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Lectin-like oxidized low-density lipoprotein (ox-LDL) causes vascular senescence and

atherosclerosis. It has been reported that ox-LDL scavenger receptor-1 (LOX-1) is

associated with the angiotensin II type 1 receptor (AT1R). While mitochondria play

a crucial role in the development of vascular senescence and atherosclerosis, they

also undergo quality control through mitochondrial dynamics and autophagy. The

aim of this study was to investigate (1) whether LOX-1 associates with AT1R, (2)

if this regulates mitochondrial quality control, and (3) whether AT1R inhibition using

Candesartan might ameliorate ox-LDL-induced vascular senescence. We performed in

vitro and in vivo experiments using vascular smooth muscle cells (VSMCs), and C57BL/6

and apolipoprotein E-deficient (ApoE KO) mice. Administration of oxidized low-density

lipoprotein (ox-LDL) to VSMCs induced mitochondrial dysfunction and cellular

senescence accompanied by excessive mitochondrial fission, due to the activation

of fission factor Drp1, which was derived from the activation of the Raf/MEK/ERK

pathway. Administration of either Drp1 inhibitor, mdivi-1, or AT1R blocker candesartan

attenuated these alterations. Electron microscopy and immunohistochemistry of the

co-localization of LAMP2 with TOMM20 signal showed that AT1R inhibition also

increased mitochondrial autophagy, but this was not affected by Atg7 deficiency.

Conversely, AT1R inhibition increased the co-localization of LAMP2 with Rab9 signal.

Moreover, AT1R inhibition-induced mitochondrial autophagy was abolished by Rab9

deficiency, suggesting that AT1R signaling modulated mitochondrial autophagy derived

from Rab9-dependent alternative autophagy. Inhibition of the Raf/MEK/ERK pathway

also decreased the excessive mitochondrial fission, and Rab9-dependent mitochondrial

autophagy, suggesting that AT1R signaling followed the Raf/MEK/ERK axis modulated

both mitochondrial dynamics and autophagy. The degree of mitochondrial dysfunction,

reactive oxygen species production, vascular senescence, atherosclerosis, and the

number of fragmented mitochondria accompanied by Drp1 activation were all higher
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FIGURE 5 | AT1R inhibition induced mitochondrial autophagy derived from Rab9-dependent alternative autophagy with ox-LDL treatment. (A) Electron microscopic

images and quantitative analysis of the number of mitochondrial autophagy in Candesartan-treated vs. the control cells with ox-LDL. Scale bar = 1µm. **P < 0.01 vs.

(Continued)
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FIGURE 5 | ox-LDL with the control (n = 15 per group). (B) Representative images and quantitative analysis of TOMM20 (green) and LAMP2 (red)

immunohistochemistry in Candesartan-treated vs. control cells with ox-LDL. Scale bar = 10µm. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). (C)

Representative images and quantitative analysis of LC3 (green) and LAMP2 (red) immunohistochemistry in Candesartan-treated vs. control vehicle-treated cells with

ox-LDL (n = 3 per group). Scale bar = 10µm. (D) Representative images and quantitative analysis of LAMP2 (green) and Rab9 (red) immunohistochemistry in

Candesartan-treated vs. control cells with ox-LDL. Scale bar = 10µm. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). (E) Representative images and

quantitative analysis of TOMM20 (green) and LAMP2 (red) immunohistochemistry in Candesartan-treated vs. control cells transfected with siRab9 under ox-LDL

treatment. Scale bar = 10µm. (n = 3 per group). (F) Representative images and quantitative analysis of TOMM20 (green) and LAMP2 (red) immunohistochemistry in

Candesartan-treated vs. control cells transfected with siAtg7 under ox-LDL treatment. Scale bar = 10µm. *P < 0.05 when compared with control vehicle-treated

cells transfected with siAtg7 under ox-LDL treatment (n = 3 per group). All data are presented as the mean ± SEM. Statistical analysis were conducted by Wilcoxon

rank sum test (B,C,E,F) and Student’s t-test (A).

