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Higenamine exerts an antispasmodic effect on cold-induced
vasoconstriction by regulating the PI3K/Akt, ROS/02C-AR and
PTK9 pathways independently of the AMPK/eNOS/NO axis
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Abstract. The present study aimed to investigate the anti-
spasmodic effect of higenamine on cold-induced cutaneous
vasoconstriction and the underlying molecular mechanisms.
A cold-induced cutaneous vasoconstriction rat model was
established and different doses of higenamine were delivered
by intravenous injection. The changes of cutaneous regional
blood flow (RBF) between groups were analyzed. In vitro, the
proliferation of human dermal microvascular endothelial cells
was measured by MTT. The NO concentration was detected
by a nitrate reductase assay. Flow cytometry was applied to
measure reactive oxygen species (ROS) levels. The protein
expression levels were detected by western blotting. The
results demonstrated that in the model group, RBF declined
compared with the normal control group, but was reversed
by treatment with higenamine. The expression of endothelial
nitric oxide synthase (eNOS), phosphorylated (p)-eNOS,
protein kinase B (Aktl), p-Aktl, AMP-activated protein
kinase (AMPK) al and p-AMPKal was upregulated by hypo-
thermic treatment but was reversed by higenamine treatment.
Treatment with higenamine significantly reduced the level
of intracellular a2C-adrenoreceptor (AR) compared with the
hypothermia group (P<0.05). Furthermore, the expression of
twinfilin-1 (PTK9) was downregulated in the higenamine and
positive control groups compared with the hypothermia group
(P<0.05). Compared with the hypothermia group, the levels of
ROS and a2C-AR (intracellular & membrane) were decreased
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in higenamine and the positive control group (P<0.05 and
P<0.01, respectively). This study, to the best of our knowledge,
is the first to assess the effects of higenamine on cold-induced
vasoconstriction in vivo and its molecular mechanisms on
the PI3K/Akt, AMPK/eNOS/nitric oxide, ROS/02C-AR and
PTKO9 signaling pathways under hypothermia conditions.
Higenamine may be a good therapeutic option for Raynaud's
phenomenon (RP) and cold-induced vasoconstriction.

Introduction

Raynaud's phenomenon (RP) is a disease caused by an exces-
sive cold-induced vasoconstriction of skin arterioles with an
incidence of ~10% of the general population (1-7). Patients
affected by RP suffer from vasospastic attacks, ulcerations and
puffiness at the level of fingers, nose, toes, and nipples (7-9).
Although attempts have been made to elucidate and treat RP,
definitive or specific treatment options for this illness are
limited and efforts to uncover efficient medications for this
disease needs to be undertaken.

Higenamine is a chemical compound extracted from the
roots of aconite. As a traditional Chinese herb, aconite has been
used solely or in combination with other medicines for the treat-
ment of patients suffering from heart failure in oriental Asia
for millenaries (10-13). Phase III clinical trials have conveyed
the potential of higenamine-based pharmacological stress
agents in coronary artery diseases (14). Numerous studies have
also reported a multitude of candidate pharmacological prop-
erties and a wide range of medical uses of higenamine (14-18).
Specifically, Higenamine can inhibits apoptosis and protects
gastric smooth muscle cell from death in an in vivo model of
diabetic gastroparesis by promoting the [32-adrenoreceptor
(AR)/phosphatidylionositol 3 kinase (PI3K)/protein kinase B
(Akt) pathway (10). Higenamine was found to equally protect
against ischemia/reperfusion associated cardiac injury and
cardiac cell apoptosis via upregulating the $2-AR/PI3K/Akt
signaling pathway (19). In addition, higenamine can also
protect against arthritis by regulating PI3K/Akt/nuclear factor
erythroid 2-related factor 3 (Nrf2) and heme oxygenase-1
(HO-1) (20), and decreases intestinal ischemia-reperfusion
injury in vivo by regulating the Nrf2/HO-1/high mobility
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group protein Bl signaling pathway (21). Furthermore, it
has been reported that the combination of higenamine with
gingerol inhibits doxorubicin-induced oxidative stress and
apoptotic cell death by promoting PI3K/Akt signaling in
cardiomyocytes (13). However, although higenamine is effec-
tive against the circulatory system, whether it is efficient in
counteracting cold-induced vasoconstriction or plays a role in
clinically-induced hypothermia and the molecular mechanisms
underlying these effects are still unknown.

