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Abstract

20-Hydroxyeicosatetraenoic acid (20-HETE), a cytochrome P450 (CYP) 4A/4F-derived
metabolite of arachidonic acid, directly contributes to ischemic neuronal injury. However, little is
known about mediators of 20-HETE neurotoxicity after ischemia. Here, we focus on the role of
transient receptor potential cation channel subfamily V member 1 (TRPV1) in 20-HETE-induced
neurotoxicity. Our results showed that TRPV1 and CYP4A immunoreactivity were colocalized in
neurons. TRPV1 inhibition attenuated 20-HETE mimetic 20-5,14-HEDGE-induced reactive
oxygen species (ROS) production and neuronal injury in cultured neurons and protected ischemic
neurons /n vitroand /n vivo. TRPV1 inhibition in combination with 20-HETE synthesis inhibitor
HETO0016 did not produce additional protective effects. Furthermore, TRPV1 genetic inhibition
and NADPH oxidase inhibitor gp91ds-dat each attenuated ROS production to a similar extent.
However, combined treatment did not achieve additional reduction. Therefore, we conclude that
TRPV1 channels are involved in 20-HETE’s ROS generation and neurotoxicity after ischemia.
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1. INTRODUCTION

20-Hydroxyeicosatetraenoic acid (20-HETE) is a cytochrome P450 (CYP) 4A/4F-derived
metabolite of arachidonic acid [1]. 20-HETE is elevated in cerebrospinal fluid and plasma of
stroke patients with poor outcomes [2, 3]. Moreover, 20-HETE synthesis inhibitors provide
substantial neuroprotection in adult and newborn brain ischemia models [4-9]. Therefore,
20-HETE plays critical roles in the pathophysiologic process of brain ischemia. Although
20-HETE is well known for its vascular effects [10], our studies and those of others suggest
that these inhibitors do not affect pial artery diameter or cerebral blood flow during the
ischemic period [4, 7, 9, 11]. Renic et al. reported that an inhibitor of 20-HETE synthesis
protected organotypic hippocampal slice cultures from oxygen-glucose deprivation (OGD)
[7], which suggested that 20-HETE had direct effects on brain parenchyma after ischemia.
Our recent work [12] further showed that primary neurons express Cyp4al0 and 4al2a, the
specific CYP4A members known to synthesize 20-HETE in mice [13]. We also found that
the 20-HETE agonist 20-5,14-HEDGE leads to reactive oxygen species (ROS) production in
cultured neurons, whereas neuronally derived 20-HETE after OGD directly contributes to
ROS generation and neuronal death after reoxygenation. Therefore, 20-HETE may directly
promote neuronal damage after ischemia. However, little is known about the downstream
molecular signaling involved in 20-HETE’s direct neurotoxicity after ischemia.

Transient receptor potential cation channel subfamily V member 1 (TRPV1), the
nonselective cation channel with massive Ca%* permeability, is widely distributed in the
brain [14]. TRPV1 activation not only increases ROS generation [15], but can also cause
significant neuronal injury [16-18]. More importantly, it interacts with 20-HETE in neural
and non-neural tissues. For example, 20-HETE activates TRPV1 in dorsal root ganglion
neurons [19, 20], and the specific TRPV1 antagonist capsazepine abolishes 20-HETE-
induced tonic response in airway smooth muscle [21]. However, the relationship between
TRPV1 and 20-HETE after ischemia is unclear. Therefore, in the present study, we used /n
vitro and in vivo brain ischemia models to study whether TRPV1 channels are involved in
20-HETE’s direct neurotoxicity.

2. MATERIALS AND METHODS

2.1 Animal and reagents

C57BI/6 and TRPV1 knockout (KO) mice (C57BI/6 background) were purchased from the
Jackson Laboratory (Bar Harbor, ME). The w-hydroxylase inhibitor N-hydroxy-N’-(4-n-
butyl-2-methylphenyl)formamidine (HET0016) was purchased from Enzo (Farmingdale,
NY). A784168 was purchased from Tocris (Minneapolis, MN). gp91 ds-tat and gp91 ds-tat
scrambled were purchased from AnaSpec (Fremont, CA). The 20-HETE stable agonist N-
(20-hydroxyeicosa-5[Z],14[Z]-dienoyl)glycine (20-5,14-HEDGE) was synthesized in the
laboratory of J.R. Falck.

