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Inhibition of the mitochondrial unfolded protein response by acetylcholine alleviated
hypoxia/reoxygenation-induced apoptosis of endothelial cells
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ABSTRACT
The mitochondrial unfolded protein response (UPRmt) is involved in numerous diseases that have the
common feature of mitochondrial dysfunction. However, its pathophysiological relevance in the context
of hypoxia/reoxygenation (H/R) in endothelial cells remains elusive. Previous studies have demonstrated
that acetylcholine (ACh) protects against cardiomyocyte injury by suppressing generation of
mitochondrial reactive oxygen species (mtROS). This study aimed to explore the role of UPRmt in
endothelial cells during H/R and to clarify the beneficial effects of ACh. Our results demonstrated that H/R
triggered UPRmt in endothelial cells, as evidenced by the elevation of heat shock protein 60 and LON
protease 1 protein levels, and resulted in release of mitochondrial pro-apoptotic proteins, including
cytochrome C, Omi/high temperature requirement protein A 2 and second mitochondrial activator of
caspases/direct inhibitor of apoptosis-binding protein with low PI, from the mitochondria to cytosol. ACh
administration markedly decreased UPRmt by inhibiting mtROS and alleviating the mitonuclear protein
imbalance. Consequently, ACh alleviated the release of pro-apoptotic proteins and restored mitochondrial
ultrastructure and function, thereby reducing the number of terminal deoxynucleotidyl transferase
mediated dUTP-biotin nick end labeling (TUNEL)-positive cells. Intriguingly, 4-diphenylacetoxy-N-
methylpiperidine methiodide, a type-3 muscarinic ACh receptor (M3AChR) inhibitor, abolished the ACh-
elicited attenuation of UPRmt and TUNEL positive cells, indicating that the salutary effects of ACh were
likely mediated by M3AChR in endothelial cells. In conclusion, our studies demonstrated that UPRmt might
be essential for triggering the mitochondrion-associated apoptotic pathway during H/R. ACh markedly
suppressed UPRmt by inhibiting mtROS and alleviating the mitonuclear protein imbalance, presumably
through M3AChR.
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Introduction

Ischemia/reperfusion (I/R) injury is a critical factor in the path-
ogenesis of tissue injury following myocardial infarction, multi-
ple organ failure and other acute ischemic events.1 Endothelial
cells seem to be particularly susceptible during reperfusion, as
they are the first to undergo apoptosis within 5 min of reperfu-
sion in isolated rat hearts.2 Mitochondria are essential eukary-
otic organelles that participate in processes such as cellular
energy production, cell signaling and apoptosis.3-5 A reduction
in mitochondrial permeability transition and reactive oxygen
species (ROS) generation during reperfusion reduces infarct
size in isolated mice hearts.6 However, the role of endothelial
mitochondria in I/R injury has been neglected. Recent studies
have revealed that endothelial mitochondria not only contrib-
ute to ATP generation but also play a role in regulating the
homeostatic triangle of nitric oxide, ROS, and calcium ions
under normal conditions.7 Endothelial mitochondria may be a
potential therapeutic target in I/R injury.

Mitochondria have a specific set of chaperones involved in
importing, refolding, and preventing aggregation of proteins.

Perturbation of the protein-folding process activates the mito-
chondrial unfolded protein response (UPRmt) by inducing
expression of mitochondrial chaperones, such as heat shock
protein 60 (HSP60), and proteases, such as LON protease1
(LONP1).8,9 Notably, excessive ROS can induce oxidative dam-
age to DNA, lipids, and proteins, leading to their misfolding
and aggregation in mitochondria, thus activating the UPRmt.10

The mitochondrion is the main location of ROS produc-
tion.10,11 Whether inhibition of the production of mitochon-
drial ROS (mtROS) contributes to regulation of the UPRmt has
not been reported. Previous studies have suggested that the
UPRmt is involved in numerous diseases that share the com-
mon pathogenetic mechanism of mitochondrial dysfunction,
including spastic paraplegia, Parkinson disease, Friedreich’s
ataxia and cancer.12 However, the role of the UPRmt in cardio-
vascular diseases has not been elucidated. Although mild
UPRmt can overcome the initial insult and have a beneficial
impact,13,14 prolonged or high-dose activation, in fact, is harm-
ful and maladaptive for homeostasis.15 The UPRmt has recently
been implicated as a mechanism of cell death, which may be
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related to the upregulation of the stress response transcription
factor CHOP.16 Nevertheless, the role of the UPRmt in reperfu-
sion-induced vascular endothelial cell death has not been
characterized.