FIGURE 6 | Rab9-dependent mitochondrial autophagy was not affected by ERK inhibition but was affected by MEK inhibition. (A) Representative images and

quantitative analysis of TOMM20 (green) and LAMP2 (red) immunohistochemistry in SCH772984-treated vs. control vehicle-treated cells with ox-LDL. Scale bar =

10µm. (n = 3 per group). (B) Representative images and quantitative analysis of TOMM20 (green) and LAMP2 (red) immunohistochemistry in PD184352-treated vs.

control vehicle-treated cells with ox-LDL. Scale bar = 10µm. *P < 0.05 when compared with ox-LDL with the control (n = 3 per group). (C) Representative images

and quantitative analysis of LAMP2 (green) and Rab9 (red) immunohistochemistry in PD184352-treated vs. control cells with ox-LDL. Scale bar = 10µm. *P < 0.05

when compared with ox-LDL with the control (n = 3 per group). All data are presented as the mean ± SEM. Statistical analysis were conducted by Wilcoxon rank sum

test (A-C).

mitochondrial dynamics factors were not significantly different
between the two groups (Figure 8B). H2O2 production was
lower and ATP production was higher in ApoE KO mice
administered candesartan (Figures 8C,D). The ratio of arterial
fibrosis and the senescence area were also lower in ApoE
KO mice administered with candesartan when compared with

the control (Figures 8E,F). Immunoblot analysis showed that
the expression of p53 and p21 was lower in ApoE KO mice
treated with candesartan (Figure 8G). To examinemitochondrial
autophagy induced by AT1R inhibition, we performed EM and
immunohistochemistry. The number of autophagy-engulfing
mitochondria was higher in ApoE KO mice administered with
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TABLE 1 | Body weight, heart rate, and blood pressure of the C57BL/6 and ApoE

KO mice.

C57BL/6

(n = 18)

ApoE KO

(n = 15)

P-value

BW (g) 32.8 ± 0.7 32.1 ± 0.5 N.S.

HR (bpm) 705 ± 11 668 ± 13 N.S.

BP (mmHg) 107 ± 4/63 ± 3 116 ± 5/71 ± 4 N.S.

All values are presented as the mean and SD. BW, body weight; HR, heart rate; BP,

blood pressure.

candesartan when compared to the control (Figure 8H). The
colocalization of LAMP2 with Rab9 or TOMM20 was also higher
in ApoE KO mice treated with the ARB when compared with
the control (Figures 8I,J). Taken together, AT1R inhibition was
found to contribute to improved mitochondrial quality control
through the suppression of excessive mitochondrial fission and
the induction of Rab9-dependent mitochondrial autophagy,
causing anti-arterial senescence in ApoE KO mice.

DISCUSSION

Our findings indicate that AT1R inhibition attenuates excessive
mitochondrial fission that is induced by ox-LDL and thus
augments mitochondrial autophagy, which is crucial for
maintaining mitochondrial quality control and the effect
of anti-senescence. In human VSMCs exposed to ox-LDL,
AT1R inhibition suppresses Drp1 activation through the
CRAF/MEK/ERK pathway, which is downstream of the AT1R
signal, and did not induce conventional Atg7/LC3-dependent
autophagy but Rab9-dependent alternative autophagy. The
administration of candesartan to ApoE KO mice retarded
excessive mitochondrial fission and induced Rab9-dependent
alternative autophagy, resulting in anti-vascular senescence.

Regardless of mitochondrial dynamics, there were some
reports of mitochondrial fission induced by ox-LDL or a high-
fat diet in various cells or animals. Treatment with ox-LDL
induces excessive mitochondrial fission in rat annulus fibrosus
cells (24) and the hearts of high-fat-fed C57BL/6 mice showed
mitochondrial fission (17). As shown in Figure 4, ox-LDL
activated CRAF, MEK, and ERK. Either inhibition of CRAF,
MEK, or ERK inactivated the phosphorylation of Drp1 at
serine 616 induced by ox-LDL. Furthermore, AT1R inhibition
suppressed the activation of CRAF, MEK, ERK, and Drp1
induced by ox-LDL. These results revealed that ox-LDL activated
Drp1 through AT1R and CRAF/MEK/ERK pathway. It has
been reported that Drp1 may be involved in this cascade in
various cells. Ang II activates Drp1 through MEK/ERK signaling
by interacting with protein kinase Cδ in rat VSMCs (25).
Another study has reported that the high-mobility group box-
1 activated phosphorylation of Drp1 at serine 616 through
ERK in rat pulmonary artery SMCs (26). Ox-LDL was also
reported to activate RAF/MEK/ERK, one of the most well-
defined pathways in cancer biology, in rat VSMCs (27, 28). The
signals indicated by these reports are consistent with the cascade

of Drp1 activation in human VSMCs. As mentioned previously,
ox-LDL upregulated ERK through receptor association with
LOX-1 and AT1R (9). However, it had not been previously
reported that AT1R and its downstream signal are involved
in ox-LDL-induced mitochondrial fission, as we revealed in
this investigation. Furthermore, there are no previous reports
indicating that the association of LOX-1 and AT1R plays a role
in regulating mitochondrial dynamics.

