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SUMMARY

TRPV4 channel activation in endothelial cells leads to vasodilation, while impairment of TRPV4
activity is implicated in vascular dysfunction. Strategies that increase TRPV4 activity could
enhance vasodilation and ameliorate vascular disorders. Here, we show that supplementation

with eicosapentaenoic acid (EPA), an w-3 polyunsaturated fatty acid known to have beneficial
cardiovascular effects, increases TRPV4 activity in human endothelial cells of various vascular
beds. Mice carrying the C. elegans FAT-1 enzyme, which converts -6 to w-3 polyunsaturated
fatty acids, display higher EPA content and increased TRPV4-mediated vasodilation in
mesenteric arteries. Likewise, mice fed an EPA-enriched diet exhibit enhanced and prolonged
TRPV4-dependent vasodilation in an endothelial cell-specific manner. We also show that EPA
supplementation reduces TRPV4 desensitization, which contributes to the prolonged vasodilation.
Neutralization of positive charges in the TRPV4 N terminus impairs the effect of EPA on channel
desensitization. These findings highlight the beneficial effects of manipulating fatty acid content to
enhance TRPV4-mediated vasodilation.
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In brief

Reduced TRPV4 activity is associated with vascular dysfunction. Dietary consumption of «w-3
fatty acids, present in fish oils, is known to have beneficial cardiovascular effects. Caires et

al. show that genetic or dietary enrichment of an «-3 fatty acid enhances TRPV4 function in
endothelial cells and TRPV4-mediated vasodilation in mice.

INTRODUCTION

The transient receptor potential vanilloid 4 (TRPV4) is a polymodal cation channel that is
activated by mild temperatures and chemical ligands, as well as downstream of osmolarity
changes and shear stress (Hartmannsgruber et al., 2007; Liedtke et al., 2000; Strotmann

et al., 2000; Thorneloe et al., 2008; Vriens et al., 2004; Watanabe et al., 2002a, 2002b;
Wissenbach et al., 2000). TRPV4 is expressed in a variety of vascular beds, including
endothelial cells of large (conduit) arteries and small (resistance size) arterioles, where it
plays a crucial role in regulating vascular tone and blood flow (Alvarez et al., 2006; Earley
et al., 2009; Filosa et al., 2013; Kohler et al., 2006; Vriens et al., 2005; Watanabe et al.,
2002a; Willette et al., 2008). TRPV4 enables endothelial cells, smooth muscle cells, and
perivascular neurons to integrate hemodynamic forces to regulate systemic blood pressure
(Peixoto-Neves et al., 2015; Sonkusare et al., 2012; White et al., 2016). Activation of
TRPV4 leads to an increase in intracellular calcium (Ca2*) concentration, followed by

the activation of small (SK)- and intermediate (IK)-conductance Ca2*-activated potassium
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channels and nitric oxide synthase, with subsequent smooth muscle cell hyperpolarization
and vasodilation (Earley et al., 2005, 2009; Kohler et al., 2006; Sonkusare et al., 2012).

Changes in TRPV4 expression and activity are associated with various vascular pathologies
(Baylie and Brayden, 2011; Grace et al., 2017; White et al., 2016). For instance, impairment
of TRPV4 function in endothelial cells contributes to obesity-induced hypertension (Ottolini
et al., 2020). Downregulation of TRPV4 impairs endothelium-dependent hyperpolarization
in mesenteric arteries of stroke-prone spontaneously hypertensive rats (Seki et al., 2017).

It has also been suggested that TRPV4 downregulation by hyperglycemia and diabetes is
associated with endothelial dysfunction and retinopathy (Monaghan et al., 2015). Moreover,
reduced flow-mediated vasodilation in mesenteric arteries of aged rats was restored after
increasing TRPV4 expression (Du et al., 2016). Likewise, activation of TRPV4 by plant-
derived molecules increases vasodilation in mesenteric arteries, suggesting that channel
modulation may aid in the regulation of local blood flow (Ma et al., 2012; Peixoto-Neves
etal., 2015; Zhang et al., 2019). Together, these studies support the notion that TRPV4 is
essential for proper vascular function and suggest that increasing TRPV4 expression and/or
activity may ameliorate vascular disorders.

Polyunsaturated fatty acids (PUFAS) and their derivatives are among the membrane lipid
components that regulate ion channel function (Caires et al., 2017; Cordero-Morales and
Vasquez, 2018; Harayama and Riezman, 2018; Ridone et al., 2018, 2020; Romero et al.,
2019). Channel modulation often occurs through the alteration of membrane mechanics.

For instance, excluding PUFAs from the diet of Drosophila melanogasterincreases plasma
membrane stiffness and slows light-induced responses mediated by TRP and TRPL channels
(Randall et al., 2015). In addition, arachidonic acid modulates NMDA receptor gating

by changing the mechanical properties of the lipid bilayer, rather than by binding to

specific sites on the receptor (Casado and Ascher, 1998; Kloda et al., 2007). We have
previously shown that w-3 eicosapentaenoic acid (EPA) and its eicosanoid derivative,
epoxyeicosatetraenoic acid (17,18-EEQ), enhance TRPV4 activity in cultured human
microvascular endothelial cells (HMVECSs) through plasma membrane remodeling (Caires et
al., 2017). Specifically, w-3 fatty acids decrease endothelial cell plasma membrane structural
order, which favors the TRPV4 open state.

Mammals cannot synthesize precursors of PUFAs. As such, PUFAs must be ingested as
components of our diet (Wallis et al., 2002). Diets enriched in -3 PUFASs have been
associated with several health benefits, including the prevention of vascular dysfunction,
inflammation, and thrombosis (Endo and Arita, 2016; Wiest et al., 2016). Recently, it

was shown that consuming foods enriched in «w-3 fatty acids improved the prognosis

of myocardial infarction (Lazaro et al., 2020). Moreover, w-3 PUFAs were used as an
effective therapy for improving endothelial function and attenuating inflammation associated
with metabolic syndromes in humans (Dangardt et al., 2010; Tousoulis et al., 2014). »-3
PUFA supplementation improves endothelial function and attenuates arterial stiffness in
hypertensive patients (Casanova et al., 2017). Likewise, we have shown that EPA decreases
the rigidity of HMVEC membranes (Caires et al., 2017). Although there is support for a
beneficial effect of w-3 fatty acids, determining whether a dietary or genetic increase in EPA
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can enhance TRPV4-mediated vasodilation would be an important step forward toward the
generation of strategies to improve vascular dysfunction.

Here, we combined electrophysiology, myography, lipidomics, and Ca2* imaging
experiments to show that dietary or genetic enrichment of EPA increases TRPV4 activation
in endothelial cells and TRPV4-mediated vasodilation in an endothelial cell-specific manner.
We demonstrate that EPA decreases Ca2*-dependent TRPV4 desensitization to prolong
TRPV4-mediated vasodilation. Furthermore, macroscopic current analyses reveal that the
TRPV4 proximal N terminus is required for the EPA-mediated reduction in channel
desensitization. Our work provides proof of concept that manipulating fatty acid content

in vivo can modulate the function of a vascular ion channel to enhance vasodilation.

EPA supplementation enhances TRPV4 activity in human primary vascular endothelial

cells

There is growing evidence supporting the idea that fatty acids modulate the function of
sensory ion channels (Cordero-Morales and Vasquez, 2018; Harayama and Riezman, 2018).
Decreasing or increasing channel activity by manipulating the lipid membrane content could
be complementary to the use of agonists and antagonists to modulate vascular reactivity.

