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Abstract

Ischemic stroke remains an important cause of disability and mortality. Hypertension is a

critical risk factor for the development of ischemic stroke. Control of risk factors, including

hypertension, is therefore important for the prevention of ischemic stroke. Linalyl acetate

(LA) has been reported to have therapeutic effects in ischemic stroke by modulating intracel-

lular Ca2+ concentration and having anti-oxidative properties. The preventive efficacy of LA

has not yet been determined. This study therefore investigated the preventive efficacy of LA

in rat aortas exposed to hypertension related-ischemic injury, and the mechanism of action

of LA.Hypertension was induced in vivo following ischemic injury to the aorta induced by

oxygen-glucose deprivation and reoxygenation in vitro. Effects of LA were assayed by west-

ern blotting, by determining concentrations of lactate dehydrogenase (LDH) and reactive

oxygen species (ROS) and by vascular contractility assays. LA significantly reduced systolic

blood pressure in vivo. In vitro, LA suppressed ischemic injury-induced expression of the

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase subunit p47phox, as well as

ROS production, LDH release, and ROS-induced endothelial nitric oxide synthase suppres-

sion. These findings indicate that LA has anti-hypertensive properties that can prevent

hypertension-related ischemic injury and can prevent NADPH oxidase-induced production

of ROS.

Introduction

Ischemic stroke is an important cause of mortality and disability, accounting for approxi-

mately 11% of alldeaths worldwide in 2016, according to theWorld Health Organization [1]. It

has been reported that ischemic injury induces cell death through mechanisms that involve

oxidative stress [2] and elevated intracellular calcium levels[3]. Confirming risk factors and

evaluating underlying mechanisms are important for preventing ischemic stroke.Among the

various risk factors for ischemic stroke, hypertension is the most important [4], with a previous

study reporting that a considerable majority (69%) of ischemic stroke patients have a history

of hypertension [5].

A trial of tissue plasminogen activator (tPA) by the National Institute of Neurological Dis-

orders and Stroke (NINDS) provided evidence that thrombolytic therapy for ischemic stroke

could improve neurological outcome, but the results were time sensitive. Unfortunately,
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because the symptoms of stroke are not detected early enough, more than 50% of patients arrive

at the hospital too late (>3 hours) to be treated [6]. This delay reflects, at least in part, the diffi-

culties in defining and identifying the symptoms of ischemic stroke. When an ischemic stroke

occurs, it typically presents with a number of symptoms suggestive of stroke, including unilat-

eral weakness or sudden numbness of the face or limbs, sudden dimness or loss of vision and

speech, severe headache, or unexplained dizziness. However,these symptoms are also present in

non-stroke patients [7]. Moreover, according to guidelines of the American Heart Association

(AHA) and American Stroke Association, there are a number of contraindications to adminis-

tration of intravenous (IV) tPA. These include hemorrhage, uncontrolled hypertension (systolic

blood pressure [SBP]> 185 mm Hg or diastolic blood pressure [DBP]> 110 mm Hg), stroke or

head trauma in the previous 3 months, thrombocytopenia and coagulopathy, among others [8].

Thus, despite the fact that the safety and efficacy of IV tPA has been repeatedly confirmed in

previous studies, a disappointingly large number of patients with ischemic stroke still do not

receive tPA treatment [9]. In addition to its numerous contraindications, tPA also has a critical

side effect, namely hemorrhage [8]. As a result, it currently remains difficult to treat ischemic

stroke and options are limited. Therefore, an aggressive preventive strategy is the optimal

approach for decreasing ischemic injury,but better methods of prevention are necessary.

