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BACKGROUND AND PURPOSE

The effects and mechanisms of chemical mitochondrial uncouplers on vascular function have never been identified. Here, we
characterized the effects of the typical mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) on vascular
function in rat mesenteric arteries and aorta and elucidated the potential mechanisms.

EXPERIMENTAL APPROACH

Isometric tension of mesenteric artery and thoracic aorta was recorded by using a multiwire myograph system. Protein levels were
measured by western blot analyses. Cytosolic [Ca?*],, mitochondrial ROS (mitoROS) and mitochondrial membrane potential of
smooth muscle cells (A10) were measured by laser scanning confocal microscopy.

KEY RESULTS

Acute treatment with CCCP relaxed phenylephrine (PE)- and high K* (KPSS)-induced constriction of rat mesenteric arteries with
intact and denuded endothelium. Pretreatment with CCCP prevented PE- and KPSS-induced constriction of rat mesenteric
arteries with intact and denuded endothelium. Similarly, CCCP prevented PE- and KPSS-induced constriction of rat thoracic aorta.
CCCP increased the cellular ADP/ATP ratio in vascular smooth muscle cells (A10) and activated AMPK in A10 cells and rat thoracic
aorta tissues. CCCP-induced aorta relaxation was attenuated in AMPK a1 knockout (—/—) mice. SERCA inhibitors thapsigargin and
cyclopiazonic acid (CPA) but not the Karp channel blocker glibenclamide partially inhibited CCCP-induced vasorelaxation in
endothelium-denuded rat mesenteric arteries. CCCP increased cytosolic [Ca®*];, mitoROS production and depolarized
mitochondrial membrane potential in A10 cells. FCCP, the analogue of CCCP, had similar vasoactivity as CCCP in rat mesenteric
arteries.

CONCLUSIONS AND IMPLICATIONS
CCCP induces vasorelaxation by a mechanism that does not involve Karp channel activation in smooth muscle cells of arteries.

Abbreviations

CCCP, carbonyl cyanide m-chlorophenylhydrazone; CPA, cyclopiazonic acid; FCCP, carbonylcyanidep-trifluoro-
methoxyphenylhydrazone; 5-HD, 5-hydroxydecanoic acid; mitoROS, mitochondrial ROS; PE, phenylephrine; TMRM,
tetramethylrhodamine methyl ester; UCPs, mitochondrial uncoupling proteins; SERCA, sarco-endoplasmic reticulum Ca**
ATPase
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Introduction

In normally functioning mitochondria, the transport of
electrons to oxygen is coupled to the formation of ATP via a
proton electrochemical gradient. Mitochondrial uncoupling
proteins (UCPs) or chemical mitochondrial uncouplers can
induce proton leak from the intermembrane space into the
mitochondrial matrix, preventing the development of a pro-
ton electrochemical gradient, thus reducing ATP production.
This process is named as mitochondrial uncoupling.
Recently, mild mitochondrial uncoupling has been proposed
as a protective therapeutic strategy for many disorders, for
instance, diabetes, obesity and hyperlipidaemia (Diano and
Horvath, 2012; Busiello et al., 2015).

Among the UCPs, UCP2 is considered to be important in
cardiovascular pathophysiology; thus, the role of mitochondrial
uncoupling in regulating cardiovascular function has been
intensively studied by using UCP2 transgenic and knockout
mice models. UCP2 preserves the endothelial function of obese
diabetic mice by increasing nitric oxide bioavailability
secondary to the inhibition of ROS production in endothelium
(Tian et al., 2012) and prevents salt-sensitive hypertension
through the same mechanisms in mice (Ma et al., 2010).
Adenovirus-mediated UCP2 overexpression inhibits atheroscle-
rotic processes of cultured human vascular smooth muscle cells
in response to high glucose and angiotensin II (AngI; Park et al.,
2005) and inhibits the apoptosis of human aortic endothelial
cells by suppressing ROS production (Lee et al., 2005). These
studies by using UCP2 transgenic or knockout models demon-
strate the relatively chronic effects of mitochondrial uncoupling
on vascular function, but the acute effect of mitochondrial
uncoupling on vascular function is still unclear. In particular,
the effects and mechanisms of mitochondrial uncoupling on
vascular function have never been systematically studied using
small chemical uncouplers, which would have more potential
for clinic use than transgenic or knockout techniques.

Carbonyl cyanide m-chlorophenylhydrazone (CCCP) is a
typical mitochondrial uncoupler, which is widely used in
studies on mitochondrial uncoupling. Earlier work in the
1980s showed that CCCP prevented noradrenaline-induced
contractions in rabbit mesenteric arteries (Haeusler et al.,
1981). A recent study used CCCP to investigate the
physiological functions of SUR2-containing Karp channels
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in mediating vasodilatation, based on the speculation that
CCCP would activate Kppp channels in mouse cerebral
arteries (Adebiyi et al., 2011). In the present study, we
characterized the effects of the mitochondrial uncoupler
CCCP on vascular function in rat mesenteric arteries and
aorta and elucidated the potential mechanisms. We found
that CCCP induces vasorelaxation in smooth muscle cells of
arteries by a mechanism that does not involve Kyrp channel
activation.