To determine whether EPA increases TRPV4 activity in endothelial cells of a variety

of vascular beds, we recorded endogenous TRPV4 currents in primary-cultured human
vascular endothelial cells from skin, retina, lung, brain, and aorta, with and without EPA
supplementation. EPA significantly increased TRPV4 current activation by GSK1016790A
(GSK101), a selective TRPV4 agonist, regardless of the vascular origin of endothelial

cells (Figures 1A, 1B, and S1A). EPA supplementation yielded a 5-fold leftward shift in

the ECgq for GSK101, with values of 237.30 + 46.02 and 47.80 £ 4.50 nM for control

and EPA-treated aortic endothelial cells, respectively (Figure 1C). Next, we asked whether
EPA supplementation increases TRPV4 channel expression in endothelial cells, which may
explain the larger current density. There was no significant difference in TRPV4 membrane
expression levels between control and EPA-treated cells, as determined by western blot
analyses (Figures 1D, S1B, and S1C). Parenthetically, the two protein bands observed in

the western blot correspond to glycosylated and unglycosylated TRPV4 (relative molecular
weights of 139 and 125 kDa, respectively), as reported previously (Xu et al., 2006). Aortic
endothelial cells supplemented with EPA had similar resting potentials and membrane
capacitance compared with control cells (Figures S1D and S1E), suggesting that EPA

does not affect the passive membrane properties of endothelial cells. In addition, EPA
supplementation did not alter the function of TRPC3/TRPC6, TRPV1, TRPV3, and TRPA1
channels (Figure S2), known to be expressed in the vasculature (Earley and Brayden,

2015). Taken together, our data show that EPA supplementation increases TRPV4 activity in
primary-cultured human vascular endothelial cells from large (conduit) and small (resistance
size) vessels.
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Mesenteric arteries of fat-1 mice display enhanced TRPV4-mediated vasodilation

Given the effects of /n vitro EPA supplementation on TRPV4 currents, we reasoned that
channel activity would be higher in endothelial cells of animal models with elevated levels
of EPA. The human diet typically contains high levels of «w-6 PUFAs but is deficient in

w-3 fatty acids (Simopoulos, 2016). As mammals cannot convert w-6 into w-3 PUFAs
(Figure 2A, left panel), the precursors of long «w-3 PUFAS are an essential part of our diet.
Unlike mammals, C. elegans express the FAT-1 «-3 desaturase enzyme (Figure 2A, middle
panel) (Wallis et al., 2002). The FAT-1 enzyme adds a double bond at the w-3 position
(closest to the terminal methyl group) of 18- or 20-carbon w-6 PUFAS, generating w-3
PUFAs (Watts and Browse, 2002). In 2004, Kang and collaborators engineered a transgenic
mouse carrying the fat-1 gene from C. elegans (Figure 2A, right panel). The fat-1 mice
display an increased content of -3 fatty acids in various organs and tissues, without
dietary supplementation (Kang et al., 2004). This mouse model offers the opportunity to
measure TRPV4 activity in a genetically enriched w-3 PUFA environment. Using LC-MS,
we found that third- and fourth-order mesenteric arteries of fat-1 mice had higher EPA-
membrane content when compared with those of wild-type (WT) mice (Figure 2B). TRPV4
current densities were larger in primary-cultured mesenteric artery endothelial cells from
fat-1 mice when compared with those from WT (Figures 2C and 2D). These results are
comparable with EPA-supplemented primary-cultured human endothelial cells and indicate
that TRPV4 activity is increased in an environment where the EPA-membrane content has
been genetically increased.

Since TRPV4 is an important regulator of arterial contractility (Earley et al., 2009;
Sonkusare et al., 2012), we hypothesized that arteries from far-1 mice would exhibit
enhanced TRPV4-mediated vasodilation. To this end, we studied pressurized (80 mmHg),
myogenic resistance-size mesenteric arteries (third- and fourth-order) from fat-Z and WT
mice. Notably, when challenged with 5 nM GSK101, fat-1 arteries displayed a 1.6-fold
larger vasodilation than WT arteries (Figures 3A and 3B). In contrast, diameter at low
pressure (10 mmHg), myogenic tone, depolarization-induced vasoconstriction, and passive
diameter at 80 mmHg were all similar in arteries of fat-Z and WT mice (Figures S3A-
S3D). These results indicate that fat-Z expression does not alter the contractile function

of arteries. Endothelium denudation abolished GSK101-induced vasodilation in mesenteric
arteries from WT and far-1 mice (Figure 3B). This result indicates that EPA enrichment
enhances TRPV4-dependent vasodilation in an endothelium-dependent manner. Next, we
measured TRPV4 membrane expression in arteries from fat-Z and WT mice. No differences
were observed in TRPV4 membrane expression between WT and faf-1 mesenteric arteries,
in agreement with our data from primary-cultured human endothelial cells (Figures 3C, 3D,
and S3E). Our findings demonstrate that a genetically induced elevation in EPA-membrane
content increases TRPV4-mediated vasodilation in an endothelium-dependent manner.

An -3 fatty acid-enriched diet enhances TRPV4-mediated vasodilation

Diets enriched in w-3 fatty acids, such as fish oil and flaxseed, have been linked with a
wide range of health benefits, including cardiovascular function (Swanson et al., 2012).
However, the molecular targets of «-3 fatty acids and the signaling processes they modulate
are unclear. Our results with the fat-Z mouse model support that increased EPA-membrane
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content has the potential to increase TRPV4-mediated vasodilation. Next, we tested the
hypothesis that an EPA-enriched diet can also increase TRPV4-mediated vasodilation.
Menhaden oil is a natural source of «w-3 fatty acids that contains ~13% EPA (Ossani et

al., 2015). Accordingly, we fed C57BL/6J mice a diet enriched in menhaden oil for 8

weeks. The body weight of animals fed standard or «-3 fatty acid-enriched diets was similar
(Figure S4A). EPA-membrane content was higher in resistance-size mesenteric arteries from
mice fed an «-3 fatty acid-enriched diet when compared with that of mice fed a standard
diet, as determined by LC-MS (Figure 4A). GSK101 stimulated larger vasodilation in
pressurized mesenteric arteries of mice fed an -3 fatty acid-enriched diet than those given
a standard diet (Figures 4B and 4C). Furthermore, GSK101-induced vasodilation in arteries
of mice fed an w-3 fatty acid-enriched diet maintained a plateau that was not observed in
arteries of standard diet mice (Figure 4B). Vasodilation at the end of the GSK101 stimuli
was 4-fold larger in arteries from mice fed an «-3 fatty acid-enriched diet than those

fed the standard diet (Figure 4D). The arterial diameter at low pressure, myogenic tone,
depolarization-induced vasoconstriction, and passive diameter were all similar in arteries of
mice fed either an w-3 fatty acid-enriched or standard diet (Figures S4B-S4E).

As observed in primary-cultured human endothelial cells and fat-1 mice mesenteric arteries,
TRPV4 membrane expression was similar in the arteries of WT mice fed an w-3 fatty
acid-enriched or standard diet (Figures 4E and S4F). GSK101 evoked a larger increase in
TRPV4 current density in endothelial cells from mice fed an «-3 fatty acid-enriched diet
when compared with the standard (Figures 4F and 4G). To determine the contribution of
smooth muscle cells to these responses, we induced vasodilation with sodium nitroprusside
(SNP), a nitric oxide donor. SNP-mediated vasodilation was similar in arteries from mice
fed either an w-3 fatty acid-enriched or standard diet (Figure 4H). In summary, these data
demonstrate that an «-3 fatty acid-enriched diet increases TRPV4-mediated vasodilation in
an endothelial cell-specific manner.

