International Journal of

K

Molecular Sciences

Article

Chloroquine Inhibits Contraction Elicited by the Alpha-1
Adrenoceptor Agonist Phenylephrine in the Isolated Rat Aortas

Soo Hee Lee 1,23/t

Gyujin Sim 3/

check for
updates

Academic Editor: Francesco Lodola

Received: 29 March 2025
Revised: 7 May 2025
Accepted: 7 May 2025
Published: 9 May 2025

Citation: Lee, S.H.; Park, K.-E.; Kwon,
S.-C.; Ok,S.-H.; Ahn,S.H.; Sim, G.;
Sohn, J.-T. Chloroquine Inhibits
Contraction Elicited by the Alpha-1
Adrenoceptor Agonist Phenylephrine
in the Isolated Rat Aortas. Int. J. Mol.
Sci. 2025, 26, 4556. https://doi.org/
10.3390/1jms26104556

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Kyeong-Eon Park (), Seong-Chun Kwon %, Seong-Ho O
and Ju-Tae Sohn 34*

k 1230, Seung Hyun Ahn %6,

Department of Anesthesiology and Pain Medicine, Gyeongsang National University Changwon Hospital,
Changwon-si 51472, Gyeongsangnam-do, Republic of Korea

Department of Anesthesiology and Pain Medicine, Gyeongsang National University College of Medicine,
Jinju-si 52727, Gyeongsangnam-do, Republic of Korea

Institute of Medical Science, Gyeongsang National University, Jinju-si 52727, Gyeongsangnam-do,
Republic of Korea

Department of Anesthesiology and Pain Medicine, Gyeongsang National University College of Medicine,
Gyeongsang National University Hospital, 15 Jinju-daero 816 Beon-gil, Jinju-si 52727, Gyeongsangnam-do,
Republic of Korea

Department of Physiology, Institute of Clinical and Translational Research, Catholic Kwandong University,
College of Medicine, Gangneung 25601, Gangwon-do, Republic of Korea

Department of Anesthesiology and Pain Medicine, Gyeongsang National University Hospital,

15 Jinju-daero 816 Beon-gil, Jinju-si 52727, Gyeongsangnam-do, Republic of Korea

*  Correspondence: jtsohn@gnu.ac.kr

These authors contributed equally to this work.

Abstract: Although chloroquine appears to inhibit the alpha-1 adrenoceptor, whether the
chloroquine-mediated inhibition of phenylephrine-induced contraction is associated with
the blockade of alpha-1 adrenoceptors remains unknown. This study examined the effect of
chloroquine on contractions elicited by the alpha-1 adrenoceptor agonist phenylephrine in
isolated rat aortas and determined the underlying mechanism. The effects of chloroquine
and the alpha-1 adrenoceptor inhibitor prazosin on phenylephrine-elicited contractions
were examined. The effects of the irreversible alpha-adrenoceptor inhibitor phenoxybenza-
mine followed by washout with fresh Krebs solution, as well as combined treatment with
chloroquine and phenoxybenzamine followed by washout with fresh Krebs solution, on
phenylephrine-induced contraction were investigated. Chloroquine and prazosin inhibited
phenylephrine-induced contractions. However, pretreatment with prazosin eliminated the
chloroquine-induced inhibition of contractions elicited by phenylephrine. Additionally,
pretreatment with chloroquine and phenoxybenzamine followed by washout produced
a higher contraction elicited by phenylephrine than pretreatment with phenoxybenza-
mine alone followed by washout. Although chloroquine did not affect the contraction
induced by KCl in the endothelium-denuded aorta, it inhibited phenylephrine-induced
protein kinase C (PKC) and myosin light-chain (MLCyg) phosphorylation and Rho-kinase
membrane translocation. These results suggest that chloroquine inhibits vasoconstriction
elicited by phenylephrine via alpha-1 adrenoceptor inhibition, which is mediated by de-
creased MLCyg phosphorylation, the attenuation of PKC phosphorylation, and Rho-kinase
membrane translocation.

Keywords: chloroquine; phenylephrine; contraction; alpha-1 adrenoceptor; myosin
light-chain phosphorylation
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1. Introduction

Chloroquine, an aminoquinoline derivative, is used to treat malaria and rheuma-
tological diseases [1]. However, the acute toxicity of chloroquine results in peripheral
vasodilation, which appears to be mediated by alpha-1 adrenergic inhibition and nitric ox-
ide and histamine release [2], and reduces the increase in forearm vascular resistance caused
by cold exposure [3]. Additionally, chloroquine induces the vasodilation of endothelium-
denuded rat aortas precontracted with the alpha-1 adrenoceptor agonist phenylephrine and
the relaxation of longitudinal ileal smooth muscle, which are mediated by the inhibition of
calcium influx and calcium-activated potassium channels [4,5]. Chloroquine also causes
vasodilation in endothelium-denuded rat aortas precontracted with the alpha-1 adrenocep-
tor agonists norepinephrine and KCl, which seems to be mediated by the attenuation of
calcium entrance via voltage-operated calcium channels [6]. Moreover, chloroquine induces
the vasodilation of pulmonary arteries pre-contracted with phenylephrine and KCI, which
appears to be mediated by the attenuation of receptor-operated and voltage-dependent
calcium channels and store-operated calcium channels in pulmonary artery smooth muscle
cells [7].

Accordingly, previous studies have explored the mechanisms underlying chloroquine-
induced vasodilation in arteries pre-contracted with phenylephrine or norepinephrine, and
primarily focused on cellular signaling pathways downstream of activation by contractile
alpha-1 adrenoceptor agonists [4,6,7]. However, they did not specifically examine the
interaction between chloroquine and the alpha-1 adrenoceptor agonist concerning the
alpha-1 adrenoceptor [4,6,7]. The alpha-1 adrenoceptor agonist, phenylephrine, increases
intracellular calcium levels through calcium influx via receptor- and voltage-operated
calcium channels and calcium release from the sarcoplasmic reticulum, leading to calcium-
dependent vasocontraction [8]. In addition, phenylephrine induces vasoconstriction by
inhibiting myosin light-chain phosphatase, which is mediated by the activation of protein
kinase C and Rho-kinase, a mechanism known as calcium sensitization-mediated contrac-
tion [8]. Thus, the cellular signaling pathways that contribute to calcium-dependent and
calcium-sensitization-mediated contractions are located downstream of alpha-1 adrenocep-
tor activation [8]. Voltage-operated and receptor-operated calcium channels contributing
to calcium influx are located in cellular signaling pathways distal to the alpha-1 adreno-
ceptor activated by the alpha-1 adrenoceptor agonists phenylephrine or norepinephrine.
Consequently, these previous studies could not rule out the inhibitory effect of chloroquine
on the contraction elicited by phenylephrine via the inhibition of the alpha-1 adrenocep-
tor [4,6-8]. In other words, whether the chloroquine-mediated inhibition of phenylephrine-
induced contraction is associated with the blockade of alpha-1 adrenoceptors remains
unknown. Moreover, a competitive binding study using [*H] prazosin, a selective alpha-1
adrenoceptor inhibitor, indicated that a high concentration (10~* M) of chloroquine in-
creased the inhibitory constant (Ki) of prazosin in the liver plasma membrane, suggesting
that high concentrations of chloroquine interact with the alpha-1 adrenoceptor [9]. Fur-
thermore, a study to examine the underlying mechanism associated with the inhibitory
effect of chloroquine on alpha-1 adrenoceptor-mediated contraction has not been reported.
Therefore, this study aimed to examine the underlying mechanism responsible for the
inhibitory effect of chloroquine on contractions elicited by the alpha-1 adrenoceptor ago-
nist phenylephrine, with a particular focus on the alpha-1 adrenoceptor and its cellular
signaling pathway associated with vasoconstriction mediated by the alpha-1 adrenoceptor.

