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Biological evaluation of linalool on the function of blood vessels
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Abstract. Long-term hypertension leads to alterations in the
structure and function of blood vessels, and abnormal prolif-
eration and migration of vascular smooth muscle cells (VSMCs)
are important factors for these changes. Linalool is a natural
compound extracted from plants. The present study aimed to
explore the role and underlying mechanism of linalool in the
physiological behavior of VSMCs. Angiotensin II (Ang II)
was utilized to treat VSMCs, and MTT and western blotting
assays were then employed to detect the effect of linalool on
the induced proliferation and migration of VSMCs. The target
gene of linalool was predicted by the SwissTargetPrediction
website, and its expression level in VSMCs was determined
using reverse transcription-quantitative PCR and western
blotting. Next, the role of the target gene in the physiological
behavior of VSMCs treated with linalool was examined, and
the signaling pathway was explored. The results revealed that
the proliferation and migration of VSMCs treated with Ang II
were significantly promoted, and linalool could alleviate these
effects in a dose-dependent manner. Cholinergic receptor
muscarinic 3 (CHRM3), as a predicted target, was found to be
highly expressed in Ang II-induced VSMCs, and CHRM3 over-
expression could prevent the inhibitory effect of linalool on cell
proliferation and migration. In addition, its overexpression caused
an increase in the expression of proteins related to the MAPK
signaling pathway. In conclusion, linalool inhibited the prolifera-
tion and migration of Ang II-induced VSMCs and blocked the
MAPK signaling pathway by downregulating CHRM3.

Introduction

Hypertension is the most common chronic disease, and is char-
acterized by increased systemic arterial blood pressure; it may
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be accompanied by functional damage of other organs, which is
the most important risk factor for cardiovascular and cerebro-
vascular diseases (1). The blood pressure of healthy individuals
fluctuates within a certain range along with changes in internal
and external environments. In the overall population, the blood
pressure levels gradually increase with age, and systolic blood
pressure is more pronounced (2), while diastolic blood pressure
shows a downward trend after the age of 50 years. Notably,
individuals with high risk of hypertension are no longer only
elderly patients, since the age of patients is showing a younger
trend (3). According to a previous epidemiological study,
the number of patients with hypertension worldwide could
reach 1.5 billion in 2025 (4). High blood pressure can also cause
atherosclerosis (5), cerebral hemorrhage (6), cerebral infarc-
tion (7) and other diseases. Since the mechanism remains clear,
the clinical condition is mainly managed by antihypertensive
drugs; however, these drugs cannot block the progression of
hypertension. Therefore, identifying key therapeutic targets is
the focus of pre-prevention and post-treatment of hypertension.

Prolonged hypertension can eventually lead to alterations
in the structure and function of blood vessels (8), among
which, abnormal proliferation and migration of vascular
smooth muscle cells (VSMCs) are important factors for such
changes (9). VSMCs are the main cell type that constitutes the
blood vessel wall, and their main functions are to regulate the
structural integrity and vascular tension of blood vessels. In the
middle layer of normal mature arteries, VSMCs are in a static
state of differentiation, and their synthetic activity and prolifera-
tion potential are low (10). However, with vascular injury, the
phenotype of VSMCs is altered, as manifested by increased cell
proliferation and migration, as well as matrix synthesis (11).
Importantly, the changes in the structure and function of VSMCs
are the cytopathological basis that leads to a variety of vascular
diseases (12). Therefore, exploring the abnormal proliferation
and migration of VSMCs has great medical significance for the
prevention and control of hypertension.

Linalool is a monoterpene alcohol present in certain
aromatic medicinal plants, and its biological activity may affect
cardiovascular diseases (13). A previous study showed that the
administration of linalool in hypertensive rats could effectively
reduce blood pressure and improve hypertension, which may
be due to the direct effect on vascular smooth muscle that leads
to vasodilation (14). Linalool can also inhibit the malignant
cell proliferation of a variety of human malignant solid tumors,
including hepatocellular carcinoma, breast cancer, small cell
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carcinoma and malignant melanoma (15). In addition, linalool
extracted from eucalyptus leaf essential oil can inhibit breast
cancer cell invasion and migration, and downregulate the
mRNA and protein expression of epithelial-mesenchymal tran-
sition-related factors (including Snail, E-cadherin, N-cadherin
and vimentin) (16). Based on these results, it was hypothesized
that the effect of linalool on VSMCs could be explored by
constructing a hypertensive cell model.

