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Activation of Transient Receptor Potential Melastatin Subtype 8
Attenuates Cold-Induced Hypertension Through Ameliorating

Vascular Mitochondrial Dysfunction

Shigiang Xiong, PhD; Bin Wang, PhD; Shaoyang Lin, Msc; Hexuan Zhang, Msc; Yingsha Li, MD; Xing Wei, MD; Yuanting Cui, MD;
Xiao Wei, MD; Zongshi Lu, MD; Peng Gao, PhD; Li Li, MD, PhD; Zhigang Zhao, MD; Daoyan Liu, PhD; Zhiming Zhu, MD

Background—Environmental cold-induced hypertension is common, but how to treat cold-induced hypertension remains an
obstacle. Transient receptor potential melastatin subtype 8 (TRPM8) is a mild cold-sensing nonselective cation channel that is
activated by menthol. Little is known about the effect of TRPM8 activation by menthol on mitochondrial Ca?* homeostasis and the
vascular function in cold-induced hypertension.

Methods and Results—Primary vascular smooth muscle cells from wild-type or Trpm8 7~ mice were cultured. In vitro, we
confirmed that sarcoplasmic reticulum—-resident TRPM8 participated in the regulation of cellular and mitochondrial Ca®*
homeostasis in the vascular smooth muscle cells. TRPM8 activation by menthol antagonized angiotensin Il induced mitochondrial
respiratory dysfunction and excess reactive oxygen species generation by preserving pyruvate dehydrogenase activity, which
hindered reactive oxygen species—triggered Ca®" influx and the activation of RhoA/Rho kinase pathway. In vivo, long-term noxious
cold stimulation dramatically increased vasoconstriction and blood pressure. The activation of TRPM8 by dietary menthol inhibited
vascular reactive oxygen species generation, vasoconstriction, and lowered blood pressure through attenuating excessive
mitochondrial reactive oxygen species mediated the activation of RhoA/Rho kinase in a TRPM8-dependent manner. These effects
of menthol were further validated in angiotensin ll-induced hypertensive mice.

Conclusions—Long-term dietary menthol treatment targeting and preserving mitochondrial function may represent a
nonpharmaceutical measure for environmental noxious cold—induced hypertension. (J/ Am Heart Assoc. 2017;6:e¢005495.
DOI: 10.1161/JAHA.117.005495.)
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oxious cold temperature is a nonmodifiable risk factor
for hypertension. The prevalence of hypertension and
related cardiovascular diseases is higher in people who live in
colder areas or during colder months."? The pathogenesis of
cold-induced hypertension (CIH) involves the activation of the
sympathetic nervous system, the renin-angiotensin-
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aldosterone system, and the inflammatory process. Among
them, the overdrive of renin-angiotensin-aldosterone system
plays a crucial role in the development of CIH.>” Although
antagonism of the renin-angiotensin-aldosterone system was
recommended to improve CIH, how to prevent CIH through
nonpharmaceutical therapy in the general population remains
unknown.

Mitochondria, Ca%*, and reactive oxygen species (ROS) are
each integral to vascular function and are thought to be
involved in the development of hypertension. Pyruvate
dehydrogenase (PDH) and several complexes of electron
transport have been reported to be Ca?" dependent.®
Increased physiological levels of mitochondrial Ca?" uptake
is the coordinated upregulation of the entire oxidative
phosphorylation activity.” PDH is one of the key dehydroge-
nases of the tricarboxylic acid cycle, the activity of which is
blunted by Angiotensin Il (Ang Il) by increasing PDH
phosphorylation in vascular smooth muscle cells (VSMCs).'®
Meanwhile, mitochondrial matrix Ca?" overload impairs
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Clinical Perspective

What Is New?

 Activation of sarcoplasmic reticulum-resident transient
receptor potential melastatin subtype 8 channel regulates
the mitochondrial function of vascular smooth muscle cells
and antagonizes vascular dysfunction in hypertension.

What Are the Clinical Implications?

« Chronic dietary menthol targeting and preserving mitochon-
drial function might be a novel strategy for the management
of hypertension at a population level.

mitochondrial function and leads to ROS generation.'
Excessive mitochondrial ROS is implicated in the development
of vascular dysfunction.'? Ang ll-induced mitochondrial ROS
generation promotes Ca®* influx and, subsequently, contrac-
tion in arterial smooth muscle.”® Under pathological condi-
tions of cytosolic Ca?" overload, mitochondria are capable of
taking up large amounts of Ca*.'* This vicious cycle might be
an important factor contributing to the excess mitochondrial
ROS production in VSMCs. Indeed, ROS-mediated upregula-
tion of the RhoA/Rho kinase pathway promotes vasocon-
striction and contributes to high blood pressure (BP)."” It is
worth investigating whether ameliorating mitochondrial dys-
function disrupts this vicious cycle and attenuates vascular
dysfunction in hypertension.

Currently, application of ROS scavengers, which eliminate
the total levels of tissue and cellular ROS, has not generally
achieved favorable effects on ameliorating cardiovascular
diseases.'® Using mitochondria-targeted antioxidants to alle-
viate mitochondrial oxidative stress might efficiently attenu-
ate hypertension.'> The transient receptor potential
melastatin 8 (TRPM8) channel is a mild cold-sensing nonse-
lective cation channel that can be activated by its specific
agonist, menthol. Our previous study demonstrates that the
activation of vascular TRPM8 by menthol has a favorable
antihypertensive effect through inhibition of the RhoA/Rho
kinase pathway.'” Recently, others have shown that TRPM8
exists in both the cytomembrane and sarcoplasmic reticulum
(SR) of pulmonary arterial smooth muscle cells.'® Further-
more, TRPM8 can function as an endoplasmic reticulum Ca?"
channel, which regulates mitochondrial function and ROS
production through coupling the endoplasmic reticulum Ca?*
release to mitochondrial Ca®" uptake.' It remains to be
determined whether the SR-resident TRPM8 channel regu-
lates the vascular mitochondrial function and antagonizes
noxious cold—induced vascular dysfunction in CIH.

In this study, we hypothesized that the activation of TRPM8
by chronic dietary menthol has a beneficial effect on CIH
through ameliorating the vascular mitochondrial dysfunction.