2. Results

Chloroquine (1075 and 3 x 10~> M) inhibited phenylephrine-induced contractions
in endothelium-intact aortas (Figure 1a—10~> M chloroquine: p < 0.01 versus control
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at 3 x 107® and 107 M phenylephrine; 3 x 10> M chloroquine: p < 0.001 versus
control at 3 x 1078 and 107 M phenylephrine). In addition, chloroquine (10~ and
3 x 10~° M) inhibited phenylephrine-induced contractions in endothelium-denuded rat
aortas (Figure 1b—10~5 M chloroquine: p < 0.001 versus control at 3 x 10~ and 10~8 M
phenylephrine; 3 x 10~> M chloroquine: p < 0.001 versus control at 3 x 10~? to 1077 M
phenylephrine). Moreover, chloroquine (1072 and 3 x 10~° M) inhibited phenylephrine-
elicited contractions in endothelium-intact aortas with the nitric oxide synthase inhibitor
NW-nitro-L-arginine methyl ester (L-NAME, 10~* M) (Figure 1c—10~° M chloroquine:
p < 0.001 versus control at 1078 M phenylephrine; 3 x 10~> M chloroquine: p < 0.001
versus control at 1078 to 10~7 M phenylephrine). High concentrations of chloroquine
(3 x 107> M) inhibited phenylephrine-induced contraction in endothelium-denuded aortas
and endothelium-intact aortas treated with L-NAME in a concentration-dependent manner
(Figure 1b,c; 3 x 1075 M chloroquine: p < 0.001 versus 10~ M chloroquine at 10~8 and
3 x 10~8 M phenylephrine).
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Figure 1. Effect of chloroquine on phenylephrine-induced contraction in endothelium-intact
((a), N = 6), and -denuded ((b), N = 6) aortas and endothelium-intact aortas pretreated with NWonitro-
L-arginine methyl ester (1074 M, (c); N =6, 6, and 5, indicating control, 107°M,and 3 x 10°° M
chloroquine, respectively). Data are shown as mean + SD and expressed as the percentage of isotonic
60 mM KCl-induced contraction. N indicates the number of rats from whom isolated aortas were
obtained. * p <0.05, ** p <0.01, and *** p < 0.001 versus control. T p <0.05, 1 p <0.01, and +t+t p < 0.001
versus 107> M chloroquine.

The selective alpha-1 adrenoceptor inhibitor prazosin (3 x 107 M) attenuated
phenylephrine-induced contractions (Figure 2a; p < 0.001 versus the control at 3 x 1077 to
3 x 10~® M phenylephrine). However, combined treatment with prazosin (3 x 10~ M) and
chloroquine (3 x 10~° M) had no effect on phenylephrine-induced contractions compared to
prazosin (3 X 10~° M) alone in endothelium-denuded aortas (Figure 2a). However, pretreat-
ment with the irreversible alpha-adrenoceptor inhibitor phenoxybenzamine (5 x 1078 M),
followed by washout with fresh Krebs solution to remove phenoxybenzamine, inhibited
phenylephrine-induced contraction (Figure 2b) in endothelium-denuded aortas. Combined
pretreatment with chloroquine (3 x 10~° M) and phenoxybenzamine (5 x 10~8 M), which
was followed by washout with fresh Krebs solution to remove the combined drug treat-
ment, increased phenylephrine-induced contraction compared with pretreatment with
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phenoxybenzamine alone, which was followed by washout with Krebs solution to re-
move phenoxybenzamine (Figure 2b; p < 0.001 versus phenoxybenzamine (PBZ) followed
by washout at 107 to 10~> M phenylephrine). Moreover, the combined treatment with
the reversible alpha-adrenoceptor inhibitor phentolamine (10~¢ M) and the irreversible
alpha-adrenoceptor inhibitor phenoxybenzamine (5 x 10~8 M), which was followed by
washout with fresh Krebs solution to remove the combined drug treatment (phentolamine
and phenoxybenzamine), increased the contractions evoked by phenylephrine compared
with the combined treatment with chloroquine (3 x 107> M) and phenoxybenzamine
(5 x 1078 M), which was followed by washout with Krebs solution to remove the combined
drug treatment (chloroquine and phenoxybenzamine), in endothelium-denuded aortas
(Figure 2b; p < 0.001 versus chloroquine and phenoxybenzamine (CQ and PBZ) followed
by washout at 3 x 10~ to 10~5 M phenylephrine).
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Figure 2. (a) Effect of prazosin alone and combined treatment with prazosin and chloroquine on
phenylephrine-induced contraction in isolated endothelium-denuded rat aortas. Data (N = 6) are
shown as mean + SD and expressed as the percentage of isotonic 60 mM KCl-induced contraction. N
indicates the number of rats from whom isolated aortas were obtained. * p < 0.05, ** p < 0.01, and
*** 1 < 0.001 versus control. (b) Effects of pretreatment with phenoxybenzamine (PBZ, 5 x 10~8 M)
alone followed by washout of PBZ with fresh Krebs solution (PBZ followed by washout), combined
pretreatment with chloroquine (CQ, 3 x 10~° M) and PBZ (5 x 10~8 M) followed by washout of CQ
and PBZ with fresh Krebs solution (CQ and PBZ followed by washout), and combined pretreatment
with phentolamine (PT, 10~ M) and PBZ (5 x 10~8 M) followed by washout of PT and PBZ with
fresh Krebs solution (PT and PBZ followed by washout) on phenylephrine-induced contraction in
isolated endothelium-denuded aortas. Data (N = 10) are shown as mean + SD and expressed as
the percentage of isotonic 60 mM KCl-induced contraction. N indicates the number of rats from
whom isolated aortas were obtained. ** p < 0.01 and *** p < 0.001 versus PBZ followed by washout.
111 p < 0.001 versus CQ and PBZ followed by washout.

Chloroquine (10~° M) had no effect on 5-hydroxytryptamine-induced contraction in
endothelium-denuded aortas (Figure 3a). In addition, high concentrations of chloroquine
(3 x 107> M) slightly increased 5-hydoxytryptamine (3 x 10~ M)-induced contraction in
endothelium-denuded aortas (Figure 3a; p < 0.01 versus control; 95% confidence interval:
4.71 to 21.40). However, chloroquine (10~° and 3 x 10~> M) did not significantly alter the
contractions elicited by KCl in endothelium-denuded aortas (Figure 3b).
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Figure 3. Effect of chloroquine on the contraction induced by 5-hydroxytryptamine ((a), N = 6) and
KCl1 ((b), N = 5) in isolated endothelium-denuded rat aortas. Data are shown as mean 4+ SD and
expressed as the percentage of isotonic 60 mM KCl-induced contraction. N indicates the number of
rats from whom isolated aortas were obtained. ** p < 0.01 versus control.