Many researchers have reported that mitochondrial fission
adversely affects atherosclerosis, various cell types, and
diseases. Drp1 inhibition attenuates VSMC proliferation
and reduces ROS production (25). Anoxia reoxygenation
activated phosphorylation of Drp1 at serine 616, which
facilitated cardiomyocyte death in HL-1 cells, but was attenuated
by the inhibition of cyclin dependent kinase 1 and protein
kinase Cδ (29). HIF-1α activation in human pulmonary artery
SMCs leads to mitochondrial fission by cyclin B1/CDK1-
dependent phosphorylation of Drp1 at serine 616, resulting
in pulmonary artery remodeling (30). Conversely, there are
some reports that suppressing mitochondrial fission improves
mitochondrial conditions. Prior to the administration of mdivi-1
to an ischemia reperfusion murine model, it had inhibited
mitochondrial fission, which prevented the opening of the
mitochondrial permeability transition pore and decreased
infarct size (31). However, excessive suppression of fission
has been reported as an adverse effect. Cardiomyocyte-
specific ablation of Drp1 mice resulted in the accumulation of
damaged mitochondria and left ventricular dysfunction, and
finally death within 13 weeks. Under ischemia reperfusion
conditions, mice treated with a high dose of mdivi-1 showed
a greater degree of myocardial damage than the control mice
(32). This is because excessive inhibition of mitochondrial
fission suppresses mitochondrial autophagy, leading to the
accumulation of damaged mitochondria. Indeed, we also found
that ox-LDL treated with a high concentration of mdivi-1
increased p53 expression when compared to that in the control
(data not shown). Given these results, it may be important
to maintain an optimal balance between mitochondrial
fission and fusion.

There have been some reports on the relationship between
RAS signaling and autophagy in various cells and animals.
However, all these studies have shown that Ang II induced
conventional autophagy and its inhibition by AT1R inhibition
provided beneficial protective effects on the cardiovascular
system. In addition, there have been no reports examining the
relationship between RAS signaling and alternative autophagy.
Ang II increased LC3-II expression in rat VSMCs, resulting
in decreased apoptosis (33). Another study revealed that Ang
II induced LC3-depenent autophagy through AT1R/RhoA/Rho
kinase, leading to hypertrophy, and ARB reduced autophagy
(34). In human umbilical vein endothelial cells, Ang II induces
Atg5-dependent autophagy via AT1R and decreases nitric oxide
production, leading to dysfunction of human umbilical vein
endothelial cells (35). For mitochondrial autophagy, one study
reported that the renovascular hypertension model for domestic
pigs improved left ventricular hypertrophy by reducing the
myocardial LC3-II/LC3-I ratio and colocalization of Parkin
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FIGURE 7 | Drp1 inhibition improved the imbalance of excessive mitochondrial fission and vascular senescence in ApoE KO mice. (A) Electron microscopic images

and quantitative analysis of mitochondria and average mitochondrial areas in C57BL/6 and ApoE KO mice. Scale bar = 1µm. *P < 0.05 vs. C57BL/6 (n = 4 per

(Continued)
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FIGURE 7 | group). (B) Immunoblots and quantitative analysis for Drp1, p-Drp1 (Ser616), p-Drp1 (Ser637), Mfn1, Mfn2, Opa1, and α-tublin in C57BL/6 and ApoE KO

mice. *P < 0.05 vs. C57BL/6 (n = 4 per group). (C) Relative mitochondrial ATP production in C57BL/6 and ApoE KO mice. *P < 0.05 vs. C57BL/6 (C57BL/6; n = 7,

ApoE KO mice; n = 5). (D) Relative mitochondrial H2O2 production in C57BL/6 and ApoE KO mice. *P < 0.05 vs. C57BL/6 (n = 4 per group). (E) Representative

images and quantitative analysis of Masson’s trichrome staining in C57BL/6 and ApoE KO mice. Scale bar = 100µm. *P < 0.05 vs. C57BL/6 (n = 4 per group). (F)

Representative images and quantitative analysis of SA-β gal staining of arteries in C57BL/6 and ApoE KO mice. *P < 0.05 vs. C57BL/6 (n = 3 per group). (G)