Materials and Methods

Mouse Strain, Diet, and Treatment

TRPM8 knockout (Trpm8~/") mice were obtained from the
laboratory of Dr Patapoutian. C57BL/6J wild-type (WT) mice
were purchased from Jackson Laboratory. To obtain an
isogenic strain, heterozygous knockout mice were generated
by breeding Trom8 7/~ mice with WT C57BL/6) mice as
previously described.? Briefly, we intercrossed the heterozy-
gous mice to generate Trpm8~ /™ mice and WT littermates,
which were identified by tail DNA polymerase chain reaction
screening.?® These homozygous Trpm8 ™/~ mice and their WT
littermates were maintained and male mice were used for
experiments. Control mice were maintained at a temperature
of 23 to 25°C, whereas mice treated with cold stimulation
(CS) were exposed to 4°C in a temperature-controlled and
ventilated chamber for 4 hours every day and then main-
tained at a temperature of 23 to 25°C for 24 weeks (n=12 per
group).?’ Meanwhile, the mice were given either a normal
chow diet or a normal chow diet plus 0.5% menthol (Sigma-
Aldrich). The experimental procedures were approved by the
experimental animal ethics committee and conducted accord-
ing to the institutional animal care guidelines (Daping
Hospital, Third Military Medical University).

Cell Culture

Primary VSMCs from WT or Trpm8~/~ mice were isolated
and cultured as previously described.?” Briefly, freshly
isolated aortas were washed twice with PBS at 4°C and
carefully freed from all connective and fat tissues. The
endothelium was removed by rubbing. The aortas were cut
into 2-mm sections and incubated in a 0.2% collagenase
solution at 37°C with frequent shaking to detach the
VSMCs from the aorta. The VSMCs were pelleted from the
solution by centrifugation at 250 g for 15 minutes at 4°C,
washed with PBS, and seeded onto culture plates contain-
ing DMEM (Gibco) supplemented with 10% fetal bovine
serum, 100 pg/mL penicillin, and 100 pg/mL streptomycin
(Gibco). All cells were incubated at 37°C/5% CO,. Positive
staining for actin was performed to identify the purity of
VSMC cultures. Experiments were performed with VSMCs
at passage 3 to 5.

BP Measurement

Systolic BP levels were routinely measured by tail-cuff
plethysmography (Softron BP-98A system). On completing
the scheduled treatment, mice were surgically implanted
with telemetric transmitters (Data Sciences International) as
previously described.?>?* A TA11PA-C10 radiotelemetry
transmitter (Data Sciences International) for mice was used.
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To insert the catheter into the carotid artery in mice, the
animals were anesthetized with isoflurane (4%) inhalation
and anesthesia was maintained with mask ventilation
(isoflurane 1.8%). The animals were positioned on a
temperature-controlled heating pad to maintain normother-
mia (37£1°C) during the surgery. After surgery, the animals
were allowed to recover for 10 days, and then 24-hour
ambulatory systolic and diastolic pressures were monitored
in conscious unrestrained states with a radiotelemetry data
acquisition program (Dataquest ART 3.1; Data Sciences).

Implantation of Osmotic Pump

Mice were anesthetized with isoflurane as described above.
Ang Il (0.7 mg/kg per day) was infused into mice using a 14-
day osmotic pump (Alzet). Pumps were implanted under the
skin in the back of the mice.?®

Vasoreactivity Measurement Using Wire
Myographs

Vasoreactivity of freshly isolated mesenteric arteries was
measured in a 4-chamber wire myograph (model 610M;
Danish Myo Technology) as previously described with some
modifications.'”” After the animals were euthanized, the
mesenteric vascular bed was removed and placed in
oxygenated ice-cold Krebs solution containing (in mmol/L)
119 NaCl, 2.5 CaCl,, 4.7 KCI, 1.2 MgS0,, 1.2 KH,POy4, 25
NaHCO3, and 11.1 p-glucose. The second branches of the
mesenteric artery were dissected and carefully freed from
connective tissues. The mesenteric arterial segments were
mounted in the myograph, bathed in Krebs solution, and
continuously ventilated with 95% O, and 5% CO, at 37°C. The
arterial segments were stretched to an optimal baseline
tension and then stabilized for 60 minutes. Then, KCI
(60 mmol/L) was injected into the organ bath to induce
contraction to confirm the functional integrity of rings. The
contractile response was elicited by phenylephrine (from 10~°
to 10~ mol/L) to induce contraction response of mesenteric
arteries.

Evaluation of ROS Generation in Aorta

ROS were detected using a dihydroethidium (DHE) fluorescent
probe for cytosolic ROS detection or MitoSOX Red (Invitrogen)
for mitochondrial ROS detection. To assess superoxide
production, the thoracic aorta was freshly isolated and
carefully freed from connective and fat tissues in ice-cold
gassed (95% O, and 5% CO;) Krebs solution under a
dissecting microscope with some modifications.?® Briefly,
the unfixed frozen aortas were quickly cut into 10-pum thick
sections using a freezing microtome and placed on Krebs-

moistened glass slides. After a 30-minute incubation period in
warm (37°C) Krebs solution, the samples were incubated at
37°C in the dark with 10 umol/L DHE (diluted in Krebs
solution) or 5 pmol/L MitoSOX Red (diluted in Krebs solution)
for 30 minutes, followed by a 15-minute wash in Krebs
solution. To quantify the fluorescence, the glass slides were
placed on an inverted fluorescence microscope (Nikon
TE2000; Nikon Corporation) outfitted with a 10X PlanFluor
objective lens. Images were acquired and the fluorescence
intensity was analyzed using NIS-Elements 3.0 software
(Nikon Instruments).

Intracellular Free Calcium Measurement

VSMCs were pretreated with menthol (100 umol/L) or
vehicle (ethanol) for 2 hours, followed by Ang Il (200 nmol/
L) or vehicle (saline) treatment for 4 hours. After indicated
treatment, the cells were loaded with Ca”" indicator Fura 2-
AM (2 pmol/L; Invitrogen) and 0.025% Pluronic F-127 in
physiological saline solution containing (in mmol/L) 135 NaCl,
5 KCI, 1.5 CaCl,, 1 MgCl,, 11 p-glucose, and 10 HEPES (pH
7.4), in the dark for 40 minutes at 37°C. Then, the cells were
washed 3 times using physiological saline solution with or
without Ca?*. Fluorescence intensity was measured using a
fluorescent plate reader (Fluoroskan Ascent Fluorometer;
Thermo Scientific) at emission wavelengths of 510 nm, with
excitation wavelengths of 340 and 380 nm. The changes in
intracellular calcium [Ca®*], were calculated as the ratios of
the transient increases in fluorescence intensity at 340 and
380 nm.*