An @-3 fatty acid-enriched diet slows TRPV4-mediated vasodilation decay in fat-1 mice

GSK101-induced vasodilation decay of 7af-1 mouse arteries was more pronounced (Figure
3A) than in arteries from WT mice fed an «-3 fatty acid-enriched diet (Figure 4B).
EPA-membrane content was higher in mesenteric arteries from animals fed an «-3 fatty
acid-enriched diet (Figure 4A) than in arteries from fat-1 mice (Figure 2B), suggesting
that dietary supplementation is more efficient at accumulating this PUFA. These results
support the concept that EPA-membrane content in mice fed an «-3 fatty acid-enriched
diet could further attenuate the decay that occurs during TRPV4-mediated vasodilation. To
test this hypothesis, we fed far-7 mice an «-3 fatty acid-enriched diet, which increased
EPA-membrane content in their mesenteric arteries more than in those from fat-1 mice

on a standard diet (Figure 5A). The magnitude of GSK101-induced dilation was similar

in arteries from fat-1 mice fed a standard or «-3 fatty acid-enriched diet (Figures 5B

and 5C). As expected, fat-1 mice fed an w-3 fatty acid-enriched diet displayed a slower
GSK101-induced dilation decay than far-I mice fed a standard diet (Figure 5D). The body
weight of faf-1 mice fed either standard or «-3 fatty acid-enriched diets was similar (Figure
S5A). These results support that additional accumulation of EPA membrane content slows
the decay of TRPV4-mediated vasodilation.
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EPA decreases TRPV4 Ca?*-dependent desensitization

TRPV4 undergoes a desensitization process in the presence of Ca?* (Caires et al., 2017;
Jinetal., 2011; Watanabe et al., 2002b). We hypothesized that EPA enhances and prolongs
maximal TRPV4-induced vasodilation by decreasing TRPV4 Ca2*-dependent endothelial
desensitization. To this end, we characterized TRPV4 desensitization with or without

EPA supplementation. EPA treatment yielded larger GSK101-elicited currents and reduced
TRPV4 Ca?*-dependent desensitization in human aortic endothelial cells (Figures 6A-6C).
Next, we measured fluorescence intensity changes (indicative of changes in intracellular
Ca?") as a readout of TRPV4 activity in isolated and cultured endothelial cells from third-
and fourth-order mesenteric arteries, loaded with a Ca?*-sensitive dye (Fluo-4 AM), from
mice fed an «-3 fatty acid-enriched or standard diet. We observed a marked difference in the
GSK101 response profile, such that cells isolated from mice fed an «-3 fatty acid-enriched
diet displayed larger and prolonged increases in intracellular Ca2* compared with cells from
mice fed a standard diet (Figures 6D and 6E). This is further apparent when comparing the
area under the fluorescence intensity curves elicited by GSK101 (Figure 6F).

TRPV4 has been shown to be activated downstream of osmolarity changes and shear stress,
enabling endothelial cells to transduce hemodynamic forces (Hartmannsgruber et al., 2007;
Liedtke et al., 2000; Strotmann et al., 2000; White et al., 2016; Wissenbach et al., 2000).
Therefore, we tested the response of isolated and cultured endothelial cells, from animals fed
an w-3 fatty acid-enriched or standard diet, to osmotic changes. A hypoosmotic challenge
evoked larger and prolonged increases in intracellular Ca2* in cells from mice fed an w-3
fatty acid-enriched diet compared with those fed a standard diet (Figures 6G-61). These
results are similar to those obtained with GSK101. Taken together, EPA reduces TRPV4
Ca?*-dependent desensitization and attenuates the decay in vasodilation that occurs in
mesenteric arteries.

The TRPV4 N terminus mediates the effect of EPA on channel desensitization

Lipid membranes highly enriched in w-3 PUFASs have distinct mechanical properties,

such as increased disorder and low bending stiffness (Caires et al., 2017; Mason et

al., 2016; Romero et al., 2019). Changes in the mechanical properties of the plasma
membrane could modulate channel function through specific protein domains. Several
reports have shown that the TRPV4 N terminus interacts with the plasma membrane,

via PIP, or PACSIN3 (a BAR-domain-containing protein), to modulate channel function
(D’Hoedt et al., 2008; Garcia-Elias et al., 2013). Based on these studies, we hypothesized
that the TRPV4 N terminus might play a role in the modulation of channel function

by EPA-enriched membranes. To test this hypothesis, we engineered a 7rpv4 construct
lacking the first 186 amino acid residues (Figures 7A, 7D, and S5B) and determined its
Ca?*-dependent desensitization with or without EPA supplementation. Macroscopic current
analyses indicated that EPA does not alter A186 rat TRPV4 Ca2*-dependent desensitization,
in contrast to what is observed with the full-length 7rpv4 construct (Figures 7A-7F).
Importantly, neutralizing a cluster of positive charges at the N terminus (Lys121, Arg122,
Argl24, Argl25, Lys126), previously recognized as a TRPV4-PIP, interaction site (Garcia-
Elias et al., 2013), abolished the effect of EPA on TRPV4 Ca2*-dependent desensitization
(Figures 7G-T71). The functional difference between these constructs is also underscored
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when comparing the time required to decay to half of the maximal current (Figures 7C, 7F,
and 71). Our findings support that the TRPV4 proximal N terminus mediates the effect of
EPA on channel desensitization.

DISCUSSION

TRPV4 activation promotes vasodilation by increasing intracellular Ca2*, followed by

the activation of Ca2*-activated potassium channels, nitric oxide release, and subsequent
smooth muscle cell hyperpolarization (Earley et al., 2005, 2009; Kohler et al., 2006;
Sonkusare et al., 2012). Several lines of evidence suggest that reduced TRPV4 expression
and function underlie endothelial impairment associated with cardiovascular disease risk
factors, including hypertension, obesity, diabetes, and aging (Goto and Kitazono, 2021). For
example, TRPV4 expression and function are markedly reduced in the endothelial cells of
various vascular beds in rat models of aging and diabetes, as well as in mouse models of
obesity-induced hypertension, where vasodilation is compromised (Du et al., 2016; Ottolini
et al., 2020; Shamsaldeen et al., 2020). Hence, it is apparent that treatments that increase
TRPV4 expression and/or activity could ameliorate endothelial dysfunction and alleviate
cardiovascular diseases.

Dietary consumption of «w-3 PUFAs, which are present in fish oils, is known to prevent
vascular dysfunction (Wiest et al., 2016). However, the molecular targets of w-3 PUFAs
remain unclear. Previously, we proposed a model in which «-3 fatty acid metabolism
provides a membrane environment favorable for TRPV4 activity, while channels outside
these plasma membrane domains display less activity (Caires et al., 2017). Consequently,
our overarching question is whether a fatty acid dietary intervention could be used to
improve vascular reactivity. We have addressed this question and demonstrated that genetic-
and diet-induced w-3 fatty acid enrichment reduces TRPV4 desensitization in endothelial
cells and enhances arterial vasodilation. In this work, we investigated the effect of «-3 fatty
acid enrichment on TRPV4-mediated vasodilation of pressurized third- and fourth-order
mesenteric arteries. Several lines of evidence demonstrate that -3 fatty acid enrichment
enhances TRPV4-mediated vasodilation. First, a mouse model carrying the fat-1 gene,
which encodes FAT-1, a C. elegans «-3 desaturase enzyme that converts «w-6 into w-3
PUFAs, exhibits higher EPA-membrane content in mesenteric arteries, increased TRPV4
channel activity, and enhanced TRPV4-mediated vasodilation. Second, feeding WT animals
a menhaden oil-enriched diet increases EPA-membrane content in mesenteric arteries and
increases TRPV4 function, as well as eliciting larger and maintained TRPV4-mediated
vasodilation in an endothelial cell-specific manner. Third, elevating EPA-membrane content
decreases TRPV4 Ca2*-dependent endothelial desensitization in response to chemical and
physical stimuli.

How do EPA-enriched membranes enhance channel function and TRPV4-mediated
vasodilation? TRPV4 is activated by various physiological stimuli, including mild
temperatures and chemical ligands, as well as downstream of osmolarity changes and shear
stress (Hartmannsgruber et al., 2007; Liedtke et al., 2000; Strotmann et al., 2000; Thorneloe
et al., 2008; Vriens et al., 2004; Watanabe et al., 2002a, 2002b; Wissenbach et al., 2000).
We have previously shown that membranes enriched in EPA enhance TRPV4 function
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regardless of the nature of the stimuli (e.g., chemical or physical) (Caires et al., 2017).