Methods

Animals

Adult Sprague-Dawley rats (male, body weight 320-350 g,
8-10 weeks) were purchased from Charles River (Charles
River Laboratory Animal, Beijing, China). The AMPK ol
knockout (—/—) mice (background C57BL/6 strain, 8 weeks)
were a kind gift from Prof. Hong-Liang Li (Collaborative In-
novation Center of Model Animal Wuhan University). A total
of eighty rats, six wide-type mice and two AMPK a1 knockout
(—/-) mice were used in the study. The rats were maintained
in groups of six animals per cage (1300 cm?) and the mice
in groups of three to five animals per cage (530 cm?) on a
14 h light and 10 h dark circadian rhythm with water and
food available ad libitum. The AMPK al knockout (—/—) mice
were anaesthetized with sodium pentobarbitone (50 mg-kg ™",
i.p.) before being killed. Genotyping of AMPK al knockout
(—/—) mice by PCR was performed using the following
three primers: primer 1:5-GCTTAGGTCCTCATCACTG-3’,
5’-CTTGATCATCAACTCCCAGG-3’, 5’-CGCCTTCTTGACG-
AGTTC-3'. Their wild-type littermates were used as controls.
All the experimental procedures were approved by the
Institutional Animal Care and Use Committee of Harbin
Medical University, China. Animal studies are reported in
compliance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath and Lilley, 2015).

Rat mesenteric artery and thoracic aorta
preparation

Adult male Sprague-Dawley rats (300-400 g) were Killed
after being anaesthetized with sodium pentobarbitone
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(40 mg-kg™', i.p.). The entire mesentery and thoracic aorta
was removed quickly, then transferred into cold (4°C)
modified physiological salt solution (PSS) with the following
composition (mM): NaCl, 130; KCl, 4.7; MgSO4-7H,0,
1.17; KH,POy4, 1.18; NaHCOj3, 14.9; CaCl,, 1.6; D-glucose,
5.5 (PH 7.35-7.45). Fat tissue was removed from the mesen-
teric artery and thoracic aorta and the mesenteric arteries
and thoracic aorta were dissected into 2-mm and 3-4-mm
rings respectively.

Isometric tension recording of mesenteric artery
and thoracic aorta

The experiments were carried out according to our previous
work (Chen etal., 2010; Wang et al., 2013). The mesenteric ar-
tery and thoracic aorta rings were randomized for different
treatments. Mesenteric arterial ring was mounted between
two wires and fixed in the bath filled with 5 mL PSS and were
continuously bubbled with gas (95% O, + 5% CO,). Thoracic
aorticrings were mounted on a triangle-shaped hook and then
suspended in the bath filled with 10 mL PSS that was continu-
ously bubbled with gas (95% O, + 5% CO,). The isometric con-
tractions of mesenteric arterial rings were measured by using a
multiwire myograph system (model 620 DMT, Danish Myo
Technology, Denmark), and the isometric contractions of tho-
racic aortic rings were measured by using a multichannel myo-
graph system (BL-420S, Chengdu Taimeng Software CO.LTD.,
China). The arterial rings were equilibrated for 60 min, and
then a wake-up protocol was performed to reactivate the me-
chanical, functional and signalling properties of the vessels
by using high K* PSS (KPSS) and PE as stimuli. The KPSS (60-
mM K¥) solution for inducing vasoconstriction was composed
of (mM) NacCl, 74.7; KCl, 60; MgSO4-7H,0, 1.17; KH,POy,
1.18; NaHCO3, 14.9; CaCly, 1.6; D-glucose, 5.5; EDTA, 0.026.
In order to avoid the error induced by natural rundown of
the artery tension, we calculated the relaxation ratio of CCCP
by subtracting the relaxation ratio of a corresponding control
(DMSO). Because a natural relaxation of artery tension oc-
curred in the control group, the relaxation response to CCCP
will appear to be smaller compared with the original recording
traces as the relaxation is expressed as a ratio relative to its cor-
responding control (DMSO).

Measurement of mitochondrial ROS

Cultured arterial smooth muscle cells (A10) were loaded with
MitoSOX (2 uM) for 20 min and hoechst (1 pg-m’l) for 15
min at 37°C, and then the fluorescence was measured by
using confocal microscopy. Confocal microscope images
were collected by using a Zeiss LSM 700 with the Zeiss LSM
software. Images of MitoSOX fluorescence were obtained
using a 40 x oil objective with an excitation at 555 nM and
an emission of 585 nM. Images of hoechst staining were ob-
tained by using excitation at 405 nM and an emission of
435 nM. The relative intensity of the fluorescence represents
the level of mitochondria ROS (mitoROS).

Measurement of cytosolic [Ca?*[; of smooth
muscle cells

Cultured arterial smooth muscle cells (A10) were loaded with
5 uM fluo-3 AM for 15 min(37°C) and rinsed four times with
warm PBS (37°C). The fluorescence was measured by using
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confocal microscopy (Zeiss LSM 700; Zeiss; Oberkochen,
Germany). The excitation and emission wavelength for
signal detection was 488 and 518 nM respectively. The
relative intensity of the fluorescence indicates the levels of
cytosolic [Ca®"]; .

Measurement of mitochondrial membrane
potential by TMRM

Cultured arterial smooth muscle cells (A10) were loaded with
TMRM (50 nM) for 45 min and Hoechst (1 ugan’l) for
15 min at 37°C, and were then rinsed four times with warm
PBS (37°C), then the fluorescence was measured by using con-
focal microscopy. Confocal microscope images were obtained
by using a Zeiss LSM 700 with the Zeiss LSM software. Images
of TMRM fluorescence were obtained using a 20 x objective
lens with an excitation at 535 nM and an emission of
600 nM. Images of Hoechst staining were obtained by using
excitation at 405 nM and an emission of 435 nM. The relative
intensity of the fluorescence indicates the mitochondrial
membrane potential.

Western blot experiments

These experiments were carried out as described previously
(Sun et al., 2013; Xie et al., 2015). Briefly, proteins were ex-
tracted with lysis buffer containing 1% protease inhibitor
and 10% phosphatase inhibitor solution. Concentrations of
proteins were measured by use of a BCA Protein Assay Kit.
Proteins were separated by 8% SDS-PAGE and blotted onto
nitrocellulose membranes. Membranes were incubated
with antibodies at 4°C over night. Membranes were incu-
bated with fluorescence-conjugated secondary antibodies
(1:10 000 dilution, LI-COR) for 1 h. Western blot bands
were quantified by using an Odyssey infrared imaging system
(LI-COR, Lincoln, Nebraska, USA) and Odyssey v3.0 software.