Mitochondrial Calcium Measurement

Mitochondrial Ca®" uptake was measured as previously
reported with some modifications.?”” The VMSCs were
pretreated with menthol (100 pmol/L) or vehicle (ethanol)
for 2 hours, followed by Ang Il (200 nmol/L) or vehicle
(saline) treatment for 4 hours. Cells were incubated with Rhod
2-AM (5 pmol/L; Invitrogen) and 0.025% Pluronic F-127 in
extracellular solution containing (in mmol/L) 120 NaCl, 6 KClI,
0.3 CaCl,, 2 MgCl,, 12 glucose, 12 sucrose, and 10 HEPES-
free acid (pH 7.4), for 40 minutes at 37°C in the dark. Cells
were washed 3 times with the extracellular solution with or
without CaZ* (in mmol/L): 120 NaCl, 6 KCl, 2 MgCl,, 12
glucose, 5 EGTA, and 10 HEPES-free acid (pH 7.4). Fluores-
cence intensity was acquired by a fluorescent plate reader
(Fluoroskan Ascent Fluorometer; Thermo Scientific) at excita-
tion wavelengths of 552 nm, with emission wavelengths of
581 nm. Data for Rhod 2-AM were presented as F/F,, where
F is the emission at 581 nm induced by excitation at 552 nm,
and Fq is the value during the pretreatment period in each
experiment.
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Measurement of Mitochondrial Respiratory
Function and ROS Production in Permeabilized
VSMCs

Mitochondrial respiratory function was determined in a 2-
channel titration injection respirometer and coupled
fluorospectrometers (Oxygraph-2k; Oroboros Instruments,
Innsbruck, Austria). VSMCs were pretreated with menthol
(100 pumol/L) or vehicle (ethanol) for 2 hours, followed by
Ang 1l (200 nmol/L) or vehicle (saline) treatment for
4 hours. VSMCs were harvested with trypsin digestion
and centrifuged at 600 rpm for 6 minutes at room
temperature. Then, the pellet was resuspended in mito-
chondrial respiration medium (MiR05) for high-resolution
respirometry and real-time measurement of mitochondrial
ROS production. The cell suspension was transferred
separately to oxygraph chambers at a final density of
~1.5x10° cells/mL. After 10 minutes of equilibration,
closing the chambers and data were acquired using
DatLab software 6.1 (Oroboros Instruments, Innsbruck,
Austria).

To assess VSMC mitochondrial respiratory function and
ROS production, we applied specially designed substrate-
uncoupler-inhibitor titrations in an extended experimental
protocol as previously reported with some modifications.?®
For ROS production measurement, the H,0, calibration
need to be performed before each assay. Amplex UltraRed
(10 umol/L; Invitrogeon) and horseradish peroxidase (1 U/
mL; Sigma-Aldrich) were sequentially titrated into each
chamber, and 0.1 pmol/L H,0, (Sigma-Aldrich) was added,
which was injected stepwise up to 0.3 pumol/L. Then, the
linear H,O, calibration was performed on the Amp-Channel
in DatLab.?’ Routine respiration (no additives) was mea-
sured when the respiration was equalized. Then, digitonin
(100 pg/10° cells) was titrated to permeabilize the plasma
membrane. The respiratory leak state of complex | (Cl) was
detected after titration with glutamate (5 mmol/L) and
malate (2 mmol/L) in the absence of ADP. The oxidative
phosphorylation function of Cl was induced after adding
5 mmol/L of ADP. Succinate (100 mmol/L) was added to
induce oxidative phosphorylation via convergent input
through both CI and complex Il (Cll; oxidative phosphory-
lation of Cl and CllI). Subsequently, oligomycin (0.5 pumol/L)
was used to inhibit ATP synthase and induce the leak state
of both Cl and Cll. When the respiration was stabilized,
carbonyl cyanide 4-trifluoromethoxy phenylhydrazone (in-
jected stepwise up to 1.5 pmol/L) was immediately titrated
to obtain the maximal uncoupled respiratory capacity of the
electron transfer system. Uncoupled respiratory function of
Cll was measured after adding rotenone (0.5 pumol/L).
Antimycin A (2.5 pmol/L) was titrated to induce residual
oxygen consumption.

PDH Activity Assay

PDH activity was measured with microplate assay kits
(ScienCell). Briefly, this colormetric assay is based on PDH-
catalyzed oxidation of pyruvate, where the resulting NADH
(nicotinamide adenine dinucleotide) can then convert a
nearly colorless probe to a colored product. The intensity
of the colored product is proportional to the amount of
PDH in the samples, exhibiting maximum absorbance at
440 nm.

Isolation and Fraction of Subcellular
Compartments

Separation of subcellular compartments, including SR
fraction, cytosol, mitochondria, and nuclear from primary
cultured VSMCs were isolated and purified as previously
described.®® Briefly, cells were harvested with trypsin
digestion and centrifuged 3 times at 600g for 5 minutes
at 4°C. The supernatant and resuspended cell pellet was
discarded in 20 mL of ice-cold IB.es-1 solution (mannitol
225 mmol/L, sucrose 75 mmol/L, EGTA 0.1 mmol/L, Tris-
HCI Ph 7.4). Cells were homogenized at 4000 rpm using a
Teflon pestle. Centrifuge the homogenate at 600g for
5 minutes at 4°C. Collect supernatant and centrifuge at
600g for 5 minutes at 4°C. Collect supernatant and
centrifuge at 7000g for 10 minutes at 4°C. Collect
supernatant for further separation of cytosolic and SR
fractions. The pellet contains mitochondria fraction. To
perform such subfraction, centrifuge supernatant at
20 000g for 30 minutes at 4°C. Centrifugation of the
supernatant at 100 000g for 1 hour results in the separa-
tion of SR and cytosolic fraction. Gently resuspend the
pellet containing mitochondria in 20 mL of ice-cold IBggys-2
solution (mannitol 225 mmol/L, sucrose 75 mmol/L, and
30 mmol/L Tris-HCI Ph 7.4). Centrifuge the suspension at
7000g for 10 minutes at 4°C. Collect and resuspend the
mitochondrial pellet in 20 mL of ice-cold IBce -2 solution.
Centrifuge at 10 000g for 10 minutes at 4°C resulting in
the isolation of mitochondria.