The present study was designed to investigate the effects of
higenamine on cold-induced vasodilation in vivo and elucidate
the underlying molecular mechanisms. The skin blood flow was
measured to assess the effect of higenamine on cold-induced
vasoconstriction in vivo model, for the first time to the best
of our knowledge. The effect of higenamine on PI3K/Akt and
AMP-activated protein kinase (AMPK)al/endothelial nitric
oxide synthase (eNOS)/nitric oxide (NO) was also explored as
well as reactive oxygen species (ROS)/a2C-AR and twinfilin-1
(PTKD9) signaling transduction pathways to assess the effect
of higenamine in hypothermic human dermal microvascular
endothelial cells (HDMECS) in vitro for the first time. The
present study provided extensive research evidence on the
antispasmodic effect and mechanism of higenamine on
cold-induced skin vasoconstriction. This will lay a foundation
for the modernization of traditional Chinese medicine and the
data exhibited has scientific significance and clinical value.

Materials and methods

In vivo studies

Grouping. A total of 48 female adult Wistar rats (12 weeks
old; 200-250 g), obtained from the Guangdong Medical
Laboratory Animal Centre (Foshan, China), were housed at
22+2°C and 40-60% humidity with light/dark cycle of 12-h.
The rats had free access to food and water. Rats were randomly
divided into six groups (8 rats in each group): Low dose hige-
namine group, medium dose higenamine group, high dose
higenamine group, positive drug control group (prostaglandin
El; cat. no. 745-65-3; Sigma-Aldrich; Merck KGaA), model
control group and normal control group.

Reagent preparation. Higenamine hydrochloride decoction:
1 mg of higenamine hydrochloride standard (cat. no. 11041-94-4;
Sigma-Aldrich; Merck KGaA) was dissolved in 30 ml of physi-
ological saline solution to obtain a decoction at a concentration
of 33 ug/ml.

Dosage. According to published studies the experimental
doses of different higenamine subgroups were determined
as follows: The low dose higenamine group (18 ug-kg"), the
medium dose higenamine group (36 pug-kg"') and high dose
higenamine group (72 pgkg") (14,22,23). The dose of prosta-
glandin E1 (5 ug-kg") for the positive drug control group was
determined based on the clinical dosage. Rats in the model
control group were injected with 0.1 ml physiological saline
per rat.

Drug administration. Drug administration was performed by
tail vein injection at room temperature (24°C) based on the
above-mentioned dosages. Briefly, 75% ethanol cotton was
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used to swab the tail. Then, the tail was pulled with the left
hand and the drugs were injected with the right hand after
exposing the left and right lateral veins of the tail. During the
intravenous administration, one rat died of a misplaced body
position in the rat fixator, which corresponds to a mortality
rate of 2.2%.

Modeling. After drug administration, a cold-induced rat skin
vasoconstriction model was established in vivo. Briefly, rats
were loaded into the rat fixator at room temperature 24°C and
the rat tail was exposed outside the fixator. After adjusting the
rat fixator and maintaining the rat body in a relatively fixed
position, the rats were placed in a more comfortable state. The
tails of rats (except for the normal control group) were placed in
a 10°C water bath for 5 min to establish a cold-induced rat skin
vasoconstriction in vivo model. The tails of rats in the model
control group and administration group were placed in a 10°C
water bath for 5 min after drug administration. The regional
blood flow (RBF) of caudal arterial cortex was measured at
5 min in a 24°C, 10°C water bath and then at 5 min in a 10°C
water bath. The first two measurements were used to compare
the caudal RBF differences between the normal control group
and the model group. The latter two measurements were used
to compare the caudal RBF differences between the adminis-
tration groups and the model control group.

RBF measurement. The rats were placed in a rat fixator and
the tails were exposed outside the fixator. The rat fixator was
slid forward and backward to adjust the stopper. In this posi-
tion, the rat body was maintained in a relatively fixed position,
placing the rat in a more comfortable state. The RBF of the
rats' caudal arterial cortex was measured by using MoorDRT4
laser-Doppler flowmetry (LDF), the laser probe was placed
in the rat caudal arterial cortex and RBF was monitored in
real time at room temperature (24°C). After establishing the
cold-induced skin vasoconstriction rat model, the laser probe
was placed in the rat tail caudal arterial cortex and the RBF of
rat caudal arterial cortex was monitored in real-time at 10°C
using LDF. The RBF measurement was done before and after
higenamine administration.

In vitro studies

Cell culture. HDMECs were purchased from ScienCell
Research Laboratories, Inc. HDMECs were cultured in endo-
thelial medium supplemented with 5% fetal bovine serum
and 1% endothelial cell growth supplement (both ScienCell
Research Laboratories, Inc.) and placed in an incubator
containing 5% CO, at 37°C in saturated humidity conditions.

