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Abstract: High fat, western-style diets increase vascular oxidative stress. We hypothesized that
smooth muscle cells and endothelial cells adapt during the consumption of high fat diets to become
more resilient to acute oxidative stress. Male C57Bl/6J mice were fed a western-style diet high in
fat and processed carbohydrates (WD), a high fat diet that induces obesity (DIO), or their respective
control (CD) and standard (SD) diets for 16 weeks. Posterior cerebral arteries (PCAs) were isolated
and pressurized for study. During acute exposure to H2O2 (200 µM), smooth muscle cell and
endothelial cell death were reduced in PCAs from WD, but not DIO mice. WD selectively attenuated
mitochondrial membrane potential depolarization and vessel wall Ca2+ influx during H2O2 exposure.
Selective inhibition of transient receptor potential (TRP) V4 or TRPC3 channels reduced smooth
muscle cell and endothelial cell death in concert with the vessel wall [Ca2+]i response to H2O2 for
PCAs from CD mice and eliminated differences between CD and WD. Inhibiting Src kinases reduced
smooth muscle cell death along with [Ca2+]i response to H2O2 only in PCAs from CD mice and
eliminated differences between diets. However, Src kinase inhibition did not alter endothelial cell
death. These findings indicate that consuming a WD, but not high fat alone, leads to adaptations that
limit Ca2+ influx and vascular cell death during exposure to acute oxidative stress.

Keywords: smooth muscle cells; endothelial cells; mitochondrial membrane potential; Src family
kinases; transient receptor potential (TRP) channels

1. Introduction

Western-style diets (WD) are high in fat and processed carbohydrates, which promote
obesity [1]. In turn, obesity leads to excessive levels of reactive oxygen species (ROS),
thereby inducing oxidative stress in humans and animals [2,3]. Furthermore, consuming
processed carbohydrates can augment oxidative stress in obesity [4]. Oxidative stress is
associated with cerebral deficits such as memory and behavioral impairments [5], which are
linked to apoptosis of neuronal and vascular cells [6]. The consumption of a high fat diet is
also a key risk factor for stroke [7,8]. Acute oxidative stress and apoptosis are consequences
of ischemic stroke where, upon reperfusion, ROS damage neurons [9] and vascular [10] cells
in the brain. Therefore, to limit damage to the cerebral vasculature and the parenchyma it
supplies, greater understanding is needed with respect to how the consumption of high fat
diets affects the susceptibility of smooth muscle cells (SMCs) and endothelial cells (ECs) to
apoptosis when exposed to acute oxidative stress.

H2O2 is common to multiple pathways of ROS production [11] and elicits apoptosis
via the intrinsic pathway [12], which is triggered by an overload of intracellular Ca2+

Antioxidants 2023, 12, 1433. https://doi.org/10.3390/antiox12071433 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox12071433
https://doi.org/10.3390/antiox12071433
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0001-9442-4039
https://orcid.org/0000-0001-5667-2154
https://doi.org/10.3390/antiox12071433
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox12071433?type=check_update&version=1


Antioxidants 2023, 12, 1433 2 of 14

concentration ([Ca2+]i) leading to increases in mitochondrial Ca2+ content and depolar-
ization of mitochondrial membrane potential (∆Ψm) [13]. Loss of ∆Ψm facilitates release
of cytochrome C into the cytosol, where it interacts with the apoptosis-activating factor
and caspase 9, thereby activating caspase 3, the death protease mediating cell death. In
arteries supplying the brain, acute H2O2 exposure promotes Ca2+ entry through transient
receptor potential (TRP) channels, which are critical for eliciting cell death through intrinsic
apoptosis [14]. As shown in arteries of skeletal muscle, consuming a WD leads to cellular
adaptations that reduce Ca2+ through TRP channels and thereby attenuates cell death [15].
Whether cerebral arteries adapt to consuming a WD in a similar manner is unknown.

In the present study, we tested whether SMCs and ECs of posterior cerebral arteries
(PCAs) from mice consuming a diet high in fat and processed carbohydrate would develop
resilience to acute oxidative stress from H2O2 by evaluating cell death, [Ca2+]i and ∆Ψm
responses to H2O2. To determine whether processed carbohydrate was an integral dietary
component to developing resilience, a high fat diet that induces obesity (DIO) [16] but is
low in processed carbohydrate was evaluated for reference. Complementary experiments
tested whether TRP channels mediate the protection of ECs and SMCs of PCAs during
H2O2 exposure.

2. Materials and Methods
2.1. Animal Care and Use

Experimental procedures were reviewed and approved by the University of Missouri
Animal Care and Use Committee (Protocol #17720). Male mice were used for all experi-
ments because vessels from females are more resilient to oxidative stress [15]. Mice were
housed on a 12:12 h light–dark cycle at ∼23 ◦C with fresh water and food available ad
libitum. Mice were anaesthetized with ketamine and xylazine (100 kg−1 and 10 mg·kg−1,
respectively; intraperitoneal injection) and killed by decapitation.

2.2. Diet Compositions

Male C57Bl/6J mice (4 wk old; purchased from Jackson Laboratories, Bar Harbor, ME,
USA) were housed in the University of Missouri animal facility and fed a WD high in fat
and processed carbohydrates (calories: 46% fat, 35% carbohydrate (17.5% high-fructose
corn syrup, 13% starch, 5% mixed sugars), 19% protein; TestDiet 58Y1 modified with added
corn syrup, Richmond, IN, USA) or a control diet (CD; calories: 17% fat, 56% carbohydrate
(39% starch, 17% mixed sugars), 27% protein; Formulab Diet 5008, LabDiet, St. Louis, MO,
USA) for 16 weeks prior to study [15,17,18].

In complementary experiments, male C57Bl/6J DIO mice (Strain #380050) and their
standard diet controls (SD; Strain #380056) were purchased from Jackson Laboratories when
~20 wk old after 16 weeks of being fed their respective diets: DIO mice consumed a high
fat diet that was lower in processed carbohydrates (calories: 60% fat, 20% carbohydrate
(4% starch, 16% mixed sugars), 20% protein; Research Diets D12492, Brunswick, NJ, USA)
and SD mice fed a low fat diet (calories: 10% fat, 70% carbohydrate (31% starch, 39% mixed
sugars), 20% protein; Research Diets D12450B) [16]. All mice were studied at ~22 weeks
of age.

2.3. Preparation of Isolated Posterior Cerebral Arteries

Intact brains were removed from the skull and placed in chilled (4 ◦C) physiological
salt solution (PSS, pH 7.4; containing (in mM): 140 NaCl (Thermo Fisher Scientific; Waltham,
MA, USA), 5 KCl (Thermo Fisher), 1 MgCl2 (Sigma-Aldrich, St. Louis, MO, USA), 10 HEPES
(Sigma), 2 mM CaCl2 (Fisher) and 10 glucose (Thermo Fisher)) and pinned onto silicon elas-
tomer (Sylgard 184®; Dow Corning, Midland, MI, USA). An unbranched segment (∼2 mm
long) of the PCA was dissected from surrounding parenchyma while viewing through a
stereomicroscope. Individual PCAs were cannulated onto micropipettes (heat-polished;
outer diameter, ~80 µm) and tied in place with a strand of 7–0 silk suture. Once cannulated,
arteries were positioned in a tissue chamber (RC-27N; Warner Instrument; Hamden, CT,
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USA) and superfused at 3 mL min−1 with control PSS. Vessels were pressurized to 90 cm
H2O (∼65 mmHg) and maintained at 37 ◦C [14].