Since angiotensin II (Ang II)-mediated VSMC prolif-
eration plays a crucial role in the structural and functional
development of hypertensive blood vessels (17), the present
study utilized Ang II to treat VSMCs in order to observe the
effect of linalool on the physiological behavior of VSMCs and
further explore the underlying mechanism.

Materials and methods

Cell culture and reagent. The rat thoracic aorta smooth
muscle cell line (A7r5) was purchased from Procell Life
Science & Technology Co., Ltd. Cells were incubated in
DMEM (Gibco; Thermo Fisher Scientific, Inc.) containing
10% FBS (Thermo Fisher Scientific, Inc.), 100 U/ml strepto-
mycin and 100 U/ml penicillin (1% penicillin/streptomycin),
and maintained in a humidified incubator with 5% CO, at 37°C.
Linalool and Ang II were obtained from Sigma-Aldrich
(Merck KGaA; purity >95%), and were dissolved in DMSO
and diluted to the specified concentration according to the
experimental requirements.

Cell transfection. ATr5 cells were plated into 6-well plates and
cultured until they reached 70-80% confluence. Cells (2x10%/
well) were transfected with 2 g pcDNA3.1-cholinergic receptor
muscarinic 3 (CHRM3) and negative control (NC) vectors
(Hanbio Biotechnology Co., Ltd.) using Lipofectamine® 3000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. At 48 h post-transfection, the
expression levels of CHRM3 were assessed.

Cell Counting Kit-8 (CCK-8) assay. When cells (4x10° cells/
well) were in logarithmic growth phase, several doses of Ang II
(10 108, 107 and 10°° mol/1) or linalool solution (50, 100 and
150 uM) were added to the wells at 37°C. After 24 h of incuba-
tion, 10 ul CCK-8 reagent (Beyotime Institute of Biotechnology)
was added to each well of a 96-well plate, and incubation was
continued for 1 h. The optical density was determined at 450 nm
using a microplate reader (Thermo Fisher Scientific, Inc.).

MTT assay. ATr5 cells (2x10° cells/well) were seeded in
96-well plates and cultured in an incubator containing 5% CO,
at 37°C. Cells were treated with Ang IT (107 mol/l) and
different doses of linalool (50, 100 and 150 xM) for 0, 12, 24
and 48 h at 37°C. Next, 200 ul MTT solution (Beyotime
Institute of Biotechnology) was added to each well, and
incubation was continued for 4 h. Subsequently, the medium
was removed and DMSO was added. The optical density was
determined at a wavelength of 490 nm using a microplate
reader (Thermo Fisher Scientific, Inc.).

Western blotting. RIPA lysis buffer (Beyotime Institute of
Biotechnology) was added to the cultured cells, which were

then lysed on ice for 30 min. Next, the cells were collected
and centrifuged at 14,000 x g at 4°C for 15 min, and the
supernatant was aspirated. A BCA protein assay kit (Beyotime
Institute of Biotechnology) was then used for protein quanti-
fication. Next, heated and denatured protein samples (25 ug)
were separated via 10% SDS-PAGE, and then transferred to
PVDF membranes. Next, the membranes were blocked in
5% skimmed milk at room temperature for 1 h, and washed
with TBS with 0.05% Tween-20 (TBST) once for 10 sec
at room temperature. Following which, membranes were
incubated with the following primary antibodies (1:1,000) over-
night at 4°C: Anti-proliferating cell nuclear antigen (PCNA;
cat. no. ab29; Abcam); anti-MMP2 (cat. no. 40994; Cell
Signaling Technology, Inc.); anti-MMP9 (cat. no. 13667; Cell
Signaling Technology, Inc.); anti-CHRM3 (cat. no. ab126168;
Abcam); anti-phosphorylated (p)-ERK (cat. no. ab192591;
Abcam); anti-p-JNK (cat. no. ab215208; Abcam); anti-p-p38
(cat. no. ab178867; Abcam); anti-ERK (cat. no. ab229912;
Abcam); anti-JNK (cat. no. abl110724; Abcam); anti-p38
(cat. no. ab182453; Abcam); and anti-GAPDH (cat. no. 5174,
Cell Signaling Technology, Inc.). After washing with TBST
three times at room temperature, 10 min per time, the
membranes were incubated with HRP-conjugated anti-rabbit
(cat. no. ab6721; 1:5,000; Abcam) or anti-mouse antibodies
(cat.no. ab6789; 1:10,000; Abcam) for 1 h at room temperature.
Ultra-High Sensitivity ECL kit (cat. no. GK10008; GlpBio
Technology) was used to visualize the protein bands, and the
results were analyzed with Image Lab software (v3.0; Bio-Rad
Laboratories, Inc.).