Measurement of ATP concentration

The amount of ATP was measured by the luciferin-luciferase
method following the protocol of an ATP detection Kkit
(Beyotime, Shanghai, China). The cells were collected on ice
and immediately lysed with 30 uL lysis buffer from the ATP
detection kit. After being centrifuged at 12000 g for 5 min
at 4°C, the supernatant was transferred to a new 1.5 mL tube
for the ATP test. The luminescence from a 20 pL sample was
assayed in a luminometer (GloMax“20/20 Promega, Madi-
son, WI, USA) together with 100 pL. ATP detection buffer in
the ATP detection kit. The standard curve of ATP concentra-
tion was prepared from known amounts (0.1-10 uM). The
ATP concentrations in the samples were normalized to the
amount of protein (umol-mg ' protein), measured by use of
a BCA assay kit (P0010 Beyotime, China).

Measurement of ADP/ATP ratio

The ADP/ATP ratio was measured by use of an ADP/ATP-Lite
Assay Kit (Vigorous Bio, Beijing, China). The cells were
collected on ice and immediately lysed with 30 uL lysis buffer
from the kit. After vortexed fully for 30 s and centrifuged for
30 s, the supernatant was transferred to another 1.5 mL tube
for the ratio test. The luminescence of the ATP content (RLU,)
was assayed in a luminometer (GloMax“20/20 Promega, USA)
with 5 pL sample and 50 pL ATP detection buffer in a new
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1.5 mL tube. After this sample had been kept in the dark
for 10 min, the luminescence of the residual ATP content
(RLUg) was obtained. Then 5 uL of ATP converting enzyme
from the kit was added to the tube. After 10 min incubation,
the luminescence was again read to obtain RLUc. The
ADP/ATP ratio was calculated using the formula: ADP/ATP
ratio = (RLUg— RLUg)/ RLU.

Statistical analysis

Data are presented as mean + SEM. Significance was determined
by using Student’s t-test for comparison of two groups, or
one-way ANOVA for two or more groups followed by Tukey’s
test. All statistical tests were performed using SigmaPlot (12.5
verison). P < 0.05 was considered significant. The data and statis-
tical analysis comply with the recommendations on experimen-
tal design and analysis in pharmacology (Cutrtis et al., 2015).

Materials

Arterial smooth muscle cells (A10) were purchased from ATCC
(Manassas, Virginia, USA). Phenylephrine (PE) was purchased
from Shanghai Harvest Pharmaceutical Co.LTD., China. CCCP,
carbonylcyanidep-trifluoro-methoxyphenylhydrazone (FCCP),
5-hydroxydecanoic acid (5-HD), cyclopiazonic acid (CPA),
thapsigargin, ACh and mitoTEMPO were purchased from Sigma
Aldrich Chemistry (Saint Louis, MO, USA). MitoSOX, fluo-3/
AM, tetramethylrhodamine methyl ester (TMRM) and hoechst
were purchased from Life Technology (Invitrogen, OR, USA).
Glibenclamide and endothelial NOS (eNOS) antibody
were purchased from Santa Cruz Biotechnology (Dallas, Texas,
USA). Paxilline (Pax) was purchased from Cayman Chemical
Company (Ann Arbor, Michigan, USA). AMPK, p-AMPK
(Thr'’?), p-eNOS (Ser'*””) antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). PE and ACh were
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dissolved in distilled water, and other reagents were dissolved
in DMSO (Tianjin Fuyu Fine Chemical Co., Ltd, Tianjin, China).

Results

CCCP relaxes PE- and high KPSS-induced
constriction of rat mesenteric arteries

Firstly, we examined the effects of CCCP on PE- and KPSS-
induced constriction of rat mesenteric arteries with intact en-
dothelium. The intact-endothelium of mesenteric arteries
was confirmed by the presence of an ACh-induced relaxation
response (Figure 1A). As shown in Figure 1B-E, CCCP induced
concentration-dependent relaxation in endothelium-intact
rat mesenteric arteries precontracted with PE and KPSS. The
original recordings are shown in Figure 1B and D, and the
summarized data are shown in Figure 1C and E. In rat mesen-
teric arteries with denuded endothelium, CCCP also showed
relaxant effects on the pre-contraction induced by PE and
KPSS (Figure S1). These results indicate that the vasorelaxant
activity of CCCP is endothelium-independent.

CCCP pretreatment prevents PE- and high
KPSS-induced constriction of rat mesenteric
arteries

Next, we investigated whether CCCP pretreatment could pre-
vent PE- and KPSS-induced vasoconstriction. As shown in
Figure 2A and B, CCCP pretreatment for 20 min significantly
prevented PE- and high K*-induced constriction of rat mesen-
teric arteries with intact endothelium, and this inhibition
was removed after washout of CCCP. In rat mesenteric arter-
ies with denuded endothelium, CCCP pretreatment showed
a similar preventive action (Figure S2).
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CCCP relaxes PE- and high KPSS-induced constriction of rat mesenteric arteries with intact endothelium. (A) Original trace demonstrating endo-
thelium-intact rat mesenteric artery. The artery was precontracted with PE (5 uM) and relaxed by ACh (1 uM). (B,C) Original traces showing that
CCCP induced dose-dependent relaxation in endothelium-intact rat mesenteric arteries precontracted with PE (5 uM) and the summarized data.
The relaxation ratio of CCCP was calculated by subtracting the relaxation ratio of corresponding control (DMSO) to avoid the error induced by
natural rundown of the artery tension. (D,E) Original traces showing that CCCP induced dose-dependent relaxation in endothelium-intact rat
mesenteric arteries precontracted with KPSS and the summarized data. The relaxation ratio of CCCP was calculated by subtracting the relaxation
ratio of corresponding control (DMSO) to avoid the error induced by natural rundown of the artery tension.
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CCCP pretreatment prevents PE- and KPSS-induced constriction of rat mesenteric arteries with intact endothelium. The inhibitory effect of CCCP

was removed after washout of CCCP. **P < 0.01 versus DMSO (control).