Determination of RhoA Activation

RhoA activation assay was performed as previously
described.®’ Briefly, samples were lysed in hypertonic
buffer and GTP-bound RohA was immunoprecipitated from
cleared lysate (500 pg) with 400 pg of glutathione-
agarose—bound glutathione S-transferase—tagged Rhotekin
RhoA binding domain for RhoA. Beads were washed 3 times
and the immunoprecipitate resolved on 15% SDS-PAGE.
Active RhoA was normalized to total RhoA by Western blot
analysis.
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Figure 1. Transient receptor potential melastatin subtype 8 (TRPM8) is a functional Ca®* channel in the sarcoplasmic reticulum (SR) coupling
Ca”" release to mitochondria in vascular smooth muscle cells (VSMCs). A, TRPM8 immunoreactivity was detected by the monoclonal anti-
TRPMS8 antibody (125 kDa) in homogenates (h) and SR fractions of VSMCs from wild-type (WT) but not Trom8 /" mice. IP3R served as an SR
marker, voltage-dependent anion channel as a mitochondrial marker, and tubulin as a cytosolic marker. Menthol (300 umol/L)-induced Ca?*
concentration changes in cytosol (B) and mitochondria (C) in Ca®*-free medium was blunted by depleting calcium store using thapsigargin (TG,
1 pmol/L) in cultured VSMCs from WT and Trpm8~/ " mice. After menthol (300 pmol/L) treatment, TG (1 umol/L) induced Ca** concentration
changes in cytosol (D) and mitochondria (E) in Ca?’-free medium in cultured WT and Trpm8 ™/~ VSMCs. **P<0.01 vs WT. C indicates cytosol;

Mito, mitochondrial fraction; N, nuclear fraction. Data are expressed as mean+=SEM. n=3. Men indicates menthol.

Western Immunoblotting

Cells or tissues were lysed in a buffer containing 0.5 mol/L
Tris, 1% NP40, 1% Triton X-100, 1 g/L sodium dodecyl sulfate,
1.5 mol/L NaCl, 0.2 mol/L EDTA, 0.01 mol/L EGTA, and
0.2 mmol/L protease inhibitor, then placed at —20°C for
20 minutes. Samples were centrifuged at 12 000g for
20 minutes at 4°C to remove insoluble debris. The super-
natant was collected, and the sample protein concentration
was determined by the Bradford method (Bio-Rad Protein
Assay). Fifty-microgram portions of the sample protein were
separated on 10% SDS polyacrylamide gels and Western
blotting performed as we previously described.?® The primary
antibodies used included TRPM8 (NB200-145, Novus Biolog-
icals), RhoA (sc-418), MYPT1 (sc-514261), p-MYPT1 (sc-
377531), tubulin (sc-134237), IP3R (sc-271197), B-actin (sc-
47778), and AT{R (sc-515884) and were purchased from
Santa Cruz; MLC (#3672), p-MLC (#3675), and PDH (#2784)

were purchased from Cell Signaling; and p-PDH (ab92696)
and VDAC (ab15895) were purchased from Abcam.

Statistical Analysis

All data are presented as mean+SEM. Kolmogorov—Smirnov
or Shapiro—Wilk tests were used to determine whether each
variable had a normal distribution. Significant differences
were evaluated by 2-tailed Student ¢ test or ANOVA followed
by the Bonferroni multiple comparisons post hoc test as
appropriate. Repeated-measures analysis was used for the
comparisons of repeated measures quantitative variables.
Two-way ANOVA was used to determine the role of menthol
and CS on the ROS generation and protein expression in mice
aortas. The contractions were expressed as folds over KCI-
induced contraction. Concentration-contraction curves were
analyzed by nonlinear regression curve fitting using GraphPad
Prism software (version 6.0) to estimate Emax as the maximal
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Figure 2. Transient receptor potential melastatin subtype 8 (TRPM8) activation by menthol inhibits Angiotensin Il (Ang Il)—induced cytosolic
Ca®" influx and mitochondrial Ca" elevation. A and B, Change in Fura-2 fluorescence intensity showing that menthol pretreatment blunted Ang
Il-induced Ca®" influx in primary cultured vascular smooth muscle cells (VSMCs) from wild-type (WT) but not Trom8 ™/~ mice in Ca®'-free
60 mmol/L K'-containing solution. MitoTEMPO (Mito T, 20 pmol/L) treatment hindered Ang ll-induced Ca®" influx. Mitochondrial Ca?*
dynamics in WT (C) and Trpm8 7~ (D) VSMCs treated by adenosine triphosphate (ATP, 100 pmol/L) in 0.3 mmol/L extracellular CaZ".
Mitochondrial Ca?* dynamics in WT (E) and Trpm8/~ (F) VSMCs treated by histamine (1 pmol/L) in 0.3 mmol/L extracellular Ca**. *P<0.05,
**P<0.01 vs vehicle (saline or ethanol as appropriate [Con]); #p<0.01 vs Ang |l. Data are expressed as mean+SEM. n=3. A indicates

angiotensin Il; A+M, menthol plus Ang Il treatment; M, menthol.

response. Concentration-response curves were analyzed by 1-
way ANOVA followed by the Bonferroni post hoc test. P values
<0.05 were considered statistically significant. The analyses
were performed using either GraphPad Prism software
(version 6.0) or SPSS (version 19.0, SPSS Inc).

Results

SR-Resident TRPM8 Couples the SR Ca®" Release
to Mitochondrial Ca?* Uptake in VSMCs

First, we examined the presence of TRPM8 in purified SR of
primary cultured VSMCs from mouse aortas using the
ultracentrifugation. Western blotting confirmed the colocal-
ization of TRPM8 with the SR marker IP3R in the SR fraction