In the endothelium-denuded rat aortas, and when not followed by washout with
Krebs solution in either case, combined treatment with chloroquine (3 x 107> M) and
phenoxybenzamine (5 x 10~8 M) inhibited phenylephrine-evoked contraction to a greater
extent than chloroquine (3 x 107> M) alone (Supplementary Figure S1; p < 0.001 versus
chloroquine alone at 3 x 1078 to 10> M phenylephrine).

Phenylephrine (3 x 10~® M) significantly enhanced protein kinase C (PKC) phos-
phorylation in rat aortic vascular smooth muscle cells (Figure 4a; p < 0.001 compared to
control). Chloroquine (3 x 10~> M) alone did not significantly affect PKC phosphorylation
(Figure 4a). However, the addition of chloroquine (3 x 10~ M) suppressed phenylephrine-
induced PKC phosphorylation (Figure 4a; p < 0.001 compared to phenylephrine alone).
Similarly, phenylephrine (10~ M) promoted the membrane translocation of Rho-kinase
(ROCK-2) in these cells (Figure 4b; p < 0.001 compared to control), whereas chloroquine
(3 x 10~ M) effectively inhibited this phenylephrine-elicited Rho-kinase membrane translo-
cation (Figure 4b; p < 0.05 compared to phenylephrine alone). Chloroquine (3 x 107> M)
alone did not significantly alter Rho-kinase membrane translocation (Figure 4b). Moreover,
while phenylephrine (1076 M) elevated myosin light-chain (MLCpyj) phosphorylation in
rat aortic vascular smooth muscle cells (Figure 4c; p < 0.001 versus control), chloroquine
(3 x 107> M) alone did not significantly change MLC,y phosphorylation (Figure 4c), but it
inhibited MLCyy phosphorylation elevated by phenylephrine (Figure 4c; p < 0.001 compared
to phenylephrine).
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Figure 4. Effect of chloroquine (3 x 10~° M, CQ) on phenylephrine (3 x 10~ M, PE)-induced
protein kinase C (PKC, (a), N = 5) phosphorylation, PE (10~% M)-induced Rho-kinase (ROCK-2)
membrane translocation ((b), N = 4). and PE (10~® M)-induced myosin light-chain (MLCy, (c), N = 4)
phosphorylation in rat aorta vascular smooth muscle cells. Data are shown as mean + SD. N indicates
the number of independent experiments. p-PKC: phosphorylated PKC; t-PKC: total PKC; ROCK-
2 (M): ROCK-2 (membrane); ROCK-2 (C): ROCK-2 (cytosol); p-MLCyg: phosphorylated MLCjyp;
t-MLCpq: total MLCpg. *** p < 0.001 versus control. 1 p < 0.05 and 111 p < 0.001 versus PE alone.

Low concentrations of chloroquine (1072 M) inhibited the simultaneous intracellular
calcium level ([Ca®*];) increase and contraction induced by only 10~% M phenylephrine
(Figure 5a,b; [Ca%*];: p < 0.05 versus control; contraction: p < 0.01 versus control). Fur-
thermore, a high concentration of chloroquine (3 x 10~° M) inhibited the [Ca%*]; increase
induced by a narrow range of phenylephrine (1078 and 3 x 1078 M), whereas it inhibited
the contraction induced by a wide range of phenylephrine (10~ to 10~> M) (Figure 5ab;
[CaZ*];: p < 0.001 versus control at 108 and 3 x 10~8 M; contraction: p < 0.01 versus control
at 1078 to 107> M; Figure 6).
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Figure 5. Effect of chloroquine on the simultaneous intracellular calcium level ([Ca%*];, (a)) and
contraction (b) caused by phenylephrine in endothelium-denuded aortic strip pretreated with Fura-
2. [Ca®*]; and contraction caused by phenylephrine are expressed as percentage of [Ca®*]; and
contraction caused by 60 mM KCl, respectively. Data (N = 5) are shown as mean £ SD. N indicates
the number of independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus control.
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Figure 6. Original tracing showing the effect of chloroquine on the simultaneous intracellular calcium
level (F340/F380) and contraction caused by phenylephrine in the endothelium-denuded aortic strip
pretreated with Fura-2 in the absence (a) or presence (b) of chloroquine (30 uM). W.O.: washout with
Krebs solution.

3. Discussion

The results of this study suggest that chloroquine inhibits contractions elicited by
the alpha-1 adrenoceptor agonist phenylephrine by blocking the alpha-1 adrenoceptor.
The key findings of this study are as follows: (1) chloroquine inhibited phenylephrine-
induced contractions in a concentration-dependent manner, whereas prazosin pretreatment
abolished the chloroquine-mediated inhibition of contractions elicited by phenylephrine;
(2) pretreatment with chloroquine and phenoxybenzamine followed by washout with fresh
Krebs solution induced greater phenylephrine-induced contractions than pretreatment
with phenoxybenzamine alone followed by washout with fresh Krebs solution; (3) chloro-
quine inhibits phenylephrine-induced PKC and MLCj( phosphorylation and Rho-kinase
membrane translocation; and (4) chloroquine had no effect on contractions induced by KCL

Chloroquine suppressed contractions induced by the alpha-1 adrenoceptor agonist
phenylephrine in both endothelium-intact and endothelium-denuded aortas, indicating
that its inhibitory effect on phenylephrine-elicited contractions was not dependent on the
endothelium. Chloroquine reportedly induces endothelial nitric oxide-dependent vasodila-
tion in the endothelium-intact aorta pre-contracted with phenylephrine [4]. Furthermore,
in the presence of L-NAME, chloroquine reduces phenylephrine-induced contractions in
endothelium-intact aortas. Collectively, these findings suggest that the inhibitory effect of
chloroquine on phenylephrine-induced contraction occurs within the vascular smooth muscle.

Consistent with previous reports, the selective alpha-1 adrenoceptor inhibitor pra-
zosin inhibited contractions elicited by phenylephrine, suggesting that phenylephrine-
induced contractions are mediated by the alpha-1 adrenoceptor [10-13]. Additionally,
prior administration of the selective alpha-1 adrenoceptor inhibitor prazosin abolished
chloroquine-induced reduction in phenylephrine-triggered contractions. Taken together,
these results suggest that the inhibition of phenylephrine-elicited contraction by chloro-