2.4. Vascular ROS Production

To evaluate ROS production within the vessel wall, intact pressurized PCAs were
loaded with 5-(and-6-)-chloromethyl-2,7-dichlorodihydro-fluorescein diacetate acetyl ester
(DCFH; Cat. #C6827, Fisher Scientific) [15,19]. DCFH was diluted to 15 µM in PSS (final
DMSO = 0.5%). The PCA was equilibrated in this solution for 30 min, then superfusion
with PSS was restored. Fluorescence images (each 35 ms) were acquired onto a personal
computer for 30 min at 5 min intervals using a MV PLAPO 2X objective (NA = 0.5, Olympus,
Tokyo, Japan) coupled to a megapixel CCD camera (XR/Mega10, Stanford Photonics, Palo
Alto, CA, USA) on an Olympus MVX10 microscope (final magnification, ∼120×). An
X-Cite illuminator (model no. 120, Excelitas Technologies, Waltham, MA, USA) provided
excitation at 472/30 nm with emission at 525/35 nm. This fluorescent indicator of vascular
ROS production has been validated with both positive and negative controls [15].

2.5. Cell Death

Prior to cannulation, pipettes were filled with PSS containing the membrane-permeant
nuclear dye Hoechst 33,342 (1 µM; Cat. #H1399, Fisher) to identify all cell nuclei and
propidium iodide (2 µM; Cat. #4170, Sigma), which permeates membranes of dead and
dying cells; respective dyes were thereby introduced into the vessel lumen [12,15]. Time
controls have verified that mouse PCAs studied under these conditions exhibit <1% cell
death after 50 min when not exposed to H2O2 [14]. Pressurized PCAs were equilibrated
for 20 min in PSS containing vehicle alone or with a pharmacological agent, then exposed
to 200 µM H2O2 (Cat. #H1009, Sigma) for 50 min. Following H2O2 exposure, superfusion
with fresh PSS resumed while the PSS containing the nuclear dyes perfused the lumen
(0.1 mL min−1, 10 min). Luminal perfusion was halted during H2O2 exposure because
luminal flow reduces cell death and the SMC monolayer does not restrict EC access to
H2O2 delivered from the bath [12].

Cell death was quantified as described [12,14,15]. Fluorescent images of Hoechst
33,342 (blue) and PI (red) were acquired with a 40× water immersion objective (numerical
aperture (NA) = 0.80) using appropriate filters and coupled to a DS-Qi2 camera on an
E800 microscope using Elements software (version 4.51; all from Nikon). Z-stack images
were obtained through the upper half of a vessel segment. EC nuclei were identified by
having an oval shape oriented parallel to the vessel axis while SMC nuclei are and thin and
orientated perpendicular to the vessel axis.

2.6. Mitochondrial Membrane Potential

Pressurized PCAs were loaded from the bath with the mitochondrial-targeted ∆Ψm
fluorescent indicator tetramethylrhodamine methyl ester (10 nM in PSS; TMRM, Cat. #T668,
Fisher) for 30 min preceding H2O2 exposure [20,21] and throughout the protocol. TMRM
accumulates in the mitochondrial matrix due to the electronegative potential within these
organelles; thus, the intensity of fluorescence decreases with depolarization of ∆Ψm [22].
Fluorescence images were acquired as described in Section 2.4 at 1 min intervals for 30 min
with excitation at 543/22 nm and emission at 592/40 nm. The protonophore carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 10 µM; Cat. #C6827, Sigma) was
used as a positive control to verify changes in ∆Ψm [23].

2.7. Ca2+ Photometry

A pressurized PCA was positioned on an inverted microscope (Eclipse TS100, Nikon)
and incubated in a static solution of Fura 2-AM dye (diluted to 1 µM in PSS (final
[DMSO] = 0.5%); Cat. #F14158, Fisher) for 40 min. Under these conditions, the dye is
primarily incorporated into SMCs. Superfusion with PSS was then resumed for 20 min
to wash out excess dye. Using a Nikon Fluor 20× objective (NA = 0.45), the vessel was



Antioxidants 2023, 12, 1433 4 of 14

excited at 340 and 380 nm with emission acquired at 510 nm using an IonOptix system
with IonWizard 6.3 software [12]. After recording baseline fluorescence, 200 µM H2O2 was
added to the superfusion solution. F340/F380 ratios were recorded at 10 Hz for 30 s at 5 min
intervals (to limit photobleaching of Fura 2 dye) during 50 min exposure to H2O2 and the
ensuing 30 min wash with control PSS.

2.8. Experimental Interventions

Pharmacological agents were added to PSS to evaluate how respective signaling
components affected vascular cell death and [Ca2+]i responses to H2O2. TRP4 channels
were inhibited with HC-067047 (1 µM in 0.1% EtOH; Cat. #4100, Tocris) [24] and TRPC3
channels were inhibited with 1-[4-[(2,3,3-trichloro-1-oxo-2-propen-1-yl)amino]phenyl]-5-
trifluoromethyl)-1H-pyrazole-4-carboxylicacid, ethyl ester (Pyr3, 1 µM in 0.1% EtOH; Cat.
#16888, Cayman) [25]. Src family kinases were inhibited with SU6656 (10 µM in 0.1% EtOH;
Cat. #6475, Tocris) [26].

2.9. Data Analysis and Statistics

The intensity of DCFH fluorescence was evaluated using Image J software (version
1.52a; National Institutes of Health, Bethesda, MD, USA) in a region of interest (ROI;
80 µm × 300 µm) located in the center of a vessel. After subtracting background fluo-
rescence, values for ROS generation (i.e., fluorescence accumulation in arbitrary units)
reflect the change (∆) from baseline within the ROI over time: ∆ = (fluorescence at x min
− fluorescence at 0 min), where x denotes 5 min intervals. The rate of ROS generation
(dF/dt) was determined using linear regression, where F is fluorescence and t is time
(min). Live and dead cell nuclei were counted manually using Image J software within
a 80 × 300 µm ROI, which contained ~50 ECs and ~50 SMCs [14]. Cell death was calcu-
lated as: (# of red nuclei/# of blue nuclei) × 100%. Quantification of ∆Ψm was evaluated
within an 80 × 300 µm ROI by assessing TMRM fluorescence relative to the initial baseline
fluorescence (F/F0). [Ca2+]i values within the microscope field of view (~300 × 300 µm)
are expressed as the change in F340/F380 (∆340/380) from baseline (0 min) at each 5 min
interval following subtraction of background fluorescence recorded before dye loading.
Student’s t tests or ANOVA (Prism 9, GraphPad Software, La Jolla, CA, USA) were used to
analyze data as appropriate with Bonferroni’s test for post hoc comparisons. p < 0.05 was
considered statistically significant. Summary data are displayed as means ± SE, where n
indicates the number of vessels (each from a separate mouse) in an experimental group.

3. Results
3.1. Effects of High Fat Diets on Vascular Oxidative Stress

High fat diets result in weight gain, insulin resistance, and vascular oxidative stress [17,18,27].
In the present study, both WD and DIO augmented weight gain (Table 1). The baseline
ROS production (DCFH fluorescence accumulation) was greater in PCAs from WD vs. CD
mice (Figure 1a,b). There was also a trend (p = 0.06) for DIO to elevate ROS production
above that of SD mice (Figure 1c,d).

Table 1. WD and DIO increase in body weight (BW) on the day of experiments. Data are means ± SE.
* p < 0.05 WD vs. CD. # p < 0.05 DIO vs. SD.

