal aorta that expands to >50% of the normal diameter
with an increased risk of rupture. AAA is a significant cause of morbidity
and mortality and is the 13th leading cause of death in USA. Aging, male
gender, and smoking are the major risk factors developing AAA. At pre-
sent, there is no pharmacological treatment to prevent AAA develop-
ment and the mortality remains high (>65%) upon rupture.1,2

Increasingly, endovascular repair of AAA is utilized over open repair sur-
gery, though, neither option is a cure for patients with AAA. However,
greater than 50% of endovascular repair patients do not survive beyond
8 years.2 Therefore, there is an unmet clinical need to develop medical
therapies or at the very least, a better understanding of AAA aetiology.

Human AAA pathology involves disruption of the medial vascular
smooth muscle cell (VSMC) architecture, infiltration of inflammatory
cells, and local activation of matrix metalloproteinases (MMPs).3 While
the driving mechanism that integrates these events is still unclear, activa-
tion of the angiotensin II type-1 (AT1) receptor has been observed in an-
imal models of AAA.4,5 Our laboratories have described a signalling
pathway from AT1 receptor activation in VSMCs involving a disintegrin
and metalloproteinase-17 (ADAM17), caveolin-1, and epidermal growth
factor receptor (EGFR) in the formation and progression of AAA.6–8

However, other potential VSMC mechanisms may exist in the develop-
ment of AAA and require further exploration.

Mitochondrial dysfunction has been consistently linked to cardiovas-
cular disorders.9 Mitochondria are dynamic organelles which undergo
fission and fusion events to maintain their homoeostasis.10 Importantly, a
shift towards mitochondrial fission has been observed in variety of car-
diovascular disease settings.11 Mitochondrial fission is mainly driven by
the GTPase dynamin-related protein 1 (Drp1) which upon activation,
translocates to the mitochondrion from the cytosol, associates with its

receptors, and oligomerizes to encircle and divide the organelle.10,12 In
cultured rat aortic VSMCs, exposure to angiotensin II (AngII) induces mi-
tochondrial fission.13 Furthermore, AngII-induced mitochondrial fission,
reactive oxygen species production, reduced membrane potential, and
enhanced VSMC proliferation were prevented by the putative Drp1 in-
hibitor, mdivi1.13 In addition, Drp1 activation has been implicated in en-
dothelial dysfunction,14 inflammation,15 and stress-induced
senescence.16 However, pathophysiological relevance of Drp1 and mito-
chondrial dynamics in aneurysmal diseases have not been fully explored.

A widely utilized murine model of AAA infuses AngII in male apolipopro-
tein E (apoE) or LDL receptor -/- mice fed a high-fat diet. These models
lead to acceleration of atherosclerosis together with high incidence of AAA
and recapitulate many elements of human AAA pathology4 including
premature vascular senescence.17 In a non-atherogenic model of AAA in-
volving AngII infusion together with consumption of a lysyl oxidase inhibitor,
b-aminopropionitrile (BAPN) in C57BL/6 mice on a standard diet,18 we
have reported a key role for EGFR in development and rupture of AAA.6,7

This process likely involves AngII-induced EGFR transactivation and subse-
quent extracellular signal-regulated kinase (ERK) activation in VSMCs.5

Importantly, Drp1 phosphorylation by ERK is one of the key post-
translational mechanisms by which Drp1 mediates mitochondrial fission.19

Accordingly, using these two murine models of AAA together with human
AAA samples, we sought to test the hypothesis that enhanced mitochon-
drial fission via Drp1 is crucial to the development of AAA pathology.

2. Methods

An expanded methods section can be found in Supplementary material
online, Appendix A. Key reagent and resources were described in
Supplementary material online, Table S1.

Graphical Abstract
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2.1 Human subjects and specimens
Written informed consent was obtained from all subjects before partici-
pation and human surgical AAA specimens were utilized under approvals
of Temple University (No. 21973) and Okayama University (No. 1810-
030) Institutional Review Boards in accordance with the Helsinki
Declaration. Formalin-fixed control aortas were obtained from
Advanced Tissue Services and with assurances that the donors have no
medical history or diagnosed disease. Attempts were made to have age-
matched controls.