Wound-healing assay. ATr5 cells (5x10° cells/well) were
plated into 6-well plates and incubated at 37°C overnight.
Sterilized pipette tips were used to make scratches in the
cell monolayer when cells grew to 90% confluence. A wound
was generated using a 200-ul pipette and plates were washed
three times with PBS to remove the extra cells in the wound.
Serum-free medium with Ang IT (0, 1x107 mol/I) and linalool
(0, 50, 100, 150 umol/lI) was added and incubation was
continued. Images were captured under a light microscope
(magnification, x100; Olympus Corporation) at 0 and 24 h.
Data were analyzed using ImagelJ software (1.52v; National
Institutes of Health).

Transwell assay. ATr5 non-transfected or transfected cells
were incubated in DMEM at a density of 5x10* cell/ml. A total
of 100 ul cell suspension was seeded into the upper chamber
of Transwell plates (Corning, Inc.), while the lower chamber
was filled with 500 ul DMEM containing 10% FBS for cell
culture. After 6 h of incubation at 37°C, 1x107 mol/l Ang 11
and linalool (0, 50, 100, 150 ymol/l) were added to treat the
cells. After 48 h of incubation, the cells on the lower side of
the Transwell plate were fixed with 4% formaldehyde and
stained with 0.1% crystal violet solution for 20 min at room
temperature. The number of cells was counted under a light
microscope (magnification, x100; Olympus Corporation) and
analyzed using ImagelJ software (1.52v; National Institutes of
Health).

Reverse transcription-quantitative PCR (RT-qPCR).
CHRM3 mRNA expression was detected via RT-qPCR. Total
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Figure 1. Linalool inhibits the proliferation of Ang II-induced vascular smooth muscle cells. (A) The viability of cells treated with different concentrations of Ang IT
was detected using a CCK-8 assay. “"P<0.01, ""P<0.001 vs. control (n =3). (B) The viability of cells treated with different concentrations (50, 100, 150 gmol/1) of lin-
alool was detected using a CCK-8 assay. (C) An MTT assay was used to detect proliferation of A7r5 cells treated by Ang IT and linalool (n =3). "P<0.05 vs. control;

"P<0.05, #P<0.01 vs. Ang II (n =3). (D) The expression of PCNA, which is relevant to cell proliferation, was detected via western blotting.

ok

P<0.001 vs. control;

P<0.001 vs. Ang IT (n =3). Ang I, angiotensin II; CCK-8; Cell Counting Kit-8; PCNA, proliferating cell nuclear antigen; Lina, linalool.

RNA was extracted from cultured A7r5 cells using TRIzol®
reagent (Beyotime Institute of Biotechnology). cDNA was
transcribed from RNA using a PrimeScript RT Reagent kit
(Takara Biotechnology Co., Ltd.). gPCR was subsequently
performed using the QuantiTect SYBR® Green PCR kit
(Qiagen, Inc.) according to the manufacturer's instructions.
The protocol was as follows: RT (42°C for 5 min and then 95°C
for 10 sec), followed by an amplification program repeated for
40 cycles (95°C for 5 sec and then 60°C for 30 sec). Data were
collected and analyzed using the 2244 method (18). Values
were normalized against GADPH. The primer sequences were
as follows: CHRM3 forward, 5"TCATCCAGGAGGAAGT
ACGG-3' and reverse, 5'-GCTGTGGTCTTGGTCCATCT-3;
and GAPDH forward, 5'-GCCCATCACCATCTTCCA
GGAG-3'andreverse,5- GAAGGGGCGGAGATGATGAC-3'.