of VSMCs from WT but not Trom8 7~ mice (Figure 1A). To
assess immediate consequences of TRPMS8 activation in
VSMCs, we monitored menthol-induced changes of Ca®"
concentration in cytosol ([Ca®‘],) and mitochondria ([Ca®*]m)
in Ca’'-free medium. Changes of [Ca®'], and [Ca®'], in
response to 300 umol/L of menthol stimulation were
simultaneously monitored using Fura-2 and Rhod-2, respec-
tively. Menthol did not induce virtual [Ca®'], and [Ca®'].
transients after depletion of Ca®" stores in the SR by
thapsigargin (Figure 1B and 1C). However, menthol-induced
[Ca%'], and [Ca®"],, transients were detected before thapsi-
gargin treatment in VSMCs from WT but not Trpm8~/~ mice
(Figure 1D and 1E). This suggests that SR-resident TRPM8
couples the SR Ca®" release to mitochondrial Ca%* uptake in
VSMCs.
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Figure 3. Transient receptor potential melastatin subtype 8 (TRPM8) activation attenuates Angiotensin Il
(Ang Il)—induced mitochondrial dysfunction and mitochondrial reactive oxygen species (ROS) generation. A,
Western blot analysis of Ser’”3-phosphorylated pyruvate dehydrogenase-E1a (p-PDH) and total pyruvate
dehydrogenase (PDH) in primary cultured vascular smooth muscle cells (VSMCs) from wild-type (WT) or
Trpm8~/~ mice pretreated with menthol (100 pmol/L) or vehicle (ethanol) for 2 hours, followed by Ang II
(200 nmol/L) or vehicle (saline) treatment for another 4 hours. n=3. The effect of menthol and/or Ang Il on
PDH activity of VSMCs from WT (B) or Trpm8~/~ (C) mice was also determined. n=8. D through G, Total
cytosolic (dihydroethidium [DHE]) and mitochondrial ROS (MitoSOX Red) were measured in primary cultured
vascular smooth muscle cells (VSMCs) from WT and Trpm8~/~ mice. VSMCs were pretreated with menthol
(M, 100 pmol/L) or vehicle (ethanol) for 2 hours, followed by Ang Il (200 nmol/L) or vehicle (saline)
treatment for another 4 hours. n=9 per group for DHE measurement, and n=10 per group for MitoSOX Red
measurement. H, The representative image shows the measurement of mitochondrial respiratory function
and ROS generation by Oxygraph-2K. VSMCs mitochondrial respiratory function and ROS production were
measured by a specially designed substrate-uncoupler-inhibitor titrations protocol. The red line indicates O,
consumption and the blue line shows H,0, generation in response to the application of substrates for
complex | (Cl) and complex Il (CI). The values are expressed in pmol/s per 10° cells. Summarized data for
oxygen consumption capacity (I) and H,0, generation (J) in the mitochondria of WT VSMCs. K and L, The
same experiments as in (I and J) were performed with Trom8~/~ VSMCs. n=5 for the vehicle (saline or
ethanol as appropriate) group and the menthol group. n=8 for the Ang Il group, and n=6 for the menthol
plus Ang Il treatment group in WT VSMCs. n=6 for the vehicle group and menthol group, and n=5 for the
Ang Il group and menthol plus Ang Il treatment group in Trom8~/~ VSMCs. *P<0.05, **P<0.01 vs vehicle;
#p<0.05, #P<0.01 vs Ang Il. Data are expressed as mean+SEM. A indicates angiotensin II; A+M, menthol
plus angiotensin Il treatment; Amp, Amplex UltraRed; Close, inserting the stoppers to seal the chambers;
Con, vehicle (saline or ethanol as appropriate); Dig, digitonin; FCCP, carbonyl cyanide 4-trifluoromethoxy
phenylhydrazone; G/M, glutamine and malate; HRP, horseradish peroxidase; M, menthol; Men, menthol;
Omy, oligomycin; open, pulling out the stoppers for reoxygenation; OXP, oxidative phosphorylation; Unc,
uncoupler; succinate.
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Figure 3. Continued.

Activation of TRPM8 by Menthol Inhibits Ang
ll-Induced Cytosolic Ca** Influx and
Mitochondrial Ca®* Overload

The Ca®" influx through plasma membrane induced by Ang II
contributes to [Ca’'], and [Ca’'], elevation.”® Menthol
pretreatment significantly hindered Ang ll-induced Ca®" influx
in VSMCs from WT but not TRPM8 ™/~ mice. Ang ll-induced
Ca?" influx was also significantly blunted by MitoTEMPO
(Sigma-Aldrich) treatment (Figure 2A and 2B).

After the indicated treatment, ATP- or histamine-induced
mitochondrial Ca®* uptake was moderately increased in
menthol-treated VSMCs from WT but not Trpm8~/~ mice
(Figure 2C through 2F). Ang Il treatment dramatically enhanced
ATP- or histamine-induced mitochondrial Ca®* elevation. This
elevation was inhibited by menthol in VSMCs from WT but not
Trpm8~/~ mice (Figure 2C through 2F). Taken together, these
results suggest activation of TRPM8 by menthol confers to
mitochondria the ability to antagonize Ang Il—induced cytosolic
Ca®" influx and mitochondrial Ca** overload.

Activation of TRPM8 by Menthol Antagonizes Ang
ll-Induced Mitochondrial Dysfunction and Blunts
Excess ROS Generation

Mitochondrial Ca?" transients promote mitochondrial dehy-
drogenase activity.19 Consistent with previous research,

Ang Il increased the ratio of phosphorylated PDH (p-PDH) to
total PDH in VSMCs from WT and Trpm8 /™ mice (Figure 3A).
Menthol treatment significantly blunted Ang Il-induced PDH
phosphorylation in a TRPM8-dependent manner. We deter-
mined whether PDH activity follows the phosphorylation
pattern. It showed that menthol administration significantly
enhanced PDH activity and ameliorated Ang Il-impaired PDH
activity in VSMCs from WT but not Trpm8~/~ mice (Figure 3B
and 3C). Menthol treatment blunted Ang ll—induced total level
of ROS generation in VSMCs from WT but not Trpm8~/~ mice
(Figure 3D through 3G). Mitochondrial respiratory function
and ROS generation in the electron transfer system were
determined (Figure 3H).?*?° The menthol-treated VSMCs
displayed a general improvement in mitochondrial respiratory
function as well as decreased mitochondrial ROS production
in electron transfer chain (Figure 31 and 3J). Ang I
treatment significantly reduced the flux control ratios of
routine respiratory, Cl Leak, CI OXP, CLII OXP, and CllI
Leak, but increased mitochondrial ROS production. Admin-
istration with menthol significantly improved Ang Il-induced
mitochondrial respiratory dysfunction and ROS production in
VSMCs from WT but not Trpm8~/~ mice (Figure 3! through
3L). Together, these results suggest that the activation of
TRPM8 by menthol confers to mitochondria the ability to
preserve the activity of PDH and antagonize Ang Il-induced
mitochondrial respiratory dysfunction and excess ROS
generation.
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Figure 4. Transient receptor potential melastatin subtype 8 (TRPM8) activation by dietary menthol attenuates cold-induced hypertension.
A and B, Dietary menthol (0.5%) attenuated cold stimulation (CS)—induced elevation of systolic blood pressure (SBP) in wild-type (WT) mice
but not Trpm8 7~ mice. n=6 in mice fed a normal diet (ND), n=8 in mice fed on menthol in normal temperature, and n=10 in CS-ND and
CS-menthol group. C through F, After 6 months of treatment, the results of telemetric ambulatory blood pressure showed that dietary
menthol supplementation lowered SBP and diastolic BP in WT mice in a TRPM8-dependent manner. n=6. *P<0.05, **P<0.01 vs mice fed
an ND; #P<0.05 vs mice with CS and ND; ¥P<0.05, 4P<0.01 vs baseline (0 month) using repeated-measures ANOVA. Data are expressed
as mean+SEM. Con-Men indicates mice fed on menthol in normal temperature; Con-ND, mice fed an ND; CS-Men, mice fed on menthol
treated by CS.
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Figure 5. Transient receptor potential melastatin subtype 8 (TRPM8) activation by dietary menthol attenuates vasoconstriction in cold-
induced hypertension. A and B, Dietary menthol (normal diet [ND] plus menthol supplementation [0.5%]) attenuated cold stimulation (CS)—
induced vasoconstriction of mesenteric arterial rings in wild-type (WT) but not Trpm8 /~ mice. C and D, Phenylephrine (PE)-induced
vasoconstriction in mesenteric arterial rings pretreated by the endothelial nitric oxide synthase inhibitor NG-nitro-l-arginine methyl ester (L-
NAME). n=5 in WT and Trpm8 /™ normal temperature (Con)-ND group, and n=6 per group for the rest. *P<0.05 vs Con-ND; *P<0.05 vs CS-ND.