2.2 Animal protocols
All animal procedures were performed with prior approval of the
Temple University Institutional Animal Care and Use Committee (No.
4625) and in accordance with National Institutes of Health Guide for the
Care and Use of Laboratory Animals. For all AngII infusion procedures,
mice were anesthetized by isoflurane inhalation (induction dose: 3–5%,
maintenance dose: 1–2%) and osmotic mini-pumps containing AngII
were implanted subcutaneously into the dorsum of the mouse. About
8–10-week-old male C57BL/6J mice (stock 000664) and 10–12-week-
old male apoE-/- (B6.129P2-Apoetm1Unc/J stock 002052) were obtained
from the Jackson Laboratory. About 8–10-week-old male Drp1þ/- mice
(C57BL/6-129), generated as previously described20 were backcrossed
three times with C57BL/6 mice. Animal genotypes were determined us-
ing a Phusion High Fidelity Polymerase kit (New England BioLabs, No.
M0530L). To differentiate Drp1þ/þ from Drp1þ/- animals, the Eurofin
Genomics primers D1 (50-CACTGAGAGCTCTATATGTAGGC-30),
D3 (50-ACCAAAGTAAGGAATAGCTGTTG-30), and D5 (50-
GAGTACCTAAAGTGGACAAGAGGTCC-30) were used. Littermate
Drp1þ/þ mice were used as controls. Standard laboratory diet and wa-
ter were available ad libitum.

In our first AAA model, AngII was delivered at a rate of 1 lg/kg/min
for 4 weeks via subcutaneous infusion (Alzet micro-osmotic mini pump
1004) in male C57BL/6 mice. In addition, mice were received BAPN at a
dose of 0.625 mg/mL which was added to the drinking water during the
first 2 weeks of AngII infusion (we identified this combination as an AAA
model with �12% chance of rupture). Control C57BL/6 mice were
sham-operated. In the treatment group, mdivi1 solubilized in 10lL
DMSO at 25 mg/kg or vehicle (10 lL DMSO) was administered with
90lL corn oil by intraperitoneal (i.p.) injection, three times per week.
For animals that died before the completion of the study, necropsy was
performed when possible to define the causes of death. The presence of
haematoma in thoracic or abdominal cavity indicated thoracic aorta or
abdominal aorta rupture as a cause of death. In our second model,
apoE-/- mice kept on a standard diet and infused with AngII (1mg/kg/min)
for 4 weeks along with the tri-weekly mdivi1 or vehicle as in the first
model. Third, we used Drp1þ/- mice to complement our pharmacologi-
cal findings and examine the specificity to which Drp1 contributes to an-
eurysm development. About 8–10-week-old male Drp1þ/- and control
Drp1þ/þ mice were infused with AngII (1mg/kg/min) for 4 weeks and
received BAPN in drinking water at a dose of 1 mg/mL as a means to en-
hance AAA developments, as demonstrated in our past work.18 After
study, all animals were anaesthetized by isoflurane inhalation (2–5%) and
then euthanized by exsanguination and bilateral thoracotomy.

2.3 Rat abdominal aortic VSMCs
Abdominal aortic VSMCs were isolated from 12-week-old male
Sprague–Dawley rat (300–350 g Charles River Laboratories). VSMCs
were pooled from two rats and renewed every 2 months. A total of 24

rats were used for the in vitro experiments. To obtain VSMCs, rats were
anesthetized with 5% isoflurane and euthanized by exsanguination and
bilateral thoracotomy. Abdominal aortas were then collected by cutting
the aorta below the level of the diaphragm. VSMCs were isolated by ex-
plant method and cultured in DMEM and 10% FBS as previously de-
scribed for thoracic VSMCs.21 VSMCs were used between passage 3–9
in all experiments.

2.4 Statistical analysis
Data are presented as mean ± SEM. Unless otherwise stated, compari-
sons were performed via unpaired Student’s t-test for two groups, or via
one-way or two-way (only for internal diameter analysis in vivo) ANOVA
with the post hoc Tukey (in vitro assays) and Bonferroni (in vivo assays) for
multiple groups or log-rank (Mantel–Cox) test (Kaplan–Meier survival
curves) using Prism software (GraphPad, San Diego, CA, USA).
Differences were considered statistically significant at P < 0.05.

3. Results

3.1 Drp1 expression is enhanced in human
AAA
To investigate potential relevance of the mitochondrial fission inducer
Drp1 in human AAA, immunohistochemical analysis was performed on
human AAA specimen and control aortas. While semiquantitative, en-
hanced Drp1 protein expression was suggested in all human AAA sam-
ples compared with control aortas. IgG served as antibody control for
specificity of Drp1 labelling (Figure 1 and see Supplementary material on-
line, Figure S1 and Table S2).