Int. J. Mol. Sci. 2025, 26, 4556

8 of 16

quine is mediated by the blockade of the alpha-1 adrenoceptor in vascular smooth mus-
cle. Therefore, an alpha-1 adrenoceptor protection experiment involving either the in-
teraction between the reversible alpha-adrenoceptor inhibitor phentolamine and the ir-
reversible alpha-adrenoceptor inhibitor phenoxybenzamine or the interaction between
chloroquine and phenoxybenzamine, which were employed in previous similar experi-
ments, was performed to examine whether chloroquine attenuates alpha-1 adrenoceptor-
elicited contraction through partial occupation of the alpha-1 adrenoceptor [13-15]. Fen-
tanyl, which inhibits norepinephrine-induced contraction via the blockade of the alpha-
adrenoceptor, partially protects the alpha-adrenoceptor from occupation by the irreversible
alpha-adrenoceptor inhibitor phenoxybenzamine [14]. Combined pretreatment with the
highly selective alpha-2 adrenoceptor agonists (selectivity ratio of alpha-2 to alpha-1
adrenoceptor: 1620) dexmedetomidine and phenoxybenzamine, followed by washout with
fresh Krebs solution to remove dexmedetomidine and phenoxybenzamine, led to greater
phenylephrine-induced contraction than pretreatment with phenoxybenzamine alone fol-
lowed by washout with fresh Krebs solution, suggesting that dexmedetomidine partially
protects the alpha-1 adrenoceptor from phenoxybenzamine-induced alpha-1 adrenoceptor
occupation [15,16]. Similar to previous reports involving alpha-1 adrenoceptor protec-
tion experiments [14,15], taken together, these results imply that chloroquine partially
prevents the occupation of alpha-1 adrenoceptors by phenoxybenzamine because the or-
der of magnitude of phenylephrine-induced contraction obtained after washing out the
pretreatment drugs used in the alpha-1 adrenoceptor protection experiment with fresh
Krebs solution was as follows (Figure 2b): 1 > pretreatment with phentolamine followed
by phenoxybenzamine, followed by washing out with Krebs solution; 2 > pretreatment
with chloroquine followed by phenoxybenzamine, followed by washing out with Krebs
solution; 3 > pretreatment with phenoxybenzamine alone, followed by washing out with
Krebs solution. In other words, chloroquine or phentolamine appears to partially pro-
tect the alpha-1 adrenoceptor from alpha-1 adrenoceptor occupation by the irreversible
alpha-adrenoceptor inhibitor phenoxybenzamine, which leads to a relatively enhanced
phenylephrine-elicited contraction obtained after washing out pre-treatment drugs with
fresh Krebs solution. Similar to a previous study, taken together, these results suggest that
the affinity of alpha-1 adrenoceptors is lower for chloroquine than for phentolamine [9].
Conversely, when not followed by washout with Krebs solution in either case, combined
treatment with chloroquine and phenoxybenzamine decreased phenylephrine-induced
contraction to a greater extent than chloroquine alone did, indicating that chloroquine and
phenoxybenzamine additively inhibit the alpha-1 adrenoceptor. In addition, chloroquine
(3 x 1075 M) slightly increased 5-hydroxytryptamine (3 x 10~7 M)-induced contractions in
endothelium-denuded aortas. Moreover, chloroquine (3 x 102 M) did not affect the con-
traction elicited by KCl via voltage-operated calcium channels in the endothelium-denuded
aorta. Collectively, these results suggest that the chloroquine (3 x 10~> M)-mediated inhi-
bition of contraction elicited by phenylephrine appears to be a specific inhibition of alpha-1
adrenoceptors, which subsequently contributes to the inhibition of calcium sensitization
and calcium influx via receptor-operated calcium channels. Consequently, further competi-
tive binding studies are required to examine the effect of pretreatment with chloroquine
or phentolamine on [*H] prazosin binding to alpha-1 adrenoceptors in vascular smooth
muscle to confirm that chloroquine partially occupies alpha-1 adrenoceptors in the vascular
smooth muscle.

Vascular smooth muscle contraction evoked by contractile agonists such as the alpha-1
adrenoceptor agonist phenylephrine is mediated by both calcium-dependent and calcium-
sensitization mechanisms [8]. Phenylephrine, which acts on the G-protein-coupled alpha-1
adrenoceptor, increases intracellular calcium levels via calcium influx through receptor- and
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voltage-operated calcium channels and calcium release from the sarcoplasmic reticulum [8].
Increased calcium levels activate myosin light-chain kinases, leading to vasoconstriction
through MLCyy phosphorylation [8]. Additionally, phenylephrine activates PKC and
Rho-kinase, leading to vasoconstriction through increased MCLyg phosphorylation, which
is mediated by the inhibition of myosin light-chain phosphatase due to increased PKC
phosphorylation and Rho-kinase membrane translocation [8]. In the present study, phenyle-
phrine enhanced Rho-kinase membrane translocation and PKC phosphorylation, indicating
that phenylephrine-induced contractions were partially driven by calcium sensitization.
However, as chloroquine (3 x 107> M) suppressed both Rho-kinase membrane translocation
and PKC phosphorylation elicited by phenylephrine, the inhibitory effect of chloroquine
(3 x 1075 M) on phenylephrine-induced contraction was, in part, due to reduced calcium
sensitization. In the current study, phenylephrine enhanced MLCy phosphorylation, which
appeared to be mediated by an increase in intracellular calcium and the inhibition of myosin
light-chain phosphatase [8]. However, chloroquine inhibits MLCyy phosphorylation, likely
through the suppression of intracellular calcium elevation, reduced PKC phosphorylation,
and Rho-kinase membrane translocation [8]. Additionally, in the present study, chloroquine
alone did not alter Rho-kinase membrane translocation or PKC and MLCy( phosphorylation,
suggesting that the chloroquine-mediated inhibition of Rho-kinase membrane transloca-
tion and of PKC and MLCy( phosphorylation produced by phenylephrine is mediated by
alpha-1 adrenoceptor inhibition because rat aortic vascular smooth muscle cells contain
alpha-1 adrenoceptors [17]. To confirm the results of the tension study, further investiga-
tion is needed to determine whether the inhibitory effect of chloroquine on Rho-kinase
membrane translocation and PKC and MLCyy phosphorylation induced by phenylephrine
is reversible or long-lasting. In addition, further studies are needed to examine the effect of
prazosin on the inhibitory action of chloroquine on Rho-kinase membrane translocation,
as well as PKC and MLCyj phosphorylation induced by phenylephrine. Based on the
tension study and Western blot analysis results, to identify whether chloroquine inhibits the
[Ca?*]; increase and contraction evoked by phenylephrine, the effect of chloroquine on the
simultaneous [Ca?*]; increase and contraction elicited by phenylephrine was examined. A
low concentration (10~° M) of chloroquine attenuated the [Ca?*]; increase and contraction
evoked by only 10~® M phenylephrine, implying that low concentrations of chloroquine
mainly attenuate [Ca%*]; increase-mediated calcium-dependent contraction. In addition,
the range (1078 to 10~> M phenylephrine) of phenylephrine-elicited contraction inhibited
by high concentrations (3 x 107> M) of chloroquine was wider than that (by 1078 and

3 x 10-8 M phenylephrine) of the phenylephrine-elicited [Ca®*];

increase inhibited by
it. Thus, these results imply that a high concentration of chloroquine mainly reduces the
calcium-sensitization-mediated contractions elicited by phenylephrine. The inhibition of
voltage-operated and receptor-operated calcium channels contributing to calcium influx,
which has been identified in previous studies as a key mechanism underlying chloroquine-
induced vasodilation in arteries pre-contracted with phenylephrine or norepinephrine,
appears to downstream cellular responses derived from the chloroquine-mediated inhi-
bition of alpha-1 adrenoceptor activation elicited by the alpha-1 adrenoceptor agonist
phenylephrine [4,6,7]. In other words, as voltage-operated and receptor-operated calcium
channels are part of the downstream cellular signaling pathway of alpha-1 adrenoceptor
activation and chloroquine had no effect on contractions elicited through voltage-operated
calcium channel activation by KCl, the inhibition of calcium influx observed in previous
studies may be part of the downstream cellular signal response due to the chloroquine-
mediated inhibition of alpha-1 adrenoceptor activation by phenylephrine [4,6-8]. Thus, to
investigate the possible detailed sites (alpha-1 adrenoceptor, downstream pathway, and
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both) associated with this vasodilation, further studies regarding the effect of chloroquine
on the contraction elicited by PKC and Rho-kinase simulants are needed.