Database analysis. SwissTargetPrediction (www.swisstarget-
prediction.ch) is a website for target prediction of bioactive
small molecules. The structure of linalool was uploaded to the
website and Homo sapiens was selected. The targets results
were displayed after pressing the button ‘Predict targets’.

Statistical analysis. GraphPad Prism 8.0 software (GraphPad
Software, Inc.) was utilized to analyze the experimental data.
All values are represented as the mean + SD of triplicate
experiments. Unpaired Student's t-test was used to evaluate
differences between two groups, and one-way ANOVA
followed by Tukey's post hoc test was employed to compare
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Linalool inhibits the proliferation of Ang Il-induced VSMCs.
The viability of cells treated with different concentrations of
Ang II was detected using a CCK-8 assay. The experimental
concentration range of Ang IT was 1x10°-1x10° mol/l. The
number of viable cells increased in a concentration-dependent
manner until the concentration of Ang II reached 1x107 mol/l.
When the concentration continued to increase, the number of
viable cells did not increase further. This may be due to the
excessive concentration that caused damage to cells (Fig. 1A).
Thus, Ang IT at a concentration of 1x107 mol/l was selected to
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Figure 2. Linalool inhibits the migration of Ang II-induced vascular smooth muscle cells. (A) Wound-healing and (B) Transwell assays were applied to
evaluate cell migration. Scale bar, 100 ym. (C) Quantitative results of wound-healing and (D) Transwell assay. (E and F) The expression levels of MMP2
and MMP9, which are involved in cell migration were detected by western blotting. ““P<0.001 vs. control; “P<0.05, *#P<0.01, ##P<0.001 vs. Ang II (n =3).

Ang II, angiotensin II.

treat A7r5 cells in subsequent experiments. A similar method
was employed to detect the effect of linalool on cell viability.
Linalool at a concentration of 50-150 ymol/l had no effect on
cell viability (Fig. 1B).

In addition, an MTT assay was used to detect the prolif-
eration of A7r5 cells treated with Ang II and linalool. The
number of cells treated with Ang II almost doubled at 48 h
compared with the control, while the proliferation of the cells
treated with linalool for the same time was inhibited compared
with the Ang II group. Compared with that of cells treated
with Ang II alone, the proliferation rate of groups treated
with linalool additionally showed a concentration-dependent
decrease (Fig. 1C). PCNA plays a role in cell cycle regula-
tion and/or DNA replication, and is an objective indicator for
evaluating cell proliferation (19); therefore, its expression level
in each group of cells was determined via western blotting.
The results revealed that the expression of PCNA in groups

treated with linalool additionally decreased in comparison
with that in the Ang II-treated group (Fig. 1D).

Linalool inhibits the migration of Ang Il-induced VSMCs.
Wound-healing and Transwell assays were applied to deter-
minate cell migration. The wounds of cells treated with
Ang II alone were filled with numerous cells, while those of
cells simultaneously treated with linalool exhibited a lower
number of cells. Cells treated with linalool at a concentra-
tion of 150 ymol/l showed the least number of migrated
cells (Fig. 2A and C).

Similarly, in the Transwell assay, the cells in the Ang II
group that migrated to the lower chamber were densely
packed, while in the group with the highest experimental
concentration of linalool, the number of migrated cells was
the least (Fig. 2B and D). The expression levels of MMP2
and MMP9 were detected by western blotting as they are
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Figure 3. Linalool downregulates CHRM3 expression in Ang II-induced vascular smooth muscle cells. (A) Reverse transcription-quantitative PCR and
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P<0.001 vs. control;

#P<0.01, #*P<0.001 vs. Ang II (n =3). Ang 11, angiotensin II; CHRM3, cholinergic receptor muscarinic 3.

indicators of migration (20), and they exhibited a decline in
the presence of linalool in a concentration-dependent manner
compared with the Ang II group (Fig. 2E and F).