Figure 1 Drp1 expression was increased in human AAA samples.
Immunohistochemical staining of Drp1 was demonstrated in human
AAA samples and control abdominal aortas. Control abdominal aorta:
con1 80 M (80-year-old male), con2 71 M, and con3 51 M. AAA1 71 M,
AAA2 76 M, AAA3 84 F (84-year-old female), AAA4 76 F, and AAA5
75 M (see additional data with control IgG staining in Supplementary
material online, Figure S1 and patient characteristics in Supplementary
material online, Table S2). Scale bar; 50lm. Data are expressed as
mean±SEM. Statistical significance was determined by a two-tailed un-
paired Student’s t-test. *P < 0.05 control n = 3 vs. AAA n = 5.
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3.2 Drp1 inhibition protects against AAA
development in mice
Next, we examined the effect of a mitochondrial fission inhibitor,
mdivi122 in the AngII plus BAPN model of AAA (see Supplementary ma-
terial online, Figure S2A). Mice treated with mdivi1 showed attenuation
of AAA development assessed by measurement of external and internal
diameters of the abdominal aortas as well as by histology (Figure 2A–C).
Van Giesson staining further indicates disruption of elastic lamina struc-
tures in mouse AAA which was prevented with mdivi1 (see
Supplementary material online, Figure S2B). In contrast, hypertension ob-
served in mice treated with AngII plus BAPN was unaltered by mdivi1
(see Supplementary material online, Figure S2C). There was no difference
observed in heart rate among the groups (see Supplementary material
online, Figure S2D). In addition, mdiv1 completely protected against fatal
aneurysm rupture which occurs at a rate of�12% with the current dose
of BAPN (see Supplementary material online, Figure S2E).

In a second model of AAA, AngII was infused in apoE-/- mice fed a
normal diet. Consistent with the AngII plus BAPN model, treatment of
mdivi1 significantly reduced AAA development in this model (see
Supplementary material online, Figure S3). In addition, no rupture was
observed in any group from this cohort of mice.

Although mdivi1 is widely considered to be a Drp1 inhibitor, it may
have off-target effects independent of Drp1.23,24 Thus, to obtain direct
evidence for Drp1 in AAA development, we used Drp1 heterozygous
(Drp1þ/-) mice which are viable with no obvious phenotype in contrast
to Drp1 null (Drp1-/-) mice which are embryonic lethal.20 While control
Drp1þ/þ mice treated with AngII plus BAPN developed AAA, there
was partial, yet significant, reduction of AAA development in Drp1þ/-
mice (Figure 3). The incomplete prevention of AAA seen in Drp1þ/-
mice may be due to the activation of endogenous Drp1, which appears
to maintain mitochondrial homoeostasis under basal conditions in
Drp1þ/- mice.25

To examine the regulation of Drp1 in AAA, Drp1 expression in
mouse abdominal aortas was evaluated with immunohistochemistry.
Similar to our observations in human AAA samples, AngII plus BAPN
treatment increased Drp1 expression in abdominal aorta of C57BL6
mice, which was not observed with mdivi1 treatment (Figure 4A).
Moreover, Drp1 protein expression in abdominal aorta was enhanced
by AngII plus BAPN treatment in Drp1þ/þ mice, which was attenuated
in Drp1þ/- mice (Figure 4B). In addition, slightly lower expression of vas-
cular Drp1 was observed in sham-operated Drp1þ/- mice. Limited si-
lencing of Drp1 protein in Drp1þ/- mice is a known issue of these mice
as reported previously in the brain25 which could be due to compensa-
tion. Upon AAA induction, the compensation may no longer be effective
to meet the demand for Drp1 induction associated with AAA.

3.3 Protection of AAA by Drp1 inhibition is
associated with reduced stress responses
including inflammatory leucocyte
infiltration and senescence
Local inflammation plays a critical role in AAA development.3 To evalu-
ate inflammation associated with AAA, leucocyte infiltration in abdomi-
nal aortas was assessed by immunostaining of CD45. CD45 positive cell
numbers were increased in mouse AAAs induced by AngII plus BAPN,
which were attenuated with mdivi1 co-treatment (Figure 5A). CD45 pos-
itive cells were also reduced in aortas from Drp1þ/- mice treated with
AngII plus BAPN compared to the control mice (Figure 5B). To deter-
mine the type of immune cells that are present in mouse AAA, F4/80

staining was utilized to detect macrophages. F4/80 positive cells were
detected in AAA, which was reduced with the mdivi1 co-treatment (see
Supplementary material online, Figure S4). To investigate potential down-
stream mechanism(s) through which Drp1 contributes to aortic inflam-
mation, oxidative stress and ER stress were assessed with 4-
hydorxynonenal and KDEL staining, respectively. As we have
reported,6–8 expression of these markers were enhanced in mice
treated with AngII plus BAPN whereas administration of mdivi1 attenu-
ated these responses (see Supplementary material online, Figure S5).