Nonetheless, this study has some limitations. First, the results obtained from the alpha-
1 adrenoceptor protection experiment suggest that chloroquine attenuates the contraction
elicited by phenylephrine via partial occupation of the alpha-1 adrenoceptor in the rat
aorta. However, a competitive binding study to examine the effect of chloroquine on [*H]
prazosin binding to the alpha-1 adrenoceptor in vascular smooth muscle is needed to
confirm the chloroquine-mediated inhibition of the alpha-1 adrenoceptor. Second, this
study focused on the rat aorta, which functions as a conduit vessel. However, blood
pressure regulation primarily occurs in smaller resistance arterioles, such as the mesenteric
artery [18]. Third, phenylephrine, which acts on the alpha-1 adrenoceptor, produces
diacylglycerol and inositol 1,4,5-triphosphate from phosphatidyl-inositol 4,5-bisphosphate
by phospholipase C [19]. Then, diacylglycerol activates PKC, and inositol 1,4,5-triphosphate
induces calcium release from the sarcoplasmic reticulum, contributing to contraction [19].
Thus, further study is needed on the effect of chloroquine on inositol 1,4,5-tirphosphate
and diacylglycerol formation induced by phenylephrine to examine the detailed related
pathways associated with the chloroquine-mediated inhibition of contraction evoked by
phenylephrine. Despite these limitations, these results suggest that the toxic dose of
chloroquine (fatal comatose plasma concentration of chloroquine: 5.82 x 10~¢ M) partially
produces vasodilation and subsequent hypotension, which is mediated via the alpha-1
adrenoceptor blockade [20]. Thus, in cases of severe hypotension caused by a toxic dose of
chloroquine, alpha-1 adrenoceptor agonists such as phenylephrine or norepinephrine may
be less effective or may require higher doses than in patients without chloroquine toxicity
to achieve increased blood pressure.

4. Materials and Methods

This study protocol was approved by the Institutional Animal Care and Use Commit-
tee of the Gyeongsang National University (GNU-210302-R0026; date of approval: 2 March
2021). This study was conducted in compliance with the established guidelines for the care
and use of laboratory animals.

4.1. Isolation of Rat Thoracic Aortas and Isometric Tension Measurement

Male Sprague Dawley rats weighing 230-280 g were procured from Koatech (Pyeong-
taek, Republic of Korea) and euthanized using 100% CO; in accordance with established
ethical guidelines. The rat aorta was isolated and prepared as described previously to
measure the isometric tension [21]. The thoracic cavity was surgically opened, and the
descending thoracic aorta was carefully extracted. The excised aorta was subsequently
placed in Krebs solution composed of 118 mM sodium chloride, 25 mM sodium bicarbonate,
11 mM glucose, 4.7 mM potassium chloride, 2.4 mM calcium chloride, 1.2 mM magne-
sium sulfate, and 1.2 mM monopotassium phosphate. The connective and adipose tissues
surrounding the extracted rat aorta in the Krebs solution were carefully dissected under
a microscope. Subsequently, the isolated descending thoracic aorta was cut into 2.5 mm
segments. In certain samples, the endothelial layer was removed by inserting two 25-gauge
needles into the aortic lumen and gently rolling the vessel back and forth. The descending
thoracic aorta extracted from the rats was mounted in an organ bath containing a Grass
isometric transducer (FT-03, Grass Instrument, Quincy, MA, USA). The bath temperature
was maintained at 37 °C. According to a previous study, an initial resting tension of 24.5 mN
was applied and maintained for 1.5 h to allow stabilization [22]. The Krebs solution was
refreshed every 30 min to maintain optimal conditions. A continuous supply of a gas
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mixture containing 95% oxygen and 5% carbon dioxide was provided to ensure a stable pH
of 7.4.

The integrity of the endothelium in rat aortas with an intact inner endothelium was
determined using the following procedure [21]: Stable contractions were induced with
phenylephrine (10~ M), and acetylcholine (10~> M) was added to the organ bath. If the
aorta relaxed by more than 85% in response to acetylcholine after phenylephrine-induced
contraction, it was identified as an endothelium-intact aorta. Subsequently, endothelium
removal was verified by using a previously established method [21]. After achieving
consistent contraction with phenylephrine (10~8 M), acetylcholine (1072 M) was added to
the organ bath. If the aorta showed less than 15% relaxation in response to acetylcholine, it
was classified as endothelium-denuded. Rat aortas with an intact endothelium or without
an endothelium were repeatedly rinsed to return to baseline resting tension following
acetylcholine-induced vasodilation.

Thereafter, isolated aortas—with and without endothelia—were exposed to isotonic
60 mM KCI to generate contractions to assess the relative strength of the contractions
induced by phenylephrine, 5-hydroxytryptamine, and KCI. Once contractions were sus-
tained by isotonic 60 mM KCl, the aortas were thoroughly cleaned with fresh Krebs
solution to return to the baseline resting tension. Subsequent experiments were conducted
according to established protocols. In addition, as chloroquine induces endothelium-
dependent nitric oxide-mediated vasodilation [4], experiments to investigate the effects
of prazosin, chloroquine, phenoxybenzamine, and phentolamine, alone or combined, on
phenylephrine-induced contraction in endothelium-denuded aortas were performed in
endothelium-denuded aortas pretreated with the nitric oxide synthase inhibitor L-NAME
(10~* M) for 10 min before the addition of prazosin or phenylephrine, after washing out
the pretreatment drugs with Krebs solution to avoid the effect of residual endothelium on
the contraction evoked by phenylephrine in aortas with the endothelium removed.

4.2. Experimental Protocol

First, the effect of chloroquine on contractions elicited by the alpha-1 adrenoceptor
agonist phenylephrine was examined in the aorta, with or without the endothelium, via
pretreatment with chloroquine (107> and 3 x 10~° M) for 20 min. In addition, since chloro-
quine induces vasodilation partially via endothelial nitric oxide release in endothelium-
intact aortas precontracted with phenylephrine, the effect of chloroquine on the contraction
elicited by phenylephrine in endothelium-intact aortas pretreated with 10~ M L-NAME
was examined [4]. All endothelium-intact aortas were pretreated with L-NAME for 10 min.
Subsequently, some endothelium-intact aortas were post-treated with chloroquine (10>
and 3 x 107> M) for an additional 20 min. Thereafter, phenylephrine (10~ to 10> M) was
progressively introduced into the organ bath to induce contraction, either with or without
the presence of chloroquine.

Second, to examine whether the chloroquine-mediated inhibition of contractions
elicited by phenylephrine is mediated by the alpha-1 adrenoceptor, the effects of the
alpha-1 adrenoceptor inhibitor prazosin and chloroquine, alone or in combination, on
phenylephrine-elicited contractions were examined. Endothelium-denuded aortas were
pretreated with prazosin (3 x 10~? M) for 20 min, followed by post-treatment with chloro-
quine (3 x 10~ M) for an additional 20 min, or were treated with prazosin (3 X 107° M)
alone for 40 min. Next, phenylephrine (10~ to 107> M) was gradually introduced into the
organ bath to produce contraction-response curves, either in the presence or absence of
prazosin alone or in combination with prazosin and chloroquine.