Linalyl acetate is the major constituent of the essential oil and extracts of Citrus bergamiaR-
isso (bergamot), Lavandula angustifolia (lavender) and Salvia sclarea (clary sage). It has been

reported that numerous therapeutic effects, with recent research highlighting its inhibition of

Ca2+influx in vascular endothelial cells[10], induction of vasorelaxation in nicotine-pretreated

mouse aorta [11]. In another recent study, the linalyl acetate-rich essential oil of Citrus berga-
miaRissowas shown to induce vasorelaxation through regulation of K+channels and subse-

quent inhibition of Ca2+ influx in mouse aortic vascular smooth muscle cells [12]. However, to

date, there has been little research on the potential preventive effects of linalyl acetate, espe-

cially with respect to hypertension-related ischemic injury—a major cause of disability and

mortality.

The aim of the present studywas to evaluate the mechanisms and preventive effectsof linalyl

acetate on hypertension-related ischemic injury, with the ultimate goal of providing a new

strategy for repair of ischemia-induced cell injury. To this end, we combined an in vivomodel

of hypertension (restraint stress plus nicotine treatment) that closely mimics the clinical situa-

tion[13], with an ex vivo model of ischemia, in which aortic tissue is exposed to oxygen-glucose

deprivation and reoxygenation (OGD/R) conditions to induce subsequent ischemic injury.

Materials and methods

Experimental animals

Male 4-week-old Sprague-Dawley rats (n = 47) with a body weight of 100–110 g were obtained

from Amteco Inc. (Korea) and housed at 22–23˚C. Rats were allowed to move freely following

a natural circadian rhythm (12 hours of light and 12 hours of darkness) and provided ad libi-
tum access to food and water. All animal experimental procedures were approved by theInsti-

tutional Animal Care and Use Committee in Korea University (KUIACUC-2016-153) and

were in accord with the Guide for the Care and Use of Laboratory Animals published by the

US National Institutes of Health (NIH Publication No. 85–23; revised 1996).For the in vivo
component of the experimental model, rats were divided randomly into five groups: Normo-

tension (n = 13), Hypertension (n = 15), Hypertension+25 mg/kg linalyl acetate [LA25]

(n = 6), Hypertension+50 mg/kg linalyl acetate [LA50] (n = 7), and Hypertension+100 mg/kg

linalyl acetate [LA100] (n = 6), and Hypertension+15 mg/kg acetylsalicylic acid (ASA) [A]

(n = 6) as a positive control group.
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Hypertensive ischemic injury model

Hypertension was induced by combined immobilization stress (2 h/d in a restraint cage) and

intraperitoneal injection of nicotine (0.8 mg/kg/d) for 21 days and nicotine (3 mg/kg/d) on 22

day. This was followed on day 22 by pretreatment with different doses of linalyl acetate (25, 50,

100 mg/kg) or ASA (15 mg/kg)[14], delivered as a bolus dose. Rats were then allowed to move

freely for 60 minutes to enable drug absorption before sacrificing.Blood pressure (BP) varia-

tion was assessed by monitoring BP once weekly using a tail cuff andpulse transducer (AD

Instruments, Sydney, Australia).Rats in the Normotensive group were not exposed to immobi-

lization stress, and received an intraperitoneal injection of 0.9% normal saline daily instead of

nicotine. On day 22, rats in this group were injected with polyethylene glycol-200 (PEG)

instead of linalyl acetate or ASA.

At the end of the combined immobilization stress/nicotine treatment regimen, rats were

anesthetized with isoflurane and then sacrificed by cervical dislocation. The aorta was then col-

lected and cleaned of connective tissue. Aorta samples were divided into seven groups: Nor-

motension(n = 7), Normotension+OGD (n = 6), Hypertension (n = 7), Hypertension+OGD

(n = 8), Hypertension+OGD+LA25 (n = 6), Hypertension+OGD+LA50 (n = 7), Hyperten-

sion+OGD+LA100 (n = 6)and Hypertension+OGD+A (n = 6). Aortas in each group were

immersed in Dulbecco’s Modified Eagle’s medium, with or without glucose (as indicated), in an

Airlock Anaerobic Chamber (Coy Lab Products, USA). Ischemic injury was induced ex vivo by

oxygen-glucose deprivation, produced by exposure to a gas mixture containing 5% CO2 and

10% H2 (partial pressure of oxygen balanced below 2 mmHg) in the absence of glucose for 45

minutes, followed by reoxygenation for 30 minutes with saturated 95% O2 and 5% CO2in a

37˚C incubator; the non-OGD group was exposed to reoxygenation for 75 minutes at 37˚C [15].