Group BW (g) n

CD 29.9 ± 0.3 15
WD 45.2 ± 0.9 * 15
SD 33.6 ± 1.1 5

DIO 45.1 ± 1.6 # 5
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Figure 1. High fat diets augment ROS production in PCAs. Values represent DCFH fluorescence
over 30 min H2O2 exposure. (a) Summary data for changes in ROS production in PCAs from CD
and WD mice. (b) Rate of DCFH fluorescence accumulation [dF/dt, where F is fluorescence and t is
time (min)] for vessels in (a). WD increases ROS production vs. CD. (c) Summary data for changes in
ROS production in PCAs from SD and DIO mice. (d) Rate of DCFH fluorescence accumulation for
vessels in (c); there is a trend (p = 0.06) for DIO to increase ROS production vs. SD. Summary values
are means ± SE; n = 5 vessels (each from a different mouse)/group. * p < 0.05 vs. CD.

3.2. WD, but Not DIO, Increases Resilience to H2O2

Cell death prior to H2O2 exposure was minimal for all groups (1–3%). Following
H2O2 exposure (200 µM; 50 min), SMC and EC death were reduced in PCAs from mice fed
WD vs. CD mice (Figure 2a–d). In contrast, cell death in PCAs from mice fed DIO was not
different from those fed SD (Figure 2e,f), which also had a low incidence of cell death.
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Figure 2. WD protects against H2O2-induced vascular cell death. Merged image of Hoechst 33,342
(blue) and propidium iodide (red) staining of cell nuclei in PCAs from a CD (a) and WD (b) mouse
after 50 min H2O2 exposure. Scale bars = 50 µm. (c–f) Percentage of dead SMCs (c,e) and ECs (d,f) in
PCAs from WD (c,d) and DIO (e,f) mice and respective controls following H2O2 exposure. WD
significantly attenuated SMC and EC death while DIO did not. Summary values are means ± SE;
n = 5–8 vessels/group. * p < 0.05 vs. CD.
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Depolarization of ∆Ψm is a key signaling event mediating cell death [28,29]. Changes
in ∆Ψm were evaluated with TMRM fluorescence. In PCAs from CD mice, H2O2 progres-
sively depolarized ∆Ψm (Figure 3) by ~60% over 30 min (Figure 3a). In PCAs from WD
mice, depolarization to H2O2 was reduced to ~30%, illustrating a protective effect of this
diet. In contrast, ∆Ψm depolarization to H2O2 was not different between PCAs from DIO
and SD mice (Figure 3b); both were similar to the response of PCAs from CD mice. There
were no significant differences in baseline TMRM fluorescence among PCAs from mice
consuming respective between diets. In PCAs from CD mice, FCCP was used as a positive
control to depolarize ∆Ψm (∆F/F0 = −0.66 ± 0.03, n = 3), and in the absence of H2O2 or
FCCP, TMRM fluorescence remained stable for 30 min (∆F/F0 = −0.05 ± 0.02, n = 4).
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Figure 3. Western diet attenuates mitochondrial depolarization during H2O2 exposure. Changes
in mitochondrial membrane potential (∆Ψm) during exposure to H2O2 in PCAs from WD and
CD mice (a), and from DIO and SD mice (b). The decline in TMRM fluorescence corresponds to
depolarization (loss) of ∆Ψm. (c) Maximal ∆Ψm depolarization following 30 min H2O2 exposure
(∆F/F0) in PCAs from each group. WD reduced ∆Ψm depolarization but DIO did not. Summary
values are means ± SE; n = 5–7 vessels/group. * p < 0.05 vs. CD.

3.3. WD Attenuates the [Ca2+]i Response Induced by H2O2

Excessive levels of [Ca2+]i contribute to ∆Ψm depolarization and vascular cell death [14,30,31].
For PCAs from CD mice, [Ca2+]i increased progressively during H2O2 exposure and nearly
recovered during washout (Figure 4a); the peak [Ca2+]i response to H2O2 was reduced by
~50% in PCA from WD mice. In contrast, the [Ca2+]i response to H2O2 was not different
between PCAs from DIO vs. SD mice (Figure 4b). Baseline [Ca2+]i was not different
between groups and [Ca2+]i remains constant throughout the ~90 min protocol in the
absence of H2O2 [14]. Because DIO was not different from SD for cell death (Figure 2e,f),
∆Ψm (Figure 3b), or [Ca2+]i (Figure 4b) in response to H2O2, additional experiments focused
on WD vs. CD.
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Figure 4. Effect of H2O2 exposure on vessel wall [Ca2+]i. Fura 2 fluorescence (∆340/380) during
50 min H2O2 exposure (200 µM) followed by 30 min in standard PSS. Data are for SMCs in PCAs from
WD and CD (a) and DIO and SD (b) mice. Summary values are means ± SE; n = 5 vessels/group.
* p < 0.05 vs. CD.

3.4. WD Diminishes Ca2+ Influx through TRP Channels Induced by H2O2

TRPC3 and TRPV4 channels are integral to Ca2+ entry and cell death in response to
H2O2 exposure [14]. Inhibition of TRPV4 channels with HC-067047 (1 µM) nearly abolished
SMC death in PCAs from mice fed CD without affecting SMC death in PCAs from WD
mice, which were resilient to H2O2 (Figure 5a). EC death was similarly attenuated in PCAs
from CD mice, but not from WD mice (Figure 5b). TRPV4 channel inhibition reduced
Ca2+ entry in vessels from CD mice (Figure 5c) and eliminated differences in cell death
between dietary groups. This effect of HC-067047 was not observed in PCAs from WD
mice, consistent with their attenuated Ca2+ entry.

Antioxidants 2023, 12, x FOR PEER REVIEW 8 of 14 
 

 
Figure 4. Effect of H2O2 exposure on vessel wall [Ca2+]i. Fura 2 fluorescence (Δ340/380) during 50 
min H2O2 exposure (200 µM) followed by 30 min in standard PSS. Data are for SMCs in PCAs from 
WD and CD (a) and DIO and SD (b) mice. Summary values are means ± SE; n = 5 vessels/group. * p 
< 0.05 vs. CD. 

3.4. WD Diminishes Ca2+ Influx through TRP Channels Induced by H2O2 
TRPC3 and TRPV4 channels are integral to Ca2+ entry and cell death in response to 

H2O2 exposure [14]. Inhibition of TRPV4 channels with HC-067047 (1 µM) nearly abol-
ished SMC death in PCAs from mice fed CD without affecting SMC death in PCAs from 
WD mice, which were resilient to H2O2 (Figure 5a). EC death was similarly attenuated in 
PCAs from CD mice, but not from WD mice (Figure 5b). TRPV4 channel inhibition re-
duced Ca2+ entry in vessels from CD mice (Figure 5c) and eliminated differences in cell 
death between dietary groups. This effect of HC-067047 was not observed in PCAs from 
WD mice, consistent with their attenuated Ca2+ entry. 

 
Figure 5. TRPV4 channel inhibition attenuates cell death and H2O2-induced Ca2+ entry. (a) SMC and 
(b) EC death following H2O2 exposure in PCAs from WD and CD mice in the presence of the TRPV4 
Figure 5. TRPV4 channel inhibition attenuates cell death and H2O2-induced Ca2+ entry. (a) SMC and
(b) EC death following H2O2 exposure in PCAs from WD and CD mice in the presence of the TRPV4
inhibitor HC-067047 (HC, 1 µM) or its vehicle control. (c) Fura 2 fluorescence (∆340/380) in in SMCs
of PCAs the absence and presence of HC (Note: CD HC data obscured by WD). Summary values are
means ± SE; n = 5–8 vessels/group. * p < 0.05 WD vs. CD. † p < 0.05 CD HC vs. CD.
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To test the effects of TRPC3 channel inhibition on cellular responses to H2O2, PCAs
were treated with Pyr3 (1 µM), which reduced SMC death (Figure 6a) and EC death
(Figure 6b) in vessels from CD, but not WD, mice. Similar to the effects of TRPV4 inhibition
(Figure 5), differences in both EC and SMC death in PCAs were eliminated by Pyr3.
Inhibition of TRPC3 channels also reduced the [Ca2+]i response to H2O2 in vessels from CD
mice (Figure 6c). The increase in [Ca2+]i was also attenuated by Pyr3 in vessels from WD
mice, albeit to a lesser extent than in vessels from CD mice. Furthermore, Pyr3 eliminated
differences in [Ca2+]i responses of PCAs to H2O2 between CD and WD mice (Figure 6c).