Third, an alpha-1 adrenoceptor protection experiment, using the irreversible alpha-
adrenoceptor inhibitor phenoxybenzamine and the reversible alpha-adrenoceptor inhibitor
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phentolamine, as described in a previous report, was performed to examine whether chloro-
quine partially occupied the alpha-1 adrenoceptor [14]. Endothelium-denuded aortas were
treated with phenoxybenzamine (5 x 1078 M) for 20 min and washed with fresh Krebs
solution every 5 min for 60 min to remove phenoxybenzamine. Additionally, endothelium-
denuded aortas were pretreated with chloroquine (3 x 10~> M) or phentolamine (10~¢ M)
for 20 min, followed by post-treatment with phenoxybenzamine (5 x 108 M) for an ad-
ditional 20 min. Thereafter, endothelium-denuded aortas treated with a combination of
either chloroquine followed by phenoxybenzamine or phentolamine followed by phenoxy-
benzamine were washed with fresh Krebs solution every 5 min for 60 min to remove the
combined drug treatment (chloroquine followed by phenoxybenzamine or phentolamine
followed by phenoxybenzamine). Subsequently, phenylephrine (10~ to 107> M) was
incrementally introduced into the organ bath to evaluate the impact of pretreatment with
phenoxybenzamine alone and the combined pretreatment with either chloroquine and
phenoxybenzamine or phentolamine and phenoxybenzamine on the contraction elicited by
phenylephrine.

Fourth, this study examined whether the inhibitory effect of chloroquine on
phenylephrine-induced contractions is associated with the specific inhibition of the
alpha-1 adrenoceptor. The effect of chloroquine on contractions induced by the 5-
hydrxoytryptamine receptor agonist 5-hydroxytryptamine and the voltage-operated cal-
cium channel stimulant KCI was examined. Endothelium-denuded aortas were pretreated
with chloroquine (10~° and 3 x 10~> M) for 20 min. Subsequently, 5-hydroxytryptamine
(1078 to 10~* M) or KClI (10 to 60 mM) was progressively introduced into the organ bath to
generate concentration-response curves induced by 5-hydroxytryptamine or KCl, either
with or without chloroquine.

Finally, the potential additive interaction between chloroquine and phenoxybenzamine
in inhibiting the alpha-1 adrenoceptor was examined. Isolated endothelium-denuded rat
aortas were pretreated either with chloroquine (3 x 10~2 M) alone for 40 min or with
chloroquine (3 x 107> M) for 20 min, followed by phenoxybenzamine (5 x 1078 M) for
an additional 20 min. After pretreatment, phenylephrine was cumulatively added to the
organ bath to induce contraction.

4.3. Cell Culture

Male Sprague Dawley rat thoracic aortas (7-8 weeks) were obtained using the method
described in Section 4.1 for the culture of rat aortic vascular smooth cells with the alpha-
1 adrenoceptor, as demonstrated in a previous report [17,21]. Small tissue fragments
were prepared by cutting the excised thoracic aortas and transferring them to cell culture
plates. The plates were placed in a cell culture incubator to promote the attachment of the
tissue fragments to the plate surface. Once attachment was initiated, Dulbecco’s Modified
Eagle’s Medium (DMEM) (Gibco Life Technologies, Grand Island, NY, USA), enriched
with 20% fetal bovine serum (FBS), was carefully introduced. The cultures were then
maintained without disturbance for the first 5 days of incubation. Primary cultured vascular
smooth muscle cells were cultured in DMEM supplemented with 100 pg/mL streptomycin,
100 U/mL penicillin, and 10% FBS, following the method described in a previous study [21].
Cells from passages 3-5 were utilized and maintained under controlled conditions at 37 °C
with 5% carbon dioxide in a humidified atmosphere. Before drug treatment, the vascular
smooth muscle cells were incubated in serum-free medium for 16 h.

4.4. Membrane and Cytosolic Protein Separation Procedure

To assess Rho-kinase membrane translocation, membrane and cytosolic protein frac-
tions were prepared using the Mem-PER™ Plus Membrane Protein Extraction Kit (Thermo
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Fisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol [23]. In brief,
harvested cell pellets were first treated with permeabilization buffer and gently mixed at
4 °C for 10 min. After incubation, the samples were centrifuged at 16,000 x g for 15 min
at 4 °C, and the supernatant was collected as the cytosolic fraction. The remaining pellet
was then resuspended in solubilization buffer, mixed continuously at 4 °C for 30 min, and
centrifuged again at 16,000x g for 15 min at 4 °C. The supernatant from this step was
collected as the membrane fraction.

4.5. Western Blot

Western blotting was performed as previously described by Lee et al. [21]. The cells
were cultivated in 100 mm or 150 mm dishes. Cells were exposed to phenylephrine
(3 x 107° M) for 30 min, chloroquine (3 x 10~2 M) for 30 min followed by phenylephrine
(3 x 107® M) for an additional 30 min, or chloroquine (3 x 107> M) alone for 60 min
to evaluate PKC phosphorylation. Additionally, cells were exposed to phenylephrine
(10~ M) for 60 min, chloroquine (3 x 10~> M) for 30 min followed by phenylephrine
(10=% M) for an additional 60 min, or chloroquine (3 x 10~> M) alone for 90 min to evaluate
Rho-kinase membrane translocation. Cells were treated with phenylephrine (10~¢ M) for
5 min, chloroquine (3 x 10~> M) for 30 min followed by phenylephrine (10~¢ M) for another
5 min, or chloroquine (3 x 1072 M) alone for 35 min to assess MLCy phosphorylation.
The cells were then washed twice with phosphate-buffered saline. Complete cell lysis was
performed using radioimmunoprecipitation assay buffers from Cell Signaling Technology
(Beverly, MA, USA) to obtain total cell lysates for immunoblot analysis. The lysates were
then centrifuged at 20,000 ¢ for 15 min at 4 °C. The supernatants, which contained 20 or
30 pg of protein, were heated for 10 min. Subsequently, the proteins were separated by
8-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto
polyvinylidene difluoride membranes. After blocking with a 5% solution of bovine serum
albumin or 5% skim milk in Tris-buffered saline containing 0.5% Tween-20 (TBST) at room
temperature (23-27 °C) for 1 h, the membranes were incubated overnight at 4 °C with pri-
mary antibodies. These included anti-ROCK-2 (1:500), anti-PKC (1:200), anti-phospho-PKC
(1:2000), anti-MLCp (1:1000), and anti-phospho-MLCpq (1:1000) antibodies. After washing
with TBST, the membranes were incubated for 1 h at room temperature with horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG antibodies, diluted 1:5000 in TBST
containing 5% skim milk. Immune complexes were detected using the Westernbright™
ECL Western blotting kit (Advansta, San Jose, CA, USA). Band density was quantified
using Image] software (version 1.45s; National Institutes of Health, Bethesda, MD, USA).
The levels of phosphorylation of PKC and MLCyy were normalized to their total form.
Rho-kinase membrane translocation was calculated by dividing the membrane fraction
by the total fraction (membrane fraction plus cytosolic fraction). 3-actin was used as a
loading control.