Data are expressed as mean+SEM. Men indicates menthol.

Chronic Activation of TRPM8 by Dietary Menthol
Ameliorates CIH

A CIH model in mice was established as previously
described.*?' CS significantly increased systolic BP compared
with mice without CS (Figure 4A and 4B). The level of plasma
Ang Il was elevated in mice with CS compared with mice
without CS (data not shown). Telemetric ambulatory BP shows
that the cold-induced elevation of systolic BP and diastolic BP
were attenuated by dietary menthol supplementation in WT

mice (Figure 4C and 4E). This effect of menthol was absent in
Trpm8~/~ mice (Figure 4D and 4F).

Chronic Activation of TRPM8 by Dietary Menthol
Attenuates Vasoconstriction
Enhanced vasoconstriction contributes to hypertension.'”

Dietary menthol significantly attenuated vasoconstriction
induced by CS in WT mice but not Trpm8~/~ mice (Figure 5A
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Figure 6. Transient receptor potential melastatin subtype 8 (TRPM8) activation by menthol blunts reactive oxygen species (ROS)—induced Ras
homolog gene family, member A (RhoA) activation in cold-induced hypertension. A, Cytosolic ROS measured by dihydroethidium (DHE) and (B)
mitochondrial ROS measured by MitoSOX Red in the aortas from wild-type (WT) and Trpm8 ™/~ mice fed a normal diet (ND) or menthol treated by
normal temperature (Con) or cold stimulation (CS). Bar, 200 um. n=5. C through F, Western blot analysis of RhoA activation, myosin phosphatase
targeting subunit 1 (MYPT1), Ser®?5-phosphorylated MYPT1 (p-MYPT 1), myosin light chain (MLC), and Ser'-phosphorylated MLC (p-MLC) in aortas
form WT and Trpm8’/’ mice treated by Con-ND, Con-menthol, CS-ND, or CS-menthol. n=3. *P<0.05, **P<0.01 vs normal temperature-ND;
#P<0.05, #p<0.01 vs CS-N D; &p<0.01 vs normal temperature-menthol. G through J, Western blot analysis of RhoA activation, MYPT1, p-MYPT1,
MLC, and p-MLC in vascular smooth muscle cells (VSMCs). The activation of TRPM8 by menthol pretreatment (100 umol/L) inhibited the
expression ratios of RhoA-GTP/RhoA, p-MYPT1/MYPT1, and p-MLC/MLC in VSMCs treated by Angiotensin Il (Ang Il; 200 nmol/L). This effect of
menthol was similar with mitoTEMPO (Mito T, 20 pumol/L). n=3. *P<0.05, **P<0.01 vs normal temperature; #P<0.05, #p<0.01vs Ang . Data are
expressed as mean+SEM. Men indicates ND plus menthol supplementation (0.5%); Con, vehicle (saline or ethanol as appropriate).

and 5B). In the presence of L-NAME, vasoconstriction in WT
mice was improved by dietary menthol in a TRPM8-dependent
manner (Figure 5C and 5D). Indicating that activation of
TRPMS8 by dietary menthol ameliorates CIH via inhibition of
enhanced vasoconstriction.

Dietary Menthol Inhibits ROS Production and
RhoA/Rho Kinase Pathway Activation in CIH

The excessive ROS-induced activation of RhoA/Rho kinase
pathway contributes to enhanced vasoconstriction and
hypertension.®>3® ROS production in aortic rings was
markedly enhanced in CS-treated mice compared with the

control WT and Trpm8~/~ mice (Figure 6A and 6B). Chronic
dietary menthol significantly reduced the DHE and MitoSOX
Red fluorescence intensity in CS-treated WT but not Trpm8~/
~ mice (Figure 6A and 6B). The ratios of RhoA-GTP/RhoA,
phosphorylated myosin phosphatase targeting subunit 1/
myosin phosphatase targeting subunit 1, and myosin light
chain (MLC) phosphatase p-MLC/MLC were significantly up-
regulated in CS-treated WT and Trpm8~/~ mice (Figure 6C
through 6F). Chronic dietary menthol inhibited RhoA-GTP,
phosphorylated myosin phosphatase targeting subunit 1 and
p-MLC expression in WT but not Trpm8~/~ mice (Figure 6C
through 6F). These results suggest that the activation of
TRPM8 by dietary menthol inhibited ROS generation and
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Figure 6. Continued.

RhoA/Rho kinase pathway activation in the vasculature from
CIH.

To further examine the effect of TRPM8 activation on
mitochondrial ROS mediated RhoA/Rho kinase activation, we
performed studies in primary cultured aortic VSMCs. It showed
that mitochondrial-targeting ROS scavenger MitoTEMPO effi-
ciently inhibited Ang ll-induced RhoA/Rho kinase pathway
activation (Figure 6G through 6)). Menthol treatment similarly
inhibited the activation of RhoA pathway in VSMCs from WT but
not Trom8 /™ mice (Figure 6G through 6)). These results
suggest that the activation of TRPM8 by menthol prevents
excessive mitochondrial ROS-mediated RhoA/Rho kinase
pathway activation in the vasculature from CIH.