Cardiovascular diseases are accompanied by increased
sympathetic and suppressed vagal activity, and therefore
improvement of vagal activity appears to be a promising
therapeutic strategy.17 Previous studies have demonstrated
that vagal stimulation significantly attenuated cardiac
mtROS production, mitochondrial depolarization, and swell-
ing during I/R.18 In an in vitro study using primary-cul-
tured cardiomyocytes, acetylcholine (ACh), the major
neurotransmitter of the vagal nerve, prevented reoxygena-
tion-induced collapse in the mitochondrial transmembrane
potential by inhibiting permeability transition pore open-
ing.19 Recent studies in our laboratory have suggested that
ACh inhibits mitochondrial morphological abnormalities
and improves mitochondrial biogenesis and function in car-
diomyocytes subjected to hypoxia/reoxygenation (H/R).20

However, whether ACh-mediated endothelial protection is
related to mitochondria regulation remains unclear. To test
this hypothesis, we used human umbilical vein endothelial
cells (HUVECs) suffering from H/R and investigated the
role of ACh in modulating the UPRmt and subsequent mito-
chondrion-dependent apoptotic signals, with a focus on
mitonuclear imbalance and mitochondrial ROS production.

Results

mtROS formation and UPRmt occurred during H/R in
endothelial cells

Excessive ROS induce oxidative damage to DNA, lipids, and
proteins, leading to their misfolding and aggregation in

mitochondria. Accumulation of misfolded and aggregated
proteins in mitochondria triggers the UPRmt. The mitochon-
drion is the main location of ROS production. Thus, we used
MitoSOX Red to detect changes in mtROS levels. mtROS lev-
els were significantly elevated after H/R and peaked at 2 h
(Fig. 1A). We determined the time course of changes in
UPRmt markers after reoxygenation. HUVECs were subjected
to hypoxia (1% O2, 8 h), followed by reoxygenation for 2, 4,
8, or 16 h. As shown in Figure 1B, compared with the control
group, the expression of HSP60, a mitochondrion-located
molecular chaperone, was upregulated in response to H/R
and peaked at 2 h. The protein kinase LONP1, another
marker of the UPRmt, was also increased significantly at 2 h
in the context of H/R (Fig. 1B). Therefore, a reoxygenation
time of 2 h was used in subsequent experiments.

N-acetyl cysteine decreased H/R-induced mtROS and UPRmt

and protected endothelial mitochondria

We further explored the effect of N-acetyl cysteine (NAC) on
mtROS levels and the expression of UPRmt markers (Figs. 2A
and 2B). As shown in Figure 2A, H/R of HUVECs led to
increased mtROS generation. NAC pretreatment was associated
with significantly decreased mtROS levels. We determined the
protein levels of UPRmt markers after NAC treatment (Fig. 2B).
The increased expression of HSP60, LONP1, CHOP and
caseinolytic protease1 (CLPP1) induced by H/R injury was sig-
nificantly downregulated by treatment with NAC.

Mitochondrial function and ultrastructure were assessed.
H/R-injured mitochondria exhibited swelling and disordered
cristae, as evidenced by an increase in the mitochondrial
area, Feret’s diameter and perimeter and by a decrease in
the mitochondrial volume density (Fig. 2C). NAC restored
the fine structure of mitochondria. ATP content in

Figure 1. UPRmt and mtROS generation are involved in H/R-induced endothelial injury. (A) mtROS production in HUVECs was detected using different time courses of
reoxygenation. In the mitochondrial ROS assay, MitoSOX Red fluorescence colocalized with that of MitoTracker Green. Scale bar, 50 mm. (B) HUVEC lysates after different
time courses of reoxygenation were immunoblotted using antibodies against HSP60 and LONP1. GAPDH served as the internal control. Quantitative analysis of HSP60
and LONP1 expression during different post-reoxygenation time courses. Open bar, normoxia; filled bar, H/R. The data expressed as mean§ SEM in each bar graph repre-
sent the average of 4 independent experiments. �P < 0.05 vs. Con; ��P < 0.01 vs. Con; ���P < 0.001 vs. Con; ###P < 0.001 vs. H/R.
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Figure 2. NAC treatment inhibited the UPRmt and protected mitochondrial structure and function against H/R injury. (A) NAC administration reduced mitochondrial ROS
levels in the context of H/R. (B) NAC treatment inhibited the upregulation of HSP60, LONP1, CLPP1 and CHOP expression induced by H/R. (C) Transmission electron
microscopy indicated that NAC prevented the ultrastructural changes triggered by H/R in HUVECs, particularly the changes in mitochondrial area, perimeter, Feret’s diam-
eter and volume density. Magnification, 40000£; scale bar, 500 nm. The number of mitochondria is shown in the circle. (D) Intracellular ATP levels after NAC pretreatment
were determined using ATPlite. (E) The H/R-induced increase in TUNEL-positive cells was inhibited by NAC treatment. Scale bar, 50 mm. Open bar, normoxia; filled bar, H/
R. The data expressed as mean § SEM in each bar graph represent the average of 4 independent experiments. �P < 0.05 vs. Con; ��P < 0.01 vs. Con; ���P < 0.001 vs.
Con; #P < 0.05 vs. H/R; ##P < 0.01 vs. H/R; ###P < 0.001 vs. H/R.
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HUVECs was measured using an ATP bioluminescent
assay. As shown in Figure 2D, H/R induced depletion of
cellular ATP reserves, and NAC administration partially
restored energy generation in HUVECs. Furthermore, we
performed a TUNEL assay in the context of H/R. As shown
in Figure 2E, NAC treatment significantly reduced the num-
ber of H/R-induced TUNEL-positive HUVECs. These
results suggest correlations among mtROS, UPRmt and
mitochondrial function and ultrastructure.