MTT assay for cell proliferation. HDMECs were divided into
6 groups according to different concentrations (0, 1, 2, 4, 10
and 20 ymol/l) of higenamine. The HDMECs were collected
at logarithmic phase and the cell suspension was adjusted to
1x10°/ml with sterile PBS. Then, 100 ul suspension was added
to each well (four replicates for each treatment). The culture
was performed in an incubator at 37°C containing 5% CO,
overnight. Next, cells were treated with different concentra-
tions of higenamine and incubated at 37°C in 5% CO, incubator
for 30 min. Subsequently, the culture conditions were switched
to 5% CO, in an incubator at 28°C and incubated for 30, 60, 90



%ﬁ SPANDIDOS
'3,‘ PUBLICATIONS

and 120 min. The MTT assay was used to measure cell prolif-
eration. Briefly, 20 ul MTT solution was added to each well
and followed by incubation for an additional 4 h. Then, the
culture was stopped and 150 ul of dimethyl sulfoxide (DMSO)
was added to each well with shaking for 10 min at a low-speed
shaker to fully dissolve the crystals. The absorbance (optical
density; OD) of each well was measured by a microplate reader
at a measurement wavelength of 490 nm and used to calculate
the cell proliferation rate.

NO measurement. After calculating the optimal dosing
concentration and optimal administration time, HDMECs
were divided into 4 groups: Hypothermic higenamine group
(higenamine, 20 gmol/l), hypothermic positive control group
(prostaglandin El1, 100 ng/ml), hypothermic group and normal
temperature group. The corresponding drugs were added to
cells in the 4 groups and incubated at 37°C for 30 min. Next
the medium was refreshed and cells in the hypothermia
higenamine group (higenamine, 20 gmol/l), the hypothermia
positive control group (prostaglandin E1, 100 ng/ml) and
the hypothermia group were incubated at 28°C for 120 min
while the normal temperature group was incubated at 37°C
for 120 min. The concentration of NO in the supernatant of
each group was determined using a nitrate reductase assay
kit according to the manufacturer's protocol. The content
of NO was calculated using the following formula: NO
(umol/l) = [(measured OD value-blank OD value)/(standard
OD value-blank OD value)] x standard product concentration
(20 gmol/l) x dilution factor).

ROS measurement. HDMECs were digested with trypsin
to prepare a single cell supernatant and resuspended with
0.5-1 ml ice cold PBS. Next, the probe solution [2,7-dichloro-
dihydrofluorescein diacetate (DCFH-DA); cat. no. 4091-99-0;
Sigma-Aldrich; Merck KGaA] was added directly to the cell
suspension to reach a final concentration of 10 ymol/I followed
by incubation for 20 min at 37°C. Subsequently, the cells were
washed with fresh serum-free medium to wash away DCFH-DA
so that DCFH-DA could not enter the cells. The fluorescence
intensity (the wavelength of excitation and emission were 488
and 525 nm, respectively) was detected by flow cytometry
(BD FACSAria™ III) and the data analysis was performed
using BD CellQuest™ Pro Software (version 5.1; both BD
Biosciences). Cells should be divided into two subpopulations:
ROS-negative cells with very low fluorescence intensity and
ROS-positive cells with strong green fluorescence. It is worth
noting that fluorescence intensity is positively correlated with
the intracellular ROS level and can be used to reflect the level
of intracellular ROS (24).

Western blotting. HDMECs were lysed in radioimmu-
noprecipitation assay lysis buffer (Roche Diagnostics)
according to the standard protocol. Protein concentrations
were detected using the Micro bicinchoninic acid protein
assay kit (Youdi Biotechnology Co., Ltd.). Total cell lysate
(50 ug) was loaded into each lane and separated by 12%
SDS-PAGE, followed by transfer to PVDF membrane (EMD
Millipore). The membranes were blocked with 3% bovine
serum albumin (cat. no. PRO-422; ProSpec-Tany TechnoGene
Ltd.) in TBS-Tween-20 for 1 h at room temperature. Primary
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antibodies including eNOS (cat. no. 32027; 1:500), p-eNOS
(cat. no. 9570), Aktl (cat. no. 75692), p-Aktl (cat. no. 12178),
AMPKal (cat. no. 5832), p-AMPKal (cat. no. 2537), a2C-AR
(cat. no. ab151618), PTK9 (cat. no. NBP2-37456; all 1:500) and
GAPDH (cat.no.2118; 1:1,000) were added and incubated over-
night at 4°C. Subsequently, after washing with TBS-Tween-20
three times (x5 min), membranes were incubated with the
horseradish peroxidase-conjugated goat anti-rabbit immu-
noglobulin G secondary antibody (cat. no. 4030-05; 1:1,000;
SouthernBiotech) for 1 h at room temperature. Immunoblot
detection and visualization were performed using enhanced
chemiluminescence western blotting detection reagents
(SuperSignal™ West Pico PLUS Chemiluminescent Substrate;
cat. no. 34577; Thermo Fisher Scientific, Inc.). Immunoblotting
was performed with target antibodies and protein bands were
scanned and quantified using a ChemiDoc image analysis
system (Bio-Rad Laboratories, Inc.). ImageJ software (version
1.46; National Institute of Health) was used for densitometry
analysis. Except for the PTK9 antibody, which was bought
from Novus Biologicals, LLC and the a2C-AR, which was
bought from Abcam, all primary antibodies were obtained
from the Cell Signaling Technology, Inc.