CCCP inhibits PE- and high KPSS-induced
constriction of rat thoracic aorta

In order to test whether CCCP had similar inhibitory ef-
fects on the vasoconstriction in large conduit arteries, we
examined the effects of CCCP on the rat thoracic aorta.
As shown in Figure 3A-C, CCCP relaxed PE- and KPSS-
induced vasoconstriction of the rat thoracic aorta with
intact endothelium. In rat thoracic aorta with denuded
endothelium, CCCP showed similar relaxation effects on
PE- and KPSS-induced vasoconstriction (Figure S3).
Although CCCP relaxed the vasoconstriction in both rat
mesenteric arteries and thoracic aorta, of note, the mesen-
teric arteries were more sensitive than the aorta to the
effects of CCCP.

Additionally, we further examined the effects of CCCP on
eNOS activity in HUVECs. CCCP (1 and 10 pM) did not affect
the expressions of eNOS and p-eNOS protein in HUVECs after
a 5 and 15 min treatment (Figure S4), confirming the
endothelium-independent effects of CCCP.

CCCP activates AMPK in vascular smooth
muscle cells and rat thoracic aorta tissues
Mitochondrial uncouplers can reduce cellular ATP levels and
activate AMPK (Soltoff, 2004; Eskiocak et al., 2014; Figarola
et al., 2015). We examined the effects of CCCP on cellular
ATP levels and the ADP/ATP ratio in vascular smooth muscle
cells (A10). CCCP (2 uM) did not affect the cellular ATP level
after 5 min treatment, but reduced the cellular ATP level after
20 min treatment (Figure 4A). However, an increased
ADP/ATP ratio was detected after CCCP treatment for 5 min
even when the ATP level was not changed (Figure 4B). These
phenomena were speculated to be due to CCCP initially in-
ducing a compensatory increase in ATP production and an in-
crease in ADP hydrolyzed from ATP. However, the production
and consumption of ATP were balanced at 5 min, so the ATP
level was not significantly changed. With the time lapse
(20 min), the inhibition of ATP synthase by CCCP was
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CCCP relaxes PE- and high KPSS-induced constriction of rat thoracic
aorta. (A) Original trace demonstrating endothelium-intact rat
thoracic aorta. The artery was precontracted with PE (1 pM) and
relaxed by ACh (10 uM). (B, C) CCCP induced dose-dependent re-
laxation in endothelium-intact rat thoracic aorta precontracted
with PE (1 pM) and KPSS. The relaxation ratio of CCCP was calcu-
lated by subtracting the relaxation ratio of corresponding control
(DMSO) to avoid the error induced by natural rundown of the ar-
tery tension.
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CCCP increases ADP/ATP ratio and activates AMPK. (A) CCCP (2 uM) did not affect the cellular ATP level after 5 min treatment but reduced the
cellular ATP level after 20 min treatment in A10 cells. *P < 0.05 versus control. (B) CCCP increased the ADP/ATP ratio in A10 cells after 5 and
20 min treatment. *P < 0.05 versus control. (C) CCCP activated AMPK after 5 and 20 min treatment in vascular smooth muscle cells (A10).
*P < 0.05 versus control. The data were normalized to control for avoiding unwanted variations. (D) CCCP activated AMPK in rat thoracic aorta
tissues after 5 and 20 min treatment. *P < 0.05 versus control. The data were normalized to control for avoiding unwanted variation. (E) CCCP
activated AMPK in the presence of KPSS in rat aorta tissues. *P < 0.05 versus control (PSS).

potentiated and ATP production decreased. AMPK is acti-
vated in response to an increase in the ADP/ATP ratio. In-
deed, AMPK was activated after CCCP treatment for 5 and
20 min in vascular smooth muscle cells (A10) (Figure 4C).
We further showed that CCCP could activate AMPK in rat
aorta tissues after 5 and 20 min treatment (Figure 4D), and
CCCP still significantly activated AMPK in the presence of
KPSS in rat aorta tissues (Figure 4E).

AMPK activation induces vasodilatation (Goirand et al.,
2007; Schneider et al., 2015). Since CCCP activated AMPK in
vascular smooth muscle cells and artery tissues, we specu-
lated that the AMPK activation was involved in CCCP-
induced vasorelaxation. Compound C is an AMPK inhibitor.
Firstly, we tried to use compound C to inhibit AMPK.
However, compound C relaxed the constricted artery itself.
As shown in Figure SSA, compound C dose-dependently re-
laxed the rat mesenteric arteries pre-contracted by PE. When
the concentration of compound C was reduced to 2 uM, at
which it showed no vasorelaxant effects, it also showed no
effect on CCCP-induced vasorelaxation (Figure SSB).
Therefore, we further used AMPK al knockout (—/—) mice
rather than compound C to identify the involvement of
AMPK in CCCP-induced vasorelaxation. We had shown that
CCCP-induced vasorelaxation was endothelium indepen-
dent, so we used endothelium-intact arteries from AMPK ol
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knockout (—/—) mice. As shown in Figure SA, CCCP-induced
aorta relaxation was diminished in AMPKa1 knockout (—/-)
mice, indicating that AMPK activation might be involved in
CCCP-induced vasorelaxation. We also measured the
endothelium-dependent vasorelaxation of arteries from
AMPK ol knockout (—/—) mice and found no difference in
the ACh-induced vasorelaxation responses in AMPKal
knockout (—/—) and wild-type mice (Figure S6). In a previous
study it was demonstrated that activation of AMPK a1 but not
AMPK o2 induced aortic relaxation in mice in an
endothelium- and eNOS-independent manner (Goirand
et al., 2007), which was in line with our results.