4.6. Simultaneous Intracellular Calcium Level ([Ca®*];) and Tension Measurement in
Fura-2-Loaded Aortic Strips

[Ca2*]; was assessed using the fluorescent calcium indicator Fura-2, following the
method outlined in a previous study [24,25]. Rat aortic muscle strips were incubated with
5 uM Fura-2 acetoxymethyl ester (fura-2/AM) and 0.02% Cremophor EL for 5-6 h at room
temperature. Subsequently, the muscle strips were rinsed with a physiological salt solution
at 37 °C for 20 min to eliminate any unhydrolyzed fura-2/AM and placed horizontally in a
7 mL organ bath maintained at a controlled temperature (37 °C). One end of the muscle strip
was attached to a force—-displacement transducer to record muscle contractions. Muscle
strips were alternately illuminated at two excitation wavelengths (340 and 380 nm) at
48 Hz. Fluorescence intensity at 500 nm (F340/F380) was measured using a fluorometer
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(CAF-100, Jasco, Tokyo, Japan). The F340/F380 ratio was used to assess [CaZ*];. The precise
intracellular calcium concentration could not be determined because the dissociation
constant of the calcium fluorescence indicator in the cytosol may differ from that obtained
in vitro. Therefore, the F340/F380 ratios measured during resting conditions and after
60 mM KCl-induced contraction were considered 0% and 100%, respectively. The F340/F380
ratio and isometric contractions were captured using a PowerLab /400 system with the
Chart program (MLT050; AD Instruments, Colorado Springs, CO, USA). The muscle strips
were set under an initial resting tension of 29.4 mN for 30 min. Each experimental protocol
used strips obtained from the same rat. Following the treatment of aortic strips with
chloroquine (1075, 3 x 107> M) alone for 10 min, simultaneous measurements of [Ca2*];
and tension were obtained by gradually adding phenylephrine (10~ to 1075 M) to the
organ bath, either with or without chloroquine.

4.7. Materials

Phenylephrine, chloroquine, prazosin, phenoxybenzamine, phentolamine, 5-hydroxytr
yptamine, KCl, and L-NAME were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies against PKC, phospho-PKC, MLCyg, and phospho-MLCy; were sourced from
Cell Signaling Technology (Beverly, MA, USA), whereas the ROCK-2 antibody was ac-
quired from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Fura-2/AM was purchased
from Molecular Probes (Eugene, OR, USA). Phenoxybenzamine and phentolamine were
dissolved in ethanol (final ethanol concentration at organ bath: 0.1%). Other drugs were
dissolved in distilled water.

4.8. Statistical Analysis

A linear mixed-effects model was used to evaluate the impact of chloroquine, pra-
zosin, phenoxybenzamine, and phentolamine, either individually or in combination, on
contractions induced by phenylephrine, 5-hydroxytryptamine, and KCI (Stata version 14.2,
StataCorp LLC, College Station, TX, USA) [26]. The Kolmogorov-Smirnov test was used to
assess data normality. One-way analysis of variance (ANOVA) followed by Bonferroni’s
test was used to evaluate the effects of phenylephrine and chloroquine, either separately or
in combination, on PKC and MLCy phosphorylation and Rho-kinase membrane transloca-
tion. A two-way repeated measures ANOVA, followed by Bonferroni's test, was conducted
to assess the impact of chloroquine on the simultaneous [Ca2*]; and tension levels induced
by phenylephrine. p < 0.05 was considered statistically significant.

5. Conclusions

The results of this study imply that a toxic dose of chloroquine attenuates vasocon-
striction evoked by phenylephrine, which appears to be mediated by the blockade of the
apha-1 adrenoceptor and the subsequent inhibition of PKC phosphorylation, Rho-kinase
membrane translocation, and MLCyj phosphorylation. This study suggests that a toxic
dose of chloroquine-mediated vasodilation contributes to the hypotension observed in
patients with chloroquine toxicity.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms26104556/s1.

Author Contributions: Conceptualization, J.-T.S.; methodology, J.-T.S., SH.L., S.-C.K. and K.-E.P;
software, S.H.L., K--E.P,, S H.A., G.S. and ].-T.S,; validation, S.H.L., K.-E.P,, G.S., S.-C.K. and S.H.A;
formal analysis, ].-T.S., G.S., S.-C.K. and S.H.A.; investigation, S.H.L., S.-C.K., S H.A., K.-E.P. and
G.S,; resources, S.-H.O.; data curation, S.SH.L., S.H.A., K.-E.P,, G.S. and S.-C.K.; writing—original
draft preparation, J.-T.S.; writing—review and editing, J.-T.S., SH.L., S.-H.O., K.-E.P,, G.S., S.-C.K.
and S.H.A ; visualization, S.H.L., K-E.P, G.S. and S.H.A.; supervision, J.-T.S.; project administration,


https://www.mdpi.com/article/10.3390/ijms26104556/s1
https://www.mdpi.com/article/10.3390/ijms26104556/s1

Int. J. Mol. Sci. 2025, 26, 4556 15 of 16

J.-TS.; funding acquisition, S.H.L., ].-T.S. and S.-H.O. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF), funded by the Ministry of Education (NRF-2021R111A3040332).
This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF), funded by the Ministry of Education (IRIS RS-2023-00238572). This
study was supported by a National Research Foundation of Korea (NRF) grant funded by the Korean
government (MSIT) (NRF-2021R1F1A1062363).

Institutional Review Board Statement: The Institutional Animal Care and Use Committee at
Gyeongsang National University granted approval for the research protocol (GNU-210302-R0026,
date of approval: 2 March 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

PKC Protein kinase C
MLCyy  Myosin light chain
PT Phentolamine

PBZ Phenoxybenzamine

References

1. Della Porta, A.; Bornstein, K.; Coye, A.; Montrief, T.; Long, B.; Parris, M.A. Acute chloroquine and hydroxychloroquine toxicity:
A review for emergency clinicians. Am. J. Emerg. Med. 2020, 38, 2209-2217. [CrossRef] [PubMed]

2. Chatre, C,; Roubille, E; Vernhet, H.; Jorgensen, C.; Pers, Y. M. Cardiac Complications attributed to chloroquine and hydroxychloro-
quine: A systematic review of the literature. Drug Saf. 2018, 41, 919-931. [CrossRef] [PubMed]

3. Anigbogu, C.N.; Adigun, S.A.; Inyang, I.; Adegunloye, B.J. Chloroquine reduces blood pressure and forearm vascular resistance
and increases forearm blood flow in healthy young adults. Clin. Physiol. 1993, 13, 209-216. [CrossRef]

4. Lee, S.; Park, K.E.; Hwang, Y,; Bae, S.; Ok, S.H.; Ahn, S.H.; Sim, G.; Park, S.; Sohn, J.T. Chloroquine induces endothelium-dependent
nitric oxide-mediated vasodilation in isolated rat aorta. Gen. Physiol. Biophys. 2025, 44, 201-212. [CrossRef]

5. Jing, F; Liu, M,; Yang, N.; Liu, Y,; Li, X,; Li, . Relaxant effect of chloroquine in rat ileum: Possible involvement of nitric oxide and
BKCa. J. Pharm. Pharmacol. 2013, 65, 847-854. [CrossRef]

6.  Aziba, PI; Okpako, D.T. Effects of chloroquine on smooth muscle contracted with noradrenaline or high-potassium solutions in
the rat thoracic aorta. J. Smooth Muscle Res. 2003, 39, 31-37. [CrossRef]

7. Wu, K; Zhang, Q.; Wu, X,; Lu, W,; Tang, H.; Liang, Z.; Gu, Y.; Song, S.; Ayon, R.J.; Wang, Z.; et al. Chloroquine is a potent
pulmonary vasodilator that attenuates hypoxia-induced pulmonary hypertension. Br. ]. Pharmacol. 2017, 174, 4155-4172.
[CrossRef]