Activation of TRPM8 by Dietary Menthol Improves
Vascular Dysfunction in Ang ll-Induced
Hypertensive Mice

Because CS caused an elevation of plasma Ang Il levels (data

not shown), we wanted to further validate whether the
activation of TRPM8 antagonizes Ang ll—-induced vascular

dysfunction and hypertension. Mice were fed a normal diet
with or without menthol supplementation for 2 weeks before
Ang Il infusion. Ang Il infusion for 14 days caused a dramatic
elevation of systolic BP (Figure 7A and 7B). Menthol treat-
ment significantly lowered systolic BP in WT mice, but this
effect of menthol was absent in Trpm8 7~ mice. MitoTEMPO
preincubation significantly decreased vasoconstriction in
mesenteric arteries from Ang ll-induced hypertensive mice.
Dietary menthol attenuated Ang Il-induced vasoconstriction
in WT but not Trpm8~/~ mice (Figure 7C and 7D).

Activation of TRPM8 by Dietary Menthol Blunts
ROS Generation and RhoA/Rho Kinase Pathway
Activation in Ang ll-Induced Hypertensive Mice

Dietary menthol blunted Ang Il infusion—induced ROS pro-
duction in WT but not Trpm8~/~ mice (Figure 8A and 8B).
Dietary menthol also inhibited the expression of RhoA-GTP,
phosphorylated myosin phosphatase targeting subunit 1, and
p-MLC in vasculatures from Ang Il infusion—induced hyper-
tensive mice in vivo in a TRPM8-dependent manner (Figure 8C
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Figure 7. Transient receptor potential melastatin subtype 8 (TRPM8) activation by dietary menthol attenuates vascular dysfunction in
Angiotensin Il (Ang Il)-induced hypertensive mice. A and B, Dietary menthol (0.5%) for 2 weeks before Ang Il infusion (0.7 mg/kg per day)
partially normalized systolic blood pressure in wild-type (WT) but not Trom8~/~ mice. n=6 for Saline-normal diet (ND) group, and n=8 for Ang Il
groups. C and D, Dietary menthol ameliorated mesenteric artery constriction in Ang Il—treated WT mice but not Trpm8 7~ mice. Preincubation
of mitoTEMPO (Mito T, 50 umol/L) for 2 hours blunted the enhanced vasoconstriction from Ang ll-induced hypertensive mice. n=6. *P<0.05 vs
saline-ND; #P<0.05 vs Ang II-ND; ¥P<0.01 vs baseline (0 day) using repeated-measures ANOVA. Data are expressed as mean+SEM. Men

indicates ND plus menthol supplementation (0.5%).

through 8F). Taken together, these results suggest that the
activation of TRPM8 by dietary menthol can attenuate Ang IlI—
induced vascular dysfunction and hypertension by inhibiting
ROS-mediated RhoA/Rho kinase activation (Figure 9).

Discussion

The major findings in this study are: (1) TRPM8 is also localized in
SR and regulates mitochondrial Ca®* concentration and mito-
chondrial respiratory function in VSMCs; (2) the activation of

TRPM8 by menthol attenuates Ang Il-induced Ca®* influx and
mitochondrial dysfunction—induced ROS generation; (3) ROS-
mediated RhoA/Rho kinase pathway activation is blunted by
menthol treatment in a TRPM8-dependent manner in vitro and
in vivo; and (4) chronic dietary menthol attenuates vascular
dysfunction and hypertension in cold- or Ang lI-treated WT but
not Trom8~/~ mice. These results suggest that the antihyper-
tensive effect of TRPM8 activation by menthol is associated with
blunted Ca?" overload—induced mitochondrial dysfunction and
excessive ROS production in the vasculature, especially in CIH.
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Figure 8. Transient receptor potential melastatin subtype 8 (TRPM8) activation by dietary menthol inhibits reactive oxygen species (ROS)
production and vasoconstriction in Angiotensin Il (Ang Il)-induced hypertensive mice. A, Cytosolic ROS measured by dihydroethidium (DHE) and
(B) mitochondrial ROS measured by MitoSOX Red in the aortas from wild-type (WT) and Trpm8 /" mice. Bar, 200 pm. n=6. C through F,
Western blot analysis of RhoA activation, myosin phosphatase targeting subunit 1 (MYPT1), Serégs—phosphorylated MYPT1 (p-MYPT 1), myosin
light chain (MLC), and Ser'’-phosphorylated MLC (p-MLC) in aortas. n=4. *P<0.05, **P<0.01 vs saline-normal diet (ND); #P<0.05, *P<0.01 vs
Ang II-ND. Data are expressed as mean+SEM. Men indicates ND plus menthol supplementation (0.5%).

Proper function of SR and mitochondria is crucial for
cellular homeostasis, and dysfunction at either site links to
cardiovascular diseases.®* Ca”?" is the most prominent
signaling factor that transfers from the SR to mitochondria.
TRPM8 is a newly identified Ca”" release channel in the
endoplasmic reticulum.'® The activation of TRPM8 by menthol
couples endoplasmic reticulum Ca®" release and mitochon-
drial Ca?" uptake and thereby modulates mitochondrial
function and ROS generation in keratinocytes.'® Three key
dehydrogenases of the tricarboxylic acid have been reported
to be Ca?" dependent.® Mitochondrial Ca®" transients
promote mitochondrial dehydrogenase activity.'® PDH is one
of the key dehydrogenases. Here, we showed that SR-resident
TRPMS8 activation by menthol promotes SR Ca®' release,
which was associated with the increased mitochondrial Ca®*
uptake in VSMCs. Menthol-induced mitochondrial Ca®* tran-
sients promotes PDH activity and mitochondrial respiratory
function. After menthol incubation, beneficial effects were
shown in WT but not Trpm8 /~ VSMCs, which included

moderately increased mitochondrial Ca®* uptake, upregulated
PDH activity, enhanced mitochondrial respiratory function,
decreased ROS production, and reduced Ca?" influx. The
detailed mechanism in which SR-resident TRPM8 couples SR
Ca®" release to mitochondrial Ca®" uptake needs further
investigation.