The hypertension-ischemic injury model, created by combining in vivo hypertension-

induction and ex vivo ischemic injury exposure (Fig 1), allowed the preventive effects of linalyl

acetate to be assessed.

Isolated rat aortic rings and contractility assay

Rat aortas were cut into 2-mm segments and placed in an organ bath (620M; Danish Myo

Technology, Denmark) or 96-well tissue culture plate for OGD and reoxygenation treatment

Fig 1. Experimental design of the hypertension + OGDmodel in rats. Hypertension was induced in vivo from day 1 to day 22. After injecting linalyl acetate, ASA or

PEG (45–60 minutes), rats were sacrificed, and aortas were removed. Ischemic injury was then induced by exposing aortic segments to OGD (45 minutes) and

reoxygenation (30 minutes), after which tissues were used in experiments.

https://doi.org/10.1371/journal.pone.0198082.g001
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using an Airlock Anaerobic Chamber (Coy Lab Products). At the end of OGD (or control)

treatments, aortic rings were mounted on a myograph, and then washed three times with fresh

Krebs solution (118.3 mM NaCl, 25 mM NaHCO3, 1.22 mM KH2PO4, 1.2 mM MgCl2, 4.78

mM KCl, 2.5 mM CaCl2, and 11.1 mM glucose). Aortic segments were then equilibrated for 50

minutes under 1.0 g of resting tension. Isotonic contractions of artery segments were recorded

with a mechano-transducer connected to a computer. Vasoconstriction was evoked by adding

10 μM phenylephrine (PE); at the end of experiments, aortas were fully relaxed by adding

10 μM sodium nitroprusside (SNP) or acetylcholine (ACh).

Reactive oxygen species (ROS) assays

Endothelial cells of rat abdominal aortas were isolated, mounted on glass slides, and fixed with

4% paraformaldehyde. Slides were incubated for 45 minutes at 37˚C with 5 μM2,7-dichloro-

fluorescin diacetate (DCFH-DA) (Abcam, UK) to probe for ROS, followed by incubation for 5

minutes at 37˚C with Hoechst 33342 (Sigma Chemical Co., USA) to counterstain nuclei.

DCFH-DA fluorescence was detected using a Nikon DS-Ri2 fluorescence microscope (Nikon,

Japan) at a magnification of 400X by exciting at a wavelength of 485 nm and collecting emitted

fluorescence at 535 nm. Fluorescence intensity was quantified using NIS Elements image anal-

ysis software (Nikon, Japan) andImage J software (National Institutes of Health, USA), and

results are presented as mean relative fluorescence intensity (RFI) values ± S.E.M.

Lactate dehydrogenase (LDH) assays

Cell viability in all treatment groups was quantified by measured LDH released into the rat

aorta tissue culture medium. The level of LDH released into the tissue culture medium was

assayed using a CytoTox 96 Non-Radioactive Cytotoxicity Assay kit (Promega Co., USA)

according to the manufacturer’s instructions. Changes in absorbance at 340 nm were mea-

sured using a microplate ELISA reader (BMG Labtech, Germany), and results are presented as

mean optical density (OD) values ± S.E.M.

Western blotting

After treatments, whole and endothelium-denudedrat aortic tissue werehomogenized, and

the protein concentration in each lysate was adjusted to 30 μg/25 μl for Western blotting.

Samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) on 10% gels, and then electrophoretically transferred to a nitrocellulose mem-

brane. The membrane was first incubated overnight with primary anti-eNOS (1:300; Santa

Cruz Biotechnology, USA), anti-NADPH (nicotinamide adenine dinucleotide phosphate) oxi-

dase subunit p47phox (1:500; Thermo-Fisher, USA) and anti-glyceraldehyde-3-phosphate

dehydrogenase (GADPH) (1:1500; Santa Cruz Biotechnology) antibodies, and then with the

appropriate secondary antibody for 60 minutes at room temperature. Immunoreactive pro-

teins were detected using enhanced chemiluminescence regents (Bio-Rad, USA). Proteins

were quantified by densitometric analysis of pixel density using Image J software (National

Institutes of Health).

Chemicals

Dulbecco’s Modified Eagle’s mediumwithout glucose, nicotine ((–) nicotine hydrogen

tartrate salt), linalyl acetate, acetylsalicylic acid, and PEG-200 were purchased from Sigma

ChemicalCompany.

Linalyl acetate prevents hypertension-related ischemic injury
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Statistical analysis

Results of tests are presented as mean values ± S.E.M. Differences in mean values among

groupswere analyzed using a one-way analysis of variance (ANOVA) with LSD post hoc test

using SPSS Statistics 22 version (IBM, USA). p-values lessthan 0.05 were considered statisti-

cally significant.

Results

Preventive effect of linalyl acetate against hypertension- related ischemic

injury

To evaluate the preventive effects of linalyl acetate, we treated rats after inducing hypertension

by combined restrain stress and nicotine treatment, but before ex vivoexposure of arteries to

ischemic injury. Using this combination model, we evaluated the therapeutic effects of linalyl

acetate on hypertension and its preventive effect on ischemic injury (Fig 1).Beginning on day

8, SBP was significantly higher in the hypertensive than in the normotensive group (p = 0.003)

(S1 Fig).

Blood pressure regulatory effects of linalyl acetate in the rat model of

hypertension

To determine the effects of different doses oflinalyl acetate on blood pressure, we measured

systolic blood pressure (SBP) and diastolic blood pressure (DBP) 45 minutes afterinjection of

linalyl acetate, acetylsalicylic acid or PEG (control). We found that hypertension-induced

increases in SBP were significantly decreased by higher doses oflinalyl acetate, with significant

reductions in SBP observed at 50 mg/kg and 100 mg/kg linalyl acetate (p = 0.001). Treatment

with 15 mg/kg ASA also reduced SBP (p = 0.001) (Fig 2A). At doses of 50 mg/kg and 100 mg/

kg, linalyl acetate injection also showed a trend toward decreased DBP, but the reductions

were not significant (Fig 2B)

Fig 2. Differences in (A) SBP and (B) DBP among groups on day 22 after linalyl acetate or PEG injection. Results are presented as means ± SEM (#p< 0.05, ## p< 0.01,

### p< 0.001 compared with the normotensive group; �� p< 0.01 compared with the hypertensive group; + p< 0.01 compared with the hypertension + 25 mg/kg linalyl

acetate group). NTN, normotension; HTN, hypertension; HTN+LA25, hypertension+25 mg/kg linalyl acetate; HTN+LA50, hypertension+50 mg/kg linalyl acetate;

HTN+LA100, hypertension+100 mg/kg linalyl acetate, HTN+A, hypertension+15 mg/kg ASA.

https://doi.org/10.1371/journal.pone.0198082.g002
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Inhibitory effect of linalyl acetate on p47phoxexpression in the

hypertension-ischemia injury model

Utilizing Western blot analysis, we investigated hypertensive ischemic injury-induced changes

in p47phox expression and corresponding inhibitory effects of linalyl acetate. These analyses

showed that hypertensive ischemic injury induced p47phox overexpression, measured as pixel

density, in the hypertension-only group (p = 0.017) (Fig 3A).These findings, however, were

not observed in endothelium-denuded aorta tissue of the hypertension-only group (S2 Fig).

Notably, linalyl acetate induced a dose-dependent decrease in p47phox expression, reducing

p47phox intensity at 25, 50 and 100 mg/kg compared with a control value (p< 0.001), 15 mg/kg

ASA also reducing p47phox intensitycompared with the control value (p< 0.001) (Fig 3B).