Antioxidants 2023, 12, x FOR PEER REVIEW 9 of 14 
 

inhibitor HC-067047 (HC, 1 µM) or its vehicle control. (c) Fura 2 fluorescence (Δ340/380) in in SMCs 
of PCAs the absence and presence of HC (Note: CD HC data obscured by WD). Summary values are 
means ± SE; n = 5–8 vessels/group. * p < 0.05 WD vs. CD. † p < 0.05 CD HC vs. CD. 

To test the effects of TRPC3 channel inhibition on cellular responses to H2O2, PCAs 
were treated with Pyr3 (1 µM), which reduced SMC death (Figure 6a) and EC death (Fig-
ure 6b) in vessels from CD, but not WD, mice. Similar to the effects of TRPV4 inhibition 
(Figure 5), differences in both EC and SMC death in PCAs were eliminated by Pyr3. Inhi-
bition of TRPC3 channels also reduced the [Ca2+]i response to H2O2 in vessels from CD 
mice (Figure 6c). The increase in [Ca2+]i was also attenuated by Pyr3 in vessels from WD 
mice, albeit to a lesser extent than in vessels from CD mice. Furthermore, Pyr3 eliminated 
differences in [Ca2+]i responses of PCAs to H2O2 between CD and WD mice (Figure 6c). 

 
Figure 6. TRPC3 channel inhibition attenuates cell death and H2O2-induced Ca2+ entry. (a) SMC and 
(b) EC death following H2O2 exposure in PCAs from WD and CD mice in the presence of the TRPC3 
inhibitor Pyr3 (1 µM) or its vehicle control. (c) Fura 2 fluorescence (Δ340/380) in SMCs of PCAs in 
the absence and presence of Pyr3. Summary values are means ± SE; n = 5–8 vessels/group. * p < 0.05 
WD vs. CD. † p < 0.05 CD Pyr3 vs. CD. †† p < 0.05 WD Pyr3 vs. WD. 

3.5. Src Kinases Contribute to Cell Death during H2O2 Exposure 
Oxidative stress can activate Src family kinases to enhance TRP channel activity [32]. 

In PCAs from CD mice, the Src kinase antagonist SU6656 (10 µM) reduced SMC (Figure 
7a), but not EC death (Figure 7b) in response to H2O2. In PCAs from WD mice, SU6656 
had no further effect. SU6656 reduced the [Ca2+]i response to H2O2 in PCAs from CD, but 
not WD, mice (Figure 7c). 

Figure 6. TRPC3 channel inhibition attenuates cell death and H2O2-induced Ca2+ entry. (a) SMC and
(b) EC death following H2O2 exposure in PCAs from WD and CD mice in the presence of the TRPC3
inhibitor Pyr3 (1 µM) or its vehicle control. (c) Fura 2 fluorescence (∆340/380) in SMCs of PCAs in
the absence and presence of Pyr3. Summary values are means ± SE; n = 5–8 vessels/group. * p < 0.05
WD vs. CD. † p < 0.05 CD Pyr3 vs. CD. †† p < 0.05 WD Pyr3 vs. WD.

3.5. Src Kinases Contribute to Cell Death during H2O2 Exposure

Oxidative stress can activate Src family kinases to enhance TRP channel activity [32].
In PCAs from CD mice, the Src kinase antagonist SU6656 (10 µM) reduced SMC (Figure 7a),
but not EC death (Figure 7b) in response to H2O2. In PCAs from WD mice, SU6656 had no
further effect. SU6656 reduced the [Ca2+]i response to H2O2 in PCAs from CD, but not WD,
mice (Figure 7c).



Antioxidants 2023, 12, 1433 9 of 14Antioxidants 2023, 12, x FOR PEER REVIEW 10 of 14 
 

 

 

Figure 7. Src family kinases contribute to H2O2-induced cell death and Ca2+ entry. (a) SMC and (b) 
EC death to H2O2 in PCAs from WD and CD mice in the presence of the Src kinase inhibitor SU6656 
(10 µM) or its vehicle control. (c) Fura-2 fluorescence (Δ340/380) in SMCs of PCAs in the absence or 
presence of SU6656 during H2O2 exposure. Summary values are means ± SE; n = 5–8 vessels/group. 
* p < 0.05, WD vs. CD. † p < 0.05, CD SU6656 vs. CD. 

4. Discussion 
We evaluated the resilience of cerebral arteries from 22 wk old male mice fed western-

style (WD) and high fat (DIO) diets during 50 min exposure to H2O2 (200 µM). Our key 
findings are that following ~16 wk of feeding: (1) WD, but not DIO, enhanced basal ROS 
production in PCAs compared to the respective control diets; (2) WD, but not DIO, atten-
uated SMC and EC death; (3) WD, but not DIO, attenuated ΔΨm depolarization; (4) WD 
attenuated Ca2+ entry through the TRPV4 and TRPC3 channels; and (5) Src kinases con-
tributed to SMC, but not EC, death in PCAs from mice fed the control diet (CD) vs. WD. 
We propose that cerebral arteries develop resilience to oxidative stress during prolonged 
consumption of a western-style diet that is high in processed carbohydrates as well as fats. 
Remarkably, this adaptation preserves vascular cell integrity during acute oxidative stress 
imposed by H2O2. 

4.1. Effects of High Fat Diet on Oxidative Stress and Vascular Cell Death 
Oxidative stress and cell death are integral to the pathogenesis of vascular disease, 

stroke, and traumatic brain injury [10,33–35]. Obesity is an independent risk factor that 
may augment the adverse effects of hypertension, diabetes, and hyperlipidemia on the 
vasculature [5]. Basal ROS production was greater in PCAs from WD mice vs. CD mice 
(Figure 1), consistent with the effects of WD in the aorta [36] and skeletal muscle resistance 

Figure 7. Src family kinases contribute to H2O2-induced cell death and Ca2+ entry. (a) SMC and (b) EC
death to H2O2 in PCAs from WD and CD mice in the presence of the Src kinase inhibitor SU6656
(10 µM) or its vehicle control. (c) Fura-2 fluorescence (∆340/380) in SMCs of PCAs in the absence or
presence of SU6656 during H2O2 exposure. Summary values are means ± SE; n = 5–8 vessels/group.
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4. Discussion

We evaluated the resilience of cerebral arteries from 22 wk old male mice fed western-
style (WD) and high fat (DIO) diets during 50 min exposure to H2O2 (200 µM). Our key
findings are that following ~16 wk of feeding: (1) WD, but not DIO, enhanced basal
ROS production in PCAs compared to the respective control diets; (2) WD, but not DIO,
attenuated SMC and EC death; (3) WD, but not DIO, attenuated ∆Ψm depolarization;
(4) WD attenuated Ca2+ entry through the TRPV4 and TRPC3 channels; and (5) Src kinases
contributed to SMC, but not EC, death in PCAs from mice fed the control diet (CD) vs. WD.
We propose that cerebral arteries develop resilience to oxidative stress during prolonged
consumption of a western-style diet that is high in processed carbohydrates as well as fats.
Remarkably, this adaptation preserves vascular cell integrity during acute oxidative stress
imposed by H2O2.