ACh decreased the H/R-induced UPRmt and attenuated the
mitonuclear protein imbalance in HUVECs

The effects of ACh on the UPRmt and mtROS formation
induced by H/R in endothelial cells are shown in
Figures 3A-C. The elevated mtROS formation and increased
HSP60 and LONP1 expression in H/R were ameliorated by
ACh (10¡7–10¡5M) in a dose-dependent manner, indicating
that ACh attenuated H/R-induced ROS formation and
UPRmt. Therefore, 10¡6M ACh was used in subsequent
experiments.

We assessed the mitonuclear protein imbalance by deter-
mining the expression of ATP5A (encoded by nuclear DNA)
and MTCO1 (encoded by mitochondrial DNA) (Fig. 3D). The
ATP5A/MTCO1 ratio decreased when cells were subjected to
H/R, while ACh administration prevented this imbalance. Fur-
thermore, as shown in Figure 3E, ACh significantly weakened
the increase in HSP60 and LONP1 levels induced by H/R in
endothelial cells. To identify the ACh receptor playing the pre-
dominant role in ACh-mediated suppression of the UPRmt and
mitonuclear protein imbalance, we used 4-diphenylacetoxy-N-
methylpiperidinemethiodide (4-DAMP), an M3AChR inhibi-
tor; the protective effects of ACh were reversed by treatment
with 4-DAMP.

ACh inhibited mitochondrion-dependent apoptotic signals
via M3AChR

As shown in Figure 4A, ACh increased expression of the anti-
apoptotic factor Bcl-2 and upregulated the Bcl-2/Bax ratio dur-
ing the reoxygenation period. We also evaluated cytochrome C
and Omi/high temperature requirement protein A 2 (Omi/
HtrA2) release from mitochondria. In the control group, rela-
tively low levels of cytochrome C and Omi/HtrA2 were released
from mitochondria into the cytosol. After H/R, cytochrome C
and Omi/HtrA2 levels were significantly increased in the cyto-
sol and decreased in the mitochondria. Administration of ACh
inhibited the release of cytochrome C and Omi/HtrA2 into the
cytosol. We also examined the subcellular locations of second
mitochondrial activator of caspases/direct inhibitor of apopto-
sis binding protein of low PtdIns (Smac/DIABLO) by confocal
imaging (Fig. 4B). In the control group, Smac/DIABLO
remained in the mitochondria. After H/R stimulation, Smac/
DIABLO was released from mitochondria into the cytosol,
which was inhibited by ACh treatment; these effects of ACh
were reversed by treatment with 4-DAMP. ACh treatment
alone had no significant effect on the apoptotic signaling cas-
cade in the control cells.

ACh restored mitochondrial morphology and function via
M3AChR

We evaluated the effect of ACh on mitochondrial ultrastruc-
ture in HUVECs by transmission electron microscopy. As
depicted in Figure 5A and 5B, endothelial cells subjected to
H/R showed swelling and crista deconstruction. Quantitative
analysis showed that the mitochondrial area, diameter and
perimeter were increased, and mitochondrial volume density
was decreased in the context of H/R. In addition, these
changes could be prevented by ACh treatment. 4-DAMP–
treated cells showed severe swelling and disordered cristae,
indicating that ACh prevented the mitochondrial ultrastruc-
tural changes triggered by H/R via M3AChR in endothelial
cells.

To further assess the effect of ACh on mitochondrial func-
tion, ATP production was determined using an ATP biolumi-
nescent assay (Fig. 5C). ATP production was significantly
reduced in the H/R versus control cells, and ACh treatment
prevented the inhibition of ATP generation. The protective
effect of ACh on mitochondrial function was abolished by 4-
DAMP treatment.

Knockdown of M3AChR blocked the inhibitory effect of
ACh on the UPRmt

To determine whether M3AChR is associated with the ACh-
mediated suppression of the UPRmt during H/R, we suppressed
M3AChR expression in endothelial cells by siRNA transfection.
As shown in Figure 6A, M3AChR expression was downregu-
lated by its corresponding siRNA. Next, we assessed the role of
M3AChR in inhibition of mitonuclear protein imbalance and
suppression of the UPRmt by ACh in H/R-injured HUVECs
(Fig. 6B and 6C). M3AChR-depleted cells displayed a reduced
ATP5A/MTCO1 ratio and higher HSP60 and LONP1 levels
compared with the NC siRNA group in the presence of ACh.
These results support a role for M3AChR in the ACh-mediated
inhibition of mitonuclear protein imbalance and alleviation of
the UPRmt.