It has been reported that AMPK activation dilated resis-
tance arteries via activation of sarco-endoplasmic reticulum
Ca®* ATPase (SERCA) and BKCa (large-conductance, cal-
cium-activated potassium channel) (Kc,1.1)channels in
smooth muscle (Schneider et al., 2015). We speculated that
the SERCA and BKCa pathways might be involved in CCCP-
induced vasorelaxation. We used CPA and tharpsigargin,
the two SERCA inhibitors, to examine the role of SERCA in
CCCP-induced vasorelaxation. As shown in Figure 5B and
C, both CPA and tharpsigargin treatments partially attenu-
ated CCCP-induced vasorelaxation in endothelium-denuded
rat mesenteric arteries, indicating that SERCA activation
plays a role in CCCP-induced vasorelaxation. Moreover, we
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further used the BKCa channel blocker paxilline and found
that, regardless of whether it was used before or after CCCP
treatment, it had no significant effect on CCCP-induced vaso-
relaxation in endothelium-denuded rat mensenteric arteries
(data not shown). Paxilline at 1 pM has been shown to inhibit
vasodilatation in arterioles (Joerk et al., 2014), but we ob-
served no effect on CCCP-induced vasorelaxation even with
5 uM, indicating that the BKCa channel is not involved in
the CCCP-induced vasorelaxation.

CCCP induces vasorelaxation without
involving K,1p channel activation in smooth
muscle cells

The cytosolic ATP level influences the activity of Karp
channels. Since CCCP as a mitochondrial uncoupler in-
creased the ADP/ATP ratio and decreased ATP production,
CCCP-induced vasorelaxation was speculated to be due to
the Karp channel activation. However, in both
endothelium-intact and endothelium-denuded rat mesen-
teric arteries, the K,rp channel blocker glibenclamide and
the mitochondrial-specific Kyrp channel blocker 5-HD did
not affect CCCP-induced vasorelaxation (Figure 6A-6D). We
further confirmed that the efficacy of glibenclamide was
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reliable in our experimental conditions because it inhibited
the vasorelaxation induced by Karp channel activator
diazoxide (Figure 6E). Incidentally, the mitochondrial spe-
cific Kypp channel blocker 5-HD (100 and 500 pM) was
not observed to inhibit diazoxide -induced vasorelaxation,
so only the summarized data of 5-HD (100 pM) are shown
(Figure 6F). Similarly to the present results, 5-HD was also
reported not to block the protection by the Karp channel
agonist diazoxide in heart ischaemia-reperfusion injury
(Nadtochiy et al., 2009). Our results indicate that Kxrp
channels were not involved in the CCCP-induced
vasorelaxation.

CCCP increases cytosolic [Ca?*];, mitoROS
production and depolarizes mitochondrial
membrane potential in vascular smooth muscle
cells (A10)

Because CCCP induced vasorelaxation, we further exam-
ined the effects of CCCP on cytosolic [Ca®*]; in vascular
smooth muscle cells (A10). It was very interesting that
CCCP treatment increased cytosolic [Ca*]; (Figures S7A
and S7B), consistent with the report that CCCP treatment
increased cytosolic [Ca®']; in prostatic cells (Vaur et al.,
2000). Ca®*/calmodulin-dependent protein kinase is in-
volved in AMPK activation (Shen et al., 2007; Bair et al.,
2009), we further studied the role of the CCCP-induced in-
crease in cytosolic [Ca®*]; in CCCP-induced AMPK activa-
tion in A10 cells by chelating intracellular Ca®* with
BAPTA-AM. Ca®" chelation with BAPTA-AM (10 pM) has
been shown to inhibit Ca**-dependent cellular signals
(Pfisterer et al., 2011), but it had no effect on
CCCP-induced AMPK activation (data not shown), indicat-
ing that the increased cytosolic [Ca®*]; did not contribute
to CCCP-induced AMPK activation.

The reports about the effects of CCCP on cellular ROS
production are not consistent. CCCP treatment increased
ROS production in RKO human colon carcinoma cell lines
(Izeradjene et al., 2005) but suppressed high glucose-
induced ROS production in human mesangial cells (Kiritoshi
et al., 2003) and superoxide generation in mesenteric artery
rings from DOCA-salt rats (Viel et al., 2008). We measured
the effects of CCCP on mitoROS production in vascular
smooth muscle cells (A10) by using mitoSOX staining and
found that CCCP treatment slightly increased mitoROS pro-
duction (Figure 7A and B). We further used mitoTEMPO to
scavenge the increased mitoROS to investigate whether the
increased ROS was involved in CCCP-induced AMPK activa-
tion. MitoTEMPO at concentrations ranging from 25 nM to
200 uM has been used previously in different cell experi-
ments (Dikalova et al., 2010; Tanaka et al., 2012; Reed et al.,
2014; Lee et al., 2015; Patel et al., 2015). We found that
mitoTEMPO at 5 and 100 uM did not influence the activation
of AMPK by CCCP (data not shown), indicating that CCCP-
induced ROS increase did not contribute to CCCP-induced
AMPK activation in A10 cells.