VSMC senescence has also been observed in AAA and represents a
potential mechanism for inflammation and medial degeneration.17,26 We
found increased b-galactosidase activity in AAA segments of mice
treated with AngII and BAPN, which was attenuated with mdivi1 treat-
ment (see Supplementary material online, Figure S6A). The senescent
phenotype seen in the mouse AAA samples and its attenuation by mdivi1
were confirmed with detection of lipofuscin, a marker for age-related
lysosomal dysfunction and senescence27 (see Supplementary material
online, Figure S6B). Senescence cells also show enhanced expression of a
cell cycle suppressor p16Ink4a.28 Here, we found a trend of enhanced
p16Ink4a immunoreactivity in AAA, which was not observed in abdominal
aortas co-treated with mdivi1 (see Supplementary material online, Figure
S6C). Consistent with our mouse model, human AAA samples showed
higher staining of lipofuscin and p16Ink4a compared to control aortas (see
Supplementary material online, Figure S7).

To test if the improvements in the AAA pathophysiology by mdivi1
are indeed due to the inhibition of salient early signalling events, abdomi-
nal aortas were harvested at Day 7 of the AAA induction protocol, a
time point before vessel wall expansion is observed. Indeed, mdivi1
treatment prevented the increase in protein expression of MMP-2, an
early indicator of AAA pathology29 and a similar trend was observed
with expression of vascular cell adhesion molecule-1 (VCAM-1) (see
Supplementary material online, Figure S8A and B). We also confirmed
that mdivi1 attenuated enhancement of the gelatinase (MMP-2 and
MMP-9) activity in abdominal aortas in mice treated with AngII and
BAPN for 7 days (see Supplementary material online, Figure S8C).

3.4 Drp1 mediates mitochondrial fission
upon AngII exposure
It has been demonstrated that VSMCs play a critical role in formation of
AAA in mouse models infused with AngII.6,17,30–32 To investigate the
role of Drp1 and mitochondrial fission in promoting a VSMC phenotype
associated with AAA, rat abdominal aortic VSMCs were stimulated with
AngII. AngII induced mitochondrial fission, which was attenuated with
Drp1 silencing (Figure 6A and B). Mdivi1 pre-treatment also attenuated
AngII-induced mitochondrial fission in VSMCs (Figure 6C). To evaluate
the effect of mdivi1 on mitochondrial morphology in vivo, medial layers
of the mouse aortas were analysed by electron microscopy. Through
morphometric analysis of mitochondrial ultrastructure, we observed de-
creased aspect ratio of mitochondria in medial layers of AAA tissues,
which was attenuated by mdivi1, a finding consistent with prevention of
mitochondrial fission (Figure 6D).

Drp1 possesses two important phosphorylation sites, where Ser616
phosphorylation is stimulatory and Ser637 phosphorylation is inhibi-
tory.33 Here, we evaluated Drp1 phosphorylation status in response to
AngII by Phos-tag SDS–PAGE, which dissociates a phosphorylated pro-
tein which migrates slower.34 In addition, we tested whether ERK, as a ki-
nase known to directly phosphorylate Drp1 at Ser616,19 played a role in
Drp1 phosphorylation. VSMCs were pre-treated with an ERK inhibitor
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Figure 2 Mitochondrial fission inhibitor-1 mdivi1 decreased AAA formation induced by AngII plus BAPN. About 8–10-week-old C57BL/6J male mice
were treated with AngII (1lg/kg/min subcutaneous infusion) for 4 weeks with BAPN in drinking water (0.625 g/L) for the first 2 weeks (AIIþB) with mdivi1
(mdiv) injections (25 mg/kg i.p. 3 times/week) or vehicle (vehi) injections (10 lL DMSO plus 90lL corn oil i.p. 3 times/week) for 4 weeks. Control mice
were sham-operated. (A) Representative photographs of the mouse aortas were demonstrated. Scale bar is 3 mm. Maximum external diameter/D of the
aortas was determined in the aorta picture after aortic isolation and cleaning, sham n = 6, vehi AIIþB n = 16, mdiv AIIþB n = 12. Data are expressed as
mean±SEM. Statistical significance was determined by one-way ANOVA with Bonferroni post hoc test. ****P < 0.0001. (B) Maximal aortic internal diameter/
D was determined by echo analysis using high-resolution 2D imaging (B mode) with high-frequency ultrasound (VisualSonics Vevo2100) on Days 0 (0 W),
14 (2 W), 21 (3 W), and 28 (4 W) of the study, sham n = 5, vehi AIIþB n = 12, mdiv AIIþB n = 10. Data are expressed as mean±SEM. Statistical significance
was determined by two-way ANOVA with Bonferroni post hoc test. *P < 0.05, ***P < 0.001, ****P < 0.0001. (C) Histological assessment was done by
Masson’s Trichrome staining following euthanasia of animals at 28 days, dissection of abdominal aorta and paraffin embedding and sectioning (5lm thick),
n = 4. Scale bar; 200 lm (40�), 50lm (200�).