Knockdown of M3AChR blocked the antiapoptotic effects of
ACh. We clarified whether M3AChR is responsible for the anti-
apoptotic effects of ACh during H/R. As shown in Fig. 7A,
compared with the NC siRNA group, M3AChR knockdown
reduced expression of the antiapoptotic factor Bcl-2, downre-
gulated the Bcl-2/Bax ratio, and prevented the downregulated
release of cytochrome C and Omi/HtrA2 from mitochondria
into the cytosol. Moreover, apoptosis was evaluated by TUNEL
staining. As shown in Figure 7B, suppression of M3AChR
expression by siRNA transfection abolished the antiapoptotic
effect of ACh. These data support a role for M3AChR in ACh-
mediated inhibition of the UPRmt and apoptosis in H/R-
induced endothelial injury.

Discussion

The results of this study show that ACh suppresses UPRmt

caused by H/R, which results in preservation of mitochondrial
morphology and function, thus alleviating endothelial cell apo-
ptosis (Fig. 8). The first interesting finding was that H/R
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increased mtROS generation and created an imbalance between
nuclear-encoded (ATP5A) and mitochondrial-encoded protein
(MTCO1) in HUVECs, which triggered the UPRmt. Secondly,

ACh treatment reduced mtROS formation and increased the
ATP5A/MTCO1 ratio, thereby significantly inhibiting the
UPRmt and the release of cytochrome C, Omi/HtrA2 and

Figure 3. ACh administration decreased H/R-induced mtROS levels and UPRmt via M3AChR. (A) ACh diminished H/R-induced mtROS levels in a dose-dependent manner.
In the mitochondrial ROS assay, MitoSOX Red fluorescence was colocalized with that of MitoTracker Green. Scale bar, 50 mm. (B and C) ACh inhibited the expression of
HSP60 and LONP1 in a dose-dependent manner. Open bar, normoxia; filled bar, H/R. (D) ACh increased the reduction in the nuclear DNA-encoded ATP5A/mitochondrial
DNA-encoded MTCO1 ratio. (E) ACh treatment decreased the upregulation of HSP60 and LONP1 expression induced by H/R. The beneficial effect of ACh was abolished
by the M3AChR antagonist 4-DAMP (10¡6M). Open bar, normoxia; filled bar, H/R. The data expressed as mean § SEM in each bar graph represent the average of 4 inde-
pendent experiments. ���P < 0.001 vs. Con; ##P < 0.01 vs. H/R. ###P < 0.001 vs. H/R; &&P < 0.01 vs. H/R C ACh; &&&P < 0.001 vs. H/R C ACh.
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Smac/DIABLO from mitochondria. Intriguingly, ACh pre-
vented the cellular ultrastructural changes, enhanced ATP gen-
eration and diminished apoptosis triggered by H/R.
Furthermore, 4-DAMP or M3AChR siRNA abrogated the
ACh-mediated effects, suggesting that ACh exerted beneficial
effects likely via M3AChR. Taken together, these results suggest
that the UPRmt may be a novel molecular target for endothelial
protection, and mitochondrial protection conferred by ACh is
crucial for alleviation of I/R injury in endothelial cells.

UPRmt activation upon mitochondrial stress is intrinsi-
cally related to perturbation of proteostasis in the mitochon-
dria, and proteostasis is challenged when expression of
electron transport chain (ETC) subunits is absent or
reduced.21 ETC dysfunction is involved in I/R injury of the
liver and heart.22,23 This may imply a link between the
UPRmt and H/R-induced injury. Our findings showed that,
in response to H/R stimuli, the expression of HSP60 and
LONP1 in endothelial cells increased significantly, indicating

Figure 4. ACh treatment suppressed the mitochondrial pathway of apoptosis. (A) ACh upregulated the Bcl-2/Bax ratio and suppressed cytochrome C and Omi/HtrA2
release, and these effects of ACh were abrogated by treatment with 4-DAMP. Quantification is shown in the bar graph. (B) ACh decreased the release of Smac/DIABLO
from mitochondria into the cytosol. Scale bar, 10 mm. Open bar, normoxia; filled bar, H/R. The data expressed as mean § SEM in each bar graph represent the average of
4 independent experiments. ���P < 0.001 vs. Con; ###P < 0.001 vs. H/R; &&P < 0.01 vs. H/R C ACh; &&&P < 0.001 vs. H/R C ACh.
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that H/R triggered the UPRmt in vascular endothelial cells.
Thus, it is conceivable that modulating the UPRmt may be a
potential target for I/R injury. Numerous factors can induce
the UPRmt, including ROS overproduction,9 mitonuclear
protein imbalance,14 and perturbation of the protein quality
control network.24 Runkel et al. reported that ROS generated
by paraquat constitutes a toxic activity that provokes the
UPRmt in Caenorhabditis elegans, and the ROS scavenger
NAC substantially reduced the level of HSP-6, an essential
component of the UPRmt.25 In our study, the H/R-mediated
induction of the UPRmt was inhibited by NAC, which is in
agreement with previous reports. Furthermore, we found