2.2 Mouse hypoxic-ischemic (H-I) brain injury

The animal protocols complied with the ARRIVE guidelines (https://www.nc3rs.org.uk/
arrive-guidelines), were approved by the Animal Care and Use Committee of the Johns

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2019 July 06.


https://www.nc3rs.org.uk/arrive-guidelines
https://www.nc3rs.org.uk/arrive-guidelines

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 3

Hopkins University, and were carried out with standards of care and housing in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Animals from each litter were randomized to sham or H-1 procedure. Hypoxia-ischemia was
induced with an adaptation of the Vannucci procedure [22]. In brief, mice on postnatal day
10 were anesthetized with isoflurane (2% isoflurane/balance oxygen for induction and 1%
for maintenance) and the left carotid artery was ligated. Pups were allowed to recover for 2 h
with the dam after surgery before being exposed for 45 min to a humidified mixture of 8%
oxygen (balance nitrogen) in enclosed, vented chambers submerged in a 37.0°C water bath.
Animals then recovered for 15 min in a temperature-controlled incubator set to an ambient
temperature of 37.0°C and were returned to their dams until sacrifice. Sham-operated
animals received isoflurane anesthesia and exposure of the left common carotid artery
without ligation or hypoxia. Animals were injected intraperitoneally vehicle (0.1% DMSO
in 0.9% normal saline), TRPV1 specific inhibitor A784168 (10 pmol/kg), or/and 20-HETE
synthesis inhibitor HET0016 (1 mg/kg) 15 min before H-I. Brains were removed at 24 h
after H-1 induction or control procedure, sliced coronally into 2-mm-thick sections, and
stained with 0.5% 2,3,5-triphenyltetrazolim chloride (TTC) for infarct volume measurement.

2.3 Cortical neuron culture and OGD

2.4

Procedures used for neuronal culture and OGD have been described previously [12]. In
brief, cerebrocortical cells were isolated from cerebral cortex of mice on embryonic day 17
and plated with Neurobasal medium supplemented with B27, glutamine, and streptomycin/
penicillin (ThermoFisher, Grand Island, NY) onto culture plates coated with poly-D-lysine
(MilliporeSigma, St. Louis, MO). The procedure yielded cell cultures with approximately
90% neurons, as determined by NeuN staining. Cells at 7-9 days /n vitro were used for
OGD or pharmacologic treatment. For OGD, neurons were incubated in glucose-free
Neurobasal medium with B27 minus antioxidants (ThermoFisher) in a chamber filled with
5% CO, and 95% N, at 37 °C for 1 h. Control cells were incubated in normal culture
medium in a normoxic incubator for the same period. OGD was terminated by switching
back to normal culture conditions with glucose. We measured the effects of the 20-HETE
synthesis inhibitor HET0016 (10 pM), TRPV1 antagonist A784168 (1, 10, or 50 puM), the
NOX2-specific inhibitor gp91ds-tat (0.1, 1, or 5 uM), and 20-HETE agonist 20-5,14-
HEDGE (10 pM) on cell survival by adding the compound or vehicle (0.1% DMSO) to the
cell culture medium for 15 min before and 1 h during exposure to OGD. Cell viability was
assessed with the CellTiter-Blue cell viability assay (Promega, Madison, WI) at 24 h after
OGD. At least three independent experiments were performed for each intervention.

Immunohistochemistry and immunocytochemistry

Anesthetized 10-day-old C57BI/6 mice were perfused with phosphate-buffered saline (PBS)
and 4% paraformaldehyde. Brains were collected and cut into 40-um-thick frozen sections.
The sections were blocked with 10% normal serum and incubated with rabbit anti-
cytochrome P450 4A (CYP4A) antibody (1:300; ab3573, Abcam, Cambridge, MA) or
mouse anti-NeuN (1:500, MAB377, MilliporeSigma) and mouse anti-VR1 (1:300,
sc-398417, Santa Cruz Biotechnology, Dallas, TX) overnight at 4 °C, followed by 1-h
incubation with anti-1gG antibodies conjugated with Alexa Fluor 488 or 594 (1:1000,
ThermoFisher).
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Paraformaldehyde-fixed cells (on glass coverslips) were washed with PBS, permeabilized
with 0.1% Triton X-100 (MilliporeSigma), blocked for 30 min with 10% normal goat serum
in PBS, and incubated with rabbit anti-CYP4A antibody and mouse anti-VR1 antibody
overnight at 4 °C, followed by 1-h incubation with anti-rabbit or anti-mouse IgG antibodies
conjugated with Alexa Fluor 488 or 594.