Inhibitory effects of linalyl acetate on ROS production and ROS-induced

cell damage in a hypertension-ischemia injury model

Using DCFH-DA, a widely used fluorescent probe for detecting intracellular ROS, and mea-

surements of extracellular release of LDH release, a cytosolic enzyme used as an indicator of

cellular toxicity and damage, we monitored ROS production and ROS-induced cell damage

in our hypertension-ischemic injury model. These analyses showed that ROS production,

expressed as relative fluorescence units (RFIs), was significantly increased by hypertensive-

ischemic injury (p = 0.004) compared with hypertension alone (Fig 4A). As shown in Fig 4B,

LDH release, measured as optical density (OD) units, was similarly increased in the hyper-

tensive-ischemic injury group (p = 0.025) compared with the hypertensive-only group.

Importantly, the enhanced ROS production induced by hypertension-ischemic injury was sig-

nificantly reduced by linalyl acetate, which exerted a dose-dependent attenuation in ROS lev-

els. At 25, 50 and 100 mg/kg, linalyl acetate decreased ROS levels by 33.9%, 40.4% and 63.1%,

respectively, while 15 mg/kg ASA treatment decreased ROS levels by 6.7%, compared with that

Fig 3. Effects of linalyl acetate on ischemic injury-induced p47phox expression. (A) Evaluation of p47phox expression levels after hypertension and OGD/R

exposure. NTN, normotension; HTN, hypertension; NTN+OGD, normotension+ OGD; HTN+OGD, hypertension + OGD. Results are presented as means ± SEM

(#p< 0.05, ## p< 0.01 compared with the NTN group; �p< 0.05 compared with the HTN group).(B) Inhibitory effects of linalyl acetate on p47phox expression in the

HTN+OGD group. HTN+OGD+LA25, hypertension+OGD+25 mg/kg linalyl acetate; HTN+OGD+LA50, hypertension+OGD+50 mg/kg linalyl acetate; HTN+OGD

+LA100, hypertension+OGD+100 mg/kg linalyl acetate; HTN+OGD+ A, hypertension+OGD+15 mg/kg ASA. Results are presented as means ± SEM (��p< 0.01,
���p< 0.001 compared with the HTN+OGD group; # p< 0.01 compared with the HTN+OGD+LA25 group).

https://doi.org/10.1371/journal.pone.0198082.g003
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in the hypertensive-ischemic injury group (p< 0.001) (Fig 4C). As shown in Fig 4D, hyperten-

sive-ischemic injury-induced LDH release was also significantly decreased by linalyl acetate at

doses of 25 mg/kg (37.3%,p = 0.029), 50 mg/kg (52.9%, p = 0.002) and 100 mg/kg (38.6%,

P = 0.032), as well as by 15 mg/kg ASA (45.8%, p = 0.007).

Effect of linalyl acetate on ROS-induced eNOSSuppression in a

hypertension-ischemia injury model

Next, we used Western blotting to investigate changes inthe expression of endothelial nitric

oxide synthase (eNOS). These analyses indicated that hypertensive-ischemic injury-induced

Fig 4. Effects of linalyl acetate on ischemic injury-induced ROS production and LDH release. (A) Evaluation of injury-induced ROS production and (B) LDH

release after hypertension and OGD/R exposure. NTN, normotension; HTN, hypertension; NTN+OGD, normotension + OGD; HTN+OGD, hypertension + OGD.