that NAC administration restored mitochondrial morphol-
ogy and function and subsequently alleviated endothelial cell
apoptosis. These results indicate that ROS play an important
role in mediating the UPRmt, and inhibition of ROS may be
beneficial to H/R-injured HUVECs. Another important fac-
tor that triggers the UPRmt is a mitonuclear protein imbal-
ance.14 Houtkooper et al. demonstrated that mitochondrial
ribosomal protein S5 knockdown triggers a mitonuclear pro-
tein imbalance, reducing mitochondrial respiration and acti-
vating the UPRmt.14 Consistent with these results, we found
a decreased ATP5A/MTCO1 ratio concomitant with robust
activation of the UPRmt. These data suggest that both mtROS

Figure 5. ACh treatment preserved mitochondrial morphology and function via M3AChR. (A) Ultrastructural changes in mitochondria in HUVECs. Magnification, 40000£;
scale bar, 500 nm. Mitochondrial area, volume density, Feret’s diameter and perimeter are shown in (B). (C) ACh treatment prevented the H/R-induced decrease in ATP
production. Open bar, normoxia; filled bar, H/R. The data expressed as mean § SEM in each bar graph represent the average of 4 independent experiments. �P <

0.05 vs. Con; ��P < 0.01 vs. Con; ���P < 0.001 vs. Con; #P < 0.05 vs. H/R. ##P < 0.01 vs. H/R; &P < 0.05 vs. H/R C ACh; &&P < 0.01 vs. H/R C ACh.
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Figure 6. Knockdown of M3AChR blocked the beneficial effects of ACh during H/R. (A) Silencing efficiency of M3AChR siRNA. Cells were transfected with siRNA followed by H/
R. (B) ACh administration restored the mitonuclear protein balance, and M3AChR siRNA abolished the protective effects. Changes in HSP60 and LONP1 expression (C) were
determined after application of M3AChR/NC siRNA with or without ACh. The data expressed as mean § SEM in each bar graph represent the average of 4 independent experi-
ments. ��P < 0.01 vs. NC siRNA group; ���P < 0.001 vs. NC siRNA group; ##P < 0.01 vs. ACh-treated NC siRNA group; ###P < 0.001 vs. ACh-treated NC siRNA group.

Figure 7. Knockdown of M3AChR abrogated the anti-apoptotic effect of ACh. (A) Representative immunoblots and quantitative analysis of the Bcl-2/Bax ratio, cytochrome
C and the Omi/HtrA2 ratio after application of M3AChR/NC siRNA with or without ACh. (B) TUNEL-positive cells were enumerated after application of M3AChR/NC siRNA
with or without ACh. Scale bar, 50 mm. The data expressed as mean § SEM in each bar graph represent the average of 4 independent experiments. ��P < 0.01 vs. NC
siRNA group; ���P < 0.001 vs. NC siRNA group; ##P < 0.01 vs. ACh-treated NC siRNA group; ###P < 0.001 vs. ACh-treated NC siRNA group.
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and mitonuclear protein imbalance lead to activation of the
UPRmt in endothelial cells subjected to H/R.

The mitochondrion is the central organelle in the intrinsic
pathway of apoptosis. A previous study showed that renal I/R
injury down-regulated the Bcl-2/Bax ratio and altered mito-
chondrial membrane permeability, leading to release of cyto-
chrome C and eventually cell death.26 In agreement with
previous studies, our findings suggested that, in response to H/
R stimuli, the upregulation of UPRmt paralleled a decrease in
the Bcl-2/Bax ratio, resulting in increased release of cytochrome
C, Smac/DIABLO, and Omi/HtrA2. UPRmt-induced apoptosis
is likely due to upregulated expression of CHOP in the context
of H/R. CHOP plays a central role in UPRmt signaling and is
involved in endoplasmic reticulum stress-induced apopto-
sis.27,28 Moreover, He et al. suggested that accumulation of
unfolded proteins within mitochondria contributes to mito-
chondrial permeability transition, an early event in apoptosis.29

These findings support a correlation between the UPRmt and
mitochondrion-dependent apoptotic pathway in the present
study. Additionally, mitochondrial structure and function are
key mediators apoptosis in myocardial I/R.30 Recent evidence
showed that reduced mitochondrial ATP generation favored
MPTP opening and led to early apoptosis in a murine model.31

In agreement with this, our findings showed decreased ATP
generation and increased apoptosis in H/R-injured HUVECs.
Moreover, endothelial mitochondria in the context of H/R

displayed marked swelling and disorganized cristae. These
results suggest that H/R-induced apoptosis in endothelial cells
is due in part to dysfunction and structural abnormalities of
mitochondria.