Statistics. All experiments were performed in triplicate.
Experimental data was expressed as the mean + standard
deviation. All data were statistically analyzed using GraphPad
Prism 6.0 (GraphPad Software). One-way analysis of vari-
ance (ANOVA) or two-way ANOVA were used to compare
multiple sets of means where appropriate. After homogeneity
of variance test, the variance was used together with Dunnett
test for pairwise comparisons. The Wilcoxon rank sum test
was used to compare non-normally distributed data sets in
non-parametric tests. Mann-Whitney U method was used to
test the significance of the differences between the groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Higenamine exerts antispasmodic effects on cold-induced
cutaneous vasoconstriction in rats. After modeling, as
presented in Fig. 1A, the cortical RBF of the rat caudal artery
region in the five groups was significantly decreased compared
with the normal control group (P<0.01), indicating that the
experimental model was successful. After drug administra-
tion, the changes of cortical RBF in the rat caudal artery cortex
in the medium, high dose and the positive control groups
(prostaglandin E1) were compared with the model group. It
was observed that the medium and high doses of higenamine
and the positive control group (prostaglandin E1) had signifi-
cantly elevated cortical RBF of the rat caudal artery (P<0.01;
Fig. 1B). These results indicated that higenamine improves
cold-induced vasoconstriction.

Effect of higenamine on PI3K/Akt and AMPK/eNOS/NO
signaling pathways in hypothermic HDMECs. The MTT
assay was used to detect the effect of higenamine on the
proliferation of hypothermic HDMECs. Compared with the
control group, the results shown in Fig. 2A indicated that
1, 2,4 and 20 ymol/l of higenamine significantly increased
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Figure 1. Effect of higenamine on RBF in cold-induced vasoconstriction rat model. (A) RBF changes in rat caudal arterial cortical region after modeling. Apart
from rats in the normal control group, rats in the other groups were subjected to modelling and RBF in each group was measured without drug administration.
(B) RBF changes in the rat caudal arterial cortical region after dosing. Statistical analysis was performed using the one-way analysis of variance followed by
Dunnett's test analysis. “P<0.01 vs. the normal control group.”P<0.01 vs. Mod. RBF, relative blood flow; Mod, the model group; N, the normal control group;
L, the low dose higenamine group (18 ug-kg"'); M, the medium dose higenamine group (36 ug-kg"); H, the high dose higenamine Group (72 ugkg"): P, the

positive drug control group.
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Figure 2. Effect of higenamine on the proliferation of cold-treated HDMECs and NO production in vivo. (A) The proliferation rate of hypothermia HDMEC
stimulated by higenamine were detected by MTT assay. "P<0.05, “P<0.01 vs. the control group. (B) NO concentration in the supernatant of HDMECs.
Statistical analysis was performed using the one-way analysis of variance followed by Dunnett's test analysis. “P<0.01 vs. the NT group. #P<0.01 vs. the
HB group. HH, hypothermia+higenamine; HP, hypothermia+Positive control drug; HB, hypothermia; NT, Normal temperature; NO, nitric oxide; HDMECs,

human dermal microvascular endothelial cells.

cell proliferation at the time point of 0.5 h compared with
the control group (P<0.01, except for 2 ymol/l at P<0.05).
At 1 h, similar results were obtained (P<0.01). Moreover, at
1.5 h, 20 gmol/l of higenamine significantly increased while
10 gmol/l of higenamine significantly inhibited cell prolif-
eration compared with the control group (P<0.01). At2 h, 1,2
(P<0.05),4 and 20 gmol/I (P<0.01) of higenamine significantly
increased cell proliferation ompared with the control group.
The treatment concentration of 20 ymol/l and the incubation
time of 120 min were the best concentration and incubation
time, respectively. Therefore, these conditions were used for
subsequent studies.