For instance, we showed that EPA enhances rat TRPV4 activation by GSK101, Phorbol
(4a-PDD), osmolarity, and downstream of mechanical stimulation in C. elegans. Here,

we also show that endothelial cells isolated from mesenteric arteries of mice fed with an
EPA-enriched diet display larger and more prolonged fluorescence responses (indicative of
an increase in intracellular Ca2*), when compared with mice fed with a standard diet, after
a chemical or hypoosmotic challenge. Hence, we envision that a diet enriched in EPA could
favor TRPV4-mediated vasodilation when faced with endogenous agonists or changes in
osmolarity and shear stress in vivo.

Lipid headgroups and acyl chains are major determinants of membrane physicochemical
properties (e.g., organization, spontaneous curvature, bending stiffness) (Harayama and
Riezman, 2018; Lorent et al., 2020). For instance, plasma membranes enriched in saturated
fatty acids are ordered, tightly packed, and rigid, whereas high levels of polyunsaturation
yield relatively fluid and loosely packed membranes (Lorent et al., 2020). We have
demonstrated that plasma membranes highly enriched in EPA are less organized, more

fluid, and display a low bending stiffness (Caires et al., 2017; Romero et al., 2019). The
conclusion emerging from our work is that these loosely packed membranes favor TRPV4
channel opening (requiring less agonist) and oppose time-dependent desensitization. We
propose that modifying the mechanical properties of the plasma membrane slows TRPV4
channel desensitization in endothelial cells and attenuates the decay in vasodilation. EPA-
enriched membranes could also recruit or exclude lipids, or proteins with lipid-binding
domains that regulate TRPV4 activity. Several classes of proteins interact with the
membrane by sensing its mechanical properties, including BAR-domain-containing proteins,
which are known to sense membrane curvature (Harayama and Riezman, 2018). There is
evidence that PACSIN3, a cytoplasmic protein member of the F-BAR domain family, binds
to TRPV4 and negatively affects channel function (Cuajungco et al., 2006; D’Hoedt et

al., 2008; Garcia-Elias et al., 2013; Goretzki et al., 2018). In the context of our results,

it is possible that EPA enrichment decreases this TRPV4-PACSIN3 inhibitory interaction.
Furthermore, there is evidence suggesting that a TRPV4 N terminus interaction with PIP,
enhances channel activation (Garcia-Elias et al., 2013; Goretzki et al., 2018). Our results
with the A186- and the 5Ala-TRPV4 constructs support the idea that EPA enrichment could
increase TRPV4 channel function by facilitating the interaction between the proximal N
terminus and membrane phospholipids. On the other hand, previous work supports that PIP,
depletion promotes TRPV4 channel activity (Harraz et al., 2018; Takahashi et al., 2014).
Future research should determine whether EPA positively or negatively modifies interactions
between TRPV4 and various lipid classes.

What is the potential use of modulating TRPV4 function with fatty acids? Previous work
has shown that intravenous administration of GSK101 induced a dose-dependent reduction
in blood pressure, followed by a profound circulatory collapse in mice, rats, and dogs,
whereas no acute cardiovascular effects were observed in TRPV4~/~ null mice (Pankey et
al., 2014; Willette et al., 2008). The circulatory collapse after activation has hindered efforts
to target TRPV4 as antihypertensive therapy. We envision that increasing TRPV4-mediated
vasodilation using «-3 fatty acid-enriched diets could have a more subtle effect on reducing
blood pressure, while attenuating arterial stiffness and improving vascular function. On the
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other hand, it has been shown that TRPV4 inhibitors counteract edema and inflammation,
as well as improve pulmonary function (Balakrishna et al., 2014). We speculate that a
combination of a higher w-6:w-3 fatty acid diet ratio, achieved by increasing dietary w-6
PUFAs, together with TRPV4 inhibitors, might be beneficial in treating conditions in which
reduced TRPV4 activity is desired.

The data presented here provide a basis for understanding the beneficial effects of w-3
fatty acids in the vasculature. Our work provides proof of concept that increasing «-3 fatty
acid content /n vivo can regulate TRPV4 function. Establishing the chemical and structural
bases whereby EPA endows membranes with distinct properties favoring the TRPV4 open
state could help identify molecules that mimic its effect, serving as potential therapies to
improve vascular reactivity. Beyond the role of TRPV4 in the vasculature, our approach

of manipulating the membrane lipid content /n vivo could be extended to modulate ion
channels in other organ systems.

Limitations of the study

In this work, we focused on determining the effect of EPA membrane enrichment on
TRPV4-mediated vasodilation. Although we found that EPA does not enhance the function
of other TRP channels expressed in mesenteric endothelial cells, the effect of this fatty acid
on other membrane proteins or vasodilators, independent of TRPV4, was not evaluated in
this study. EPA membrane enrichment enhances TRPV4 channel function in endothelial
cells from large (conduit) and small (resistance size) vessels. Hence, we expect that EPA
treatment would enhance TRPV4-mediated vasodilation regardless of the vascular bed.
However, we did not determine the effect of TRPV4-mediated vasodilation in other arteries.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Julio F. Cordero-Morales
(jcordero@uthsc.edu).

Materials availability—The plasmids generated in this study are available from the lead
contact (Julio F. Cordero-Morales; jcordero@uthsc.edu).

Data and code availability

. The source data underlying figures and supplementary figures are provided
as a source data file and deposited at figshare 10.6084/m?9.figshare.16692073.
Original western blot images are available in the supplemental information.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.
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EXPERIMENTAL MODELS AND SUBJECT DETAILS
Cell lines

Primary human endothelial cells: Primary-cultured human vascular endothelial cells from
skin, retina, lung, brain, and aorta were obtained at passage 4 from Cell Systems (https://
cell-systems.com). Cells were cultured according to the manufacturer’s protocol and used
until the 7t passage.

HEK 293 cells: Human embryonic kidney cells (HEK 293) obtained from the American
Type Culture Collection (ATCC®) were cultured in DMEM, supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin at 37°C and 5% CO2.

Animals: All procedures performed in this work were reviewed and approved by

the University of Tennessee Health Science Center Institutional Animal Care and Use
Committee (IACUC). All methods were carried out in accordance with the approved
guidelines. C57BL/6J and C57BL/6-Tg (CAG-fat-1)1Jxk/J mice were initially purchased
from Jackson Laboratories and bred to maintain the 7af-1 transgene in heterozygosis. Male
mice were fed for 6-8 weeks with an enriched-fatty acid diet or standard diet, starting at

8 weeks of age. Food and water were provided ad /ibitum and mice were kept with 12
h:12 h light/dark cycles. Enriched-fatty acid diets were purchased from Dyets Inc. For all
experiments, mice were euthanized with isoflurane (1.5%), followed by decapitation.

METHOD DETAILS

Cell culture and patch-clamp electrophysiology—Endothelial cells were incubated
overnight with 100 uM EPA (C20:5; Nu-Chek Prep, Inc.) enriched media before
electrophysiological measurements. We perfused 0.1-2 uM GSK1016790A (GSK101;
Tocris) to activate TRPV4 channels. These currents were inhibited by 5 pM HC067047
(HC; Sigma-Aldrich). Recording electrode pipettes were made of borosilicate glass (O.D.:
1.5 mm from Sutter Instruments) and fire-polished to obtain a resistance between 4-5.5 MQ.
Macroscopic currents were recorded with an Axopatch 200A amplifier (Molecular Devices,
Union City, CA, USA), using 1 s voltage ramps from —80 to +80 mV from a holding
potential of —60 mV, and a Digidata 1555A digitizer (Molecular Devices) with a sample
rate of 10 KHz. Data was analyzed off-line using Clampfit v10.4 (Molecular Devices). For
whole-cell recordings the bath solution contained (in mM): 140 NaCl, 6 KCI, 1 MgCl,, 10
Glucose and 10 HEPES (pH 7.3) and the pipette solution contained (in mM): 140 CsCl,

5 EGTA and 10 HEPES (pH 7.2). For desensitization experiments, endothelial cells (Cell
Systems) and HEK 293 cells were recorded at a constant voltage of —60 mV in the whole-
cell configuration using a bath solution containing (in mM): 140 NaCl, 6 KCI, 1 MgCl,, 5
CaCly, 10 Glucose, and 10 HEPES (pH 7.4) and a pipette solution containing (in mM): 140
CsCl, and 10 HEPES (pH 7.2). HEK293 cells were co-transfected with 50 ng*mL ™1 GFP-
pMO (a pcDNA3.1-based vector with the 5" and —3” untranslated regions of the beta-globin
gene) and either 80 ng*mL ™1 full-length rat 7rpv4 or 1.5 pg*mL~1 A186 rat 77pv4-pMO

or 5Ala (K121A, R122A, R124A, R125A, K126A) rat 7rpv4 using Lipofectamine 2000
(Thermo Fisher Scientific), according to the manufacturer’s instructions.