Cardiovascular disease is accompanied by an autonomic
imbalance that is almost always characterized by both increased
sympathetic activity and suppressed vagal activity.32-34

Improved vagal activity through vagal nerve stimulation or the
neurotransmitter ACh has been reported to elicit beneficial
effects in various cardiovascular diseases. A previous study
indicated that in a swine model of I/R, vagal stimulation signifi-
cantly reduced infarct size, improved ventricular function and
attenuated mitochondrial swelling.35 Our laboratory recently
suggested that ACh benefits the endothelium by suppressing
endoplasmic reticulum stress and inhibiting pro-apoptotic sig-
naling.36 However, little information is available on the effect of
ACh on the regulation of UPRmt-related apoptosis. Impor-
tantly, this study indicated that ACh attenuated the UPRmt as
evidenced by decreased HSP60 and LONP1 expression, inhib-
ited the mitochondrion-related apoptotic pathway and pre-
served mitochondrial structure and function, leading to a
reduced number of TUNEL-positive cells. These results sug-
gested that inhibition of the UPRmt was responsible for the
ACh-mediated endothelial protection, and that mitochondria
are vital for improvement of vagal function-induced endothe-
lium protection. Furthermore, Miao et al. demonstrated that

Figure 8. Proposed schematic of the mechanism by which ACh protects the endothelium against H/R injury. ACh decreases expression of the UPRmt by inhibiting mtROS
formation and suppressing the mitonuclear protein imbalance during H/R, presumably through M3AChR. Consequently, ACh reduces the release of pro-apoptotic proteins
(Smac/DIABLO, Omi/HtrA2, cytochrome C) and preserves endothelial mitochondrial ultrastructure and function, thus reducing the number of TUNEL-positive cells.
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ACh inhibits mtROS generation, thus protecting cardiomyo-
cytes against H/R-induced cell injury.37 In the current study,
both mtROS overproduction and mitonuclear protein imbal-
ance may have triggered the UPRmt in endothelial cells. ACh
treatment inhibited mtROS generation and mitonuclear protein
imbalance, thereby attenuating activation of the UPRmt in
endothelial cells during H/R, indicating that ACh alleviated H/
R-induced UPRmt by inhibiting mtROS and mitonuclear pro-
tein imbalance.

We further determined whether ACh acted via muscarinic
or nicotinic AChR to exert its beneficial effects. A previous
study in our laboratory suggested that activation of M3AChR
with choline alleviated I/R-induced vascular injury in a rat
model.38 More recently, our laboratory has revealed that ACh
suppresses mitochondrial calcium overload and protects endo-
thelial cells by acting on M3AChR.39 In our study, the
M3AChR-specific antagonist 4-DAMP, as well as M3AChR
siRNA, abrogated ACh-mediated inhibition of the UPRmt and
apoptosis, implying that the effect of ACh on the UPRmt was
mediated mainly through M3AChR. However, the effects of
ACh on the UPRmt in vivo in experimental animals require
further investigation. Intriguingly, our findings also showed
that 4-DAMP abolishes ACh-mediated preservation of mito-
chondrial structure and function during H/R. Therefore, we
speculate that ACh exerts protective effects on endothelial
mitochondria mainly through M3AChR.

Collectively, our study showed that ACh suppressed the gen-
eration of mtROS and alleviated mitonuclear protein imbal-
ance, thereby inhibiting the UPRmt and preserving the
ultrastructure and function of mitochondria to prevent H/R-
induced, mitochondrion-dependent apoptosis. Furthermore,
these favorable ACh-mediated effects in endothelial cells likely
involved M3AChR. The UPRmt may be an essential mechanism
in I/R injury, and the complexity of the UPRmt is only begin-
ning to be revealed. The present study also provides novel
insight into the benefits of ACh in endothelial cells subjected to
I/R injury. As it may represent an Achilles’ heel of I/R, a full
understanding of the UPRmt is critical for effective targeting of
the mitochondrial network to improve the treatment of I/R
injury and other cardiovascular diseases.

Materials and methods

Cell line

HUVECs were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA) and cultured in Ham’s
F12K medium (Macgene Biotech Co., Ltd, Beijing, China) with
0.03 mg/ml endothelial cell growth supplement (Macgene Bio-
tech Co., Ltd), 10% fetal bovine serum (FBS; Hyclone, Logan,
UT, USA), 100 mg/ml streptomycin (Sigma, St. Louis, MO,
USA) and 100 U/ml penicillin (Sigma). Cells were maintained
at 37�C in a humidified 5% CO2 atmosphere and used at pas-
sages 4-8 in all experiments.