The concentration of NO in the supernatant of HDMEC
cultures was detected by the nitrate reductase method. The
results (Fig. 2B) demonstrated that the NO concentration in
the hypothermia group was significantly decreased compared
with the normal temperature group (P<0.05) but was not
reversed by treatment with higenamine. This suggested
that the production of NO in hypothermic HDMECs was
suppressed and that cold may impair the production and func-
tion of NO in HDMEC:s. No statistically significant difference
in NO concentration was found between the higenamine group
and hypothermia group, indicating that higenamine could not

reverse the NO inhibition caused by hypothermia in HDMECs.
Compared with the hypothermia group, the NO concentra-
tion in the positive control group was significantly increased
(P<0.01), suggesting that prostaglandin E1 moderated the inhi-
bition of NO production in hypothermic HDMECs. Western
blotting analysis demonstrated that the expression levels of
eNOS, p-eNOS, Aktl, p-Aktl, AMPKal and p-AMPKal
were significantly downregulated in the hypothermia group
compared with the normal temperature group (P<0.01; Fig. 3).
This indicated that hypothermia inhibits the PI3K/Akt and
AMPK/eNOS signaling pathways in HDMECs. Compared
with the hypothermia group, the expression of Aktl was signif-
icantly increased (P<0.01) by treatment with higenamine. This
suggested that higenamine stimulates the PI3K/Akt signaling
pathway in hypothermic HDMECs. Compared with the hypo-
thermia group, p-Aktl,eNOS, p-eNOS, AMPKal, p-AMPKal
were downregulated by higenamine (P<0.05), suggesting that
higenamine inhibits the AMPK/eNOS signaling pathway in
hypothermic HDMEC:s.

Effect of higenamine on ROS/a2C-AR and PTK9 signaling
pathways in hypothermic HDMECs. ROS analysis demon-
strated that the level of ROS was significantly elevated in the
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Figure 3. Effect of higenamine on PI3K/Akt and AMPK/eNOS/NO signaling pathways in hypothermic human dermal microvascular endothelial cells.
(A) Representative band images obtained from western blot analysis. (B) Densitometry analysis. (C) Graph demonstrating the relative expression ratio of
phosphorylated over unphosphorylated proteins. Statistical analysis was performed using the one-way analysis of variance followed by Dunnett's test analysis.
“P<0.01 vs. the NT group. “P<0.05 and "P<0.01 vs. the HB group. HH, hypothermia+higenamine; HP, hypothermia+Positive control drug; HB, hypothermia;
NT, Normal temperature; eNOS, endothelial nitric oxide synthase; AMPK, AMP-activated protein kinase; PI3K, phosphatidylinositol 3 kinase; p-Akt, phos-
phorylated protein kinase B; NO, nitric oxide.
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Figure 4. Effect of higenamine on ROS in hypothermic human dermal microvascular endothelial cells. (A) Representative band images obtained from flow
cytometry analysis. (B) Fluorescence intensity from each group. Statistical analysis was performed using the one-way analysis of variance followed by Dunnett's
test analysis. "P<0.05 and “P<0.01 vs. the NT group. “P<0.05 and *P<0.01 vs. the HB group. HH, hypothermia+higenamine; HP, hypothermia+Positive control
drug; HB, hypothermia; NT, Normal temperature; ROS, reactive oxygen species.

hypothermic group compared with the normal temperature  oxidative stress in HDMECs. Compared with the hypo-
group (P<0.01; Fig. 4). Since ROS is an indicator of cellular  thermic group, ROS levels were suppressed by treatment
oxidative stress, it was suggested that hypothermia induced  with higenamine and the positive control drug, suggesting
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Figure 5. Effect of higenamine on a2C-AR and PTK9 signaling pathways in hypothermic human dermal microvascular endothelial cells. (A) Representative
band images obtained from western blot analysis of the expression of intracellular and membrane 02C-AR. Densitometry analysis of (B) intracellular and
(C) membrane a2C-AR. (D) Evaluation of the a2C-AR (intracellular)/a2C-AR (membrane) ratio. (E) Western blot analysis and (F) densitometry of PTK9
expression. Statistical analysis was performed using the one-way analysis of variance followed by Dunnett's test analysis. “P<0.01 vs. the NT group. #P<0.01
vs. the HB group. HH, hypothermia+higenamine; HP, hypothermia+Positive control drug; HB, hypothermia; NT, Normal temperature; AR, adrenoreceptor;

PTKO, twinfilin-1.