4.1. Effects of High Fat Diet on Oxidative Stress and Vascular Cell Death

Oxidative stress and cell death are integral to the pathogenesis of vascular disease,
stroke, and traumatic brain injury [10,33–35]. Obesity is an independent risk factor that
may augment the adverse effects of hypertension, diabetes, and hyperlipidemia on the
vasculature [5]. Basal ROS production was greater in PCAs from WD mice vs. CD mice
(Figure 1), consistent with the effects of WD in the aorta [36] and skeletal muscle resistance
arteries [15]. Although there was a similar trend for PCAs from DIO mice, ROS production
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was not statistically different from SD mice despite similar increases in BW for WD and DIO
mice (Table 1). Finding here that WD augments ROS production in mouse cerebral arteries
is consistent with the increased oxidative stress in obese humans consuming processed
carbohydrate [4]. Because our experimental design exposes a vessel to constant oxidative
stress (200 µM H2O2 in the superfusion solution), it seems unlikely that differences in
antioxidant capacity are responsible for the differences in cell death associated with WD.
However, this possibility cannot be excluded. Chronic oxidative stress can upregulate
antioxidant defenses including the transcription factor Nrf2 and thereby protect mitochon-
dria [37,38]. To resolve the question of how WD and DIO may differentially modify the
antioxidant response in the cerebral vessel wall will require further study, as will identify-
ing the source(s) of ROS production. Whether or not the protection from H2O2 includes an
antioxidant response (or other adaptations), chronic elevation of oxidative stress appears to
be integral to greater resilience of SMCs and ECs in the arterial wall during acute exposure
to H2O2.

Vessels from males were studied for the present experiments because those from fe-
males are intrinsically protected during H2O2 exposure [12,15]. Finding that H2O2 elicited
similar levels of death in SMCs and ECs of PCAs (Figure 2) differs from our previous
observations that ECs are more resilient than SMCs to H2O2 [14]. In agreement with reports
of chronic oxidative stress promoting vascular resilience [12,15,19], WD (but not DIO)
increased SMC and EC survival during H2O2 exposure, indicating a distinct effect of con-
suming processed carbohydrates (high fructose corn syrup). Furthermore, depolarization
of ∆Ψm was attenuated in PCAs from WD mice, whereas ∆Ψm depolarization to H2O2
prevailed in DIO mice (Figure 3). In skeletal muscle, high levels of fructose lead to mito-
chondrial dysfunctions including decreases in DNA content, impaired energy metabolism,
and decreased activity of respiratory complexes [39]. These reductions in functional capac-
ity of mitochondria would be maladaptive to vascular cells yet may be beneficial in the
context of limiting ∆Ψm depolarization to H2O2. However, as shown in pancreatic β cells,
nutrient excess can augment ∆Ψm [40], which may limit depolarization to H2O2. Further
study is required to identify the specific effects of high fat diets on mitochondrial function
in the cerebral vasculature.

A rise in [Ca2+]i can elicit apoptosis through elevating mitochondrial Ca2+ content and
depolarizing ∆Ψm, resulting in the release of cytochrome C and activation of caspases [13].
In the present experiments, the extent of cell death was related to the progressive rise in
[Ca2+]i during H2O2 exposure. That this [Ca2+]i response was reduced in WD vs. CD mice
(Figure 4) but not in DIO vs. SD mice, again points to a role for processed carbohydrates in
vascular adaptation to H2O2 exposure.

4.2. Changes in TRPV4 and TRPC3 Channel-Mediated Ca2+ Entry Contribute to Differences in
H2O2-Induced Cell Death

The integral role of TRPV4 and TRPC3 channels as routes of Ca2+ influx leading to
apoptosis in the vascular wall during H2O2 exposure [14] is confirmed by the present
experiments. Inhibition of either TRPV4 (Figure 5) or TRPC3 (Figure 6) channels limited
SMC and EC death in CD, but not WD mice that had adapted by reducing Ca2+ influx.
Finding that either TRP channel inhibitor was able to prevent cell death suggests an inter-
action between the respective channel subunits. Functional TRP channels are composed
of tetramers and both TRPC3 and TRPV4 subunits are capable of forming functional het-
eromeric channels [41]. While a distinct heteromer remains to be identified in the context
of this study, both TRPC3 and TRPV4 form functional tetramers with TRPC1 [42,43]. A key
question for future studies is whether (and if so, how) TRP channel expression is affected
by WD in vascular cells.

Src family kinases can be activated by oxidative stress [32,44] which has been linked to
apoptosis in epithelial cells [45]. These kinases can activate both TRPV4 through phosphory-
lation of Tyr110 [32] and TRPC3 channels though phosphorylation of Tyr226 [46,47]. Unlike
the protective effect of TRP channel inhibition on both cell layers of PCAs (Figures 5 and 6),
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Src kinase inhibition reduced cell death in SMCs, but not ECs (Figure 7). Given the role
of TRPV4 and TRPC3 channels in mediating death of respective cell types during H2O2
exposure, this differential outcome suggests that alternative mechanisms of channel acti-
vation are involved in ECs vs. SMCs. Although H2O2 can activate different TRP channel
isoforms through the oxidation of cysteine residues [48,49], it remains to be determined
whether such activation occurs in ECs. Other signaling events may include the activation
of Src kinase by H2O2 or oxidation of Ca2+/calmodulin-dependent protein kinase, which
can be stimulated by oxidative stress and thereby activate Src kinase [50,51]. Nevertheless,
our finding that Src kinase inhibition limited SMC death and attenuated the rise in [Ca2+]i
supports a role for Src kinase activity in transducing the signal from H2O2 to SMCs of
mouse PCAs.

The mechanism(s) by which WD and chronic oxidative stress reduce Ca2+ influx and
thereby enhance resilience to H2O2 remain(s) to be fully defined. Obesity has been linked
to reduced TRPV4-dependent dilation in mesenteric arteries resulting from peroxynitrite-
dependent inactivation of AKAP150 [52]. It is also possible that adaptations of the plasma
membrane facilitate the greater cell survival in PCAs from WD mice vs. CD mice. Both TRP
channels [53] and Src kinases [54] can be regulated by local lipid domains. Recent findings
show that oxidized phospholipids increase stress tolerance in ECs, thereby limiting cell
death [55]. Whether the protective effect of WD on Ca2+ influx and vascular cell death can
be explained by changes in membrane lipids that affect TRP channels and/or Src kinases
during acute oxidative stress remains to be addressed.

5. Conclusions

In cerebral arteries from adult mice, different high fat diets dissimilarly alter the
resilience to acute oxidative stress. Whereas a high-fat-diet-induced obesity model did not
affect susceptibility to H2O2, western-style diet, which is high in processed carbohydrates
as well as fat, increased vascular ROS production and protected SMCs and ECs during
acute H2O2 exposure. This enhanced vascular resilience to oxidative stress is mediated
by limiting Ca2+ entry through TRP channels, with Src kinase having an integral role in
SMCs. Although the incidence of ischemic stroke has been reported to be lower in men
consuming a high fat diet [56], not all studies agree [57]. The present data suggest that such
inconsistencies between studies may reflect the influence of processed carbohydrates in
addition to elevated fat consumption.

Author Contributions: Conceptualization, C.E.N. and S.S.S.; methodology and investigation, C.E.N.
and R.L.S.; data analysis and interpretation, C.E.N., R.L.S. and S.S.S.; writing—original draft prepara-
tion, C.E.N.; writing—review and editing, C.E.N., R.L.S. and S.S.S.; funding acquisition, C.E.N. and
S.S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by American Heart Association, 19TPA34850102.