Results are presented as means ± SEM (#p< 0.05, ### p< 0.001 compared with the NTN group; �p< 0.05 compared with the HTN group). (C) Inhibitory effects of

linalyl acetate on ischemic injury-induced ROS production and (D) LDH release in the HTN+OGD group. HTN+OGD+LA25, hypertension+OGD+25 mg/kg linalyl

acetate; HTN+OGD+LA50, hypertension+OGD+50 mg/kg linalyl acetate; HTN+OGD+LA100, hypertension+OGD+100 mg/kg linalyl acetate; HTN+OGD+A,

hypertension+OGD+15 mg/kg ASA. Results are presented as means ± SEM (�p< 0.05, ��p< 0.01, ���p< 0.001 compared with the HTN+OGD group; #p< 0.05

compared with the HTN+OGD+LA25 group; ++ p< 0.01, +++p< 0.001 compared with the HTN+OGD+LA50 group; $ $ $p< 0.001 compared with the HTN+OGD

+LA100 group).

https://doi.org/10.1371/journal.pone.0198082.g004
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ROS production significantly suppressed eNOS expression compared with that in the hyper-

tension-only group (p = 0.002) (Fig 5A). Our data further indicate that linalyl acetate signifi-

cantly reversed ROS-induced eNOS suppression, increasing pixel density values at doses of 25,

50, and 100 mg/kg, respectively (p< 0.001) (Fig 5B). Similarly, 15 mg/kg ASA treatment was

also associated with increased pixel density values(p< 0.001).

VasorelaxingEffects of linalyl acetate in a hypertension-ischemia injury model

Finally, we tested ACh-induced vasorelaxation (which is mediated by NO) in aortic segments

from hypertension-ischemia model rats that had been preconstricted with the sympathomi-

metic amine, phenylephrine.These experiments showed that PE-induced vasoconstriction was

significantly reduced in the normotensive ischemic-injury group (p = 0.023) compared with

that in the uninjured normotensive group, whereas ischemic injury had no effect on PE-induced

vasoconstriction in the hypertensive group (data not shown). In contrast to the results obtained

for PE-induced vasoconstriction, ACh-induced vasorelaxation was not significantly altered by

ischemic injury in either the normotensive group or hypertensive group (Fig 6A).These experi-

ments further showed that linalyl acetate had no significant effect on PE-induced vasoconstric-

tion at 25, 50, or 100 mg/kg, and that ASA at 15 mg/kg also had no significant effect, compared

with the hypertension+OGD group (data not shown). Although there was a modest trend

toward increased ACh-induced vasorelaxation with linalyl acetate pretreatment at 25, 50, or 100

mg/kg or with 15 mg/kg ASA pretreatment, compared with the hypertension + OGD group,

these differences did not reach statistical significance (Fig 6B).

Discussion

Ischemic stroke is a leading cause of disability and mortality. Early delivery of tPA—3 to 4.5

hours after ischemic stroke onset—to patients that satisfy eligibility requirements to receive

Fig 5. Effects of linalyl acetate on ROS-induced suppression of eNOS expression. (A) Evaluation of ROS-induced eNOS suppression.NTN, normotension; HTN,

hypertension; NTN+OGD, normotension+OGD; HTN+OGD, hypertension+OGD. Results are presented as means ± SEM (###p< 0.001 compared with the NTN

group; ��p< 0.01 compared with the HTN group; ++p< 0.01 compared with the NTN+OGD group). (B)Preventive effects of linalyl acetate on ROS-induced eNOS

suppression. HTN+OGD+LA25, hypertension+OGD+25 mg/kg linalyl acetate; HTN+OGD+LA50, hypertension+OGD+50mg/kg linalyl acetate; HTN+OGD+LA100,

hypertension+OGD+100 mg/kg linalyl acetate; HTN+OGD+A, hypertension+OGD+15 mg/kg ASA. Results are presented as means ± SEM (�p< 0.05,���p< 0.001

compared with the HTN+OGD group; ##p< 0.01, ### p< 0.001 compared with the HTN+OGD+LA25 group; +p< 0.05 compared with the HTN+OGD+LA50

group).

https://doi.org/10.1371/journal.pone.0198082.g005
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the treatment has been demonstrated to reduce disability [16]. However, tPA has been shown

to only recanalize the occluded internal carotid artery and middle cerebral artery by approxi-

mately 27%[17]. Moreover, in EXTEND-IA (EmergencyNeurological Deficits with Intra-Arte-

rial) trials, tPA was only shown to succeed in recanalizing the arterial occlusion in somewhat

more than 15% of patients [18]. To date, treatment of ischemic stroke remains difficult and

therapeutic options are limited. Therefore, prevention—notably through controlling hyperten-

sion, one of the major risk factors—is considered a promising alternative strategy for reducing

the incidence, recurrence, associated disability and mortality rates of ischemic stroke [19].