The cytosolic accumulation of Ca?" subsequently results in
mitochondrial matrix Ca?" overload and mitochondrial dys-
function.®® In the present study, Ang Il treatment dramatically
elevated cytosolic Ca®" influx and mitochondrial Ca®* uptake.
Analysis of mitochondrial function reveals that Ang Il impairs
PDH activity and mitochondrial respiratory function, which
exacerbates ROS generation in electron transfer chain.
Meanwhile, the activation of TRPM8 by menthol sufficiently
blunts Ang ll-induced Ca®* overload and mitochondrial
dysfunction. More importantly, mitochondrial ROS production
and ROS-mediated activation of RhoA/Rho kinase pathway
are also attenuated by menthol treatment in a TRPMS8-
dependent manner. However, various treatments might
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I+
L-type CaZ*
channel

Figure 9. Schematic diagram of the protective effect of transient receptor potential melastatin subtype 8 (TRPM8) activation by menthol in
vascular smooth muscle cell function. On angiotensin Il (Ang II) stimulation, the Ca®" concentration in mitochondria [Ca®*], is increased and the
activity of pyruvate dehydrogenase (PDH) is impaired, leading to the dysfunction of mitochondrial oxidative phosphorylation (OXPHOS) and the
excessive generation of reactive oxygen species (ROS) in vascular smooth muscle cells. The activation of TRPM8 by menthol couples
sarcoplasmic reticulum Ca®* release to mitochondrial Ca®* uptake, which promotes the activity of PDH and OXPHOS, and inhibited ROS
production. Preserving mitochondrial function by menthol blunts Ang ll-induced [Ca®'],, overload and mitochondrial dysfunction through
inhibiting ROS-triggered Ca®" influx through the L-type Ca** channel.

change intracellular ROS, but not a single factor directly
modifies ROS and activates RhoA or L-type calcium channels.
In addition, further experiments are necessary to confirm that
SR-localized TRPMS8 directly regulates mitochondrial Ca?*
levels.

RhoA can be directly activated by ROS through a redox-
sensitive motif.® RhoA activation leads to the stimulation of
Rho kinase and myosin phosphatase target subunit 1
phosphorylation, which results in increased MLC phosphory-
lation and smooth muscle contraction. The main regulatory
mechanism of smooth muscle contraction is phosphoryla-
tion/dephosphorylation of MLC.%” The upregulation of RhoA/
Rho kinase activity increased Ca’" sensitization and enhanced
vascular reactivity in hypertension.® ROS-dependent RhoA/
Rho kinase activation in the artery has been shown to
contribute to Ang ll-induced hypertension in rats.>? Inhibition
of RhoA/Rho kinase activation prevented long-term Ang Il
infusion—induced vascular hypertrophy and fibrosis and

hypertension.*®*" In line with others’ findings, our study
found that TRPM8 activation blunted ROS-induced RhoA/Rho
kinase activation. However, whether TRPM8 activation affects
other RhoA/Rho kinase pathways in the vasculatures cannot
be ruled out. This question is worthy of further investigation.

Ang Il induces hypertension through multiple mechanisms.
Activation of RhoA and subsequently Rho kinase is one of the
downstream signaling pathways.*? ROS-dependent RhoA/Rho
kinase activation has been shown to contribute to Ang II-
induced hypertension in the artery of rats.*? Inhibition of
RhoA/Rho kinase activation prevented long-term Ang Il
infusion—induced vascular hypertrophy and fibrosis and
hypertension.*%*'

The overdrive of the renin-angiotensin-aldosterone system
contributes to the development of CIH. Functionally coupled
Ca”" and ROS signaling events are involved in Ang Il-induced
vascular dysfunction and hypertension.'® Dysfunctional mito-
chondria are one of the major sources of cellular ROS. A
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positive feedback loop in which mitochondrial-generated ROS
induces nicotinamide adenine dinucleotide phosphate oxi-
dases activity has also been established.*® The crosstalk
between nicotinamide adenine dinucleotide phosphate oxi-
dase and mitochondria is associated with ROS-stimulated
Ca®* flux through L-type Ca®* channels in Ang ll-treated
VSMCs.'#***% This result is compatible with our findings.
Disrupting Ang Il signaling by enhancing H,0, decomposition
with MitoTEMPO or inhibiting mitochondrial ROS generation
with menthol treatment abolishes the stimulatory effect of
ROS on L-type Ca®* channel activity. The blocking effect on L-
type Ca®' channels by menthol was supported by the
observations that menthol hindered CaCl,-triggered Ca**
influx and vasoconstriction in Ca®*-free solution with high
levels of K*.*¢ Our previous findings also confirm that menthol
administration effectively inhibits the extracellular Ca®" influx
in the vasculature from WT but not Trpm8~/~ mice."” The
inhibitory effect of menthol on L-type Ca** channel current
was also observed in ventricular myocytes.*” Moreover,
menthol administration was also shown to increase the
cytosolic Ca®* levels in other cell types, such as neurons and
brown adipocytes.?®*%4° This study indicated that the
inhibition of ROS-triggered Ca®" overload by ameliorating
mitochondrial dysfunction was responsible for the favorable
effect of TRPM8 activation by menthol on vascular tone
regulation. Consistent with this, MitoTEMPO and menthol
treatment attenuates vasoconstriction and activation of
RhoA/Rho kinase pathway in cold- or Ang ll-induced
hypertensive mice.

TRPM8 is a cold sensor that can be activated by mild cold
temperatures (10-23°C) and by cooling agents such as
menthol.*’ Thus, TRPM8 might be implicated in the regulation
of vascular tone even at a constant temperature. During CS
(4°C for 2 hours), the core body temperatures of mice were
slightly decreased but were maintained above the average
activation threshold (<26°C) of the TRPM8 channel (data not
shown).®® This indicates that noxious cold treatment does not
activate TRPM8 channels in deep tissues and organs. Our
data show that noxious cold—induced vascular dysfunction
and hypertension can be ameliorated by chronic dietary
menthol supplementation.

Perspectives

The implications of our observations are broad. First, TRPM8
is identified as a functional channel resident in SR that
couples Ca?" transferring from SR to mitochondria in
VSMCs. The activation of TRPM8 by menthol may participate
in the communications between these 2 organelles. Second,
we demonstrate that the activation of TRPM8 by menthol
promotes mitochondrial function and confers to mitochon-
dria the ability to antagonize the detrimental effects of Ang

[l. Targeting and preserving mitochondrial function by TRPM8
activation may lead to the development of therapies for CIH.
Finally, menthol treatment has been demonstrated to blunt
ROS-induced Ca*" influx in VMSCs. Intervening at the ROS
amplification loop subsequently tones down Ca** influx and
may prove to be a promising treatment for hypertension.
Thus, dietary menthol might be a nonpharmaceutical mea-
sure for the prevention of hypertension in the general
population, especially in patients with exposure to a cold
environment.
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