Cell Rep. Author manuscript; available in PMC 2022 September 22.


https://cell-systems.com
https://cell-systems.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Caires et al.

Page 12

Primary-cultured endothelial cells were obtained from mesenteric artery branches collected
and placed into ice-cold physiological saline solution (PSS) that contained (in mM):

112 NaCl, 6 KCI, 24 NaHCO3, 1.8 CaCly, 1.2 MgSOQy, 1.2 KH,POy, and 10 glucose,

then gassed with 21% O, 5% CO», and 74% N, (pH 7.4), and cleaned of adventitial
tissue. Immediately after collection, the artery was canulated, perfused intraluminally,

and incubated with endothelial cell growth medium (serum-free, PromoCell) containing 2
mg/mL of collagenase type 2 (Worthington) for 30—40 min at 37°C. Endothelial cells were
flushed out from the artery using the endothelial cell growth medium (serum-free). Isolated
cells were placed into the endothelial cell growth medium (containing serum) and seeded
onto glass coverslips pre-treated with gelatin in a 35 mm diameter petri dish. The growth
medium was changed after 24 h and every 2 days until electrophysiological recordings were
performed (57 days later). For whole-cell recordings the bath solution contained (in mM):
140 NacCl, 6 KCI, 2 CaCl,, 1 MgCl,, 10 Glucose and 10 HEPES (pH 7.3) and the pipette
solution contained (in mM): 140 CsCl, 5 EGTA and 10 HEPES (pH 7.2).

Diet supplementation—A) Standard diet (sd; #7012 ENVIGO; UTHSC animal facility
diet; (https://insights.envigo.com/hubfs/resources/data-sheets/7012-datasheet-0915.pdf)); B)
Menhaden oil-supplemented (enriched in EPA, Dyets Inc. # 112246). Modified AIN-93G
Purified Rodent Diet with 59% Fat Derived Calories from Menhaden Oil (kcal/kg): Casein
(716), L-Cystine (12), Maltose Dextrin (502), Cornstarch (818.76), Menhaden oil (2430),
Soybean Oil (630), Mineral Mix (# 210025; 30.8), and Vitamin Mix (#310025; 38.7).

Pressurized arterial myography—Experiments were performed with isolated mouse
3" and 4t order mesenteric arteries. Dissected arteries were placed in PSS (described
above). Arterial segments of 1-2 mm in length were cannulated at each end in a chamber
(Living Systems Instrumentation) that was continuously perfused with PSS. We perfused 5
nM GSK1016790A (GSK101) to elicit TRPV4-mediated vasodilation and 60 mM KClI to
elicit vasoconstriction. Solutions and the chamber were maintained at 37°C. Intravascular
pressure was altered using an attached reservoir and monitored using a pressure transducer.
Luminal flow was absent during experiments. The arterial diameter was measured at 1

Hz using a CCD camera attached to a Nikon TS100-F microscope and the automatic edge-
detection function of lonWizard software (lonoptix). The myogenic tone was calculated

as 100 x (1-Dagtive/Dpassive), Where Dycive is active arterial diameter, and Dpggsive iS the
diameter determined in the presence of Ca2*-free PSS (supplemented with 5 mM EGTA).
The percentage change in diameter in response to either 5 nM GSK101 or 60 mM K* was
calculated as:

diameter change — control diameter

control diameter x 100

Protein expression determination—Primary-cultured human endothelial cells were
collected as previously described (Caires et al., 2017). Whole arteries were cut into small
pieces and dissociated mechanically with a pellet pestle motor (Kimble) in a cold Cell Wash
Solution (with Halt Protease Inhibitor Cocktail and 1X EDTA, ThermoFisher Scientific).
Cells or arteries were treated with the Mem-PER Plus Membrane Protein Extraction Kit
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(ThermoFisher Scientific). Cells or arteries were washed twice with cold Cell Wash Solution
(with Halt Protease Inhibitor Cocktail and 1X EDTA). Pelleted cells were resuspended

with cold Permeabilization Buffer (with Halt Protease Inhibitor Cocktail and 1X EDTA)
and homogenized with a sonicator. The solution was then incubated for 10 min with
constant mixing at 4°C. Homogenates were spun down at 16,000 g for 15 min at 4°C.
Permeabilized cells were resuspended in cold Membrane Solubilization Buffer (with Halt
Protease Inhibitor Cocktail and 1X EDTA) and incubated for 30 min at 4°C with constant
mixing. Solubilized cells were spun down at 16,000 g for 15 min at 4°C. Supernatants
containing solubilized membrane proteins were transferred to a new tube. The collected
supernatants were subjected to acetone precipitation, whereby cold acetone (-20°C) was
added at a volume 4 times that of the sample volume, briefly vortexed, and incubated at
—20°C for 60 min. Samples were centrifuged at 15,000 g for 10 min at 4°C. Acetone was
removed, then precipitated protein pellets were air-dried and dissolved in 1X PBS. Protein
concentration was measured with the Bio-Rad protein assay and = 10 ug of total protein was
loaded in Mini-PROTEAN TGX Stain-Free Precast Gels (Bio-Rad). Rabbit polyclonal anti-
human TRPV4 (1:300; Abcepta # AP18990a) and goat anti-rabbit IgG HL-HRP conjugated
(1:3,000; Bio-Rad #1706515) antibodies were used for western blots. Membranes were
developed with Clarity Max Western ECL Substrate (Bio-Rad) and imaged in a ChemiDoc
Touch Imaging System (Bio-Rad) for chemiluminescence. Western blots were analyzed
using Image Lab Software (Bio-Rad) to normalize chemiluminescent signals against total
protein measured from the stain-free signal in the corresponding lane.

Liquid chromatography-mass spectrometry—Whole arteries were collected and
cleaned as previously described, washed in PSS buffer, and frozen in liquid N». Primary
human vascular endothelial cells were cultured according to the manufacturer’s protocol, up
to 2—4 million cells per sample. Cells were rinsed with PBS three times and frozen in liquid
nitrogen. Total and free fatty acids were extracted and quantified at the Lipidomics Core
Facility at Wayne State University. Membrane (i.e., esterified) fatty acids were determined
by subtracting free from total fatty acids and normalized by the number of cells in the
culture or total protein.

Calcium imaging—Mesenteric endothelial cells were cultured, as previously described
above, and loaded with 1 uM Fluo4-AM (ThermoFisher Scientific), according to the
manufacturer’s protocol. Micrographs were acquired in an upright Olympus BX51WI
microscope with a 10X water immersion objective (numerical aperture 0.3) and analyzed
using CellSens software (Olympus). The bath solution contained (in mM): 105 NaCl, 5
CaCly, 1 MgCl,, 10 HEPES, 10 Glucose and 90 Mannitol (320 mOsm; pH 7.3), with or
without 0.1-1 uM GSK101. For the hypotonic stimuli, the solution contained (in mM): 105
NaCl, 5 CaCl,, 1 MgCls,, 10 HEPES, and 10 glucose (240 mOsm) (pH 7.3). Data analysis
was performed offline using OriginLab.