Mitochondrial fission in abdominal aortic aneurysm 975



Figure 3 Drp1 heterozygous mice had attenuated AAA development in an AngII plus BAPN model. About 8–10-week-old Drp1 heterozygous mice
(Drp1þ/-) and control Drp1þ/þ mice were treated with AngII infusion (1lg/kg/min) for 4 weeks with BAPN in drinking water (0.625 g/L) for the first
2 weeks (AIIþB) or sham-operated. (A) Maximum external diameter/D of the aortas was determined, Drp1þ/þ sham n = 4, Drp1þ/þ AIIþB n = 6,
Drp1þ/- sham n = 4, Drp1þ/- AIIþB n = 5. Scale bar is 3 mm. Data are expressed as mean±SEM. Statistical significance was determined by one-way
ANOVA with Bonferroni post hoc test. *P < 0.05, **P < 0.01. (B) Maximal aortic internal diameter/D was determined by echo analysis on Days 0 (0 W),
14 (2 W), 21 (3 W), and 28 (4 W) of the study, Drp1þ/þ sham n = 4, Drp1þ/þ AIIþB n = 6, Drp1þ/- sham n = 4, Drp1þ/- AIIþB n = 5. Data are
expressed as mean ± SEM. Statistical significance was determined by two-way ANOVA with Bonferroni post hoc test. *P < 0.05, **P < 0.01,
****P < 0.0001. (C) Histological assessment was done by Masson’s Trichrome staining following euthanasia of animals at 28 days, dissection of abdominal
aorta and paraffin embedding and sectioning (5lm thick), n = 4. Scale bar; 200 lm (40�), 50lm (200�).
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.U0126 or its vehicle, then stimulated by AngII. We observed that AngII
increased Drp1 upper band, which was attenuated by the ERK inhibitor
(see Supplementary material online, Figure S9A). We confirmed that
AngII stimulated Drp1 Ser616 phosphorylation as well as ERK Thr202/
Tyr204 phosphorylation, which were attenuated by the ERK inhibitor
(see Supplementary material online, Figure S9B). Thus, the ERK inhibitor
prevented mitochondrial fission induced by AngII in VSMCs (see
Supplementary material online, Figure S9C).

3.5 Mdivi1 attenuated inflammatory
phenotype and enhanced oxygen
consumption in abdominal aortic VSMCs
stimulated with AngII
To examine whether mitochondrial fission mediates inflammatory
responses in vitro, VSMCs were stimulated with AngII with or without
pre-treatment of mdivi1. AngII-induced inflammatory responses assessed
by VCAM-1 expression and THP-1 adhesion were prevented by the
mdivi1 pre-treatment in abdominal aortic VSMCs (see Supplementary
material online, Figure S10). Enhanced mitochondrial oxygen

consumption of VSMCs has been implicated in senescence and
senescence-associated inflammatory phenotype in VSMCs.35 To evalu-
ate the potential functional alteration of mitochondria in response to
AngII-induced mitochondrial fission, cellular oxygen consumption rate
(OCR) was evaluated by Seahorse Extracellular Flux assay in VSMCs
with or without treatment of mdivi1. AngII increased basal OCR, maxi-
mal respiration, and ATP-linked OCR, which were attenuated with
mdivi1 (see Supplementary material online, Figure S11A and B). In line
with the observation that mdivi1 did not suppress basal OCR, mdivi1 did
not alter basal complex I activity (see Supplementary material online,
Figure S11C). Taken together, these data suggest that mitochondrial re-
spiratory stimulation via mitochondrial fission potentially contributes to
the VSMC inflammatory phenotype induced by AngII.