Cell culture

To achieve a quiescent state, the medium was replaced with
serum-free Ham’s F12K (FBS was eliminated) once cell growth

reached 80% confluence, and cells were re-incubated for 12 h
prior to all subsequent experiments. Then, the medium was
replaced with a modified ischemia-mimetic solution (in mM:
NaCl, 135; KCl, 8; NaH2PO4, 0.33; MgCl2, 0.5; HEPES, 5.0;
CaCl2, 1.8; and lactate, 20, pH 6.80) and transferred into a hyp-
oxic incubator (1% O2, 5% CO2, and 94% N2) for 8 h.36 After
hypoxia, the medium was replaced with fresh serum-free F12K
medium containing the appropriate drugs, and cells were incu-
bated under normoxia for 2 h. The cells were divided at ran-
dom into the following 6 treatment groups: (1) Con: culture
with F12K under a normoxic atmosphere; (2) ACh: treatment
with ACh (10¡6 M) alone and culture for 2 h; (3) H/R: hypoxia
for 8 h followed by reoxygenation for 2 h; (4) H/R C ACh
group: administration of ACh (10¡6 M) at the beginning of
reoxygenation; (5) H/R C NAC: ROS scavenger antioxidant
NAC (10¡3 M) applied 2 h before H/R; and (6) H/R C 4-
DAMP C ACh: M3AChR antagonist 4-DAMP (10¡6 M) co-
applied with ACh for 2 h before H/R. These agents were
obtained from Sigma.

Western blot analysis

After treatment, RIPA lysis buffer containing 1 mM phenylme-
thylsulfonyl fluoride was used to extract total proteins from
HUVECs. After centrifuging the lysates at 13000 rpm for
15 min at 4�C, the supernatants were collected as the protein
fractions. A bicinchoninic acid protein assay kit (Beyotime Bio-
tech) was used to estimate protein concentrations. For Western
blot analysis, total proteins were mixed with SDS sample buffer
and boiled at 100�C for 10 min. Equal amounts of protein
(30 mg) were separated by 10% SDS-polyacrylamide gels and
electrotransferred to PVDF membranes (Millipore). The mem-
branes were blocked in 5% nonfat milk in Tris-buffered saline
containing 0.1% Tween 20 (TBST) for 1 h at room temperature
and incubated overnight with the relevant primary antibodies
at 4�C. The following primary antibodies were used: GAPDH
(diluted 1:5000; Sinopept, Beijing, China), CHOP (diluted
1:500; Signalway Antibody, Pearland, TX, USA), HSP60
(diluted 1:1000; Cell Signaling Technology), LONP1 (diluted
1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
CLPP1 (diluted 1:200; Santa Cruz Biotechnology), ATP5A
(diluted 1:500; Signalway Antibody, Pearland, TX, USA),
MTCO1 (diluted 1:1000; Abcam,), Omi/HtrA2 (diluted 1:1000;
Abcam), Bcl-2 (diluted 1:1000; Cell Signaling Technology), Bax
(diluted 1:1000; Cell Signaling Technology), and M3AChR
(diluted 1:1000; Millipore). TBST (1£) was used to wash away
the primary antibodies. The membranes were incubated with
the appropriate secondary antibodies for 40 min at room tem-
perature, washed, and visualized for signal using chemilumi-
nescence reagent.

Measurement of mitochondrial ROS levels

mtROS levels were measured using MitoSOX Red (Invitrogen,
Carlsbad, CA, USA), a fluorescent probe specific for superoxide
anion. Briefly, cells were incubated with MitoSOX Red
(5 mmol/L) for 30 min at 37�C and then washed twice with
phosphate-buffered saline (PBS). After fixation of HUVECs in
4% paraformaldehyde in PBS for 30 min at room temperature
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and washing twice with PBS, MitoTracker Green (200 nM,
Beyotime) was used to label mitochondria for 30 min at
37�C,37 followed by washing with PBS before visualization.
Fluorescence images were captured using a laser confocal
microscope (Nikon C2, Nikon, Tokyo, Japan). MitoSOX Red
fluorescence was detected by excitation at 510 nm and emission
at 580 nm. MitoTracker Green fluorescence was detected by
excitation at 490 nm and emission at 516 nm.

Isolation of cytosolic and mitochondrial fractions

HUVECs were washed with PBS and collected by centrifuga-
tion at 1000 rpm for 5 min at room temperature. Subse-
quently, the supernatants were harvested for mitochondria
and cytosol isolation using a cell mitochondria isolation kit, as
follows. Cells were rinsed gently with pre-chilled PBS and
then centrifuged at 600 g for 5 min at 4�C. Mitochondria iso-
lation reagent (provided in the kit) was added to the precipi-
tates. The lysate was transferred to a glass homogenizer and
stirred by forcefully passing the cells, followed by centrifuga-
tion at 600 g for 10 min at 4�C. The supernatant was further
centrifuged at 11,000 g for 10 min at 4�C, and mitochondria
were collected from the precipitates. The remaining superna-
tant was centrifuged at 12,000 g for 10 min at 4�C, and super-
natant was collected as the cytosolic protein fraction. Protein
concentrations were determined using NanoPhotometer P-330
(Implen, Germany).19,40