QUANTIFICATION AND STATISTICAL ANALYSES

OriginLab was used for plotting. Statistical analyses were performed using GraphPad Instat
3 software, OriginLab, and Estimation Stats (Ho et al., 2019). Individual statistical tests,
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number of samples, dispersion and precision measures, and significance are described in
each figure legend. Statistical significance was established at 95% confidence.

Sigmoidal fitting was done using OriginPro with the following Hill equation:

n

Sy =Vmax———
) K"+ x"

where Vay is max velocity, k is the Michaelis constant, and n cooperative sites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EPA increases TRPV4 activity in human endothelial cells of various vascular
beds

Dietary or genetic enrichment of EPA enhances TRPV4-mediated
vasodilation in mice

EPA decreases Ca2*-dependent TRPV4 desensitization

TRPV4 N terminus is required for EPA-mediated reduction in channel
desensitization

Cell Rep. Author manuscript; available in PMC 2022 September 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Caires et al.

A

Current (pA/pF)
(=]
=

Page 20

B
Aortic endothelial cells *kk
— Control 1 EPA (100 uM)
Control — Bckgrd. EPA ok o e
— GSK101 (0.1 yM) — I_I |—| | |—|o
200 — GSK101 (0.1 uM) + 290 120 ° o o
HC (5 uM) = T -
E ° [
80 80 .—.1:& sok 5
-150 Voltage (mV) -150 0 5
: HC (5 uM) T
K101(0.1 uM -
GSK101(0.1 uM) B ol
x
w
8 % "

L

=3 oL

7;21[_/\ (16 9,,6 5,,.5 7,,.6 6, 1 6,
= — Endothelial Skm Retina  Lung Brain  Aorta

S — |

cells
Control EPA (100 uM)
c D :"W Skin Retina Lung Brain Aorta
Aortic endothelial cells ‘123)_ R EENEEE ':":;- (I
Control EPA (100 pM) —gg:tml 100 wp B B S s =S s mm = () g W = TRPVA
GSK101 (nM) GSK101 (n\M) 1 & 72~ n.s. O Control O EPA (100 pM) o
2,000 2,000 0.8 ol
500 T D
500 100 . 06 foR
m 80 100 8 10 © g- 3 481
1 :E 0.4 9 = o 9
8 Ne
A 0.2 52 24f o °_;_ %; %_SE
£
-1 -1 0 5L nlo 1 1
| T BT T Ty .
Voltage (mV) 04 1 30 100100010000 = ol

L4 4, |4 4 4 4, L4 4, 4 4,
Endothelial Skin  Retina Lung  Brain  Aorta
cells

log([GSK101]) (nM)

Figure 1. EPA supplementation enhances TRPV4 activity in primary human vascular endothelial
cells

(A) Top: representative current-voltage relationships determined by whole-cell patch-clamp
recordings of control and EPA (100 uM)-treated aortic endothelial cells challenged

with GSK1016790A (GSK101, TRPV4 agonist, 0.1 pM) and GSK101 (0.1 pM) +
HC067047 (HC, TRPV4 antagonist; 5 pM). Bckgrd. indicates background currents. Bottom:
representative time course of whole-cell patch-clamp recordings (+80 mV) of control and
EPA-treated aortic endothelial cells challenged with GSK101 and inhibited with HC.

(B) Boxplots show the mean (gray circle), median (bisecting line), SD (whiskers), and

SEM (box) of TRPV4 currents ((Igsk1o1 — IHc) PA/pF) obtained by whole-cell patch-clamp
recordings (+80 mV) of control and EPA-treated endothelial cells from skin, retina, lung,
brain, and aorta. Two-way ANOVA and Sidak-Holm multiple comparisons test.

(C) Left: representative current-voltage relationships determined by whole-cell patch-clamp
recordings of control and EPA (100 uM)-treated aortic endothelial cells challenged with
GSK101 (from 1 to 2,000 nM). Currents evoked by GSK101 submaximal concentrations
(gray and red traces) were normalized by corresponding currents elicited by saturating
GSK101 (2,000 nM; black traces) per cell. Right: normalized (I/l1;ax) GSK101 dose-
response profiles of control and EPA (100 pM)-treated aortic endothelial cells. A Hill
function was fitted to the data. The shadows encompassing the curves indicate the 95%
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confidence bands for the fit. Circles are mean £ SD. n = 36 for control and n = 36 for EPA
(100 uM)-treated aortic endothelial cells.

(D) Top: representative western blots (anti-TRPV4) of the membrane fractions of control
and EPA (100 pM)-treated human endothelial cells from skin, retina, lung, brain, and aorta.
Bottom: mean/scatter-dot plot showing relative intensities of TRPV4 bands, calculated from
total protein detection of chemically labeled proteins (Stain-Free System Bio-Rad), from the
membrane fractions of control and EPA (100 uM)-treated endothelial cells. Lines are mean +
SD. Two-way ANOVA. Asterisks indicate values significantly different from control (***p <
0.001 and **p < 0.01) and n.s. indicates values not significantly different from the control. n
is indicated in each panel. See also Figures S1 and S2.
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Figure 2. Isolated endothelial cells from fat-1 mice have increased TRPV4 activity
(A) The C. elegans fatty acid desaturase FAT-1 enzyme introduces a double bond in w-6

arachidonic acid to synthesize «w-3 EPA in worms and transgenic faf-1 mice, but not in WT
mice. Mice and C. elegans cartoons were created with BioRender.com.

(B) Gardner-Altman estimation plot showing the mean difference in EPA-membrane content
of whole mesenteric arteries of WT and fat1 mice, as determined by LC-MS. The raw data
are plotted on the left axis. The mean difference, on the right, is depicted as a dot; the 95%
confidence interval is indicated by the ends of the vertical error bars. Mann-Whitney rank
test for two independent groups.

(C) Representative current-voltage relationships determined by whole-cell patch-clamp
recordings of WT and fat-1 cultured isolated mesenteric endothelial cells challenged with
GSK101 (0.1 uM) and GSK101 (0.1 uM) + HC (10 uM). Bekgrd. indicates background
currents.

(D) Bar graph displaying TRPV4 currents ((Igsk1o1 — Inc) PA/pF) obtained by whole-cell
patch-clamp recordings (+80 mV) of cultured isolated mesenteric endothelial cells of WT

Cell Rep. Author manuscript; available in PMC 2022 September 22.


https://Biorender.Com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Caires et al.

Page 23

and fat1 mice. Bars are mean + SEM. Two-tailed unpaired t test. Asterisks indicate values
significantly different from WT (**p < 0.01 and *p < 0.05). n is indicated in each panel.
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Figure 3. Mesenteric arteries from fat-1 mice display enhanced TRPV4-mediated vasodilation
(A) Representative time course of GSK101 (5 nM)-induced vasodilation of pressurized (80

mmHg) mesenteric arteries from WT and faf-I mice. Inset: micrograph of a representative
cannulated mesenteric artery.

(B) Percentage of GSK101 (5 nM)-induced vasodilation of mesenteric arteries
(endothelium-intact or -denuded) from WT and 7at-1 mice. Bars are mean + SEM. Two-way
ANOVA and Tukey multiple comparisons test.

(C) Representative western blot (anti-TRPV4) of the membrane fractions of WT and 7at-1
mice mesenteric arteries.