Finally, we utilized a lipophilic cationic dye TMRM to
examine the effects of CCCP on mitochondrial membrane
potential in vascular smooth muscle cells (A10). CCCP treat-
ment depolarized mitochondrial membrane potential (Figure 7
C and D), confirming its mitochondrial uncoupling effects.
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As mentioned in the Introduction, mild mitochondrial
uncoupling is proposed as a protective therapeutic strategy
for many disorders. At present, the mild mitochondrial
uncoupling is generally induced by using techniques that
evoke the overexpression of UCPs. However, the criteria
that discriminate mild from complete mitochondrial
uncoupling are unclear. Tao et al. 2014reported that
niclosamide ethanolamine improved glycaemic control
and delayed disease progression in db/db mice by inducing
mild mitochondrial uncoupling (Tao et al. 2014).
Niclosamide ethanolamine also reduced ATP production
and increased the ADP/ATP ratio in cultured HepG2 cells
(Tao et al. 2014). We were not sure if CCCP-induced mito-
chondrial uncoupling in smooth muscle cells was mild or
complete in the present conditions, so we measured the cy-
totoxicity of CCCP in vascular smooth muscle cells (A10).
In the functional experiments, 2 uyM CCCP was used for
up to 20 min (Figure 4). In the cytotoxic studies, we treated
A10 cells with 2 pM CCCP for 24 h. CCCP (2 pM) had no
significant effect on cell viability after 24 h treatment (Fig-
ures S8A and S8B), indicating that CCCP-induced
vasorelaxation was not due to the non-specific cytotoxicity
of CCCP.

FCCP has similar effects on artery constriction
as CCCP

FCCP, an analogue of CCCP, is also widely used to induce
mitochondrial uncoupling. We investigated whether FCCP
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had similar vasoactivity as that of CCCP. As shown in
Figure 8A and C, FCCP induced relaxation in both
endothelium-intact and endothelium-denuded rat mesen-
teric arteries precontracted with PE. FCCP pretreatment
prevented PE-induced constriction of rat mesenteric arteries
with intact or denuded endothelium (Figure 8B and D).
These results demonstrate that both FCCP and CCCP had
similar vasoactivity.

Discussion

The acute effects of CCCP, a typical mitochondrial uncou-
pler, on vasoactivity and the potential mechanisms have
never been elucidated. In the present study, we demon-
strated that CCCP induced vasorelaxation without involv-
ing Karp channel activation in smooth muscle cells of
arteries. Our results indicated that the mechanisms of
CCCP-induced vasorelaxation were complicated. Although
we examined different factors related to vasorelaxation, in-
cluding AMPK, SERCA, cytosolic [Ca2+]i and Kapp channels,
the CCCP-induced vasorelaxation could not be explained
via a unique mechanism. Based on the current understand-
ing and our present results, the schematic of CCCP-induced
vasorelaxation is summarized in Figure 9, which showed
that CCCP activated different factors contributing to vaso-
relaxation and vasoconstriction, but the net result was
vasorelaxation.



CCCP(2uM)
0 min 1.5 min

=
=
o
o
3}
|5
o

CCCP(2uM
min (& 2|.5

CCCP(2uM)

Figure 7

6.0 min 7.5 min

0 min 3.0 min 4.5 min

CCCP induces vasorelaxation

B

*

*
./0
10] 0—0-0-8 o o

0.0

Relative mitoROS level
(F/IF0)

0.0 15 3.0 45 6.0 75
Time (min)
@ Control
O CCCP(2uM)

o

10{8-m g - a a

o, P<0.05

N\

(F/F0)
2

\
®6-0 o
0.0

Relative MMP level

0.0 1.5 3.0 45 6.0 7.5
Time (min)

@ Control
O CCCP(2uMm)

CCCP increases mitoROS production and depolarizes mitochondrial membrane potential in vascular smooth muscle cells (A10). (A) The represen-
tative time-lapse images show that CCCP treatment increased mitoROS production. (B) The summarized data of CCCP-induced increase in mito-
chondrial ROS production. The experiment was carried out in cultured vascular smooth muscle cells (A10). Sixty-eight cells in control group and
68 cells in CCCP (2 pM) group were counted and analysed. *P < 0.05 versus control. (C) The representative time-lapse images show that CCCP
decreased TMRM fluorescence. (D) The summarized data of CCCP-induced decrease in TMRM intensity. The experiment was carried out in cul-
tured vascular smooth muscle cells (A10). One-hundred and sixty cells in control group and 82 cells in CCCP (2 pM) group were counted and

analysed. MMP, mitochondrial membrane potential.

CCCP-induced vasorelaxation and AMPK

AMPK activation is reported to induce vasodilatation
in many arterial vessels (Goirand et al., 2007; Schneider
et al., 2015). AMPK-induced vasodilatation includes
endothelium-dependent and -independent mechanisms.
The endothelium-dependent mechanism was considered to
be through AMPK-induced eNOS activation (Dolinsky et al.,
2010; Zhengetal., 2011). We found that CCCP-induced vaso-
dilatation in rat mesenteric arteries and thoracic aorta was
endothelium-independent, and CCCP treatment had no sig-
nificant effect on eNOS activation in HUVECs, indicating
that CCCP-induced vasodilatation was through a direct ac-
tion of CCCP on vascular smooth muscle cells. The effects
of AMPK on vasoactivity have been studied by using AMPK
knockout mice. Goirand et al. (2007) showed that activation
of AMPK al but not AMPK «2 was able to induce aortic relax-
ation in mice, in an endothelium- and eNOS-independent
manner (Goirand et al., 2007). Wang et al. further showed
that AMPK decreased vascular smooth muscle cell contractil-
ity by inhibiting p190-GTP-activating protein-dependent Ras
homolog gene family member A activation in mesenteric ar-
tery and aortas (Wang et al., 2011). A recent work elucidated
the endothelium-independent mechanisms of AMPK-
induced vasodilatation in detail (Schneider et al., 2015). They
showed that AMPK dilated resistance arteries from hamster
and mouse via activation of SERCA and BKCa channels in
smooth muscle, but BKCa played only a minor role.