that higenamine as well as prostaglandin E1 inhibited the
accumulation of ROS (Fig. 4). This result suggested that
higenamine prevented oxidative stress. To further elucidate
the molecular mechanisms involved, western blotting analysis
was performed and the results demonstrated that compared
with the normal temperature group, the expression of a2C-AR
(intracellular) was significantly downregulated in the posi-
tive control group (P<0.01), but the expression of a2C-AR
(membrane) was significantly increased in the hypothermia
group (P<0.05; Fig. 5) while the expression of a2C-AR
(membrane) was downregulated by the positive control drug
(P<0.01). Compared with the hypothermia group, the ratio
of a2C-AR (intracellular)/a2C-AR (membrane) was signifi-
cantly decreased in higenamine group (P<0.01). The ratio of
02C-AR (intracellular)/a2C-AR (membrane) was significantly
decreased, suggesting that a2C-AR in hypothermic HDMECs
translocated intracellularly to the membrane. This suggested
that hypothermia may induce a2C-AR translocation, which
transfers intracellularly to transmembrane and enhances
the contraction of vascular smooth muscle. Compared with
the normal temperature group, the expression of PTK9 was
upregulated in the hypothermia group (P<0.05) and downreg-
ulated in the higenamine group (P<0.05). This implied that the
expression of PTK9 was upregulated in cold-induced HDMECs
but reversed by treatment with higenamine. As PTK9 is asso-
ciated with actin binding, it was postulated that the activity
of actin in cold-treated HDMECs was increased and that the
contraction of smooth muscle was enhanced by hypothermic
treatment. Compared with the hypothermia group, the expres-
sion of a2C-AR (intracellular or membrane) was significantly
downregulated in the higenamine and the positive control
group (P<0.05). The ratio of a2C-AR (intracellular)/a2C-AR
(membrane) ratio significantly increased in the two groups

(P<0.01). This indicated that higenamine and prostaglandin
El can suppress the expression of intracellular and membrane
0a2C-AR, and prevent the translocation of a2C-AR from the
cytoplasm to the membrane. Overall,compared with the normal
temperature group, the expression of ROS/a2C-AR and PTK9
was increased in the hypothermia group (Fig. 5F), indicating
that hypothermia can induce an oxidative stress response in
the HDMEC:s, and initiate the translocation of the original
02C-AR from the cytoplasm to the membrane. Compared with
the hypothermia group, higenamine treatment inhibited the
activation of ROS/a2C-AR and PTKO9 signaling pathways in
the hypothermic HDMECs, suggesting that higenamine may
inhibit the effect of cold-induced vasoconstriction.

Discussion

Previously, pharmacological studies have demonstrated
that higenamine has a vasodilating effect (14,19,23), but its
underlying mechanisms are not fully understood. This study
was aimed to investigate the antispasmodic effect of hige-
namine on cold-induced vasoconstriction and the underlying
mechanisms. An in vivo model of cold-induced cutaneous
vasoconstriction in rats was established. The results indicated
that cold-decreased the RBF of rat caudal arterial cortex, but
the medium and high doses of higenamine reversed these
effects. Although certain studies have reported the vasodila-
tory effect of higenamine, these previous studies have only
focused on isolated aortas (23,25) and there have been no
reports on medial arteries and arterioles. In the present study,
it was demonstrated that establishing a cold-induced rat skin
vasoconstriction in vivo model reduced the RBF of the rat
caudal arterial cortex. Studies have demonstrated that in an
animal model of cold blood stasis syndrome, microcirculatory
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flow decreases the diameter of the microvasculature and
the flow velocity and flow rate would be impaired and
suppressed (26-28). The RBF reduction in the cold-induced
cutaneous vasoconstriction model is similar to that in the cold
blood stasis syndrome model.

Higenamine can be found in a variety of medicinal herbs
such as Aconite, Asarum, Galangal and Citrus aurantium.
However, whether its vasodilation effect is related to cold
has not been reported so far. In the present study, increasing
doses of higenamine gradually increased the change in RBF,
indicating that the effect of higenamine on cold-induced skin
vasoconstriction in rats may be positively correlated with the
dose. The in vivo studies of cardiovascular pathophysiology in
the past mainly focused on the positive inotropic effects in the
heart and cardiac electrophysiological effects of higenamine.
The primary method is to measure the blood pressure and
heart rate of the model (29,30). These studies also suggested
the effect of higenamine on the cardiac pump function and
electrophysiology.