(D) Mean/scatter-dot plot showing relative intensities of TRPV4 bands, calculated from
total protein detection of chemically labeled proteins (Stain-Free System Bio-Rad), from the
membrane fractions of mesenteric arteries from WT and faf-Z mice. Lines are mean + SD.
Two-tailed unpaired t test. Asterisks indicate values significantly different from WT (**p <
0.01) and n.s. indicates values not significantly different from the WT. n is indicated in each
panel. See also Figure S3.
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Figure 4. An w-3 enriched diet increases TRPV4-mediated vasodilation in WT mice
(A) Gardner-Altman estimation plot showing the mean difference in EPA-membrane content

of whole mesenteric arteries of WT mice fed with standard or «-3 fatty acid-enriched diets,
as determined by LC-MS. The raw data are plotted on the left axis. The mean difference, on
the right, is depicted as a dot; the 95% confidence interval is indicated by the ends of the
vertical error bars. Mann-Whitney rank test for two independent groups. Mouse cartoon was
created with BioRender.com.

(B) Representative time course of GSK101 (5 nM)-induced vasodilation of pressurized (80
mmHg) mesenteric arteries from WT mice fed with standard or «-3 fatty acid-enriched
diets.

(C) Percentage of GSK101 (5 nM)-induced vasodilation of mesenteric arteries from WT
mice fed with standard or «w-3 fatty acid-enriched diets. Bars are mean £ SEM. Two-tailed
unpaired t test.

(D) Boxplots show the mean (gray circle), median (bisecting line), SD (whiskers), and SEM
(box) of the percentage of maximal GSK101 (5 nM)-induced vasodilation remaining at the
time GSK101 was removed from the mesenteric arteries of WT mice fed with standard or
w-3 fatty acid-enriched diets. Two-tailed unpaired t test.
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(E) Top: representative western blot (TRPV4) from membrane fractions of the mesenteric
arteries from WT mice fed with standard or «w-3 fatty acid-enriched diets. Bottom: mean/
scatter-dot plot showing relative intensities of TRPV4 bands, calculated from total protein
detection of chemically labeled proteins (Stain-Free System Bio-Rad), from the membrane
fractions of mesenteric arteries from WT mice fed with standard or «-3 fatty acid-enriched
diets. Lines are mean = SD. Two-tailed unpaired t test.

(F) Representative current-voltage relationships determined by whole-cell patch-clamp
recordings of cultured isolated mesenteric endothelial cells, from WT mice fed with standard
or w-3 fatty acid-enriched diets, challenged with GSK101 (0.1 pM) and GSK101 (0.1 pM) +
HC (10 uM).

(G) Bar graph displaying TRPV4 currents ((Igsk1o1 — IHc) PA/pF) obtained by whole-cell
patch-clamp recordings (+80 mV) of cultured isolated mesenteric endothelial cells of WT
mice fed with standard or «-3 fatty acid-enriched diets. Bars are mean £ SEM. Two-tailed
unpaired t test.

(H) Top: representative time course of sodium nitroprusside (SNP) (1 pM)-induced
vasodilation of pressurized (80 mmHg) mesenteric arteries from WT mice fed with standard
or -3 fatty acid-enriched diets. Bottom: percentage of SNP (1 pM)-induced vasodilation

of WT mice fed with standard or «-3 fatty acid-enriched diets. Bars are mean + SEM.
Two-tailed unpaired t test. Asterisks indicate values significantly different from standard diet
(***p < 0.001, **p < 0.01, and *p < 0.05) and n.s. indicates values not significantly different
from the standard diet. n is indicated in each panel. See also Figure S4.
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Figure 5. An w-3 enriched diet decreases TRPV4-mediated vasodilation decay in fat-1 mouse
arteries

(A) Gardner-Altman estimation plot showing the mean difference in EPA-membrane content
of whole mesenteric arteries from 7at1 mice fed with standard or «-3 fatty acid-enriched
diets, as determined by LC-MS. The raw data are plotted on the left axis. The mean
difference, on the right, is depicted as a dot; the 95% confidence interval is indicated by the
ends of the vertical error bars. n is denoted below the circles. Mann-Whitney rank test for
two independent groups. Mouse cartoon was created with BioRender.com.
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(B) Representative time course of GSK101 (5 nM)-induced vasodilation of pressurized (80
mmHg) mesenteric arteries from faf-1 mice fed with standard or «-3 fatty acid-enriched
diets.

(C) Percentage of GSK101 (5 nM)-induced vasodilation of mesenteric arteries from far1
mice fed with standard or «w-3 fatty acid-enriched diets. Bars are mean £ SEM. Two-tailed
unpaired t test.

(D) Boxplots show the mean (gray circle), median (bisecting line), SD (whiskers), and
SEM (box) of the percentage of maximal GSK101 (5 nM)-induced vasodilation remaining
at the time GSK101 was removed from the mesenteric arteries of 7at-7 mice fed with
standard or -3 fatty acid-enriched diets. Two-tailed unpaired t test. Asterisks indicate
values significantly different from the standard diet (*p < 0.05) and n.s. indicates values not
significantly different from the standard diet. n is indicated in each panel. See also Figure
S5.
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Figure 6. EPA supplementation decreases TRPV4 desensitization
(A) Representative time course of whole-cell patch-clamp recordings (=60 mV) of control

and EPA (100 uM)-treated human aortic endothelial cells challenged with GSK101 (1 uM).
(B) Bar graph displaying TRPV4 currents (pA/pF) obtained by whole-cell patch-clamp
recordings (=60 mV) of control and EPA (100 uM)-treated aortic endothelial cells. Bars are
mean + SEM. Mann-Whitney rank test for two independent groups.

(C) Boxplots show mean (gray circle), median (bisecting line), SD (whiskers), and SEM
(box) of the time to reach half amplitude from the peak current (Imax) elicited by GSK101
(1 uM) in control and EPA (100 uM)-treated aortic endothelial cells. Two-tailed unpaired t
test.

(D) Micrographs of cultured isolated mesenteric endothelial cells from WT mice fed with
standard or -3 fatty acid-enriched diets, loaded with Fluo-4 AM, and challenged with
GSK101 (0.1 uM). The color bar indicates a relative change in fluorescence intensity.
Experiments were performed in three independent cell preparations. t indicates the times at
which representative micrographs were taken from the traces in (E).

(E) Representative traces corresponding to normalized intensity changes (AF/F) of
individual cells shown in (D).
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(F) Area under the curve (AUC) of the fluorescence response (AF/F), depicted as violin
plots with the means shown as horizontal bars, of endothelial cells from WT mice fed with
standard or -3 fatty acid-enriched diets challenged with GSK101. Two-tailed unpaired t
test.

(G) Micrographs of cultured isolated mesenteric endothelial cells of WT mice fed with
standard or -3 fatty acid-enriched diets, loaded with Fluo-4 AM and challenged with

a hypoosmotic buffer (HB: 240 mOsm). The color bar indicates a relative change in
fluorescence intensity. Experiments were performed in two independent cell preparations.
t indicates the times at which representative micrographs were taken from the traces in (H).
(H) Representative traces corresponding to normalized intensity changes (AF/F) of
individual cells shown in (G).

(I) AUC of the fluorescence response (AF/F), depicted as violin plots with the means
shown as horizontal bars, of endothelial cells from WT mice fed with standard or «-3
fatty acid-enriched diets challenged with a hypoosmotic buffer. Two-tailed unpaired t test.
Asterisks indicate values significantly different from control or standard diet (***p < 0.001
and **p < 0.01). n is indicated in each panel.
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Figure 7. TRPV4 proximal N terminus determines the effect of EPA on desensitization
(A) Cartoon depicting the full-length rat TRPV4 channel.

(B) Representative time course of whole-cell patch-clamp recordings (=60 mV) of control
and EPA (100 uM)-treated HEK?293 cells, expressing full-length rat TRPV4, challenged with
GSK101 (1 uM). Traces were normalized for comparison.

(C) Boxplots show mean (gray circle), median (bisecting line), SD (whiskers), and SEM
(box) of the time to reach half amplitude from the peak current (Imax) elicited by GSK101
(1 uM) in control and EPA (100 pM)-treated HEK293 cells expressing full-length rat
TRPV4. Two-tailed unpaired with Welch’s correction.

(D) Cartoon depicting the A186 rat TRPV4 channel construct.