Transmission electron microscopy

For electron microscopy, HUVECs were fixed at 4�C with 2.5%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (phosphate
buffer) for 2 h. The cells were washed in the same buffer and
then post-fixed in 1% osmium tetroxide in 0.1 M phosphate
buffer for 2 h.41 Samples were dehydrated using an alcohol gra-
dient and propylene oxide, prior to embedding in epoxy resin
and cutting into ultrathin sections using glass knives on a LKB-
V ultramicrotome according to standard procedure. The sec-
tions were double-stained with uranyl acetate and lead citrate,36

and electron microphotographs were taken using a transmis-
sion electron microscope (H-7650; Hitachi, Tokyo, Japan).

TUNEL staining

HUVEC apoptosis was assessed using a DeadEnd Fluorometric
TUNEL system (Promega, Madison, WI, USA) according to
the manufacturer’s protocol. Briefly, cells were seeded onto col-
lagen-coated coverslips, and then TUNEL reaction mixture was
added after fixation with 4% paraformaldehyde (Sigma). Nuclei
were stained using DAPI.36 The staining was imaged using a
fluorescence microscope (TE-2000U, Nikon, Japan). Apoptotic
cells in 10 fields (randomly chosen) in each group were counted
to calculate the apoptotic index: apoptotic index D positive
cells/ (positive cells C negative cells) £ 100%.42

ATP generation

Intracellular ATP content was determined using a biolumines-
cent assay kit (Beyotime, Nanjing, China) according to the

manufacturer’s instructions. Briefly, cell lysates were collected
and then centrifuged at 12,000 g for 10 min at 4�C. After addi-
tion of the supernatant to detection reagent (provided in the
kit), the ATP content was determined using a multimode
microplate reader with a luminescence luminometer (FLUOstar
Omega, BMG Labtech, Germany) and normalized to the pro-
tein concentration. Standardization was carried out using
known quantities of ATP provided with the kit (5, 10, 15, 20,
and 25 pmole) and determined in parallel.

Immunofluorescence and confocal microscopy

Following treatment, the cells were incubated with MitoTracker
Green to label mitochondria for 30 min at 37�C. Cells were
then washed with PBS twice, fixed with 4% paraformaldehyde
in PBS for 20 min at room temperature and permeabilized in
0.3% Triton X-100 in PBS.43 Fixed cells were blocked with 5%
bovine serum albumin for 1 h at room temperature and stained
with antibodies against Smac/DIABLO (1:250) (Cell Signaling
Technology) for 1 h at 37�C. After washing with PBS 3 times,
the cells were incubated with a FITC-conjugated anti-rabbit
secondary antibody for 1 h at 37�C.44 Nuclei were stained with
DAPI for 5 min at room temperature. Images were captured
using a confocal microscope.

Small interfering RNA targeting M3AChR

The siRNAs specific for M3AChR and the negative control siR-
NAs (NC) were synthesized by Shanghai GenePharma Co. Ltd.
(Shanghai, China). According to the manufacturer’s protocol,
HUVECs were transfected with 100 nM of each siRNA using
Lipofectamine 2000 transfection reagent (Invitrogen) for 6 h
after reaching 70-80% confluence in 6-well plates. Then, the
medium was replaced with fresh F12K, and cells were incu-
bated for a further 48 h.36 Thereafter, HUVECs were collected
for subsequent experiments. Western blotting was used to
monitor the efficiency of siRNA-mediated M3AChR knock-
down after transfection.

Statistical analysis

Data are expressed as means § SEM. The software package
GraphPad Prism version 5.01 (GraphPad Software; San Diego,
CA, USA) was used to perform all statistical analyses. Differen-
ces among groups were assessed by one-way ANOVA followed
by Tukey’s post hoc test. Student’s t-test was used to assess dif-
ferences between two groups. P < 0.05 was considered to indi-
cate statistical significance.45

Abbreviations

ACh acetylcholine
CHOP C/EBP homologous protein
CLPP1 Caseinolytic protease1
4-DAMP 4-diphenylacetoxy-N-methylpi-peridine

methiodide
DAPI 4,6-diamidino-2-phenylindole
PBS phosphate-buffered saline
UPRmt mitochondrial unfolded protein response
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GAPDH glyceraldehyde 3-phospharte dehydrogenase
HSP60 heat shock protein 60
HtrA2 high temperature requirement protein A 2
H/R hypoxia and reoxygenation
LONP1 LON protease1
mtROS mitochondrial reactive oxygen species
M3AChR type-3 muscarinic acetycholine receptor
Smac/DIABLO second mitochondrial activator of caspases/

direct inhibitor of apoptosis binding protein
of low PI

TUNEL terminal deoxynucleotidyl transferase medi-
ated dUTP-biotin nick end labeling
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