Oxygen-glucose deprivation (OGD) and middle cerebral artery occlusion (MCAO) models

are frequently used for research on ischemic stroke in vitro, ex vivo and in vivo. In the OGD/R

model, tissues or cells cultured without glucose and oxygen are transferred into an environ-

ment without oxygen for hours to induce ischemic cell injury, after which the injured cells are

returned to a normal environment containing glucose and oxygen for a period to mimic the

reperfusion associated with an ischemic stroke [20].Similarly, in the MCAO model, ischemic

injury is induced by unilaterally occluding the MCA of animals with a suture for a period, after

which the suture is removed to allow reperfusion[21]. Both OGD and MCAO similarly induce

expression of ischemic injury-related signals [22], but MCAO can induce irreversible brain

injury. In a previous study,a 1-hour MCAO period was shown to cause severe brain injury

involving more than 50% of the ipsilateral hemisphere volume[23].These attributes of the

MCAO model make it unfavorable for use in evaluating preventive effects in the current study.

In addition, MCAO may increase the risk of mortality in animal models.Notably, our hyper-

tensive-ischemic injury combination model allowed us to simultaneously evaluate therapeutic

effects on hypertension and preventive effects on ischemic injury.

It has been reported that smoking and chronic stress are significantly associated with hyper-

tension and stroke incidence [24, 25].Stress is considered a cause for many people to smoke,

but smoking can also cause stress and anxiety. Thus, many people become trapped in a vicious

Fig 6. Effects of hypertension and ischemic injury. (A) On ACh-induced, endothelium-dependent relaxation (trace) and relaxation rate. NTN, normotension; HTN,

hypertension; NTN+OGD, normotension+OGD; HTN+OGD, hypertension+OGD. Results are presented as means ± SEM.(B) Effects of linalyl acetate on ischemic

injury-relatedACh-induced, endothelium-dependent relaxation (trace) and relaxation rate.HTN+OGD+LA25, hypertension+OGD+25 mg/kg linalyl acetate; HTN

+OGD+LA50, hypertension+OGD+50 mg/kg linalyl acetate; HTN+OGD+LA100, hypertension+OGD+100 mg/kg linalyl acetate; HTN+OGD+ A, hypertension+OGD

+15 mg/kg ASA.

https://doi.org/10.1371/journal.pone.0198082.g006
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cycle of stress and smoking[26]. A recent report showed that, in the United States, almost 19%

of patients who had cardiovascular disease were also cigarette smokers [27]. Therefore, to create

a hypertension-ischemic injury model that approached the actual situation, we used a combina-

tion of immobilization stress and nicotine—the “active” and addictive ingredient of cigarettes.

ASA,or aspirin, is an antithrombotic agent that is widely prescribed to prevent ischemic

stroke or myocardial infarction. It has also proven efficacious in the prevention of ischemic

stroke [28] and cardiovascular disease in clinical trials [29]. In addition, ASA has been found

to inhibit Ca2+ influx in rat inferior colliculus neurons[30], and to decrease ROS and ROS-

induced eNOS in human vein endothelial cells[31]. Therefore, we used ASA as a positive con-

trol medicine to evaluate the preventive effect of linalyl acetate in a hypertension-ischemic

injury rat model.

In a previous study, linalyl acetate was reported to increase NO production in the aorta of

mice pretreated with nicotine [11]. Notably, NO generated by eNOS acts as an intracellular

regulator of systemic vascular resistance that ultimately affects blood pressure in humans[32].