Linalool downregulates CHRM3 expression in Ang Il-induced
VSMCs. CHRM3 was the target of linalool predicted by the
SwissTargetPrediction website. RT-qPCR and western blot-
ting were used to detect CHRM3 expression in cells treated
with Ang II and different concentration of linalool. CHRM3
was lowly expressed in normal A7r5 cells, and once the cells
were stimulated with Ang II, its expression significantly
increased compared with the control group, while the addition
of linalool significantly decreased the expression of CHRM3
in a concentration-dependent manner compared with the
Ang IT group (Fig. 3A and B).

Linalool inhibits the proliferation and migration of
Ang Il-induced VSMCs by downregulating CHRM3 expres-
sion. In order to study whether CHRM3 is involved in the
inhibitory mechanism of linalool, RT-qPCR and western blot-
ting were employed to detect the expression level of CHRM3
in transfected cells. The results confirmed the efficiency of
transfection (Fig. 4A and B). Based on the aforementioned
experiments, linalool at a concentration of 150 gmol/l was used
to treat transfected cells. The inhibitory effect of linalool on
the proliferation of non-transfected cells was blocked. The cell
proliferation of the Ang II+linalool+pcDNA3.1-CHRM3 group
was higher than that of the Ang II+linalool+pcDNA3.1-NC
group, indicating that CHRM3 overexpression could affect the
function of linalool (Fig. 4C). Furthermore, PCNA expression
was increased in the Ang II+linalool+pcDNA3.1-CHRM3
group compared with the Ang II+linalool+pcDNA3.1-NC
group (Fig. 4D). The migratory ability and protein expression
of the transfected cells were determined (Fig. 5A-F). Similar
results were observed regarding the migratory ability of the

cells, indicating that linalool achieved its effect on cell prolif-
eration and migration by regulating CHRM3.

Linalool blocks the MAPK signaling pathway by down-
regulating CHRM3 expression. To estimate whether linalool
regulates cell proliferation and migration via the MAPK
signaling pathway, western blotting was applied to detect the
expression of MAPK-related proteins in A7r5 and transfected
cells. The expression levels of p-ERK, p-JNK and p-p38 in
Ang II-induced A7r5 cells were decreased when cells were
treated with Ang II+linalool, indicating that linalool suppressed
the activation of MAPK signaling. The expression levels of these
proteinsinthe AngII+linalool+pcDNA3.1-CHRM3 group were
increased compared with the Ang II+linalool+pcDNA3.1-NC
group, with levels almost restored to the expression levels in
cells treated with only Ang II (Fig. 6A and B). These results
suggested that linalool hindered the MAPK signaling pathway
by regulating CHRM3.

Discussion

VSMC proliferation is considered to be a common cause
of vascular proliferative diseases, including hyperten-
sion (21), atherosclerosis (22) and restenosis after balloon
angioplasty (23), which are the most common cardiovas-
cular diseases worldwide and the main causes of mortality.
Prolonged hypertension can cause VSMC proliferation
and fibrosis inside the arteries, leading to narrowing of the
vessel wall (24). Therefore, developing a therapeutic target
that can alleviate the proliferation and migration of VSMCs
is an important strategy, which has medical relevance for
the treatment of vascular diseases. The present study applied
Ang II to induce VSMC:s to establish a research model. After
induction, the proliferation and migration of cells were
obviously abnormal, which allowed for the investigation
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Figure 4. Linalool inhibits the proliferation of Ang II-induced vascular smooth muscle cells via downregulating CHRM3 expression. (A) Reverse transcrip-
tion-quantitative PCR and (B)western blotting were employed to detect the expression level of CHRM3 in transfected cells. ““P<0.001 vs. pcDNA3.1-NC (n>3).
(C) MTT assay was used to detect cell proliferation. “P<0.05, “P<0.01 vs. Ang II; “P<0.05, "P<0.01 vs. Ang II+linalool+pcDNA3.1-NC (n >3). (D) The expres-
sion of PCNA, which is relevant to cell proliferation, was detected via western blotting. ““P<0.001 vs. control; “P<0.001 vs. Ang IT; ¥4¢P<0.001 vs. Ang II+lin
alool+pcDNA3.1-NC (n =3). Ang I, angiotensin II; CHRM3, cholinergic receptor muscarinic 3; NC, negative control; PCNA, proliferating cell nuclear antigen;

NC, negative control.

of the possible effects of linalool on VSMCs. The results
showed that the maximum experimental concentration of
linalool (150 M) had no effect on normal VSMC viability,
while linalool inhibited the proliferation and migration of
induced VSMCs.