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Care and Use Committee of University of Missouri (protocol #17720) for studies involving mice.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting the findings of this study are located at https://doi.
org/10.7910/DVN/RRROZ1 (accessed on 10 May 2023).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rakhra, V.; Galappaththy, S.L.; Bulchandani, S.; Cabandugama, P.K. Obesity and western diet: How we got here. Mol. Med. 2020,

117, 536–538.
2. Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.; Makishima, M.; Mastsuda, M.;

Shimomura, I. Increased oxidative stress in obesity and its impact on metabolic syndrome. J. Clin. Investig. 2004, 114, 1752–1761.
[CrossRef] [PubMed]

https://doi.org/10.7910/DVN/RRROZ1
https://doi.org/10.7910/DVN/RRROZ1
https://doi.org/10.1172/JCI21625
https://www.ncbi.nlm.nih.gov/pubmed/15599400


Antioxidants 2023, 12, 1433 12 of 14

3. Wonisch, W.; Falk, A.; Dundl, I.; Winklhofer-Roob, B.M.; Lindschinger, M. Oxidative stress increases continuously with BMI and
age with unfavourable profiles in males. Aging Male 2012, 15, 159–165. [CrossRef] [PubMed]

4. Patel, C.; Ghanim, H.; Ravishankar, S.; Sia, C.L.; Viswanathan, P.; Mohanty, P.; Dandona, P. Prolonged reactive oxygen species
generation and nuclear factor-kappa B activation after a high-fat, high-carbohydrate meal in the obese. J. Clin. Endocrinol. Metab.
2007, 92, 4476–4479. [CrossRef]

5. Tan, B.L.; Norhaizan, M.E. Effect of high-fat diets on oxidative stress, cellular inflammatory response, and cognitive function.
Nutrients 2019, 11, 2579. [CrossRef]

6. Bhat, A.H.; Dar, K.B.; Anees, S.; Asargar, M.A.; Masood, A.; Sofi, M.A.; Banie, S.A. Oxidative stress, mitochondrial dysfunction
and neurodegenerative diseases; a mechanistic insight. Biomed. Pharmacother. 2015, 74, 101–110. [CrossRef] [PubMed]

7. Kernan, W.N.; Inzucchi, S.E.; Sawan, C.; Macko, R.F.; Furie, K.L. Obesity: A stubbornly obvious target for stroke prevention.
Stroke 2012, 44, 278–286. [CrossRef]

8. Kurth, T.; Gaziano, J.M.; Berger, K.; Kase, C.S.; Rexrode, K.M.; Cook, N.R.; Buring, J.E.; Manson, J.E. Body mass index and the risk
of stroke in men. Arch. Intern. Med. 2002, 162, 2557–2562. [CrossRef]

9. Rodrigo, R.; Fernandez-Gajardo, R.; Guitierrez, R.; Matamala, J.M.; Carrasco, R.; Miranda-Merchak, A.; Feuerhake, W. Oxidative
stress and pathophysiology of ischemic stroke: Novel therapeuric opportunities. CNS Neurol. Disord. Drug Targets 2013, 12,
698–714. [CrossRef]

10. Li, J.; Li, W.; Sua, J.; Liu, W.; Altura, B.T.; Altura, B.M. Hydrogen peroxide induces apoptosis in cerebral vascular smooth muscle
cells: Possible relation to neurodegenerative diseases and strokes. Brain Res. Bull. 2003, 62, 101–106. [CrossRef]

11. Konno, T.; Melo, E.P.; Chambers, J.E.; Avezov, E. Intracellular sources of ROS/H2O2 in health and neurodegeneration: Spotlight
on endoplasmic reticulum. Cells 2021, 10, 233. [CrossRef]

12. Norton, C.E.; Sinkler, S.Y.; Jacobsen, N.L.; Segal, S.S. Advanced age protects resistance arteries of mouse skeletal muscle from
oxidative stress through attenuating apoptosis induced by hydrogen peroxide. J. Physiol. 2019, 597, 3801–3816. [CrossRef]

13. Shaw, R.L.; Norton, C.E.; Segal, S.S. Apoptosis in resistance arteries induced by hydrogen peroxide: Greater resilience of
endothelium versus smooth muscle. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, H1625–H1633. [CrossRef]

14. Norton, C.E.; Shaw, R.L.; Mittler, R.; Segal, S.S. Endothelial cells promote smooth muscle cell resilience to H2O2-induced cell
death in mouse cerebral arteries. Acta Physiol. 2022, 235, e13819. [CrossRef]

15. Norton, C.E.; Jacobsen, N.L.; Sinkler, S.Y.; Manrique-Acevedo, C.; Segal, S.S. Female sex and Western-style diet protect mouse
resistance arteries during acute oxidative stress. Am. J. Physiol. Cell Physiol. 2020, 318, C627–C639. [CrossRef] [PubMed]

16. Wu, X.; Zhu, D.; Shi, L.; Tu, Q.; Yu, Y.; Chen, J. AdipoRon accelerates bone repair of calvarial defect in diet-induced obesity mice.
Heliyon 2023, 9, e13975. [CrossRef] [PubMed]

17. Manrique, C.; DeMarco, V.G.; Aroor, A.R.; Mugerfield, I.; Garro, M.; Habibi, J.; Hayden, M.R.; Sowers, J.R. Obesity and insulin
resistance induce early development of diastolic dysfunction in young female mice fed a western diet. Endocrinology 2013, 154,
3632–3642. [CrossRef] [PubMed]

18. Manrique, C.; Habibi, J.; Aroor, A.R.; Jia, G.; Hayden, M.R.; Garro, M.; Martinez-Lemus, L.A.; Ramirez-Perez, F.I.; Klein, T.;
Meininger, G.A.; et al. Dipeptidyl peptidase-4 inhibition with linagliptin prevents western diet-induced vascular abnormalities in
female mice. Cardiovasc. Diabetol. 2016, 15, 94. [CrossRef]

19. Socha, M.J.; Boerman, E.M.; Behringer, E.J.; Shaw, R.L.; Domeier, T.L.; Segal, S.S. Advanced age protects microvascular endothe-
lium from aberrant Ca2+ influx and cell death induced by hydrogen peroxide. J. Physiol. 2015, 593, 2155–2169. [CrossRef]

20. Snow, J.B.; Norton, C.E.; Sands, M.A.; Weise Cross, L.; Yan, S.; Herbert, L.M.; Sheak, J.R.; Gonzales Bosc, L.V.; Walker, B.R.; Kanagy,
N.L.; et al. Intermittent hypoxia augments pulmonary vasoconstrictor reactivity through PCKβ/mitochondrial oxidant signaling.
Am. J. Respir. Cell Mol. Biol. 2020, 62, 732–746. [CrossRef]

21. Narayanan, D.; Xi, Q.; Pfeffer, L.M.; Jagger, J.H. Mitochondria control functional CaV1.2 expression in smooth muscle cells of
cerebral arteries. Circ. Res. 2010, 107, 631–641. [CrossRef]

22. Loor, G.; Kondapalli, J.; Iwase, H.; Chandel, N.S.; Waypa, G.B.; Guzy, R.D.; Vanden Hoek, T.L.; Schumacker, P.T. Mitochondrial
oxidant stress triggers cell death in simulated ischemia-reperfusion. Biochim. Biophys. Acta 2011, 1813, 1382–1394. [CrossRef]
[PubMed]

23. Sakamuru, S.; Li, X.; Attene-Ramos, M.S.; Huang, R.; Lu, J.; Shou, L.; Shen, M.; Tice, R.R.; Austin, C.P.; Xia, M. Application of a
homogenous membrane potential assay to assess mitochondrial function. Physiol. Genom. 2012, 44, 495–503. [CrossRef] [PubMed]