Since CCCP activated AMPK in vascular smooth muscle
cells and artery tissues, we speculated that AMPK activation
was involved in CCCP-induced vasorelaxation. However,
the AMPK inhibitor compound C failed to be a suitable
pharmacological tool for proving the role of AMPK activa-
tion in CCCP-induced vasorelaxation because it relaxed
the constricted artery itself. So, we further used an AMPK
al knockout (—/—) mice model. Although the CCCP-
induced aorta relaxation was attenuated in AMPK ol knock-
out (—/—) mice, as CCCP is thought to have numerous
other effects, such as inhibiting ATP production,
depolarizing mitochondrial membrane potential and in-
creasing cytosolic [Caz*]i, AMPK activation might be in-
volved in CCCP-induced vasorelaxation but is only one of
the various mechanisms. SERCA is regarded as the down-
stream signal of AMPK in AMPK-induced vasorelaxation
(Schneider et al., 2015). Our results showed that SERCA in-
hibitors cyclopiazonic acid and tharpsigargin only partially
attenuated CCCP-induced vasorelaxation, further indicat-
ing that AMPK/SERCA pathway was not the unique mecha-
nism involved in this effect of CCCP. CCCP is not a pure
AMPK activator; it also uncouples mitochondria and re-
duces ATP production. The mitochondrial uncoupler dini-
trophenol was reported to totally abolish the
phosphorylation of myosin light chain (MLC) in rat tail ar-
tery (Sward et al., 2002), indicating that inhibition of MLC
phosphorylation might also be involved in CCCP’s effects.
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Although both activation (Schneider et al., 2015) and in-
hibition (Wyatt et al., 2007; Ross et al., 2011) of BKCa chan-
nels by activated AMPK have been reported, we found that
BKCa channels contributed less to CCCP-induced vasorelax-
ation than other mechanisms.

CCCP-induced vasorelaxation and cytosolic
[Ca?*];
We found that, although CCCP induced significant vasodi-
latation, to a certain extent, it also increased cytosolic
[Ca®']; in vascular smooth muscle cells. This finding that
CCCP increased [Ca®*]; in A10 cells but relaxed the con-
stricted vessels is an interesting phenomenon. On the one
hand, CCCP permeabilizes the mitochondrial inner mem-
brane thereby allowing Ca?* that is normally sequestered
and stored within mitochondria to be released into the cy-
tosol; on the other hand, despite the increase in cellular
[Ca2+]i, which tends to induce contraction, CCCP-induced
inhibition of mitochondrial function still results in
vasorelaxation.

SERCA-mediated re-uptake of Ca* into the sarcoplasmic
reticulum SR is an important mechanism of vasorelaxation
(Van Hove et al., 2009). Our results showed that SERCA



activation was partially involved in CCCP-induced vasorelax-
ation; however, the cytosolic [Caz+]i was consistently in-
creased after CCCP treatment in smooth muscle cells (A10).
We speculated that the increased cytosolic [Ca®*]; tended to
constrict the vessel, whereas the other vasorelaxant actions
of CCCP (decreased ATP generation; loss of mitochondrial
energy) counteracted the vasoconstriction (Figure 9); there-
fore, the CCCP-induced vasoactivity and cytosolic [Ca2+]i
changes seemed not to be parallel. Inhibition of oxidative
metabolism is often found to decrease the contractility of vas-
cular smooth muscle but not to reduce global [Ca®*];. In the
rat tail artery, mitochondrial inhibitors (rotenone, antimycin
A and cyanide) reduced o;-adrenoceptor-stimulated force but
did not reduce global [Ca®*]; (Swiird et al., 2002).

CCCP-induced vasorelaxation and K,p
channels

CCCP, as well as FCCP, has long been used as a mitochondrial
uncoupler to inhibit metabolism, thus activating Kyrp chan-
nels. In cat ventricular myocytes, CCCP elicited Karp currents
(de Lorenzi etal., 1995) and in rat ventricular myocytes, FCCP
activated Kapp channels (Krause et al., 1995). In Xenopus oo-
cytes injected with SUR1, which increases the expression of
either K;;6.2 or K;;6.1 channels, K5rp currents increased when
cytosolic ATP levels were lowered by the metabolic inhibitor
FCCP (Gribble et al., 1997). However, other works suggested
that activation of Kytp channels was not inevitable for the ac-
tions of FCCP or CCCP. For instance, in the isolated rat heart,
mitochondrial uncoupling with FCCP significantly improved
post-ischaemic functional recovery; this cardioprotection
was mediated via a ROS-dependent pathway but not by the
depletion of cellular ATP or Kx1p channel activation (Brennan
et al., 2006). Nitroalkenes protected cardiomyocytes against
simulated ischaemia-reperfusion injury by inducing mild mi-
tochondrial uncoupling, which was not affected by Karp
channel blockers 5-HD or glibenclamide (Nadtochiy et al.,
2009). In the present study, although CCCP increased
ADP/ATP ratio and activated AMPK in vascular smooth mus-
cle cells (A10), the Karp channel blocker glibenclamide and
the mitochondrial specific Kytp channel blocker 5-HD did
not affect CCCP-induced vasorelaxation, indicating that Katp
channels were not involved in CCCP-induced vasorelax-
ation. These data answer the question as to whether Karp
channel activation contributes to mitochondrial uncoupler-
induced vasorelaxation.

CCCP-induced vasorelaxation and mitoROS

UCPs-induced mitochondrial uncoupling reduces mitoROS
generation in different cell types. In endothelial cells, UCP2
overexpression suppressed ROS production in human aortic
endothelial cells (Lee et al., 2005); UCP2 silencing led to ele-
vated mitoROS formation in endothelial cells (Koziel et al.,
2015) and renal mesangial cells (Di Castro et al., 2013).
However, the effects of the mitochondrial uncoupler CCCP
on mitoROS production were reported are not consistent.
On the one hand, some studies reported that the mitochon-
drial uncoupler CCCP increased mitoROS production, for in-
stance, in primary mouse sensory neurons (Summers et al.,
2014), and human colon carcinoma cell lines (Izeradjene
etal., 2005). On the other hand, CCCP was reported to inhibit
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ROS increase in endothelial cells induced by leptin and ho-
mocysteine (Yamagishi et al., 2001; Sethi et al., 2006) and in
vascular smooth muscle cells induced by ET-1 (Touyz et al.,
2004). A compromised viewpoint considered that nanomolar
concentrations of CCCP elevated ROS but micromolar con-
centrations of CCCP reduced ROS in artery smooth muscle
cells (Xi et al., 2005). Our results showed that CCCP at 2 uM
gradually increased mitoROS generation in vascular smooth
muscle cells.