In this study, we found that linalyl acetate had a preventive effect on the suppression of eNOS,

partially restoring eNOS protein levels in a rat model of hypertensive ischemic injury (Fig 7C).

We further confirmed that 50 mg/kg and 100 mg/kg doses of linalyl acetate decreased the

hypertension-induced elevation of SBP in this rat model. Collectively, these results suggest that

linalyl acetate exerts a cardioprotective effect.

Intracellular ROS production is considered to play an important role in inducing hyperten-

sive and ischemic injury [33] and subsequently enhance LDH release [34]. NADPH oxidase

(NOX), a transmembrane protein complexthat transports electrons across cell membranes, is

a major producer of intracellular ROS. Subunits of the NOX complex include the membrane-

bound proteins p22phox and gp91phox; the cytosolic proteins p47phox, p67phox, p40phox; and

the small G-protein Rac1. NOX is activated by phosphorylation of the cytosolic subunit

p47phox[35], which results in translocation of subunits to the cell membrane, formation of the

active NOX complex, and an increase in ROS production. Thus, inhibition of NOX may be

beneficial in ischemic injury[36]. ROS can reduce expression of eNOS, an enzyme that plays a

critical role in the maintenance of vascular tone and vascular pressure through regulation of

NO, thereby leading to ischemic injury-induced endothelial celldysfunction. In the present

study, pretreatment with linalyl acetate prior to ischemic injury exposure indeed decreased

ROS production through inactivation of the NOX subunit p47phox(Fig 7A). ROS-induced

eNOS suppression and LDH release were also prevented by linalyl acetate pre-treatment.

These results show that linalyl acetate is capable of preventing ROS production through its

anti-p47phox effects.

Previous studies have shown that hypoxia/ischemia induces vasorelaxation, reflecting acti-

vation of membrane KATP channels in arterial smooth muscle cells and inhibition of Ca2+

influx [37]. Accordingly, thedecrease of PE-induced vasoconstriction was observed in theis-

chemic injury-only group, but not in the hypertensive-ischemic injury group.The cytosolic

Ca2+ concentration plays a key role in the regulation of vasoconstriction [38], and if increased

abnormally by ROS, it may disrupt vasoconstriction and vasorelaxation [39]. However, the

molecular mechanisms underlying the cardiovascular effects of linalyl acetate are still poorly

understood. Therefore, our future experiments will focus on further evaluating changes in

molecular markers in this hypertension-ischemic injury model.

In conclusion, the results presented here show that linalyl acetate exerts excellent preventive

effects on hypertension-related ischemic injury through its anti-hypertensive efficacy and

modulation of eNOS expression. These results contribute to our understanding of the mecha-

nism responsible for the preventive effects of linalyl acetate, but more importantly, may lead to

a new strategy for preventing hypertensive ischemic strokes in a clinical setting.
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Supporting information

S1 Fig. SBP and DBP in the normotension and hypertension groups. SBP and DBP were

measured before test and on days 1, 8, 15, and 22.Results are presented as means ± SEM (#p<
0.05, ##p< 0.01, ###p< 0.001 compared with the normotensive group. �� p< 0.01 compared

with the hypertensive group; + p< 0.01 compared with the hypertension + 25 mg/kg linalyl

acetate group).

(TIF)

S2 Fig. Effect of linalyl acetate on p47phox expression in endothelium-denuded aorta tissue

of the hypertension and hypertension+OGD groups.

(TIF)

Fig 7. Mechanisms underlying the preventive effects of linalyl acetate on ischemic injury in endothelial cells. (A) Suppression of phosphorylation

and activation of the NADPH oxidase p47phox subunit, and (B) the consequent decrease in ROS production, (C) thereby preventing ROS-induced

eNOS suppression, and (D) decreasing oxidative stress-induced LDH release.

https://doi.org/10.1371/journal.pone.0198082.g007
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