Vascular endothelial cells (VECs) play an important role in
regulating vascular homeostasis. The main functions of VECs
are as follows: Endothelial cell barrier, secretion of multiple
vasoactive substances and regulation of vascular tone (31).
VECs secrete active substances that promote vasodilation
and vasoconstriction (32). Whether the vasodilatory effect
of higenamine on cold-induced vasoconstriction is endothe-
lium-dependent is a major problem to be discussed. Few studies
have been conducted on the effects of cold on microvascular
endothelial cells. The HDMECs were used for the investiga-
tion of the mechanisms of cold-induced vasoconstriction.
Previous studies indicated that the PI3K/Akt/mTOR signaling
pathway and the AMPK/eNOS/NO signaling pathway play
a key role in metabolism and is associated with vasodilation
and increased blood flow (33-36). Akt/PKB phosphorylates
eNOS at serine-1177 (Serl1177) and mediates the non-genetic
rapid activation of eNOS and the AMPK-mediated signaling
pathway also phosphorylates eNOS at the serine-1177
(Serl1177) site, causing vasodilation (37). However, it is rarely
reported whether this signaling pathway is associated with
cold-induced VED. This study found that the expression of
PI3K/Akt and AMPK/eNOS/NO signaling pathways were
downregulated in hypothermic HDMECs, demonstrating that
cold can downregulate these signaling pathways in vascular
endothelial cells. RP is mainly induced by cold and the patho-
genesis of RP is not yet fully understood. RP is associated
with excessive contraction of the terminal artery and previous
studies have suggested that VED is the main pathological
manifestation of RP (38-40). However, the mechanism of VED
in RP is not fully understood. Downregulation of PI3K/Akt
and AMPK/eNOS/NO signaling pathways in hypothermic
HDMECs suggests that the pathogenesis of cold induced VED
in RP may be related to the downregulation of PI3K/Akt and
AMPK/eNOS/NO signaling pathways.

Studies have demonstrated that in the model of heart failure
induced by doxorubicin, higenamine exerts antioxidative
stress, cell apoptosis and protects cardiomyocytes by acti-
vating the PI3K/Akt signaling pathway (13,19,41). The results
of the present study demonstrated that in the hypothermia
group, the expression of Aktl was increased while the expres-
sion of p-Aktl was downregulated in the higenamine group.
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The results of the present study suggested that higenamine
may improve the inhibition of PI3K/Akt signaling pathway in
HDMECs at low temperature and the vasodilating effect of
higenamine may have an endothelium-dependent effects.

The AMPK/eNOS/NO signaling pathway plays an impor-
tant regulatory role in energy metabolism. NO is a vasodilating
factor produced by endothelial cells, which mainly regulates
vascular tone. In this study, it was demonstrated that the NO
concentration and the expression levels of eNOS, p-NOS,
AMPKal, and p-AMPKal in the hypothermia positive control
group (prostaglandin El) were upregulated compared with the
hypothermia group. This suggested that prostaglandin E1 can
ameliorate the inhibition of the AMPK/eNOS/NO signaling
pathway in hypothermic HDMECs and promote NO produc-
tion in endothelial cells. In contrast, the NO concentration and
the expression of eNOS, p-NOS, AMPKal and p-AMPKal
in the hypothermia higenamine group was downregulated
compared with the hypothermia group. This suggested that
higenamine exacerbates the inhibition of the AMPK/eNOS/NO
signaling pathway in HDMECs induced by hypothermia but
inhibits NO production in endothelial cells. The PI3K/Akt
and AMPK/eNOS/NO signaling pathways have significant
regulatory functions in energy metabolism. Higenamine had
an effect on the inhibition of the PI3K/Akt signaling pathway
and NO production in cold-induced endothelial cells, but had
no effect on the inhibition of AMPK/eNOS/NO signaling
pathway. Therefore, the endothelium-dependent vasodilation
effect of higenamine remains to be further studied.