Conclusions

Our results showed that CCCP treatment significantly acti-
vated AMPK in vascular smooth muscle cells and CCCP, as
well as FCCP, had a strong vasorelaxant effect on resistant ar-
teries. Activating AMPK not only acts as a therapeutic strategy
for metabolic diseases including diabetes and obesity but also
for hypertension (Ruderman et al., 2013; Almabrouk et al.,
2014). Recently, the chemical mitochondrial uncouplers in-
cluding 2,4 dinitrophenol (DNP), niclosamide ethanolamine
and C4R1 have been shown to be significantly beneficial in
hypertriglyceridaemia, insulin resistance and obesity in ani-
mal models (Perry et al., 2013; Tao et al., 2014; Kalinovich
and Shabalina, 2015; Perry et al., 2015), suggesting that mito-
chondrial uncouplers could be a distinct class of drugs with
therapeutic effects for both metabolic disorders and hyperten-
sion, especially for the ‘triple H' (hypertension, hyperlipidae-
mia and hyperglycaemia) patients, if these drugs are shown to
have an appropriate pharmacological uncoupling action and
no toxicity in vivo. Of course, the toxic effects of mitochon-
drial uncouplers could be overcome by optimizing the drug
delivery, similar to the approaches used for DNP; controlled-
release oral formulation of DNP and methylated DNP (Perry
etal., 2013, 2015). From the results of our study, it is proposed
that mitochondrial uncouplers might be a novel type of vaso-
dilator and have potential as anti-hypertensive drugs.
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Figure S1 (A) The endothelium denudation of rat mesenteric
artery was confirmed by absence of Ach (1 puM)-induced relax-
ation. (B,C) Original traces showing that CCCP induced dose-
dependent relaxation in endothelium-denuded rat mesen-
teric arteries pre-contracted with PE (5 uM) and the summa-
rized data. The relaxation ratio of CCCP was calculated by
subtracting the relaxation ratio of corresponding control
(DMSO) to avoid the error induced by natural rundown of
the artery tension. (D,E) Original traces showing that CCCP
induced dose-dependent relaxation in endothelium-denuded
rat mesenteric arteries pre-contracted with KPSS and the sum-
marized data. The relaxation ratio of CCCP was calculated by
subtracting the relaxation ratio of corresponding control
(DMSO) to avoid the error induced by natural rundown of
the artery tension.

Figure S2 CCCP pretreatment inhibited PE(5 uM)- and KPSS-
induced constriction of rat mesenteric arteries with denuded
endothelium. The inhibitory effect of CCCP was relieved af-
ter washout of CCCP. **P < 0.01 vs DMSO (control).PE, phen-
ylephrine.

Figure S3 (A) The endothelium denudation of rat thoracic
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aorta was confirmed by absence of Ach (1 uM)-induced relax-
ation. (B,C) CCCP induced dose-dependent relaxation in en-
dothelium-denuded rat thoracic aorta precontracted with PE
and KPSS. The relaxation ratio of CCCP was calculated by
subtracting the relaxation ratio of corresponding control
(DMSO) to avoid the error induced by natural rundown of
the artery tension. PE, phenylephrine.

Figure $4 The effects of CCCP on eNOS activity in human um-
bilical vein endothelial cells (HUVECs). CCCP (1 uM and
10 uM) did not affect the eNOS and p-eNOS expressions in pro-
tein level in HUVECs after 5 and 15 min treatment. The data
were normalized to control for avoiding unwanted variation.
Figure S5 Compound C has vasorelaxant effects on endothe-
lium-denuded rat mesenteric arteries. (A) Compound C dose-
dependently relaxed the rat mesenteric arteries precontracted
by PE (5 uM). (B) Compound C at 2 pM concentration showed
no vasorelaxant effect, but it also showed no effect on CCCP-in-
duced vasorelaxation. PE, phenylephrine.

Figure S6 No difference of Ach-induced vasorelaxation in
aorta from AMPK a1 knockout (—/—) and wild type mice. WT,
wild type(n = 10); KO, AMPK ol KO (—/=)(n = 8). PE (1 uM),
Ach (10 pM).

Figure S7 CCCP increases cytosolic [Ca2+]i in vascular
smooth muscle cells(A10). (A) The representative time-lapse
images showed that CCCP treatment increased cytosolic [Ca®* 1.
(B) The summarized data of CCCP-induced increase of cytosolic
[Ca®" ]'. The experiment was carried out in cultured vascular
smooth muscle cells (A10). Eighty one cells in control group
and seventy seven cells in CCCP(2 uM) group were counted
and analysed.

Figure S8 The cytotoxicity of CCCP in vascular smooth
muscle cells (A10). (A)CCCP (2 uM) had no significant effect
on A10 cell viability after 24 h treatment. The cell viability
was measured by using MTT method. (n = 7). (B) The
LIVE/DEAD® Viability/Cytotoxicity assay showed that
CCCP (2 pM) did not induce cell death after 24 h treat-
ment. Total 2656 cells in control group and total 1900 cells
in CCCP group from three independent experiments were
analysed. The live cells fluoresce green and dead cells fluo-
resce red in this assay. The data were normalized to the
mean of control for avoiding unwanted variation.
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