4. Discussion

In the present study, we provide evidence that both mdivi1 and Drp1
heterozygous mice are effective in attenuating AAA development in two
distinct murine models. Taken together with our findings in humans and

Figure 4 Drp1 expression was decreased in mdivi1-treated C57BL6 mice and Drp1 heterozygous mice following AngII plus BAPN administration. (A)
Male C57BL/5 mice were treated as in Figure 2. sham n = 3, vehi AIIþB n = 4, mdiv AIIþB n = 3. (B) Mice were treated as in Figure 3. Drp1þ/þ sham n = 3,
Drp1þ/þ AIIþB n = 3, Drp1þ/- sham n = 3, Drp1þ/- AIIþB n = 3. Representative immunostaining of Drp1 or isotype-matched IgG staining was shown.
Scale bar is 50lm. Data are expressed as mean ± SEM. Statistical significance was determined by one-way ANOVA with Bonferroni post hoc test.
*P < 0.05, **P < 0.01, and ***P < 0.001.

Mitochondrial fission in abdominal aortic aneurysm 977

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa133#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
abdominal aortic VSMCs, we speculate that the underlying mechanism
involves up-regulation of Drp1-mediated mitochondrial fission which
results in pro-inflammatory VSMC phenotype leading to AAA progres-
sion. Thus, Drp1 can be considered a potential therapeutic target against
AAA development. These findings expand our understanding of the
AAA pathophysiology by bringing into focus Drp1 and the mitochondria
as key participatory elements in aneurysmal aortic diseases.

Alterations in mitochondrial dynamics, including those involving Drp1,
have been implicated in several vascular pathophysiological processes
such as endothelial dysfunction,14 constriction of mesenteric arteries,36

neointimal hyperplasia,37 calcification,38 and atherosclerosis.39 There is
also accumulating evidence indicating that disruption of mitochondrial
functions is associated with AAA in both mouse models and humans.
These alterations include enhanced mitochondrial reactive oxygen spe-
cies production,40–42 reduced mitochondrial biogenesis,42,43 and
mitochondria-initiated apoptosis.44 Moreover, deletion of mitochondrial
uncoupling protein-2 in apoE-/- mice enhanced AAA phenotype induced
by AngII independent of hypertension.45 Our findings along with these
studies support the potential contribution of mitochondrial dynamics in
AAA aetiology.

In humans, hypertension is frequently associated with AAA and is a
risk factor for rupture. However, there is limited evidence for hyperten-
sion as a potential risk factor for AAA incidence compared with smok-
ing.2,46 A prior study showed that hydralazine did not prevent AAA in
hypercholesterolaemic mice with AngII infusion while blood pressure
was normalized.47 Several studies have also shown that the hypertension
is not necessary for the AAA development in mice.48–50 In this study, we
found that while AAA development was prevented by mdivi1, it did not
alter hypertension in mice treated with AngII plus BAPN. These data are
consistent with our past findings that signalling elements downstream of
the AT1 receptors, namely caveolin-1,7 EGFR,8 and VSMC ADAM17,6

are involved in AngII plus BAPN model of AAA with no alteration of
blood pressure. It is likely that these upstream signalling components
regulate Drp1-dependent mitochondrial fission and AAA induced by
AngII since each element has the ability to regulate ERK,5 which we
found to be upstream of AngII-mediated Drp1 Ser616 phosphorylation
and mitochondrial fission in VSMCs. In addition, mdivi1 has been
reported to protect against cardiac hypertrophy and fibrosis without al-
teration of blood pressure in Dahl-salt sensitive rats.51 Interestingly, this
protection was associated with prevention of Drp1 induction and