Immunoblots and quantitative analysis for p53, p21, and α-tublin in C57BL/6 and ApoE KO mice. *P < 0.05 vs. C57BL/6 (n = 4 per group). (H) Electron microscopic

images and quantitative analysis of mitochondria and average mitochondrial areas in ApoE KO mice treated with mdivi-1 or the control. Scale bar = 1µm. *P < 0.05

vs. ApoE KO mice with the control (n = 3 per group). (I) Immunoblots and quantitative analysis for Mfn1, Mfn2, Opa1, and α-tublin in ApoE KO mice treated with

mdivi-1 or the control, (n = 3 per group). (J) Representative images and quantitative analysis of Masson’s trichrome staining in ApoE KO mice treated with mdivi-1 or

the control. Scale bar = 100µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (K) Representative images and quantitative analysis of SA-β gal

staining of the arteries in ApoE KO mice treated with mdivi-1 or the control. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). All data are presented as

the mean ± SEM. Statistical analysis were conducted by Wilcoxon rank sum test (A,B,D-K) and Student’s t-test (C).

TABLE 2 | Body weight, food intake, heart rate, and blood pressure of ApoE KO

mice administered with mdivi-1 or the control vehicle.

ApoE KO +

control vehicle

(n = 7)

ApoE KO +

mdivi-1

(n = 7)

P-value

BW (g) 31.9 ± 1.3 31.4 ± 2.5 N.S.

FI (g/day) 3.7 ± 0.3 3.7 ± 0.4 N.S.

HR (bpm) 692 ± 35 657 ± 72 N.S.

BP (mmHg) 113 ± 18/76 ±

9

118 ± 16/72 ±

22

N.S.

All values are presented as the mean and SD. BW, body weight; FI, food intake; HR, heart

rate; BP, blood pressure.

and Tomm20, suggesting that ARB suppressed LC3-dependent
mitochondrial autophagy (36).

There are two forms of autophagy, as mentioned above:
LC3-dependent autophagy and Rab9-dependent autophagy (21,
23, 37). Since we have recently demonstrated that Rab9-
dependent alternative autophagy causes estrogen-mediated
mitochondrial autophagy through the SIRT1/LKB1/AMPK/Ulk1
pathway (21), we examined which type of autophagy AT1R-
induced mitochondrial autophagy contributes to. As shown in
Figure 5, the colocalization of LAMP2-Rab9 signals and the
number of autophagosome-engulfed mitochondria in VSMCs
was increased by AT1R inhibition treated with ox-LDL.
It is noteworthy that this phenotype was affected by the
knockdown of Rab9 and was not diminished after the
silencing of Atg7, which is essential for inducing LC3-
dependent conventional autophagy, suggesting that AT1R
inhibition in VSMCs exposed to ox-LDL induces Atg7-
independent and Rab9-dependent alternative autophagy. One
study reported that ox-LDL treatment increased with the
colocalization of LC3-TOMM20 and this colocalization was
decreased by 3-methyladenine treatment, an inhibitor of
conventional autophagy, suggesting that ox-LDL induced LC3-
dependent mitochondrial autophagy. However, ox-LDL reduces
mitochondrial function and generates ROS. This is because
mitochondria impaired by ox-LDL cannot be eliminated by
ox-LDL-mediated physiological mitochondrial autophagy (38).
Since AT1R inhibition attenuated mitochondrial dysfunction
and ROS production, AT1R inhibition regulated mitochondrial
autophagy derived from Rab9-dependent alternative autophagy
is crucial to sustain mitochondrial quality control in VSMCs.

TABLE 3 | Body weight, food intake, heart rate, and blood pressure of ApoE KO

mice administered with Candesartan or the control vehicle.

ApoE KO +

control vehicle

(n = 13)

ApoE KO +

Candesartan

(n = 14)

P-value

BW (g) 29.3 ± 1.7 28.7 ± 2.5 N.S.

FI (g/day) 3.9 ± 0.2 4.0 ± 0.3 N.S.

HR (bpm) 680 ± 41 707 ± 15 N.S.

BP (mmHg) 117 ± 17/77 ±

13

113 ± 13/74 ±

17

N.S.

All values are presented as the mean and SD. BW, body weight; FI, food intake; HR, heart

rate; BP, blood pressure.