24. Sonkusare, S.K.; Bonev, A.D.; Ledoux, J.; Liedtke, W.; Kotlikoff, M.I.; Heppner, T.; Hill-Eubanks, D.C.; Nelson, M.T. Elementary
Ca2+ signals through endothelial TRPV4 channels regulate vascular function. Science 2012, 336, 597–601. [CrossRef] [PubMed]

25. Kochukov, M.Y.; Balasubramanian, A.; Abramowitz, J.; Birnbaumer, L.; Marelli, S.P. Activation of endothelial transient receptor
potential C3 chanel is required for small conductance calcium-activated potassium channel activation and sustained endothelial
hyperpolarization and vasodilation of cerebral artery. J. Am. Heart Assoc. 2014, 3, e000913. [CrossRef] [PubMed]

26. Blake, R.A.; Broome, M.A.; Liu, X.; Wu, J.; Gishizky, M.; Sun, L.; Courtneidge, S.A. SU6656, a selective Src family kinase inhibitor,
used to probe growth factor signaling. Mol. Cell Biol. 2000, 20, 9018–9027. [CrossRef]

27. Buettner, R.; Scholmerich, J.; Bollheimer, L.C. High-fat diets: Modeling the metabolic disorders of human obesity in rodents.
Obesity 2007, 15, 798–808. [CrossRef]

https://doi.org/10.3109/13685538.2012.669436
https://www.ncbi.nlm.nih.gov/pubmed/22468695
https://doi.org/10.1210/jc.2007-0778
https://doi.org/10.3390/nu11112579
https://doi.org/10.1016/j.biopha.2015.07.025
https://www.ncbi.nlm.nih.gov/pubmed/26349970
https://doi.org/10.1161/STROKEAHA.111.639922
https://doi.org/10.1001/archinte.162.22.2557
https://doi.org/10.2174/1871527311312050015
https://doi.org/10.1016/j.brainresbull.2003.08.011
https://doi.org/10.3390/cells10020233
https://doi.org/10.1113/JP278255
https://doi.org/10.1152/ajpheart.00956.2020
https://doi.org/10.1111/apha.13819
https://doi.org/10.1152/ajpcell.00342.2019
https://www.ncbi.nlm.nih.gov/pubmed/31891519
https://doi.org/10.1016/j.heliyon.2023.e13975
https://www.ncbi.nlm.nih.gov/pubmed/36873496
https://doi.org/10.1210/en.2013-1256
https://www.ncbi.nlm.nih.gov/pubmed/23885014
https://doi.org/10.1186/s12933-016-0414-5
https://doi.org/10.1113/JP270169
https://doi.org/10.1165/rcmb.2019-0351OC
https://doi.org/10.1161/CIRCRESAHA.110.224345
https://doi.org/10.1016/j.bbamcr.2010.12.008
https://www.ncbi.nlm.nih.gov/pubmed/21185334
https://doi.org/10.1152/physiolgenomics.00161.2011
https://www.ncbi.nlm.nih.gov/pubmed/22433785
https://doi.org/10.1126/science.1216283
https://www.ncbi.nlm.nih.gov/pubmed/22556255
https://doi.org/10.1161/JAHA.114.000913
https://www.ncbi.nlm.nih.gov/pubmed/25142058
https://doi.org/10.1128/MCB.20.23.9018-9027.2000
https://doi.org/10.1038/oby.2007.608


Antioxidants 2023, 12, 1433 13 of 14

28. Kroemer, G.; Galluzi, L.; Brenner, C. Mitochondrial membrane permeabilization in cell death. Physiol. Rev. 2007, 87, 99–163.
[CrossRef]

29. Singh, M.; Sharma, H.; Singh, N. Hydrogen peroxide induces apoptosis in HeLa cells through mitochondrial pathway. Mitochon-
drion 2007, 7, 367–373. [CrossRef]

30. Ermak, G.; Davies, K.J. Calcium and oxidative stress: From cell signaling to cell death. Mol. Immunol. 2001, 38, 713–721. [CrossRef]
31. Lin, H.Y.; Shen, S.C.; Lin, C.W.; Yang, L.Y.; Chen, Y.C. Baicalein inhibition of hydrogen peroxide-induced apoptosis via ROS-

dependent heme oxygenase 1 gene expression. Mol. Cell Res. 2007, 1773, 1073–1086. [CrossRef] [PubMed]
32. Wegierski, T.; Lewandrowski, U.; Muller, B.; Sickmann, A.; Walz, G. Tyrosine phosphorylation modulates the activity of TRPV4 in

response to definded stimuli. J. Biol. Chem. 2009, 284, 2923–2933. [CrossRef]
33. Rossig, L.; Dimmeler, S.; Zeiher, A.M. Apoptosis in the vascular wall and atherosclerosis. Basic Res. Cardiol. 2001, 96, 11–22.

[CrossRef] [PubMed]
34. Sugamura, K.; Keaney, J.F. Reactive oxygen species in cardiovascular disease. Free Radic. Biol. Med. 2011, 51, 978–992. [CrossRef]
35. Abdul-Muneer, P.M.; Chandra, N.; Haorah, J. Interactions of oxidative stress and neurovascular inflammation in the pathogenesis

of traumatic brain injury. Mol. Neurobiol. 2015, 51, 966–979. [CrossRef] [PubMed]
36. Kramer, B.; Franca, L.M.; Zhang, Y.; Paes, A.M.A.; Gerdes, A.M.; Carrillo-Sepulveda, M.A. Western diet triggers Toll-like receptor

4 signaling-induced endothelial dysfunction in female Wistar rats. Am. J. Physiol. Heart Circ. Physiol. 2018, 315, H1735–H1747.
[CrossRef] [PubMed]

37. Ngo, V.; Duennwald, M.L. Nrf2 and oxidative stress: A general overview of mechanisms and implications in human disease.
Antioxidants 2022, 11, 2345. [CrossRef]

38. Strom, J.; Xu, B.; Tian, X.; Chen, M.Q. Nrf2 protects mitochondrial decay by oxidative stress. FASEB J. 2016, 30, 66–80. [CrossRef]
39. Jaiswal, N.; Maurya, C.K.; Arha, D.; Avisetti, D.R.; Parathapan, A.; Raj, P.S.; Raghu, K.G.; Kalivendi, S.V.; Tammrakar, A.K.

Fructose induces mitochondrial dysfunction and triggers apoptosis in skeletal muscle cells by provoking oxidative stress.
Apoptosis 2015, 20, 930–947. [CrossRef]

40. Liesa, M.; Shirihai, O.S. Mitochondrial dynamics in the regulation of nutrient utilization and energy expenditure. Cell Metab.
2013, 17, 491–506. [CrossRef]

41. Thakore, P.; Earley, S. Transient receptor potential channels and endothelial cell calcium signaling. Compr. Physiol. 2019, 9,
1249–1277.