2.5 Quantitative reverse transcriptase PCR (qQPCR)

RNA was extracted from brain tissues, and qPCR was used to quantify the mRNA of
CYP4A isoforms in C57BI/6 and TRPV1 KO mice, as described previously [12].

2.6 Oxidative stress measurement

ROS formation in cultured neurons was measured with a 2',7'-dichlorodihydrofluorescein
diacetate (DCFDA) cellular ROS detection assay kit (ab113851, Abcam), as described
previously [12]. Oxidative modification of proteins in the ipsilateral hemisphere after H-I
was determined with an OxyBlot protein oxidation detection kit (MilliporeSigma) for
carbonyl groups as described [9]. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
1:2000, ab9485, Abcam) was used as loading control.

2.7 Statistical analysis

All data are expressed as mean + standard deviation and analyzed by one-way ANOVA
followed by the Student—-Newman—Keuls multiple test. A value of p < 0.05 was considered
statistically significant.

3. RESULTS
3.1 TRPV1 and CYP4A in neurons

TRPV1 immunoreactivity were widely distributed in cortical neurons /n vitroand in vivo
(Fig. 1). This finding is consistent with previous reports of cortical TRPV1 expression [17,
23]. Moreover, CYP4A and TRPV1 signals co-localized in cultured neurons and cerebral
cortical neurons of 10-day-old mice.

3.2 Roles of TRPV1 and 20-HETE in OGD neurons

One-hour OGD led to neuronal injury at 24 h of reoxygenation. The injury was attenuated to
similar extents by 10 and 50 uM of the TRPV1 antagonist A784168 (Fig. 2A). Thus, we
used 10 uM A784168 in the following experiments to validate the neuroprotective effects of
pharmacologic TRPV1 inhibition. Further analysis indicated that A784168 and 10 pM
HETO0016 treatment produced comparable protection against 1-h OGD-induced neuronal
injury (Fig. 2B). Similar neuroprotection also was found in TRPV1 KO neurons (Fig. 2C). A
combination of TRPV1 pharmacologic or genetic inhibition and HET0016 did not produce
additional protection against OGD injury.

3.3 Roles of TRPV1 and 20-HETE in newborn H-I brains

Unilateral carotid artery ligation followed by 45 min of hypoxia produced ipsilateral brain
injury in newborn mice (Fig. 2D). Individually, TRPV1 genetic inhibition and pretreatment
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with 10 pmol/kg A784168 or 1 mg/kg HET0016 (i.p. 15 min before H-1) attenuated brain
injury to a similar extent at 1 day after H-1. Combining A784168 and HET0016, however,
did not provide additional protection.

3.4 TRPV1, 20-HETE, and ROS after OGD or H-I

20-HETE mimetic 20-5,14-HEDGE shows improved stability /n vitro compared to 20-
HETE, due to its glycine substitution and absence of double bonds preventing its
degradation by p-oxidation and cyclooxygenase [24]. One-hour treatment with 20-5,14-
HEDGE induced ROS generation in cultured neurons without OGD injury (Fig. 3A) that
was attenuated in TRPV1 KO neurons and by treatment of wild-type (WT) neurons with
A784168 or HET0016. HET0016 and A784168 in combination, however, did not provide
additive effects. One-hour OGD produced massive ROS at 1 h of reoxygenation (Fig. 3B).
HETO0016 and A784168 each reduced H-I-induced ROS production, but the drug
combination did not provide extra ROS inhibition.

Protein carbonyl formation is used as a marker of oxidative stress [25]. Oxyblot analysis of
carbonyl groups indicated that total tissue lysates of the ipsilateral hemisphere were
significantly increased at 3 h of recovery from H-1 (Fig. 3C). HET0016 and A784168
significantly lessened carbonyl formation. The combination of HET0016 and A784168 did
not provide additional reduction.