Although it is generally believed that mitochondrial
autophagy requires fission, we revealed that AT1R inhibition
simultaneously induces mitochondrial fusion and mitochondrial
autophagy. This is because AT1R inhibition did not
physiologically suppressmitochondrial fission in our experiment.
Indeed, as assessed by EM and Mitotracker, AT1R inhibition
did not force the proportion of the cells to have excessive
mitochondrial fusion, but decreased the number of cells with
excessive mitochondrial fission induced by ox-LDL. Moreover, it
has been reported that the amount of mitochondrial autophagy
decreases with hepatocyte-specific deletion in Drp1 mice,
whereas mitochondrial autophagy occurs in Drp1-Opa1 double
knockout mice, indicating that fission is not necessarily required
for the induction of mitochondrial autophagy (39). A previous
study reported that either statin or ARB had a mild inhibitory
effect on LOX-1 expression, and the combination of statin
and ARB inhibited LOX-1 completely in the arteries of ApoE
KO mice fed a high fat diet (10). Given this report and our
findings, AT1R inhibition using ARB is the potential key
therapy and combined use of statin with ARB could facilitate
to improve residual risk from lipid-lowering therapies through
mitochondrial quality control in CVD patients.

Here, we have revealed for the first time that AT1R inhibition
attenuates cellular senescence by regulating mitochondrial
dynamics and inducing Rab9-dependent alternative autophagy
through the CRAF/MEK/ERK axis in terms of mitochondrial
quality control in human VSMCs (Figure 9). We hope that these
findings will help to retard vascular senescence and contribute to
the development of a method by which to reduce residual risk
of CVD.
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FIGURE 8 | AT1R inhibition improved the imbalance of excessive mitochondrial fission and induced Rab9-dependent mitochondrial autophagy, leading to

anti-vascular senescence. (A) Electron microscopic images and quantitative analysis of mitochondria and average mitochondrial areas in ApoE KO mice treated with

(Continued)
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FIGURE 8 | Candesartan or the control. Scale bar = 1µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (B) Immunoblots and quantitative analysis

for Drp1, p-Drp1 (Ser616), p-Drp1 (Ser637), Mfn1, Mfn2, Opa1, and α-tublin in ApoE KO mice treated with Candesartan or the control. *P < 0.05 vs. ApoE KO mice

with vehicle (n = 3 per group). (C) Relative mitochondrial H2O2 production in ApoE KO mice treated with Candesartan or the control. *P < 0.05 vs. ApoE KO mice

with the control (n = 3 per group). (D) Relative mitochondrial ATP production in ApoE KO mice treated with Candesartan or the control. *P < 0.05 vs. ApoE KO mice

with the control (ApoE KO mice with Candesartan; n = 5, ApoE KO mice with the control; n = 3). (E) Representative images and quantitative analysis of Masson’s

trichrome staining in ApoE KO mice treated with Candesartan or the control. Scale bar = 100µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (F)

Representative images and quantitative analysis of SA-β gal staining of arteries in ApoE KO mice treated with Candesartan or the control. *P < 0.05 vs. ApoE KO

mice with the control vehicle (ApoE KO mice with Candesartan; n = 3, ApoE KO mice with the control; n = 4). (G) Immunoblots and quantitative analysis for p53, p21,

and β-actin in ApoE KO mice with Candesartan or the control. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (H) Electron microscopic images of

mitochondrial autophagy in ApoE KO mice treated with Candesartan or the control. Scale bar = 1µm. **P < 0.01 vs. ApoE KO mice with the control (n = 14 per

group). (I) Representative images of TOMM20 (green) and LAMP2 (red) immunohistochemistry in ApoE KO mice treated with Candesartan or the control. Scale bar =

10µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (J) Representative images and quantitative analysis of LAMP2 (green) and Rab9 (red)

immunohistochemistry in the ApoE KO mice treated with Candesartan or the control. Scale bar = 10µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per

group). All Data are presented as the mean ± SEM. Statistical analysis were conducted by Wilcoxon rank sum test (A-G,I,J) and Student’s t-test (H).

FIGURE 9 | The mechanism for the AT1R inhibition of anti-senescence through mitochondrial quality control. ox-LDL induced mitochondrial fission through the

association of LOX-1 and AT1R and the CRAF/MEK/ERK pathway, resulting in mitochondrial dysfunction and senescence. AT1R inhibition attenuated senescence by

suppression of this cascade and induced Rab9-dependent alternative autophagy through the CRAF/MEK axis and aspects of the mitochondrial quality control

process in human VSMCs.

Limitations
Despite the promising nature of our results, there were
some acknowledged limitations in this study. First, we did
not conduct in vivo experiments for arterial-specific loss

of function of Rab9 or Drp1 conditional knockout mice.
Second, we did not determine the precise mechanisms of
mitochondrial autophagy induced by AT1R inhibition. In
particular, in the future we should aim to determine how
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Rab9-dependent alternative autophagy recognizes impaired
mitochondria in a PINK1-Parkin pathway-independent manner.
Further studies are thus required to confirm the role of
mitochondrial autophagy.
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