(E) Representative time course of whole-cell patch-clamp recordings (-60 mV) of control
and EPA (100 uM)-treated HEK?293 cells, expressing the A186 rat TRPV4 channel
construct, challenged with GSK101 (1 pM). Traces were normalized for comparison.
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(F) Boxplots show mean (gray circle), median (bisecting line), SD (whiskers), and SEM
(box) of the time to reach half amplitude from the peak current (Imax) elicited by GSK101
(1 pM) in control and EPA (100 pM)-treated HEK?293 cells expressing the A186 rat TRPV4
channel construct. Two-tailed unpaired t test.

(G) Cartoon depicting the 5Ala (K121A, R122A, R124A, R125A, K126A) rat TRPV4
channel construct.

(H) Representative time course of whole-cell patch-clamp recordings (-=60 mV) in control
and EPA (100 uM)-treated HEK?293 cells expressing the 5Ala rat TRPV4 channel construct
challenged with GSK101 (1 uM). Traces were normalized for comparison.

(1) Boxplots show mean (gray circle), median (bisecting line), SD (whiskers), and SEM
(box) of the time to reach half amplitude from the peak current (Imax) elicited by GSK101
(1 M) of control and EPA (100 puM)-treated HEK293 cells expressing the 5Ala rat TRPV4
channel construct. Two-tailed unpaired t test. Asterisks indicate values significantly different
from control (**p < 0.01) and n.s. indicates values not significantly different from the
control. n is indicated in each panel. See also Figure S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-human TRPV4 Abcepta Cat# AP18990a, RRID:

AB_2923215
Goat anti-rabbit 19G HL-HRP conjugated Bio-Rad Cat# 170-6515, RRID:
AB_11125142

Biological samples

Mouse mesenteric arteries (third and fourth order) This study N/A

Chemicals, peptides, and recombinant proteins

Sodium Chloride Fisher S271-500
Scientific

Potassium Chloride Fisher P217-500
Scientific

Magnesium Chloride Fisher BP214-500
Scientific

Glucose Sigma G8270-1KG

HEPES Fisher BP310-100
Scientific

Calcium Chloride Fisher C78-500
Scientific

Cesium Chloride Acros 7647-17-8

Sodium Bicarbonate Fisher S233-3
Scientific

Magnesium Sulfate Fisher BP213-1
Scientific

Potassium Dihydrogen Phosphate Fisher P285-500
Scientific

EGTA Fisher 02783-100
Scientific

Sodium Hydroxide Fisher SS266-1
Scientific

Cesium Hydroxide Acros 35103-79-8

Lipofectamine 2000 Fisher 02783-100
Scientific

Opti-MEM Invitrogen 52887

DMEM Gibco 11965-092

Fetal Bovine Serum Gibco 11965-092

Penicillin-Streptomycin Gibco 10082-147

Trypsin Santa Cruz 25055-82-7

Pluronic F127 Millipore 30525-89-4
Sigma

Fluo4-AM Fisher F14201
Scientific

Collagenase Type 2 Worthington LS004196

Isofluorane

Baxter

10019-360-60
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REAGENT or RESOURCE SOURCE IDENTIFIER

Menhaden oil supplemented mouse diet Dyets Inc 112246

Standard mouse diet Envigo Teklad LM-485

Eicosapentaenoic acid (C20:5) Nu-Check U-99-A
Prep

GSK1016790A Sigma- G0798
Aldrich

HCO067047 Sigma- SML0143
Aldrich

Dulbecco’s Phosphate Buffered Solution (DPBS) Gibco 14190-144

Complete Clasic Medium Cell Systems ~ 4Z0-500

Endothelial Cell Growth Medium MV 2 Promo Cell C-22121

Halt Protease Inhibitor Cocktail Fisher 1861281
Scientific

Passage Reagent System Cell Systems ~ 4Z0-840

Bac-Off Antibiotic Cell Systems ~ 4Z0-644

Mini-PROTEAN TGX Stain-Free Precast Gels (4-15%, 50 pl) Bio-Rad 4568084

Clarity Max Western ECL Substrate Bio-Rad 1705062

Dyclonine hydrochloride Sigma- 1230000
Aldrich

2-APB Tocris 1224

Capsazepine Tocris 464

(E)-Capsaicin Tocris 462

Allyl isothiocyanate Sigma- 377430
Aldrich

HC-030031 Sigma- H4415
Aldrich

GSK 1702934A Tocris 6508

GSK 2833503A Tocris 6497

Critical commercial assays

Mem-PER™ Plus Membrane Protein Extraction Kit ThermoFisher 89842

Deposited Data

Individual data deposit Figshare 10.6084/

m9.figshare.16692073

Experimental models: Cell lines

Primary Human Dermal Microvascular Endothelial Cells Cell Systems ~ CSC 2M1

Primary Human Retinal Microvascular Endothelial Cells Cell Systems ~ ACBRI181

Primary Human Lung Microvascular Endothelial Cells Cell Systems ~ ACBRI468

Primary Human Brain Microvascular Endothelial Cells Cell Systems ~ ACBRI376

Primary Human Aortic Endothelial Cells Cell Systems ~ ACBRI375

Human: HEK293 ATCC CRL-1573

Experimental models: Organisms/strains

C57BL/6J mice The Jackson 000664

Laboratory
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REAGENT or RESOURCE SOURCE IDENTIFIER
C57BL/6-Tg(CAG-fat-1)1Ixkx/J mice The Jackson 020097

Laboratory
Oligonucleotides
186 TRPV4 Fw (rTRPV4-186-Bamhl-Fw): 5'-CGGGGATCCATGGAACCATCCACAGGGAAGACC-3’ Life NA

Technologies
2186 TRPV4 Rv (rTRPV4NotIRv): 5'-GCGGAGGACGCACCACTGTAGGCGGCCGCGGGCCC-3’ Life NA

Technologies
TRPV4_121-122-124-125-126A Fw: 5'- Invitrogen 458479F01
TACCGGCACCACCCCAGTGACAACGCGGCATGGGCGGGGGCGGTCGAGAAGCAGCCACAGAG-3’
TRPV4_121-122-124-125-126A Rv: 5~ Invitrogen 458479F02
CTCTGTGGCTGCTTCTCTACGACCGCCGCCGCCCATGCCGCGTTGTCACTGGGGTGGTGCCGGTC-3’
Recombinant DNA
Plasmid: rat 7rpv4 pMO Laboratory of ~ N/A

Julio

Cordero-

Morales
Plasmid: rat 7rpv4 A186 pMO Laboratory of  N/A

Julio

Cordero-

Morales
Plasmid: GFPpMO Laboratory of ~ N/A

Julio

Cordero-

Morales
Plasmid: rat 7rpv4 5Ala (121-122-124-125-126A) pMO Laboratory of  N/A

Julio

Cordero-

Morales
Software and algorithms
lonWizard lonoptix https://www.ionoptix.com/
ImageLab Bio-Rad https://www.bio-rad.com
Clampfit 10.4 Molecular https://

Devices www.moleculardevices.com/
Clampex 10.5 Molecular https://

Devices www.moleculardevices.com/
Origin 2018 OriginLab https://www.originlab.com/
GraphPad instant 3 Dotmatics https://www.graphpad.com/
CellSens Olympus https://www.olympus-

lifescience.com/en/

Other
Borosilicate glass Sutter BF150-110-10

Instrument
Axopatch 200A amplifier Molecular https://

Devices www.moleculardevices.com
Digidata 1555A digitizer Molecular https://

Devices www.moleculardevices.com
Multiclamp 700B amplifier Molecular https://

Devices www.moleculardevices.com
Digidata 1440A digitizer Molecular https://

Devices www.moleculardevices.com
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REAGENT or RESOURCE SOURCE IDENTIFIER
CCD camera The Imaging DMK21AU04.AS

Source
Microscope Eclipse TS-100 Nikon https://

www.nikonmetrology.com/e
n-us/
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