3.5 Effect of TRPV1 knockout on CYP4A mRNA and body temperature

The mRNA levels for Cyp4al0 and Cyp4al2a in brain tissue did not differ significantly
between TRPV1 KO and C57BI/6 WT mice (Fig. 4A). TRPV1 channels in hypothalamus
have been implicated in temperature regulation [26]. However, we found that adult TRPV1
KO and C57BI/6 mice showed comparable baseline rectal temperature and a similar
anesthesia-induced temperature decrease without external warming. A784168 increased
body temperature only transiently (Fig. 4B).

3.6 TRPV1, NOX2, and ROS production

20-HETE promotes the assembly of NADPH oxidase 2 (NOX2) and increases ROS
production in non-neuronal cells [27, 28]. Here, we used the NOX2-specific inhibitor
gp91lds-dat to determine whether NOX2 plays any role in 20-HETE-induced ROS
generation in neurons. 20-5,14-HEDGE induced an increase in ROS generation equivalent to
440% of vehicle, but this increase was reduced to 270%, 200%, and 200% with the
application of 0.1, 1, and 5 uM gp91ds-tat, respectively. The scrambled gp91 ds-tat did not
affect ROS induction (Fig. 5A). TRPV1 knockout attenuated ROS production to a similar
extent as 1 pM gp91ds-tat. Administration of gp91ds-tat to TRPV1 KO neurons, however,
did not result in greater ROS reduction (Fig. 5B).

4 DISCUSSION

Our work indicates that the TRPV1 channel contributes to 20-HETE-induced neurotoxicity.
We found that (1) TRPV1 and CYP4A immunoreactivity co-localize in primary cortical
neurons and neuron-like cells in cerebral cortex of newborn mice; (2) pharmacologic or
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genetic TRPV1 inhibition attenuated 20-HETE-aggravated neuronal injury after OGD or H-
I; (3) pharmacologic or genetic TRPV1 inhibition attenuated 20-HETE mimetic-induced
ROS production and 20-HETE-aggravated ROS generation after OGD; (4) pharmacologic
TRPV1 inhibition reduced H-I-induced carbonyl formation in ipsilateral brain tissues; and
(5) application of a NOX2-specific inhibitor attenuated 20-HETE mimetic-induced ROS
production, but this protection was not additive with TRPV1 genetic inhibition.

TRPV1 channels modulate temperature regulation [26]. Hence, TRPV1 agonists could
induce hypothermia that, in turn, protects ischemic brains [29, 30]. Nevertheless, our studies
showed that TRPV1 KO mice have a normal body temperature, as reported in previous work
[31-33]. Furthermore, the hyperthermic action of TRPV1 antagonists can be separated from
their other effects [34, 35]. Here, 10 pmol/kg A784168 produced only brief hyperthermia in
normal anesthetized mice. Therefore, neither A784168 nor TRPV1 knockout is likely to
cause significant temperature change, and body temperature changes are unlikely to account
for TRPV1’s neuroprotective effects.

Furthermore, we do not know whether 20-HETE directly binds to TRPV1 or works through
other molecules to activate TRPV1. In addition, we cannot exclude the possibility that
20-5,14-HEDGE, with its slightly altered chemical structure and long half-life, will exert a
more sustained and different effect on target receptors or ligands than the short-lived 20-
HETE molecule. Although our work shows that TRPV1 mediates 20-HETE toxicity, 20-
HETE may serve as an intracellular secondary messenger to directly activate PKC and G
proteins [1], which may affect neuronal fate after ischemia. In addition, other 20-HETE
mediators/receptors might play roles after ischemia. For example, GPR75 is the first 20-
HETE receptor to be identified in endothelial cells [36]. Whether GPR75 plays a role in 20-
HETE neuronal toxicity requires further work. Lastly, our results do not address the role of
20-HETE/TRPV1 signal coupling under normal physiologic conditions in neurons. We did
not observe an effect of the TRPV1 antagonist or the 20-HETE synthesis inhibitor on ROS
detection with DCFDA in the absence of OGD (Fig. 3A), but our whole-well neuronal cell
measurement was not designed for detecting physiologic ROS signaling in a subcellular
compartment in quiescent neurons in culture.