The present study also explored the potential mecha-
nism of linalool. CHRM3, the target of linalool predicted
by the SwissTargetPrediction website, is a protein-coding
gene. This muscarinic cholinergic receptor belongs to a
larger family of G protein-coupled receptors. The func-
tional diversity of these receptors is determined by their

binding to acetylcholine (25), in which CHRM3 regulates
smooth muscle contraction (26), and its stimulation causes
the secretion of glandular tissue. Diseases associated with
CHRM3 include Prune syndrome (27) and cholinergic urti-
caria (28). CHRM3 coding variants can increase muscarinic
cholinergic 3 receptor (M3R) signaling, which is associated
with higher blood pressure. Removal of M3R signals leads
to lower blood pressure and improves heart and kidney
dysfunction (29). In addition, CHRM3 is upregulated in a
large part of benign prostatic hyperplasia (BPH) tissue, and
the activation of CHRM3 also promotes the proliferation



MOLECULAR MEDICINE REPORTS 24: 874, 2021

Control

Oh

48 h

Control

Angll

Relative cell migration rate
Relative cell invasive rate

Ang ll+Lina

Ang lI+Lina

MMP2/GAPDH

Ang ll+Lina+pcDNA3.1-NC  Ang II+Lma+pcDNA3 1-CHRM3

Ang lI+Lina+pcDNA3.1-NC  Ang lI+Lina+pcDNA3.1-CHRM3

MMP9/GAPDH

Figure 5. Linalool inhibits the migration of Ang II-induced vascular smooth muscle cells via downregulating the expression of CHRM3. (A) Wound-healing
and (B) Transwell assays were applied to determinate cell migration. Scale bar, 100 ym. (C) Quantitative results of wound-healing and (D) Transwell assay.

ok

(E and F) The expression levels of MMP2 and MMP9, which are relevant to cell migration, were detected by western blotting. *“P<0.001 vs. control; “*P<0.001
vs. Ang IL; P<0.05, ““P<0.01, *“4P<0.001 vs. Ang II+linalool+pcDNA3.1-NC (n =3). Ang II, angiotensin II; CHRM3, cholinergic receptor muscarinic 3;

NC, negative control.

of BPH cells (30). Overexpression of CHRM3 or activation
of CHRM3 by carbachol promotes further cell prolifera-
tion, migration and castration resistance (31). In the present
study, CHRM3 overexpression was found to promote the
proliferation and migration of VSMCs, and to inhibit the
suppressive effect of linalool on cell hyperplasia. This
indicated that linalool exerts its inhibitory role by down-
regulating CHRM3.

Furthermore, the expression level of proteins related to the
MAPK signaling pathway in VSMCs was found to decrease
with linalool treatment, indicating that linalool played a
role by blocking MAPK signaling. CHRM3 overexpression
reversed the decline, indicating that CHRM3 mediated this
pathway. Linalool was found to block the MAPK signaling

pathway by downregulating CHRM3. This association has
also been verified in other studies where CHRM3 mediates
the MAPK signaling pathway. For example, upregulation of
microRNA-30e inhibits the MAPK signaling pathway and
its downstream genes by downregulating CHRM3 in pros-
tate cancer cells (32), suggesting that CHRM3 can regulate
the MAPK signaling pathway. Since the MAPK signaling
pathway is a universal pathway for cell proliferation, differ-
entiation and migration (33), after using Ang II to induce
abnormal cell proliferation, the present study explored the
underlying mechanism of linalool from the perspective of
this pathway. When the whole mechanism was reviewed, the
Ang II receptor caught our attention. We propose that linalool
achieved inhibitory effects by blocking the Ang II receptor.
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NC, negative control; p-, phosphorylated.

This can be regarded as a novel viewpoint for research, which
will be the direction of our future research.

In conclusion, linalool was demonstrated to block the
MAPK signaling pathway by downregulating the expression
of CHRM3, thereby inhibiting the proliferation and migration
of Ang II-induced VSMCs. The present findings suggested
a potential role of linalool in inhibiting VSMC hyperplasia,
although the specific mechanisms involved remain to be
further explored.
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