Cold-induced vasoconstriction is associated with oxidative
stress. Studies have found that cold induces the production and
activation of ROS in endothelial cells, and promotes inflam-
matory responses in vivo (42). ROS levels are indicators of
cellular oxidative stress. Under oxidative stress conditions,
ROS production is increased and leads to subsequent changes
in membrane lipids, proteins, and nucleic acids. Oxidative
damage to these biomolecules is associated with aging and
various pathological events, including atherosclerosis, tumori-
genesis, ischemia-reperfusion injury and neurodegenerative
diseases. In this experiment, it was demonstrated that the
ROS level in the hypothermia group was increased compared
with the normal temperature group. Compared with the hypo-
thermia group, ROS level was decreased in the higenamine and
positive control groups. Studies have found that cold causes a
rapid increase of ROS in skin vascular smooth muscle cells
(VSMCs), activates the Rho/Rho-kinase signaling pathway,
leading to translocation of smooth muscle cell a2C-AR from
the trans-Golgi apparatus to the extracellular membrane,
therefore promoting distal vasoconstriction (43-45). Cold-
induced vasoconstriction was also found to be associated
with the production of ROS in the mitochondria through
redox signaling in VSMCs, which activates RhoA/Rho kinase
signaling and causes the original intracellular stationary
a2C-ARs to migrate to the cell surface, resulting in contrac-
tion of vascular smooth muscle (46-48). In addition, it was
reported that hypothermic stimulation can increase PTK
activity in patients with RP and promote PTK phosphorylation.
Furspan et al (49) found that increased PTK phosphorylation
in RP patients mediates vasoconstriction caused by cold
stimulation. In the present study, ROS/a2C-AR and PTK9
signaling pathways in HDMECs were investigated. Compared
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with the normal temperature group, the expression of a2C-AR
(membrane) was upregulated in the hypothermia group and
the ratio of a2C-AR (intracellular)/a2C-AR (the membrane)
was decreased in the higenamine and the hypothermia groups,
suggesting that the membrane a2C-AR production of HDMEC
was increased and the ratio of a2C-AR (intracellular)/a2C-AR
(cell membrane) was decreased. This data demonstrated that
02C-AR was translocated from the cytoplasm to the membrane
in the hypothermic HDMEC:s, indicating that cold induced
the a2C-AR translocation and enhanced the vascular smooth
muscle contraction. Compared with the normal temperature
group, the expression of PTK9 was downregulated in the
hypothermia group, suggesting that cold-induced upregula-
tion of PTKO expression in HDMECs was associated with
actin binding. ROS/a2C-AR and PTK®9 signaling pathways,
oxidative stress, 02C-AR translocation, and smooth muscle
contraction were induced by hypothermia in HDMECs. The
study found that the expression of a2C-AR (membrane) in the
hypothermia higenamine group was decreased compared with
normal temperature group. Compared with the hypothermia
group, the expression of a2C-AR (intracellular) in the hypo-
thermia higenamine group was also decreased. The ratio of
0a2C-AR (intracellular)/a2C-AR (membrane) was increased
in the higenamine group, suggesting that the expression of
intracellular and membrane a2C-AR was inhibited and the
translocation of a2C-AR from the cytoplasm to the membrane
was prevented. These observations suggested that higenamine
has an inhibitory effect on the activation of ROS/a2C-AR
and PTKO signaling pathways in cold-induced HDMECs and
inhibits cold-induced vasoconstriction.

Studies indicate that clinical-induction of hypothermia
can improve the neurological function of unconscious subjects
following unexpected cardiac arrest by preserving heart and brain
stability (50-53).Recently,ithas been reported thatearly application
of mild hypothermia therapy not only improves the neurological
outcome, but also increases the survival probability of patients
postdischarge (54). The present study's findings indicated that
higenamine and its regulated pathways could play a significant
role in the mild hypothermia therapy. The analysis of temperature
from a range of mild hypothermia therapies is of great signifi-
cance in clinical application and is also important for in-depth
elucidation in further studies. The present study has some limita-
tions that need to be addressed in future studies. Firstly, the results
of the present study demonstrated that the vasodilating effect of
higenamine may not be related to the AMPK/eNOS/NO signaling
pathway, which requires an in-depth investigation. Secondly,
studies have demonstrated that higenamine can downregulate
the expression of iNOS mRNA induced by lipopolysaccharide
and has anti-inflammatory effects (55-57). In this study, it was
found that the expression of eNOS/NO was downregulated by
higenamine in hypothermic HDEMCs. Therefore, whether there
is an inhibitory effect of higenamine on different types of NOS
requires further study. Finally, as an emerging drug, the research
on the dosage and pharmacokinetics of higenamine in vitro and
in vivo are encouraged.

Higenamine may reverse the inhibition of the
PI3K/Akt signaling pathway in hypothermic HDMECs,
however it may not have regulatory roles in the inhibition of
the AMPK/eNOS/NO signaling pathway. The ROS/a2C-AR
and PTK9 signaling pathways were upregulated in the
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hypothermic HDMECs. Cold can induce the oxidative stress
in the vascular smooth muscle and strengthen the contraction
function. Higenamine inhibits the activation of ROS/a2C-AR
and PTKO9 signaling pathways in hypothermic HDMECs and
may play an important role in inhibiting the oxidative stress in
cold-induced vasoconstriction. The results of the present study
will boost the modernization of traditional Chinese medicine
and has clinical and scientific relevance.
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