Figure 5 CD45 positive cells were decreased in C57BL6 mice treated with mdivi1 or Drp1 heterozygous mice following AngII plus BAPN administra-
tion. (A) Mice were treated as in Figure 2. sham n = 4, vehi AIIþB n = 4, mdiv AIIþB n = 4. (B) Mice were treated as in Figure 3. Drp1þ/þ sham n = 3,
Drp1þ/þ AIIþB n = 3, Drp1þ/- sham n = 3, Drp1þ/- AIIþB n = 3. Representative immunostaining of CD45 or isotype-matched IgG staining in suprare-
nal abdominal aortic tissue was shown. Scale bar is 50lm. Data are expressed as mean ± SEM. Statistical significance was determined by one-way
ANOVA with Bonferroni post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 6 AngII-induced mitochondrial fission via Drp1 activation. (A) Serum-starved rat abdominal aortic VSMCs infected with adenovirus encoding Drp1
siRNA (siDrp1) or control non-silencing siRNA (siCon) at 100 moi (multiplicity of infection) and the mitochondria-labelling adenovirus, mito-dsRed (10
moi) for 48 h were stimulated with 100 nM AngII (AII) for 2 h. (-) basal control. Mitochondrial fragmentation count (MFC) was calculated using ImageJ analy-
sis. MFC; mitochondria count�100/total mitochondria area (pixcels) per cell was measured. Scale bar is 15lm and the box is 4� zoomed. Data (mean ±
SEM) were from two independent experiments with HPF images, n = 10. Statistical significance was determined by one-way ANOVA with Tukey post hoc
test. *P < 0.05 and ****P < 0.0001. (B) Confirmation of Drp1 knockdown in siDrp or siCon adenovirus infected rat aortic abdominal VSMCs by immunoblot-
ting. The adenoviruses (100 moi) were infected for 48 h. For quantification, densitometry analysis was performed and normalized with corresponding
GAPDH density. Data are expressed as mean ± SEM. Statistical significance was determined by a two-tailed unpaired Student’s t-test. *P < 0.05 control
siCon n = 4 vs. siDrp1 n = 4. (C) Serum-starved rat abdominal aortic VSMCs were pre-treated for 60 min with mdivi1 (mdiv, 20lM) or its vehicle (0.1%
DMSO final) then stimulated with 100 nM AngII (AII) for 2 h. (-) basal control. Mitochondria was stained with MitoTracker Red. MFC was measured. Data
were from three independent experiments with HPF images, DMSO—n = 10, DMSO AII n = 15, mdiv—n = 11, and mdiv AII n = 10. Data are expressed as
mean ± SEM. Statistical significance was determined by one-way ANOVA with Tukey post hoc test. *P < 0.05. (D) Mice were treated as in Figure 2. Aortic mi-
tochondrial image analysis with transmission electron microscopy. Dissected abdominal aortas from each treatment group (2 sham, 3 AIIþB vehi, and 3
AIIþB mdiv) were incubated in glutaraldehyde fixative and the mitochondria in the medial layer were imaged by transmission electron microscopy. Scale bar
is 200 nm. Aspect ratio was calculated as long axis/short axis of mitochondria by ImageJ analysis. Counted mitochondria numbers in each group were sham
n = 83, AIIþB vehi n = 164, and 3 AIIþB mdiv n = 159. Data are expressed as mean ± SEM. Statistical significance was determined by one-way ANOVA with
Bonferroni post hoc test. **P < 0.01 and ****P < 0.0001.
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.
oxidative stress, which were recapitulated in the aortic vasculature in the
present study.

VSMCs are considered as one of the key cell types that contribute to
AAA pathophysiology.3 Accordingly, accumulating data suggest several
smooth muscle-specific processes that contribute to AAA development
in mice.6,17,30–32 Moreover, several phenotypic modulations have also
been reported in VSMCs which contribute to AAA pathology,52,53 in-
cluding MMP secretion, senescence, susceptibilities to apoptosis, and
pro-inflammatory responses. Our studies with mdivi1 show attenuation
of MMP-2 induction in the aorta preceding AAA progression as well as
VCAM-1 induction and leucocyte adhesion in VSMCs suggesting that
mdivi1 attenuates the induction of VSMC dysfunctional phenotype pro-
moted by AAA risk factors. Although VSMCs are highly implicated in our
study, we are aware that additional experiments are needed to selec-
tively narrow down our observations to a specific cell type such as with
conditional knockdown animals. For instance, macrophage activation
and shift to the M1 phenotype have been strongly implicated in AAA de-
velopment with contributions to inflammation and ECM remodelling.54

Our data thus indicate that Drp1 and mitochondrial fission in macro-
phages may participate in AAA in this model. T cells have also been
reported to contribute to AAA development55 and T-cell function
appears to require Drp1.56 In contrast, B2 cells were known to suppress
AAA in the mouse elastase model,57 whereas total B-cell depletion is
protective in a mouse AngII model.58 Mouse AT1 receptors consist of
AT1a and AT1b, both of which are expressed in the abdominal aorta.
However, silencing of smooth muscle or endothelial AT1a59 as well as
systemic deletion of AT1b60 did not alter AAA development in LDL re-
ceptor -/- mice infused with AngII. It is possible that there might be com-
pensation by either receptors or the distinct cell type(s) to maintain the
pathology. Thus, whether Drp1 and mitochondrial fission contribute to
AAA progression via a mechanism requiring VSMCs, endothelial cells or
a type of immune cells remains to be studied.