42. Ma, X.; Cheng, K.T.; Wong, C.O.; O’Neil, R.G.; Birnbaumer, L.; Ambudkar, I.S.; Yao, X. Heteromeric TRPV4-C1 channels contribute
to store-operated Ca2+ entry in vascular endothelial cells. Cell Calcium 2011, 50, 502–509. [CrossRef] [PubMed]

43. Woo, J.S.; Lee, K.J.; Huang, M.; Cho, C.H.; Lee, E.H. Heteromeric TRPC3 with TRPC1 formed via its ankyrin repeats regulates the
resting cytosolic Ca2+ levels in skeletal muscle. Biochem. Biophys. Res. Commun. 2014, 44, 454–459. [CrossRef] [PubMed]

44. Hoshi, Y.; Uchida, Y.; Tachikawa, M.; Ohtsuki, S.; Couraud, P.O.; Suzuki, T.; Terasaki, T. Oxidative stress-induced activation of
Abl and Src kinases rapidly induces P-glycoprotein internalization via phosphorylation of caveolin-1 on tyrosine-14, decreasing
cortisol efflux at the blood–brain barrier. J. Cereb. Blood Flow Metab. 2020, 40, 420–436. [CrossRef]

45. Chan, H.; Chou, H.; Duran, M.; Gruenewald, J.; Waterfield, M.D.; Ridley, A.; Timms, J.F. Major role of epidermal growth factor
receptor and Src kinases in promoting oxidative stress-dependent loss of adhesion and apoptosis in epithelial cells. J. Biol. Chem.
2009, 285, 4307–4318. [CrossRef] [PubMed]

46. Vasquez, G.; Wedel, B.J.; Kawasaki, B.T.; St John Bird, G.; Putney, J.W. Obligatory role of Src kinase in the signaling mechanism for
TRPC3 cation channels. J. Biol. Chem. 2004, 279, 40521–40528. [CrossRef] [PubMed]

47. Kawasaki, B.T.; Liao, Y.; Birnbaumer, L. Role of Src in C3 transient receptor potential channel function and evidence for a
heterogeneous makeup of receptor- and store-operated Ca2+ entry channels. Proc. Natl. Acad. Sci. USA 2006, 103, 335–340.
[CrossRef]

48. Takahashi, N.; Mizuno, Y.; Kozai, D.; Yamomoto, S.; Kiyonaka, S.; Shibata, T.; Uchida, K.; Mori, Y. Molecular characterization of
TRPA1 channel activation by cysteine-reactive inflammatory mediators. Channels 2008, 2, 287–298. [CrossRef]

49. Yoshida, T.; Inoue, R.; Mori, T.; Takahashi, N.; Yamomoto, S.; Hara, Y.; Tominaga, M.; Shimizu, S.; Sato, Y.; Mori, Y. Nitric oxide
activates TRP channels by cysteine S-nitrosylation. Nat. Chem. Biol. 2006, 2, 596–607. [CrossRef]

50. Anderon, M.E. Oxidant stress promotes disease by activating CaMKII. J. Mol. Cell. Cardiol. 2015, 89, 160–167. [CrossRef]
51. Wang, Y.; Mishra, R.; Simonson, M.S. Ca2+/calmodulin-dependent protein kinase II stimulates c-fos transcription and DNA

synthesis by a Src-based mechanism in glomerular mesangial cells. J. Am. Soc. Nephrol. 2003, 14, 28–36. [CrossRef]
52. Ottolini, M.; Hong, K.; Cope, E.L.; Daneva, Z.; DeLalio, L.J.; Sokolowski, J.D.; Marziano, C.; Nguyen, N.Y.; Altschmied, J.;

Haendeler, J.; et al. Local peroxynitrite impairs endothelial TRPV4 channels and elevates blood pressure in obesity. Circulation
2021, 141, 1318–1333. [CrossRef] [PubMed]

53. Startek, J.B.; Boonen, B.; Talavera, K.; Meseguer, V. TRP channels as sensors of chemically-induced changes in cell membrane
mechanical properties. Int. J. Mol. Sci. 2019, 20, 371. [CrossRef]

54. Holzer, R.G.; Park, E.J.; Li, N.; Tran, H.; Chen, M.; Choi, C.; Solina, G.; Karin, M. Saturated fatty acids induce c-Src clustering
within membrane subdomains, leading to JNK activation. Cell 2011, 147, 173–184. [CrossRef] [PubMed]

55. Mauerhofer, C.; Afonyushkin, T.; Oskolkova, O.V.; Hellauer, K.; Gesslbauer, B.; Schmerda, J.; Schmerda, J.; Ke, Y.; Zimmer, A.;
Birukova, A.A.; et al. Low concentrations of oxidized phospholipids increase stress tolerance of endothelial cells. Antioxidants
2022, 11, 1741. [CrossRef]

https://doi.org/10.1152/physrev.00013.2006
https://doi.org/10.1016/j.mito.2007.07.003
https://doi.org/10.1016/S0161-5890(01)00108-0
https://doi.org/10.1016/j.bbamcr.2007.04.008
https://www.ncbi.nlm.nih.gov/pubmed/17532486
https://doi.org/10.1074/jbc.M805357200
https://doi.org/10.1007/s003950170073
https://www.ncbi.nlm.nih.gov/pubmed/11215528
https://doi.org/10.1016/j.freeradbiomed.2011.05.004
https://doi.org/10.1007/s12035-014-8752-3
https://www.ncbi.nlm.nih.gov/pubmed/24865512
https://doi.org/10.1152/ajpheart.00218.2018
https://www.ncbi.nlm.nih.gov/pubmed/30265151
https://doi.org/10.3390/antiox11122345
https://doi.org/10.1096/fj.14-268904
https://doi.org/10.1007/s10495-015-1128-y
https://doi.org/10.1016/j.cmet.2013.03.002
https://doi.org/10.1016/j.ceca.2011.08.006
https://www.ncbi.nlm.nih.gov/pubmed/21930300
https://doi.org/10.1016/j.bbrc.2014.02.127
https://www.ncbi.nlm.nih.gov/pubmed/24613381
https://doi.org/10.1177/0271678X18822801
https://doi.org/10.1074/jbc.M109.047027
https://www.ncbi.nlm.nih.gov/pubmed/19996095
https://doi.org/10.1074/jbc.M405280200
https://www.ncbi.nlm.nih.gov/pubmed/15271991
https://doi.org/10.1073/pnas.0508030102
https://doi.org/10.4161/chan.2.4.6745
https://doi.org/10.1038/nchembio821
https://doi.org/10.1016/j.yjmcc.2015.10.014
https://doi.org/10.1097/01.ASN.0000043180.18456.47
https://doi.org/10.1161/CIRCULATIONAHA.119.043385
https://www.ncbi.nlm.nih.gov/pubmed/32008372
https://doi.org/10.3390/ijms20020371
https://doi.org/10.1016/j.cell.2011.08.034
https://www.ncbi.nlm.nih.gov/pubmed/21962514
https://doi.org/10.3390/antiox11091741


Antioxidants 2023, 12, 1433 14 of 14

56. Gillman, M.W.; Cupples, L.A.; Millen, B.E.; Ellison, R.C.; Wolf, P.A. Inverse association of dietary fat with development of
ischemic stroke in men. JAMA 1997, 278, 2145–2150. [CrossRef] [PubMed]

57. Oesch, L.; Tatlisumak, T.; Arnold, M.; Sarikaya, H. Obesity paradox in stroke—Myth or reality? A systematic review. PLoS ONE
2017, 12, e0171334. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1001/jama.1997.03550240035030
https://www.ncbi.nlm.nih.gov/pubmed/9417007
https://doi.org/10.1371/journal.pone.0171334

	Introduction 
	Materials and Methods 
	Animal Care and Use 
	Diet Compositions 
	Preparation of Isolated Posterior Cerebral Arteries 
	Vascular ROS Production 
	Cell Death 
	Mitochondrial Membrane Potential 
	Ca2+ Photometry 
	Experimental Interventions 
	Data Analysis and Statistics 

	Results 
	Effects of High Fat Diets on Vascular Oxidative Stress 
	WD, but Not DIO, Increases Resilience to H2O2 
	WD Attenuates the [Ca2+]i Response Induced by H2O2 
	WD Diminishes Ca2+ Influx through TRP Channels Induced by H2O2 
	Src Kinases Contribute to Cell Death during H2O2 Exposure 

	Discussion 
	Effects of High Fat Diet on Oxidative Stress and Vascular Cell Death 
	Changes in TRPV4 and TRPC3 Channel-Mediated Ca2+ Entry Contribute to Differences in H2O2-Induced Cell Death 

	Conclusions 
	References