8.  Akata, T. General anesthetics and vascular smooth muscle: Direct actions of general anesthetics on cellular mechanisms regulating
vascular tone. Anesthesiology 2007, 106, 365-391. [CrossRef]

9.  Garcfa-Séinz, ].A.; Mendoza-Mendoza, A. Chloroquine inhibits alphalB-adrenergic action in hepatocytes. Eur. J. Pharmacol. 1998,
342, 333-338. [CrossRef]

10. Park, K.E; Sohn, ].T.; Jeong, Y.S.; Sung, H.].; Shin, LW.; Lee, HK.; Chung, Y.K. Inhibitory effect of fentanyl on phenylephrine-
induced contraction of the rat aorta. Yonsei Med. J. 2009, 50, 414-421. [CrossRef]

11. Sohn, ].T.; Ding, X.; McCune, D.E; Perez, D.M.; Murray, P.A. Fentanyl attenuates alphalB-adrenoceptor-mediated pulmonary
artery contraction. Anesthesiology 2005, 103, 327-334. [CrossRef] [PubMed]

12.  Obara, K.; Yoshioka, K.; De Dios Regadera, M.; Matsuyama, Y.; Yashiro, A.; Miyokawa, M.; Iura, R.; Tanaka, Y. Phenylephrine-

induced contraction in Guinea pig thoracic aorta is triggered by stimulation of x(1L)-adrenoceptors functionally coupled with
store-operated Ca?* channels and voltage-dependent Ca?* channels. Biol. Pharm. Bull. 2023, 46, 309-319. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ajem.2020.07.030
https://www.ncbi.nlm.nih.gov/pubmed/33071096
https://doi.org/10.1007/s40264-018-0689-4
https://www.ncbi.nlm.nih.gov/pubmed/29858838
https://doi.org/10.1111/j.1475-097X.1993.tb00381.x
https://doi.org/10.4149/gpb_2025006
https://doi.org/10.1111/jphp.12041
https://doi.org/10.1540/jsmr.39.31
https://doi.org/10.1111/bph.13990
https://doi.org/10.1097/00000542-200702000-00026
https://doi.org/10.1016/S0014-2999(97)01493-3
https://doi.org/10.3349/ymj.2009.50.3.414
https://doi.org/10.1097/00000542-200508000-00016
https://www.ncbi.nlm.nih.gov/pubmed/16052115
https://doi.org/10.1248/bpb.b22-00754
https://www.ncbi.nlm.nih.gov/pubmed/36724959

Int. J. Mol. Sci. 2025, 26, 4556 16 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

Nachawati, D.; Leslie, S.W.; Patel, ].B. Alpha-Blockers. In StatPearls [Internet]; [Updated 2025 Feb 6]; StatPearls Publishing:
Treasure Island, FL, USA, 2025. Available online: https://www.ncbinlm.nih.gov/books/NBK556066/ (accessed on 20 March
2025).

Toda, N.; Hatano, Y. Alpha-adrenergic blocking action of fentanyl on the isolated aorta of the rabbit. Anesthesiology 1977, 46,
411-416. [CrossRef]

Byon, HJ.; Ok, S.H.; Lee, S.H.; Kang, S.; Cho, Y.; Han, J.Y,; Sohn, J.T. Dexmedetomidine inhibits phenylephrine-induced
contractions via alpha-1 adrenoceptor blockade and nitric oxide release in isolated rat aortae. Int. J. Med. Sci. 2017, 14, 143-149.
[CrossRef]

Virtanen, R.; Savola, ].M.; Saano, V.; Nyman, L. Characterization of the selectivity, specificity and potency of medetomidine as an
alpha 2-adrenoceptor agonist. Eur. |. Pharmacol. 1988, 150, 9-14. [CrossRef]

Faber, ].E.; Yang, N.; Xin, X. Expression of alpha-adrenoceptor subtypes by smooth muscle cells and adventitial fibroblasts in rat
aorta and in cell culture. J. Pharmacol. Exp. Ther. 2001, 298, 441-452. [CrossRef]

Rahman, M.; Siddik, A.B. Anatomy, Arterioles. In StatPearls [Internet]; [Updated 2023 Jan 13]; StatPearls Publishing: Treasure
Island, FL, USA, 2025. Available online: https://www.ncbi.nlm.nih.gov/books/NBK555921/ (accessed on 20 March 2025).
Akata, T. Cellular and molecular mechanisms regulating vascular tone. Part 1: Basic mechanisms controlling cytosolic Ca®*
concentration and the Ca2+—dependent regulation of vascular tone. J. Anesth. 2007, 21, 220-231. [CrossRef]

Schulz, M.; Schmoldt, A. Therapeutic and toxic blood concentrations of more than 800 drugs and other xenobiotics. Pharmazie
2003, 58, 447-474.

Lee, S.; Hwang, Y.; Park, K.E.; Bae, S.; Ok, S.H.; Ahn, S.H.; Sim, G.; Bae, M.; Sohn, ]J.T. Hypothermia inhibits dexmedetomidine-
induced contractions in isolated rat aortae. Int. . Mol. Sci. 2024, 25, 3017. [CrossRef]

Kloss, S.; Bouloumié, A.; Miilsch, A. Aging and chronic hypertension decrease expression of rat aortic soluble guanylyl cyclase.
Hypertension 2000, 35, 43-47. [CrossRef]

Siddiqui, M.E; Li, J.; Wang, S.; Zhang, H.; Qin, C.; Lu, Y. FAM20A is a Golgi-localized Type II transmembrane protein. Sci. Rep.
2024, 14, 6518. [CrossRef] [PubMed]

Tanaka, S.; Tsuchida, H. Effects of halothane and isoflurane on beta-adrenoceptor-mediated responses in the vascular smooth
muscle of rat aorta. Anesthesiology 1998, 89, 1209-1217. [CrossRef] [PubMed]

Karaki, H. CaZ* localization and sensitivity in vascular smooth muscle. Trends Pharmacol. Sci. 1989, 10, 320-325. [PubMed]
Lavergne, C.; Martinez, M.].; Trottier, C. Empirical model selection in generalized linear mixed effects models. Comput. Stat. 2008,
23,99-109. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.ncbi.nlm.nih.gov/books/NBK556066/
https://doi.org/10.1097/00000542-197706000-00007
https://doi.org/10.7150/ijms.17456
https://doi.org/10.1016/0014-2999(88)90744-3
https://doi.org/10.1016/S0022-3565(24)29401-5
https://www.ncbi.nlm.nih.gov/books/NBK555921/
https://doi.org/10.1007/s00540-006-0487-5
https://doi.org/10.3390/ijms25053017
https://doi.org/10.1161/01.HYP.35.1.43
https://doi.org/10.1038/s41598-024-57007-z
https://www.ncbi.nlm.nih.gov/pubmed/38499693
https://doi.org/10.1097/00000542-199811000-00022
https://www.ncbi.nlm.nih.gov/pubmed/9822010
https://www.ncbi.nlm.nih.gov/pubmed/2686129
https://doi.org/10.1007/s00180-007-0071-y

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Isolation of Rat Thoracic Aortas and Isometric Tension Measurement 
	Experimental Protocol 
	Cell Culture 
	Membrane and Cytosolic Protein Separation Procedure 
	Western Blot 
	Simultaneous Intracellular Calcium Level ([Ca2+]i) and Tension Measurement in Fura-2-Loaded Aortic Strips 
	Materials 
	Statistical Analysis 

	Conclusions 
	References