In addition to the well-studied role of VSMC oxidative stress in AAA,3

the role of ER stress in VSMCs has been increasingly investigated in hu-
man and murine models of AAA, which likely involves the AngII-EGFR
transactivation cascade.6–8,42 It is also important to note that attenuation
of protein misfolding by chemical chaperone protected against the for-
mation of AAA in an AngII-dependent model.61 Consistent with these
concepts, we found mdivi1 attenuated oxidative stress and ER stress in
the AAA model.

We also demonstrated that mdivi1 treatment reduced markers for se-
nescence in the AAA model and that the senescence marker, p16Ink4a,
was enriched in human AAA samples. While senescent cells usually pos-
sess fused mitochondria,62 literature suggests that Drp1 and mitochon-
drial fission can mediate senescence in certain conditions.16,63 Our
findings are in line with those reported in human VSMCs cultured from
AAA lesions which were prone to replicative senescence26 and demon-
strated telomere attrition.64 Overall, these findings support the view
point that enhanced mitochondrial fission is part of a potential molecular
mechanism by which enhanced renin–angiotensin system accelerates
cellular stress and senescence in age-related aortic pathology.65

Using VSMCs from abdominal aorta, we observed that AngII-induced
mitochondrial fission was associated with enhanced oxygen consump-
tion, which was attenuated with mdivi1 treatment. Increase in oxygen
consumption in thoracic VSMCs stimulated by AngII has been linked to
oxidative stress.66 In addition, increased basal oxygen consumption was
associated with mitochondrial fission in VSMCs from mouse thoracic
aortas incubated with platelet-derived growth factor.37 However, fur-
ther investigation is necessary to determine whether VSMC metabolic

adaptation or maladaptation in response to mitochondrial fission has any
contribution to AAA.

While a multitude of studies supports mdivi1 as a mitochondrial fis-
sion inhibitor,24 a recent study demonstrated that mdiv1 inhibited mito-
chondrial complex I activity in vitro at high concentrations (50–
100lM).23 Although we used a lower concentration (20 lM) which did
not alter baseline complex I activity in vitro and confirmed AAA protec-
tion with Drp1 hetero-deficient mice, it is possible that complex I inhibi-
tion by mdivi1 may have contributed to the protective effects against
AAA in vivo, which is a limitation of this study. However, we believe that
this concern is offset somewhat given the similarity in experimental
results from the Drp1þ/- mice and the mdiv1 approaches. In addition, it
has been reported that mdivi1 and genetic deficiency of Drp1 inhibit
mitophagy.67 Thus, the potential involvement of mitophagy in AAA
remains to be explored. Another limitation is a lack of translational stud-
ies such as to test the effect of mdivi1 on established or developing AAA
in mice. Lastly, while human AAA data consistently support our mouse
AAA findings, our data are limited to dissecting models of AAA since
AngII and BAPN were utilized.68 Therefore, it is interesting to further
test if our findings are applicable to other non-dissecting models of AAA.

In conclusion, pharmacological as well as genetic inhibition of Drp1 at-
tenuated AAA development in mouse models. These data together with
our human and in vitro findings suggest a potential role for mitochondrial
fission in promotion of pro-inflammatory phenotype in abdominal aortic
VSMCs leading to AAA development.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Mitochondrial fission/fusion regulation is critical to maintain mitochondrial homoeostasis. A shift towards mitochondrial fission is associated with a
variety of cardiovascular diseases. A GTPase, Drp1 is known to mediate mitochondrial fission and we found evidence of Drp1 dysregulation in hu-
man and mouse abdominal aortic aneurysms (AAA). The results from the present study demonstrate that pharmacological as well as genetic inhibi-
tion of mitochondrial fission via Drp1 prevents AAA formation and vascular smooth muscle aneurysmal phenotype in mouse models of the disease.
These data indicate that intervening in this pathway may have therapeutic potential for treating AAA.
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