Collectively, our findings indicate that TRPV1 channels are involved in 20-HETE-induced
oxidative stress and 20-HETE-aggravated neuronal injury in vitroand /n vivo. Inhibition of
TRPV1 has a protective effect against OGD/H-I-induced neuronal injury. In conclusion,
these findings suggest that TRPV1 channels contribute to 20-HETE-induced neurotoxicity
after ischemia.
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Highlights

. TRPV1 inhibition attenuates 20-HETE-aggravated neuronal injury after OGD
or H-1.

. TRPV1 inhibition reduces 20-HETE mimetic-induced ROS production and
20-HETE-aggravated ROS generation after OGD or H-I.

. NOX2 may be involved in TRPV1’s roles.
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CYP4A

Figure 1.
Double immunofluorescent staining indicates that CYP4A and TRPV1 are colocalized in

cultured mouse cortical neurons (upper panel) and cerebral cortical neurons of 10-day-old
mice (lower panel). DAPI is used to display nuclei of cultured cells. Scale bar = 20 pm.
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Figure 2.

Effects of HET0016 and TRPV1 inhibition on neuronal injury. Cell viability was assessed
with the CellTiter-Blue assay. (A) TRPV1 inhibitor A784168 at 10 and 50 uM protected
OGD neurons at 24 h of reoxygenation. (B, C) A784168 (10 uM, B) and TRPV1 genetic
knockout (KO, C) each protected neurons from OGD injury. HET0016 did not augment
protection. (D) A784168 and HET0016 each attenuated H-I brain injury in newborn mice at
1 day of recovery (n=20-25/group), but did not exhibit additive effects. TRPV1 KO also
protected H-1 brains at 1 day. *p<0.05 vs wild-type (WT)+control procedure (Cont);
#p<0.05 vs WT OGD/H-1+vehicle (Veh).
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Figure 3.
HET0016 and TRPV1 inhibition reduce ROS production. (A, B) TRPV1 knockout (KO),

A784168 (A7), and HET0016 each attenuated the ROS production induced by 20-HETE
mimetic 20-5,14-HEDGE (HEDGE, A) or 1-h OGD (B), as measured by the presence of 2,
7'-dichlorodihydrofluorescein diacetate (DCFDA). The combination of A784168 and
HETO0016 did not achieve additive effects. (C) Western blot analysis revealed increased
carbonyl immunoreactivity, indicative of H-1-induced oxidative stress, in the ipsilateral
hemisphere at 3 h of recovery. HET0016 and A784168 each reduced carbonyl
immunoreactivity. The combination of A784168 and HET0016 did not achieve additive
effects (n=4-7/group). Optical density (OD; mean + SD) was integrated over multiple
protein bands (21-97.4 kDa). *p<0.05 vs wild-type+vehicle (\eh)/control procedure;
#0<0.05 vs wild-type OGD/H-I+vehicle.
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Effects of TRPV1 on CYP4A mRNA and body temperature. (A) TRPV1 knockout (KO) did
not alter levels of neuronal Cyp4al0 or 4a12a mRNA. (B) Anesthetized, 3-month-old
TRPV1 KO and wild-type (WT) mice showed comparable baseline temperature and a
similar temperature decline without external warming. A784168 (10 pmol/kg) caused a
transient hyperthermic response, n = 4/group. *p<0.05 vs WT+vehicle (Veh). The arrow
indicates the time at which A784168 or vehicle was applied.
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Figure 5.
Effects of TRPV1 and NADPH oxidase 2 (NOX2) on 20-HETE-induced ROS production.

(A) The NOX2 inhibitor gp91 ds-tat dose-dependently reduced 20-HETE mimetic-induced
ROS production, as measured by the presence of 2',7'-dichlorodihydrofluorescein diacetate
(DCFDA). Scrambled gp91 ds-tat was used as a control. (B) TRPV1 knockout (KO) and
gp91 ds-tat (5 M) each attenuated 20-HETE mimetic-induced ROS production but did not
exhibit additive effects when combined. *p<0.05 vs vehicle treatment only on wild-type
neurons; #p<0.05 vs 20-5,14-HEDGE treatment only on wild-type neurons.
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